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This pudlieation 8 ecunorned principally with the rav materials
required f'or the mauilzoture of refroatoriea essential * -~ the various
industries which vee high terperature procosses,

Four main groups ure considercd, namely tho alumino-silicates, the
basics range, ronolithic cuipouiticns and special ref##ctories.

The alumino-silicete: range from virtually pure alumina to pure
silica and thoy include the important mullito and calcined kyanite class
and also refractory clays,

It is in basic refractories that the most important technical advances
have been made in recent years, The use of high purity magnesias and
dolomites and their conversion into products of high density and hardness
has led to qualities able to withstand the domands of the rew oxy(én-
enriched steol-melting processes,

Monolithic refructories, particularly castables and mouldables, have
fourd favour in recent years largely Mecause of their cheapness and greater
eace of installation over conventional brick shapes, The importent
roqriremeints of these classes of refrac.ory are detaileu, as also are the
cpecifications of each type.

Special refractories cre considered both in teims of new materials msuch
an zircon, beryllia, etc,, und of techniques of manufacture such as fusion-
castirg, fibre formation and the production of insulating bodies,

The important uses of refractories have teen deseribed in the context
of acceptable chemical and mineralegical compoditions., Allermative materials,

their implications both ecoromically and technoiogically, anu their potential

use in developing countries have “cen givea due consideratic:,
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n 1~ esfere de les materitles refr-etarios bisices c¢s donde se hnn registrndo los
progresos téenicos mis importaontcs or los dltimos ~ilos. La utilizreién de magnesing y
dolomitns de gron purezn, y su ccavarsidén en productes de clt~ densidad y dureca, hn
permitido conseguir productcs c-p-reor de sotisf~cer 1na exigen-ing de los nuevos

procesos de obtencidn dc ~cerc ~1 oxigcno.
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norizon los requisitos importaates ~plicables ~ estns ~lngses de mntericles refractarios,

asf como 1ns cupecificaciones corresgpondientes ~ coda tipo.

Los moterizles refract-rios cspecizles se examinar t-nto deade el punte de vistn
de los nusves m-terizles el zirconio, 12 berilin, ctc.- como de lms téonicas de
manufacturn, por ejemplo, ©l colndo por fusibn, 1~ fermneién de fibros y 1o produccidén

de materiales nislantes.

Las nplicaciores irmportantis de los materinles rofract~rios se hen cxpuesto en el
marco de composiciones quimicos y minernl8gicws nceptnbles. Tounbidn s han tenido
debidemente cn cucnt~ ctros posibles noterinles, nsf como lns consccuencias cconémicas
y tcenolégicas de su utilizncién, y lns posibilidndes cxistentes nl respecto, cn los

a2fses en desarrollo.
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I. NATURE OF REFRACTORY MATERIALS,

Many industrial processes involve high temperatures, The function
of refractories is to contain the heat and the mterials which are being
heated. Although the ability to withstand heat without melting or
deforming is a prime requirement of refractory materials, other
characteristics are frequently important., These include resistance to
erosion and corrosion by gases, liquide and dusts, the ability to withatand
sudden changes in temperacure and specific thermal-insulation properties,

The principal application of refractory materials is in the iron and
steel industries. Temperatures of up to 1700°C are frequently involved
and often corrosive dusts, molten slags and metals have to be contained in
and transported through resistant materials. The melting and heating units
are usually of large size so that refractories are required in large tonnages.
Frequent replacement and reliaing is necessary. Suitable refractory
materials must therefore be available in quantity and they must be relatively
cheap and easy to fabricate,sometimes into highly complex shapes.

The refractory raterials of commerce are mostly confined to naturally-
occurring minerals. With the exception of elemental carbon - in the form
of graphite - these may be regarded as oxides or mixed oxides of some of the
more common elements of the Periodic Table.

Table 1 shows the melting point of the important oxides wvhich are to
be found in refractory mterials.

When two or more oxides are present in a mineral form either as mixtures
or as compounds, some melting will usually occur at temperatures below the
melting point of the individual components. A combination of strongly
acidic and alkali oxides can produce very low melting point mixtures and
alkali oxides are particularly troublesome impurities, especially in

silicecus mixtures.
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Table 1. The Melting Point of Important Oxides
Found in Refractory Materials,

14,0 BeO xazo8
Period I 1700°C | 2570°C | 577°C
e —— = - S _.__.{,__v,....-#..____._._.*_ﬁ-________-——-—
Na 0 Mgo AL, smg
Period II 1275 2820 2050 1728°C
K,0 Ca0 Se,04 T10, c1ﬂ.,_og r.203(l;eo)
Period 111 430 2572 2,30 | 1850 1970°C 1210°C
U S [ S—
{
Sr0 1203 | Lroz
Period IV 2430 2410 2720
BaO 1a 0, Tho,
Period V 1923 2315 2470

The oxides quoted in Table 1 include those which occur most commonly
in surface minerals and rocks., Some of these have a high melting point
thus enabling a wide range of refractory mterials to be manufactured. The
alkaline earth oxides, particularly msgnesia, are chemically basic in
addition to possessing a high melting point; these are most valuable in
steel-manufacturing processes where basic slags and dusts pose additional
hazards in the melting operation. On the other hand, silica, derived
from natural quartz or related minerals, 1s an acidic refractory capable
of resisting iron oxide and similar dusts. Alumina and alumino-silicates
are also refractory combinations of great value in inductrial installations.

In large scale applications, it is customary to use refractory
materials wvhich are commonly occurring and which do not require much
bepeficiation from their natural form. As high temperature technology
advances, however, there is an ever-increasing demand for refractories
capable of withstanding extreme conditions of temperature, stress and
corrosion. For these purposes special oxide compositions are finding
favour; tiese include sircon and zirconia, beryllia, rare eartk oxides,

thoria, crides of uranium and several others., In this same category may

be included some synthetic species such as carbides and nitrides of eilicon
H




boron and tungsten, all of which combine excellent refractory qualities

with other important properties such as hardness and thermal shock
resistance, Refractory metals of which molybdenum and tungsten are
excellent examples are also being used for specialiet applications.
Refractories thus cover a wide range of raw materials and product
applications. From several points of view, however, it is convenient
to consider them under four main groupings, These are:
1) The alumino-silicate range, extending from high-purity aluminas to
#ilica bricks containing +99% 310;2 and embracing the important fireclay,

8lliceous, and kyanite groups,

ii) Basic refractories including magnesia, chrome magnesites, dolomites,

forsterites, etc.

i11) Mouldable and castable compositions which differ from the previous
two groups in that they are applied as coatings or gunned or rammed
structures as opposed to fired bricks and shapes,
iv) Special compositions either in bricks » shapes or monolithie form.
Refractory materials are defined as substances which have the capacity
to withstand high temperatures without undue melting, shrinkage or distortion.
Although there 1s no definite stipulated lower limit, a softening point of
1500°C is usually regarded as a minimum and some materials melt in excess
of 3000°C. Because of the complexity of composition of most refractory
materials, they do not have a definite melting point, but a range of
temperature over which they become progressively softer. For this reason,
the refractoriness is defined in arbitrary values assessed on the equivalent
performance of standard cones on a rising temperature test. A cone value,
based on Seger, Orton or similar standards is frequently quoted and the
equivalent melting temperature assessed from tables,
Although a refractory material is usually defined and ciassified in

terms of its melting characteristics, other properties my be of greater
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importance. In large industrial furnaces where high stresses are
frequently encountered it is the refractoriness-under-load which may be

of the greatest significance, Metal-melting furnaces need to be lined
vith refractory material capable of resisting erosion and corrosion by
molten metals and slags. In other applications, an ability to prevent
the escape of gases or to retain heat, necessitates close textural control
of the refractories. Thermal shock resistance or the capacity to withstand
fluctuations in temperature can have considerable significance in some
instances. These and several other properties frequently need to be
taken into account in selecting suitable refractory materials for use in
particular applications,

Refractory materials are not only diverse in chemical and mineralogical
compositions, they also embrace a wide range of shapes and sizes. The
unit most widely employed is the standard modular brick, rectangular in
shape, but end and side wedges and bricks elongated or tapered in one or
more dimensions are commonly required. Massive blocks with dimensions
greater than 12 ins. are necessary for certain applications, The user
industries call for a wide range of special shapes,often of intricate
design. Trumpets, runners, nozzles, spouts, checkers are but a few
essential shapes to the steel and other industries., Modern high temperature
technology often involves structures so complex that conventional pre-fired
refractory shapes cannot be incorporated; for such purposes, castable
pixtures and ramming compositions have been developed and these are now
wvidely employed.

It must be accepted that some refractory products call for such
sophisticated manufacturing techniques and raw materials that high technical
skills are essential, However, by far the greater tonnage of refractory
materials neeis relatively cheap and easily accessible minerals which can be

manufactured by standard and versatile machinery. Experienced management




coupled with careful workmanship can produce an acceptable quality capable
of meeting most of the demands of industries which involve high temperatures.

It is not possible to present accurate figures for the tonnages of
refractories of the various types which are required by a particular country,
So much depends on the methods used in the various high temperature
industries and their output,

If a steel industry is established, it will be the biggest user of
refractories by far and the associated iron-making and foundry practice
will also be large consumers.

Table 2 shows a simplified susmary of the U,K. utilisation of
refractories in 1970,

Table 2. Calculated Usage of Refractories
in UK, (1%0)-

Industry. Trpe of refractory used (tonmage in w.tons x 10°)

Alumino-Silicate Basics Monolithics

Steel-making 633 176 224
Iron-making 118 - 42
Foundries 31 13 54
Ceranmics 73 6 13
Cement, 10 14 2
Glass 2 3 4
Others 61 21 VA

Totals 955 233 353

The British steel industry produced 27.6 x 106 m.tons in 1970,
Countries with a greater proportion of basic oxygen vessels for steel
production would use considerably less refractories per ton steel,
particularly those of the alumino-silicate type, but the consusption of
monolithics would be 1ikely to show a substantial increase.
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II. ALUMINO-SILICATE RANGE OF REFRACTORIES,

On a tonnage basis, over 70% of all refractories used in industrial
practice are of the alumino-silicate type. If the grogs used in castable
and mouldable compositions are also taken into account the figure is even
higher,

Alumino-silicates are the most prolific of the earth's surface rocks.
Several species are of high refractoriness and the clay varieties are easy
to mould by simple techniques into dense refractories of standard or
complex shapes.

The end members of the series alumina and silica have melting points
of 2130°C and 1730°% respectively., The two components form a eutectic
system hut in the absence of cther components the minimum point at which
1iquid can occur is 1595°C at a weight composition of 9% A1203 and
9LF 510,.

The phase equilibrium diagram of the twc components (Figure 1) shows
the min features of alumino-silicate refractories. High aiumina
compositions consist predominantly of corundum (ol -alumina) but as the
silica content is8 increased the mineral mullite 3A1203.28102 becomes the
ma jor crystalline phase. Mixtures in the silica-rich section of the
equilibrium diagram contain cristobalite, the high temperature crystal
modification of pure silica.

These same crystalline modifications are to be found in the commercial
refractories manufactured from matural alumino-silicate minerals and the
refractoriness of these products shows the same general trend of the
theoretical diagram (Figure I1). This is all the more surprising because
the commercial refractories contain impurities which cause liquid to develop

at low temperatures tending to reduce the melting point.




It is mainly the alumina-silica ratio vhich determines the
refractoriness of this class of materials but it is implicit that tc be
suitable as refractories, only minimaml quantities of alkaljes, iron oxide
and other impurities can be permitted,

The refractoriness of a wide range of alumino-silicates can be
calculated from the chemical composition by a technique attributed Lo
Ludwig. From a chemical analysis of calcined material the molar ratios
of each oxide component a.e calculated. The composition is then
represented as a molecular formula in which the proportion of 111203 is
taken as unity, The gereral formula is:

x(R,0 + RO), A1,0,.y510,
R20 1s the molar percentage of alkali oxides Na,0 and k0.
RO is the molar percentage of divalent oxides such as

Ca0, MgO and FeO (iron oxide should be calculated as Fe0),
Titania (T10,) is included with 510,

From the formula calculated in this way, graphs can be compiled relating
the refractoriness to the alumina:silica ratio and the content of fluxing
oxides, Figure III is a chart in which x in the formula is the vertical
and y the horizontal axis, Iso-refractory lines corresponding to various
Seger cones can be drawn from prior experimentation and hence the refra-tory
value of any composition ascertained with a fair degree of accuracy. At
all 11120338102 ratios, approximately 1.3% by weight of Na,0 reduces the
refractoriness by about one cone value (20-30°C).

Alumino-silicate refractories may be sub-divided into various categories
depending mainly on their composition,

liigh Aluainas.

Refractory compositions containing more than 98% 111203 by weight heiong

to the field of special ceramics, They have a limited but important use in
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that they can withstand temperatures in excess of 1800°C and also a wide
range of erosion and corrosion conditions., Refractories of this
excellence are usually manufactured by sophisticated techniques froa
extremely pure rav mterials 3 they are dense - some are completely
non-porous to gas - sc they are formed by high pressure methods and fired
to a temperature at which sintering or partial fusion occurs (+ 1750°C).
Some are actually formed by fusion methods.

The rav materials for this class of product are derived from bauxites
but only after they bave been purified to Bayer alumina by intense chemical
means. The almost-pure trihydrate of alumina is then calcined and heated
to produce a dense aggregate known as sintered alumina, Tabular alumina
is another very pure, highly calcined form of alumina vhich is most valuable
in special refractory compositions; it is +99,5¢ 11203.

High alumina compositions are hard, resistant to erosion and to many
corrosive mterials and of high refractoriness. These are used as furnmace
linings, as runners and nozzles for s variety of industrial processes.

Alunine Refractories.

Alumina refractories my be defined as those containing not less than
88% A1203 by weight, They are manufactured froa bauxites which are low
im iron oxide content,

Bauxite is the general name given to lateritic-type of formations in
which hydroxides of alumine predominate. In most bauxites, the trihydroxide
of alumima, gibbsite u(on)3 is the predomimaat type but occasionally the
monohydroxide, diaspore A10.0H 1s to be found,

The most common use of bauxite is in the manufacture of aluminium but
the ore 1s a valuable refractory raw mterial, particularly when the irom
oxide content is lov (less tham 2%). Unfortunately bauxites of this

quality are rare and extensive occurrences are available only from Guyana

and Chima at the present time.




10.

The chemical requirements for a bauxite suitable for refractory

quality is as follows; the values are calculated on a calcined basis.

A1,0, 85 - 95% Ca0 )
) 0.0 - 105

Fe 0, 0.6 - 3.3 MO )

S10 2.0 - 9.5 0o )
2 %2 ) 0.0 - 0,5

T10, 1.5 = 3.5 Na,0 )

Only those of the highest alumina levels are suitable for alumina
bricks, but others find use for aluminous qualities,

Bauxite is an ore body produced by tropical monsoomal weathering
conditions of parent rocks of the basalt or rhyolite type. They are
calcined before being manufactured into shapes to avoid excess shrinkage
and frequently mixed with small amounts of highly refractory clays to
assist in forming and subsequent processing, Bricks and shapes need to
be fired to high temperatures, circa 1600°C to produce hard, dense masses,
but such products make excellent refractories able not only to withstand
high temperatures but also slags, dust and a high degree of thermal shock.
For these reasons they are commonly employed in the roofs of electric arc
furnaces for steel melting.

Alumigous Refractorjes.

Although the terminology of this class of refractories is not
internationally standardised, for many reasons it is convenient to classify
alumimo~silicates with between 45 - 88% 11203 by weight as aluminous. As
will be shown in the next section, a true fireclay cannot exceed 45% A1203
by weight on a calcined basis so that a higher alumina level implies the
presence of rich alumina-bearing minerals or components,

There are three important but very different categories of refractories
in the aluminous range, i) those termed alumina-enriched fireclays,

11) those bared on the alumimo-silicate mainerals kyanite, sillimanite and

andalusite, 1i1) synthetic mixtures based on mullite,
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i) ~enrjiched firec « Some naturally occurring fireclays

contain proportions of the hydroxides of alumina; some bauxites contain
clay as impurity; 4in addition some refractories are manufactured from g
synthetic mixture of a good fireclay or china clay and bauxite. The
results are a high alumina/silica ratio and hence a good refractoriness
value, although the improvements in other properties such ag refractorinegs-
under-load and the ability to withstand molten slags and metals are not 80
marked, Compositions throughout the aluminous range are manufactured

and are produced simply by adjusting the ratio of fireclay and bauxite or
calcined bauxite,

In order to produce a hard, dense aluminous refractory from
clay/bauxite compositions a high kiln-firing temperature is required but
this results in a large shrinkage and a tendency to distortion, The
product is usually rich in a g assy phase which is not always acceptable,
However, in terms of straight heat resistance at temperatures up to 1800°C
these materials are excellsnt and economical,
i1) Kyanite-based refractories. Au important group of high alumina
refractories is made from the three alumino-silicate minerals, kyanite,
andalusite and sillimanite, all of which have the composition A1203.8102.

Kranite occurs the most frequently; large deposits may be found
usually in massive rock form, metamorphosed by heat and pressure. Pure
crystals of up to 3 in, in length may be present in an interlocking
aggregate contamimated with smal] amounts of pyrophyllite and quarts,
Kyanite is also present in schistose materials, where kaoclinite has beea
hydrothermally altered. Most deposits of kyanite are insufficiently pure
in their matural state and have to be purified by froth flotation methods,

Andalusite is less common, but deposits are worked for refractory
purposes.  The principal form is a massive » metamorphosed rock, but fairly

pure samples are occasionally found which have been weathered from such
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rocks and deposited elsevwhers as silt or sand.

Sillimanite is also uncommon but unlike kyanite, sillimnite
undergoes scarcely any change in volume on calcining and the raw
material can be used directly in furnace settings without any pre-firimg.
Sillimanite results from the metamorphism of pure clays and contains
only minor amounts of quartz, biotite and cordierite, although there may
be smll amounts of excess alunina as corundum (%-Al,0,). The chemical
composition of typical samples of the three minerals is shown in Table 3,
along vith someé charscteristic properties.

Topas, 41,510, (F,0H),, is converted into mullite when heated to
1300°C and s0 can be used in the manufacture of high-alunina refractories.

Table 3, Composition and Properties of
some Alumimo-silicates.

Kyanite Andalusite Sillimanite
(S. Africa) (California) (Ansam)

per cent per cent per cent
81.02 35.5 33.9 35.7
A1203 61.2 57.6 6.3
1'0203 0.9 1.6 1.7
Ti.O2 1.1 1.5 0.2
Ca0 0.l 1.3 Trace
Mg0 0.2 0.8 0.1
Na,0 0.1 (
K, 0.1 0.6 g‘ruoo
Loss on igaition 1.2 3.c 0.7
Specific Gravity 3.6 3.1-3.2 3.08
Hardness 705 7.5 705
Volume change om +20% +4% +0,5%

caloining




13.

The three minerals kyanite, sillimanite and andalusite on heating
to high temperatures all undergo structural changes to the minerals
mullite and cristobalite

3(A1203.8102) —_— 3A1203.28102 * Sj.o2
zullite cristobalite

The calcined form has a density of 3.03 whereas the original minerals
are higher - kyanite very much more so (see Table 3), Consequently in
the transformation to mullite a large volume increase occura which would
disrupt any brick or shape in which the mineral were present,

It 1s usual therefore to precalcine the original minerals to about
1600°C prior to use in refractory compositions, Nevertheless, such bodies
bave excellent properties because they are so rich in inter-locking crystals
of millite. They will withstand high stress loading almost up to their
softening point,

A body composed of calcined kyanite will contain about 70% mullite
wvhereas a mixture of clay and bauxite is unlikely to produce more than 40%
of the mineral even after prolonged firing,

111) Synthe’ic Mullite. A high refractoriness coupled with the tendency

of the mineral to form a bard, dense mass of ne¢dle-shaped crystals results
‘n mullite being an excellent component of refractory compositions., It
tends to form in many alumino-silicate compositions on firing but it does
not develop im large, tough crystals unless a mixture of the ideal
composition is reised almost to the melting point. If a low impurity china
clay and a high quality alumina are intimately milled together in the correct
proportions to produce mullite 3A1203.281.02 and then calcined in the range
1750-1800°C a high percentage of crystals formsand an excellent compoment
for refractories is produced. The product can be crushed and used as grog

in either conventional refractories or in castable and mouldable compositions,




Refractory Clavs.

Although clays are one of the most abundant mimeral forms of the
earth's surface, those which are refractory and capable of withstanding
the conditions in high temperature industrial plants are relatively few,
Refractory clays, however, represent the most important single class of
raw materials for high temperature applications as far as tonnage is
concerned; they range im composition from 20-44% 1\1203 on a calcined
basis.

All clays are of secondary geological origin; that is, they are the
breakdown products of primary igneous masses. Usually their formation
is through the agency of simple weathering processes, but occasionally
hydrothermal mechanisms are implicit, Although many complex reactions
are involved, the main features are:

a) A physical breakdown of primary rock and a consequent reduction in
particle size,

b' A chemical attack in which new mineral 1orms devalop, Many of the
new species are termed clay minerals.

The secondary minerals along with those which are relatively unaffected
chemically by the breakdown processes may be transported by natural agencies,
ultimately to be deposited when favourable conditions exist,

There are two major classifications of refractory clays, namely
residupl - where the material is found in the location in which it is formed;
these include lateritic-type clays, and, sedimentary - when the clay has been
transported in some way and deposited elsewhere,

Miperalogical Composition. Although clays contain many minerals often of
considerable chemical complexity, those which are truly refractory are mostly
of simple type. Three mineral species generally predominate and the
relative contents of these determine most of the essentia) properties of

refractory clay materials,
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1. Kaolin-type clay minerals, with a chemical composition corresponding
closely to A1203 20102.2}{20 or a structural formula of Al(SiOs)(OH)

Such materials confer both a refractory character and plasticity to clays
in which they are present, but when they are heated they usually show high
shrinkage due to their high water loss. When in a pure state they are not

easy to fire and shapes made from them shrink and distort excessively,

2. Micaceous minerals and other alkali-bearing minerals which behave as
fluxes or liquid-forming components in clays.

3. Silica minerale, principally quartz, are of common occurrence in clays,
and their presence increases the SiO ¢ Al 03 ratic which thereby reduces
the ultimate refractoriness as shown by Figure II.

Free silica minerals in clays reduce drying aid firing shrinkage and
in many other ways are of benefit in proceasing operations, but excessive
amounts of quartz can cause problems of thermal shock in refractory settings.

Accessory minerals, for the most part, are detrimenta) to the
refractory qualities of clays and hence they must not be present in
substantial amounts. Iron-bearing minerals and thoge containing alkaline
earth elements behave as colouring agents and fluxes, although not usually
to such a serious extent as the alkalies. Carbonaceous matter may be
difficult to burn out and causes black-hearts or bloating in bricks,
Titanium-bearing minerals in clay behave in a similar fashion to free silica.

In most refractory clays, the accessory minerals rurely exceed 10 per
cent of the total weight and frequently the combined content of clay
minerals, micas and free silica make up more than 95 per cent,

The refractory nature of clays is intimately related to the alumina/
silica ratio and to the alkali content; hence the relative proportions of
clay mineral, free silica and micas are of the greatest significance,

Table 4 1ists several typical fireclays, their calculated mineralngical

composition and the properties which result,
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Properties and Composition of Typical Alumino=-Silicate
Fireciays tor iefractory Purposes,

Semi-silica Siliceous Low duty ledium duty  High duty

Chemjcal Comp. a b a b a b a b a b
SiO2 86.3 77.0 72,6 61,4 59,6 57.1 43.4 43,6 45.0 46,7
A1203 9.1 14,2 18,224,9 24.5 28.4 3.6 3.7 38,0 37.9
'1‘102 0.4 1.3 0.8 1.0 2.5 1.3 1,4 2.4 0.8 0.1
l'-\:zo3 0.4 1.4 2.1 1.8 1.1 1,7 3.6 1.8 0.4 0.7
Ca0 0.1 0.1 0.3 0.5 0.8 0.2 0.8 0.7 0.1 0.3
Mg0 0.1 0.2 0.2 0,3 1.0 0.3 0.7 0.5 0.2 0,2
K20 0.2 1.5 0.8 2,9 l.9 1,1 2.3 1.1 0.2 0.6
Na20 O.u 0.6 0.2 0.9 0.3 0.2 0.7 0.4 0.1 0,2

loss on ignition 3,2 3.6 5.6 5.9 8.2 9,7 12,2 12.4 14,4 13.4

Mineralogical Comp.

Kaolin-mineral 23 20 3 32 43 61 62 80 93 8
Mica 2 18 9 32 19 11 % 13 37
Free silica 7 5% 51 32 31 24 % 1 0o 2
Others 1 3 2 4 7 4 7 7 4 2

Fired Properties.
Firing Temp, °C 1400 1250 1350 1200 1250 1350 1325 1450 1550 1500

Volume Contraction 0,1 0,2 3.2 6,3 8.3 1li,6 12,0 16,2 22,0 15,2
Bulk density 5 2.1 1.9 2.0 1,9 2.0 2.1 2,1 2.2 2.4 2.2
Strength (1b/in ) 3000 2000 2500 1500 1800 3000 3500 4500 5000 3000
Porosity (app) 4 16 24 21 24 23 20 22 19 14 20
Refractoriness
(P.C.E.) 32 28 9 29 29 30 32 33 35 34
Refractoriness~
under-load
Initial yield 1450 1370 1400 1300 1320 1370 1380 1400 1520 1420
5% subsiderce 1500 1430 1470 1340 1370 1450 1440 1500 1620 1500
10% subsidence 1570 1490 1530 1370 1450 1530 1500 1500 1700 1620
Reheat Test

1350°C *0.1 +0.1 40.2 0.7 0.4 -0.3-1,0 -0.2 0.0 -0.1
1410°C *0.2 40,3 +0.2-16 -L5 -1,2-09 0,5 0.0 0.3
1450°¢C +0.8 -1,2 -1,0 -2,8 - - +1.8 -1,1 0.4 0.7

0.
150G°C -1.0 - - - - - bloat -2,2 -0,6 -1,0
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The particle or crystallite size of the minerals which are present
in refractory clays can modify the predicted properties often to a
considerable extent. larger-particled systems react more 8lowly than
those of similar composition but of finer crystallite size,

When refractory clays are heated to high temperatures they firstly
decompose and then two main important reactions oceur, 1) crystallisation
within the alumino-silicates involving the formation of mullite and
cristobalite, and 11) 1iquid formation which cools to a glassy matrix,

These two phenomena » namely orystallisation and glass formation,
determine the whole character and property of a clay-based refractory,

A low flux (or alkali) content implies minimal 1iquid formation and
crystallisation reactions would predominate. For these to proceed to a
state approaching equilibrium or completion, the firing temperature would
have to be high but the product would be strong even at high temperatures
and under pressure because failure could occur only by rupturing the
crystals themselves,

On the other hand » 1f the flux content ias high, the liquid which forms
permeates the mass and on cooling the resulting glass binds the shape
together, 3 strong, dense refractory may thus be produced after only
moderate firing conditions but,as this product is reheated, the glass
progressively softens and the material is not durable and flows under
pressure at fairly low temperatures. In other words, it would have poor
refractoriness-under-load properties. These factors are clearly shown in
Table 4.

m&mm. For a clay to be truly refractory, natural
processes of formation must have ensured that minerals containing iron,
allali and alkaline earth elements, and the various forms of free silica

are all at minima] levels. Such materials are not of Common occurrence

and they form only a relatively small percentage of the vast tonnage of




18.

other clays found on the earth's surface, However many countries have
suitable varieties although the geological origins may not always be the
same,

China clayg are generally regarded as being the result of the
bhydrothermal breakdown of felspers in granites. The clays may be found
as in situ residual formations or as sedimentary formations close by the
original source. Some good kaolina, however, are undoubtedly the products
of laterisation of an otherwise impure and non-refractory clay.

The esserntial mineral component of china clays is kaolinite; some
sedimentary formations contain more than 90% of this mineral; residual
deposits can often be readily beneficiated to yield an equally good or
better product.

A8 refractory materials, china clays are generally excellent but they
are loose, unconsolidated clays, hence they are difficult to process because
of their large shrinkage., Some pre-calcinatior is usuaslly an essential
requirement before refractory shapes can be manufactured from china clays.

Good china clays are rare and valued for other purposes so that their
use - except in impure forms - for refractory purposes is limited, The
best varieties contain 40-44% alumina on a calcined basis,

Ball clayp are not unlike china clays in that they are mostly derived
d) rectly from an igneous formation in the near vicinity, but they are
invarisbly sedimentary in origin and contein more impurities than china
clays.

The particle size of ball clays is generally very small so that they
are plastic and etrong. They are useful bonding components for refractories
in which a high content of pre-calcined material (grog) is to be incorporated.

Eireclays are the wost common type of clay used for refractory purposes.
The term was originally a general one used to describe all clays wvhich will

resist high temperatures, but nowadays, many ceramists regard fireclaye as
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the seat-earths of coal seams, although not all of these are refractory,

Coal Measure fireclays of many qualities are known; the exanples
quoted in Table 4 indicate a typical range. In textural characteristics
there may also be considerable variations from hard, flint-like materials
through shales to sticky plastic forns,

Flint clays are materials of an extremely hard, dense texture. They
are rich in kaolin clay minerals and contain only minimal amounts of
impurities deleterious to refractory qualities, but they are consolidated
to such an extent that even fine grinding will not develop any significant
plasticity,

The high bulk density of flint clays makes them especially valuable
&8 components of refractory shapes, They undergo hawdly any volume change
on drying or firing, but because they are 8o lacking in plasticity they must
be used either in conjunction with a sticky clay or as a type of grog. The
essential differences in properties of various clays are shown in Table 5
where in every case a kaolin mineral was the predominant spectes,

Table 5. Physical Properties of Some Refractory
Clays in Natural States,

China Clay Ball Clay Fireclay Flint Cla
(Georgia) (Dorset ) (Seotland) (S.Africa

Bulk Density 2,04 1.98 2,39 2,58

Water Content ¢ 18.4 25,2 6.2 1.2

Drying Shrinkage 15,6 22,1 3.3 0.2
(volume %)

*Firing Shrinkage 21.2 18.4 10.4 34
(volume %)

*ririna shrinkage based on a product with a water absorption of less
than 2%,

Qther refractory clays are imown which cannot be included in any of

the categories listed above, Although most clays of recent geologloal

origin and those which occur as surface deposits are too rich in low melting

impurities to be considered as refractories, there are exceptions,
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Occasionally, unusual physical conditions during formation, transportation
or deposition can result in a clay vhich is low in iron, alkaline earth
and alkali elements, so that reasonably good refractory qualities might
occur in any deposit., It is not unusual to find specific levels of clay
in a brick-making quarry which are appreciably more refractory than the
average for the whole face. Such seams are often exploited on a limited
scale to manufacture a refractory quality suitable for lining the brick-
making kilns,

The important advantages of refractory clays are that they are easy
%0 mine, they require little complex or expensive processing, they can be
manufactured either into simple brick form or into complex shapes with low
cost, uncomplicated equipment and they can be fired to good dense refractories
without the need for very high temperatures.

Despite these advantages, the fireclay refractory is declining
seriously in modern high temperature practice. This is due to the changes
in steel-mking practice as a result of basic oxygen processes and to a
lesser extent to the introduction of castable and mouldable compositions
which require less labour for installation.

Nevertheless, refractory clays are important refractory rav materials
indigenous to many countries and suitable for numerous applications in the
high temperature industries, including steel, particularly when highly
automted units using basic oxygen are not involved.

Silicecus Refractory Clays. Although the phase diagrams (Figures I and II)
suggest that alumino-silicates with a silica content in the range 80-95% are
the lovest im refractory value, materials of this composition are excellent
for certain applications. The rav materials for such refractories are clays)
rizh in free silica (quarts) but with the minimum of other impurities.

When such compositions are heated to high temperature, the liquid which
forms is highly siliceous and tends to be very viscous so the mterial does
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not yield or slump readily. In addition the quartz tends to convert to

other crystalline forms of silica » such as cristobalite and tridymite and,

in so doing, it expands and mitigates the contraction tendency accompanying

the formation of liquid,

Siliceous and semi-silica refractories are valued therefore for their

volume stability. They sbrink only slightly on firing and preserve their

size and shape in furnace installations for considerable periods of time

provided that excessive temperatures (+ 1450°C) are avoided.  Steel billet

soaking pits are an excellent application for siliceous fireclay products,

Pyxrophyllite, AIZOJ.ASiOZ.Hzo, 1s an important rav material used for

refractories, electro-ceraamic bodies and in the manufacture of tiles,

The mineral is thought to have been formed by the hydrothermal replacement

of acidic volcanic glasses, I3 occurs in massive flake-1like form, not

unlike mica, but softer and more brittle. Pyrophyllite is valued for its

lov shrinkage on firing - it loses its water of constitution at about 600°C

and forms mullite and cristobelite above 1100°C. an aralysis of a typical |

sample shows SiO2 77.4 per cent; A1203 16.5 per cent; F0203 0.5 per cent;

Mg0 0.05 per cent; Ca0 0.41 per cent; &20 0.22 per cent; 120 1.26 per

ceut; and loss on ignition 2.87 per cent. Siliceous bricks of excellent

volume stability up to 1500°C can be made from it,
Silica Bricks.

Silica bricks are usually made from rock containing at least 97 per

cent of silica, but the folloving range of composition is accepted:

Silica 95 - 99% Titania 0.2 - 2.5%
umm 001 - 2.8 Li. 002 - 2.4
Iron oxide 0.3 - 1.3 Soda & Potesh 0.2 - 1.5

Alumina is an undesirable impurity and for each 0.1% A1203 in the

Composition, the maximum usable temperature of the refractory is decreased
by 10%.
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The rav material for silica refractories can range from high density
consolidated quartzitic rock to loose uncompacted silica sand or pebbles.
The material may be well-crystalline, cryptocrystalline or amorphous.

Neither quartz nor amorphous silica is stable at high temperature
and on firing they convert to other crystalline forms of silice, namely
cristobalite or tridymite, If the kiln firing is incomplete further
conversion is liable to occur in use and this change is accompanied by a
large volume expansion., Silica bricks need to be fired to a high
temperature (about 1450°C) and maintained there for some considerable time
during manufacture. Quartzites with some amorphous component are best and
the addition of lime or iron oxide as catalysts is of assistance,

Silica refractories are good, cheap products ldeally suited to many
high temperature operations. The best are capable of withstanding 1700%
under stress conditior.s, They are unable to withstand serious alkali slag
actack and they are liable to thermal shock if allowed to cool between
f'¢ e reheats, lHawsver, countrles withoul 1nitiencus hagir refractory
wat:-ials and with a small steel industry not based orn oxygen furnaces will
find many economical outlets for silica. Iron melting cupolas, for example,
can be lined with hewn ganister blocks which do not require firing before use

Silica sand is widely used in ramming compositions and in foundry
operations (see Chapter IV),

In modern steel plant practice, the fired silica brick has been largely
superseded by other types of refractory so that its tonnage usage mowadays
is drastically reduced, ,

Suggestions for further reading:

R. W. Grimshaw, "Chemistry & Physice of Clays and other Ceramic Materials",
Ernest Benn Ltd., 1971,

W. E, Worrall, "Raw Materials", Inst. of Ceramics Textbook Series No.l,
Maclaren & Sons Ltd., London, 1965,
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III. BASIC REFRACTORIES,

Alumino-silicate refractories s particularly those which are clay-based
and contain more than 55% 8102, cannot withstand besic slags of the
composition and temperature encountered in the modern steel industry. The
temperature ut which certain steels are refined can be as high as 1800°%;
viscous lime slags, often with fluorspar additions, are employed to ensure
that acid components are effectively removed from the metal; the air or
oxygen blast is at elevated temperatures and it is frequently charged with
high velocity dusts rich in iron oxide. These conditions can be endured
only by refractories which are themselves basic in character,

Reference to Table 1 (page 2) shows that the alkaline earth oxides
are of high refractoriness and are chemically basic. But of the five
oxides in Group II of the Periodic system, beryllia is rare and toxic y lime,
strontia and baria cannot be heat-stabilised adequately. The only oxide
which can form satisfactory refractory materials is magpesia. Modern
technology has now partially overcome some of the serious disadvantages
of the lime component in calcined dolomite, so that this mineral can also
form a useful range of refractories,

No other mineral or chemical form can be mnufactured into successful
basic refractories to be used on a large scale, but chrome ore has proved
to be a useful additive to magnesia compositions. Silicates of magnesia,
provided that the molar ratio of HgO:8102 is not less than 2:1, also have
limited application as basic refractories,

Magneels Refractories.

Some common forms of magnesia-containing minerals will decompose on
calcination to give the oxide. Although when formed in the 500~700°C
temperature region, magnesia is caustic and readily hydrates, it can be

converted to a stable form known as periclage by heating it at temperatures




in excess of 1500°C.

The principal magnesium minerals which are used in the manufacture
of magnesia refractories are:

Magnesium carbopate or magpesite (M¢003) vhich occurs in two main
varieties, a) a spathic or coarsely crystalline form, and, b) a dense
orypto-crystalline type which is usually purer than the former., These
are precipitation minerals formed maturally from sea vater; impurities
of silica, lime, iron oxide and some clay are liable to be present and
occasionally graphite derived from decaying vegetation. Subsequent
consolidation by overlying strata and by land movements givesrise toa
hard dense body.

Magnesium hydroxide or brucite Mg(OH), which is much less common than
the carbonate and is rarely as pure.

Sea water mgnesia produced by che chemical treatment of sea wvater is
now the most important raw material for magnesia refractories. The 0.7%
magnesium salts in solution - which is the normal concentration in sea
water - can be recovered virtually quantitatively as the insoluble

hydroxide simply by making the water alkaline with slaked calcined limestone

thus:
"L, cac,
or + 01(05)2 —_— lﬁ(Oﬂ)z + or
Mgs0, Caso,
(4n solution ) (1nsoluble) (soluble)
(in ses water)

The precipitated magnesium hydroxide can be filtered, washed amd
oalcined %o about 1500°C to produce stable periclase.

The type and amount of impurities in the periclase are all-important,
because some of these combine together and with magnesia to form complexes
of low melting point which seriously reduce the refractory qualities,

Rowever, by carefully controllimg the conditions of precipitation it is

I S
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possible to reduce the impurities to a very low level and produce a
superior quality essential for the stringent conditions of an oxygen
vessel or similar application.

When magnesia is fired in the form of refractory shapes or to make
grog, any impurities react both with the magnesia and within themselves
often to produce complexes of low melting point,

Alunina is a serious impurity and in best quality refractories it
should not exceed 0.5%. Iron oxide is less haraful but it should not be
present in amounts greater than 1.5%.

The ratio of CaO:SfL()2 is important and must be controlled at about
2,5:1 molar; the silica content should be maintained below 1.0 by weight.
If the boric oxide content of magnesia is allowed to exceed 0.02% a marked
reduction in high temperature strength results,

High quality magnesias are now manufactured to meet the stringent
conditions imposed in oxygen-blown vessels in the steel industry. These
confora to the above chemical specifications but care has to be taken to
ensure high density and strength.

The precipitated Mg(OH), is firstly lightly calcined to about 900°C
to remove all combined water and to produce an "active" oxide. This is
then pelletised at high pressure u.:d finally calcined at about 1750°C.
This produces a grain of high density and low porosity which is then crushed
and graded to form the raw material from vhich bricks and shapes are
prepared, These are usually pressed at about 10 tons/sq.in. and fired to
at least 1750°C or ohemically bonded,

Not all magnesia refractories are manufactured to these stringent
conditions. Chroms/magnesite refractories, gunning and fettling compositions,
forsterite synthesis and other applications can be manufaotured from lower

quality magnesia typical of matural minerals or the more usual sea water

products., Table 6 indicates the range of composition accepted for magnesia
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products of general application.

Table 6. Analyses of Typical Calcined Magnesites.

Spathic Cryptocrystalline Sea Water
MgO 80 - 92% 92 - 98% 85 - 95%
A;12()3 0- 4 0- 2 0- 6
PQZOB 2~ 9 0- 1 2 - 6
Ca0 l- 6 1-5 2 - 5
810, 1-10 0~ 4 2 = 4

The impurities, although they form lov melting point liquids,do help
in consolidating and .densifying the bricks and imparting hardness. However,
it must be emphasised that inferior quality basic refractories give markedly
poorer performancesin steel plants, cement kilns, etc., so such so that
their benefits in some applications over the much cheaper and easier to
manufacture indigenous fireclay and silica refractories can at best be
marginal.

Rolomite Refractories.

Dolomite or magnesian limestone is a magnesio-calcium carbonate, the
chemical formula of which can be represented ideally as NgCa(COB)z. It is
formed either by co-precipitation of the carbonates of calcium and magnesium
from sea water or through the percolation of solutions rich in magnesium
salts through limestone rock,with subsequent replacement of calcium by
magnesium.

On calcimation,dolomite decomposes into an intimate mixture of lime
and magnesia; after intense heating, the magnesia will form stable periclase
vhereas the lime reteins its tendency to rehydrate no matter how hard the
firing treatment. Although this is a serious disadvantage, calcined
dolomite is such a good basic refractory and the mineral form is so much

more prolific and cheaper than magnesite, that dolomite is used extensively
particularly in modern steel plant practice.
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As 1s the case with magnesia » unavoidable impurities associated
with dolomite reduce the refractory quality, The main ones are alumina,
silica, and iron oxide which tend to form liquids at moderate temperature
and so reduce the ability of the refractery to withstand stresses at high
temperatures.

Dolomites for refractory purposes have to be selected with care to
minimise the deleterious effect of impurities. The range of composition
of acceptable dolomites is as follows, but the superior qualities are
derived from those materials with the minimum impurity levels and the
highest magnesia:

MO 16 - 22 FeO 0.1 - 0.4
‘1203 001 - 007 F°203 0.2 - 1.5

Loss on ignition 45.0 - 47.5%

The rehydration tendency of calcined dolomite can be reduced in one
of three ways:
1) Chemically, by converting the lime to tricalcium silicate by the addision
of talc or serpentine and then hard firing. Chemically stabilised dolomite
bricks have their merits but they are difficult to manufacture and their
high temperature properties are not good.
i1) Pitch or tar-bonded. In effect the unstable lime component in fired
dolomites 1s shielded from atmospheric rehydration by a water-proof coating.
The dolomite is calcined and crushed to a suitable size grading. Pitch or
tar is added hot and blended with the composite which is then pressed into
bricks or complex shapes of high density,

This technique is satisfactory in that the bricks are well able to
resist hydration duriag normal storage prior to being installed in the
furnace. Once they have been fired, however, the protective layer 1is

destroyed and if the installation is allowed to cool, rehydration can then




occur with potential disruption of the setting.

111) High density pelletisation. A calcined dolomite grain is prepared
by a two-stage firing process. Initially a low temperature burn to about
900°C produces a mixture of active oxides which are then pelletised,  The
grains are dead-burned or sintered at a temperature of about 1800°C so that
the product has virtually no porosity. The surface area of lime thus
available for rehydration is dramatically reduced and for most purposes
the grains may be regarded as stable, 1In addition the pellets are
exceptiomally strong and hard so that when they are compounded into block
form - usually with pitch binder - the product is able to vithstand severs
erosion and corrosive slags.

This method of stabilisationm is mow in general use and it undoubtedly
produces a vastly superior dolomite refractory of great value as side walls
in electric arc furmaces, im the burning sones of cement-kilns and as
linings for oxygen vessels in steel refining,

Dolomite refractories enriched vith magnesia to reise the MgO level
are also successful; the refractory qualities are improved, particularly
the resistance to slags containing iron oxide and the rehydration tendency
is markedly reduced. A total MgO content between 55-70% gives the best
results.

Chrome-containing Refractories.

It is frequently assumed that because chrome ore is a common
constituent of basic refractories, chromic oxide is itself alikmline in
character. This is imcorrect; chromic oxide is, in fact, acidic, but ite
value in refractories 1is associated with its capecity to play a major role
in the formation of the spinel group of minerals. Many of these are highly
refrectory and form hard dense crystals, a vital prerequisite for refractories

vhich are required to withstand high stresses and corrosive slags.
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The raw material from which chrome-based refractories are manufactured
is chrome ore, the usual geological occurrence of which is a3 segregations
in ultra-basic rocks,

The essential mineral form of chrome ore is spinel which has the
general form RZ*O.R3 *203 ’
where Rg+ is a divalent cation such as Mg,Zn,l"‘ez+
and Ft3+ is a trivalent cation such as Al,Cr,F03+'

Chromite 1?00.01'203 or FeCr204 is the clogest representation of the spinel
form in most chrome ores but there is considerable substitution of magnesium
for ferrous iron and aluminium and ferric iron for chromium,

Good quality chrome ores are not of common occurrence but there are
several interesting areas of potential development particularly in Africa
and S. E, Asia,

It is not easy to specify compositional ranges for chrome ors for
refractory purposes. It is essential that wvhen the mineral is fired. the
maximum amount of spinel should develop with the minimum of low melting
point accessory minerals, Lime as Ca0 should be low in content and ideally
the molecular ratio of (310:8102 should be in the range 0.5-1.0:1. 1If there
is an excess of lime over silica there is a tendency for calciunm ferrite,
aluminate and chromite to form, which all melt at low temperature, A slight
excess of silica over lime is less harmful because this will combine with
Bagnesia to fora the high molting mineral, forsterite. Exceptionally high
ferrous oxide (Fe0) contents - in the range 25-30% - present problems of
large volume expansion on firing although these can be largely mitigated
by careful control of firing. Acceptable chrome ores from various world
localities vary considerably in the content of their m jor oxides as the
following 1ist indicates:

Cr,0; 33 - 55% M0 10 - 20%
A,0,  13-30 Ca0 0- 1
Po,0, 0- 5 810, 2- 7

FeO 12 - 30
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Chrome ores are only rarely used nowadays as a refractory in their own
right but when blended with dead-burned magnesia they form one of the most
important classes of baaic refractories. The undesirable impurities
alumina and iron oxide tend to enter a refractory spinel phase, excess
silica combines with magnesia to form refractory forsterite leaving only
the minimum of low melting phases which reduce the refractoriness-under-load
and increase the tendency to slag attack. The magnesia used as additive
must be low in lime,

Both chrome-magnesia and magnesia-chrome refractories are manufactured
in which the first-named component is the major constituent; 70/30
compositicns are commonly employed. Bricks are manufastured either by
chemicaliy-bonding dead-burned graded clinker or by directly firing
compositiona in the range 1700-1800°C to develop adequate ceramic bond,

Magnesia/chrome compos.iions have wide applications in the steel
4.4+ stries and elsewherse wicre high temperatures under basic corrosive
¢+ ‘tions are lirely V.. appiy T SR “te. spen hearth Tuoace
wai .- and roofs, cement kilnm burning “.mes. o 1-s3 tioe 5o sialor o Locks
are but a few examples of applications for this type o refinw tery.
Qualities vary depending on the purity of material, the methois used in
forming (should be hard pressing), the density of the calcined grain and
the intensity of the final burning. The best grades are excellent
refractories; inferior grades can still be very acceptable, more so than
inferior grades of magnesites and dolomjtes.

Foraterite Refractories.

Refractories consisting essentially of forsterite 2M¢o.5102 have a
limited application as basic refractories. Either a natural olivine or
dunite rich in sagnesia or a compounded mixture of talc, serpentine or
steatite sometimes with magnesia additions are used as rav materials,

ldeally forsterite consists of 57.1% Mg0 and 42.9% Si%gn a weight basii
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Some ferrcus iron can enter the lattice but other impurities such as
lime and alumina form lov melting point complexes, Forsterite is not
a8 good as a refractory as magnesia and dolomite compositions but where
rav mterials are available cheaply it can be a worthwhile product., It
is used extensively as a component of ramming maixes in some smll steel
ladles.

Suggestions for further reading:

J. White, Refractory Materials Volume 5 - 1, Academic Press ;
Nev York and London, 1970, p.77 ff.

J. laning 1bid p.143

D. R, F. Spencer, Basic Refractory Raw Materials,
Trans. Brit. Ceram. Soc., 71 (5) 123, 1972,

J. Halm, J. Brit. Ceram. Soc., 7, 42, 1970,
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IV. CASTABLES, MOULDABLES AND CHEMI-BONDED COMPOSITIONS,

Although products known generally as castables and mouldables are of
comparatively recent introduction into the refrsctories industry, their
present day usage and app'.ications are extensive,

The compositions ars composed mainly of pre-fired refractory material
or "grog"; in castables, a proportion of cementing agent, either hydraulic
or chemical, is added so that the product air-sets and is then load-bearing.
In mouldables, plasticity is conferred by clays or organic materials which
give a amll degree of air-set, but ultimate high strength develops through
a csramic bond induced only after high temperature operation. In chemical
bonding a reagent is added to the grog mixture which develops a crystalline
phase by chemical combinmation.

Castable and mouldable materials can be applied in situ by a wvariety
of techniques to form a monolithic unit capable of complex design. Chemi-
bonded products can be used in the same wvay, but they are also msnufactured
into bricks and standard shapes which set hard and do not need kiln firing
prior to their installation in furnace settings.

The basic functions of these compositions are that, through the
lubricating medium of water they can be easily installed in a furnace or
moulded to shape and subsequently they will develop strength by wvirtue of
heating in situ or by hydraulic or by chemical reaction wvithout losing shape
or contracting in any way.

Castables contein a refructory cement or a chemical bond as an essential
ingredient, When mixed with water and the composite cast or gunned imto
place, the whole structure sets hard,

Mouldables are plast. compositions usually made 80 by the inclusioa
of a refractory clay. They .n be rammed or pressed into place and although
they do not develop high dry strengths they have mimimun shrinkage oa drying
and firing and they develop a ceramic bomd at high temperature.
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Baw Material Specificatiops.
1. Grogs. Because they usually make up 60-90%¢ of the total composition,
the grogs or pre-calcined conatituents largely dictate the nature of the
product in which they are present, The range of suitable materials is
wide and only a few common ones are shown in Table 7.

Other grogs vhich deserve special mention are those used in insulating
castables; these include calcined diatomaceous earth, exfoliated
vermiculite, bloated fireclay and bubble alumina.

In preparing grogs for use in castables and mouldables, their physical
properties are at least as important as their cheaical composition, In
order to ensure high strength and low shriniage, the grog must be dense and
hard. The practice of using scrap refractory bricks as grogs cannot be
recommended. The inherent high porosity and weaknesses of such materials
should preclude their use and only grogs prepared by calcining lump virgin
minerais are truly acceptable. As Table 7 shows, high bulk densities and
the accompanying high degree of vitrification should always be sought.

2. Cements and Bopds. a) The cementing agents used in castables to give
high dry strengths depend on the temperature at which it is to be used,
Ciment fondu and high alumina compositions are mostly employed but there are
other proprietary cements. These form hydrates in the presence of water;
bonding is the result of interlocking crystalline growth throughout the mass,
The dry strength which develops in a castable composition depends on the
amount of cementing agent present, but high contents of cement reduce
refractoriness and increase cost. Most commercial mixtures are based on
either a 1 : 6 ora l : 4 cement : grog ratio.

b) The two best imown examples of chemical bonds are phosphates (most
commonly in association with alumine) and chromates (combined with magnesia),
The bonds are frequently added as acids (1-5% by weight) which react slowly
with the particles of aggregate in the presence of water. Sodium silicate

and aluminium sulphate also are added a8 chemical bonds, and some oxy-salts
are frequently utilised,
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Table 7. Some Typical Grogs Used in Castables and Mouldables.
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>Hm0u 99.5 87.4 66.2 62,3 44.1 42.1 35.2 30.0 2.1 0.3 0.2
wow0u 0.1 1.6 1.5 1.7 0.8 1.3 2.6 2.0 0.8 0.6 0.2
HMON 0.0 3,6 2.0 0.2 3.5 1.4 1.3 1.0 0.4 0.3 0.1
Ca0 0.0 0.2 0.2 0.0 0.1 0.2 0.3 0.2 56,2 1.1 3.2
MgOo 0.0 O.1 0.0 0.1 0.1 0.3 0.4 0.5 40,0 96.5 95.0
nmo 0.0 0.2 0.3 0.4 0.3 0.5 1.5 3.2 0.2 0.1 0.2
zmwo 0.1 0.2 0.2 0.2 0.1 0.1 0.6 0.8 0.1 0.0 0.2
Bulk Density | 3.8 3.4 2.8 2.6 2.5 2.4 2.1 2.3 3.0 2.2 3.1
1iwnnwan«mon 1750 1600 1700 1650 1550 1500 1400 1350 1650 1750 1700
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¢) In mouldable compositions, where high dry strengths are not required,
the bonding agents are very different in character, They are intended
to confer just sufficient achesion for the mass to hold together in the
wet and dry states. Plastic clays, up to 20% in amount, are generally
preferred, but organic bonds such as cellulose sulphite lye, dextrin,
various gums, molasses and starches are also in common use in amounta
between 0.5 - 2,04 of the total composition,

3. Special additives. Ome advantage of castables and mouldables is that
they can readily be 'tailor-made' to suit any particular industrial
requirement, Occasionally special mineral additives prove advantageous,
These include kyanite, valued for its expansile characteristics and graphite,
which is remarkably resistant to molten slags and metals,

It 18 an obvious fact that all the components of a castable must be
thoroughly dried before being mixed. It is usual for the manufacturer to
despatch the complete mixed dry ingredients in bags for water to be added
immediately prior to installation,

Chemically-bonded products may contain the additive premixed in solid
form or supplied as a separate solution to be added with the mixing water,

Mouldables are often delivered to the imstallation point with the
requisite amount of water already added. No further rixing would be needed
thus greatly reducing the labour required on site., In the best practice,
the mouldable is supplied as extruded,de-aired blocks of high density, packed
in plastic bags.

Barticle Size Distributiops.

Most compositions demand that the packing density of the installed
mterial must be at a mxizun, othervise bonding is incomplete and shrinkage
in service is 1ikely to occur. The normal rules of good packing must be
rigidly observed. A simple but excellent control is to represent the

complete grading,as determined on a nest of sieves,as a graph with the
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percentage of material above a certain size plotted against the particle
size (or logarithm of particle size) in microns. From the graph two
important parameters can be calculated simply, a) the centre grain size
or the size at 50% retention, and, b) the quartile ratio, i.e. the ratio
between the micron size at 25% retention against that at 75% retention.
For good packing this value should 1lie between 16 - 22. Provided that
the size distribution graph is smooth, this value of quartile ratio will
ensure that the mix will have a dense packing but not be too impervious
to prevent water release or gaseous escape.

The centre grain size of a mixture must also be selected with care.

For norml castables and mouldables a centre grain size of about 350 microns

is preferred which implies a maxizum size of 4 mesh B.S.S, If the product

has to withstand high thermal shock, a coarser grading of about 600 microns

centre grain size (maximum grading 3 mesh B.S.S.) is better. When high

abrasion or corrosion resistance is required a fine texture is essential

with & centre grain size of 200 microns and a mexizup size of 6 mesh B,S.S,

or less, Gradings, particularly of mouldables, are best determined by wet methods,

When chemical bonding is involved, it is essential that a greater
proportion of the grog should be of very fine particle size - less than
200 wesh B.S.S. This is to ensure reaction with the chemical additive,

Acplications,

Because installation costs of conventional refractory bricks and shapes
have become so high in recent years » castable and mouldable compositions have
gained in importance and application, particularly when complex structures
have to be constructed, Monmolithic installations have the added advantages
of being jointless and they can be closely contoured to improve gas and
liquid eiroculation, but the cheapness and speed of construction are the
important factors.

Castables and mouldables can be adapted to suit the particular refractory
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requirements of general application in high temperature practice,
Chemi-bonded qualities are necessary for extreme conditions of erosion
and corresion although where high impermeability, corrosion resistance
or mechanical abrasion is involved, conventional bricks and shapes
frequently give better performance,

Wherever frequent replacements of refractories are envisaged, mouldables
offer marked advantages. Runners, ladles, hearths are frequently lined
with these products.

Bamaiag Compositions.

Closely related to mouldables are various compositions used for fettling
or ramming purposes. These are usually employed when excessive wear is
encountered so that frequent patching or replacement is necessary.

Basic fettling and ramming compositions consisting mainly of tar-bonded
magnesia or calcined dolomite are commonly used in steel melting vessels,
but sand-based products are being imcreasingly preferred to conventional
firebricks in steel ladles. The requirement is a clean sand, well-graded
but fairly fine-grained (centre grain size about 100 microns); a proportion
of a plastic refractory clay is also essential but this must be in minimal
amounts consistent with good strength. The clay is either a natural
component or it is added to the sand during processing. Zircon and olivine
ia a sandy form are being used on an increasing scale for thess purposes,

Jointing compositions and refractory lutes are manufactured from very
finely crushed grogs and sands with some clay or organic bond; frequently
sodium silicate or soms other chemi-bond is also included,




V. SPECIAL REFRACTORIES,

If one takes into account the recent rapid advances in refractory
technology in the fields of nuclear energy, aerospace and missiles, gas
turbines, energy production and distribution, and other exotic applications,
the nunber and type of new special refractories are legion., This is largely
because so many other unusual characteristics have to be combined with a
high meliing po‘nt. It is not within the present context to discuss all
the rarer applicatjons, but nevertheless there are several mineral forms,
whilst not of common or large scale use, which are sufficiently iaportant
to warrant reference here.

Special Refractory Compositions.

Carbon refractories - based on natural or synthetic graphite - are the
only products manufactured ~n a large scale in which the main component
is an element, Carbon has the unique property of not being wetted by
moien alags or metals, Its melting point is in excess of 3500°C, but it
ia liable to oxidation above red heat if oxygei is freely avsilable, However,
if this latter problem can be overcome, carbon has many interesting applications,

Graphite - especially very pure varietiesw - can be prepared by synthetic
means from asphalt, pitch or some other orgsnic species, but in recent years
much more natural mineral has been used for refractories; it is of
setamorphic origin and it can occur either in flakey or amorphous varieties.
The former is the purer and is used extensively in crucibles and for some
bricks. Amorphous graphite containing +30% C is an important component
of remming mixes to withstand molten metals and slags and also in foundry

compoditions,
when graphite is used in refractories,its oxidation tendency can be

mitigated either by adding clay as a coating or by incorporating a ceramic

fri. or glass which melts on heating and seals the graphite into an air-tight

form.
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Carbon bricks of high density and formed in high duty presses into
large blocks make up the hearths of many blast furnaces, Graphite is also
used in stopper assemblies of ladles, particularly the ends or heads which
bave to be shaped to precise limits to fit tightly into the nozzle,

Beryllia, Beo, is part of the alkaline earth oxide series; it would
be a super-refractory if it were non-toxic and of more Common occurrence,
Although 1ts melting point 1s 2570°%C it sinters readily to a dense impervious
mass at about 1300°%. 1t is not as brittle as most refractories and has an
excellent resistance to thermal shock,

Its main mineral occurrence is beryl, 3890.A1203.6S102 = & rare mineral
assoclated with felspars., It is used in the manufacture of some crucibles
for special melting purposes, gas-turbine blades and rocket noziles,

Wtﬂz: is found as the mineral baddeleyite. It hags great
potential as a refractory and interest has increased in its use following
the discovery that appreciable quantities can be Tecovered from the tailings
of copper processing in S, Africa. When it is manufactured n stabilised
form,it has excellent resistance to corrosive dusts of both basic and acidic
character,

Zj.m_stml’, is more common in that it is an accessory mineral in
the black beach sands worked extensively for ilmenite, rutile and monazite,
This mineral is also refractory and it can be mnufactured into dense, hard
products of excellent shape. It is frequently used in pouring spouts or
noszles in continuous steel casting and in €lass-forming processes. The
largest tonnage application is as a Super-quality sand for small ladles for
special steel manufacture,

The product derived directly from the electromagnetic and electrostatic
processing of monazite sands igs usually sufficiently pure for refractories,
but an iron oxide content of less than 1.0% is preferred,

Mz, can be recovered from the monazite mineral of beach sands
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and from other sources, but a complex chemical process is involved. It
is an excellent refractory, melting at an elevated temperature, but because
of its rarity and high cost it is mostly confined to laboratory ware.
Other rare earth oxides are also of interest,

Silicon Carbide, SiC, is the only synthesised compound to be used on
a lirge scale as a refractory. It is prepared by fusing a mixture of pure
sand and coke in an electric arc at temperatures in excess of 2000°C.  The
resulting clinker of silicon carbide is hard and refractory, possessing some
of the advantageous properties of graphite, but without the problems of
softness and severe oxidation tendency.

Silicon carbide refractories are made from the ground and graded
clinker from the arc furnace,usually with added binder or chemical bond
and then fired to + 1600°C. The refractory is hard, very resistant to
slags and metals, with a good thermal shock resistance and a higher
electrical conductivity than most other refractories.

Qther carbides msy be prepared in a similar way b\;t because of their
high cost they are not used as commonly in refractory practice as is the
silicon derivative. Tungsten, titanium and molybdenum are produced on a
limited scale and used mostly for applications other than refractories.

Nitrides, particularly those of silicon and boron, offer exciting
possibilities as the refractories of the future. They are synthesised
from the appropriate oxide or element which is heated in a nitrogen
atmosphere, The properties which these forms possess are unusual and there
is considerable potential scope for their development.

special TForaing Methods.
Soms refractories my be regarded as special, not necessarily for the

materials vhich they contain, but because of the way in which they are

processed and the unusual character of the product,

Insulating Refractories. In the context of heat, an insulating character




41.

implies that the body prevents the transnission of heat or that it has

& low thermal conductivity, The actua] substances of which refractory
materials are composed are all appreciably more conductive to heat than
air itself except perhaps at very high temperatures » 80 thermal insulation
depends largely on the volume of pores which can be incorporated in the
body., However, the sisze of pores and the way in which they are t-ranged
are also important, Sma]j pores restrict heat transmission by convection
and, if they are largely disconnected, the insulation is further improved
because the Lody becomes impervious to hot gas flow,

Some minerals are maturally good insulators:

Riatomite is perbaps the best in that it consists of the siliceous
skeletal remains of tiny sea organisms. It can be manufactured inte bricks
or used as a loose composition. The best grades consist of fairly pure
lilic.n and are low in iron oxide 80 they can be uged up to 1200°C hot face
temperature. The more usual qualities are less pure » being richer in
alkalies and iron oxide, but nevertheless they are excellent insulators up
to their sintering point of about 900°C,

Ashestog minerals, particularly chrysotile 3&0.28102.2H20, are excellent
thermal insulators, but at about 600°C they decompose and tend to lose their
fibrous form. Asbestos 1s o m jor component of shapes and loose fi11 for
use as "back-up" insulation in kilns and furnaces,

Yorniculite, a complex hydrated magnesium silicate, not unlike biotite
mica, exfoliates on heating to form an exosllent thermal insulator. It cen
vithstand slightly higher temperatures than diatomite,

RPerlite is a type of basalt igneous reck vhich bloats on heating to
about 900°C. The honeycomb structure which results has excellent insulation
characteristics, A somewhat Similar product can be made from certain shales,

The maturally-ocourring mineral forms, whilst possessing excellent

insulation properties, are not usually sufficiently refractory to vithstand




the high temperatures ¢f industry. Porous bodies are therefore manufactured
from many refractory compositions by incorporating into the mix some finely-
divided combustible material such as paper-pulp, saw-dust, pulverised coal
or fine plastic powder. These burn away on firing leaving a porous
structure. Porosity can also be induced by developing bubbles of air or
gas during forming. Insulating bricke of the whole alumino-silicate range
and of basic compositions can be made in these ways, Castable and
mouldable insulating compositions are also manufactured.

Fusion Cast Refractories. Although the melting point of refractory
materials is high,it is possible to fuse them in electric arc furnaces and
to cast the resulting liquid into moulds so that, on cooling, a shape,
virtually non-porous and of extreme hardness, is produced.

The demand and applications for fusion cast refractories is increasing
and many different compositions are now manufactured. These include alumina,
mullite, magnesia, mag-chrome, zirconia, thoria, Fused silica is formed
similarly, but unlike most others it is a true glass on cooling.

Refractories formed in this way are strong, hard and able to withstand
enormous erosion and corrosion conditions, They have to be prepared
carefully; long slow cooling is essential with seeding of the molten mass
to ensure crystallisation, (not for fused silica). Thermel shock is
frequently a serious problem, but otherwise fusion products are excellent
though costly.

Jefractory Whiskers and Fibres. OSeveral methods have been developed for
producing refractory materials in the form of thin continuous or long filaments.
The techniques of fibre glass manufacture can be applied to a wide range of
compositions and the fibrils so produced are super-refractory insulators,
similar in structure to asbestos. Alumino-sllicate compositions in fibrous

form are in commercial manufacture.

Whiskers are fibres of extremely small cross-section. They are usually
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mmfectured by growving the mineral species from a volatile phase at high
temperatures. Carbon whiskers are well-known, boron also has exciting
possibilities, but alumina and silicon carbide can likewise be produced
in vhisker form. The potential of these materials as reinforcement mats
in metals and other ceramics to be used at high temperatures is being
aotively investigated at the present time,









