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18.1 Carbon

Carbon is a relatively inert element chemically and is used in its graphitic and
pre-graphitic forms as a construction material under a variety of corrosive
conditions. Modern uses include heat exchangers in chemical plants, con-
sumable electrodes in a variety of metallurgical processes and the compo-
nents of rocket motors and the moderators of gas- and liquid-cooled nuclear
reactors. The demand for carbon products at the present time is
~ 106t/year.

Manufacturing Processes

The majority of carbons produced for commercial use, that is as electrodes
and nuclear graphite, are produced from cokes, coals or existing natural or
synthetic graphite as follows:

1. The carbon raw material in the form of coke, coal or natural or syn-
thetic graphite is ground and sieved (following calcination at 700-
130O0C to control volatiles, if necessary) to give a desired particle size
distribution. The distribution depends upon the size of the artifact to
be formed and the method of forming.

2. The graded material is mixed with a pitch binder to produce mouldable
body.

3. The mix is formed by extrusion, moulding or hydrostatic pressing into
a 'green' artifact.

4. The artifact is then baked in a bed of granular coke to give protection
from oxidation in order to drive off volatile matter and carburise the
pitch binder to give a rigid body. The baking temperature is generally
750-90O0C and the heating cycle time some tens of days. At this stage
the material is neither amorphous nor crystalline and may be termed
meso-morphous.

5. The material density, strength etc. may be improved by further cycles
of pitch impregnation and baking, the effect of each successive cycle
tending to be smaller, but two such cycles are not unusual for high
quality graphites.

6. The product may then be finally heat-treated in an Acheson furnace
at temperatures up to 300O0C to produce 'electro-graphite' in which



the crystallite perfection approaches that of natural graphite, but the
crystallites are much smaller, and the density is significantly less than
the theoretical value. The properties of the material may be isotropic
or not, depending upon the degree of anisotropy and anisometry of
the ground-up material particles and the method of forming. Very
high purities (e.g. as for nuclear graphite) may be produced by choice
of raw materials or a halogen-based purification in the first heat
treatment.

The product of this process can be modified in many ways. It can be made
impervious by impregnation or its pores may be filled with metal such as in
motor and generator brushes. It must be appreciated that by choice of raw
materials and processing it is possible to produce a wide range of carbons,
carbon/graphites and electro-graphites. The physical properties shown in
Table 18.1 are thus to be taken only as broadly representative.

A second class of carbons important because of their corrosion resistance
are the 'glassy* vitreous or polymer carbons. These carbons are produced
by forming cellulose and various types of thermosetting resins, followed by
hardening, mild heating and carbonisation. The most appropriate forming
method for artifacts, such as crucibles or tubes, is mould forming. The car-
bonisation occurs in the solid phase and there is no significant crystallite
growth even at graphitising temperatures (such carbons are known as 'hard'
carbons). Typical properties of a glassy carbon are shown in Table 18.1. Pro-
duction of this type of carbon requires moderate and carefully controlled
baking rates because large volumetric contractions occur ( — 50%) and con-
siderable volumes of volatiles are emitted.

A third class of carbon materials known as pyrolytic carbon or graphite
is produced industrially by gas-phase carbonisation. This carbon is deposited
on a heated substrate (usually electro-graphite) by the decomposition of
hydrocarbons such as methane, benzene or acetylene. The reaction con-
ditions determine whether deposition occurs in the substrate or from
polymerisation in the gas phase (soot formation must be prevented). The
structure of the product can be varied over a wide range from randomly
oriented and low density to very highly oriented material of close to
theoretical density. The perfection can be improved by post-deposition heat-
treatment or mechanical working. The high thermal conductivity of this
latter material in directions parallel to the substrate, and poor conductivity
perpendicular to it, together with its high strength and corrosion resistance,
has led to its use for rocket nozzles and throat and nose cones, high temper-
ature gaskets, protective coating for conventional graphites and many more.
Variants can be made using co-deposition to give alloys with outstanding
oxidation resistance and other properties. Some properties of highly oriented
material are given in Table 18.1.

The final important form of carbon is the carbon fibre formed from
polyacrylonitrile (PAN), cellulose or pitch and which is finding increasing
use in fibre-reinforced composites. The corrosion of carbon fibres in com-
posites designed for use under high temperature conditions is currently a
severe limitation on their use.



Table 18.1 Properties of typical carbon materials

Form of carbon

Pyrolytic carbon
Glassy or

hard carbon
Conventional

electro-graphite

GraphiteCarbonGraphiteCarbon

Property

2.26
Il 20
J. 0.05

Il -1.5 x 10~6

1 26 x 10 ~6

10

Il 5-6 x 103

Il 1
-L 30-50
io-12

Ih 50
JL ~105

Graphitised
300O0C

2.1-2.3
H
J. 0.02-0.04

H °J. 20 x 10 "6

8
Il 10-20
_L 0.5-1.0
Il 3-4 x IO3

Il 30-50
J- 100
io-12

||~300
JL ~4 x IO5

As deposited
at -200O0C

1.3-1.5
0.04-0.1

2-3 x 10 ~6

8
4-7

1.5-3 x IO3

70-120

lO-'O-lO-12

3-6 x IO3

1.5-1.8
1.0-2.0

0.4-5 X 10 ~6

8-10
0.4-1.5

0.4-1.2 X IO3

20-40

1-10
0.5-1.2 x IO3

Graphitised
2600-300O0C

1.5-1.7
0.04-0.1

1-5 x 10 ~6

8-10
0.7-1.6

0.8-1.4 x IO3

60-90

10-100
3-5 x IO3

Heat treatment
^ 100O0C

Density (gem 3)
Thermal conductivity (W cm ~~ l K ~ l )

Thermal expansion coefficient
(K -1, - 10O0C)
Specific heat (J mole "1K"1)
Tensile strength (g mm ~2)

Modulus of elasticity (g mm ~2)
Hardness (Shore)

Permeability (cm 2S ~ ' )
Electrical resistivity (/tQ cm)

Comments

Il denotes along basal plane; l denotes perpendicular to basal planes



Physical properties

The physical properties of a number of carbons are summarised in Table
18.1. it cannot be over-emphasised that the properties of all carbons can be
varied over a wide range depending upon the manufacturing process. The
pyrolytic graphite and the electro-graphites are widely selected for heat
transfer under corrosive conditions because of their high thermal conduc-
tivities. The electro-graphite can be made impervious by impregnation. The
hard carbons and pyrolytic carbons are impervious and corrosion resistant,
and have good thermal insulating properties.

The strengths and Young's moduli of electro-graphites are unusual in that
they increase with temperature to high temperatures. They may also show
some irreversible expansion on first heating. The effect of oxidation in the
porous graphite volume is to rapidly decrease the strength. If the electro-
graphite, or other carbon, is impermeable the oxidation takes place only at
the surface with a loss of section. If carbons, or partially graphitised bodies,
are taken to temperatures above their final heat-treatment temperature
further 'graphitisation' will occur and the properties will tend towards those
for electro-graphite or for pyrolytic carbon. Provided no further graphitisa-
tion occurs, the density, porosity and expansion coefficient are insensitive to
temperature. In the 'hard' carbons heat treatment has little effect on the pro-
perties, but can lead to large irreversible length changes above ~ 100O0C on
first heating above that temperature.

The specific heats of carbons vary very significantly below room tempera-
ture, being higher the less-well graphitised the carbon, but the values are not
significantly different above ambient temperature, varying from 0-71 J/g/°C
at 250C to 2-09 J/g/°C at 183O0C. The physical properties are extensively
presented by Kelly1.

Corrosion Resistance of Carbon

Carbon is generally unreactive at low temperatures, but it is readily oxidised
at high temperatures by air (O2), steam (H2O) and carbon dioxide (CO2).
In the case of pure conventional graphite significant weight loss in 24 h would
be expected (1) at 400-50O0C in air, (2) at 70O0C in steam, and (3) at 90O0C
in carbon dioxide. However, these rates are dependent on the source of the
carbon, partially due to variations in porosity (and hence surface area) and
degree of graphitisation but also, to a marked degree, to the presence of
catalytic impurities. The principal catalytic metals are alkali metals such as
sodium or potassium, alkaline earth metals such as calcium and magnesium
and more common impurities, iron, nickel, copper, vanadium, aluminium
and manganese. A thorough review of catalytic reactions is given by
McKee2. In general, increasing the degree of graphitisation and decreasing
the surface area reduce the oxidation rate. Graphites and carbons will oxidise
slowly at low temperatures in the presence of ionising radiation. The deposi-
tion of 10OeV of energy in the gas phase produces up to three oxidising
species which will attack the carbon if produced sufficiently close to a sur-
face, which may be in-pore. This is important for the use of graphite in gas-



cooled reactors. Oxidation by atomic oxygen produced in the electrolysis
of water using a carbon anode also occurs.

The oxidation reactions in different carbons are thus very different at low
temperatures, but this is less true as the oxidation temperature increases. In
porous samples the rapid reaction essentially suppresses the diffusion of gas
within the pores and oxidation takes place only on the surface. The oxidation
rate then becomes independent of the type of carbon and is determined by
the flow of oxidising gases. This condition is reached at about 80O0C in pure
materials.

Carbons are very stable to conventional acids and bases, and as a result
they are used as corrosion-resistant material for chemical equipment. How-
ever, oxidation will occur at room temperature in highly oxidising solutions
such as highly concentrated nitric and sulphuric acid, blends of potassium
dichromate and phosphoric acid, or potassium chlorate and nitric acid.

Impervious graphites, that is electro-graphites with appropriate resin
impregnation, are used in cascade-, shell- and tube-type coolers, condensers,
pre-heaters etc. in a wide variety of chemical plants. Similar resistance to
corrosion applies to glassy carbon vessels and pyrolytic carbons and
graphites. The corrosion resistance to principal chemical agents is given in
Table 18.2.

Table 18.2 Corrosion resistance of impervious graphites

Chemical

Hydrochloric acid
Nitric acid
Hydrofluoric acid
Sulphuric acid
Phosphoric acid
Chromic acid
Acetic acid
Oxalic acid
Caustic soda
Zinc chloride
Iron chloride
Sodium chloride
Sodium hypochlorate
Ammonium persulphate
Copper sulphate
Chlorine
Bromine
Fluorine
Acetone
Ethyl alcohol
Carbon tetrachloride
Tetrachloroethane
Ethylene
Chloroform
Kerosene
Dowtherm
Benzene
Methyl alcohol
Monochlorobenzene

Concentration

0-100%

< 60%

> 10%

All
All
All
5%

All
All

100%
100%
100%
100%
95%

100%
100%
100%
100%
100%
100%
100%
100%
100%

Temperature

Boiling point
>60°C
Boiling point

> 9O0C

^ 1250C
^ 5O0C
Boiling point
10O0C
Boiling point
Ambient
Ambient
Boiling point
17O0C

Boiling point
Boiling point
Boiling point
Boiling point
Boiling point
Boiling point
Boiling point
17O0C
Boiling point
Boiling point
Boiling point

Corrosion resistance

Complete
Partial (care necessary)
Satisfactory
Partial
Complete
Partial
Complete
Complete
Complete
Complete
Complete
Complete
Complete
Complete
Complete
Complete
Partial
Partial
Complete
Complete
Complete
Complete
Complete
Complete
Complete
Complete
Complete
Complete
Complete



It is usual to protect carbon from oxidation at high temperature by the
use of alternative gas atmospheres—these are generally hydrogen, nitrogen,
argon or helium. The first two will react at temperatures above ~ 170O0C to
form methane and cyanogen, respectively.

Carbon will react directly at high temperatures with many elements such
as sulphur and iron. It also forms intercalation compounds in which a wide
range of molecules enter the interlayer spacing of the graphite. This can lead
to disruption of the material but also produces a whole new class of poten-
tially useful materials.

Carbon is inactive in blood and is not rejected from the human body. It
is therefore increasingly used in artificial limbs, tendons and heart valves.

B. T. KELLY
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18.2 Glass and Glass-ceramics

General

One of the most important properties of commercial glasses is their great
resistance to corrosion; any chemical laboratory apparatus, any window or
windscreen provides an excellent illustration. Windows remain virtually
unchanged for centuries, resisting the influences of atmosphere and radia-
tion. A vast range of products may be safely stored in glass for decades at
ordinary temperatures, and the fact that glass can be used with alkaline,
neutral and acid environments allows the same equipment to be used for a
variety of processes.

Glass is one of the engineer's most useful and versatile materials. There are
many types of glass to choose from to provide a wide range of physical,
mechanical, electrical and optical properties for practically every type of
environmental condition. The transparency of glass facilitates inspection of
process operations and minimises the risk of failure due to unsuspected cor-
rosion, while the hardness and smoothness contribute to easy cleaning.

In recent years the development of glass-ceramics has further extended
the range of glassy engineering materials. Glass-ceramics combine the form-
ability of glasses with many of the advantageous properties of ceramics.
They are finding increasing application by virtue of their strength and high
chemical durability at elevated temperatures.

The principal difficulty associated with the use of glass equipment is the
fact that glass will break rather than deform on severe impact; thermal
toughening or ion-exchange techniques may be used to mitigate this dis-
advantage in some applications. Glass is also more prone than metals to
damage by thermal shock, although this difficulty can be largely avoided by
the use of low-expansion glass formulations. Finally, the size of glassware
which can readily be fabricated is sometimes below the needs of a particular
process.

Commercial Glasses

Glass Compositions

The term glass defines a family of materials that exhibit as wide a range of
differences among themselves as exists among metals and alloys. The great



variety of physical and chemical properties available arises from the
possibility of including almost all the stable oxides, sulphides, halides, etc.
throughout the periodic table in different glass formulations1. Many bran-
ches of the family, e.g. those borates, silicates and phosphates which are
water soluble, are of little interest in the present context. It is, however,
worth bearing in mind that glasses can be designed to combine particular
physical properties with good chemical resistance.

For most of the commercial glass families, silica sand is the main ingre-
dient. However, greater melting economy and flexibility of properties are
achieved with the addition of other oxides and modifiers. Depending upon
the choice of these additional constituents, glasses are classified into groups,
including fused silica, soda-lime, lead, aluminosilicate, borosilicate, etc. A
cross-section of commercial glass compositions is given in Table 18.3, the
glasses listed being:

1 . Fused silica
2. Window glass
3. Container glass
4. Fluorescent tubing
5. Neutral glass
6. Hard borosilicate
7. Lead tubing
8. TV tube and screen
9. Textile glass fibre

10. Glass wool insulation
1 1 . Superfine glass wool

Table 18.3 Typical glass composition, °7o

SiO2
Al2O3

B2O3
MgO
CaO
BaO
Na2O
K2O
ZrO2
TiO2
PbO
Li2O
Others

i

100

2

72-7
1-1

3-8
8-4

13-1
0-5

0-4

3

72-8
1-7

10-5

14-5

0-5

4

71-4
2-2

3-9
4-6
0-8

15-0
1-7

0-4

5

71-5
5-5

10-0

0-2
3-0
8-0
1-2

0-6

6

80-3
2-8

12-3

4-0
0-4

0-2

7

57-2
1-0

4-0
8-5

29-0

0-3

8

67-5
4-8

0-1
12-0
7-2
6-9

0-5
0-3

9

54-2
14-3
8-3
4-5

17-7

0-6
0-1

0-3

10

63-6
2-9
5-0
3-2
7-3
2-6

14-5
0-6

0-3

11

57-1
4-6

11-8

0-4

14-2
0-8
3-8
7-5

0-4

Note. The designations 1-11 represent the various types of glasses listed numerically in the text above this table, and they will
be referred to in this way in later tables in this section.

Fused silica is a general classification within which is a range of varieties
and types with differences in purity, transmission and grade. This glass may
be used up to 90O0C in continuous service; it resists attack by a great many
chemical reagents, rapid attack occurring only in hydrofluoric acid and con-
centrated alkali solutions.



The container glass is suitable for the storage of beverages, medicines,
cosmetics, household products and a wide range of laboratory reagents.

The tubing glass is suitable for general laboratory use and chemical
apparatus construction, though neutral or hard borosilicate are preferred
for more severe conditions, these representing the most resistant glasses
available in bulk form.

The neutral glasses are generally less resistant than the hard borosilicate
type, but are more easily melted and shaped. They are formulated so that the
pH of aqueous solutions is unaffected by contact with the glass, making it
particularly suitable in pharmaceutical use for the storage of pH-sensitive
drugs.

Borosilicates, in terms of different types available, are the most versatile
glasses produced. In general, the borosilicates are grouped into six types, viz.
low expansion, low electrical loss, sealing, ultraviolet transmitting, labora-
tory apparatus and optical grade glasses. The example given, i.e. hard
borosilicate glasses, is used for ovenware, pipelines, sight glasses and labora-
tory ware, and combines low expansion and high chemical resistivity with
chemical stability. They generally require high founding and fabrication
temperatures compared with soft soda glasses.

Glasses for electrical and electronic components are represented by the
lead tubing and cathode-ray-tube screen and cone glasses. These glasses
do not operate under severe corrosion conditions, but surfaces must not
leach excessive alkali under damp conditions or electrical breakdown can
occur. The glass compositions are formulated to give the maximum elec-
trical resistivity and moisture resistance compatible with other necessary
properties.

Glass fibres present particular problems in corrosive environments due
to their very high surf ace/volume ratios. Glasses for electrical insulation
are formulated from alkali-free aluminoborosilicate glasses (generally
known as £-glass) and are frequently specified as containing less than 1 %
alkali (Na2O and K2O). This type of glass is also used extensively for the
reinforcement of plastics where its high resistivity to moisture attack ensures
a durable product. The glass wools are used for less demanding applications
and generally contain some alkali. Superfine wool contains zirconia and
titania to enhance the chemical resistance while retaining the properties
necessary for economic fine-fibre formation.

Physical Properties

Glass has been defined as 'an inorganic product of fusion which has cooled
to a rigid condition without crystallising'. The atomic structure of glasses
is more closely related to liquids than to crystals. The properties of glasses
are manifestations of this structure, being governed in particular by the
random liquid-like disposition of the network-forming ions (commonly
Si4+ and B3+), the presence of mobile, interstitial alkali ions and the
'single-molecule' nature of the lattice. The bonding within the atomic net-
work is partly covalent, partly ionic; the network bonds are highly direc-
tional with a range of inter-bond angles, lengths and bond energies; the
bonding electrons are restricted to particular energy levels within the bonds.



Table 18.4 Physical property data for some commercial glasses*

1110987654321Units

2-542-572-582-623-032-242-422-492-462-492-20g/cm3Density

6164485155184954905209870C
Strain

point

65747043756556552454054510820C
Annealing

point

7106888436706318207807057207351 5940C

Littleton
softening
point

4-8 x 10~3

(8620C)
2 x 10~3

(9530C)
6-0 x 1013

(1550C)
1-6 X 106

(35O0C)
3-2 x 10i0

(15O0C)
1015

(2O0C)
9-6 x 1014

(2O0C)
1-1 x 1013

(2O0C)
1015

(2O0C)
QmResistivity

6-4
(50 Hz)

7-05-17-87-43-8at 1 kHz
Dielectric

constant

0-0009
(50 Hz)

0-00110-020-0080-03
(50 Hz)

very
small

at 1 MHzTan 5

1-551-511-561-471-491-511-521-48
Refractive

index

0-971-010-841-131-041-041-021-051-38Wm- 2 K- 1
Thermal

conductivity

834985-584335085-58779-35-4X 1O7R-1
Thermal

expansion

796
(230C)

733
(230C)

794819833821987
(20O0C)

775J kg-1Specific heat

7-27-45-756-37-42 7-3x 10-10Nm-
Young's

modulus

"Compositions are given in Table 18.3



The network-modifying ions (commonly alkali and alkaline-earth ions) are
ionically bound to the network although the field strength and diameter of
the alkali ions allow them some mobility.

The structural features are reflected in the characteristic properties of
inorganic glasses and bring about a broad overall similarity in behaviour as
summarised below. Values for the physical properties of the commercial
glasses listed in Table 18.3 are given in Table 18.4.

Viscosity The random nature of the glass structure imparts a range of bond
energies in the network, hence a characteristic feature of glasses is a con-
tinuous softening over a range of temperature, a continuous viscosity/
temperature curve and the absence of a true melting point. For convenience
in comparing the viscosity behaviour of different glasses, arbitrary tempera-
tures at which the glass has specific viscosities are often quoted2.

Softening temperature The Littleton Softening Point3 is most commonly
used. At this temperature the glass hs a viscosity of 106 6 N s/m2.

Transformation temperature, Tg Tg corresponds to a viscosity from
1012 to 1013 Ns/m2 depending on the definition and on the method of
measurement.

Annealing point and strain point An important range in practice is that
from 1011 to 1013 5 Ns/m2 known as the annealing range. The annealing
point and the strain point are the temperatures at which the glass has a
viscosity of 1012 4 Ns/m2 and 1013 6 Ns/m2 respectively. Within this range
the glass is effectively a solid, but internal stresses can be relieved within a
practical time scale. Rapid cooling of glass articles through the annealing
range eventually results in permanent and sometimes catastrophic thermal
stresses. However, it is possible to cool the glass relatively quickly from the
lower end of the annealing range.

Glass behaves as a Newtonian liquid at temperatures well above the glass
transition. It is this behaviour which prevents the necking observed during
gross deformation of metals and which allows glass to be formed into such
a large number of useful configurations.

Thermal shock resistance The ability of a glass article to withstand sudden
changes of temperature depends primarily on its thermal expansion coeffi-
cient, its thickness and its design. For articles of identical shape a low expan-
sion glass (such as a commercial borosilicate) will withstand appreciably
greater temperature shocks than will glass of a higher expansion. Thermal
shock-resistance testing is usually carried out by transferring the articles
from a hot environment to a cold vessel containing water at a predetermined
temperature4.

In general, transitions from a hot to a cold environment are more likely
to produce failure than those in the opposite direction since they tend to
induce tensile stresses at the surface.

Stress birefringence The presence of stress in glass articles may be moni-
tored readily since stressed glass is birefringent. Standard methods exist for
these measurements.

Thermal expansion Glasses having coefficients of linear thermal expansion



of from 0-5xlO~6/deg C to over 10 x 10~6/degC are available. High
expansion glass compositions do not generally have long-term chemical
durability however. Glass-ceramics are remarkable for the very wide range
of thermal expansion coefficients which can be observed. At one extreme,
materials having negative coefficients are available while for other compo-
sitions very high positive coefficients can be obtained. Between these two
extremes there exist glass-ceramics having thermal expansion coefficients
practically equal to zero and others whose expansion coefficients are similar
to those of ordinary glasses or ceramics or to those of certain metals and
alloys. This range of expansion coefficients is allied with good chemical
durability.

Mechanical Properties

Characteristically, glasses are brittle solids which in practice break only
under tension. The ionic and directional nature of the bonds and the iden-
tification of electrons with particular pairs of atoms preclude bond exchange.
This, coupled with the random nature of the atomic lattice, i.e. the absence
of close-packed planes, makes gross slip or plastic flow impossible.

Strength If flaws and stress concentrators, which emphasise the brittle
nature of glass, can be avoided, then a glass article behaves as a single
molecule in which the strength is governed by the very high interatomic bond
strength. Glasses are therefore inherently very strong materials, theoretic-
ally capable of exhibiting a tensile strength of about 7 GNm"2. In practice
however, surface flaws act as stress concentrators under tensile loading and
commercial glasses in bulk form show a mean strength in tension of only
about 40 MNm"2. The statistical variation of strength about this figure
makes it desirable to allow a substantial safety margin and to design using
a figure of about 7 MNm~2(5).

The strength of glass can be increased to about 200 MNm"2 by commer-
cial toughening processes. The use of such glasses is not possible, however,
at elevated temperatures since detoughening will occur. Commercial glass
fibres display a strength of about 2GNm"2; this high figure is dependent
upon surface protection, given usually by organic coatings. Removal of the
coating will result in a marked decrease in strength.

Elastic modulus Up to the fracture stress, glass behaves, for most practical
purposes, as an elastic solid at ordinary temperatures. Most silicate-based
commercial glasses display an elastic modulus of about 7OGNm"2, i.e.
about 1/3 the value for steel. If stress is applied at temperatures near the
annealing range, then delayed elastic effects will be observed and viscous flow
may lead to permanent deformation.

The brittle nature of glasses at normal temperatures makes them inappro-
priate for use in locations where severe impacts are likely to be encountered.
In the design of pipelines or other equipment it is possible to use normal
engineering assembly techniques provided that suitable gaskets or cushion-
ing are provided at joints and supports and that care is taken in tightening
bolts to avoid unequal or localised stresses.



Chemical Properties

Technical glasses are now used so extensively and in such widely varying
circumstances that it is necessary to be as accurate as possible in describing
their chemical properties. The deterioration of individual glasses is depen-
dent on composition, founding process and use and, unless the degradation
processes are accelerated, may only be observable after very long periods
of time. A typical figure for the corrosion rate of an ordinary soda-lime-
silica glass would be below 0*008 mm/y. The effect is accelerated when the
exposure takes place at higher temperatures, e.g. in boiling water or in an
autoclave. Table 18.5 compares the corrosion resistance of some commercial
glasses.

Table 18.5 The corrosion resistance of some commercial
glasses

Glass

Water
Acid
Weathering

i

i
i
i

2

2
2
3

3

2
2
3

6

1-2
1-2
1-2

7

2-3
2-4
2-3

Key 1 . Will virtually never show effects.
2. May occasionally show effects.
3. Will probably show effects.

Notes \. See Table 18.3 for compositions.
2. Table after Hauck, J. E., Mats. Engng., 85, Aug. (1967).

One of the most commonly used measures of durability, i.e. the loss of
sodium from the glass, is important to the pharmaceutical and chemical
industries, but other changes such as loss of surface quality, are of equal
importance for optical and window glasses. The properties of a wide range
of technical glasses are well catalogued5"7, but the data are often inade-
quate when considering a particular application and where possible non-
standard 'whole article* tests are advisable.

In selecting a glass for chemical durability or weatherability regard must
be paid to the temperature and concentration of the corrosive agent, length
of exposure, the ratio of reagent volume to surface exposed and to the mech-
anical operating conditions. Guidelines on the durability of many commer-
cial glasses in some attacking media are available from standard durability
tests.

Glass durability tests There are two types of durability tests for glassware,
viz. 'grain' or 'powder tests and 'whole articles' tests.

Grain tests In these tests, samples of glass, crushed and graded to a speci-
fied sieve size, are exposed under standard conditions of time and tempera-
ture to the attacking medium. The temperatures commonly used are 980C
(water bath) and 1210C (autoclave) and the attacking media are water, acid
and alkali. The amounts of a particular glass constituent (usually soda or
total alkali) removed from a standard weight of grains in a given time are
determined.

Standard grain tests have been established by various national standards
bodies and by some pharmaceutical authorities. The most important of these



standard tests are the American8 and the German9. Several other continen-
tal standards are essentially based on the German. The present British
standard10 relates only to laboratory glassware. The German and American
standards differ in a number of details and to try to establish an international
uniformity the ISO have issued recommended procedures11. A new British
standard in preparation will be based on these procedures.

Careful comparison of results from different laboratories using a par-
ticular grain test has shown considerable divergence, and it appears that to
obtain consistent results very close adherence to the details of the standard
procedures regarding grain preparation, extracting media and analysis is
necessary. Nevertheless, grain tests are extensively used, especially in USA
and Germany where a further step has been taken of classifying glasses
by their 'hydrolytic resistance,' a glass being placed in one of four classes
according to the titre of the aqueous extract.

The following examples describe the extraction of alkali by water from 2 g
samples at 97-30C12 for three glasses of different hydrolytic class.

Glass
Class I

Class III

Class IV

Time (h)
Titre (ml O f O - O l N HCl)
Time (h)
Titre (ml O f O - O l N HCl)
Time (h)
Titre (ml O f O - O l N HCl)

1
0-12
0-5
0-65

2
0-20
1
0-96
1
3-0

3
0-29
2
1-39
2
4-4

4
0-40
4
2-0
4
6-3

6
0-54

Whole article tests Grain tests are open to the criticism that they do not
necessarily reflect the behaviour of the finished product in service, hence
various tests on complete glass articles have been developed. These are nor-
mally carried out under accelerated conditions, and on completion various
relevant factors are determined, such as loss in weight, alkali or other consti-
tuents extracted, the weight of soluble and insoluble materials in the extract
and an assessment of surface condition. The advent of the electron micro-
scope as a standard tool has made the latter study much more objective.

Whole article tests are particularly useful in the evaluation of window and
optical glasses. Various tests have been proposed for window glass, but no
standards exist. The usual procedure is to subject the glass to an accelerated
humidity /temperature weathering cycle and to assess the surface conditions
after a given period of treatment. The degree of haze formation has been sug-
gested as a method of measuring surface damage, but generally visual com-
parison with a standard is used. Figure 18.1 illustrates the application of such
a test to various optical glasses.

Many optical glasses are much less resistant to attack than are container
and window glasses, and less severe tests are necessary. A commonly used
method is to immerse specimens in either dilute nitric acid or standard
acetate solution of pH 4-6 for specified periods at room temperature, then
to examine the surfaces either visually or by interferometry.

Glass fibres present a particular problem. The water resistance of the base
glass can of course the measured by a grain test, but this is unlikely to be
representative of the performance of the final product. Generally, purely
empirical methods are used to test the glass fibres in situ in a composite



6E-150 days, 3-2%; 7E-300 days, 1-65%; 2E-300 days, £-5%;
5E-456 days, 3-28%

Fig. 18.1 Comparison of optical glasses after exposure to an alkaline solution (after Simpson,
H. E., Glass Tech., 37, 249 (1953)13)

material, e.g. the fibres are made up into rods or rings with the appropriate
partly-polymerised plastic, the composites are then cured under specified
conditions and the breaking stregth determined after various exposure to
water or steam.

A statement of standard tests for glass durability is given in Reference 14.

Glass Durability Testing

Caution is needed in applying the results of general chemical tests for glass
durability across a wide spectrum of glass properties. Glass fibre strengths,
for example, are sensitive to the physical, as well as the chemical, nature
of the environment and should only be assessed by the direct strength mea-
surements in conditions which closely approximate the final application
situation44.

The effects of corrosion on other properties need similar direct assessment
in many cases. However, in the absence of accepted standard tests the BS,
DIN, ISO tests for laboratory glassware are often used. At the present time,
the British Standard BS 3473 'Methods of testing and classification of the
chemical resistance of glass used in the production of laboratory glassware'
is being re-issued in six parts, of which the first five parts are identical to
recently revised ISO test procedures. There are also corresponding DIN tests
in some cases which are very similar. The current situation is:

Crown
Crown
Dense barium
crown
Borosilicate
crown
Crown flint

Key

Light flint
Dense flint
Extra dense flint
Barium flint

Days exposed

%
 h

az
e



BS3473:part 1:1985
ISO 695/1984
DIN 523 22

BS 3473:part 2:1987
ISO 719/1985
DIN 12111

BS 3473:part 3:1987
ISO 720/1985
No DIN equivalent

BS3473:part4:1983
ISO DP 4802/1982
DIN 52 329, 339

BS 3473:part 5:1987
ISO 1776/1986
DIN 12116

BS 3473/6

Identical test procedures.
Weight loss test using boiling alkali and glass

pieces.

Grain test in water at 980C
Measures alkali extracted.

Grain test in water at 1210C (autoclave).
Measures alkali extracted.

Interior surface of glass containers.
Water at 1210C (autoclave). Measures alkali

extracted.

Resistance to 6 N HCl at 10O0C using glass
pieces.

Measures alkali extracted.

Procedure for classifying glass articles
according to chemical and thermal properties.
Not yet published in its final form. May be
adopted by ISO.

Mechanisms of Glass Corrosion

General corrosion properties The glass surface may react with a corrosive
agent in one or a combination of the following ways15:

(a) By forming new compounds on the surface.
(b) By selectively losing material from a leached porous layer,
(c) By continuous dissolution leaving a freshly exposed surface.

Under certain circumstances components may be leached out of the bulk
of the glass to leave a new material.

The nature of the glass surface It is widely accepted that the composition
of the glass surface is different to that of the interior of the glass, but it is
difficult to quantify the difference. Alkali loss during forming, grinding,
polishing and surface treatments, affects the structure of the surface, but a
more basic difference is brought about by the effect of the unbalanced force
fields at the surface on the ions within the glass.

Glass is composed of glass-forming cations (e.g. B3+, Si4+, P5+) sur-
rounded by polyhedra of oxygen ions in the form of triangles or tetrahedra.
Two types of oxygen ions exist, viz. bridging and non-bridging. The former,
bonded to two network-forming ions, link polyhedra, and the latter, bonded
tb one network-forming ion only, carry an excess negative charge. To com-
pensate for this, charged cations of low positive charge and large size (e.g.
Na+, K+ , Ca2+) are located within the structure. Silicon may be substituted
by other cations of large positive charge and small size which are collectively
known as network-formers.



The difference in size and field strength between ions is reflected in the
polarisabilities of each ion, and their final position relative to the glass sur-
face. Since the force field is unbalanced, ions of low polarisability will
remain near the surface and ions of higher polarisability will move towards
the interior of the glass. A strong feature of chemical reactions associated
with the surface is the need to screen adequately (and not merely to
neutralise) those cations which have strong electric fields. If the unbalanced
force field is removed by the presence of materials, liquid, adsorbed vapour
or solid in contact with the glass, there is sufficient mobility within the glass
surface zone for it to revert to a more normal structure by the diffusion of
ions towards the surface.

Corrosion Mechanisms16

There is no serious challenge to the view that the alkali or alkaline earth ions
are removed from glass in water by an ion exchange process in which H+

ions diffuse into the glass to preserve the electrical neutrality of the system.
However, only under certain circumstances can the rate-controlling process
be directly related to the diffusion of sodium in the glass. Most glass/cor-
rosive agent systems are treated as unique cases, since in addition to the
concentration of the attacking agent, temperature, rate of flow, and reac-
tion time contribute to what is observed. General chemical principles of
electrophilic and nucleophilic types of general attack can be applied to
glasses17. The first is considered as an attack on non-bridging oxygen atoms
by reagents with an electron deficiency, and the second as an attack on
bridging oxygens by reagents with an electron excess.

For the most common series of corrosive agents, water, steam, acids,
alkalis and salts, the hydrolytic processes peculiar to each determine the
mechanism of attack. Thus, under the right circumstances, hydrolytic attack
on the bridging oxygens* can occur in the following way:

...(18.1)

This is an irreversible reaction resulting in permanent damage to the glass
network.

The corrosion process is modified by the physical state of the surface.
Grinding and polishing processes, in particular, leave the structure in a more
open state and with a degree of roughness and residual stress; all can con-
tribute to accelerated corrosion.

The action of water and acids During attack the alkali and alkaline earth
network-modifying ions are exchanged by H+ or H3O+ from acid solution.

*It should be noted that the OH ~ is partly bonded to the network and has lost part of its
charge. The oxygen has acquired a partial negative charge and is only partially bonded to the
network. Thus the 6~ indicates a transition state in which the charges on the OH and O lie
between O and — 1.

(free ion)



In some glasses the exchange process can go to completion causing only a
small degree of network damage. In water, the exchange process proceeds
at a very much slower rate relative to the acid conditions and some attack
of the network is possible due to the presence of alkali ions from the glass
moving into solution. This is most pronounced when glass is attacked by
steam at high temperature and there is no mechanism for the removal of
alkali from the hydrolysed zone. Acid solutions mitigate this form of attack
by neutralising the alkali as it is formed.

The attack of most glasses in water and acid is diffusion controlled and the
thickness of the porous layer formed on the glass surface consequently
depends on the square root of the time. There is ample evidence that the
diffusion of alkali ions and basic oxides is thermally activated, suggesting
that diffusion occurs either through small pores or through a compact body.
The reacted zone is porous and can be further modified by attack and
dissolution, if alkali is still present, or by further polymerisation. Consolida-
tion of the structure generally requires thermal treatment.

Attack by alkali solution, hydrofluoric acid and phosphoric acid A com-
mon feature of these corrosive agents is their ability to disrupt the network.
Equation 18.1 shows the nature of the attack in alkaline solution where
unlimited numbers of OH" ions are available. This process is not encum-
bered by the formation of porous layers and the amount of leached matter
is linearly dependent on time. Consequently the extent of attack by strong
alkali is usually far greater than either acid or water attack.

Both acids form compounds of silicon as a result of attack on the net-
work, silicon fluoride from hydrofluoric acid and silicyl phosphate from
phosphoric acid.

Chemical attack by other agents If the hydrogen ion concentration is high
enough, the glass loses a substantial amount of weight by leaching, but these
reactions are very dependent on the nature of the ions in solution. Certain
salts, especially those of Zn, Al and Be, if present as trace amounts, can have
a beneficial effect by poisoning the process and preventing the occurrence of
leaching.

General Corrosion Behaviour

Important effects on glass durability in aqueous conditions, due to the inter-
relation between glass composition and environmental pH, have been
reviewed recently by Doremus20 and Adams21. To some extent, durability
can be predicted on thermodynamic grounds. In general, additions of calcia
and alumina to a basic alkali silicate glass confer water resistance, additions
of zirconium, lanthanum, tin and chromium oxides improve alkali resis-
tance and reducing the levels of boron, aluminium or lead oxides, in glasses
where they are present, improves acid resistance. Predictions of the effects
of added oxides on glass durability should, however, be treated with caution.
Structural factors, such as occurrence of phase separation, coordination
state, mixed alkali effect and/or kinetic effects resulting from the presence
or absence of insoluble reaction product layers on the glass surface, can
influence durability to a significant extent.



More generally, Valez et al.24 have reviewed the corrosion behaviour of
silicate and borate glasses in contact with alkali metals and molten salts, as
well as in aqueous conditions.

Another important aspect of glass corrosion behaviour which should be
emphasised is the effect of applied stresses. As with most other brittle solids,
glass is subject to stress-enhanced corrosion-often described as 'static
fatigue'. Under a continuously applied stress, and in the presence of normal
environmental moisture (or other more aggressive corrosion conditions),
cracks may grow from flaws on the glass surface and this can lead to delayed
failure at stresses below the strength level which is measured in a short-term
loading test23'26. As a consequence, common silicate glasses are usually
expected to have a load-bearing capacity at one-quarter to one-third the
short-term strength when continuously loaded over some 50 years in the nor-
mal atmosphere.

The Cleaning of Glass

There is no universally ideal technique for either cleaning glass or avoiding
contamination of the surface. In the most severe circumstances of corrosion
the only methods capable of restoring an acceptable surface finish consist of
grinding and polishing or removing the contamination and corroded layers
by strong etching agents such as hydrofluoric acid. Less severe conditions
may respond to treatment by various detergent solutions or organic solvents,
these being considerably aided by ultrasonic vibration. Manual washing or
ultrasonic cleaning can be used to remove massive dirt accumulations. The
vapour degreasing process, which uses isopropyl alcohol, has minimal cor-
rosive action on the glass.

To restore old stocks of corroded glass, treatment in hot 1% sodium
hydroxide solution followed by rinsing in 5% hydrochloric acid and a final
rinse in pure water at room temperature is recommended18.

New Developments in Applications

Over recent years, a number of new applications of glasses have grown out
of increased understanding and control of glass corrosion behaviour.

Conventional silicate and borosilicate glasses are subject to severe cor-
rosive attack in highly alkaline solutions (pH 12-13-5) such as those found
in hydrating Portland cement. There is rapid and drastic loss of strength
in fibres formed from glass compositions such as no. 2 or no. 9 of Table 18.3.
Highly alkali-resistant glass fibres have been developed from silicate glass
compositions containing about 16wt% of zircona27' 28 and these have
formed the basis for development of a range of glass-fibre reinforced cement
(GRC) materials, analogous to glass-fibre reinforced plastics (GRP). In the
GRP field, it has been shown that jE-glass borosilicate fibres (composition
no. 9, Table 18.3 are prone to strength loss and stress corrosion in acidic
environments29'30—this in turn led to the development of an acid-resistant
version of /i-glass for use in such conditions30.



In the flat/container glass fields a wide range of surface treatments now
exist which modify the surface of the glass to confer corrosion or abrasion
resistance, improve mechanical strength or optical properties. A number of
treatments which claim to improve chemical or corrosion resistance are
described in References 31 to 35.

The slow rate of dissolution of, or leaching from, durable glasses has led
to proposals for the vitrification of nuclear waste. Glasses based on the
sodium borosilicate system appear to be favoured because of their ability
to dissolve the waste, combined with good chemical durability. Intensive
development has taken place over recent years21 and a regular journal is
devoted to this topic36.

The above applications depend on the development of corrosion-resistant
glasses. Equally interesting new developments depend on the controlled use
of glass corrosion/dissolution. For example, glasses based on the network
formers, P2O5 and B2O3, have been formulated which even at a low pH
react with attacking media by continuous dissolution at a constant rate
leaving a freshly exposed surface. Heavy-metal ions incorporated in the glass
are therefore released into the attacking medium at a controlled rate
governed by the composition of the glass. The patent literature describes
several uses of these types of glass, e.g. as biocides, as corrosion inhibitors
and in animal husbandry3^40. Phosphate glasses, both in solid form or as
a powder component in cements41, have been used to provide the trace
elements Cu, Co, Se to ruminant animals. More recently, polymer bonded
soluble phosphate glass boluses have been developed to control breeding
activity in sheep by releasing the hormone melatonin into the rumen42. In
a further application of 'controlled release' of glass components, glass
ionomer cements have been used for dental cements, surgical splinting and
foundry sands. These cements are based on the hardening reaction which
occurs between a powdered ion leachable glass and aqueous solutions of
homo-plus co-polymers of acrylic acid43.

Glass-Ceramics

Definition and Properties

Glass-ceramics are a family of materials that are polycrystalline in nature
and are formed from the liquid or glassy state. A glass-ceramic article is
made by the heat treatment of a vitreous body in two stages:

1. Nucleation. The glass is held at a temperature below its softening point
for a period of minutes or hours to allow nuclei to develop.

2. Crystallisation. The temperature of the nucleated glass is raised to just
below the softening point when crystals form and grow around the
nuclei.

Ideally the product is a fine-grained ceramic containing interlocking
crystals with sizes ranging from less than 10 nm in transparent glass-ceramics
to several micrometres, with a residual, usually small, glass content. The
behaviour of the material is largely determined by the choice of the cry-



stalline phase; by suitable choice a range of useful properties has been
obtained19.

As a class of materials, glass-ceramics have the following general
characteristics:

1. Impervious, with moderate densities similar to those of glasses.
2. Rather high strengths for oxygen-rich solids, accompanied by some

scatter of individual values.
3. Stiff, elastic, fully Hookean behaviour.
4. Considerable hardness and resistance to abrasion.
5. Chemical stability and resistance to corrosion.
6. Resistance to medium-high temperatures (higher temperatures than

most glasses but lower than the refractory oxides) and low thermal
conductivity.

7. Resistance to the passage of electrical current.

Special characteristics can be developed in individual materials depending on
the cations present and their arrangement relative to each other and to the
oxygen anions. The most important of these characteristics is low, medium
or high reversible thermal expansion. The properties of some commercially
available glass-ceramics are summarised in Table 18.6.

Chemical Durability of Glass-ceramics

Although the factors which govern the chemical stability of glasses are fairly
well-known, there is little information concerning this aspect of glass-
ceramics. While the chemical behaviour of a glass-ceramic is strongly infl-
uenced by the chemical composition of the parent glass, several different
crystalline compounds together with a residual glass phase are likely to be
present. The relative resistances of these phases to attack by water or other
reagents will determine the chemical stability. In general, a glass which
exhibits poor chemical stability is unlikely to give rise to a glass-ceramic of
high stability. To this extent the factors which govern the stability of glass-
ceramics can be equated to those which determine the chemical stability of
glasses.

In most cases, glass-ceramics possess good chemical stability and certainly
compare favourably in this respect with other ceramic materials. Table 18.7
summarises makers' data for chemical attack on commercially available
materials.

Certain types of glass-ceramic have good resistance to attack by corrosive
chemical reagents. Low-expansion glass-ceramics derived from lithium-
aluminosilicate glasses are only slightly inferior to borosilicate chemically-
resistant glass with regard to attack by strong acids and are somewhat more
resistant to attack by alkaline solutions. Materials derived from magnesium-
aluminosilicate glass compositions are slightly less resistant to attack by
strong acids and alkalis than are chemically-resistant borosilicate glasses.
Even at high temperatures these types of glass-ceramic retain resistance to
attack by corrosive gases.

For certain applications it is important that the glass-ceramic should be
unaffected by contact with reducing gases at high temperatures. In such



Table 18.6 Property data for some commercially available glass-ceramics

FEDCBAUnits

2-7

90

25

sodium
baria

silicate

2-5

-3

814

13

11-6
lithium

alumino
silicate

2-5

4-2

1 250

11

10
lithium

alumino
silicate

2-53

97

1 500

8-8

6-7
potash

magnesia
alumino
silicate

2-5

12-7

1 000

18

10-6
lithium

alumino
silicate

2-55

6

820
950

800

12

10-6
lithium

alumino
silicate

g/cm3

x lO^degC-1

(100°C-300°C)

0C
0C

0C

x 10-7Nm-2

log (flcm)

Specific
gravity

Average
thermal ^
expansion 5
coefficient )

Transition point
Softening point
Maximum service

temperature
Bending

strength
Volume

specific resistance
Compositional

type

Key: A Heatron T (Trade name of Fuji Photo Film Co. Ltd.)
B Neoceram-15 (Trade name of Nippon Electric Glass Co. Ltd.)
C Corning code 9650 (Machinable glass-ceramic)
D Pyroceram 9608 (Trade name of Corning Glass Works)
£ Hercuvit (Trade name of Pittsburgh Plate Glass Co.)
F Centura ware (Trade name of Corning Glass Works)



Table 18.7 Chemical resistance data for some commercially available glass-ceramics

Chemical resistance

Powder method
Water solubility

Acid solubility
Alkali solubility

Surface method
H2O (9O0C X 24 h)
5 Vo HCl (90° X 24 h)
5<7o NaOH (90° X 24 h)

Units

mg as Na2O
per 1 mg sample

loss in wt., %
loss in wt., %

mg/cm2

mg/cm2

mg/cm2

A

0-29

0-06
0-13

0-00
0-13
0-04

B

0-8
3-5

C

128
5

D

0-1-0-3
0-02-0-1

0-12
0-20
4-0

Key: A Heatron T
B Neoceram-15
C Corning code 9650
D Pyroceram 9608
E Hercuvit

cases the composition must not include any oxides such as lead which are
easily reduced to the metal.

D. S. OLIVER
B. A. PROCTOR
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18.3 Vitreous Silica

Introduction

Vitreous silica, also referred to as quartz glass, fused quartz, or fused silica,
is a material of considerable importance, possessing a unique combination
of high softening temperature, excellent resistance to chemical attack, and
high transparency. The general physical and mechanical characteristics are
common to all glasses, and have been reviewed adequately in Section 18.2,
the difference being that the high purity (>98-7% SiO2) maximises the
durability, fusion temperature and volume stability.

The superiority of fused silica over conventional glasses is illustrated in
Table 18.8.

Table 18.8 Physical property data for used silica, crown glass and pyrex

Softening point (0C)
Annealing point (0C)
Resistivity (flm)
Dielectric constant at
IkHz
Thermal expansion
X IQ-7K-1

Fused Silica
(SiO2)

1594
1082

1015

3-8

5-4

'Crown' glass
(SiO2-Ca-Na2O)

720
540

1-1 x 1013

7-4

8-8

Pyrex
(SiO2-B2O3-Na2O)

820
565

1015

5-1

3-3

Manufacturing Process

The raw materials for the production of vitreous silica are either high purity
rock crystal from which the transparent form is produced, or vein quartz
(high grade glass sand) from which impurities have been removed by acid
leaching. The persistence of liquid and gaseous inclusions is partly responsi-
ble for the translucency of the cheaper form of vitreous silica. The ground
quartz is melted at around 200O0C by induction heating in a graphite cruci-
ble. Even at this temperature, the melt viscosity is so high (105-106 Pa s)
that the trapped gas bubbles cannot be removed by ascent to the surface.
Therefore gases from the intergranular spaces are removed by evacuation



to high vacuum at the beginning of sintering (M 40O0C) to allow pores to
be closed completely. At high temperature, the pressure cannot fall below
the equilibrium vapour pressure, which is comparatively high as a result of
partial reduction to SiO.

Vitreous silica produced by this route contains small amounts of impuri-
ties such as Fe, Cr, Al and Ca. To achieve metal ion impurities < 10~7%
the synthetic hydrolysed silane process is used. Organic silica compounds or
SiCl4 are hydrolysed in a flame to produce fine molten droplets of SiO2

which is deposited on a cold base.

SiCl4 + 2H2O -> SiO2 + 4HCl

Contamination by hydroxyl groups is eliminated if oxygen is used instead
of water in the reaction.

Structure and Physical Properties

Polymorphism of Silica

Although vitreous silica is nominally a homogeneous isotropic amorphous
material, and should normally remain so during its service life, it is in fact
in a metastable condition. The tendency to revert to crystalline forms with
attendant deterioration in mechanical durability places severe limitations on
the range of applications. Figure 18.2 illustrates the polymorphic forms of
silica, and the dimensional changes accompanying each transition.
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Fig. 18.2 Polymorphism and dimensional changes in silica as a function of temperature
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Changes from one polymorphic form of crystalline SiO2 to another, as
from tridymite to quartz at temperatures below 87O0C and to cristoballite
above 147O0C, involve the breaking of very strong Si-O bonds. High
energies are required for these 'reconstructive' changes, and changes from
one form to another require very long periods for completion. On the other
hand, inversions from high to low temperature forms of quartz or cristo-
ballite involve only changes in the angles between adjoining SiO4 tetra-
hedra, and these 'displacive' transformations are accomplished almost
instantaneously. The accompanying volume changes lead to disruption of
ware containing significant amounts of quartz or cristoballite.

Thermal Expansion

The coefficient of thermal expansion of vitreous silica is very small
(5-4 x 10~7 over the range 0-1 00O0C), about one-sixth that of porcelain.
It is thus highly resistant to thermal shock.

Heat Resistance

Being a glass, vitreous silica softens progressively as it approaches its melt-
ing point of 17130C. The maximum recommended working temperature
is 1 05O0C in an oxidising atmosphere, though it may be taken to 1 35O0C
for short periods. Surface devitrification to cristoballite occurs above this
temperature. This causes some loss of transparency, but chemical and
mechanical durability are unaffected provided the temperature does not fall
below the 0 to a inversion temperature (275 0C),which would lead to the
initiation of cracks. It should be noted that devitrification is accelerated
by traces of alkali metal compounds, particularly potassium and lithium
salts, sodium tungstate and ammonium fluoride. Devitrification is also
enhanced by water vapour and oxygen, but inhibited by neutral or reducing
atmospheres.

Thermal Conductivity

The thermal conductivity of fused silica is low (1-38 W m~2 K"1). The
transparent form passes infra-red radiation with little loss up to wavelengths
of 3-5^m.

Electrical Characteristics

The insulating properties are excellent. At ordinary temperatures the resis-
tivity of the translucent form is 10151]Jm, and it is capable of withstanding
high-frequency discharges at high voltages. See also Table 18.4 for data on
other physical properties.



Resistance to Chemical Attack

Most glasses suffer chemical attack and deterioration due to ion exchange of
sodium ions to form a highly alkaline solution which subsequently attacks
the network. As network-modifying oxides are absent from fused silica, this
mode of attack does not occur. Hence fused silica is highly resistant to most
aqueous solutions, even aqua regia at elevated temperatures having no effect.
Only those reagents that attack the network silica directly, such as strong
alkalis and fluorides, are to be avoided.

Boiling Water and Steam

There is negligible reaction with water and steam at moderate tempera-
tures and pressures, as indicated by the free-energy change for the solution
reaction:

SiO2(quartz) + H2O(?) ^ H2SiO3 AG0 = +2965OJmOr1

A solubility of <6ppm occurs, however, at temperatures in the range 400-
50O0C and pressures of the order of 3-5MNm"2. The solubility rises to
O-14% for the translucent form, and 0-035% for the transparent.

Fluorine, Hydrofluoric Acid and Alkaline Solutions

Silica is susceptible to attack by all three reagents, the rate of corrosion
increasing with temperature and concentration. Hence 5% caustic soda solu-
tion can be contained in fused silica at room temperature, but attack
becomes significant at pH values greater than 9, as shown in Fig. 18.3.

The essential step in the dissolution reaction is the breaking of a siloxane
bond Si—O—Si. This bond, although strong, is polar, and may be repre-
sented as (Si5+-O5"). The excess positive charge associated with the

PH

Fig. 18.3 Effect of pH on the rate of silica extraction from vitreous silica powder at 8O0C (after
El-Shamy and Douglas, 1967)
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silicon atom makes it susceptible to attack by nucleophilic reagents such as
the OH" ion which attaches itself to the silicon, rupturing the network at
that point as shown below:

(initial state) (transition state) (final state)

The attack of HF is thought to proceed by a similar mechanism in which
there is simultaneous nucleophilic and electrophilic attack on the network
silicon and oxygen atoms, respectively, according to:

It should be pointed out the H+ ion alone is insufficiently powerful to affect
disruption of the siloxane bond without the simultaneous action of the F~
ion. Consequently sulphuric and nitric acid do not initiate attack, even at
temperatures up to 1 00O0C. Exceptions to the principle are hydrochloric and
hydroiodic acid, which, although satisfying the requirements of simulta-
neous nucleophilic-electrophilic attack, exert a negligible degrading effect on
silica.

Sodium fluoride also attacks silica, as do sodium metaphosphate and
sodium polyphosphate, and to a lesser extent sodium carbonate and sodium
cyanide. Attack is particularly vigorous for fused alkalis, alkali halides and
phosphates.

Basic Oxides

As an acidic oxide, SiO2 is resistant to attack by other acidic oxides, but has
a tendency towards fluxing by basic oxides. An indication of the likelihood
of reaction can be obtained by reference to the appropriate binary phase
equilibrium diagram. The lowest temperature for liquid formation in silica-
oxide binary systems is shown below:

Oxide Al2O3 BeO CaO MgO ThO2 TiO2 ZrO2
eutectic(°C) 1546 1670 1436 1543 1700 1540 1675

Metals

Silica is only decomposed by those metals which have a high affinity for
oxygen as indicated by the Ellingham diagram (Fig. 18.4). On this basis,
molten sodium should be compatible with silica:



Temperature (0C)

Fig. 18.4 The standard free energy of formation of various oxides as a function of
temperature

2Na(O + 7 Si02(s) -> Na2O(s) + jSi(s)
AG0 = +73kJ/gatom oxygen

The equilibrium levels of the reaction products are very small, but both can
dissolve in liquid sodium, and sodium oxide can form compounds with
silica. As a consequence, the reaction moves to the right, leading to further
reduction of silica. Nevertheless, vitreous silica crucibles have been used
sucessfully for containing molten antimony (85O0C), copper (1 21O0C),
gallium (1 10O0C), germanium (1 10O0C), lead (50O0C) and tin (90O0C).

In accordance with the free energy diagram, silica is readily attacked by
molten aluminium, lithium, magnesium and calcium.

Applications of Vitreous Silica

The high thermal and electrical resistance of vitreous silica, and its imper-
viousness to chemical attack, make it suitable for a wide range of applica-
tions. These include chemical and physical laboratory ware, tubes and
muffles for gas and electric furnaces (including vacuum furnaces), pyro-
meters, insulators for high-frequency and high-tension electrical work,
mercury-vapour and hydrogen-discharge lamps, high-vacuum apparatus,
plants (complete or partial) for chemical and related industries, equipment
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for the manufacture of pure chemicals, tubes, chimneys and radiants for the
gas- and electric-heating industries, component material in refractory and
ceramic mixtures, etc.

It is used for pipes to carry hot gases and acids, acid distillation units,
condensing coils, S-bend coolers, hydrochloric acid cooling and absorption
systems, nitrating pots, and cascade basin concentrators for sulphuric acid.
The inertness of vitreous silica to most acids is also utilised in the manufac-
ture of electric immersion heaters and plate heaters for acidic liquors in
chemical processes and electroplating baths. Vitreous silica wool is used for
filtration of acidic liquids and filtering hot gases. The resistance of vitreous
silica to water and steam at normal temperatures and pressures makes it
applicable in the production of pure water for the manufacture of highly
purified chemicals. Because of its thermal properties, it is used for the con-
struction of muffles of oval cross-section used for the bright annealing of
metal strip and wires.

Special products include transparent vitreosil springs, which are ideal for
continuous measurement in corrosive atmospheres, and quick-immersion
thermocouple protection sheaths for rapid temperature measurement.

C. A. MAY
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18.4 Glass Linings and Coatings

While glass can provide many of the desirable features of an ideal inert
material, fabrication difficulties prevent its use for large-diameter chemical
process equipment, and mechanical considerations would in any case make
it necessary to treat any such equipment with great care.

The high chemical resistance, and the non-toxic, non-flavouring and
thermal-resistance properties of glass, can however be combined with the
mechanical strength of metals by covering metal surfaces exposed to cor-
rosive media with a layer of suitable glass. It thus becomes feasible to pro-
duce large storage or transport tanks of over 10000 litre capacity, reaction
vessels, valves, pipes, silos, smoke stacks, car exhausts etc. which have this
serviceable combination of properties.

The principal advantages of glass linings are the increased size and
mechanical strength that are possible compared with all-glass equipment,
and the flexibility of operation with different chemicals compared with all-
metal equipment. The increased heat transmission, in comparison with glass
equipment, can also be an advantage.

The principal disadvantages are the loss of transparency and the poten-
tial vulnerability of the lining to mechanical damage unless sensible precau-
tions are taken in handling, installation and service. A variety of metals can
be protected in this way, including copper, gold, stainless steel, titanium
and uranium, but by far the most extensive use of the technique is for steel
equipment.

Glass Preparation

There are a number of proprietary glass formulations for coating steel. In
most cases the chemical constitution has not been disclosed but the more
successful types are borosilicates containing more aluminium and alkali
oxides than the typical heat-resisting borosilicates discussed in Section 18.2.
In formulations, for ground-coating the steel, the glasses contain a much
greater proportion of cobalt oxide than is found in ordinary glasses, to
encourage the formation of a bond between the metal and the glass. The
coefficient of linear expansion of a typical glass for this application is about
10 x 10~6/°C. The disparity between this figure and the higher expansion
coefficient of the steel is quite deliberate and results in the development of



compressive stresses in the glass layer after processing. The stress which
develops gives more resistance to thermal shocks or external stresses than if
the expansion of the glass and steel were accurately matched. The second
coat, or cover-coat, has a composition different from the first coat, or
ground-coat, such that it has optimum durability.

The raw materials required to produce the particular glass composition
are intimately mixed and melted at a temperature near 1 30O0C. The melt
is quenched with water, yielding the glass in a granular form known as
frit^ which is subsequently either ground to give dry glass powder or wet-
milled with ball clay to form a creamy slip. It can be applied to the steel in
either form, the particular method depending on the design and size of the
structure.

Metal Preparation

A low-carbon (less than 0-2% C) steel is usually employed in the manufac-
ture of chemical storage or process vessels, water heaters, and the like; one
writer refers more precisely to "a rimmed steel (ASTM A285), grade A or B
flange quality" as being suitable, and states that with this base, defects such
as fishscaling, blistering, crazing and poor adhesion are avoided. Cast iron
is frequently employed in such equipment as valve bodies and pipe unions.
It should be good quality, close-grained grey iron free from blow-holes,
cavities and porosity. Tilling' is not permissible.

Conventional welding techniques are used in fabrication and assembly
of the steel body, but special precautions must be taken to ensure that the
weld metal is of similar composition to the base metal, and that moisture-
hydrogen-) free electrodes are used. Lap-welded joints and riveted struc-
tures are not suitable for the subsequent enamelling operations; butt welding
is much preferred. The completed assembly is examined in detail to check
defects likely to impair serviceability, and is then normalised at 90O0C to
relieve stresses set up during fabrication. The heat treatment also has the
advantage of burning-off any organic contamination. After cooling, the
vessel is sand-blasted with a silica-type grit to remove oxide scale and to
promote, by providing a roughened surface, mechanical keying of the glass
ground-coat layer to be applied. The expensive preheating to burn off grease
can be replaced by chemical descaling and degreasing1. Subsequently an
alkaline cleaner, followed by a water wash and then by an acid pickle (HCl
or H2SO4) and rinse prepares the steel for enamelling. A nickel dip2'3 can
be used to further enhance adherence.

Points which manufacturers note as being important in the design of these
vessels are as follows:

1. The metal thickness should be as uniform as possible throughout,
avoiding heavy bosses, lugs or brackets.

2. The minimum radius recommended for all curved surfaces is 6-4 mm;
sharp edges must be entirely avoided. On small radii there is a risk that
shaling or other difficulties might arise.

3. The risk of distortion on firing is greater if the design calls for numerous
apertures in the vessel or its cover.



Lining Processes

The ground coat, where used, is sprayed on in the form of a wet slip and after
drying is fired at approximately 90O0C. With open vessels or small cast-iron
units, dry glass powder can be dusted directly on to the hot, fused surface
of the ground coat; larger vessels such as storage tanks are allowed to cool,
inspected and then sprayed uniformly with the wet slip. The coating is
thoroughly dried and then fused by heating the vessel in a furnace at approx-
imately 85O0C. The vessel is cooled, and further coats of glass enamel may
be applied as required in the same way. Thicker layers can thus be built up.
Many cast iron items are preheated to 80O0C to 1 00O0C and dusted with
enamel powder. The coherent glass coating develops immediately and con-
solidates as the item is returned to the klin for a slow cool. It is clearly impor-
tant that the vessels being treated should not distort under their own weight
during furnace treatment, and it may be necessary to design the article with
slightly greater thickness than usual to allow for the softening effect of high
temperatures. Another way of avoiding the difficulty with closed vessels is
to force inert gas into the tanks at controlled pressure. The integrity of the
linings is tested electrically.

Properties of Glass Linings on Steel

Mechanical Properties

With correctly formulated glass, the lining has the ability to withstand
stresses up to the elastic limit of the steel without breaking. Impacts suffi-
ciently severe to dent the steel will probably cause fractures in the lining.
The hardness and abrasion resistance of the lining are similar to those of
all-glass equipment and a smooth, easily cleaned surface is produced. The
combined effect of mechanical keying of the glass to the metal and the
chemical bond developed between the two results in a very high adhesive
strength. Test figures indicate that the bond strength is of the order of
35-70 MN/m2.

Thermal Properties

The thermal shock resistance of glassed steel, i.e. the safe limit of tempera-
ture difference between the glass surface of the vessel and any charge intro-
duced, varies according to the general operating temperature. This is because
the desired compressive stress on the glass is reduced as the temperature
increases. With a typical coating formulation on a vessel operating at 12O0C,
the recommended maximum thermal shock would be about 930C, while at
an operating temperature of 2050C the corresponding figure would be 550C.
Recent improved formulations have made it possible for vessels to withstand
thermal shocks of some 30% greater than this. Plant can operate from
-2O0C to +30O0C with the maximum operating temperature being deter-
mined by the corrosivity of the contact liquor.



The heat-transfer coefficient for heating in glass-lined equipment is of the
order of 340-455 W Hi-20C"1, but can be increased by agitation. For cool-
ing, corresponding figures would be 200-285 Wm-20C"1. The numerical
values depend on the thickness of the glass coating, increasing with decreas-
ing glass thickness, and the figures quoted represent the behaviour of an
average coating.

Chemical Properties

The general pattern of chemical resistance of glass linings is very similar to
that of all-glass equipment. Water absorption is negligible, resistance is very
high to all acids except hydrofluoric and (at high temperatures and concen-
trations) phosphoric acid, attack by water is measurable only with difficulty,
most organic liquids produce no measurable effect and strongly alkaline
solutions are satisfactorily handled at near-ambient temperatures, but at
higher temperatures there may be appreciable reaction. For most types of
glassed chemical plant the enamel can be assessed by measuring the loss in
weight per unit area when exposed to liquid.

Conditions in service vary widely. Many cold liquors (milk and beverages)
have little corrosive action and the chosen glass lining need not be very acid
resistant. Alternatively, glass-lined reactors and stills might be exposed to
high temperatures, under pressure (or vacuum) and the enamel then must be
very resistant. A degree of resistance to alkali is always desirable for defence
against caustic cleaning aids.

Priest4 has given the results of 15-day tests on a particular glassed steel,
both for immersion and vapour-phase conditions, in a variety of media.
Some of this information is extracted in Table 18.9

Table 18.9 Corrosion of glassed steel in boiling acid/
distilled water systems

Test solution

Distilled H2O
SOp.p.m. HCl
SOOp.p.m. HCl
1-0% HCl
10-0<7o HCl
14-0% HCl
18-0% HCl
SOp.p.m. H2SO4
SOOp.p.m. H2SO4
1-0% H2SO4
10-0% H2SO4
20% H2SO4

Corrosion rates
(mm/y)

Liquid phase

<0-025
<0-025
<0-025
<0-025

0-040
0-030

<0-025
<0-025
<0-025
<0-025

0-043
0-033

Vapour phase

0-241
0-163
0-033

<0-025
0-036
0-079
0-013
0-015
0-043

<0-025
<0-025
<0-025

The effect of temperature on alkali corrosion is illustrated by data from
this paper in Table 18.10. There are various glass compositions in service
and it is important to ensure that the lining is appropriate for the particular



* Extrapolated using Arrhenius relationship.

Table 18.11 Corrosion resistance of glass linings

Test solution

Buffered NaOH, pH
11-5

0-5<7o NaOH
solution, pH 13

20% HCl solution

Temp
(0C)

100

75
Boiling

Duration
of test
(days)

30

30
30

Corrosion rate
(mm/y)

AR

0-305

1-168
0-01626

AAR

0-0762

0-305
0-02108

Estimated life of
0-91 mm-thick

lining
(years)

AR

3

0-8
56

AAR

12

3
43

processes to be operated. An example of the behaviour of two different types
of glass is given in Table 18.11.

Clearly the AAR glass is more preferable to AR for alkaline reactions but
is only marginally less resistant to the acid solution; glass AAR can be used
up to pH 12 at 10O0C.

Enamel Behaviour in Service

Enamels, though alkaline liquor resistant, are not necessarily detergent resis-
tant. Weight loss from enamelled iron surfaces has been related to resistance
to detergent attack5, but field assessment of the effect of alkaline materials
upon enamel6 does not always agree with accelerated laboratory tests.
British Standard 1344 describes methods for testing vitreous enamel finishes.
British Standard CP3003:Part 2 gives guidance on the selection, design,
application, inspection and testing of items to be glass enamelled. This code
is not intended for less exacting (domestic) applications.

An apparatus for testing enamel with acid and alkaline liquids (and their
vapours) was later proposed7 in an attempt to standardise corrosion ratings
on an international basis. After surveying enamel properties and their rela-
tionship with resistance to liquids of different pH values, the concept of
modifying the resistance by including specific elements in the glass structure
has been outlined8.

For a hot water environment general guidance can be given for the
desirable properties in good enamels. Five factors9 affecting enamel life are
corrosiveness of contact liquor, design, operating conditions, life of sacri-
ficial anode (if any) and the durability of the enamel coat. This implies that

Table 18.10 Corrosion of glassed steel in alkaline media as a function of temperature

Test solution

\% NaOH
1% Na3PO4

1^ONa2CO3

Approximate corrosion rates
(mm/y)

270C*

0-0114
0-0102
0-0076

380C

0-0254
0-0203
0-0152

540C

0-0889
0-0635
0-0457

660C

0-2032
0-1143
0-0889

820C

0-533
0-457
0-305



there is no simple accelerated test for determining water resistance, unlike
assessing resistance to acid and alkali. Field tests are preferred.

Using present ideas of glass structure, frits can be formulated to have
maximum durability. Zirconia enamels have a lower than optimum acid
resistance, but titania enamels have superior durability at low pH values.
Encouraging crystallisation in the enamel enhances mechanical strength and
therefore chemical resistance10 by reducing the incidence of damage sites
which act as foci for attack. The addition of an extra (clear) coat on to the
top most coat of enamel gives superior chemical resistance11.

As a future alternative to glassed steel there is ceramics-coated steel which
is resistant to abrasion, corrosion and high temperatures. The base metal is
coated with silicon nitride formed in situ. Silicon nitride has resistance to
both acid and alkali and it is durable at temperatures up to 1 00O0C, sug-
gesting a promising future coating in aggressive operating environments.

General Aspects of Glass Enamel Corrosion

Evidence came from the results of work developing corrosion-resistant glass-
ing compositions about the interaction of liquids with glass surfaces, and
there is now a better understanding of the mode of chemical attack on glass.
Reaction at the glass surface occurs by ion exchange, dissolution and absorp-
tion. Signs of these reactions are a dimming of gloss, thin film interference
colours and surface pitting on general degradation. Eventually the corrosion
becomes apparent as a loss of gloss. Assessment of gloss by instruments will
detect corrosion before it becomes noticeable to the unaided eye12.

Continued penetration of the glass structure by some ions could lead to
its decomposition. The thickness of the ion-exchanged surface layer is
related to the durability of the glass13. Initial reactions are rapid14'15'16.

The borosilicate glasses on coated steels contain silica and alkali metal
oxides, and the reactions can be considered as involving silicate networks17.
Attack begins as an interaction between silicate lattice ions and protons from
the liquid with the consequent leaching of monovalent and divalent ions.
Chelating agents sequester polyvalent cations and, if present in an attacking
liquid, can increase the rate of attack on the glass18. The cations Mg2+,
Ca2+, Al3+, Zr4+ and Ti4+ are known to stabilise the siliceous surface film
and so aid corrosion resistance, but in the presence of say, ethylenediamine-
tetraacetic acid (EDTA), with which these ions react, this protective action
is increasingly nullified as the ions are removed from the silicate surface.
Complexes are formed between Si4+ and some organic acids, notably gallic
acid and tannic acid.

Attack by Water

Initially there is the replacement of an alkali ion (R) in the glass by a proton
(H) from the water,



The released hydroxyl ion interacts with the siloxane bond in the vitreous
network

.. .(18.3)

This open oxygen interacts with a water molecule,

.. .(18.4)

The resulting hydroxyl ion is available for the reaction in equation 18.3.
As the hydrogen ions replace alkali (R) ions a surface film forms which

has properties different from the massive glass. This film swells, acting as a
barrier to further diffusion of ions into, and out of, the surface, inhibit-
ing further attack. If this layer dries out, the thin film gives characteristic
irridescent interference colours.

Where glass linings are exposed to water or steam at temperatures above
15O0C the plant manufacturers should be consulted.

Attack by Alkali Solution

With the migration of alkali ions (R + ) into the leachant the attack is no
longer by water. If R + is sodium the attack on the glass is:

.. .(18.5)

Alkali ions in solution increase the pH, with two consequences. The rate
of silica extraction increases with the rise in pH value above 919 and the rate
of alkali exchange is reduced. However, since the higher alkalinity favours
solution (of silica) further alkali is released by the lattice. The quantity
of alkali extracted can be used as a measure of the resistance of glass to
attack20.

Effect of Leaching Temperature The quantity of alkali extracted in a fixed
time increases with increasing temperature. Depending upon the composi-
tion of the glass coating and the alkali present (ions of different size behave
characteristically), the amount leached approximately doubles for each rise
in temperature of 1O0C. This temperature dependence can be expressed by
the equation (Arrhenius)

A = B exp (-E/RT)

where A is the specific reaction rate changing with temperature, B is a con-
stant, R the gas constant, T the absolute temperature and E an activation
energy for the process of alkali removal from the glass. Alkali extraction is
always associated with changes in pH and such changes depend upon the
quantities of alkali and silica released.



Attack by Acid

Mineral acid The mode of attack is similar to that by water, namely at the

site of the siloxane bond . All silicates are massively attacked

by hydrofluoric acid, although the form of the silica influences the reaction
rate.

.. .(18.6)

Hydrochloric and sulphuric acids are not so aggressive. Phosphoric acid
when pure is no more corrosive than other mineral acids.

Organic acid Some glasses are more prone to attack by organic acids than
by other acids with a lower pH value. These acids form complex ions in
solution which increases the glass solubility. Many vitreous enamels contain
lead oxide and are susceptible to attack by organic acids. Consequently their
corrosion resistance is assessed by exposure to acetic or citric acids21. The
test temperature is always stipulated because a rise of 1O0C can double the
rate of reaction between glass and acid.

Repairs to Enamel Damage

Repair cements are generally satisfactory and economical for mild chemical
service and are effective over lengthy periods. For severe chemical service
enamelled areas up to 120 mm in diameter can be repaired by specialists with
metal plugs, tantalum discs and p.t.f.e. gaskets. These materials and glass
have similar chemical resistance. Larger areas of damage or corrosion need
special plates fixed with several studs and cement.

Complete re-enamelling of equipment is feasible, but this is often accom-
panied by distortion in the metal, and the process may in consequence be
uneconomic.

Recent Developments

The traditional method of producing glass-lined vessels involves stages of
annealing, degreasing, shot blasting, pickling, nickel 'flash' plating followed
by application of up to two ground-coats and five cover-coats, each with
a separate firing. Tighter legislation on waste-water treatment and higher
energy costs are leading to the development of processes in which one or
more of these stages may be omitted. These advances are achieved through
greater understanding and control of glass composition, and by adopting
more sophisticated powder handling techniques.



Glass Formulations

Glass frits used in vitreous enamels may contain as many as 20 components,
though these may be classified into three functional categories. These are
the glass formers, SiO2 and B2O3 which constitute the random network of
the glass, the dioxides, ZrO2 which enhances alkali resistance and TiO2
which is an opacifier, and the alkali and alkaline earths which lower fusion
temperature and increase expansion coefficient. While high alkali content
lowers resistance to acid attack, adequate amounts are required to dissolve
the oxides on the surface of the steel. A relatively infusible ground-coat frit
becomes supersaturated in iron oxide which eventually crystallises in the
enamel, a defect known as 'copperheading'. Compromise is necessary, as too
fluid a ground-coat results in over-rapid reaction and 'burning off. Additions
of alumina can be used to control viscosity.

Depending on the required chemical properties of the enamel, the
appropriate area of the composition triangle (Fig. 18.5) is chosen.

SiO2 + B2O3

R2O + TO TO2

e.g. Li2O CaO TiO2
K2O BaO ZrO2
Na2O SiO SnO2

Fig. 18.5 Composition triangle for vitreous enamels

A high silica to boric oxide ratio composition is used in hot water tanks
where the higher firing temperature is accepted for improved chemical and
thermal resistance.

Opaque enamels contain up to 20% TiO2. These melt to a clear frit at
1 40O0C, then partially crystallise to anatase and rutile during the firing pro-
cess at 80O0C, giving excellent acid resistance and fairly good alkali resis-
tance. Titania opacified frits are relatively hard, but viscous at the firing
temperature, giving rise to porosity entrapment. Furthermore, the low
expansion coefficient (8-9 X 10 ~6) may result in spontaneous chipping due
to excessive compressive stresses generated at convex surfaces. Both prob-
lems are solved by adding lithia, making the glass more fusible and raising
its expansion coefficent.



Crystalline Enamels

The glass ceramic process provides coatings that are harder and more wear
resistant for the requirements of the chemical industry. Formulations are
designed so that both fusion and crystallisation occur during a single firing
schedule. Partridge22 describes glass ceramics based on the lithium alumi-
nosilicate system (Li2O (13-5%), K2O(5-5<7o), B2O3(0-8%), RO2(Q-2%))
which have acceptable expansion coefficients and firing temperatures. They
exhibit significantly higher strengths and better thermal shock resistance
than glass (>200°C on quenched plate samples), but acid resistance is
inferior. Corrosion rate is ~ 30mpy using the thimble test in boiling 20%
HCl compared with 3-1 mpy for a typical vitreous enamel. This is due to
segregation of the vulnerable alkali ions into the minority glass phase of the
material. For better corrosion resistance, a vitreous layer must be fired on
as a top-coat.

Improved Processes

A number of commercial processes have been introduced in recent years
which afford economic benefits

(d) ETE: electrophoretic application which gives even build and thicker
coating at convex surfaces.

(b) PUESTA: powder electrostatic application dispenses with liquid
spray or dip application, depositing the dry powder electrostatically.

(c) Direct-on: modified enamel frits have been developed which can pro-
duce a good bond on steel without the previously required pickling
and nickel-plating stages.

(d) Combismalt system, or two coat one fire: the top-coat is applied on
top of the dried ground-coat. To prevent mixing, larger quantities of
deflocculent are added to the slurry of the base enamel. This results
in a tighter binding of the particles so that the top-coat slurry does not
penetrate the biscuit of the dried base. As well as the cost advantage
due to fewer firings, thinner layers are produced which are less subject
to chipping.

Corrosion Mechanisms

Studies on hot water tank enamels23"25 in media of varying pH demonstrate
a minimum corrosion rate at pH value of 4. In citric acid (pH 2), IR mea-
surements indicate that ion exchange is the principal mode of corrosion.
Distilled water (pH 7) showed evidence of a bulk dissolution mechanism with
no silica enrichment of the surface layer. In neutral solutions, the first stage
of attack is leaching of alkali ions, raising the pH of solution, which subse-
quently breaks down the glass network of the acidic oxides.

Acid resistance is enhanced by fine milling and minimum clay additions to
the slip. The setting agents (deflocculents) which hold the powder particles



in suspension are usually sodium compounds, and these tend to reduce the
acid resistance. Alkali-free materials, such as benzoic or succinic acid,
should be used for this purpose.

Enhanced anti-corrosion properties are also reportedly achieved by mill
additions of lithium titanate, lithium aluminate or magnesium titanate to the
host glass frit26.

D. K. HILL
C. A. MAY
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