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Preface

Refractories are a family of technical ceramics. They manage industrial
process heat, defying thermal and mechanical abuse and high-temperature
chemical attack. Their technology is a saga of ongoing advancement and
sophistication.

After describing representative hot processes, their vessels and demands,
we commence by laying the foundations of thermal and mechanical
integrity and of corrosion resistance. These qualities and the demands
imposed are traced to contemporary refractory compositions and
microstructures, from mineral-based to synthetics and from dense working
refractories to lightweight insulating materials. Criteria are developed for
their selection and use. All major refractory manufacturing methods are
described, founded on material behavior in their unit operations. Modern
configurations and techniques of installation are presented. The chemical,
physical, and mechanical properties needed for refractory system design
are catalogued, together with considerations of quality, reliability, and
alteration in service.

We have drawn from both science and engineering in describing how re-
fractories behave and how they are made and utilized. The resort to
fundamentals is confined to what is relevant. The same is true of modern
numerical computation methods: these are too lengthily derived for
repetition here in full. The serious pursuit of any facet of the subject will
require further reading.

To that end we have listed over five hundred technical references and
about three hundred applicable patents. Preference has been given to the
more recent publications, including expert review articlies. Their
bibliographies in turn should openh up most of the further resources which
the reader might need. This being the case, we have indulged in certain
economies.

iX



x Preface

First, we have generally refrained from crediting authors by name in the
text. The alternative would oblige us to enlarge the reference list about
threefold. Second, we have omitted pictorial renditions of manufacturing
plants, operating or test equipment and measuring instruments. Such views
can not do justice to their variety and elegance. Third, we have consistently
omitted illustrative photomicrographs. The literature is so rich with
visualized microstructures as to reward its exploration far beyond the
capacity of a few occasional examples. Journeys there in depth will
immeasurably expand understanding in areas of each reader’s preferred
inguiry that we cannot anticipate.

We thank the suppliers of illustrations and data, credited in the text or
figures and tables. In representing commercial refractories we have drawn
largely from U.S. sources as a matter of convenience; but much additional
information is taken from the international literature, providing balance. We
thank the many colleagues, authors and tutors who have gone without
citing, for background and enrichment whose sources are dimmed in
memory. Substantive suggestions and encouragement have been received
from others unnamed but remembered. Still others who have graciously
endured our absence for several years on this project likewise know who
they are. The Department of Mechanical, Aeronautical, and Materials
Engineering of the University of California, Davis, is thanked for facilitating
much of the library research and writing; and Anne Simmons at the
University of Utah for typing the text.

Stephen C. Carniglia
Gordon L. Barna

NOTICE

To the best of the Publisher's knowledge the information contained in this book
is accurate; however, the Publisher assumes no responsibility nor liability for
errors or any consequences arising from the use of the information contained
herein.

Mention of trade names, commercial products, or patents does not constitute
endorsement or recommendation for use by the Authors or the Publisher,

Final determination of the suitability of any information, procedure, or product for
use contemplated by any user, and the manner of that use, is the sole
responsibility of the user. The book is intended for informational purposes only.
Industrial refractories raw materiats and processes could be potentially hazardous
and due caution should aiways be exercised in the handling of materials and
equipment. (See particularly the Note on page 328 regarding inhalation of some
refractory fibers.) Expert advice should be obtained at all times when
implementation is being considered.
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Introduction

TECHNICAL PERSPECTIVES

An Enabling Industry

What sets homo sapiens apart is the ability to imagine and
create. Our era boasts a storehouse of created means of improving
the human condition that is at once thrilling and overwhelming. Yet
like the fabled red shoes or the sorcerer's broom, discovery and
invention will not stop. The arsenal still grows. This book addresses
a small but vital segment of that arsenal, a segment that possesses its
own unique technology.

How does this small segment so significantly serve?

Virtually every thing provided in an advanced society depends
directly or indirectly, somewhere in its background, on manufacturing
processes conducted at high temperatures. That goes for every thing
we eat, drink, learn, use, wear, occupy or enjoy; for our work, our
health and security, our mobility, our comfort and leisure. This
thought deserves emphasizing because it is so little appreciated: the
positive impact of high-temperature processes on modern life is all-
pervasive.

The hot manufacturing processes we have in mind include the
making, shaping or treating of metdls, ceramics including glasses and
cements, electronic materials, fuels, a host of organic and inorganic
chemical products, and more. Whatever it is, if it is in any way altered
from the natural state, its production may well include high-
temperature processes. Now add the production of heat itself, for

1
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conversion into mechanical work or electrical energy. Together,
these are the makers of tangible wealth.

Industrial refractories make these hot processes possible and
economical when metal containment cannot compete. Refractories
are thus enablers or facilitators of our productivity. For hundreds of
millenia before there were any useful metals, hot processing
employed combustion as a source of heat and primitive refractories
were used to contain fire. Only in the 19th century A.D. did electrical
heat sources begin to invade processing. With that enlargement
understood, we might encapsulate the place of refractories in industry
as, harnessing fire in the service of man.

The refractories industry, all told, is relatively small. In the U.S.
it amounts to some $1-2 billion of annual production, against several
hundred $billion annual output of the industries it serves directly. By
and large, its products do not themselves reach consumer markets
nor even the awareness of the public. They are not very well known
among technologists either, beyond those directly involved in their
production and use. In these respects refractories are akin to
catalysts: they are technical products performing an enabling
function, but substantially out of sight. A recent publication calls
refractories "the hidden industry."? Our mission here is to provide an
authoritative view on their equally unadvertised contemporary
technology.

Nature of Refractories and Their Duty

The Duty. The commonest duty of refractories is to contain
high temperatures: to erect a solid barrier between hot "inside" and
ambient or tolerable "outside.” But that duty entails other obligations
as well. Mechanical loads must be borne, of both mechanical and
thermal origins, both at the service temperature and often through
repeated temperature cycles. Criteria of heat transport per se apply:
in most uses, the refractory must serve as a thermal insulator; less
frequently, as a conductor of heat. In some areas of application,
either electrical resistance or electrical conduction is called for.

But the greatest challenge to refractories occurs as they face
hot, corrosive fiuids. This is where metals are most often disqualified.
Corrosive attack increases in severity with increasing temperature.
Industrial fluids are furthermore rarely quiescent, usually rapid-
flowing. Corrosive attack is thus further enhanced and augmented by
erosion. Since many such fluids carry entrained particulates,
abrasion must be borne as well. It goes without saying that any
exterior metalwork must be isolated physically from the hot corrosive
medium: joints in the refractory must be tight, and dimensional and
phase stability are called for to prevent the development of leaks or
“runout” as well as to retain mechanical strength.
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Only a few of these considerations have to do with the function,
or duty, of a refractory installation. About twice as many are
considerations of its integrity: its reliability and durability in service.
They are in summary:

Considerations of Function

Permeability Electrical Conductivity
Thermal Conductivity Cost (relative to
Heat Capacity feasible alternatives)

Considerations of Integrity

Melting & Vaporization Thermal Expansion
Dimensional & Phase Stability Corrosion Resistance
Strength & Flow Properties Erosion Resistance
Elastic Properties Abrasion Resistance

The technology of each refractory application has to address
all of these considerations simultaneously. The quantitative
specifications and the relative stringency or importance of each one
may vary widely from case to case, even from place to place in a
given instaliation. Not all desired combinations of properties can be
obtained by material selection. Best soiutions are approached by
comprehensive engineering design of each refractory system, which
includes selection of materials, their types, forms, dimensions and
configurations, system dimensions and configuration, methods of
installation and support, and methods and schedules of patching,
repair and maintenance. Installation methods include masonry
construction, a variety of monolithic techniques, light-weight preform
installation, and others. Refractory system design is multidisciplinary,
including a detailed familiarity with each process or operation to be
served as well as an intimate knowledge of the available refractory
materials.

The Materials. Refractories are a category of technical
ceramics. Industrial refractories are almost all complex combinations
of high-melting crystalline oxides, plus a few carbides, carbon and
graphite. Polycrystalline ceramics are characteristically brittle, and far
less strong in tension than in compression. They are subject to
considerable variability in strength, resulting from local variations in
their microstructure and their lack of ductility. They exhibit high-
temperature creep or plastic deformation, but almost always by a
mechanism different from that operating in metals. Their mechanisms
of conduction of heat and electricity are also different from those of
metals. Their elastic moduli are generally quite high; this and their
brittleness make them somewhat prone to failure under thermal stress
and shock. Compositions can be chosen having selectively high
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chemical resistance (but rarely immunity) to oxidizing or reducing
agents, acids or bases, metals or salts, whether liquid or gaseous.

Shaped refractory objects are typically made by particulate
forming processes. Their thermal maturing or sintering produces a
wide variety of phase compositions and microstructural features.
Most fired industrial refractories have experienced "liquid-phase"
sintering; and for this and other reasons they contain porosity. Both
the lower-melting intercrystalline phases and the porosity influence
mechanical and thermal properties, and both have much to do with
penetration by corrosive media. Only a few refractories are made
essentially pore-free and without selective phase melting.

The variety of phase compositions and structures sought in
refractory manufacture is thus greater than in metals, and in some
ways different in kind. The manufacturing methods themselves are
more varied, and mostly different in kind. The fundamental
connections made between properties and structure are in some
ways unique to nonmetallic materials. And finally, there is an intense
concern with the preparation and characterization of particulate
starting materials, of pivotal importance in ceramic synthesis but
infrequently of any interest at all in metal manufacture. These starting
materials are often minerals, as opposed to high-purity synthetic
chemicals.

Thus the technology of refractory materials and their properties
alone is itself a multidisciplinary matter. Refractory materials are best
comprehended on a foundation of ceramic science and engineering
or of materials science and engineering. Specifically, we shall be
dealing mostly in inorganic chemistry, kinetics and thermodynamics;
solutions and phase equilibria; the rudiments of nonmetallic
crystalline and vitreous structure; the thermomechanical properties of
solids including fundamentals of elasticity, plastic flow, and fracture;
and concepts of heat, heat transport and electrical transport -- not to
mention also, ceramic synthesis.

The Challenge of Product Quality

Processing of minerals faces inevitable variations in raw
material composition. Processing of particulates faces inevitable
variations in their sizing and size distributions. High-temperature
processing of complex solid mixtures faces the inevitable variation of
their final phase composition and microstructure. The compaction of
particulates into formed shapes prior to firing is a further source of
variability; this is telegraphed in turn to the firing operation and thence
on to the product.

This description is by no means exhaustive, but its point is
clear: refractory products risk variation about the mean of any of their
properties or characteristics owing to a long chain of deviations from
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material and process norms. These risks encompass such matters as
finished dimensions and flatness, density and porosity, and all
manner of inhomogeneities. Another roster of risks applies to unfired
monolithic refractory preparations, such as their shelf-life, workability,
installed density, dimensional change on heating in service, and a
comparable list of potential inhomogeneities.

An installed refractory system tends to obey the rule of the
weakest link; and this can apply not only to an inferior batch or lot but
to a single masonry unit within any lot. A critical refractory installation
is not superior unless all of it is superior. Meticulous attention to
processing detail has to accompany the development of every
advanced refractory product. But refractories are still ceramics, and
some variability remains.

Later in this book we shall give attention to quality assurance
(Q.A.) in refractories: to matters of product uniformity and
reproducibility. 1t is not enough simply to identify and reject inferior
finished units or lots; competitive profit margins cannot sustain a
significant load of wasted product. Statistical approaches to head-end
problem recognition, early process correction, and in-process
verification can be very effective in Q.A. But even these techniques
alone are not enough. The individual concern, involvement, and
knowledgeability of the entire production workforce have to be
mobilized. Given an unrelenting vigilance, the chailenge of product
quality can be met.

The Challenge of Chemical Alteration

As refractories are employed in many different processing
operations, they face various performance demands in as many
different chemical environments. Corrosion by the environment is
trivial in only a few of these usages. Examples can be found in heat-
treating and annealing furnaces and in ovens and air ducting.

In the much more typical case, corrosion is at least a significant
if not a dominant factor in refractory serviceability and life. Ferrous
metallurgy provides dramatic examples (about half of all refractory
tonnage goes into the making and handling of molten iron and its
alloys). Most nonferrous metal smelting and remelting operations
similarly exemplify the importance of refractory corrosion. Most glass-
making environments are by nature highly corrosive. Lime, cement,
carbon, ceramic, and numerous inorganic chemical manufacturing
processes also entail corrosion of their furnace or kiln linings to a
greater or lesser degree. Likewise do steam plants, boilers,
incinerators, and high-temperature stills. Most electrical heat sources
as well as burners in industry are life-limited by corrosion. These
examples add up to the lion's share of all industrial refractory
consumption.
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Corrosion of refractories is rarely a simple matter of recession
of the "hot face" or working surface alone. Penetration to some depth
into the refractory is a common occurrence. Reactive gases may
permeate up to many inches of refractory thickness. Fortunately, gas
penetration is usually down a temperature gradient such that the
corrosion rate decreases exponentially with increasing depth.
Reactive liquids or liquid corrosion products may similarly penetrate,
to a depth ultimately limited by the temperature at which they freeze.
This depth may be from a few millimeters up to several inches.

The refractory in service thus risks becoming significantly
altered in its chemical and phase composition, over some
appreciable thickness behind its working face. The remaining
material lying behind this is in most cases essentially unaltered. The
original refractory is in effect replaced by a duplex or two-layer
system. The layer now facing the bulk of the hot corrosive
environment has a new set of properties corresponding to its altered
condition. These new properties may or may not include significantly
decreased rigidity and hot strength as well as resistance to recession.
Ordinarily, unless carefully planned for, they do. But chemical
alteration also often works against dimensional and phase stability,
this fact becoming unhappily evident upon thermal or even
atmospheric cycling. The boundary between altered and unaltered
layers or zones is particularly susceptible to shear failure in this
situation, resulting in periodic loss of the altered material in slabs. But
decrepitation within the altered layer itself by ratcheting apart of
grains is also not uncommon. In the light of these more dramatic
risks, an altered thermal conduction affecting the backside or "cold
face" temperature may seem relatively trivial; but because of them it is
not trivial at all. The loss of external metal support or containment due
to overheating can be disastrous.

Opportunities to prevent corrosion and alteration thermo-
dynamically in refractories are severely limited. But the kinetic control
of alteration leaves room for some considerable variety and ingenuity
of approach. In describing advanced refractories and their more
demanding applications, we shall point out not only how altered
properties affect their performance, but also how recognition and
prediction of the modes of chemical alteration have been used to
formulate still more remarkably corrosion-resistant materials.

HISTORICAL PERSPECTIVES

Refractory Materials in Retrospect

Refractories technology has evolved from early origins of
uninformed trial-and-error, through the collection of more and more
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experience permitting informed trial-and-error, to a time now when
predictions can be made based on organized knowledge in both the
central and peripheral fields. The making and testing of predictions in
that way is the introduction of science into the creative process. But
there is also an element of inspiration in invention, not to mention an
element of courage. The overall historical progress of refractories, on
the other hand, iliustrates the power of a still further element as well:
motivation, or the perceived need for change.

Millenia of Clay and Stone. The earliest baking oven
found, in China, is said to have dated about 30,000 B.C. Baking
ovens were common in the Middie East by 10,000 B.C. Natural rocks
and clays served adequately as refractories for thousands of years
from those beginnings, while ovens were wood-fired. The
introduction of charcoal made little difference: temperatures could
hardly have exceeded about 800°C. Convective-draft and forced-
draft furnace designs, introduced around 4,000 B.C., raised maximum
temperatures to about 1100°C and opened the Ages of Metals; but
stone, clay, and fired clay ("firebrick") refractories still served.

Count off another 5,000 years, plus or minus. While porcelain
was being made in China at 1350°C by about 600 A.D., water-
powered bellows and vertical kiln designs were combined into the
earliest metallurgical blast furnaces in Europe by about 1400 A.D.
Fueled mostly by charcoal, these gave working temperatures around
1500°C. Iron could then be meilted, treated and cast. Still there was
no need for any refractories but fireclay and stone. Count off still
another 400 years to the Machine Age and the Industrial Revolution.

The regenerative blast furnace, using pre-heated air, brought
maximum temperatures up close to 1700°C in the mid-1830s and
following. This type of furnace was first built of shaped blocks or
stones of natural steatite (soapstone), which had been known as such
and used for centuries. Stone and selected fireclays were by then in
use all over the world for lower-temperature processes including
glassmaking. While the very next new furnace invention to come
would exceed the capability of those original refractories, it had not
quite come yet. Nor had the durability demands of mass production.

Recall that by 1830 the Age of Science was already some 200
years old; the British Royal Society was founded in 1660. A
diversified chemical industry existed. Steam power was in use, and
electricity had been discovered. Extensive scientific knowledge was
being put to use in sophisticated glassmaking and in ferrous and
nonferrous metallurgy. Why was there yet no scientifically-based
refractories technology? Simply put, there was yet no perceived need
for radical change.
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Entering the Twentieth Century. Refractories remained
almost exclusively mineral-based until well into the 20th century, for
that same reason. Yet their technologists, who were skilled in
mineralogy, were paying attention. Metallurgists had been
experimenting with acid and basic slagging practices since the
Middle Ages, and had catalogued some of the benefits of each.
Refractory artisans had correspondingly experimented with ganister
and other nearly-pure silica minerals, and with magnesite, a
predominantly MgC0; mineral which was calcined to Mg0. When the
Bessemer steelmaking converter was invented in 1856, combining
working temperatures of over 1600°C with corrosive acid slagging,
"acid" silica refractories were all but ready. When the Siemens open
hearth furnace followed in 1857 at even higher temperatures, and
steelmaking went over in both cases to corrosive basic slagging,
"basic" magnesite linings were soon introduced. Basic refractories
made from dolomite (Mg0-Ca0) were developed during World War |,
when the European magnesite supply was cut off from the Allies.
Later, with the development of other mineral resources worldwide,
magnesite reasserted itself.

Meanwhile, bonded carbon bricks were produced in England
starting in 1863 and eventually found their way into the iron-smelting
blast furnace as its working temperatures climbed still higher. They
also went quickly into the Hall-Héroult cells for the production of
aluminum (1886).

Lime had been made for some 5,000 years using clay and then
firebrick kilns. Portland cement first called for an innovative refractory
when rotary kilns were introduced after 1877. The first resistant
linings were made of cement-bonded cement clinker. Later on, more
durable commercial refractories returned to this industry.

Recuperative and regenerative furnaces originating in the
newborn manufacture of steel in the 1850s were introduced into
nonferrous metallurgy and glassmaking in the late 19th century.
Fireclay refractories had to be superseded there, too. Magnesite
linings were used in copper converters from 1909, and in the first
modern glass tanks about ten years later. Electric arc furnaces were
first tried for steelmaking in 18563, and became common after 1900. A
100-ton unit installed in the U.S. in 1927 employed a magnesite
lining.

Three-phase arc furnaces were in place before 1950; it was
only then that serious demands arose for more sophisticated
refractories. In the same time frame, oxygen blowing was introduced
into Bessemer and open-hearth furnaces in the 1940s. The basic
oxygen furnace (BOF), a logical but inspired design outgrowth,
literally took over steelmaking commencing in the late 1950s. Oxygen
blowing, by its sheer dollar volume importance, impelled the
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refractories industry for the first time to introduce synthetic materials
into its products on a significant scale.

Coming of Age: Modern Refractories. This insistent call
for higher-performance refractories coincided with the Age of
Technology in America. All the supporting sciences and industries
were in operation (though not necessarily tuned to the needs of
refractories). Ceramics had grown substantially from craft to applied
science. The American Ceramic Society had been founded in 1899,
the British Ceramic Society in 1901. Oxide phase diagrams began to
appear in the literature in the 1920s. The techniques of petrography
were well developed, and the detailed mechanisms of refractory
degradation and wear were beginning to be understood. American
refractory producers had become largely reorganized, consolidated,
and capable of performing their own research.! The tools of refractory
synthesis and instruments of investigation were both burgeoning.

Synthetic industrial carbons were of course not new. Coke
was first made commercially from coal in the 1860s, and from
petroleum shortly thereafter. Synthetic graphite and silicon carbide
appeared almost simuitaneously at the turn of the century, following
Acheson's self-resistance-heated electric furnace invention in 1896.
These products, having properties quite unlike those of oxides,
rapidly stimulated their own uses and markets.

Synthetic alumina, Al,0;, had been available since the Bayer
process started feeding aluminum production about 1888. Synthetic
magnesia, Mg0, was first made from seawater in England in 1937 and
in the U.S. in 1942, stimulated by wartime needs for magnesium.
Zirconia, Zr0,, had become available, also spurred by the military.
Lime had been a major commodity for ages. A host of other
chemicals were on hand for consideration as refractory components
or as minor additives and bonding agents. The only important
component of oxide refractories that has resisted any very
considerable replacement by synthetics is silica, Si0,. High-purity
silica rocks and sands abound and are used in this industry as well as
in glass formulation.

The use of synthetics in refractory manufacture has been
enormously helpful; but mineral raw materials have been by no
means displaced, nor should they be. Synthetics are not necessarily
panaceas. They cost more, and that cost has to be justified. Some
synthetic materials create severe problems in refractory processing,
and new ways must be found to overcome these. Optimum results
have often been achieved by combinations of synthetic and mineral
raw materials, with creative inputs into their processing as well.

Innovation had not been lacking in the all-mineral-based
product line, either, dating back well into the 19th century. Long
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before the 1950s, firebrick formulations had incorporated relatively
high-alumina and higher-purity beneficiated minerals such as kaolin,
flint, mullite, kyanite, sillimanite, and andalusite. Diaspore and
bauxite had been investigated and used. Basic refractories had
encompassed magnesite-chrome and chrome-magnesite ("chrome"”
here referring to chromite ore), and some wholly-chrome
compositions had appeared. Alumina-chrome formulations followed
shortly. When it was discovered that Al,0, actually injured the
performance of SiQ, refractories, a very low-alumina Si0, product was
developed.1

Mixtures of clay with carbon had been used to line crucibles
and ladles since iron was first poured; and silica bricks containing
carbon were made in France in the 1860s. Since 1960 both the
techniques and the compositions have changed dramatically. The
use of carbon-bearing oxide refractories has literally mushroomed,
starting with Mg0+C. The first real impetus may have been provided
by the BOF; but today there is hardly any advanced oxide refractory
type that cannot be had either with or without added carbon or a
carbon precursor for superior performance in specific applications.

Arc-fused refractory grain or aggregate had been made since
the early 1900s, and fused-cast refractory bricks of several
compaositions followed in the '20s and '30s, notably of mullite,
alumina, magnesia-alumina-silica, and alumina-zirconia-silica. More
often than not, these products were made entirely from mineral raw
materials.

in fact, all-mineral-based refractories remain today an
important component of the product menu. The reasons: they are on
the whole cheaper, they often perform admirably, and there are still
many applications of lesser demand as well as those of critical
demand for the highest levels of refractoriness and corrosion
resistance.

The successful formulations containing synthetics as well as
the enduring all-mineral-based refractories will be given attention in
ensuing chapters. For now it suffices to note that when more
sophisticated refractory compositions were needed, the technology
responded. There has also been ample innovation in other areas
besides that of composition alone. The monolithic refractory forms --
installed unfired by casting, tamping, trowelling, gunning and the like
-- had ancient beginnings; but for centuries most refractory structures
and then linings were of masonry construction. Monolithics gained a
real foothold in the 1920s and '30s. Since then they have been
greatly improved and multiplied, competing effectively in many areas
where masonry was once sacred. Fiber refractories, of very low
density and very high thermal insulating quality, also had their real
start in the 1930s and have grown explosively in quality and
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acceptance since then. These non-masonry refractory forms have
revolutionized high-temperature practice in their user industries,
substantially since the 1950s.

Furnaces in Retrospect

The challenge to every industrial plant is basically the same: to
do its job efficiently and economically, and to endure. In large high-
temperature facilities the forces encountered are massive and
evident: the thunder of mills and machinery, the crash of tons of
material charged into furnaces, the roar of flame, the pyrotechnic
glare of pouring "hot metal” or the volcanic glow of incandescent
solids, the smoke and smell of all things heated. Some of these
forces are present even in quieter circumstances; others, less evident
from outside, are insidiously at work as well. Chemical corrosion
heads that list.

Well-designed furnaces and refractory systems bear those
burdens and perform their duty. That they also endure is an
engineering feat to be appreciated only by looking down the 800-foot
bore of a running rotary cement kiln, or by watching the full operating
cycle of a BOF, or by comprehending the chemistry that inexorably
dissolves a glass tank. Today an iron-smelting blast furnace will run
far in excess of five years without a major refurbishing, while
sustaining operating temperatures approaching 2000°C and feed
throughputs, day-in, day-out, exceeding 1,000 tons per hour around
the clock.

Durability and reliability were not always so impressive. The
devices and their materials of construction have both evolved over
time. Contemporary furnaces will be iliustrated in ensuing chapters.
Some of their predecessors have been mentioned here; but a number
of these may not be seen again -- at least, not operating. For the
reader not personally familiar with the territory:

Figure I-1a is a brick "beehive." Though this figure recreates
an English coking oven of ca. 1000 A.D., beehives were used widely
from about 3000 B.C. well into the present century and for as
disparate purposes as smelting ore and firing pottery and bricks.
Some brickmaking still employs this fuel-efficient configuration.

Figure I-1b is a three-story ltalian glass furnace also dating ca.
1000 A.D. These became much larger and more elegant later, but the
basic design idea persisted until the advent of the glass melting tank
in the 1870s. Ceramic shelving inside supported the fireclay pots in
which each small glass batch was melted by the flame from below.
The topmost level was used for annealing.
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Figure I-1a Beehive Coking Oven, England, ca. 1000 A.D.
(reprinted from Ref. 2: C. Singer et al, eds., “A
History of Technology,” 1954-84, Oxford University Press,
by permission)

Figure I-1b Early Glass Furnace, Italy, ca. 1000 A.D.
(reprinted from Ref. 2, by permission)



13

Introduction

)

ermission

1 Pottery Kiln, Europe, ca. 1550 A.D.

ieval

(reprinted from Ref. 2, by p

Figure I-2a Med

, ‘M .H,[ ﬂ%,

on)

!

permiss;

ted from Ref, 2, by

(

reprin

Figure 1I-2b Renaissance Porcelain Kiln, France, 17th Cent. A.D.
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Figure |-2a depicts a medieval European pottery kiln in
operation about 1550 A.D.: a two-story rectangular affair, stoked
below and with the ware stacked above on an open refractory grate.

Figure 1-2b, a much more advanced porcelain-ware kiin of 17th
century Renaissance France, shows in section how the ware was
then set on shelves, each shelf forming the top and bottom of stacked
*saggers” or enclosing muffles. These isolated the ware from the
products of combustion.

Figure |-3a is an array of "bottle" kilns in England, also of about
1700 A.D.; used for firing pottery. The tall profile and narrow neck are
marks of progress in heat and draft management.

Figure 1-3b is a conical type, an early Portland cement kiln
dating ca. 1825. It had the iron banding that proved exceedingly
practical for holding refractory structures together, but lacked the
spring-loading that would be added later on.

Figure I-4 shows the evolution of the iron-smelting blast (i.e.,
forced-draft) furnace from the 1,500-1,000 B.C. "bloomery” that made
the first iron matte, to the vertical and narrow-necked continuous-feed
design of medieval Germany that stood architecturally unchanged for
about 400 years, awaiting the advent of the pre-heated blast ca. 1830
A.D. Only the last of these four, using multiple mechanized bellows,
could make castable iron.

Figure I-5a is a reverberatory (i.e., roof-radiating) "puddling”
furnace of the 1780s, used to burn out some carbon from reheated
iron by stirred contact with air and thus to convert brittle cast iron into
malleable or wrought iron.

Figure I-5b, the next step in this particular progression, is the
bottom-air-blown Bessemer converter such as made the first carbon
steel in England in the 1850s. This opened the Age of Steel.

Figure I-5c¢ is the reverberatory and regenerative open hearth
furnace of the same time frame. This soon overtook the Bessemer
converter and became the mainstay of world steel production for
some hundred years. It was of excessively complicated construction,
ultimately calling for a half-dozen different types of refractory brick and
monolithics. A few open hearth furnaces are still in operation.

Figure I-6a is a foundry (i.e., remelt and casting) furnace of ca.
1765, used for iron but essentially like nonferrous metal casting
furnaces as well. And finally,

Figure I-6b depicts a sulfide ore-roasting furnace of the early
1880s. This one was fed copper ore, but similar designs served for
numerous other sulfides.
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Figure I-3a Bottle Pottery Kiln, England, ca. 1700 A.D.
(reprinted from Ref. 2, by permission)

Figure I-3b Early Portland Cement Kiln, England, ca. 1825 A.D.
(reprinted from Ref. 2, by permission)
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Figure I-4 Evolution of the Iron-Smelting Blast Furnace
a. Bloomery, Widespread, B.C. b. Catalan, Spain, Medieval

¢. Osmund, Europe, Medieval d. Stilckofen, Germany, ca. 1400 A.D.
(reprinted from Ref, 2, by permission)
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Figure 1-5 Early Steelmaking Furnaces
a. Puddling Furnace, ca. 1780 A.D. (reprinted from Ref. 2, by permission)
b. Bessemer, ca. 1850 A.D. (adapted from Ref. 3, by permission)
c. Open Hearth, 19-20th Cent. (adapted from Ref. 8, by permission)
(®American Iron and Steel Institute, by permission)
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Figure I-6a Reverberatory Foundry Furnace, ca. 1765 A.D.
(reprinted from Ref. 2, by permission)
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Figure I-6b Reverberatory Roasting Furnace, ca. 1880 A.D.
(reprinted from Ref. 2, by permission)
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Resources Past and Present

The information base underlying refractories technology has
grown exponentially. As to the prospect of still further technical
advancement, it is a truism that discovery and invention in any era are
built upon the achievements of their predecessors. Our vast
information base can take much of the guesswork out of technical
progress. But the element of inspiration is still present: no two per-
sons, given nominally the same information and asking, "What if --?,"
will necessarily come up with the same ideas. However well-
informed and rationally supported, "What if ---7" remains the key to
creative imagining; and imagining is as crucial to incremental
advancement as it is to earth-shaking new discovery.

That our predecessors over the ages asked this same question
so imaginatively is a source of admiration and awe. It is remarkable
how many modern technical concepts were thought of early-on, when
structured knowledge and even adequate tools of inquiry were
lacking. The historical sequence of discoveries, inventions and
practices that fed and were fed by each other in the saga of high-
temperature processing is encapsulated in Table 1.1. We have
constructed this table selectively (and no doubt with some important
omissions), mostly by consulting the eight-volume Oxford set treating
the history of all technology.2 Other sources we have used for more
contemporary history inciude that of Krause! and the monumental
volume by Norton.3

The last-named work, though reportedly out of print, can still be
readily found and contains much of the earlier technology of
refractories that cannot be treated here in equal detail. Other English-
language works of more recent issue include two by Chesters,4° and
those by Shawf and by Gilchrist.”? The Kirk-Othmer Encyclopedia8
contains useful digests of many technologies. A large number of
property and performance test procedures for refractories and other
materials have been standardized, and are published annually in the
standards of the American Society for Testing and Materials.® The
Refractories Institute10 is a rich resource of information provided by
the industry itself.

The American Ceramic Society and publishing houses
worldwide offer many pertinent reference works. Technical
handbooks also abound. We hesitate to reduce all these to a
suggested reading list as Norton3 did in his time, for obvious enough
reasons. We shall, however, document as much as possible of the
specialized material presented in this book by references to the
scientific and engineering journals and to the larger technical
treatises. As those references are likely to be cited in more than one
chapter, they are listed all together at the back.
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Table 1.1 Chronology of Discovery and Invention in the
Harnessing of Fire

B.C.
x+ 105 Fire. Cooking pit (rock, sand lined).
1105+  Wheel. Drilling, grinding, polishing. Mortar and pestle.
x + 109 Unfired clay utensils. Fiber-reinforced composite: clay +

straw, grass, hair. Baked clay ware., Pit oven.
Horse power,

1-10%¢ Pottery. Pit oven common. Wood, pest, charcoal Fuel.

5,000+ Pulley. Weights mnd balasnces. Wheel milling.

4,000+ Molded unfired bricks. Frit. Carbon {soot). Cosal.
Potter's wheel. Slip casting. Verticel pottery kilmn (clay
and rock). Baked, unvitrified ornamental glezes on rock.

3,500% Smelting: bronze, Cu, Ag, Au, Sn, Pb. Sb (stone crucibles]).

Baked masonry bricks. Lime. Caustic. Candles. Ore
identification by color., hardness, luster, physicsl form.

3.000+ Bronze casting. forging. work-hardening, annealing. Vvitri-
fied mlkaline glaze (Nap0:Si0p). Blowpipe. Beehive
pottery oven. Fireclay differentiated. Surfesce and
underground mining. Written languege.

2,500x Ag, Cu refining by solution/partition in liquid Pb. Lead
distillation. Bronze tools. Horizontal pottery kiln:
stone, block construction. Stone muffles. Molded glass.

2,000+ Sexagesimal number system. Abscus. Copper extractive
metallurgy perfescted. Lesd embrittlement of Cu known.
"Lost wax" and open and closed-mold caesting of metals.
Downdraft kilm., Manual bellows. Oils, tars, bitumen known.
SulfFur produced.

1,500+  Iron smelting; CaCO3 slagging (clay crucibles). Forging of
Fe. Srn metsllurgy complete. Bronze alloys produced.
Large-scale metal cesting. Pb-glazed pottery. Fe mining.

1,000% Fe annesling, quenching, pack-cementation carburizing. Fe
tools. Advanced ferrous and nonferrous slagging, Fluxing.
Saldering, brazing. welding: bronze, Cu, Fe. Au-Cu =lloys
made. Brick oven construction. Grog used in baked brick.

SO0+ Mathematices and geometry. Pottery clesys differentiated by
color. Clay siurries oceptized. Jiggering. Strinmg cutting.
Lead silicate glaze. Glazed brick. Reduction firing;

duplex fFiring. Continuous-feed furnace. Plagter, mortar, pPOzzo-
lanic cement. Alum. Fractiomel crystallization: Pb-Ag.
Modern mining: shafts, galleries, pillars. Mineral dressing:

denaity separstion, sizing, leaching.
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Table L1, continued

200k Trigonometry. Geometrical optics. Oensity measurement.
Large-acale Fe casting. Fe tempering. B8rasss alloys made.
Arsenic and Hg metallurgy. Red lead (Pbs04) made.

Ceramic muffles, saggers, pointed supports fabricated. Glass
furnace design differentimted (Firebrick construction). Fireclay
glass-melting pots. Fe glass-blowing tube. Cast glass. Blown
bottle-glass (soda-lime-ajlica). Low-quartz-high-quartz phase
change known. Mechanical bellows. Rotary fan. Lifting
machinery: ratchet, screw, bucket elevator, etec.

A.D,

200+ Water wheel. Windmill. Water-powered impact mill.
Brick-constructed horizontal pottery kiln. Roman hypocaust
(First ceramic/gas heat exchanger). Glass annealing. Cast

class windows., Crystal (lead) glass. Cut glass: emery abrasive.
Alchemy: Filtrmtion, Fractional crystallizetion, fractional dis-
tillation, refluximg, extraction, sublimation, calcination,
combustion.

4004 Many chemical reactions kmnown. Numerous commercial
chemicals. Brass and Zn commercisal. Colored alkaline
glmzes: Cu(l,I1), Fe(II,III), Pb, Fe-Pb. Stoneware
produced {(China).

600+ Phlogiston inferred. Borax known, Window glass com-~
mercial. Ksolin glass-melting pots. Porcelsin produced
(Chipa). Sb, Co, Mn glazes. Cu, Ag reduced over glaze,
Shaft kiln (Ffirebrick construction).

800 Au reduced on glass and glazes. Tin gleze (opaque white}.
Gunpowder and pyrotechnics. '

1000+ Glassblowing and its toolimg fully developed. "Wax regist”
ornamental glazing technique. Pb-glazed ornamentel tile.

1200+ Arabic numbers; modern mathematics and metrication. Eye-
glasses. Density of metals codified. Hg amalgamation
used in metallurgy. European stoneware. Salt glazing.
Plaster of Paris. Water-powered bellows.

1400+ Piston pump. Centrifugal fan. Water-powered bhellows used
in blast fFurnace (still Firebrick). Firecleys differen-
tiated by heat resistance. Cast iron produced. Mechanized

foundry and Forge. Hot drawing; rolling mill. Boring, drilling,
cutting of iron. Assayer's balance. Three-story glass furnace
fully developed and enlarged. Glass fritting practiced before
melting. Tin~-glazed majolica ware.

1500+ Sand-glass timer. Sand-loading used in temsile test. FAod-
reinforced composite concept. Pendulum. Mechanical clock.
Printing press (screw press). Potash glass. Tin-plated

iron. Pewter (Pb-Sn). Typemetal.
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Table 1.1, continued

1550+ Steam-jet rotor (turbine precursor). Reverberatory furnace
(Firebrick construction). Foundry pouring pits. Clay
molds wire/bar reinforced. Smelting and metallurgy codi-
Fied, includimg diverse Fluxes. Descriptive mineralogy codified.
Melting points, solid and liquid properties catmlogued. Transi-
tion from Alchemy to Chemistry commenced.

1600+ Laws of motion. Telescope. Microscope, Bubble level.
Nonius (i.e., Vernier). Fractography. Elestic properties.
Radisnt-color pyrometry. Solar Furnace. Speculum (mirror)

metal, Cu-Sn. Enclosed-muffle Furnace. Tall chimneys (convec-

tive draft). Large furnaces differentiated: roasting, smelting,
remelt, foundry, forge, heat-treating.

1650+ Ffoundations of higher mathematics. Gas laws of chemistry.

Chemical meutralization codified, Thermometer (alcohol).

Barometer. Aefractive index. Ph sheet poured 6 rolled.
Lead shot. Plate glass. Nucleation/precipitation in glass by
reheat: ruby glass (Au). Coking of coal. Cosl-tar and pltch
commercial. Thermostatted furnace. Bottom-tapped ladles and
crucibles (Fireclay-lined metal). Clay + charcoal refractories
for metal remelt and pouring. New Ffuels: coal-gas, blast
furnace off-gas, coke-oven gas.

1700+ Steam boiler (Firebrick lined). Steam-driven piston used

in mining. Lime-cement concrete. Ceramic "bottle kiln"
(Firebrick construction). Porcelain and china wares

(milled kaclin, marble, feldspars): Oresden, Sévres, Chantilly,

Limogea; England. Static electricity generator. Electrometer.

1750+ Measurements: force, presgure, vacuum, velocity, sound,
heet energy, latent heat, tempersture, thermsl expansion,
dilstometry, electrical conduction and resistance, magnetic
fField. Celcined flint clay used in ceramic Formulations. Wet
ball milling using stone balls. Porous plaster of Peris used for
slip-casting molds. Role of %C in iron end steel hardness
understood. Crucible steel technology started (Fireclay pots).
Coal- and coke-fired furnaces feasible For iron and steel.
Symthetic Hz fuel. Continuous-feed conical blast Furnace.

1775+ Escapement clock; watches, chronometers. C removal from
Fe by "puddling"” process. Alloy steels: Cu and Ni.
Multiple tuyeres; first basic brick in blast furnace.
Steam engine. Steam power throughout all metallurgy.

1800+ Chemical elements, symbols; atomlic theory. atomic weights.
Anelytical chemistry. Chemical identification of minerals.
Voltaic pile; 0.C. electricity. Electrochemistry. Glass
stirring and Fining. Covered glass melting pots. Scientific
glass coloring. German silver alloy (Cu-Ni). Internal combus-

tion engine patented. Steam engine commercisl. Steam loco-
motive amd maritime vessels.
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Table 1.1, continued

1825+ Electromagnetism; electric motor. Magnetoelectricity;

electric generator; A.C. electricity. Gelvanometer.
Chemical-grade stoneware and porcelain. Portlsnd cement

concrete (vertical fFirebrick cement kiln). Blast furnace stoves

(Firebrick): preheated blast (steatite rock furnace construc-

tion). Turnel kiln for ceramics (Firebrick construction).

Hg distilletion furnace. Production of Pt metals and Cd, Co, Cr,

Mn, Mo, Nb, Ti, and W.

1850+ First and Second Laws of Thermodynamics. Iron-reinforced
concrete. Multiple hearth Cu ore roaster (fFirebrick con-
struction)., Electric arc furnace. Induction Furnace.
Proliferation of ceramic kiln desigms. Carbon refractory brick;
$i0,+C briek. Begsemer converter (silica brick, then magresite
brick lined). Ffegeneratively-heated open hearth steel furnace
(magnesite lined). Petroleum fFractional distillation. Fuel
oil. Natural gas. First producing oil well (U.S.).

18754 Electromagnetic waves identified. Glass melting tank

(magnesite brick lined). Rotary kiln for Portland cement

(cement clinker lined}. Hall-Héroult aluminum process
(carbon bloek limned). Bayer process AlazOa. Alloy steels com-
mercial: Mn, W-Mn, Cr. Ni. Superheated steam. Internal com-
bustion engine practical. Refractory insulators: mica, zircon,
glass, porcelain, etc. Gibbs Phase Rule. Petrographic (optical)
microscope. Sieve {(size) analysis of particulates. Centrifuge.
Analysis and classification of clays. Full characterization of
silica, Pyrometric cones.

1800+ Quantum theory. X-rays generated; X-ray optics. Steam
turbine. Venturi tube. Large electric motors,. Diesel
engine patented. Petroleum cracking. Graphite and
silicon carbide produced (Acheson process). Basic refractory
lined Cu converter. Chemical processing of ores and minerals
proliferated. Incendescence understood. Resistance pyrometry.
Photo- and thermoeslectric emission; vacuum tubes ("valves").

1925+ XRO crystallogrephy. First oxide phase diagrems. Meas-

urement and utilization of pH. Synthetiec carbides and

nitrides; ultrahard tooling. Pyrex borosilicate glass.
Glass-metal sealing. Fiberglass. Continuous recuperative glass
melting (Firebrick checkers). Super-duty firebrick: mullite +
Al>03 phase compositions. HRefractories containing zireonia ore
concentrate. Insulsting refractories. Particle packing theory.
Micromeritics. Electric arc furnace practicsl. Arc-fused
refractories. Liguid air and liquid Oy commercial. Magnesia-
chromite refractories. Mg0 from seawater (England). Emission
spectrometer. Optical pyrometry. Polarography.
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Table 1.1, continued

1950+ Chromatagraphy. Mass spectrometry. Spectrophotometry.
{partial) Digital counters; first computers. Superalloys (Ni-,
Co~, Fe-base). Oxygern blowing in Bessemer and open
hearth eteslmaking. MgO from seawater (U.S5.). Fiber
refractories. Tunnel kiln dominant in ceramic and refractory
production. Gas turbine. Nuclear fission. Continuous cast-
ing of steels. Flomet preocess (molten Sm) for plate glass.
Basic oxygen process (BOP) and its Furnace (BOF). Argon-oxygen
decarburization process (ADD) for stainless steels. Electric arc
furnace steel. Induction Furnace steel processing. Vacuum
processing of reactive metals. IA and UV spectrometry; XAF
spectrometry; NMA devices. Electron optics: TEM, SEM, micro-
probe. Auger, Missbauer, and other investigastive tools.
Distocations imaged; theories of deformation and fracture;
fracture mechanics. Junction transistor; solid stmte elec-
tronics. Meser and laser. Light- and laser.light-scattering
devicea. Sonic and ultrasonic devices. Porosimetry. Transducer
and instrumentstion explosion. Ultra-high-tempersture and
plasme generators. Proliferation of synthetic chemical processes,

High-techmology and synthetic oxide refractories introduced.
Colloid chemistry advanced.
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Foundations of Hot Processing

A REFERENCE CHAPTER

There are bodies of basic information to which the reader must
refer from time to time, whether within the confines of this book or
otherwise. The purpose of Chapters Il and Ill is to fill these needs
early. Here, after disposing of some elemental matters, we outline the
temperature regimes and essential chemistry of some representative
high-temperature industrial processes.

COMPUTATIONAL QUANTITIES AND
CONVERSION FACTORS

Mensuration Units

Most computations presented in this volume will use metric
units. The SI (Systéme Internationale) metric mensuration system
and the cgs (centimeter-gram-second) system are compatible. The
English system has also been long entrenched in refractories

technology, however, and some practitioners continue to use or refer
to those units.

Table 1.1 facilitates conversion from one system to another.
Each subtable is laid out such that all quantities in any one horizontal
row are equal, and one of these is unity. The notation used in the
table should be familiar: "3.048E+02" means 3.048-102 and "3.937E-
08" means 3.937-10-8, for example, while "3.281 E00" means 3.281.

25
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Table II.L1 Computational Units and Conversion Factors

LENGTH
ENGLISH

SI _or CGS

Feet,
Ft

yards,
yd

irnches, centlm

in

maters,
m

g

R

——fen

P .
3.333€-01
2.778E-02 8.333E.02
1.004 €00 3.281 E0O
1.094E-02 3.281E-02
1.084E-03 3.281€-02
3.281E-08
3.281E-09
3.284E-10

9, 144E-01
3.048E-01
2.840€-02
——tom
1.000E-02
1.000E-03
1.000€E-06
1.000€-09
1.000€E-10

.
12.
- -
3.937E401
3.937E-01
3.937E-02
3.937E-05
3.937E-08
3.937€-03

microm.,

—n

millim,,
mm

9. 1449E+02
3.048E+02 3.04BE+0S5
2.540€+01 2.S40E+04
1.000€+02 1.000E+06
10. 1.000E+04
cwlaa 1.000E+03
1.000E-03 «=1--
1.000€-06 1.000E-03
1.000E-07 1.000E-04

nBnom. , Xr\gstxrcms B

nm

3.048E+08 3.04BE+09
2.5406+07 2.540E+08
1.000E+09 1.000E+10
1.000E+07 1.000E+08
1.000E+06 1.000E+07
1.000E+403 1.000E+04
e 10.
1.000E-01  --1--

AREA
ENGLISH

sq. ft,

eq. yds,,
yai2 2

aqg. én,

sg. m
iny me '

—fe-

-
1.111E-01
7.7166-04 6.944E-03
1.196 EDO 1.07B6E+01
1.196E-04 1.076E-03
1.196€-06 1.076E-05

8.361€-01
9. 290E-02
6.452E-04
——tea
1.000€-04
1.000€-08

1.296E+03
144.
[P,
1.S50E+03
1.550€-01
1.550E-03

e

8.361E+03
9.290E+02
6.452 €00
1.000E+04

1.000E-02

®q. m,

8.361E+05
9.290E+04
6.4952E+02
1.000E+06
1.000€+02

-

TEMPERATURE (K=kelvin)

Celoius

TO0C T(K) - 273

Fahrenhsit
TOF = 1.87T°C + 32

ARankine
T°R

TOF + 485.7

VOLUME (Note: 1

ENGLISH

and
4.8, LiqQuio

2 1emd

ml

1 liter

~

1000 cm3)
SI or

oGS

cu. ft,

cu, yds.,
Fe3

yd3

ceu. in, geollors,

inv

cquarts

27.

—t—

-
3.704E-02
2,142€-05 5.787E-04
4.950E-023 1.337E-01
1.237€-02 3.291E-02
1.208 EOQ 3.S341E+01
1.308E-068 3.531E-05
1.308E-09 2.531E-08
1.308€E-03 3,531E-02

el gt |

4.667E+04 2.020E+02 8.081E+02
1.728€+03 7.482 EQO 2.993E4+01

PN O
2.310E+02
5.774E+01
6. 102€+04

q,

s BTN

P P

2.S00E-01

4,330E-03 1.732E-02

2.642E4+02 1.0%7€+03

6.103E-02 2.642€-04 1.057€-03
6.103€-05 2.842E-07 1.057E-06

6.102€+01

2.642E-01 1.057 EDO 4.000E-03

cu, m, ce, ml,
em?

cu, mm, 1iters,
o 1

7.B46E-Q1 7.645E+05
2.832E-02 2.832E+04
1.639€-05 1.6396+01
3.785E-03 3.785E+03
9.463€-04
e
1.000€-08
1.000€-09

1.000€+08
antfea

1.000€E-03

1.000E+403

7.646E+08 7.B46E+D2
2.832E+07 2.832E+01
1.629€404 1.629€-02
3.7eSE+406 3.785 E00

9.462E+02 9.463E+05 9.463E-01

1.000€+09 1.000E+03
1.000E+03 1.000E-03
1.000E-06
1.000E4+06  -=1-=

R P

TYLER AND U.S. STANDARD SIEVE (SCREEN) SIZES, by Mesh No., m

Tyler u.s. Opening Exemples of | Tyler u.s.
No. No. mm in Size Fector No. No.
- 1/2-in 12.70 0.500 32 3s
-- 3/8-in Q.82 0.375 3s 40
- 3 6.35 0.250 42 a5

q a 4.76 0. 18S x2 x2 48 S0
s S 4.00 0. 156 60 60
6 6 3.386 0.134 BS 70
7 7 2.83 0.110 [-1e] a0
8 8 2.38 0.093 x2
x2 100 100
-] 10 2.00 0.078 115 120
10 12 1.68 0.065 150 140
12 14 1.41 0.0Ss8 170 170
14 16 1.19 0.046 »2 x2 200 200
16 18 1.00 0.039 250 230
20 20 0.84 0.0328 270 270
24 25 0.71 0.0276 32s 328
28 30 0.89 0.0232 x2 x2 400 400

—BOpening

Em in
500 0.019S
420 0.0164
350 0.0138
297 0.0116
250 0.0097
210 0.0082
1?27 0.0069
149 0.0058
125 0.0049
10S 0.0041
ae 0.0035
74 0.0029
62 0.0024
53 0.0021
a4 0.0017
37 0.001S



Foundations of Hot Processing 27

Table IL1, continued (Refs. 11, 12, 13)

MASS DENSITY
ENGLISH SI or CGS ENGLISH u.s. 51 or CGS
tons, pounds, kilogrems grems, pef, Ppg,
t by, kG Om 1by/Ft3  lby/gal  kay/md  gp/em®  gu/liter
~=i--  2.000E+03 9.072E+02 enfes  1,337€-01 1.602E+01 1.602E-02 1.602E+01
5.000E-04 --1-~ 4.536E-01 4S3.6 | 7.481 EO0  --1--  1.198E+02 1.198€-01 1.1986+02
1.102E-03 2.203 EOD  --1-- 4000. 8.242€-02 8.34SE-03  «-1--  1,000E-03 --1--
4.102€-06 2.205E-02 1.000E-03 ==t-- 6.243E+01 8,345 EDO 1.000E4+03  --1-~  1.000E+03
FOACE (Nots: Std. grnvitutionnl accel. PREFIXES USED WITH
= 32.174 fr/e® = 9.8066 m/#%) METRIC_UNITS
ENGLISH SI or €GS
tons, pounds, newtons, kilograms grem, 0% = oexal 10-1 = et
te lbg N kge oF dyres 02 = 02 = t
--1-=  2.000E+03 8.897E+03 9.072E+02 9.072E+05 B8.897E+08 - -3 -
5.0006.04  o-tee 4,448 EDO 4.S9E-01 4.5%6E+07 4.ases05 | 00 7 KILO[ 1073 = mMILr
1.124E-04 2.248E-01 --1-- 1.020E-D1 1.020E+02 1.0006+05 | 105 = MEGA § 10-6 = MIcRO
1.102E-02 2.205 €00 9.807 E0Q  «=t-- 1.000€E+03 9.807E+05 Q . -9 -
1.1026-06 2,205E-03 9.807E-03 1.000E-02 --1.- 9.807esgz | 0. = GIGA|10 = NAND
1.124E-09 2.248€-05 1.000E-05 1.020E-06 1.0206-03  --1-- 102 = tera| 10-2 = rPrIcO
STRESS OA _PRESSURE (Note: 1Pa=1NmE end 1N =1 kgmm/-a)
ENGLISH SI or OGS CHEMICAL
paf, pei, pascals, bars, kam, dynea
1bg/Ft2  1bg/irf Pa b kge/m®  per cm®  gp/onf atm mm Hg
welee B6.944E-02 4.7BBE+D1 4.788E-04 4.882 EDO 4.788E+02 4.882E-01 4.725€-04 3.S91E-01
1,440E+02 ~-1-- B.BYSE+03 6.895E-02 7.031E+02 6.895E+04 7,031E+01 B.804E-02 5. 171E+01
2.089E-02 1.4S0E-04 --1--  1.000€-05 1.020E-01 1,000E+01 1.020E-02 9.869E-06 7.S00E-03
2.089E+03 1.450E+01 1.000E+05 --1--  1,0206+04 1.000E+06 1,020€+03 9.869E-01 7,S00E+02
2.048E-01 1.4226-03 9.807 EDQ 9.807E-05 --1-- 9,807E+01 1.000E-01 9.676E-05 7.35ZE~02
2.089E€-03 1,450E-05 1.000E-01 4.000E-08 1.0206-02 ~-1--  1,020E-02 9,859€-07 7.S00E-04
2.048 E0O 1.422E-02 9.807E+01 9.807E-04 10. 9.807E402 --1-- 9.678E-04 7,3SSE-01
2.116E403 1.470E+01 1.0413E+05 1.013 €00 1.03FE+04 1.013E+406 1.0IE+03  --1--  7.600E+02
2.785 EDO 1.934E-C2 1.3336+02 1.333E-03 1,3650€+01 1,333E+03 1,360 E00 1.316€E-03  -=1--
HEAT, ENEAGY, OR WORK POWER
ENGLISH ST oGS PHYSICAL
1watt, W = 14 jcula-s'1
Jjoule, meen
fr-lbg Btu J cal erg eV 1 Vienpere = 1 joulerg-1
-=t--  4,205E-03 1.356 EDO 3.239E-01 1.3S6E+07 8.463E+18 | 1 horsepower, H® = 746.0 W
7.7806402  —-1--  1,055E+03 2.5206+02 1.05TE+10 6.584E+21 | | o _ 1054.6 W
7.376E-01 9.4B0E-04 --1-- 2.389E-01 1.000E407 6.242E+18 - :
2.087 EOO 3.969€-03 4.186 €00 -~-1-- 4.185E+07 2.613E+19 | 1 Btu/s = 1.444
7.376E-08 9.480E-11 4,000E-07 2,389E-08 ~-1-- B.242E+11
4.182E-18 1.S19€-22 1.602€-19 3.827E-20 1.602E-12  ~-1--

WORKING DEFINITIONS OF

SOME PHYSICO-CHEMICAL ANO ELECTRICAL QUANTITIES

ATOMIC MASS UNIT, amu
AVOGADRO'S NUMBER, np

ELECTRONIC CHARGE, ef
coutome, C H
FARAOAY CONSTANT, F H
AMPERE, = H
VOLT, V H
OHM, N :

BRIT. THEAMAL UNIT, 8tu:
CALORIE (mesn), cal :

BOLTZMANN'S CONSTANT,
GAS CONSTANT, A

1.661-10-24 Om (mlso cmlled "etomic weight® unit),.
6.023:1023 (per g-stom, g-mol, g-Formula-weight).

1.602-10-19 coulomb.
Deposits 1.118:-10-3 g A
nacet; hence, 9.6488-10

or 3.293-10-4 g Cu in =aq.
coulombs/gram-equivalent.

1 ¢/s (coulomb per second).
Defined by, ¢ V:C = 1 joule = 1 Nem = 1-107 ergs.
1 V/a (volt per ampere).

1 1b Ha0 x 1 9F; hence, 251.98 cslories (mean).

1 g Ho0 x 1 9C; 4.186 joules or 4.186-107 dyne cm.
1.3804:10-23 joule-k~? or 8.620:10-5 ev.K-1

rp-k; hence, 8.314 J:mal-'k-1=1.986 cal-mol-Tk-1.
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Sieve or Screen Sizes

The measurement of sizing of particulate solids by the use of
standard sieves or screens is so important in refractories as to warrant
inclusion of "Tyler and U.S. Standard Sieve Sizes" in Table Il.1.
Other sets of standard wire-mesh sieves are available in England,
Germany, Japan and elsewhere; their descriptions can be accessed
through local industrial sources.

it should be noted that the progression of standard sieves
(designated by successive mesh numbers) is logarithmic as to size of
opening. In the table, for example, we have marked off just one
subset that progresses in size by a factor of 2. Every second mesh
number differs by approximately 212, and every adjacent mesh
number by approximately 21/4 or a factor of 1.18921. We shall deal
with subsieve particle sizes, i.e., “-325m” or “-400m,” including
colloidal sizes (s 1um), in later chapters.

Fundamental Physical Quantities

At the bottom of Table Il.1 we have appended working
definitions or numerical statements of a few fundamental quantities
that will be employed repeatedly. As in all of Table il.1, recourse to
current references and handbooks!1-13 should be made for quantities
or units not listed.

Chemical Elements and Atomic Weights

Table 11.2 lists all of the chemical elements which the reader
may ordinarily expect to encounter. These are arranged
alphabetically by symbol. Notable among the purposeful omissions
are the rare earth elements, running consecutively from atomic
number 59 to 71. We have also omitted the transuranium elements,
though retaining U and Pu in recognition of their importance in
nuclear energy.

Atomic weights are tabulated to two decimal places, which
should suffice for most work in refractories. The sole possible
exception is hydrogen, H: the reader may feel justified in taking its
atomic weight as 1.007. The correct term is "atomic mass," and the
unit in all cases is the a.m.u. of Table Il.1.

Formula weights of compounds follow, given the chemical
formulas known or supposed to apply. Avogadro’s number of atoms
(Table 11.1) weighs the atomic weight numerically, but in grams; and
that same number of "formulas" weighs the formula weight
numerically but in grams. We shall use the term mol equally for either
of these, dispensing with the terms "gram-atom” and "gram-molecule."
The reader is of course free to use "kg-mol,” "pound-mol,” and "ton-
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Table IL2 Chemical Elements and Atomic Weights (Ref. 11)

Sym-

bol Name
Ag SILVER

Al  ALUMINUM
Ar ARGON

As ARSENIC
Au GOLD

B8 BORON

Ba BARIUM

Be BERYLLIUM
Bi BISMUTH
8r BROMINE

c CARBON

Ce CALCIUM
Cb (COLUMBIUM)
Cd CAOMIUM
Ce CERIUM

Cl CHLORINE
Co COBALT

Cr CHROMIUM
Cs CESIUM

Cu COPPER

F FLUORINE
Fe IRON

Ga GALLIUM
Ge GERMANIUM
H HYDROGEN
He HELIUM

HF HAFNIUM
Hg MERCURY

I IODINE

In INDIUM

Ir IRIDIUM

K POTASSIUM
Kr KRYPTON
La LANTHANUM
Li LITHIUM
Mg MAGNESIUM
Mn  MANGANESE
Mo MOLYBOENUM

At. Atomic Sym- At. Atomic
No., Weight bol Name No. Weight
47 107.87 N  NITROGEN 7  14.01
13 26.98 Na SODIuUM 11 22.99
18 38.95 Nb NIOBIUM 41 92.91
33 74 .92 Ne NEON 10 20.12
79 196.97 Ni NICKEL 28 58.69
s 10.81 O  OXYGEN 8 18.00
56 137.33 Os OSMIUM 76 130.2g
o 200 o P PHOSPHORUS 15  30.97
a5 79.90 Pb LEAD 82 207.2g
. Pd PALLADIUM 48 106.42
= 12.01 Pt PLATINUM 78 195.08
20 40.08 Pu PLUTONIUM 94 244. +
435e:12b41 ARb RAUBIOIUM 37  85.47
58 140,12 Ae RHENIUM 75 186.21
17 =545 Rh RHODIUM 45 102.91
27 51 .99 An  RADON 86 222. +
=4 o2.00 Au AUTHENIUM 44 101.07
55 132.91 S  SULFUR 16 32.06
23  63.55 Sb  ANTIMONY 51 121.75
Sc  SCANDIUM 21 44,96
22 i ;g'gg Se SELENIUM 34 78.96
: Si SILICON 14 28.09
31 69.72 sn TIN 50 118.71
32 72.s9 Sr STRONTIUM 38 87.62
1 1.01 Ta TANTALUM 73  180.95
2 4.00 Te TELLURIUM 52 127.60
72 178.49 Th THORIUM 90 232.04
80 200.59 Ti TITANIUM 22 47.88
53 126.91 Tl THALLIUM 81 204.38
49 114.82 U URANIUM 92 238.03
77 192.22 vV VANADIUM 23  50.94
19 38.10
26 B83.80 W  TUNGSTEN 74 183.85
57 138.91 Xe XENON 54 431.29
3 6.94 Y  YTTRIUM 38 88.91
12 24.31 Zn  ZINC 30 65.39
25 S54.94 Zr ZIRCONIUM 40 91.22
42 95.94 R.E. (RARE EARTHS) Omitted
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mol" where large quantities of elements or compounds are
appropriate.

HOT PROCESSING TEMPERATURES AND
THEIR MEASUREMENT

As regards the usefulness of refractories, “hot” extends from
well below 200°C to well above 2000°C. The vast majority of
commercial applications entail process working temperatures
between 200°C and 2000°C. Figure lI-1, subdivided into two spans
purely for convenience of display, gives by bars the approximate
working temperature ranges of some twenty-five kinds of physico-
chemical operations or processes. Before discussing those
processes, let us focus first on temperature itself: its scales and
methods of measurement.

Temperature Scales

The Kelvin, celsius, Fahrenheit, and Rankine temperature
scales are inter-related by the familiar equations grouped in Table
.1, The scales of Figure Il-1 display °C and °F simultaneously; most
refractories literature employs one or the other of these.

The graduated bar on the left edge of Fig. Il-1 gives the
approximate incandescent or radiant color of hot solids as a function
of temperature, as detected by the eye. Since the intensity of
incandescent radiation increases rapidly with increasing temperature
and can be harmful to ophthalmic tissues, colors above orange or
temperatures above 900°C must not be dwelt upon without eye-
protective filters. The emissivity of different solids varies widely, as
also do the circumstances of their enclosure and viewing background;
so this color-temperature scale is quite inexact. Nevertheless, it has
been of some industrial utility based on experience; and the visitor to
a hot-processing installation can use it to estimate operating
temperatures roughly at-a-glance.

Between the two temperature scales of Figure lI-1 lies a
column designated "Orton Cone No." The corresponding cone
softening temperatures are taken from Orton product literature.14 By
no means are all Orton cones represented in the figure; nor, quite
evidently, are their number designations linear with temperature.
Although Orton cones are distributed worldwide, other manufacturers
are also established in England, Germany, Japan, Brazil, and
elsewhere. Their products and designations can be accessed
through local sources.
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Such standard pyrometric cones have long been employed in
the ceramic and refractories fields. Like the silicate products they
were developed to serve, they themselves are of complex silicate
compositions but of rigorous specifications. They do not melt sharply,
but soften and deform progressively under their own weight with
increasing temperature. The progressive deformation depends on
the temperature rise rate and, once commenced, continues even at
fixed temperature. Thus these cones reveal a sort of time-
temperature integral in a furnace or kiln. This kinetic feature is
peculiarly adapted to the contro! of sintering of silicate minerals,
ceramics, and classical refractories; hence the well-justified use of
pyrometric cones in those industries, as well as the common
characterization of softening temperature of refractories in terms of the
pyrometric cone equivalent, or P.C.E. -- a representation of somewhat
limited value as a service rating.

Orton standard cones are elongate triangular pyramids or
tetrahedra. In use several cones of successive numbers are placed at
an angle of 8° from the vertical, usually in shallow cavities in a
supporting plate. When heated in oxidizing atmosphere at a fixed
rate of 2.5°C per minute, a cone of a given number will bend over by
about 160° of arc, more or less, at a reproducible softening
temperature. Two series of Orton cones are available: a 2"-long
series and a 15/16"-long series. The softening temperatures marked
in Fig. 1I-1 are for the 2” series for cone nos. 022 to 10, inclusive, and
for the 15/16" series for cone nos. 12 to 37, inclusive (underlined in
the figure). In the correct jargon, a given temperature (e.g., 1015°C)
has a P.C.E. of a given standard cone number (e.g., cone 06).
Equivalencies generally accepted in the U.S. refractories industry wil
be mentioned later.

Temperature Measurement

For the more precise measurement of processing temperature
per se and as a continuous variable, several types of instruments are
at hand. The more common ones are described following.

Bimetallic Thermometers. The stainless-steel-clad dial-
gauge bimetallic thermometer, operating on differential thermal
expansion, is serviceable to about 600°C. Placement of the sensor is
limited by length of stem. Precision is about 1/100 of full-scale.
Response to temperature changes is slow, calling for from one to a
few minutes to equilibrate. The most common industrial use of this
very inexpensive instrument is in relatively low-temperature ovens
and ducts, sensing wall or interior atmospheric temperatures at
steady state.

Thermocouples. Operating on the Seebeck effect,15 a
closed wire loop comprised of two "halves" of different metals gives a
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reliable electrical response to the temperature difference between
their two welded junctions. A series of alternating wires of the same
two metals, with the hot junctions bunched together and the cold
junctions bunched together (but electrically insulated), is called a
thermopile: its configuration increases the magnitude of the electrical
effact (e.g., the zero-current EMF) and hence the sensitivity to a given
AT between junctions. A suitable millivolt meter is inserted in one leg
of the circuit, and in commercial instruments its readout is calibrated
as aT. Or, commonly, with electronic amplification the response is
continuously recorded and/or computer-processed.

Commercial instruments use selected pairs of metals known to
be reliable and durable. Examples are chromel/alumel {(base-metal
alloys) and Pt/Pt-10%Rh or P{/Pt-17%Rh. Each pair has its own
Seebeck voltage, hence its own temperature calibration, supplied by
the manufacturer. The Pt/Pt-Rh type is reliable only in an oxidizing or
neutral environment, but in that case is serviceable to about 1700°C.
This limit is shown by one of the labelled bars in Figure 1I-1, for
comparison with the working temperatures of various processes. The
chromel/alumel type is serviceable to some 1400°C, but becomes soft
and corrosion-sensitive (hence vuinerable to loss of calibration) at
that limit. All types are susceptible to condensation of reactive
substances in flame or furnace environments, requiring periodic
inspection. Absent these deteriorating circumstances, excellent
precision in measured AT between junctions can be achieved:
typically about 1/1000 of full-scale or better. For iaboratory work, the
cold junction can be immersed in ice/water at 0°C. For an ambient-
temperature cold junction, that temperature is usually estimated and
worked into the instrument calibration. Response to temperature
changes is a little slow, calling for up to one minute to equilibrate.
The Pt/Pt-Rh circuit is somewhat vulnerable to stray electromagnetic
fields.

in practice the hot legs are typically ceramic-armored, leaving
only the hot junction exposed. Leg lengths up to the order of ten feet
are feasible; thus relatively remote sensing can be entertained.
Thermocouple pyrometry of clean atmospheres is widely practiced;
but embedment of hot junctions in precision-drilled cavities in solids
also makes the method highly suitable for in-wall temperature
measurement. An example of this use is the measurement of aT/az
(z = depth) in a plane refractory wall at steady state, from which either
the mean thermal conductivity, k, or the heat flux through the wall, J, is
determined. Patched or pressed onto external steel shells, thermo-
couples can signal the onset of dangerous overheating. Armored hot
junctions (electrically insulated within) make possible the pyrometry of
corrosive liquids and gases under steady-state conditions.
Laboratory uses are many, and cost is low.
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Efforts have long been made to develop thermocouples for use
above the limit of Pt. Refractory metal thermocouples (Mo and W
alioys) have been used to well above 2000°C, but have not gained a
wide reputation for reliability. A recently-introduced B,C/carbon
thermocouple is said to have overcome the reliability problem and to
serve up to 2200°C. But its placement is limited by rigidity of its legs,
and its use is expected to be confined to vacuum and inert-gas
atmospheres where Mo and W alloys can also behave acceptably.

Optical Pyrometers. The hand-held "disappearing filament"
visual incandescent-radiation comparator is the work-horse of the
furnace room. It is sighted on any chosen area inside a furnace or
kiln, while an optical system superimposes the image of a tungsten-
filament lamp in the focal piane of the object image. The operator
adjusts battery-powered heating of the filament until its image
disappears, i.e., is neither less bright nor brighter than that of the
object. In commercial instruments the filament-heating controller is
graduated directly in radiant temperature.

In the hands of an experienced and careful operator,
repeatability is good to 1° or 2°C. Precision depends on adherence
of the furnace enclosure to "black-body" conditions, approach of the
contents to isothermal, and absence of appreciable dust between
instrument and object. Ideally, the precision about equals the repeat-
ability. Time-temperature patterns can be accurately tracked. The
useful range is from about 500°C to above 2000°C. Perhaps the only
persistent drawback of this instrument is that it is manually operated.

Automatic optical pyrometers can also be had, however, at
increased cost. In those the human eye is dispensed with. The
intensity of radiation from the hot source is sensed at several specific
wavelengths. The electronically-amplified output may be made use of
in whatever way is desired.

Optical pyrometry can be used not only to measure and control
furnace or kiln temperatures. In the conduct of planned experiments,
it can help to optimize fuel usage, adjust kiln temperature profiles,
balance cooling-air flow against combustion-gas flow, and otherwise
improve the management of heat.

Infrared Pyrometers. IR pyrometers have basically the
same capabilities as the "optical" type, except for their utility down to
much lower temperatures and for the lack of any dependency on the
human eye. All automatic instruments are relatively expensive, yet
the amount of labor they displace is small. On this account, their use
is not widespread except where continuous temperature data are
needed; but the latter need is growing rapidly with automation of most
types of furnacing equipment in industry.
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PROCESS CHEMISTRY AND ENVIRONMENTS

We shall take up the processes of Figure II-1 in approximate
order of increasing temperature, i.e., as their bars appear from left to
right in the figure.

Industrial Drying

Drying of solids is dedicated to the evaporative removali of bulk
or free H,0 and of physisorbed (molecular) surface H,0. Chemi-
sorbed and chemically bound or combined H,0 are ordinarily in the
form of hydroxide, -OH, which is removed at higher temperatures. But
the distinction is sometimes hazy: for example, the desiccation or
water loss of silicic acid hydrogel is progressive and continuous
without interruption from ~100°C to ~700°C or even higher.

Granted a few such exceptions, free and physisorbed water are
usually distinguished from chemisorbed and combined water by
separated broad features of differential thermal analysis (DTA) and
thermogravimetric analysis (TGA) curves. The former curves show
loss of water by endotherms (regions of heat absorption), while the
latter disclose the same by weight loss of the solid as H,0 is
evaporated. The low-temperature DTA peak and TGA step both
correspond to loss of free and physisorbed water. These features
ordinarily begin in an air atmosphere below 100°C, and end by about
150°C. Given the freedom to overheat so as to speed the process in
industry, we can bracket nearly all thermal drying in the interval from
~100°C to ~200°C.

This interval applies to the bed, or charge, of solid. The drying
gas, usually either air or combustion gases, may be up to as high as
~700°C in cocurrent drying. A good example is the spray-drying of
particulate solids, which are fed as an aqueous slurry through a
disperser and sprayed into a hot gas. The exit temperature of both
gas and solid, on the other hand, falls about in the interval given
above. Many drying operations are countercurrent, wherein the gas
entrant temperature about equals the exit temperature of the charge.

The entrant temperature of the drying gas may well determine
whether a refractory lining is needed or whether a metal vessel may
be exposed directly to the process. One consideration is heat loss: a
refractory lining may be used simply as a thermal insulator. Unless
the metal structure is of stainless steel, shell corrosion and
contamination of the charge may be a further consideration.
Refractory linings are often preferred simply to isolate the charge from
a steel enclosure. Refractory corrosion rates are usually quite low
because the temperature is low; but abrasion must be considered,
along with possible contamination of the product by refractory dust.
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In tray drying, where the charge never touches the enclosure, this
consideration vanishes and friable insulating refractories serve
admirably.

Petroleum and Petrochemical Processing

This category, at its lower-temperature end (nominally 100° to
400°C), encompasses a host of diverse purposes inciuding polymer
manufacture. Most organic chemical process systems are not very
aggressive. Glass-lined steel vessels are in common use, even up to
moderate pressures; stainless steel as well. Steel-clad or unclad
plastic vessels (generally thermoset, or crosslinked polymers) can
serve up to about 300°C. “Impervious" carbon equipment finds
limited use over the whole temperature range, owing to its chemical
inertness especially to chlorides and HCI. Except for this last case,
the lower-temperature domain of petrochemical processing is not a
domain for much refractories usage.

Petroleum refining, on the other hand, reaches up into
temperatures and may entail aggressive chemicals such that organic
polymers, glass, and bare steel sometimes cannot serve for
containment. Crude oil is usually contaminated with some NaCl, and
it contains small amounts of organic compounds of oxygen, nitrogen,
sulfur, and of metals such as vanadium, nickel, and others. lIts refining
consists largely of (a) fractional distillation processes, and (b) catalytic
chemical treatments designed to break down (i.e., "crack"), build up
(i.e., polymerize), or rearrange the molecular structure (i.e., "reform,”
"isomerize," "akylate," etc.), in various of its hydrocarbon fractions.
Stills and vacuum stills are for the most part made of steel. But high-
pressure H, is a prominent chemical reagent used, e.g., in hydro-
cracking and elsewhere, together with circulating solid catalysts that
are abrasive. Refractory linings of cracking equipment provide the
needed abrasion resistance, and their thermal insulation reduces
steel shell temperatures so as to impede hydrogen embrittiement.
Desulfurization and denitrification catalysts are also abrasive, and
refractory linings can also protect their processing vessels against
both wear and hydrogen attack. "Reforming” is an acid-catalyzed
process calling for acid-resistant vessel linings or coatings.

The "bottoms" or residues from petroleum refining ultimately
become commercial tars, pitches, asphalts, and coke. They tend to
concentrate corrosive nonvolatile impurities. Their hot chemical
treatment calls for resistance to acids and saits. But in all of these
above refractory uses the processing temperatures are low relative to
refractory melting points, and linings tend to be long-lived.
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Calcining of Hydroxides

Calcining means heat-treating an inorganic solid well below
its melting point, yet hot enough to eftect either some desired
chemical decomposition or else some desired degree of
recrystallization and crystal growth. 'Here we have a case of the
former: a decomposition described by the general equation,

M(OH),( - MO,,z + X2 Hz 0(9) .

As a number of oxyhydroxides are important in industry, another
general equation is written:

MO(OH),( - Mo“ﬂg + X/2 Hg 0(9) .

Another class of (partly) hydroxide compounds, or hydrated
compounds, is comprised of the clay minerals. Their thermal
decomposition by calcining can be illustrated here using a dis-
armingly simple representation of kaolinite:

A|2$I205(0H)4 4 A'gSigO-, +2 HgO(g) .

Examples of the first reaction that feed the refractories industry
among others include the synthesis of alumina from gibbsite:
2AI(0H), — ALO, + 3H,0,, and the synthesis of magnesia from brucite:
Mg(OH), - Mg0 + H,0(,). Examples of the second include the
preparation of catalytical‘y-active gamma-alumina from precipitated
boehmite: 2AI0(0H) — Al,0; + H20(,), and the synthesis of rutile
pigment from precipitated titanyl hydroxide: TiO(OH), — Ti0, + H,0(,).
Large amounts of caicined clays are produced by reactions
analogous to the third equation above. Every one of these examples
has up to a dozen individual analogs of industrial importance.

These decomposition reactions occur gradually with increasing
temperature. A TGA plot of weight loss of the solid vs T is an S-
shaped curve, rising gradually above a threshold temperature, then
steeply, then tailing off to approach completion asymptotically at much
higher temperatures. Ditferent hydroxide compounds undergo
decomposition over different temperature ranges, encompassed by
the "Calcining of Metal Hydroxides" bar in Figure lI-1.

To facilitate the escape of water vapor, the bed or charge is
normally fed and rotated as particulate material. If melting is to be
avoided, the temperature must be increased somewhat slowly since
mixtures of the hydroxide and oxide may well melt lower than the
former and the final temperature of the S-shaped decomposition
curve often lies far above the hydroxide melting point. Na and K
compounds as impurities (common in mineral feeds) especiaily
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promote partial melting. Typical consequences of partial meilting
include caking and agglomeration (balling-up) of particles and their
adherence to the walls of the vessel.

These chemical systems are relatively benign toward refractory
linings. The most aggressive attack is by abrasion. A very small
amount of agglomeration can be helpful, by building up a thin
protective layer on the refractory wall whereby refractory abrasion is
stopped off. Excessive buildup, on the other hand, is troublesomae: its
occasional spalling can send large undecomposed chunks into the
discharged solid, and periodic shutdown may be required for
scraping or de-scaling of the walis.

Steam Generation

Superheated steam is ubiquitous in industry, used by utilities to
drive turbogenerators and by refineries and chemical plants as a
source of process heat. A steam boiler consists of burners and an
array of metal tubes facilitating thermal contact of pressurized water
with a "cool” (i.e., slightly oxygen-deficient) flame; all surrounded by a
refractory-lined enclosure. While thermal insulation is a primary
function of the refractory, over long time intervals the chemical
aggressiveness of combustion products becomes significant.

The gaseous combustion products CO, CO, H,0, and air
residues of N, and 0, are familiar. We will deal later with the effects of
CO on certain refractories. But with the possible exception of natural
gas, inexpensive industrial fuels are also sources of accompanying
alkali compounds (principally NaCl), sulfur compounds, and a
spectrum of other inorganic salts. U.S. coals, for example, range from
about 0.5% to the order of 5% sulfur by weight, and from about 5% to
10% or more of ash (nonvolatile inorganics). Heavy fuel oils are on
the whole somewhat cleaner, but only somewhat. Furthermore, a
yellow flame of whatever fuel origin contains fine particulate carbon or
soot.

Volatile compounds (principally S0,, chlorides, and alkalies)
react and condense as liquids on the refractory walls and form low-
melting solutions in the hot-face layer. Other ash components stick to
these and substantially dissolve in them as weli, all softening the
refractory surface. Meanwhile, bombardment of the walls by carbon
and ash patrticles (and also coal) abrades the softened refractory.
Depending on location and local gas flow patterns, the result may be
either eventual refractory wear or else excessive buildup, chemical
alteration, and even spalling when the temperature is changed.
Buildup of course predominates on the metal heat-exchanger tubes,
which are coolest; and on floors, which collect everything that settles.
These changes may be slow, but the demands for longevity placed on
boiler refractories intensify their importance.
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Carbon Combustion

Our concern here is not with the productive burning of a fuel,
but with the limitations imposed on carbon and graphite as
engineering materials by their susceptibility to burning: certainly a
form of corrosion. As numerous oxide refractories for metallurgical
proc?ssing contain particulate carbon, its loss by combustion is not
trivial.

In air, particulate carbon burns rapidly commencing at roughly
$00°C; in 0, at roughly 400°C; in CO, , above 600°C. Combustion of C
In CO is impossible, a fact pertinent to steelmaking; but the admission
of air into hot steelmaking vessels lined with carbon-bearing
refractories can be severely damaging in a short time. Similarly with
respect to massive carbon or graphite used as resistive heating
elements or as electrodes in arc furnaces: exposure to air or C0, or
other oxidizing agents while hot is the principal cause of wear.

A word might be injected here concerning SiC, used in
massive forms in its own right but also introduced into some oxide
refractories in substitution for particulate carbon. Massive SiC can
sustain temperatures of 1500°-1700°C in air without burning, and
particulate SiC is only modestly less resistant. If survival in air were
the only consideration, SiC would be the unhesitating choice. Other
considerations do apply, however. They will be attended to later.

Glass Manufacture

If all the special glasses of industry were included, this bar in
Figure II-1 would be much lengthened at both ends. Vitreous silica,
for example, meits at 1723°C; and "water-glass” (a soluble sodium
polysilicate) is made at room temperature. The tonnage silicate
glasses are meited between about 500° and 1000°C, however.
Superheating to as high as 1500°C or so is common in glass
manufacture, for reasons given presently below.

The feed materials for commercial glasses include soda ash,
Na,CO0,; siliceous minerals (Si0, and various aluminosilicates);
limestone, CaCO0,; potash, K,C03;, or sometimes lithium carbonate;
sometimes magnesite, MgCO0,, or strontium or barium carbonate;
sometimes borax, Na,B,0,; sometimes Pb0 or PbCO;; and sometimes
colorants. When a selected formulation is melted and stirred together,
the carbonates decompose:

MCOa -> MO0 + 002(9), etc.;

and the product oxides dissolve in each other, forming one
homogeneous liquid phase.
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The silicate liquid is polymeric and viscous. If this were not so,
it would crystallize out separate phases on cooling instead of
undercooling in the vitreous (i.e., atomically disordered) state. Being
viscous, it has to be heated well above its melting temperature in
order for it to flow readily. Fluidity is needed for homogeneity of
mixing, for the rise and expulsion of gas bubbles, and for pouring,
fiberizing, etc.

Being in that sense superheated, the as-manufactured liquid is
thermodynamically capable of dissolving some quantity of every other
oxidic substance known, including its own component oxides.
Nowhere else is it more universally certain that oxide refractories of
containment (here called “glass contact” refractories) must neces-
sarily dissolve in their charge -- and indefinitely over time, since in
mass production the glass moves and is replenished continuously.

The concentration of alkalies (Na,0, K,0) in glass formulations
is higher than refractories encounter in most other services; and
akalies are notoriously aggressive toward oxide refractories. But the
challenge does not end there. These alkali oxides are volatiie at
glassmaking temperatures, and uniquely so among the other glass
components. Not only do they escape from the upper surface of the
melt. Every GO, bubble that rises from the glass also carries in it a
near-saturated partial pressure of M,0 gas, increasing the evolution
rate.

The glass melting tank is thus an alkali distillery. The
atmosphere above the liquid is enriched in alkalies alone, isolated
from most other components of the melt. Now unimpeded by the
viscosity of a liquid host, these corrosive gas molecules attack the
sidewalls and roof of the glassmaking vessel. Since the heating
gases are further used after passing over the glass melt, threading
through a checkerwork of heat-exchanger bricks before being
discharged, their entrained alkalies also attack the exhaust por,
ducting, and the checker bricks themselves. In fact, a material balance
can be struck in the entire containment system above the glass line,
or meniscus:

Mzo (deposited in refractories) = Mzo (evaporated from the melt):

Refractory alteration is inevitable. It is only a matter of time, or
kinetics.
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Metal Carbide and Nitride Synthesis

Refractory metal powders and some powder-metallurgical
compacts are converted to carbides by diffusion-reaction with
simultaneously-cracked light hydrocarbons, e.g.:

Ta + CH4(°) —)TaC +2 HZ(O)

The hydrogen produced appears first as monatomic H, some of which
enters the metal as hydride, pulverizing it. Carbon diffusion is usually
quite incomplete, requiring subsequent heating to 1800°C or so for
homogenization. Similarly, nitriding is often done by cracking
ammonia gas on the metal, e.g.,

Ti+ NH3(°) - TiN + 3/2 Hg(o)

Nitriding is also conducted using N, instead of NHj;, calling for
reaction temperatures up to the 1800°-1900°C region. This works
neatly with formed powder compacts, since they are sintered at the
same time.

These are air-free reactions, generally conducted in water-
cooled metal equipment capable of sustaining vacuum as well as
pressure. Electrical heating techniques are used, isolating the work
thermally from the envelope as much as possible. These systems are
not candidates for industrial refractories usage.

"Pack-cementation” carbiding is also practiced, involving
embedment of a metal object in carbon black, often in a graphite
enclosure and electrically-heated, in turn surrounded by much more
powdered carbon in a larger metal box. The large excess of carbon
reacts with any stray air, providing a bathing atmosphere of CO. It
also provides thermal insulation, and in that sense may be regarded
as a refractory. A special case of this kind is the manufacture of SiC,
to be described later.

Coke Manufacture

There are many uses of coke, and accordingly numerous com-
mercial grades, originating either in coal or in petroleum residues.
The heaviest tonnage use of coke is as a reagent in the smelting of
iron ore: step one in the making of all iron and steel.

The superficial chemistry of coke manufacture is about the
same whether the feed is a coal or a petroleum residue. The general
equation is:

CxHy —-xC+ yl2 Hg(g)
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But on the way to this end, a host of volatile organic byproducts are
evolved by complex pyrochemical mechanisms. These byproducts
are (a) of considerable value, and (b) inadmissible into the
environment. They are condensed and collected. Needless to say,
the evolved hydrogen is valued too, at least as fuel. Other
noncondensibles include CO and some light hydrocarbons, also
combustible: burning of the stack gases after removal of the
condensible byproducts supplies more than enough heat to operate
the coking process.

The equipment and the detailed manner of its operation vary
with the type of feed. But it is evident that conditions have to be
reducing, that is, air-free. Since combustion in air supplies the
needed heat, coke ovens are indirect-fired, or indirect-heated. The
vessel containing the charge must be hermetic, and its walls must be
relatively conductive of heat. These refractory walls must be resistant
to all manner of reducing organics and to coal or petroleum ash on
their one side, and to combustion products (high in C0, and H,0) and
much higher temperatures (to about 1400°-1500°C) on their other.
Getting the charge in and coked and the product out again entails
temperature and atmospheric cycling, not to mention severe abrasion.
The double-walled equipment is architecturally complicated:
provisions for periodic discharge and major maintenance and those
for hermetic sealing are in conflict, and there are needs for numerous
special refractory parts and seals. All of this must be accomplished at
costs commensurate with the unit value of coke, which is very low.

The product of this operation is referred to as green coke,
which still retains some greasy hydrocarbonaceous character. In
many cases that product is calcined in a subsequent step at still
higher temperatures. Calcined coke is flinty-hard and free-flowing,
free of nearly all contained hydrogen and other volatiles, but still
possessing a considerable content of ash or nonvolatile inorganics.

A separate bar for calcining of granular coke has not been
included in Figure 1l-1. It would fill the temperature gap between
Coking and Baking of Carbon, overlapping the latter. Coke is typically
calcined in a reducing flame in rotary equipment, to about 1200°-
1400°C. Anthracite, which is similarly prepared for making certain
kinds of electrodes, is calcined far hotter: to as high as 1800°-2000°C
in electrically-heated vertical kilns. In both of these cases the
containing refractories face reducing conditions at variously high
temperatures, combined with severe abrasion.

Sulfide Ore Roasting
Numerous of the transition metals (Fe series) and Group I' to V'

metals of the Periodic System (e.g., Cu, Ag; Zn, Cd, Hg; Pb, As, Sb
and Bi) occur in nature at least in part as commercially significant
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sulfide ores. These ores are not smelted directly (i.e., reduced to
metal); they are first roasted in air at temperatures mostly from about
600°C to 1200°C, to oxidize sulfide and replace it by oxide:

MS, + 3W2 0, — MO+ x SOy .

As sulfide ores are impure and accompanied by siliceous minerals, in
roasting it is difficult to avoid partial melting. Roasting furnace
refractories must withstand not only a sticky and agglomerating
charge, but also the acidic attack of S0, gas. That gas must be
trapped, giving rise to chemical scrubbing systems interpolated
between furnace and stack. Scrubbers usually operate at much lower
temperatures, and will not be singled out here.

Heat Treating and Annealing

This bar in Figure IlI-1 encompasses only ferrous-metal
processing. As applied to nonferrous metals and to glass, it would be
extended down considerably in temperature. Products ranging from
ingots and billets to sheet and bar stock to finished articles are
typically put through programmed heating and cooling for various
adjustments of microstructure and/or internal stress relief. Interaction
of the charge with refractories is close to nil; but combustion gases
and the evolution of machining oils often have to be coped with. On a
relative scale, the environment is not very aggressive to refractories.
The user compensates for this by expecting them to be exceptionally
long-lived.

Aluminum and Magnesium Manufacture

These two commercial processes are D.C.-electrolytic, using
fused-salt electrolytes. For aluminum, the electrolyte is a low-melting
composition of Al,0;, AlF;, NaF, and minor additives: when molten, a
solution of Al*3, Na+, 0-2and F-. The electrode reactions taking place
at about 800°C are,

Cathode: 2AIY +6 0" — 2 A, and

Anode: 302 —3/20,,+66" .

That is, Al,0; is consumed and periodically replenished. The alu-
minum is collected in a wide, shallow pool and periodically tapped
(drawn off) while the cell runs continuously. A small amount of
elemental Na is formed by the analogous cathode reaction of Na+,
dissolving in the Al. The liquid-metal pool is the cathode, contained in
a shallow box of compacted carbon refractory with sidewalls either
also of carbon or else of SiC. This electrically-conducting containment
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must be resistant to liquid Al and Na, and to the fused oxide-fluoride
electrolyte which lies on top of the metal pool.

Specially-formulated baked-carbon anode rods are used,
developed empirically for maximum corrosion resistance. The 0, that
is made anodically appears first as monatomic 0, which is effective in
burning carbon. It is accompanied by a small amount of F and then
F., formed by the analogous anode reaction of F-. This attacks carbon
vigorously. Thus the anodes are consumed continuously by
corrosion; they are fed down mechanically to maintain constant
anode-cathode vertical spacing. Granular Al,0, feed maintains an
overhead skull, or self-refractory; the lining of the upper part of the
surrounding shell need be resistant only to 0, and F, gases and
occasional splashes of the electrolyte. Once started, the Hall-Héroult
cell maintains its operating temperature by the resistance (I12R
heating) of the working current. Local heating may run up to about
1000°C.

The metal product is collected either as liquid or as ingots and
transferred to remelt furnaces for purification and alloying. These also
run between the Al melting point of 660°C and about 1000°C.
Remelting employs a molten added cover layer or flux of NaCI-KCl,
which protects the liquid Al from air and also collects oxides and other
impurities as a final floating dross. Hence, remelt furnace linings must
be resistant to Al, alkali-metal chlorides, and miscellaneous fused
oxychlorides in solution. They must also resist dissolving in and thus
contaminating the aluminum, which is intolerant of impurities such as
iron and silicon.

The Dow cell for making magnesium is operated somewhat
similarly, and at similar temperatures since Mg melts at ~650°C. In
this case the electrolyte is principally of molten MgCl,, or Mg+2 and
Cl~. The electrode reactions are,

Cathode: Mg*2 + 2 e — Mgy, and
Anode: 2Clr = Clyg +2e- .

Thus the cell linings must be resistant to Mg metal, chlorides, and
chlorine gas; and the last-named consumes the anodes. Remelt
furnace linings for Mg have about the same exposure as those for
aluminum, except for the identity of the molten metal.

Calcining of Carbonates

This bar in Figure 1l-1 starts with limestone and magnesite in
the 800°-1100°C region, then continues with strontium and barium
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carbonates in the 1100°-1300°C region. These processes are like
the hydroxide decompositions discussed previously. The same type
of S-shaped decomposition curve prevails, and the same precautions
have to be taken to avoid meiting.

The general equation for calcining of the alkaline-earth carbon-
ates is:

MC03 -~ MO + 002(9), where M = Mg, Ca, Sr, Ba.

Calcined magnesite, Mg0, is a component of some refractories.
Calcined lime is the largest-tonnage and most familiar product among
these four. Strontium and barium oxides find uses in glassmaking
and as chemicals. The oxides of Ca, Sr, and Ba are increasingly
basic, or caustic. They also react increasingly vigorously with water or
water-vapor to make their hydroxides (called s/aking) and are
increasingly soluble in water, in that order. MgO0 is the best-behaved
of these as an engineering material, but is nonetheless chemically
basic. it will slake in water:

Mg0 + H,0 — Mg(0H), ;

but this reaction of pure magnesia becomes more sluggish with
increasing calcining temperature (hence increasing Mg0 crystal size
and perfection). If impure magnesite is calcined hot enough (say, to
about 1700°C), the Mg0 crystals become coated with silicates and
thus also protected from the slaking reaction. Such a liquid-phase-
sintered impure oxide is called dead-burned. ‘

Refractory formulations calling for significant amounts of both
MgO and Ca0 are often made in part of calcined dolomite, or dolime.
Dolomite is a mixed mineral of MgCO, and CaCO0,; this introduces
nothing new into the caicining reaction. But the product oxides are
not very soluble in each other, and the Ca0 component of dolime
remains subject to slaking even after high-temperature firing. Slaking
is disruptive to any formed oxide body.

Refractory containment for the calcining of alkaline-earth
carbonates has to manage temperatures up to ~1100°-1300°C. If
calcining is extended on up to 1500°-1800°C to grow the oxide
product crystallites, corrosion reactions on the refractory lining
become much more important. These include reactions with the basic
oxide products (e.g., Mg0 or Ca0). Corrosion is augmented in
intensity if silicates, alkalies, and iron are present in the oxides
(common in calcined minerals), owing to the fluxing action and
penetration of these liquid components. Abrasion is a major further
factor.
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Lime kilns in particular are very large and subject to some
flexure, giving rise to significant mechanical loads on their linings.
Finally, reaction products which pack into the interstices between
bricks while hot cannot extrude out on cooling when a kiln is shut
down for any reason. Spalling is a potential consequence. The
performance demands placed on lime-kiln refractories are
underscored by the low unit value of the product: long, trouble-free
lining life is essential.

Decomposition of Sulfates

Between about 800°C and 1500°C, most sulfates decompose
in air. A suitable representation is:

80,2 ~ 02 + S0y (0r, SOx) + 1/2 Ogg)).

Writing the equation in this way signifies that our concern is with
sulfate as a minor additive or impurity (i.e., placed substitutionally in
an oxide host); not as an identified bulk compound to be decomposed
commercially, such as gypsum. Sulfates, sulfites, or organic
sulfonates which ultimately behave in about the same way, are
sometimes used as binders or binder-lubricants in the compaction of
oxide refractories. Their decomposition is only mildly disruptive to the
host, and transient. Refractories that are fired or that see service at
1500°C or above are not likely to be troubled by the presence of
residual sulfur, even. in trace quantities in crystallite boundaries.

This knowledge is also of some use in assessing the
consequences of exposure of oxide refractory linings to environments
rich in 80,. Chemical combination with such linings is unlikely to be
troublesome above about 1300°C. The sulfurous environment of
coal-burning or heavy oil-burning flames, for example, is likely to be
damaging to a refractory only below this range (see Steam Boilers);
and sulfurous coke-oven atmospheres are also aggressive because
the temperature is relatively low, not high.

One might well inquire why, this being the case, the deliberate
oxidation of sulfide ores in the range 600°-1200°C yields gaseous
S0, and condensed oxide products rather than condensed sulfites or
sulfates (see Sulfide Ore Roasting). There are several reasons. One
is that equilibrium can be swung over magnitudes by manipulating
the partial pressure of S0, (or SO; or S0, and 0,). Another is that SO,
and SO0, are acids, and their greatest chemical affinity in condensed
phases is with basic oxides: those of the alkali metals and alkaline
earth elements. The sulfide ores that are successfully roasted to
oxides are those whose oxides are relatively acidic -- of low affinity for
S0, and S0,. And finally, those roasting reactions are by no means
quantitative. Some sulfur is virtually always left in the products.



48 Handbook of Industrial Refractories Technology

Carbothermic Reduction of Oxides

This large family of smelting processes encompasses most of
the metals of Groups I'-V' of the Periodic System -- usually referred to
as the nonferrous metals --, and the ferrous metals based on iron.
These terms are somewhat vague if unexplained, however: (a) there
are many other nonferrous metals that either are not or cannot be
reduced by carbon; and (b) of the ferrous elements which are capable
of being directly produced carbothermically, only iron is so made. A
brieé overview of commercial extractive metallurgy may help orient the
reader. ‘

Figure 1l-2 is an abbreviated Periodic Table showing the
elements of interest both in this connection and for general reference,
giving the melting point of each in °C. Solid lines in the figure divide
these elements into rough categories with terse descriptive names.
Pertinent remarks concerning smelting of the elements in each
category are given in outline form below.

Ferrous Metals

Fe - Carbothermically reduced.

Ni - Carbothermically reduced but distilled as Ni(C0), (b.p.
43°C)

Cr, Mn, Co - Aluminothermically reduced (form carbides
with C).

Semimetals

Ga, Ge, As, In, Sb - Carbothermically reduced.

C - Discussed previously here as Coke; also made as
"carbon black", or soot.

Si - Aluminothermically reduced (forms a stable carbide
with C).

B - Magnesiothermically reduced (reacts with both C and Al).

Low-Meiting Metals
Zn, Cd, Hg, Sn, Pb, Bi - Carbothermically reduced.
Noble Metals
Cu, Ag f.in part) - Carbothermically reduced. Much Ag is
native.

Au and Others (Pt group) - Reduced with hydrocarbons or
thermally. Also occur as native metals.
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Nonmetals

P - Carbothermically reduced.

S - S0, reduced by H,S at low temperature.

Se - Se0, reducible by H,Se or other mild reducing
agents at low T.

Light Metals

Li, Be, Mg, Al - Electrolytically reduced; Al and Mg discussed
previously. Others of Periodic Groups | and Il
(not shown) - Electrolytically reduced.

Carbide Formers (generally form stable monocarbides)

Mo - Mo0O; reduced by H, at 500°-1000°C.
Ti,W - Aluminothermically reduced.
V, Zr, Nb, Hf, Ta, Th, U - Halides reduced by H,, Na, or K.

In this context, carbothermic reduction means high-temperature
conduct of the following general reaction:

MO,+XC—)M+XC0(9) .

Similarly, aluminothermic raduction is the high-temperature conduct
of:

MO, + 2x/3 Alig — M + x/3 AlL,O; .

And halide reduction, by sodium as example, can be illustrated by
the following equation although fluorides or various double salts are
used in some cases:

MC'X + Na(g) — M+ x NaCl

The reduction of halides is a relatively low-temperature opera-
tion, using metal containment and often in the form of sealed "bombs."
Aluminothermic reduction amply supplies its own heat, once started:
its equation above describes the well-known "thermite” reaction.
Skull or self-refractory containment is most often employed within an
outer steel shell. In both of these cases, if the product metal melting-
point is exceeded a pool of metal collects at the bottom of the working
volume; if not, either a powder or "sponge" is produced which must be
subsequently consolidated (see later under Refractory Metal
Manufacture). By disposing of these two extractive processes
summarily here, we return to carbothermic reduction.
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Nonferrous Metallurgy

With few exceptions, the ores and roasted ores in the
Semimetals and Low-Melting Metals categories contain at least
several of these elements, among which non-native or combined Ag
may be found as well. Figure lI-2 reveals that all of these metals are
relatively low-melting (<1000°C), at least half of them so low that
vapor-pressures at the smeiting temperature are appreciable.
Accordingly, (a) smelting equipment must be contrived to condense
and recover volatile products, and (b) subsequent separation of
individual metals can be effected by liquid- and gas-phase processes
such as fractional crystallization, extraction, and distillation.

Copper lies on the edge of this nonferrous group. In Figure 1I-2
we have classified it with the Noble Metals, of which it is the least
noble. It meits only some 100°C higher than the highest of the other
nonferrous metals. Post-smelting separation of other elements from
Cu includes the methods given just above, but also includes an
aqueous electrolytic process yielding high-purity Cu (used mainly as
an electrical conductor where the highest conductivity is needed).
Copper smelting is a somewhat complicated sequence of operations,
which will be treated separately in Chapter Iil.

Silicates accompany virtually all of the minerals of this group,
making it possible to conduct the carbothermic smelting reaction,

MO + C — M + CO,, such that the reagent "MO" is a component of a
liquid phase. This is desirable: the other reagent, carbon (typically
coke or even coal) is always solid, and solid-solid reactions are too
slow. In some cases, fluxing or slagging chemicals are added to
bring this liquefaction about. Smelting temperatures range from a low
of about 1000°C for lead and others to a high of about 1600°C for
copper, dictated far more by reaction rate considerations than by
thermodynamics.

At least some of the metal product occurs in a heterogeneous
mixture with the slag or gangue, comprised mostly of unreduced
silicates and some excess unreacted carbon. Product recovery may
entail reheating after crushing, as in the case of copper, or distillation
as in zinc, lead, and other iow-meiting metal processing.

Containing refractories must resist the reducing action of
carbon and CO gas, excessive penetration by the metals produced,
alteration by S0, and by low-melting complex silicates (often
including some alkalies), and in continuous processes the grinding
and abrasion of a moving charge. Thermal stresses accompany all
startups and shutdowns. Some of the operations are direct-fired or
direct-heated by contact with combustion gases; others, indirect-
heated, can intensify refractory corrosion and alteration since the bulk
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of the refractory is then hotter than the working face and penetrating
liquids cannot freeze. In the blast furnace form of smelting, a large
excess of carbon is fed and is burned in injected hot air to generate
the needed process heat. In the reverberatory form, hot combustion
gases pass over a shallow bed of the charge and under a low
overlying roof, which radiates much of its heat back into the bed.

iron and Steel

Iron ores are smelted in huge, continuous-fed vertical blast
furnaces. The coarsely-crushed charge, mainly a mixture of ore,
limestone, and a large excess of coke, enters at the top and moves
down by gravity as it is consumed and/or discharged at the bottom.
Abrasion is ever-present. The smelting reaction depends on the
particular iron oxide(s) in the ore, but is most often or predominantly:

Fego:; +3C -2 Fe(“q) +3 CO(Q) .

This reaction and the decomposition of limestone,

CaC0, + C —» Ca0 + 2 CO,, ,

absorb heat. The necessary heat is supplied by the combustion of
coke,

2C+02 ‘—)200(9),

using a blast of preheated air or 0,-enriched air injected near the
bottom. The up-flowing gases are finally cooled by the incoming cold
feed; exit-gas temperatures are in the region of 300°-500°C. The
entrant air is preheated to some 800°-1100°C, and the maximum
working temperature in between runs from about 1700° to 2000°C,
depending on the operation. This is far hotter than necessary to melt
iron (see Fig. lI-2); superheating is dedicated to increasing the
throughput rate. The Ca0 from the decomposed limestone reacts with
silica and silicates in the ore, and all these melt together and partially
dissolve the iron oxide. The liquid cascades down over the coke,
facilitating the smelting reaction and dissolving more iron oxide on the
way. On reaching the bottom this liquid, largely depleted of its iron
oxide. forms a pnool of molten siliceous slaq lvina atonp and protectina
the collected pool of liquid iron on the bottom or hearth of the furnace.
Both liquid layers are periodically tapped, one going to further
processing and the other to waste impoundment.

Outside the furnace stands a set of (usually, three) "stoves"”
containing checkerworks of heat-exchanger brick, in principle not
unlike those used with glass melting furnaces. In rotation these are
(a) heated by combustion of the blast furnace exit gas, which is
largely CO; and then (b) used to heat a stream of air or enriched air
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which is then fed into the blast furnace as described above, some-
times under elevated pressure.

It is typical of recuperative shaft furnaces, i.e., those which cool
the outgoing gas with incoming feed, that a circulating load of
volatile/condensible byproducts is carried within. The ironmaking
blast furnace is one such. lts interior circulating load is comprised
principally of alkalies (Na,0, K,0), some alkali halides (NaCl, KCl),
and zinc, which are boiled out of the charge at the lower levels and
rise in the gas phase, to be condensed at the cooler upper levels and
then carried down again in the charge, ad infinitum. These corrosive
agents of course also condense on the furnace walls, where they can
?e parct;icularly aggressive at temperatures between about 500° and

400°C.

In regenerative furnaces (i.e., those whose off-gas is burned to
supply their own process heat), the off-gas is hardly a clean fuel. The
blast furnace off-gas contains, in addition to some alkalies, other
impurities of sulfur and phosphorus, some chlorides, and
miscellaneous other volatiles. These occur partly as gases and partly
as a fog of liquid droplets, together with a stream of entrained dust on
which they condense also in part. Dust separation is practiced, but is
incomplete inasmuch as immense volumes of gas must be processed
in restricted space and time and with as little pressure drop as
possible. Consequently the stoves and their associated equipment
receive a cumulatively heavy load of most of these impurities in
addition to the combustible CO and residual N, gases.

The source of the sulfur and phosphorus mentioned above
consists primarily of compounds of those elements present in the iron
ore. Their carbothermic reduction to elemental S and P should be
minimized, since those free elements are soluble in liquid Fe. As their
oxides are acids, those oxides can be somewhat diminished in
chemical reactivity toward carbon by reacting them with a base,
namely Ca0. This is one of two reasons for maintaining a high
Ca0:Si0, mol ratio in the feed. The other relates to the silicate
component itself. As the Ca0:Si0, mol ratio is increased from near
zero to about 2:1, on the whole the melting temperature increases a
little; but the viscosity of the liquid decreases quite rapidly toward the
latter limit. This is because the average length of silicate polymer
chains decreases as the relative amount of Ca0 (which terminates
those chains) is increased. The melting and solvent action and the
transport properties of the molten silicate are all improved by reducing
its viscosity; hence the smelting rate can be increased by supplying
ample Ca0.

Basic slagging is thus generally identified with a high Ca0:Si0,
ratio, as here. The optimum ratio is influenced by other elements
present as well, and may be either greater than or a little less than
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2:1. To depress the slag melting temperature, an addition of fluorspar,
CaF,, can be made along with limestone in the feed -- a practice
much more used in steeimaking than in smelting iron.

The solubility of carbon in superheated molten Fe is very large.
By the time this iron is poured and solidified as pig-iron, it still
contains up to 10% or more of carbon by weight. It also still contains
appreciable quantities of Si, S, and P; and depending on the original
ore, it may contain other reduced ferrous metals of which Mn has
been the most common and troublesome. The removal of these
impurities lies at the heart of the making of steel. Regardless of the
equipment and processes used, the principles are the same.
Suppose the pig-iron has been remelted in a suitable furnace, or was
delivered straight from the blast furnace as liquid without cooling.

The excess carbon is burned out, most often by injecting 0, gas
into the melt. This reaction produces enough heat to sustain the melt
temperature, typically 1600°-1800°C:

2 C(in Fe) + 0,5 — 2 CO,, .

Silicon, sulfur and phosphorus are simultaneously oxidized by
comparable reactions, yielding Si0,, S0, and P,0, in smaller quanti-
ties; and some Fe is oxidized as well, principally to Fe0 but also in
part to Fe,0; The oxidized impurities are chemically scavenged by
the use of a basic slag, floating as a liquid or slush on top of the melt.
The slagging chemicals added to the furnace are typically sand or
other siliceous minerals, limestone and fluorspar, in ratios calculated
to yield the desired basic Ca0:Si0, ratio and the desired fiuidity.
Hence the oxidative removal of Si, S, and P from the metal charge is
encouraged chemically.

But the chemical effect of basic slags on the removal of
contaminating ferrous metals from the melt is relatively inhibiting. If
their oxidation process is characterized by, for example,

2 Mn (in Fe) + 0, > Mn0 ,

this oxide is more effectively scavenged by an acid slag, that is, one
which is high in Si0, and relatively low in basic components such as
Ca0. The Ca0:Si0, mol ratio would be typically closer to 1:1.
Fluorspar need not be employed, as the melting temperatures of acid
slags are lower than of basic slags. Manganese oxide reacts with an
acid slag to yield dissolved manganous silicates. Thus "acid"
steelmaking processes combine oxygen injection with acid slagging
practice, and are dedicated as such to the removal of ferrous metal
impurities from iron (see Figure 11-2). Other elements in the same row
of the Periodic Table, e.g., V and Ni, are also scavenged but not very
effectively. Some Fe is also removed as Fe0, but not much.
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In fact, none of the above impurity removal processes is
quantitative. Recent efforts to increase the effectiveness of steel
purification have focussed on increasing the time of slag treatment
and on starting it earlier, i.e., by conducting these processes in
transfer ladles as well as in melting furnaces. If it is necessary to use
both acid and basic processes, this must of course be done
sequentially; and if both are conducted in the same vessel, the
containing refractories are exposed to both kinds of slag in turn.
When it is time to add other elements in the making of alloy steels,
e.g., chromium, nickel, molybdenum, tantalum, titanium, vanadium, or
etc., their mixing is hastened to limit their OXIdatIOI‘I In "aluminum-
killed” steel, Al is added to remove CO and contained oxides rapldly,
and the resultant Al,03 goes to the slag.

This brief treatment covers the essential chemistry of iron and
steelmaking, but not the variety of ways and of vessels in which these
processes are carried out. The subject will be revisited later in those
contexts. At this point it is evident that steelmaking refractories must
withstand, up to exceptionally high temperatures: (a) vigorously
stirred or poured "hot metal,” its penetration, reducing action and
erosion; (b) equally reduclng CO0 gas (periodically interrupted by
exposure to air during charging and discharge); (c) acidic and/or
basic liquid slag attack, including its splashing, penetration, erosion
and abrasion; (d) the thermal and mechanical shock of large-scale
transfers of material;, and (¢) modes of heating and cooling and
techniques of valving and of moving massive amounts of liquid about
that have not yet even been touched on. If blast furnace refractory life
can be measured in (say, 8 to 10) years, some batch-operated
steelmaking refractories may last only a month, more or less -- and
even then with repeated patching and repair in the meanwhile. More
research is devoted to steeimaking refractories than to any other
category. They survive far longer than they used to, by factors of 5 to
10 and more. But the challenge of steeimaking remains the severest
combination of thermal, chemical and mechanical experiences to
which refractories are routinely exposed.

Ingots and Billets

Metalmaking generally ends in the casting of ingots or billets,
ready for processing into end-useable forms. This is true not only of
the ferrous and nonferrous metais but also of aluminum and
magnesium, discussed previously, and of still other metals we have
chosen to omit. Ingot molds for the ferrous and comparably-melting
metals are typically sand-lined, while refractory-lined lids (called hot
tops in iron and steel) are used to prevent too-rapid freezing. Low-
melting metals are usually cast in unlined steel molds. Again
particularly in iron and steel, the ingot molds are arrayed in what is
called the pouring pit: the area devoted to casting of pigs or ingots.
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Continuous casting of billets is an alternative now widely
practiced. A vessel of sufficient surge capacity receives liquid metal
periodically while delivering it continuously from the bottom down
through a water-cooled sleeve such that the liquid metal freezes into
a rod. The rod is continuously withdrawn from below so that the
freezing plane remains stationary. Exposure of the refractory lining of
the surge tank is quite comparable to that in remelt furnaces. Bottom
vaiving or gating presents stringent performance and reliability
demands, while the chemical exposure of refractory stoppers and
gates is more treacherous than that of the lower surge tank lining.
These devices will be given special attention later.

Foundry Operations

Foundries are not given explicit acknowledgement in Figure
II-1; but they are significant consumers of refractories. A foundry is an
installation devoted to the casting of metals in end-useful shapes.

The remeilt operation of a foundry is much like that of a metal
manufacturer, except smaller in scale and usually conducted
batchwise. But the casting molds add new variety to refractories
usage beyond that of primary metalmaking. Sand molds are much
employed; but so also are numerous other refractory materials and
binders and parting aids. The performance criteria differ considerably
from those of a wall lining, and so do the materials used.

Sintering of Oxidic Ceramics

This bar in Figure 1I-1 starts with brick, tile, and clay pottery,
some sintering well below 1000°C, and goes on through stoneware
and porcelain (still products of selected clays and minerals) to the
sintering of more and more highly-purified oxides of successively
higher melting points. The highest oxide processing temperatures
run up to 1800°-1900°C. The forms of material sintered range from
small aggregates of particles looking like sand or pebbles or rocks, up
to compacted and shaped bodies from spark-plug insulators to clay
pipe and ornamental urns and sculptures measured in feet.
Refractory aggregates fall in the smaller category, formed refractory
bricks and blocks in the larger. Their sintering temperatures range
from about 1200° to 1900°C, depending on composition and intended
temperature of use.

Sintering is the thermal bonding and consolidation of
particulate materials into a relatively strong, rigid and cohesive mass,
conducted without major melting so that the initial shape is
substantially retained. Solid-state sintering, depending wholly on
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solid-state diffusion, is reserved to the purest of substances, as for
example a 99.99%-pure Al,0;. Liquid-phase sintering is vastly more
common: a few percent (more or less) of the material melts, wetting,
dissolving in and bonding the remainder together while that
remainder persists as solid. This phenomenon may be unplanned, as
it is in sintering most single compounds of ordinary purity. Or it may
be quite deliberately undertaken as in the making of porcelain, bone
china, stoneware, and the lower-fired clay products -- all of which
depend on the viscous nature of molten silicates to retain their shape
through firing. In fact stoneware to a degree, and porcelain and
chinaware quite evidently, are vitrified. the molten silicate phase
subsequently undercools as a glass and remains a substantially non-
crystalline continuous phase in the final product, while the solid
particiles bonded by that phase can be readily detected by
appropriate optical techniques. In other material systems, including
some refractories, the molten phase may be far less viscous.
Slumping is avoided by careful sizing of the solid particles and dense,
high-pressure precompaction such that the liquid phase is restricted
to very thin films.

in reaction sintering, advantage is taken of the atomic mobility
that accompanies a chemical reaction between substances initially
present, forming one or more new substances, to create new
chemical bonds in the process -- ordinarily without actual melting but
initiated by heating. A number of refractory formulations are thus
chemically bonded, as will be detailed later on. Hot pressing and hot
isostatic pressing are techniques for conducting sintering under
pressure so that, as the heated mass becomes plastic, it is still more
tightly consolidated. These operations call for special equipment, to
be touched on later.

Finally to avoid misunderstanding, cement bonding should be
mentioned here. This term is reserved in ceramics for low-
temperature bonding mechanisms of which hydraulic cementing (the
formation of -OH by hydration and the subsequent forming of M-0-M'
bonds by splitting-out of water) is typical. Cement bonding may or
may not have utility at high temperatures: Portland cement concrete,
for example, is not a very refractory material. But a number of ceramic
cements that set up at low temperatures, and are initially cured at low
temperatures, go on through hot processing via either minor
modification or other subsequent chemical reactions to create durable
bonded structures. Cement-bonded refractories employ such added
chemicals. Their final chemical bonding is often carried out in actual
service, rather than via thermal maturing in manufacture.

Sintering is generally conducted in fuel-fired equipment, and
direct-heated. If it is necessary to protect the charge (called ware in
the case of formed ceramic artifacts) from the dust and soot and
impurities in combustion gases, either an indirect-fired kiln is
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contrived or the equivalent interior hardware is erected surrounding
the ware. Such protective enclosures are called muffles. An
enclosure surrounding only one or a few articles for firing is called a
sagger,; these may be stacked quite high, each one also providing
mechanical support for its contents and thus preventing sagging
under their accumulated weight. Refractories used for muffles and
saggers need to be relatively conductive of heat, while those lining
the kiln need to be relatively insulating. In any case, they are all
exposed to combustion products.

Sintering of materials containing iron compounds (i.e., most
unpurified minerals and especially common clays) proceeds at a
lower temperature under reducing conditions than it does under
oxidizing conditions, since ferrous (Fe+2) compositions generally melt
lower than ferric (Fe+3). Thus, for fuel economy and/or for most
effective consolidation and bonding, the programmed heating often
includes a period of reduction firing, i.e., in a fuel-rich atmosphere.
During that period soot is produced in the combustion flame, and of
course all refractories in the equipment are then exposed to reducing
conditions. A period of oxidation firing may follow before slow
cooling is undertaken, whereby all refractories in the equipment
experience chemical cycling of the atmosphere.

Volatile compounds and decomposition products are driven
out of any impure mineral-based charge in the course of sintering.
These volatiles may also come from added organic or inorganic
lubricants, binders, cements or chemical bonding agents. As a
general rule the most aggressive on the enclosing refractories are
inorganic chlorides and HCI, alkalies, and to a lesser degree S0,; but
some heavy-metal compounds may be boiled out as well. Reaction
and condensation of these volatiles on refractories are cumulative
and can result in glazing, penetration and alteration -- ultimately, in
swelling, warping or spalling or in failure of refractory joints.
Temperature cycling of batch-operated kilns, and of interior hardware
in any case, intensifies these consequences.

Ceramic Glazing

Glazing of bricks, tiles, and ceramic artifacts (even
occasionally, of refractory bricks) can be regarded as a sort of
variation on sintering. If the firing of enamelled metals is included, the
process temperatures reach down into the low hundreds of °C; in
other special cases, up to the vicinity of 1800°C. As regards the
exposure of containing refractories, the principal added factor fies in
the extended range of low-melting and volatile compounds that are
used in glaze formulations. This wider range includes alkalies at
concentrations even higher than those in commercial glasses; but
also oxides of boron, selenium, antimony, lead, vanadium and
molybdenum, as well as successively higher-melting oxides of cobalt,
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tin, copper, iron, cadmium, manganese, titanium, zinc and chromium.
Gas-phase transport of the more volatile of these adds to refractory
attack.

We have included only one short bar in Figure II-1 that is at ail
illustrative of glazing. Extending from 1200°C to 1250°C, it is labelled,
"Salt Glazing." The operation it represents is the infrequently-
practiced one of opening a small kiln in that temperature range and
throwing in a scoopful of salt, NaCl. The entire kiln interior is bathed
in a cloud of NaCl vapor (b.p. 1413°C), which condenses to liquid by
dissolving in and reacting with virtuaily everything oxidic -- especially,
silicates. After a dozen or so repetitions of this brief operation, the kiin
lining is found to be literally dripping with low-melting liquid corrosion
products, though never heated above ~1250°C. This dramatic
episode is described here to emphasize how voracious is refractory
attack by alkalies and by chlorides even when these are present in
only impurity amounts in other circumstances. Degradation may take
longer in those other circumstances; but it nonetheless proceeds,
even at temperatures reaching down well below 1000°C. Whenever
it is feasible to avoid alkalies and chlorides in hot processing, it is
worthwhile to do so for the sake of the containing refractories. ,

Portland Cement Manufacture

World tonnage producton of Portland cement exceeds that of
iron and steel. A feed comprised principally of ground limestone and
clay is heated in a direct-fired rotary kiln to well above a minimum
temperature of 1500°C, causing the limestone to decompose and the
resultant Ca0 to react with the alumina-silica clay. The product is a
calcium aluminosilicate, of Ca0:Si0, mol ratio about 3:1, containing
impurity oxides principally of iron, titanium, magnesium, and some
alkalies. The Al,0,:Si0, ratio has a considerable latitude, easily met
by clays found in many localities.

In the hot zone the product sinters lightly, agglomerating into
rough nodules of cement "clinker" which are subsequently pulverized.
The sticky material builds up on the hot-zone refractory. The threat of
alkaline attack limits refractory selection, but alteration is usually not
deep. On the other hand, the large tubular steel shell (up to some 800
feet long) is subject to flexure, calling for high hot strength in the
refractory and raising the risk of wedging by intrusion and packing of
the cement into open joints. In the cooler zones of the kiln, flexure
remains a challenge while corrosion is lessened; but over most of the
length, abrasion is severe. Thermal stresses accompany shutdown
and startup, as the working temperatures are high (to ~1700°C) and
the dimensions are large (to easily 15-25ft. O.D.). Fortunately, the
atmosphere is uniformly slightly oxidizing.
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Phosphate Decomposition

Inorganic phosphates as additives are often favored in
refractory formulations. They undergo durable chemical bonding
reactions with the host oxides at temperatures as low as 1000°C. The
polyvalent nature of the P atom leads to cross-link bonding in the
host:

M

s

N
)

—M—0  O0—M—

~

The oxides of P are relatively nonvolatile. The corresponding
bar in Figure li-1 shows about where phosphate bonding is
decomposed, progressively, and phosphorus oxides are vaporized:
up to as high as about 1800°C. Atomic mobility in the host is so high
at these temperatures that the decomposition of minor phosphates is
not very disruptive. The bridging bonds shown above are readily
replaced by M-0-M bonds and host crystal forces. Carbothermic
reduction to elemental P goes at several hundred degrees lower
temperature, but also without major disruptive effect of its own. The
-0-P-0- bonded structure persists in a mildly reducing atmosphere
almost as well as in air. Phosphate bonding is thus versatile. Its atom
linkage is stable in -Si-0-Si- networks as well as in crystalline oxides,
and stable over quite some range of temperatures and of
atmospheres.

This view, just as the one taken previously for decomposition of
sulfates, is limited to phosphate as a minor component. The
decomposition of a bulk phosphate compound (e.g., of apatite or
phosphate rock) is not conducted in this way at all, save for
carbothermic reduction to elemental P. In that case the original solid
structure is massively disrupted, but its preservation is of no purpose.

Carbon Baking

The raw material for making carbon stock (logs, bars, plates,
rods), and less-frequently for making molded carbon shapes, is
typically a selected grade of calcined coke, pulverized to a desired
fineness or sizing. A liquid binder is admixed, generally a hot
industrial pitch; then the hot mass is either pressure-molded or
extruded and let cool, whereupon it becomes rigid. This is then to be
baked: a rough equivalent of sintering.
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The superficial chemistry of carbon baking is the same as that
of Coke Manufacture, except (a) the material coked is now a small
fraction of the total material present, and (b) a latitude of baking
temperatures is available to develop within each carbon particle a
structure ranging at will from somewhat disarrayed toward the regular
lattice structure of graphite. The pitch binder becomes carbonized,
bonding adjacent particles together by new -C-C- bonds; and its
carbonizing shrinkage creates some porosity, or void spaces between
particles. Somewhere above 1800°C baking temperature, the
assemblage begins to exhibit properties comparable to those of
graphite; so this arbitrary upper limit is taken in Figure II-1. If the
baked carbon stock is to be graphitized subsequently, it may be
baked as low as 1000°C; otherwise, to about 1300°C and up.

Carbon baking furnaces are very large rectangular double-
walled (indirect-fired) brick structures, usually erected below ground
level. The charge is laid in, separated and surrounded by powdered
coke, and a refractory roof is laid on top. Burners in the outer walls
supply the heating, which is continued for days since heat transport to
the center of the charge is slow. Cooling is protracted for the same
reason. Air is excluded from the charge by the brickwork, while the
excess carbon within consumes any interior 0,, providing a CO
atmosphere for baking. Some of these furnaces are built in a ring of
segments, operated sequentially around the circle.

Refractory exposure to this process is like that in coking,
though byproduct gas levels are lower (except CO) and temperatures
run much higher. Refractories exposed to 1600°-1800°C experience
warpage and slumping, owing mainly to the reducing action of CO
gas. Furnace walls and floors are rebuiilt piecemeal.

Sintering of Carbides and Nitrides

Refractory carbide and nitride artifacts are sometimes sintered
in the course of their synthesis, previously discussed, sometimes
afterwards. As their melting points range from about 2000°C to well
over 3000°C and they oxidize readily, sintering presents a severe
challenge. In some cases this is met by electric heating in vacuum or
inert atmosphere; in other cases by metal bonding of the refractory
powder, i.e., by sintering of a lower-melting metal. In any event these
special processes usually employ water-cooled metal containment
and are not candidates for industrial refractories use other than of
some graphite. Again, SiC is held out for individual treatment
presently below.

Fusion of Oxidic Materials

As indicated in Figure 1I-1, there are two discrete types of oxidic
fusion processes. That of the lower-temperature domain is devoted to



62 Handbook of Industrial Refractories Technology

the melting of selected silicate minerals to make glasses. The molten
material can be fiberized by spinning or by steam-blowing, in the
same general manner as pertains to ordinary commercial glass. The
fibrous material, though vitreous, is considerably more refractory than
commercial glass fibers; its uses are primarily in low-mass, highly-
insulating refractory forms.

Refractories of containment for this type of process are
exposed to environments comparable to those of Glass Manufacture,
but (a) alkalies are less prevalent in either the melt or the atmosphere,
while (b) the processing temperatures exceed those of commercial
glassmaking. The scale of operation is much smaller than that of
glass. It can be effectively carried out batchwise, in simpler
equipment.

The second type of fusion process is conducted either on
mineral charges formulated to yield refractory silicate compositions, or
on single or mixed synthetic refractory oxides. This is the process of
arc-melting. &t is invariably conducted batchwise on a small (e.g., ten-
ton) scale. A two-phase current source is commonly used, the
electrodes in "vee" configuration buried in the coarse-powder or
granular charge. The moiten product of progressively growing volume
occupies the central region of the containing vessel, surrounded in all
directions by a skull of unmelted charge. The outer containment is of
refractory-lined steel. Water-cooled steel can serve for the roof, or a
simple refractory-lined dome can be used. Provision is made for
pouring the product into molds in the making of fused-cast
refractories; or the fused mass can be allowed to solidify in place for
later crushing. More modern methods are described in Chapter ll.

The skull collects most of the vaporized byproducts. Refractory
liners for pouring are subject to severe wear, of course; but otherwise
thermal shock at startup is the most dramatic exposure. Operating
temperatures can run as high as over 3000°C, though in that case
typically on a still smaller scale. Quantity production of fused
refractories is principally limited to Zr0, (m.p. 2700°C), Mg0 (m.p.
2850°C), Al,0; (m.p. 2054°C), and lower-melting silicates.

Graphite and SIC Manufacture

Imagine a long, slender column of carbon logs, laid out
horizontally and packed in a generous envelope of granular coke -- in
turn covered all over and under with sand (silica) as a refractory
thermal insulator. Butt a massive water-cooled graphite electrode
against the column at each end. Now daliver a heavy, voliage-
regulated electric current to the electrodes and through the column,
which is then self-resistance-heated. This is the essence of Acheson's
graphite and silicon carbide furnace of 1896. Only its peripheral
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technology and detailed design have changed. The whole column is
now usually contained in a long rectangular refractory box.

The current is at first concentrated in the relatively dense
carbon core, which accordingly heats up most rapidly. At
temperatures of 2000°-3000°C, the core graphitizes (i.e., crystaliizes)
and becomes more conducting. So does the carbon packed between
logs, which is series-connected with them. Heat flows out radially
from the axis by radiation and conduction, so that presently some of
the surrounding coke is graphitized as well and the current path
broadens. Some of the sand bed meits and reacts with the outer
layers of carbon, producing a mixture of silicon oxycarbides and
finally some SiC, which begins to conduct as these crystals grow. As
a roughly cylindrical shell of SiC crystals is grown, the current path
expands still farther and heat is generated over a still broader column.
CO0 gas is a byproduct, escaping radially. At these extreme
temperatures, Si0 gas is also copiously generated. Some of this
fiters outward, cools, and eventually re-oxidizes; but some of it
diffuseé,énward and reacts with graphite in the interior, producing
more SiC.

The inferno is finally allowed to cool. The column is broken
down and mechanically separated into its various component
products: SiC of several sizings and purities, graphite powder or
grain, and graphite logs; and outer layers composed of silicon
oxycarbides, fused silica and unaltered sand, all heavily
contaminated with impurities volatilized from the carbon fractions that
were charged.

By varying the manner and geometry of laying up the column in
the first place, one can direct the process predominantly toward
graphite production or predominantly toward SiC. When graphite
stock is the objective, a massive array of baked carbon logs is laid up,
each one transverse to the furnace axis and well-separated by
granular coke. This array is the principal conductor throughout the
heating period. If SiC is the objsctive, only enough baked carbon or
coarse coke is laid in to start the furnace, and SiC crystals ultimately
become the principal conductor. The particulate graphite made in the
process is rarely formed into logs, but finds other uses after being
ground to powder.

Silicon carbide crystals so made are sized, mixed with binder,
and pressed into blocks or other forms much as in the making of
baked carbon. One family of SiC refractory products uses clay as
binder, subsequently sintered for the final bond. Another family uses
pitch as binder and is baked much like carbon products to carbonize
the pitch. Still another family is made by admixing and compacting
SiC and Si powders and carbiding or nitriding the Si as descrited
previously. Other powdered bonding metals are used as well, e g.,
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cobalt; in this case the bonding metal is sintered. The strongest forms
of SiC are SizN,-bonded or bonded by SiAION, made by nitriding
added Si and Al.

Small graphite logs can also be made individually by self-
resistance heating of baked carbon in a much cleaner type of furnace.
Here radiation shielding replaces the packings described above and
the log touches nothing but graphite connectors at its ends. On a still
smaller scale, a graphite tube serves as the resistor and articles to be
graphitized are placed within the tube. Or, the graphite tube can serve
as a susceptor for induction heating. All these systems are swept by
inert gas, and all employ combinations of graphite and water-cooled
metal construction.

Refractory Metal Manufacture

The refractory metals lie within the "Carbide Formers” category
of Figure li-2. If we demand a melting point of 2000°C or higher to
qualify, then the group is limited to Hf, Nb, Ta, Mo and W. Their
smelting was disposed of previously as exceptions under
Carbothermic Reduction. Here we assume that unconsolidated
metals have been so obtained, and the problem of refractory metal
manufacture then lies in how to make these metal powders into
something massive and useful.

These metals are all highly electropositive, i.e., readily
oxidized. Air and moisture must be scrupulously excluded in their
processing. Their consolidation into massive metal is typically
conducted in an atmosphere of dried H, or argon, though vacuum is
suitable as well.

One method used consists of powder-metallurgical compaction
and sintering. Typical temperatures are about the same as for
Sintering of Carbides and Nitrides, ranging between about 1500° and
2300°C, achieved electrically. The other method consists of arc
melting, using a consumable self-electrode fashioned powder-
metallurgically as above. The second electrode is momentarily the
bottom of a water-cooled copper crucible, but quickly becomes the
refractory metal itself as the tip of the upper electrode melts, falls
through the arc, and forms a pool which rapidly freezes adjacent to
the copper. The crucible is initially charged with loose powder, which
is also melted by the arc. These are small-scale batch operations,
measured in pounds. They are not candidates for use of industrial
refractories, except peripherally.
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Further Information

For most of the hot processes discussed here the Kirk-Othmer
Encyclopedia of Chemical Technology® will provide an additional
level of detail, though generally not in a context of refractories usage.
A practicing comprehension of each process, calling for extensive
reading of its own specialized literature, is quite outside the scope of
this volume. The intent of this chapter has been to address high-
temperature processing only sufficiently to develop an appreciation of
working environments for the refractories technologist. By including
some hot processes which do not employ appreciable amounts of
refractories, we have imparted some perspective to the subject as
well. Chapter Il will complete this general preparation for the detailed
discussions to follow.



Chapter Il

Foundations of Refractory Application

A SECOND REFERENCE CHAPTER

We now conclude the survey of industrial hot processing by
describing the major types of equipment employed; and by
delineating, within each device, the several areas or zones whose
refractories are exposed to different environments in the same
process. This will lay a groundwork of different performance
demands in numerous specific and commercially important
circumstances. How refractory systems are contrived to meet those
demands will occupy the remainder of this book.

CONTEMPORARY HOT PROCESSING EQUIPMENT

Nomenclature and Classification

Devices used for heating and hot processing are variously
called furnaces, kilns, and ovens. The distinctions among these are
not always entirely consistent, however. A furnace usually achieves a
molten charge or product, while a kiln is used for calcining or
sintering. But most other hot solid-state processes are carried out in
“furnaces” by common word usage: e.g., metal pre-heat, heat-treating
and annealing operations. Likewise for most roasting and smelting
processes, whether melting occurs or not.

Carbon products are properly baked in a kiln, but “baking
furnace” or even “baking oven” is the accepted usage. An ovenis a
lower-temperature device, used, e.g., for drying or for glass
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annealing; yet the “coke oven” runs up to ~1100°C and the carbon
“baking oven” much hotter than this.

Numerous devices are called by none of the above, e.g., steam
boilers, incinerators, stills, retorts, reactors, cracking towers. A glass
melting tank is a horizontal furnace, but “tank” is in common use.
Furnaces dedicated to other specific processing tasks like converting
iron to steel or copper matte to blister copper are called converters. A
crucible is a cup-shaped container placed or built within a furnace, its
charge ultimately molten; a cupola, on the other hand, is a vertical
shaft or cylindrical furnace, though its name is derived from “cup” and
is the preferred, albeit arcane term.

Managing the charge within a hot vessel, or moving it when the
operation is completed, calls for devices and techniques adapted to
special needs. For the heating or sintering of ceramic ware, a wide
variety of refractory articles used as shelves, supports, trays, setters,
spacers, baffles, and enclosing muffles or saggers go by the collective
name of kiln furniture. Hot solid products are transported by devices
bearing self-explanatory names like “chute,” “conveyor,” “slide,”
“scoop,” “car,” etc.

Hot liquids are sometimes transferred direct from furnace to
destination by gravity flow through troughs and runners. Vessels that
are used to transport molten charges by carrying are called /adles. If
the destination is a pouring pit where ingot molds are filled in rapid
succession, the term teeming ladle is used. Ladles are mostly cup-
shaped, lifted either by their external pivots or trunnions (especially if
tilt-poured), or else by an upper flange (especially if bottom-poured).
An exception to the common ladle shape is the low-formed torpedo
ladle, used to carry the discharge of a blast furnace to a nearby
steelmaking area. A torpedo car is such a ladle having its own
wheeled undercarriage, riding on rails.

A cup-shaped transfer vessel which is not itself moved may not
be called a ladlie at all. An example, the bottom-poured tundish, is the
surge vessel which feeds a continuous casting device. Bottom-
poured vessels make use of a lower orifice together with a moveable
stopper or slide gate valve.

Classification by Mode of Heating. Heating devices are
discriminated by the nature of the heat source and heat-transfer
method used, each one of which contributes uniquely to the chemical
and thermal environment of refractories:
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Fuel-Fired, or Combustion-Heated

Coal

Coke Direct-Fired vs

Qil Indirect-Heated (muffie type)
Natural Gas Countercurrent vs

Syn.-Gas (various) Cocurrent (if the charge moves)
Hydrogen Down-Draft vs

Off-Gas (e.g., C0) Up-Draft (if applicable to a
internal Fuel (e.g., stationary charge)

admixed coke)
Hot-Air-Heated (using separately indirect-heated air)

Electric-Heated

Resistance

Self-Resistance

Arc (single-phase or three-phase)
Induction

Microwave

Plasma (arc or inductively-coupled)

Classification by Operating Mode. Irrespective of the
mode of heating, hot processing vessels are classified as continuous,
or as batch operated or periodic. In continuous operation the feed
and/or discharge may be either literally continuous or conducted in
discrete increments; but the charge flows or is conveyed through the
vessel, which itself operates essentially at steady state. In batch or
periodic operation the vessel is fully charged, then heated to conduct
its process, then cooled and/or discharged in entirety. The complete
batch operating cycle in metal-meiting processes is called a heat.
Holding any charge for some time at a fixed high temperature is
called soaking. Whether batch or continuous, the calcining or
sintering of solids is often called firing or burning.

A hybrid operating mode, combining features of both
continuous and batch modes, employs equipment made up of
identical compartments. These are usually laid out in a ring.
Combustion gases pass successively through all but one of these
compartments, that one being idled for cool-down, unloading and
reloading. Then the points of entry and exit of the heating gases are
moved, to include that one compartment but to take the next one out
of service. And so on, in rotation, around the ring. Each compartment
is thus batch-operated in turn, while the equipment as a whole gains
the benefit in fuel economy of continuous countercurrent operation.
This hybrid mode is used in kilns and ovens, but infrequently since
the architecture is necessarily complicated. An important special
case is the two-unit or three-unit air pre-heater, mentioned in Chapter
Il in connection with glass manufacture and blast-furnace smelting.
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Table III.1 Classifications of Hot Processing Equipment

CONT INUOUS
VERTICAL (Circular in plan view)

BLAST FURNACE (Modified shaft: conic sections)
CUPOLA (Cylindrical fForm of blast fFurnace)
SHAFT KILN OR CALCINER (Cylindrical)

HEAT EXCHANGER (Checker- or pebble-packed tower)
REACTOR {(various chemical process vessels)
STILL OR RETOAT (Packed or unpacked, baffled, etc.)
SPRAY-ORIEA OR -CALCINEA (Cylindricel plus conic section)
MULTIPLE HEARTH (Several stages vertically stacked)

ELECTROLYTIC SMELTER (Generally rectangular in plan view)
ROTARY (Elongate reveolving tube, inclined to the horizontal)

ROTAARY KILN OR CALCINER OR ORIER

HORIZONTAL (Approx. rectangular in section)
GLASS MELTING TANK (Elongate)
REVERBERATORY FURNACE (Elongate; low roof or crown)
TUNNEL KILN (Highly elongate)
HEAT-TREATMENT FURNACE (Elongate)
DAYING OVEN (Elongate)
STEAM BOILER (Short: near square in plan view)

BATCH OR PERIODIC

CIACULAR, UPRIGHT (Stationary or tiltable)

BASIC OXYGEN FURNACE: BOF or BOP (Steelmaking process)
QUELLE-BASIC OXYGEN FURNACE: Q-BOP (Steelmaking process)
ARGON-OXYGEN DECARBUAIZATION FURANACE: AOD (Alloy steels)
ELECTRIC ARC FURNACE: EAF (Alloy steelmaking)
CORELESS INDUCTION FURNACE: CIF (Steels and nonferrous)
BEEHIVE OR OTHEA (Kilns, including updraft and downdraft)

HORIZONTAL CYLINDER (Non-revolving)

COPPER CONVERTER (Smelter)
TUBE FURNACE {All kinds)

RECTANGULAR (Generally horizontal; various dimensions)
ACHESON FURNACE (Elongate; graphite or SiC manufacture)
ARC-MELTING FURNACE {Near square in plan view)

GLASS MELTING TANK
AREVERBERATORAY FURANACE

COXKE OVEN OR COKING FURNACE (Narrow in plan view)

CARBON BAKING FURNACE

METAL REMELT FURNACE (Nonferrous metallurgy; all kinds)

HEAT-TREATMENT FURNACE

MISCELLANEOUS FURNACES (Solar, plasma, vacuum, glo-bar)

SHUTTLE KILN
BELL KILN
ELEVATOR KILN
DRYING OVEN

MISCELLANEQOUS SHAPES
POTTERS' KILNS; LABORATORY AND TEST OEVICES
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Under each operating mode, numerous types of heating
devices can be distinguished first by their characteristic geometry,
then by how they are heated and operated in detail -- not to mention
their working temperatures and processing purposes. In Table lil.1
about forty different types are listed according to operating mode and
geometry, for introduction to their nomenclature. Most of these will be
described next, approximately in the order in which they appear in the
table. Thanks are given to the suppliers of many illustrations to follow;
each one will be referenced in the appropriate figure captions.

CONTINUOUS TYPES -- VERTICAL

Blast Furnace: Smeiting of Iron

The Furnace. The chemistry of iron ore smelting is
described under Iron and Steel in Chapter Il. The blast furnace, a
continuous, countercurrent, modified vertical shaft configuration in
which that process is carried out, is depicted in Figure 111-1. The ring
of tuyeres near the bottom are the water-cooled nozzles through
which pre-heated air is introduced. Their manifold is the annular
“bustle pipe,” surrounding the furnace and supported by the “mantle,”
and fed in turn from the “stoves” or air-blast pre-heaters (not shown).
Below the tuyeres lies the hearth, whose floor and sidewalls form a
crucible to contain the collected molten iron and slag. These liquids
are tapped separately at two different levels.

In the bosh, which extends upward from tuyeres to waist, the
shaft diameter increases. The reverse-tapered tall section above the
waist is called the stack. This ends at the top in a short cylindrical
section, through which the solid feed falls from the charging hopper.
The hopper is fed and discharged in increments; it forms seals
alternately above and below to prevent escape of the CO-rich off-gas.
The short cylindrical section bears hard refractory “wear plates™ which
resist the abrasion of the falling charge of iron ore, limestone and
coke.

The column of charge occupies about two thirds of the height of
the vessel above the bottom. The remaining headspace provides for
disengagement of the solids from the up-flowing gas. The whole
vessel is encased in steel, the larger part of which is water-cooled.
Over the entire bosh and about half the stack, a forest of copper
cooling plates or iron “staves” of various designs project into the
refractory lining from the shell; these too are water-cooled. The height
of the structure, from base to hopper, ranges from the order of 60 to
nearly 200 feet; the hearth 1.D. ranges from about 20 to 50 ft. One of
the largest of these vessels at this writing, an installation at Redcar on
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Figure III-1 Iron-Smelting Blast Furnace
(reprinted from Ref. 10, by permission)
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the east coast of England, has an ironmaking capacity of 11,000 short
tons per day.

Stoves. The combustible off-gas leaves the blast furnace via
a port at the top, to the “offtake” and thence to the “downcomer” (not
shown in Figure Ill-1). These are large ducts leading to ground level
where much of the entrained dust is removed by lined cyclones. Then
the gas is led by valved manifolding to one of three identical stoves in
rotation, where it is mixed with air and burned.

A blast furnace stove is a tall chamber filled with an open
checkerwork of refractory heat-exchanger bricks and with associated
ducting, as depicted in Figure 11I-2. Until recently, blast furnace
checkers were literally that: staggered arrays of bricks with a
communicating labyrinth of open spaces between. The improved
design now popular consists of fluted and paraliel-bored hexagonal
blocks, stacked in registry so as to provide a dense triangular array of
parallel tubular passageways, each one the full height of the column.
Each open tube is about 1.5" in diameter.

Each stove is operated reciprocally, in pairs of half-cycles. In
the heating half-cycle, the blast furnace off-gas and air enter from the
lower right of Figure 1lI-2. Their combustion products rise in the duct
and pass down through the checker, then out at the lower left. At the
conclusion of this half-cycle, the top of the checker column is hottest:
typically about 1200°-1400°C. The bottom is at about 800°-1000°C.
Then the blast furnace off-gas is diverted to another stove, while the
one now heated will be presently turned to its air pre-heating half-
cycle.

In this second half-cycle, ambient air is pumped in at the lower
left of the diagram and rises through the checker, where it is heated
close to the uppermost brick temperature; then it flows down the duct
and out at the lower right. From there it is ducted to the bustle pipe
and thence to the tuyeres of the blast furnace. Three stoves thus
cycled in rotation ensure an uninterrupted flow of hot air to the
furnace. Elevated air pressure and oxygen enrichment are optional
variations. The entire system is of course refractory lined.

Refractory Zones in the Blast Furnace. The principal
refractory wall areas in this equipment and the typical range of
conditions faced by each one are given in the table below. A number
of local areas calling for special refractory fittings are omitted.
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Refractory Hot Face Aggressive  Erosion- Thermal
Zone T, °C Environment Abrasion  Stress

Hearth Area  1400-1700 Fe,C,CO, slag Minor Minor
Bosh Area 1600-1900 Fe,C,C0, slag Severe Mod.
Waist Area 1400-1700 Fe,C0,Zn,slag Moderate Mod.
Lower Stack 1000-1400 Alkalies,C0,Zn,S Moderate Mod.

Mid Stack 600-1000 Alkalies,C0,Zn,S Moderate Minor
Upper Stack 300-700 GO, S, dust Severe Minor
Port Area 300-500 CO, S, dust Severe Minor
Downcomer 300-500 GO, S, dust Moderate  Minor
Checkers:

Upper 1000-1400 CO,, SO, Minor Severe

Lower 200-1000 CO0, Minor Severe
Blast Ducts 800-1200 Air Minor Minor
Bustle Pipe 800-1100 Air Minor Minor

Accessories and Peripherals. The wear plates just under the
charging hopper receive brutal impact and abrasive forces, while the
temperature at that level is low and relatively unchanging and
corrosion is not a major factor.

Tuyere blocks surround and protect the tuyeres from undue
exposure. Their frontal environment is much like that of the lower
bosh: a combination of severe corrosive and abrasive forces, but at
lower temperatures than are experienced above them.

Taphole refractories and their plugs must resist fast-flowing
liquid metal and/or slag: intensely corrosive and erosive. They are
subjected to severe thermal shock at each opening and closure. The
demands for reliability are nonetheless critical.

Troughs and runners and their associated devices constitute a
system of refractory-lined ditches through which metal flows from the
blast furnace taphole to the point of loading of ladles. This system is
exposed to both iron and slag at 1500°-1700°C, and to severe
thermal shock at each onset of flow. A system of slag runners diverts
separately-tapped slag from the furnace to a collection/disposal
facility.

Torpedo ladles or teeming ladles transport hot metal
respectively to a steelmaking area or to a pouring pit for the casting of
pig-iron. Ladle linings experience both mechanical and thermal
shock in charging and discharging, as well as corrosion by iron and
slag at up to ~1700°C. In a shop where iron purification is begun in
the torpedo ladle, the temperature may be even higher while added
slagging chemicals and stirring increase the corrosiveness of the
charge. A single ladle may carry as much iron as a steelmaking
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furnace (up to some 250 tons or more), and is further subjected to
mechanical jolting in transit. Provisions against metal leakage
through the lining to the ladle shell are critically important.

Steelmaking ladles present more variety than do iron
transporting ladles. They and the bottom-pouring devices that are
common to both will be described later in conjunction with the
steelmaking furnaces (BOF, Q-BOP, AOD, EAF and CIF of Table Iil.1).

Cupola: Iron Remelting

The cupola is a downrated and miniaturized blast furnace
compared to the iron smelting vesse! described above. It is a remelt
furnace, used by some foundries to make gray castable iron, for
example, from pig-iron and scrap. Coke is fed as fuel and limestone
as a slagging chemical, but the charge is mostly metal. Air is fed
through tuyeres from an annular manifold, generally without pre-
heating since the peak temperature is only about 1650°C; so in the
usual case there are no stoves.

The hearth of this furnace is retractable, well above ground.
Access is had daily to the entire interior for patching and repair of the
refractory lining, in contrast to the ironmaking blast furnace which
must run for years without entry. While the cupola is a continuous
furnace design, equipped for tapping of metal and slag, its daily
interruption gives it the aspect of a batch furnace as well. Being so
frequently exposed to air while hot, the lining materials are ordinarily
limited to oxidic refractories. These linings experience about the
same corrosive agents as occur in iron smelting, but at lower peak
temperatures and on a vastly smaller throughput scale. Thermal
shock is much more a factor, occurring daily. Severe abrasive wear is
confined to the charging level (upper shaft), except for each day’s
startup.

Blast Furnace for Lead Smelting

The lead blast furnace contrasts with the ironmaking blast
furnace in nearly every conceivable way. Lead melts at 328°C (Fig. II-
2), its oxide not a great deal higher (886°C). The peak temperature in
its blast furnace is only about 1200°C, and much of the construction
may be of water-cooled cast iron or steel, unlined. Refractory linings
are employed at least in the upper shaft or charging area for abrasion
resistance, and in the hearth or crucible area below the tuyeres for
resistance to collected molten lead and slag. Again the air blast is not
pre-heated, hence there are no stoves. The entire structure from
hearth to exhaust is only some 30-35 feet high. 1t is of shaft (i.e.,
fixed-1.D.) configuration.
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The lead ore fed to this blast furnace, principally Pb0 from
roasting of galena, PbS, generally contains several other nonferrous
metal oxides as well as residual unconverted sulfides -- not to
mention the ubiquitous silicates. Thus both the metal product and the
slag are chemical misches. Both are relatively aggressive toward the
refractory hearth or crucible lining. They are tapped separately.

Some of the lead is separated from the collected slag in a lined
settling tank. Most of the metal product is tapped or siphoned from the
blast furnace. Both of these fractions go together to a refractory-lined
reverberatory refining furnace, in which air blown into the charge
oxidizes As, Fe, Sb, Sn and other impurity metals. Their oxides float
to the top and are skimmed off as dross for separate recovery by re-
smelting. The linings of these peripheral vessels have to resist attack
by moiten Pb and by PbO-rich slags, but at temperatures of about
1100°C and down. The more noble metals, Ag and Cu, are extracted
later from the molten lead.

Heat Exchangers and Reactors

Heat Exchangers. Refractory heat exchangers or gas pre-
heaters are not necessarily cylindrical shafts, though the blast furnace
stoves described above are an important example. The gas flow
through the checkers is almost always vertical, as there. But the
design can as well be square or rectangular, and in such case sets of
like units may be conveniently laid out in line. Arrays of this latter
geometry are built as adjuncts to the glass melting tank, and will be
described and zoned presently in that connection.

A third, somewhat smaller-capacity heat exchanger type that
has proliferated in recent decades is the continuous circulating
pebble-bed heater. This employs uniformly-sized refractory
spheroids whose small diameter (typically from about 3/8” to about 1)
considerably diminishes thermal shock damage. One of several
equipment designs is illustrated in the diagram of Figure Ili-3.

Reactors. Chemical process reactors likewise need not
always be upright cylinders, but that geometry is common. A steel
shell forms a complete enclosure. The typical refractory application is
as lining of this shell, for either or both of thermal insulation and
corrosion or abrasion resistance. But there are numerous ports and
tubulations providing for feed and discharge, pressurization, internal
heaters or stirrers, instruments, and access for maintenance. These
may call for refractory gasketing and seals. Reactors are generally
indirect-heated, but the working temperatures are usually such that
this feature does not call for other very special refractory
appurtenances. Thermal stress is minor in steady-state, continuous
operation.
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The variety of both continuous and batch reactor usage in
chemical processing defies reduction to any one illustrative design or
one chemical environment. Nevertheless, refractory lining techniques
have become fairly well standardized, as represented by practices in
petroleum and petrochemical processing. That industry, touched on
briefly in Chapter Il, will be revisited later on.

Stills and Retorts: Zinc Smelting

Stills and retorts share with reactors and air heaters in being
indirect-fired. The functional distinction between them is minor:
properly, a still evaporates and re-condenses liquids without chemical
change, while a retort conducts a chemical reaction or decomposition
by heating and condenses a gaseous product of that reaction.
Refractories are called upon where the chemical environment is
aggressive, hence typically where the materials processed are
inorganic. A representative case is in the smelting of zinc.

Zn, Cd, and Hg are in the Low-Melting Metals category of
Figure 1-2. These three metals are unique in that category in being
exceptionally low-boiling as well. Their oxides, obtained by roasting
of sulfide minerals, are variously higher-melting:

Metal M.p., °C B.p., °C Oxide M.p.,°C
Zn 420. 907. Zn0 1975.
Cd 321. 767. Cdo 1520.
Hg -39. 357. Hgo 500.

It is thus advantageous to conduct the carbothermic smelting of
these oxides below their own melting points so as to minimize
excessive volatility of the metal product; but it is kinetically impractical
to smelt below the boiling points of the metals. Hence the use of a
retort. Zinc is the largest-tonnage product among these three metals,
and is produced in continuous retorts. The batch-operated retorts
smelting other nonferrous metals are exposed to comparable
chemical environments and are of basically the same materials of
construction.

The continuous zinc retort is a tall, narrow brick vessel, siot-
shaped in plan view, into which a hopper feeds a briquetted mix of
powdered ore and excess coke or coal. The briquettes form a bed at
the bottom. Heating to 1200°-1300°C is typically by a surrounding
gas-fired furnace. Projecting from the upper walls of the retort, which
is otherwise closed, are arrays of gently downward-sloping open-
ended tubular condensers. Their outer extremities are cooled by
ambient external air to about 600°C to condense the zinc from the
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flowing mixture of generated zinc vapor and CO. The liquid product is
collected continuously. The CO is likewise collected by manifolding,
for use or disposition in accordance with environmental regulations.
A residual siliceous gangue from the briquettes is periodically
removed below the bed through a grate and underlying pit.

Most of the retort experiences only minor to moderate thermal
stress at steady state. Absence of liquid slag in large amounts at the
bottom is favorable for refractory life. The pervasive exposure is to CO
gas and Zn vapor, and to liquid Zn in the condensers, plus volatiles
from the bed which include considerable sulfur. Impermeability of the
refractories of construction is a must, and they must be thermally
conductive.

Aluminum Electrolytic Smelter

Fused-salt electrolytic smelting processes are inherently
corrosive but, employing halides, are conducted for the most part at
fairly low temperatures. Aluminum, the largest-tonnage metal so
made, is something of an exception: (a) its smelting temperature is
about 800°C, and (b) the compound consumed in its manufacture is
its oxide, Al,0,. The melting point of this synthetic “ore” is depressed
from 2050°C to about 600°C by the adroit use of the dissolved
components AlF,;, NaF, and sometimes Li,0. The essential chemistry
of the operation and an outline of its equipment are given under Al
and Mg Manufacture in Chapter Il. The pertinent zones in a Hall-
Héroult aluminum cell are, starting from the bottom:

Coliector Base Upper Sidewalls
Cell Bottom Roof and Ducting
Cell Sidewalls Anodes

“Collectors” are a manifold of iron bars or pipes, used to spread
the electric current from a copper buss across the entire bottom of the
cell. Their “base” is a conducting refractory, rammed among the
collectors and spreading the current uniformly over its area. The “cell
bottom” extends this base up to a level surface on which lies the
collected molten aluminum cathode and, on top of this, the molten
electrolyte. The cell bottom and its sidewalls (roughly 1 foot high)
define the dimensions of the cell: usually a long rectangle because
several anodes penetrate down to it in a line. All these parts are of
electrically-conducting refractory, seeing a fluid temperature within of
about 800°C at steady state, and all surrounded by ambient-air-
cooled steel.

The linings of the superimposed upper walls, the roof or
shroud, and ducting are generally protected by the fresh unmelted
“ore” teed and by copious dust; but they do see corrosive fluoride
vapors and fog. Their inner faces range from about 500°C down. The
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anodes complete the cell, being corroded most rapidly as described
in Chapter .

Shaft Kiln or Calciner

The recuperative feature of the continuous countercurrent blast
furnace is repeated in less-elaborate equipment designed for solid-
state (nonmetal) processing. In simplest concept, a refractory-lined
vertical cylinder or shaft is fed a solid charge continuously from
above, while a gating device meters the processed material out the
bottom and thus controls the throughput rate. A ring of burners
pierces the sheil about one-third up; these are supplied both fuel and
air or 0,. Typically, the off-gas is reduced in pressure by exhaust fans
so that additional ambient air is drawn in at the bottom. That ambient
air serves both to cool the emerging hot solid and as secondary air for
combustion. As the solid fed at the top likewise serves to cool the
emerging off-gas, the system is fuel-efficient. The shaft can be divided
roughly into three zones:

Upper 1/3 -- Charge preheat and off-gas cooling zone.
Middle 1/3 -- Hot zone or combustion zone or processing zone.
Lower 1/3 -- Product cooling and air preheat zone.

The solid material fed has to be relatively coarse and uniformiy
sized to provide passageways for the up-flowing gases; and it must
retain substantially that same sizing throughout the process.
“Relatively coarse” can range from about 1/4” pea-gravel to pelletized
or nodulized agglomerates to pressed briquettes (~1” - 1.5”) to 2" rock
or so. Appreciable attrition carries a risk of plugging the gas channels
as well as caking up the refractory walls with agglomerated dust. Too
much melting within the charge, on the other hand, can cause its
sticking together and to the walls, bridging and impeding the solid
flow. A further constraint on the charge relates to volatile/condensible
impurities, which can accumulate in the upper levels with resultant
plugging and cementing action. Wet feed material is decomposed
explosively, and cannot be used.

Materials which successfully avoid all of the above hazards
would ordinarily confront the refractory lining with a minimum amount
of corrosion; but most are borderline in this respect. Alkalies,
chlorides, sulfates, and other volatile inorganics are the most
troublesome of the common impurities. The next most pervasive
attack on the refractories is abrasion. Thermal stress is moderate,
assuming prolonged steady-state operation. See Sintering and
Calcining in Chapter 1l for the processes conducted.

Synthetic periclase (Mg0) grain or aggregate for refractories is
sintered in this equipment, at a peak temperature of about 1900°C.
So also is some synthetic alumina, at 1600°-1800°C. Magnesite is
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calcined and sintered similarly, either using burners as described
here or else co-feeding the mineral with coal and operating as a blast
furnace. There the peak temperature is about 1500°-1700°C.
Dolomite and limestone have also been fired in shatft kilns.

Multiple Hearth Furnace

Multiple hearth furnaces or calciners are used with granular
feed materials that are free-flowing: generaily from a few tens of um to
1/4” or so in sizing. A typical drying and calcining use is for
decomposition of hydrated inorganics or of carbonates (see Cailcining
of Hydroxides and Calcining of Carbonates in Chapter Il). The
multiple hearth is also occasionally used for roasting of sulfide ores;
but through this or other types of chemical reaction the production of
appreciable liquid within the bed could lead to excessive
agglomeration and caking. The hearth furnace can not cope with a
sticky bed.

A single hearth in this equipment is a level circular table,
pierced at its center by a rotating vertical steel shaft. Attached to the
shaft are rigid radial arms bearing downward-projecting fingers or
rakes, called rabbles, which ride on or barely clear the hearth.
Continuous rotation of the rabble arms turns the thin bed of charge
over repeatedly; and it also moves the bed slowly in a circular or
spiral path. A low overlying roof and a cylindrical outer wall complete
the enclosure.

The muiltiple hearth is a set of several such units or stages,
usually from three to five, stacked one atop the other and sharing the
same axial steel shaft. Figure lli-4 is an illustrative section. The axial
shaft and rabble arms are water-cooled. The charge is continuously
fed onto the uppermost hearth, and is uitimately raked by its rabbles
around to open slots through which it falls to the next hearth below;
and so on down the series until it is discharged from the lowest hearth
onto an air-cooled conveyor. In most cases combustion gases enter
between the lowest hearth and its roof, then pass upward through the
slots to the next stage above, and so on, finally to exit through a port
in the topmost roof. Heating is thus countercurrent. Each stage has a
characteristic range of bed temperatures, highest at the bottom stage
and coolest (i.e., recuperating) at the topmost. A maximum calcining
temperature may be about 1500°C. Refractories are used to line
hearths, roofs, and outer walls.

The chemical environments are not very aggressive except
when heavy-metal sulfides are fed. Abrasion on the hearths is
significant. Thermal stresses are minor to moderate at steady state.
Thermal insulation is the primary duty of the refractories, plus
resistance of the hearths to abrasion and to any chemical interaction
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of the charge. Volatile products (e.g., alkalies or S0,) may slowly
attack all refractory areas, especially around ports.

Spray-Drier/Calciner

The shell of this continuous equipment consists of a shon, fat
upright cylindrical section, closed at the top, with a conical section
below. Hot air or combustion gas enters through a central port in the
top with a baffle to prevent streaming; and the cooled gas exits at the
bottom or apex of the cone. The fine-particulate inorganic material to
be treated is prepared as a pourable aqueous slurry, generally
between about 20% and 50% water. This is pumped under pressure
up a vertical axial pipe which ends in a disperser located variously in
mid-vessel. Two types of disperser are used: (a) a nozzle type, and
(b) a high-speed rotating disc type. The slurry is by these means
broken up into small droplets and sprayed in a designed pattern
radially out into the vessel. The spray droplets are essentially flash-
dried: their residence time in the vessel is measured in seconds
before they too exit at the apex of the cone. Flow is predominantly
cocurrent, but turbulent.

The resulting dried particles are aggregates measuring, at will,
from about 20 to some 300 um across. Also at will they may be only
dried, or both dried and lightly calcined (see Industrial Drying and
Calcining of Hydroxides, respectively, in Chapter lI). A wide variety of
materials are successfully dried in this manner; relatively few are
calcined. Fuel efficiency is high. Outlet temperatures can range from
the order of 150°C to the order of 500°C.

The chemical environment is usually benign, though humid.
Refractory vessel linings are used to protect the shell and for thermal
insulation. Thermal stresses are low at steady state, and abrasion is
not severe. Caking of the product on the walls occurs in some cases,
requiring periodic shutdown for de-scaling. Refractory practice is
much like that in chemical process reactors.
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CONTINUOUS TYPES -- HORIZONTAL

Rotary Kiin: Portland Cement, Lime, Coke, and More

Though Table lil.1 places the rotary in a class by itself, here we
shall use it to introduce a group of horizontal heating vessels.

The Kiln. The continuous rotary kiln is in simplest concept a
long, slowly-rotating refractory-lined steel tube supported on several
sets of driving and idling rollers. An overall view is given in Figure Il
9. The feed end is elevated a littie. The granular charge, which never
fills more than about one-fourth of the diameter, executes a sort of
helical motion by which it travels slowly down the kiln to the discharge
end. There it passes over an annular lip and falls onto a cooled
conveyor; or there may be slots in the shell at the discharge end,
through which the product falls to a conveyor or silo.

A large burner is aimed axially from the discharge end.
Commonly, ambient air is also aspirated there, serving both to cool
the emerging product and as secondary air for the burner. The
combustion gases pass up the iength of the tube (i.e., countercurrent),
are finally cooled by the incoming feed, and then exit at the up-hiil
end of the tube. One-third of the length, more or less, is the hot zone
where processing is completed. This zone is displaced toward the
burner.

The rotary kiln is versatile as to state of subdivision of the feed.
Readily-airborne fine particles fix the lower size limit; fine-particle
beds furthermore will often slide in the revolving tube instead of being
turned over by it. The coarse size limit of the charge can be several
inches; but in a mixture of coarse and fine material, the coarse tends
to float on the upper surface of the bed and impedes uniform heating.
At liquid-phase sintering temperatures, a coarse/fine mix can function
as an unwanted nodulizer, the coarse material growing still larger by
“snowballing” or accretion of fines on its surface. The best-behaved
beds are of somewhat uniformly-sized spheroids or the crushed
“gravel” or “rock” equivalent.

By virtue of its own dimensions, the rotary kiln can provide both
extended residence times and enormous material throughput rates,
up to well in excess of 100 tons per hour. The flow rate within the
tube can be altered from place to place by (a) changing the diameter,
or (b) providing an annular dam in the form of a projecting ring of
refractory bricks in an otherwise-uniform lining. Projecting rows of
lining bricks, parallel to the axis, can serve as lifters to ensure the
rotation of a bed that otherwise tends to slide; also to move the bed
along more rapidly.
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Both mineral and synthetic materials are dried or calcined in
rotary equipment, or dried and calcined in the same pass. When
clays are so treated, they are usually fed as a wet cake or even a
heavy slurry. The wet material cakes up in the course of drying, then
becomes friable. It is common in that case to suspend heavy chains
from the stationary feed-end closure, these chains dangling down
some length of the kiin, to break up large clumps of the clay into
manageable-sized agglomerates. The ultimate particles of clay are
so fine as to be easily airborne, and their agglomeration is essential.
Clays for use in refractories are variously calcined or sintered at hot-
zone temperatures from about 500°C to over 1600°C.

Bauxitic minerals and synthetic aluminas are also variously
calcined and/or sintered over about that same range of temperatures;
likewise magnesite, dolomite, and limestone. For some several
decades, formulated refractory aggregates comprised of mixed clays
or clay and alumina, alumina or magnesia and chrome ore, and
others have been agglomerated into pebbles or rocks or nodulized
into spheroids, then pre-reacted and sintered in rotary kilns. These
operations often push the firing temperature to its limit, which is about
1900°C. The products are then crushed and sized for refractory
manufacture.

Rotary calcining of granular coke is a heavy-tonnage process,
conducted up to about 1400°C using an oil- or coal-burning flame
with inadequate air so as to provide an atmosphere predominantly of
CO. But the largest-scale of all rotary calcining processes are those
making lime and Portland cement. Kilns for these processes range,
respectively, up to about 15 ft. dia. by over 400 ft. length and about 25
ft. dia. by 800 ft. length. Their peak hot-zone wall temperatures are
respectively about 1500°C and 1700°C.

Portland Cement and Lime. The essential chemistry of
these operations is outlined under Portland Cement Manufacture and
Calcining of Carbonates in Chapter Il. Portland cement manufacture
is the more demanding on hot-zone refractories, as (a) the
temperature is higher; (b) liquid-phase reaction sintering of the
product is conducted, whereby both build-up and attack on the
refractory are enhanced; and (c) volatile impurities are encountered,
especially from the clay component of the feed. In the making of lime
from limestones, the hot-zone temperature is maintained well above
the decomposition temperature of CaCO0, principally to cause
recrystallization and crystal growth of the Ca0. In both processes
abrasion is severe throughout, but more so at the feed end in the
cement kiln owing to the common use of wet feed and dragging
chains. Flexure of the sheil in both cases demands high hot strength
in the refractories, which compromises their thermal insulating
properties and thermal stress resistance.
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These kilns must do prolonged duty at steady state between
lining repairs. For purposes of refractory specification, their zones are
described as follows in rough fractions of the overall kiln length:

Feedend -- Drying zone (cement kiln); gas cooling.
Next 1/2 (t) -- Charge preheat and calcining; gas cooling.
Next 1/3 (£} -- Hot zone: charge reaction and/or sintering.
Outlet end -- Product cooling zone.

Coke Calcining. This operation is alluded to as a follow-on
process under Coke Manufacture in Chapter Il. Apart from the
infamously abrasive nature of granular coke, the principal burden
borne by the rotary kiln lining lies in the reducing atmosphere under
which the calcination is conducted, over all wall temperatures up to
1400°C. The effect this atmosphere has on the softening of
refractories containing iron oxides (i.e., mineral-based compositions)
was mentioned under Sintering of Oxidic Ceramics in Chapter il. A
still more potentially damaging effect occurs in the event of admission
of air on shutdown, followed by a return to reducing conditions in the
next ensuing campaign.

Glass Meiting Tank

Glass manufacture encompasses numerous chemical
formulations, melted at various temperatures and in several kinds of
equipment. Only one of these vessels is continuous: the glass
melting tank. In fact, simplified and somewhat smaller versions of this
horizontal furnace are often operated batchwise. Still further
downscaling is exemplified by the glass pot, and even by crucible
melting of specialty glass batches. The smaller vessels are
successively more regarded as disposable, i.e., shorter-lived under
corrosive attack; and of course they represent much smaller-volume
glass production. But their refractoty exposures are basically the
same as those in the glass melting tank. This latter equipment, by
virtue of its large size, long expected life, and continuous flow,
exemplifies the most severe demands on glassmaking refractories.
The chemistry of glass attack on its refractory containment is outlined
under Glass Manufacture in Chapter Il

Figure liI-6a is a schematic plan view of the cross-fired glass
melting furnace, while Figure llI-6b is a somewhat-enlarged section at
a burner station and through the adjacent regenerative air pre-
heaters, or checkers. The tank itself may be easily up to 50-60 ft. long,
and about halif as wide.

The Furnace. The melting tank is a rectangular refractory
box about 3-4 ft. high. The granular feed materials are charged and
mechanically stirred in at one end, where melting and the evolution of
C0, are most concentrated. Much of the length of the tank is devoted
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to achieving uniformity of the glass temperature and composition. At
the opposite end is a constriction or throat, containing a weir under
which the glass flows to the refirer section. Homogenizing is
completed there, plus the removal of any retained CO0,bubbles by
passing gas in much larger bubbles up through the melt: a process
called “fining.” The refiner discharges to a forehearth (not illustrated),
from which the liquid is taken for forming by sheet casting, molding,
blowing, fiberizing, etc. The commonest products are sheet, piate,
tableware and botties.

Glass contact refractories, of which the tank itself is
constructed, must be of oxidic composition. Carbons and carbides
(and even chrome-containing oxidic formulations) would release
dark-colored particles into the melt by corrosion or otherwise; and
glass products in general can tolerate neither the color nor the
presence of undissolved particulates (called stones). Platinum metal
tank linings have been used, mostly in small batch-heated vessels,
balancing the high initial cost against extremely long life; but this use
is rare. Such a soft metal lining (m.p. 1772°C) is of course backed by
a refractory.

The furnace, of which the melting tank forms the bottom, is of
direct-heated and reverberatory design comprised of breastwalls (i.e.,
sidewalls) and a low overlying, radiating roof or crown. This last term
denotes arch construction. It could well replace the word “roof” used
previously in this chapter for other types of furnaces, and it will be
used henceforth when applicable.

In the cross-fired design, which is common, the upper sidewalls
are pierced by rows of opposed pairs of oil or gas burners and large
exhaust ports or flues. Figure lll-6a depicts six of these pairs and their
associated checkers in a 40-foot furnace. The refiner section and
forehearth at the discharge end are separately heated by arrays of
small burners, but are some 200°C lower in temperature than the
main melting chamber.

Checkers. Figure 111-6b shows that each pair of burners, flues,
and checkers or regenerative heat exchangers is a symmetrical set.
The heavy arrow in the diagram, from “Air” in to “Gas” out, depicts one
half of a reciprocal operating cycle. In this half, the regenerator on the
left has been heated and ambient air is pumped up through it. The
left-hand burner is in operation, supported by this air which has
become pre-heated to 1100°-1200°C. The flame is at roughly 1800°-
2000°C, heating the glass to 1500°-1600°C maximum working
temperature. The combustion gases exit via the right-hand flue in the
figure at some 1600°-1700°C and pass down through the right-hand
regenerator, heating it. At the conclusion of this half-cycle, the top of
the heated checker is at about 1500°C, the bottom at least 800°C.



Foundations of Refractory Application 91

Then all flows are precisely reversed, with the right-hand burner
operating. This reversal occurs about three to four times per hour.

The checkers themselves are rectangular lattice-works of
refractory brick with communicating open spaces between for
passage of the air and combustion gas. They are about 15-20 feet
high, much less tall than blast furnace stoves. Their open spaces are
much larger than in the latter (here, up to 6” or so across) to
accommodate massive dust and alkali deposition. Otherwise, and
except for the prevailing chemistry, they are comparable to those
stoves.

A description of contemporary glassmaking must not omit to
mention the use of electric heating. inserting molybdenum or other
inert electrodes at opposite ends of a tank and driving a current
through the molten glass. This practice is usually limited to smalier
tanks. It rarely eliminates burners, owing to the potential conse-
quences of a power failure. But it can either augment (i.e., “boost”) or
replace routine burner operation, and it can eliminate the need for
checkers. There are other advantages in temperature control and in
cleanliness of operation, which become especially important in
making lower-tonnage glasses such as high-strength fibers, lead
crystal, optical glass, and specialty borosilicates.

Refractory Zones in the Glass Melting Furnace. Long
refractory life is at a great premium in continuous glassmaking. The
furnace is expected to run some three to five years or more without
interruption for major rebuilding or repair. Yet the several
environments within differ markedly. In Chapter Il a distinction was
made at the “glass line” or meniscus. In the industry this is usually
called the metal line, by analogy with metal melting. Owing to the
lapping action of the liquid due to stirring, and to the confluence of
both gas-phase and liquid-phase attack, the metal line itself is a focal
zone of corrosion. Undercutting immediately below it has also been a
common experience, associated with a liquid-corrosion phenomenon
called upward drilling. On the other hand, in the tank walls and
bottom there is little temperature cycling: even the charging of cold
raw materials is continuous. Thermal stresses in the tank arise almost
solely from the steady-state AT across walls and bottom, the outsides
of which are generally forced-air-cooled.

By contrast all refractories above the metal line face a different
chemistry, but always coupled with thermal cycling due to the
reciprocal operation of the burners and gas flow. If oil is used as fuel,
its ash becomes a pant of the chemical and erosive environment.
Temperature cycling is of course especially severe in the checkers
and flues, in addition to the massive condensation of dust and
alkalies.
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The simple zoning table below omits about a dozen local areas
in the furnace and its appurtenances, omitting their special
nomenclature as well. It does not, however, omit any signally
important features of the refractory environment.

Refractory Hot Face Aggressive Erosion- Thermal

Zone T, °C Environment Abrasion  Stress
Melting Tank:
Bottom, Walls  1400-1600 Glass Moderate Startup
Metal Line 1400-1600 Gilass, Moderate Startup
alkalies
Throat 1300-1500 Glass Moderate Startup
Refiner Tank:
Bottom, Walls  1200-1400 Gilass Moderate Startup
Breastwalls 1400-1600 glkalies, Severe Mod.
ust
Upper End Walls 1400-1600 Dust, Moderate Mod.
alkalies
Upper Sidewalls 1400-1700 Dust, Severe Mod.
alkalies
Ports & Flues 1100-1700 Dust, Severe Severe
alkalies
Burner Blocks 1100-1600 Dust, Moderate Severe
alkalies
Furnace Crown 1500-1700 Alkalies Moderate Severe
Regen. Crown  1100-1600 Dust, Moderate Severe
alkalies
Regen.Walls 500-1200 Minor Minor Mod.
Checkers:
Top 1100-1500 Dust, Severe Severe
alkalies
Bottom 200-900 S0, from Minor Severe
oil
Regen. Ducts 200-900 Minor Minor Severe

Reverberatory Furnace: Copper Smelting and Refining

The Copper Smelting Process. It has been mentioned
that most nonferrous metal ores are comprised of mixtures of several
recoverable metals. Copper ores are no exception. The lead blast
furnace and the zinc retort, previously described, illustrate processes
in which the separation of metals substantially follows after the
primary smelting or reduction. The smelting of copper sulfide ores is
quite the reverse: the bulk of accompanying metal separations is
conducted prior to the final reduction to copper. In Chapter Il we
deferred the treatment of this more complex process, which entails
about a half-dozen steps all told. As the reverberatory furnace figures
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importantly in the sequence, a view of the overall process here will
serve to put that equipment in perspective.

Omitting preliminary ore dressing conducted at low tempera-
tures, the standard smelting of copper sulfide ores follows the scheme
shown below:

Ore Concentrate: Cu,S, CuS, Ag,S, FeS, FeS,; misc. sulfides
1. Roasting ~800°C (Multiple Hearth)
———————Volatiles: SOQ, As,03, SbgOg, etc.

———> Roasted Concentrate: Cu,S, Ag.S, FeS; misc. oxides
4 Added CO, slagging chemicals

L;z. Sulfide Melting ~1400°-1500°C (Reverberatory Furnace)

2 Molten Slag: heavy metal and some Fe silicates
= “Copper Matte:” Cu,S, Ag,S, FeS; minor sulfides and metals
[+—— Added air, slagging chemicals

.

—3a. Iron Removal ~1400°-1600°C (Copper Converter)

Moiten Slag: iron and base metal silicates
Volatile: SO,

Intermediate: Cu, Ag, Cu,S, some Cu,0; impurities
«———— Added CH,, CO

E3b. Reduction-Decomposition ~1300°-1500°C (Copper
Converter)

S—

" “Blister Copper:” Cu, Ag; other minor metals
e————— Added C, CO, slagging chemicals

4. Refining ~1500°C (Reverberatory Furnace)

— Molten Slag: iron and base metal silicates
Commercial (casting grade) Copper: Cu, Ag; misc. minor
metals

L:S. Electrorefining (low-temperature aq. Electrolytic Cell)

-——— Electrorefined Copper

Step 1, Roasting, falls within the description of the direct-fired
muitiple hearth furnace given previously. Its low temperature and the
oxidizing potential of the flame are threaded between limits such that
the more stable sulfides remain unaftfected, principally only volatile
oxides are produced, and only very minor melting (due to other
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oxides) occurs within the bed. This is a special low-silicate case of the
chemistry of Sulfide Ore Roasting given in Chapter Il, in that some of
the suifides present are not oxidized at all.

Step 2, Sulfide Melting, typically uses powdered coal or oil as
fuel in a neutral flame. The reverberatory furnace is employed.
Siliceous slagging chemicals (limestone and sand or equivalent) are
added. The temperature and processing conditions are again
threaded between limits such that now additional metal oxides are
formed and go into the slag, while only the most stable sulfides are
retained. The latter are melted together in a liquid layer which
underlies the liquid slag. The two layers are tapped separately and
cooled, the mixed sulfide product being called “copper matte.” Basic
slagging practice is usual.

The two parts of Step 3 are conducted sequentially in the
copper convetter, to be described later as a batch-operated vessel.
Iron Removal is achieved there by blowing air through the molten
charge, sufficient to oxidize principally iron which then joins the
molten slag as mixed silicates. After the slag is tapped off, sufficient
carbon or hydrocarbon is added to create a mildly reducing
atmosphere in the Reduction-Decomposition step. Here the reduction
to liquid copper (plus silver, etc.) is completed by decomposition of
the sulfide. Small amounts of S0, left dissolved in the molten metal
come out of solution on cooling and freezing; hence the name “blister
copper” given to this crude product.

The oxidative part of the copper converter operation employs
either acid or basic slagging practice, depending on the shop. Basic
slagging predominates. Acid and basic slagging practices and their
chemical rationale are described under Iron and Steel in Chapter Il
The definitions and criteria are similar here.

Step 4, Refining, employs another reverberatory furnace,
usually air-blown at first. Basic slagging chemicals are again added,
including soda ash. The combustion atmosphere is finally mildly
reducing. The purpose is consolidation and further refining of the
metal. The commercial-grade copper product may be cast into ingots
or billets or finished shapes; or into anodes for Step 5, Electrorefining.
We shall not discuss Step 5 here, though it is of great importance in
making high-purity Cu and in recovery of byproduct Ag.

The reverberatory furnace refining of Step 4 is in essence a
copper remelt operation. With little modification it is also used to
recover scrap Cu, either alone or melted together with blister copper.
And it is used in foundries to melt ingots for casting. As either a
refining or alloying or simply a remelt furnace, the reverberatory
design is aliso used elsewhere in both ferrous and nonferrous
metallurgy where metal volatility is not a major problem, e.g., in iron,
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lead, tin, and aluminum. Oxidic copper ores (principally mixed
carbonates or silicates) can also be smelted by coke in this type of
equipment; use of the vertical blast furnace for this purpose is rare.

The Reverberatory Furnace. Though designs vary con-
siderably in detail, this horizontal vessel is basically a shallow trough-
shaped hearth lying under a low-arched radiating crown. Steel
framing and support are rarely all-enclosing. The furnace is always
direct-fired, sometimes from one end, sometimes by several burners.
it may be charged through several ports in the crown, or through only
one. It may be either continuous or batch-operated, being in the
former case quite elongate in shape (e.9., 25t by 140+ feet). Its really
distinguishing features are the shallowness of its melted charge and
the correspondingly large upper surface area of that charge, across
which both heat and chemical reagents and products pass.

Figure 1lI-7 shows such a furnace as employed in Step 2 of the
copper-smelting scheme given above. Its main features are repeated
in all like furnaces: a hearth exposed to molten metal and slag of
chosen composition; crown, end and sidewalls bearing the corrosion-
erosion of coal or oil (or gas) flame, ash, dust, and volatiles from the
charge; exhaust ports where abrasion is especially concentrated; and
charging doors experiencing thermal stresses upon each opening
and closing. In continuous operation, taphole appurtenances are
periodically shocked and exposed to hot metal and/or slag. In batch
operation, discharging exposures are similar though less frequent,
while the entire vessel interior sees wide temperature swings and
atmospheric cycling.

The vessel depicted in Figure 1lI-7 runs at some 1400°-1500°C
in the bed, with the crown, wall and port areas a hundred °C or so
higher. The blister-copper refining furnace falls in about the same
temperature regime. For refining other nonferrous metals the working
temperatures are generally lower. Sulfurous fumes are important
corrosives in the copper smelting operation, while they are all but
absent in subsequent refining, remelt and foundry usages. In copper
matte furnaces, frequent shutdowns for refractory repair are the rule;
the life of a roof lining, for example, is measured in months.

The temperatures listed in the zoning table below are typical
for the reverberatory furnace making copper matte, and close for
refining blister copper. They are not far from those experienced in the
Glass Melting Furnace in corresponding zones. Here, however,
checkers are absent. The off-gases of metallurgical reverberatory
furnaces are burned independently, for waste-heat recovery with
larger units and at least for pollution control with the smaller. The
refractory corrosion chemistry here is of course unique to copper
smelting; but the relative intensity of corrosive attack in the several
zones is about equally applicable to other nonferrous metal systems.
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This table will thus serve as a general guide for most
reverberatory furnace usage. We are, further, not distinguishing here
between continuous and batch operations, which result in differences
in refractory practice only in very local details.

Refractory Hot Face Aggressive Erosion- Thermal

Zone T, °C Environment  Abrasion Stress
Hearth 1400-1500 Cu,S,Cu,slag Moderate  Minor
End, max. 1600-1700  Slag, dust, Moderate Moderate
fumes

End, exhaust 1400-1600  Slag, dust, Severe Minor
fumes

Sidewalls 1400-1700  Slag, dust, Moderate  Minor
fumes

Exhaust Port 1400-1600  Dust, fumes Severe Moderate

Roof 1500-1700  Dust, fumes Moderate Minor/Mod.

Charging Door 800-1500  Dust, fumes Moderate Severe
Taphole & Plug 400-1500 Cu,S,Cu,slag Severe Severe

Tunnel Kiln: Ceramic Sinteting

The tunnel kiln is to formed ceramic artifacts what the rotary kiln
is to their granular raw materials: a versatile, fuel-efficient, continuous
countercurrent sintering furnace of up to many hours’ residence time
and up to huge throughput capacity. It is used for repetitive mass-
production firing anywhere in the composition and temperature
ranges and in most of the product size range described in Sintering of
Oxidic Ceramics in Chapter Il. It is a mainstay of production of fired
refractory bricks and blocks; but its annual output of glazed and
unglazed whitewares, china, and many other commercial clay and
synthetic ceramic products is much greater.

As the name implies, a tunnel kiln is a long stationary
horizontal tube of roughly rectangular cross-section. It is operated at
steady state while carloads of the ware to be fired are pushed into
one end in line and extracted, one at a time, from the other end. A
view illustrating its common features is given in Figure llI-8. Its typical
construction starts with a straight and level steel railway set in a rigid
base, running the entire length of the kiln plus appurtenances. The
kiln cars moving on these rails have wheeled steel undercarriages
and pushing and mating provisions all designed to ensure a smooth,
jerk-free ride and precise alignment of each car relative to the others
and to the kiln sidewalls.

Each car top is a square or rectangular refractory platiorm
which (a) forms one short segment of the hearth of the furnace; (b)
supports the ware and kiln furniture comprising the setting (i.e.,
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increment of the charge) on that car; and (c) forms seals both fore-
and-aft with the tops of other cars and side-and-side with the kiln
walls. These platforms and their seals thus divide the tube into an
upper working chamber and a lower forced-air-cooled chamber that
protects all steel undercarriages, wheels and rails. As working
temperatures permit, the seals range from a simple abutment or
rubbing fit to key-and-slot designs to others constructed partly of
metal. One such can be seen in the lower left of Figure Iil-8: a steel
blade riding in a “U"-shaped steel trough filled with sand.

The kiln walls are of free-standing refractory brick construction.
The roof is usually a low arch or crown. Freedom from distortion and
creep over long operating periods is a must. As the figure shows,
external steelwork is limited to that necessary for mechanical support.
Some kiln designs are modular, with refractory seals between
segments. A one-car-length air-lock chamber is added at each end,
to accommodate each incoming car yet to be fired and each emerging
car of fired ware. The overall kiln length ranges from well under 100
feet to some 500-600 feet. Inside dimensions of the working chamber
are likewise variable, running up to some ten to 14 feet wide and at
least as high.

A great premium is placed on thermal insulation in all the
refractory components, as the heat-leakage area of the tunnel shape
is many times that of a compact shape. On the other hand, thermal
transients in the kiln proper are at a minimum in prolonged steady-
state operation; and since the ware is in only gas-phase com-
munication with the enclosing refractory, corrosive attack is far less
severe than is experienced in metaliurgical melting furnaces.
Expected refractory life is correspondingly measured in years:
typically, three to five or more. But the principal life-limiting factor is
still corrosion and alteration.

Unlike the rotary kiln, the tunnel kiln is capable of considerable
variety of designed-in temperature and atmosphere profiles down its
length. Gas flow is in general countercurrent to the movement of the
cars. But (a) the placement of multiple burners {up to six or eight or
more) along each sidewall, (b) adjustment of their fuel and primary air
or 0, supply, and (c) the provision of secondary air and exhausting of
combustion products through ports located over the length of the
furnace, are all independent variables of design and operation.
Ambient air is typically metered-in near the discharge end in such
manner as to cool the fired ware slowly, while this air is preheated for
combustion. The hot zone or sintering zone may itself be subdivided
into oxidizing and reducing sub-zones, while its temperature profile
and overali length are fitted to the sintering kinetics of the ware. The
heating ramp or gradient at the feed end is likewise subject to precise
design, which includes a head-end drying zone in some cases.
in any event, the incoming ware efficiently cools the bulk of the
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exhaust gases. These recuperative features yield high fuel efficiency.
Oil or gas is the preferraed fuel.

The kiln operating parameters and the geometry of the car
settings have to be optimized together for uniformity of gas flow and of
sintering of each piece of the ware, also for fuel consumption and
throughput rate. “Close” settings risk underfiring of artifacts placed
toward the center and overfiring of those nearest the periphery or top.
“Open” settings call for careful design and often for custom kiin
furniture. When well executed, they yield superior fired quality. After
optimization, the emphasis is on reproducibility over prolonged
production campaigns, at which the tunnel kiln excels.

Contemporary clay products manufacture has made significant
strides in such areas as (a) use of robotics in setting of cars, (b)
setting once only for both drying and firing, and (c) reduction of the
mass of both cars and kiln furniture by the use of advanced design
and advanced refractory materials. A more sweeping innovation in
'some plants has been use of the roller hearth to eliminate kiln cars
altogether. Meanwhile, improvements in insulating refractories and
their installation have markedly reduced heat leakage out through the
kiln proper. Computer-automated kilns are the rule.

Refractory Zones In the Tunnel Kiln. Any one kiln has a
distinct set of temperature zones down its length, applicable to the
sidewalls and crown:

Drying Zone (optional; exit-gas down to 100°Cx)

Preheat Zone (gas cooling down to 200°Cz)

Hot Zone or Sintering Zone (incl. optional reduction firing)
Product Cooling Zone (to 200°C+; air preheat)

But the many different articles and compositions that are fired pre-
clude giving any typical zone lengths or temperatures. Hot zone
temperatures, for example, may be as low as about 1000°C for firing
common clay products or up to a maximum near 1900°C for some
synthetic refractories and ceramic products, or anywhere in between.
The variety of approaches to sintering and the various gas-
transported chemical exposures of tunnel kiln hot zone refractories
are sampled in Chapter ll. Glazing, also summarized there, adds
further aggressive chemicals to the hot zone and preheat zone
environments. Since gas velocities are high -- up to some 50 linear
feet per second --, erosion and abrasion are generally present,
particularly at ports, baffles, and other areas of turbulence and
impingement.

A number of other refractory accessories should be mentioned.
Burner blocks, especially including catalytic burners, see very high
flame temperatures and velocities. Refractory seals and gasketing



Foundations of Refractory Application 101

are needed. Duct linings external to the kiln usually experience less
demanding conditions. Refractory closures surrounding the air-locks
at the ends similarly see lower temperatures and little chemical
corrosion; but they must be moveable or flexible, and they are by no
means immune to dust exposure. Finally, car tops and kiln furniture
experience the entire gamut of kiln conditions in every pass, unlike
the stationary parts of the kiln; and they receive mechanical abuse
between passes. Yet these accessories must be re-useable many
times.

In spite of the wide range of tunnel kiln uses and operating
environments, refractory design in each case falls within some
relatively systematic guidelines. We will show later how these
guidelines are developed and applied.

Heat-Treatment Furnaces: Metals and Glass

Horizontal rectangular-shaped heating vessels are of course
prolific. In the heat treatment category we can conveniently collect
together all such chambers dedicated to the sub-solidus heating of
metals. The annealing and crystallization of glasses and the baking
of glass enamels might as well be included here too. The highest-
temperature chambers are used to prepare metal ingots or billets for
subsequent hot shaping, for example by rolling, pressing, forging,
drawing, etc. For steels this means heating uniformly to some 1100°
to 1400°C. The unalloyed-metal melting points given in Figure II-2
makae it plain that this temperature range is neither the maximum nor
the minimum for this type of operation; but it certainly is the
commonest. The older soaking pit has largely given way to
continuous automated billet-heating furnaces.

As solid-state heat treatment is taken to include the
development or healing of microstructure and the relief of stress in
metals, glass, and enamels, the working temperatures encountered
move generally down from the above case. Corrosiveness of these
operations on the enclosing refractories likewise moves down from
modest to trivial. So also does thermal stress. In none of these
processes does the work touch the enclosure; so abrasion is absent
as well.

Refractory usage and usage criteria are best regarded in this
category primarily as functions of the working temperature. The
following temperature ranges are arbitrary and a little indistinct at the
edges; but they will do. The coded entries under refractory usage are
intended to mean: | -- thermal insulation; C -- chemical-resistant
containment or support; H -- electrical resistance heating.
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Temp. Heating Typical Roof, Interior
Range, °C  Method Atm. Walls Floor Equipment
<500 Fuel Combustion | | -
500-1000 Fuel Combustion | | -
1000-1500 Fuel Combustion | ,C C
>1500 Electric Inert - - H C

The 1000°-1500°C range encompasses steel billet reheating
for hot forming, wherein protective fiuxes or slags are often retained
as measures against excessive oxidation of the metal. Hence there is
some exposure of refractories to chemical corrosion. The highest
range, >1500°C, exemplified by refractory metal processing, typically
makes a step change to electric heating in inert atmosphere or
vacuum and in much smaller equipment, as was pointed out in
Chapter Il. In fuel-fired vessels there are of course exhaust ports,
flues and ducts; but the vessel wall lining materials chosen will
generally serve those locations as well.

Drying Ovens: Ceramic Ware

The drying of inorganic solids has already been mentioned as
a technical function of spray driers, multiple hearths, and rotary kiins.
It should be noted that all of those high-throughput devices operate
on particulate or granular feeds. The tunnel kiln may include a head-
end drying zone for formed ceramics; but such a provision is often
defeated by the extremely long drying times and low temperatures
required by bodies of appreciable mass or wall thickness. It is
common in ceramic and refractory manufacture for the drying of green
(i.e., wet) formed ware to be conducted as a separate unit operation.

The principle of the continuous tunnel kiln is quite appropriate
for this drying purpose. Heated-air tunnel driers are in widespread
use, taking up to several racks or cars abreast as well as in line. Drier
temperatures permit the use of metal, enamelled, and even polymeric
(or polymer-coated) racks, shelves, conveyors, etc., in place of the
typical conveyance design of a high-temperature tunnel kiln.

The necessity for careful time-temperature programming of
small batches in ceramic drying often calls for batch-operated drying
ovens rather than the continuous tunnel. These ovens are simple
rectangular chambers, gently swept by steam-heated air or air-diluted
combustion gases. Waste gases can be used, if clean, and if
provisions are made for close temperature and humidity control.
Indirect radiant heating is common too. Microwave drying has been
investigated but is not in extensive use. “Open” setting of the ware on



Foundations of Refractory Application 103

cars destined to enter a tunnel kiln for firing is an option often taken to
avoid setting twice.

It is well to recall here the distinctions made under Industrial
Drying in Chapter Il among the several types of water contained in
wet porous bodies. The temperature ranges of water evolution can
significantly overlap. As some formed bodies are excessively weak
when green, it is not at all uncommon to see ceramic wares ambient-
ajr dried for long periods on shelves or on warm floors, before being
placed in a drier or kiln. Depending on the state of desiccation at
which sufficient strength is developed for further heating, programmed
oven drying may then be omitted entirely or conducted, at will, up to
100°C or 150°G or 200°C before firing. Considerable shrinkage is
experienced in these early desiccation stages; slow drying is
necessitated in order to minimize thermal and “dryness” gradients
within the ware, which would otherwise lead to flaws and cracking.

Refractory linings for drying ovens and tunnels have the sole
purpose of thermal insulation of the peripheral walls and roof. Their
process environment can be likened to that in the <500°C group
under Heat Treatment Furnaces immediately preceding: namely,
exceptionally benign. Fiber refractories, even glass wool, serve well
in these situations.

Steam Boilers

It is arguable whether the preponderance of steam boilers are
horizontal or vertical in architecture. They come in both styles. Fuels
burned in steam boilers range from lump to granular to powdered
coal, to oil, to natural or synthetic gas, to process off-gas or other
combustible wastes. Units come in a wide range of sizes and of
patented engineering designs. Only one of many boilers -- an oil-
fired model -- is shown cutaway in Figure IlI-9 to illustrate its typical
compactness.

Boilers are likewise compact in the temperature range of their
operation. In fact, from the refractory viewpoint the most significant
variable is the fuel, from which all the corrosives and abrasives in the
chamber are derived (see Steam Generation in Chapter Il). When
industrial or municipal wastes and trash are burned, the unit is called
an incinerator. Incinerators, like coal-burning units, must provide an
ash pit and ash removal hopper at the bottom. They add severe
abrasion to the refractory environment. The corrosives unleashed by
burning wastes may be in about the same chemical class as those
from coal, but they are far higher in Ib/Btu or in kg/kJ. Incinerator
linings accordingly go down frequently for repair, while industrial and
utility boilers can run without major rebuilding for a decade or better.
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Figure III-9 Steam Boiler (reprinted from Ref. 10, by permission)
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Design of the insulating walls has much improved refractory life
as well as fuel efficiency. Modern boiler walls use water-cooling
within their refractory insulation, in such manner as to cool the
refractory significantly as well as to pre-heat the water on its way to
the boiler tubes. While burner-block or fire-box wall temperatures
may reach 1500°C or so, most of the vessel is far cooler, as
represented in Figure II-1.

Zoning for purposes of refractory practice recognizes the
following areas, though not all are present in every boiler:

Ash Pit and Hopper End Walls and Roof
Grate and Fire-box Recuperative Sidewalls
Burner Block Floor

Refractory usages are highly individualized, however. These
area designations only point broadly toward characteristic refractory
exposures within the steam boiler. Each one is approached by boiler
engineers in too many ways to be given justice here. One marked
change from earlier practice, however, is the use of monolithics --
especially in conjunction with water cooling.

BATCH TYPES -~ CIRCULAR
Steelmaking: Oxygen Blowing

Modern commercial steels can be classified in terms of carbon
content in weight-%:

Very High Carbon  1.25-2.25  Medium-Low Carbon 0.10-0.25
High Carbon 0.75-1.25 Low Carbon 0.04-0.10
intermediate Carbon 0.50-0.75  Very Low Carbon 0.01-0.04
Medium Carbon 0.25-0.50  Alloy Steels (approx.) 0.01-1.25

Of the prominent impurity elements left in iron by the blast furnace, the
minimum levels achievable in making steels used to be about 0.04%
each for C, P and S and about 1% each for Si and Mn. With the
advent of oxygen blowing and sophisticated slagging practices in
steelmaking, these specifications began to be lowered. In current
times, especially for certain alloy steels, goals have been set close to
0.01% in respect to each one of these elemental impurities.

The essential chemistry of dissolved-impurity removal from Fe
is given under Iron and Steel in Chapter Il. The two methods usually
invoked together are (a) batch oxidation using 0,, and (b) scavenging
of the resultant oxides by chemical reaction with a specified acidic or
basic slag. The origins of modern vessel geometry go back to the
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Bessemer converter of Figure |-5b. Oxygen blowing of moiten iron
has not only made possible much higher-purity and lower-carbon
steels than were previously achievable. It has also greatly
accelerated the operation, by virtue both of higher oxidant
concentration and of higher temperatures. Finally, it avoids the
unwanted nitriding that accompanies the use of air.

Basic Oxygen Furnace

Given a charge of molten iron, 0, gas can be delivered into it
either from above or from below. In the basic oxygen furnace or BOF,
depicted in Figure lli-10a, the former is the case. The 0, injection is
best described by going through all of the steps of a heat in turn,
Take for example a 300-ton vessel, and imagine its trunnion axis
perpendicular to the plane of the figure.

In the first step the empty vessel is rotated counterclockwise
about 20°, and roughly 100 tons of scrap steel is dropped onto the
“charge pad” area. This is followed by some 200 tons of molten blast
furnace iron, then by the basic slagging chemicals: sand if necessary,
limestone or quicklime, dolime, fluorspar, and ore or mili scale, all
metered by weight. Chemically these are: Si0,, CaC03; or Cao0,
Mg0+Ca0, CaF,, and Fe0+Fe,0,.

Once charged, the vessel is rotated upright and a water-
cooled, refractory-armored tube or /ance is inserted down through the
mouth. Lance designs and practices vary. For now it is sufficient that
this is the means of injecting 0, down into the hot metal. This “top
blowing” operation takes about 15 minutes, during which time the
temperature of the charge rises, usually ending somewhat above
1700°C. The evolution of CO gas from within the charge churns it
violently, intermixing the molten slag and metal, making a voluminous
froth and splashing it well up on the sidewalls or “barrel.” The
atmosphere above the charge is principally a C0-C0, mixture,
containing smail amounts of S0, and other volatile oxides and much
dust. It is exhausted through a moveable hood and ducting, not
shown.

On conclusion of the “blow,” the lance is withdrawn and the
vessel is tilted clockwise about 90°, so that the hot metai pours out the
taphole while the overlying slag is restrained by the cone. Ordinarily
the vessel is then rocked back and forth so as to coat the upper walls
with slag as much as possible; finally it is turned all but upside-down
to pour out the slag. If no lining repair or maintenance is to be
performed, the BOF is then ready for the next heat. The total elapsed
time is about 30 minutes.

Given frequent repair, BOF lining life in the U.S.A. generally
varies from ~1000 to over three thousand heats. The average is
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about 2500. Carbon steel is the principal product of the BOF, but
some of its output goes on to further processing ending in alloy steels.
It makes far more steel than any other vessel: 59 million tons in the
U.S.A. in 1989.

Quelle-Basic Oxygen Furnace

The “bottom-blown” version of the basic oxygen process or
BOP is known by several designations, principally OBM in Europe
and Q-BOP in the U.S. and Japan. A generic representation of its
vessel is given in Figure l1I-10b. A bottom plug is shown in the figure,
“removable” because it is typically quite short-lived. There are two
basic types of bottom plug: (a) dense refractory, through which an
array of vertical tuyeres penetrate; and (b) porous, permeable
refractory which serves as an oxygen diffuser. Again we are omitting
details; it suffices for now that 0, is injected up through the bottom.

The conduct of a Q-BOP heat runs the same course as that in
the BOF, except there is an option if tuyeres are used: powdered
slagging chemicals (e.g., Ca0) can be aspirated into the 0, stream
and delivered directly into the molten charge, improving the efficiency
of P and S removal and reducing the loss of Fe0 to the slag. The
blow is accordingly a few minutes shorter than in the ordinary BOF.
Tuyeres of concentric design also provide for surrounding the 0,
stream with a hydrocarbon coolant, e.g., methane, thus helping to
control the temperature rise during the blow. The bottom-blowing
technique was originally developed to treat high-phosphorus iron, but
it is by no means limited to that use alone.

Argon-Oxygen Decarburization Furnace

The AOD vessel is also bottom-blown, employing tuyeres; but
Figure Ni-10c shows these entering horizontally through a lower cone
wall instead of vertically through a bottom plug. Characteristically,
this vessel is charged only with molten iron or steel, hence the
absence of a “charge pad.” Its distinguishing feature is that it is blown
with mixed 0, and Ar, in ratios variable at will through the course of the
blow. The tuyeres may also be used to introduce powdered slagging
chemicals. The AOD process was developed primarily to make
stainless steels, but it is now in much broader use, even in foundries.
The vessel runs from a few tons capacity up to about half the charge
of a typical BOF. Its peak temperature runs up close to 1800°C.

The argon diluent facilitates throttling the flow of 0, without
decreasing the churning action of the gas. In fact, the AOD process is
the most turbulent of the three described here, and for that reason
alone the most corrosive. To make matters worse, some shops have
employed dual slagging in the course of each heat: first acid, then
basic. Linings of AOD vessels last about one-tenth as long as do BOF
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linings. A further contributing reason for this discrepancy is that hot
patching and maintenance procedures that work in the BOF are not
very effective here, owing to the extreme turbulence of the AOD
process. New refractory patches are rapidly washed away.

Permutations and Combinations

Combined top-and-bottom blowing is practiced, using either a
porous bottom plug (e.g., “LBE”) or bottom tuyeres (e.g., “LD” or “LD-
KG") together with a lance. Some shops have converted their bottom-
blown (Q-BOP) vessels to horizontal tuyeres. Some have combined
0, blowing by lance (BOF) with the feeding of solid chemicals through
the same tube; others have tipped the lance with a porous refractory
gas diffuser like that of a porous bottom plug. It is hardly beyond
reason in this era of change to predict still wider proliferation of
designs, or a single design enabling the user to operate in any
chosen combination of ways; even perhaps water-cooling of portions
of the steel shell, as has proven effective in other types of furnace.

Refractory Zones In Oxygen Furnaces

The principal refractory areas in the three main types of oxygen
steelmaking vessels are designated by the legends in Figures 1il-10a,
b, and ¢. The principal omissions there are the BOF lance and its
details, and the details of the Q-BOP bottom plug. Lance refractories
including optional porous diffuser tips can be selected without undue
regard for their life: replacement does not shut down the furnace. The
Q-BOP plug can hardly be regarded as expendable, on the other
hand: its removal and replacement is disruptive at best, and while in
place it had better not develop a severe hot-spot or run-out. Tapholes
see high-velocity metal and some slag; the main concern there is
maintenance of a constant diameter. Fairly rapid rebuilding
techniques have been developed so that tapholes are not life-limiting
on their vessels as a whole. Nevertheless, durability is at a premium.

For the remaining fixed wall areas, efforts are made toward
realizing a common service life over the whole vessel. These efforts
include: (a) choice of refractory composition and type; (b) variation of
lining thickness according to the corrosiveness of its environment;
and (c) use of automated, rapid, remote hot patching and repair
techniques between heats. Wear profiles are now routinely scanned
by an automated laser sensing device, whose output can be directly
programmed into the refractory gunning controller so that patching is
completed quickly, effectively, and economically. The further coating
of vesse! walls with slag at the conclusion of each heat has been
mentioned; but the trunnion area cannot be reached in that manner,
and reliance has to be placed on the other life-prolonging methods.
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Typical cycle environments in the several lining zones are
tabulated below. The furnace atmosphere reverts to oxidizing (air) on
every turn-down. References here to “slag” are to basic slag; but the
AOD case can be an exception.

Refractory Max. Hot Aggressive Erosion- Thermal
Zone Face T, °C Environment Abrasion Stress

Lance (lower) | Virtually | Fe, slag, etc.;turb. Severe Severe
Cone or Hood | all areas | CO, CO,, dust Moderate Mod.
Taphole Area |in BOF Fe, slag, gas, dust Severe Severe
Upper Barrel | & Q-BOP | Splash, gas, dust Moderate Mod.
Trunnion Area | see up to | Bathed: Fe,slag  Moderate Mod.
Charge Pad { ~1700°C.] Ditto plus impact  Severe Severe

Lower Barrel _ _ Fe, slag, etc.; turb. Severe Severe
Bottom Cone | In AOD Ditto Severe Severe
Tuyere Areas | all areas | Ditto Severe Severe
Fixed Bottom | see up to | Fe, slag; turb. Severe Severe
Bottom Plug | ~1800°C.| Ditto Severe Severe

Electric Arc Furnace: Alloy Steelmaking

The electric arc furnace, or EAF, is the second-highest
producer of steel in the U.S.A. It made 35 million tons in 1989.
Though it is a mainstay of alloy steel manufacture, it also makes
carbon steels and is used in foundries; and it sees much use as a
melting furnace, feeding the AOD for alloy steel refining. It has
become classified according to power consumption, roughly related
to operating temperature: ultra-high power (UHP), high power (HP),
and low power (LP). It is versatile as to size and as to feed, receiving
scrap and blast furnace hot metal or the output of an oxygen furnace.
it may be fed some coke, and either acid or basic slagging may be
used. In the U.S. the latter predominates. Top blowing (fancing) with
0, is sometimes practiced, though the addition of iron ore (Fe,0,, etc.)
is usually employed for oxidation of carbon, silicon, phosphorus and
sulfur without blowing at all. The vessel is discharged by tilting, either
by use of a spout alone or through a taphole. It virtually always
employs 3-phase alternating current.

EAF designs and operating practices are presently in a state of
flux. Figure llI-11 illustrates a common refractory-lined vessel and its
top. In recent years, however, water-cooled steel sidewalls have
greatly reduced their lining thickness; and water-cooled roofs have
eliminated refractories altogether from all but an enlarged “delta”
section enclosing the electrode guides. The graphite electrodes
(presently, coated) must of course be electrically insulated from each
other; delta-section refractories have no evident alternative.
Elsewhere, especially in UHP furnaces, still further design evolution is
forecast.
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The heating arcs pass from one electrode to its neighbor, in
rotation, through the melt. Although this creates turbulence and
metal-slag mixing, the EAF has a much better defined slag line (i.e.,
meniscus) than is typical in the BOP, Q-BOP, and AOD furnaces. The
slag line is located at the lowest sidewall, just above its junction with
the bottom or hearth lining. Below this level, refractory exposure is
primarily to metal and slag; above it, to splash, C0-C0,, and dust, and
also to direct radiation from the arcs. “Hot spots” occur in sidewall
areas where this radiation is most intense. Except for these areas, the
sidewalls and bottom see common maximum steelmaking
temperatures of about 1700°C with basic slagging, about 1600°C with
acid slagging. Upper refractory sidewalls and roof run progressively
a little cooler; but their water-cooled steel construction has now
changed all that.

The course of a steeimaking heat in the EAF is about the same
as in the 0,-blowing furnaces. Alloying elements Cu, Ni, and Mo may
be added before heating, as these are not burned out of the meit.
Ferrosilicon or ferromanganese may be added late, to “kill” or
deoxidize the steel. Alloying elements such as Cr, Al, Ti, and Zr,
which oxidize readily and would be lost to the slag, are added in the
transfer ladle after the heat is concluded.

Refractory Zones In the EAF. The refractory temperatures
and chemical exposures listed in the table below are typical for alloy
steelmaking with basic slagging. For acid slagging or for foundry use,
take off about 100°C in each area.

Refractory Max. Hot Aggressive Erosion- Thermal
Zone Face, T, °C Environment Abrasion Stress
Roof:

Delta Section 1600 C0, CO,, dust Moderate Moderate
General 1600 Co0, CO0,, dust Moderate Moderate

Electrode Coating 2000 Fe, slag, etc. Severe  Severe
Sidewall:

Upper 1700 CO0, CO,, dust Moderate Moderate
Hot Spots 1800 Splash, gas, Moderate Severe
dust
Lower 1700 Bathed: Fe, Severe Moderate

slag, etc.
Slag Line 1700 Fe, slag, etc.; Severe  Severe
turb.
Bottom 1700 Fe, slag, turb. Severe  Severe

Taphole and Plug 1700 Fe, slag,turb. Severe  Severe
Spout 1700 Ditto Moderate Severe
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“Taphole plug” in the list above is giving way to the slide gate
valve, which offers continuous control of the pouring rate and a
precise shutoff. Modern hot maintenance of the bottom and slag line
areas, and greatly improved monolithic basic refractories combined
with water-cooled steel, are responsible for EAF campaigns now
many-fold longer than used to be realized between major relinings.

Coreless Induction Furnace: Utllity Melter

The CIF has the cleanliness of a laboratory device, yet a broad
size range and flexibility for production. Little wonder it is used widely
as a meiting, alloying, and foundry furnace, ferrous and nonferrous
alike. Ideally suited for vacuum and controiled-atmosphere melting,
the induction furnace is much used for metal de-gassing and for the
preparation of high-quality alloy steels -- not to mention copper and
nickel base alloys and others. It is not a large-scale, mass-production
melter, nor is it appreciably used for chemical refining. lts slag is of
the nature of a floating protective covering and flux for impurities,
rather than a reagent to be churned into the metal as is the case in the
primary steelmaking furnaces.

The coreless induction furnace consists in essence of (a) an
external, water-cooled helical copper conductor, carrying alternating
current ranging at will from line frequency up to kilohertz or even
megahertz frequencies; (b) a thermally-insulating, non-suscepting
and impermeable refractory crucible fitting closely against the coil;
and (c) a metal charge placed in the crucible. The charge becomes
the *“core” or susceptor and is heated by induced eddy currents
within. Once the charge is molten, resistance to the eddy currents
produces mechanical stirring. Figure lll-12a is a sketch of a 20-ton
line-frequency unit. It shows that, with provision of a magnetic yoke
surrounding the coil, the entire assembly can be encased in a steel
shell. That shell then forms the enclosure permitting vacuum or
controlled-atmosphere operation. Figure 1ll-12b is a cutaway
rendition of the commercial unit.

The only refractory zone of note in such a furnace is the
crucible. Apart from the qualities listed above, this crucible obviously
must not crack and leak in service. For a furnace cycled repeatedly
between ambient and some 1650°C and subjected to corrosion by
steel and slag, that is a tall order.

Steelmaking Ladles

Torpedo ladles and teeming ladles were introduced previously
here as accessories to the iron-smelting blast furnace. The use of
ladles is implicit, as well, with every other liquid-metal processing
device we have described. In steeimaking ladles, change and the
prospect of further change are the rule at this writing.
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Section (reprinted from Ref. 8, by permission)
b. Cutaway (courtesy of National Refractories & Minerals, Inc.)
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Bottom-Pouring Ladles. Classical ladle designs are not
likely to disappear, particularly in small shops and foundries. The
simplest form is a cup with a pouring lip or spout, discharged by tilting.
tI‘;‘ut to avoid delivering slag, it is necessary to pour metal from the

oftom.

Figure lI-13 shows three types of bottom-pouring ladles. The
tilting “teapot” in the upper right is otherwise like all tilt-poured spout
configurations: (a) the metal stream is not precisely directed, and (b)
shut-off timing is uncertain. The “bottom pour” ladle in the upper left of
the figure is better described as the stopper rod type; this has been a
standard configuration in iron and steelmaking for decades, as it
answers both of the above faults of spout pouring. It has been used in
torpedo ladles and teeming ladles for iron and in all their counterparts
for steel transfer and casting. The same concept of course applies to
the taphole and plug used for discharging furnaces.

However, this concept has limitations too. For one, the metal
delivery rate through a fixed-diameter orifice depends on the
hydrostatic head in the vessel. For teeming ladles, ar: ideal refractory
orifice would be one which enlarges by wear such as to maintain
constant metal flow while the ladle empties. It is not easy to create
and reproduce a ceramic material that is so obliging; but efforts to do
so generated a second drawback: uneven orifice wear, often resulting
in inability of the stopper to re-seat. Modern nozzle, taphole, stopper
and plug refractories have been improved so that reliable re-seating
is now expected; but the price is a slow wear rate of the orifice. The
variable pouring-rate consequences can be abided in operator-
controlled plants and foundries. However, the incentives for
computer-driven automation in iron and steelmaking are great; and
automation calls for controliable pouring rates.

Enter the slide gate valve, shown at the bottom of Figure 1l-13.
This device has been evolving since about 1970, and will no doubt
see still further improvement. It consists basically of two fixed, paralliel
refractory plates with a space between, and a sliding plate filling that
space. It is clamped across the bottom nozzle of the vessel, holes in
the two fixed plates being aligned with the nozzle orifice. The sliding
plate, or gate, bears a corresponding hole for discharge and a blank
or solid area for shutoff. Precise hydraulic positioning of the sliding
gate can provide controlled flow of hot metal at any rate from zero to
maximum. With sensing and programmed positioning controls, the
slide gate valve can serve an automated plant. Large ladles, running
up to several hundred tons capacity, now use the slide gate almost
exclusively. Slide gates are also being fitted to the tapholes of
steelmaking furnaces.

All steel ladle refractories must withstand corrosive attack at up
to about 1700°C. An upper slag line (filled level) and a lower slag line
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(discharged level) are foci of corrosive wear. The refractory must not
shrink from the shell over some ten to one hundred temperature
cycles, nor crack under the thermal shock of being filled; and it must
endure much mechanical abuse. The nozzle and its surrounding
block take intense erosive forces, while the stoppering and gating
devices do likewise. The ladle-discharging system is repeatedly
subjected to thermal shock as it is operated. Slide gate parts must in
addition be exceedingly hard and wear-resistant, and surfaced to very
close tolerances. But now there is still more.

Ladle Metallurgy. The 1980s saw gathering momentum in
ladle practices that could not have been entertained only a couple of
decades before. These practices are taking the refining of iron and
the making of alloy steels out of conventional furnaces and into their
ladles. “Clean steel,” a watchword for high purity and freedom from
inclusions, is one incentive; another is the most economical use of
time, process energy, labor, and fixed capital equipment.

Steel processing now quite commonly starts in the torpedo
ladle, where desulfurization is carried out with much more reliance on
slag chemistry than on blowing: slag Ca0:Si0, mol ratios up to about
10:1 are in use. Phosphorus removal is more difficult at that early
stage; but other combinations or sequences of ladle and furnace
treatment are sure to evolve. These are addressing both the chemical
differences in iron ores worldwide and the mix of steels needed by
world markets.

Numerous argon bottom-bubbled (i.e., stirred) ladle designs
have appeared, combined with top blowing and either or both of top
and bottom slag-chemical injection. Generally these call for higher
ladle temperatures, i.e., about 1750°C. In a counterpart of the EAF, a
complete water-cooled roof assembly, with electrodes, is lowered
over a ladle and run just like a fixed installation but lifted off again at
the end of a heat. Vacuum degassing is being conducted in iadles as
well as in furnaces.

For the most part, this technological turbulence will alter the
product mix of the refractories industry without necessarily calling for
new materials that have not already been placed on the want list.
Ladle metallurgy has, however, accelerated research into more
corrosion-resistant refractories in the present era, as it has intensified
the exposure of ladie refractories to corrosion along with the
traditional demands made upon them.

Continuous Casting of Steel
The last steelmaking device we shall catalog here is the

continuous casting device. The process is dubbed concast in the
industry. It has counterparts in all major nonferrous metals as well.
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The economy of continuous casting over pouring-pit casting is
enormous, and the billet quality obtained is higher. The concept was
introduced in Chapter Il. Here the equipment is illustrated in Figure
lii-14, in which attention is called to the tundish and its metal delivery
and casting system.

Figure lli-14a is a schematic overview of the whole operation,
showing the processed steel in black. A transfer ladle is placed in
position at the top. A “ladle shroud” (vertical refractory tube) is affixed
under its slide gate vaive, by means of which hot metal is delivered
intermittently to the tundish immediately below. This procedure keeps
the tundish, a much smaller surge reservoir, always nearly full. Below
the tundish is the “tundish shroud,” another tube, whose lower
extremity is submerged in the steel which it delivers continuously
down into a water-cooled copper mold. The mold starts the process
of solidification of the steel as the latter flows and is then drawn down
by sets of rolls. Between the underside of the mold and the first set of
rolls are water sprays (not shown) which play directly on the steel and
continue its solidification from the outside in. Additional sets of rolis
bend and then straighten the now-solid billet so that it moves
horizontally onto a roller table, where It is cut into lengths.

Figure 111-14b is a faithful representation of the continuous
casting mold itself, and its ingenious operation. Here the tundish is
at the top, and its submerged pouring tube or “tundish shroud” is
highlighted in black for orientation.

It is seen that a mold powder is fed into the top of the mold, and
that this floats on the upper surface of the molten steel. Mold powder
is a flux: some of it melts on top of the steel, protecting the latter from
the air. Thermal insulation by the powder prevents the top of the
metal pool from freezing; so bits of refractory or slag in the steel can
rise to the top, where they are dissolved in the molten flux and hence
removed.

Next it should be noticed that there is an annular gap between
the downward-moving steel and the copper mold. This gap is filled by
the molten flux, flowing down from above. The mold oscillates
vertically to drag the flux down and spread it evenly in the annular
space, where it serves as lubricant as well as heat path for the now-
freezing steel. As the flux exits below with the moving steel, more of
the mold powder melts on top.

Without mold powder, the steel would freeze directly onto the
copper, jamming the process. Mold powder may be the only product
of the refractories industry that is formulated to melt rather than not to
melt. In honor of this uniqueness, we shall not refer to mold powder
again in later pages. But its vital use is a delicately-balanced one in
which numerous properties of the material are critical: its melting
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range, solid and liquid thermal conductivity, heat of fusion, liquid
viscosity and solvent power for other oxides. Since different steels
are cast at different temperatures and since billets of different
dimensions are needed, there is not one mold powder but a family of
mold powders. The conceptual brilliance of continuous casting and
the cooperating skills of its execution are a fitting note on which to
close these descriptions of steelmaking, the largest single user of
refractories.

Copper Converter

Earlier in this chapter a standard copper smelting flow scheme
was presented. The operation has been streamlined by some later
equipment designs; but consolidated processes address the same
chemical objectives in basically similar ways. Meanwhile the copper
converter will most likely persist where it is already in place, and it
continues to illustrate refractory exposures in hot processing that are
as perennial as copper. It will be recalled that the converter receives
copper matte (Cu,S, FeS, etc.) from a reverberatory melting furnace,
and converts this batchwise in two steps to crude blister copper. The
latter then goes to another reverberatory furnace for refining.

The converter is pictured in Figure Ill-15. It is seen to be a
small (<100 ton Cu capacity) closed-ended refractory-lined tube,
bearing a generous charge-and-discharge port, an end burner,
exhaust port, and a row of closely-spaced horizontal tuyeres for air-
blowing. Its charge includes a prescribed silicate slag, usually basic.
After charging, the vessel is heated to a maximum of about 1600°C
and air-blown. At this temperature copper oxides are substantially
unstable; partial oxidation of Cu,S produces crude Cu, some Cu,0,
and S0, gas. Silver is reduced. FeS, on the other hand, is oxidized to
S0, and iron oxides which dissolve in the slag, making a corrosive
iron-rich composition. Slag and metal are churned by the injected air,
reaching up about half the diameter of the converter. Then they settle
and separate. The slag is poured off by rotating the vessel; then the
converter is returned upright.

A picturesque alchemical method used to be employed for the
second part of the heat.3 Today the same end is ordinarily achieved
with a reducing (i.e., CO) atmosphere and/or suitable heavy hydro-
carbon or coke injection. Any remaining Cu,S and Cu,0 react:

Cu,S + 2 Cu,0 — 6 Cu + SO0,.

In the mildly reducing environment the decomposition of residual
compounds to copper is completed, and the metal product is poured
off. The entire cycle takes about six hours, though it has been
shortened and the temperature raised somewhat by using 0,-
enriched air in the blow.
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Refractory corrosion is most severe around the tuyeres; next,
generally in the lower semicircle due to molten slag contact. The
atmospheric cycling between oxidizing and reducing has to be
recognized in refractory selection. The copious evolution of S0,
generates corrosion problems mainly in the gas-handling system
outside the converter. Copper smelters often still run sulfuric acid
plants as the least costly means of getting rid of that S0,, in tonnage
amounts up to three times the amount of copper produced. The trend
in new installations is now to smelt copper electrolytically at low
temperatures, eliminating the several successive S0,-generating
steps and their costly air-poliution problem.

BATCH TYPES -- RECTANGULAR

Reverberatory Furnace: Basic Open Hearth

Batch-type reverberatory furnaces go back a very long way: to
the “puddling” furnace of Figure |-5a, the foundry furnace of Figure -
6a, and the roasting furnace of Figure 1-6b, for example. In describing
the contemporary reverberatory furnace in copper smelting earlier in
this chapter, we pointed out that this device has important uses in
several other areas of nonferrous metallurgy too. We further
suggested that the continuous and batch versions have much in
common. There is no need to revisit the batch version explicitly here.
But there is one exception, with which the refractories technologist
should have some acquaintance.

That exception is the basic open hearth steelmaking furnace.
This was the mass-production tool of the emerging Age of Steel,
supreme in the industry for a century ending in the 1960s. It was the
only major reverberatory metallurgical furnace to be heated
regeneratively. It is still in use today, here and there, but waning. In
that sense it is still a contemporary furnace, though hardly modern. |t
cannot make anything approaching “clean steel.” Efforts to revitalize
it by air or oxygen lancing have met with mediocre success at best:
true to the reverberatory design, its bed is too long and too shallow.
In the U.S. in 1989, 4.5 million tons of 0.H. steel were made: under
5% of total production.

The cutaway sketch of Figure 1-5¢ will serve for illustration, as
that figure portrays a 20th-century open hearth. Recalling the cross-
fired glass melting tank of Figure 1i1-6, the open hearth is fired
reciprocally in the same way except end-for-end. its two alternating
burners can be seen in Fig. I-5¢, as well as its two sets of checkers --
the near set cutaway and the far set covered. The entire length of its
bed is exposed by the cutaway; only the far edge of the radiating
crown can be seen. The four rectangular openings on the right side



Foundations of Refractory Application 123

are charging doors. The trough on the left side emerges from a
taphole.

The furnace is charged with scrap and with blast-furnace iron.
A basic slag is added, but containing a significant amount of iron ore.
Ferrous oxide from the slag is soluble in molten iron, and this quality
is made use of for decarburizing because the access of air as oxidant
is too limited. The reaction is,

Fe0 + C — Fe + COy).

This is the same reaction used in the electric arc furnace, but there the
temperature near the arcs is much higher and stirring is much more
effective. Whereas the copper converter slag starts low in iron oxide
and ends high, the open hearth slag starts high and ends low; but on
average both are quite penetrating. The open hearth bed, being ill-
stirred, shows the most sharply-defined siag line of any primary
steelmaking charge, with equally sharply-defined corrosive attack on
the lower furnace walls.

Above the slag line, the open hearth and the glass melting
furnace have much in common as to refractory exposure. Their
frequencies of reversal of the firing direction are comparable. Their
operating temperatures, including those of the checkers, are
comparable. Their bed temperatures are comparable. While the
glass furnace atmosphere is enriched in alkalies, that in the open
hearth is high in ash owing to the use of dirty fuels: typically heavy oil
or heated tar.

As compared with the BOF which replaced it, the basic open
hearth is at best a maker of medium-low carbon steel and an
inefficient desulfurizer. Its elapsed time for a heat averages about 8-
10 hours, vs about 30 minutes for a comparable-sized BOF. Though
its bed temperature is 100°C lower and its refractory corrosion is
accordingly slower, per ton of steel produced its refractory
consumption is greater.

Refractory zones in the basic open hearth have been long
since established and material selection in each zone standardized.
Hot patching and repair between heats is helpful to refractory life; but
the elongate dimensions of the open hearth are not favorable for
repair, compared to the compact dimensions of the BOF. Refractory
improvement for the open hearth, like this vessel's use in world
steelmaking, has waned. Yet for some time to come, relining and
repair will still be called for.
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Arc Furnace: Oxide Melting

Small arc furnaces for batch melting of oxides have habitually
been of rectangular shell construction; but cylindrical forms are hardly
uncommon. Their industrial role is described under Fusion of Oxidic
Materials in Chapter .

This type of furnace is singled out again here, not so much as a
consumer of refractories but because of its increasing use in their
manufacture. That continuing increase may be projected into the
future, with the lion's share of growth devoted to melting the single or
principal oxides zirconia, magnesia and alumina and the compounds
MgO0-Cr,0,, Mg0-Al,0, and 3Al,0,-2Si0,. Furnaces are accordingly
gaining both in size and in power density, with increasing emphasis
on rapid tilt-pouring and minimum down time between heats. Three-
phase systems now dominate this segment of furnace use. Figure lli-
16 illustrates a modern high-powered furnace installation capable of
reper;‘atedly melting Zr0, or Mg0 batches of the order of 10-15 tons
each.

in the furnace design illustrated, the shell is water-cooled,
unlined. The skull and surrounding granular material and a heel of
molten oxide are kept in place from heat to heat. The skull forms a
crucible of fairly stable size, which is refilled for each new batch. The
furnace roof is subjected to intense radiation from the arcs; this
heating and its suddenness are met with water-cooled steel
swingaway roof construction. Water cooling of refractory insulators
around the electrodes completes this critical part of the furnace
construction.

The most dramatic refractory exposure in this arc furnace is that
of the pouring spout. Its preheating during the course of the melting
cycle lessens the thermal shock it receives on pouring; yet the
temperature exposure during the pour itself, up to some 3000°C, has
to cause severe wear. Pouring spouts in these furnaces are now
often just skull-protected extensions of the water-cooled shell,
eliminating formed refractory parts that are rapidly expendable.
Casting molds are typically of water-cooled steel as well. In short, the
processor buys electric power instead of refractories.

Coke Oven: A Crude Retort

A paramount concern in coking of coal or petroleum residues is
economy.. Coke Manufacture should be consulted in Chapter Il. In
laying out a facility, the operator must consider the logistics of moving
huge amounts of feed materials and hot product; also of collecting
and processing immense volumes of gaseous byproducts. The
common layout is in a long line, between parallel railways.
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In the line, narrow rectangular or siot-shaped coke ovens --
better described as retorts -- are alternated with even narrower flues
through which the indirect-heating gases pass. These cavities share
common refractory walls, such that each flue heats ovens on either
side and each oven is heated by fiues on either side. Even though
the maximum coking temperature is only about 1100°C (combustion-
gas temperature only 1400°-1500°C), regenerative heating is
employed for fuel economy. Rows of checkers and manifolding for air
and gas lie underground, below the line of ovens. The fuel gas is part
of the noncondensible part of the oven overhead product; the
remainder of the noncondensibles is burned elsewhere in steam
boilers or for process heat .

The oven overhead, consisting of the volatile byproducts of
coking, is taken by refractory-lined manifoiding above the entire line,
oft to a condenser and then a distillation plant for separation of the
condensibles. The uncondensed fraction (principally H,, CO, and light
hydrocarbons) is utilized as described above.

The oven roofs contain charging doors, used for batch filling
and then sealed before coking. If the common oven/flue walls are
called sidewalls, then the narrow end walls of each oven are
removable panels, taken off for discharge. These too have to be
hermetically sealed in place for the coking. The entire array is of
intricate architecture, calling for a host of brick shapes, monolithic and
sealing refractories, and a complex of ducts and valving. All of this
must be exceedingly long-lived to warrant its initial cost.

If the refractory zones are characterized by individual geometry
and architectural function, they are many indeed. A smaller number
are distinguished by their process environments. Oven walls
experience highly reducing H,- and CO-rich atmospheres during
coking, with air-oxidation, thermal stress and abrasion accompanying
discharging and charging. The oven/flue dividers must in addition be
thermally conductive. Checkers and their enclosures see thermal
stresses attendant on cycling; and combustion liners experience H,0-
rich gas at the maximum operating temperature of about 1500°C. The
byproduct offtakes and manifolds have to manage the oven
atmosphere and dust at high velocity, at temperatures up to 1100°C.
All external walls have to be thermally insulating. Impermeability of
all refractories is a must, as is dimensional stability through many
cycles.

The product of coking, it will be recalled, is then in part
calcined. The rotary kiin for this purpose has been described
previously in this chapter. Other forms of calciner are used too; their
refractory exposures are much like that in the rotary.
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Carbon Baking Furnace

The essential features of the indirect-fired carbon baking
furnace, as well as the nature of its charge and the process it
conducts, are described under Carbon Baking in Chapter Il. Though
geometrical designs vary, the common layout is a farge, room-like
rectangular brick box with double walls where heating gases
surround the interior structure and its contents. A given charge, or lot,
of carbon stock is all fired to a common temperature; but successive
loadings of the same furnace may be taken to different temperatures.
Generally, such a furnace is fired to temperatures between 1200° and
1500°C. Smaller furnaces may go as high as approaching 1800°C.
Furnaces with the latter capability are much less common, and
shorter-lived.

The principal difference among the refractories employed
relates to the maximum temperature of use. Divider walls again have
to be thermally conducting, outside walls insulating. The CO-rich
atmosphere within the box is powerfully reducing. Though the
furnace is cooled some before unloading, exposure of the refractories
to air while hot is usual. Mechanical abuse in unloading and loading
is also common; but in between, the operating characteristics are
those of an indirect-fired batch kiln. The difference is, the contents are
carbonaceous instead of oxidic.

Batch or Periodic Kilns: Ceramic Sintering

The continuous ceramic-firing tunnel kiin was treated eatlier in
this chapter, and referenced to the section in Chapter Il entitled
Sintering of Oxidic Ceramics. Both of those discussions now serve as
background for the description of batch kilns, many of which are
essentially rectangular in shape.

Batch kilns and their predecessor ceramic ovens antedate the
tunnel kiln by millennia. But they have survived in coexistence with it,
and numerous types of batch kilns still serve the needs of firing
unglazed and glazed ceramic ware -- even, firing refractories. A
technical or economic preference for batch firing in production can
occur, for example, when a plant or operation:

(a) Is too small to justify the tunnel kiln capacity or investment;

(b) Entails small lots of different products requiring kiln re-
programming;

(c) Requires time-temperature-atmosphere programs ill-fitted
to the tunnel kiin;

(d) Entails wares too large or too various for tunnel kiln setting;
or

(e) Entails excessive refractory corrosion, requiring frequent

kiln shutdown for repairs.
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The term periodic kiln is used preferentially for designs utilizing
kiln cars similar to those of the tunnel kiln. But “periodic” seems also
to be synonymous with “batch” for all types. Cars enter a periodic kiln
on rails, but there the journey stops. Advantages are that the setting
and unloading are done outside, and such a kiln does not have to be
cooled sufficiently for human entry between cycles. A disadvantage is
that the car platform (or, e.g., a “square” array of four of these) must
form a seal with the kiln shell, isolating the working volume above
from an air-cooled plenum below. An alternate arrangement
available for firing clay products provides for the platform and its
setting to be prepared on a car topped with rollers, and then pushed
off into the kiln on a roller hearth within. The platform still becomes the
true hearth.

All batch car-kilns are front-loaded. In the commonest type,
called the shuttle kiln, after loading the front wall is closed by
moveable refractory-lined doors. In the ball kiln, the entire shell
(except floor) is lifted up for loading, then lowered over the car(s) and
ware for firing. In the elevator kiln, the shell is permanently set high
above the floor; the kiln base and its contents, once loaded, are lifted
hydraulically up into the shell. Car removal is the reverse of entry.

All three of the above types, if designed without a lower
plenum, can be charged without the use of cars: that is, with the
setting laid on a permanent hearth. In this case, as well as in top-
loaded kilns, there is latitude for a variety of geometries including
those circular in plan view. One of the oldest, though now used

“infrequently, is the beehive, pictured in Figure |-1a. Granted it
requires a complex of brick shapes for its construction, the beehive is
essentially free-standing. Cylindrical and rectangular kilns employ
external steel framework support. The former are typically dome-
roofed, the latter arch-roofed or in some cases may possess a
suspended roof.

Batch kilns can have free space above the setting, unlike the
tunnel, because the heating gases are not constrained to horizontal
motion. This latitude permits various sizes and shapes of ware to be
fired in successive batches. Permanent-hearth kilns furthermore can
enjoy a considerable variety of interior architecture, ranging for
example from indirect-fired (muffle) designs to updraft and downdraft
and radiating direct-fired designs intended to achieve uniformity of
heating throughout the chamber.

Like the tunnel kiln, batch kilns are generally oil- or gas-fired.
Unlike the tunnel, too many have lacked any provision for
recuperative or regenerative heating. The pebble-bed air pre-heater
such as that depicted in Figure 111-3 is an appropriate heat-recovery
device because it is continuous and does not require gas/air flow
reversal. Such an addition can as much as halve fuel consumption.
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Irrespective of external geometry, some batch-type kilns are
ganged together or else subdivided within as compartment kilns, and
are operated in the hybrid batch/continuous mode described in the
first section of this chapter. That arrangement also gives good fuel
economy, but is not used for the highest-temperature equipment.

Batch-heated units have historically suffered economically
because the mass of the vessel including its refractories -- or more
properly, the heat storage capacity thereof -- was large compared to
that of the ware being heated and then cooled. Rarely was so much
as half of the combustion heat used productively in heating the ware,
and this fraction could be as low as one-fifth. Though the majority of
the wasted heat went up the stack, the next largest portion was
pumped into kiln walls, roofs, floors, cars, and other fixed heat sinks;
only to come out slowly during cooling, sometimes profitlessly
extending the cooling period required before personnel could enter.

Concerted efforts by the ceramic producers and dramatic
progress made in insulating and low-mass refractories useable up to
some 1600°C have taken much of the mass -- and a great deal of the
thermal mass -- out of batch kilns and cars. Fuel savings up to 50%
and better have been realized in non-recuperative systems. Other
benefits include relief from the effects of thermal cycling on rigid
brickwork, and from unnecessarily-prolonged firing and cooling times.
The basic means of making such improvements have been in place
for 20 to 30 years and are now being extensively exploited.
Incremental improvements continue to be made.

Refractory zoning in direct-fired batch or periodic kilns is
essentially simple: the entire interior sees the maximum firing
temperature of the particular use, and all of it sees roughly the same
thermal transients and the same atmospheric and corrosive history.
Burner blocks are an exception, running hotter. “Bag walls,” making
the first deflection of the combustion gases in a downdraft kiln, also
run hotter. Exhaust ports suffer increased corrosion-erosion by virtue
of gas turbulence and velocity effects. Kiln furniture always has
special considerations, such as concentrated loads. In muffle kilns
and in saggers, heat-transfer walls have to be thermally conducting
and are hotter on the combustion-gas side than on the side facing the
ware. As in the tunnel kiln, firing may be conducted to a maximum
temperature ranging from as low as about 1000°C to as high as about
1900°C. Also as in the tunnel kiln, the firing of refractory bricks and
blocks includes the highest temperature demands. The corrosive
atmospheres of glaze firing may fall more to the batch kiln than to the
tunnel, because refractory damage is there more confined.

In illustrating batch kilns, it is best to represent concepts
because there are so many units differing in size, shape, and details
of construction. Figure 1I-17  schematically illustrates two
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(reprinted from Ref. 3, by permission)
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classical stationary downdraft concepts, one with a bag wall and one
fired overhead. Figure 11l-18a portrays a standard form of shuttle kiln
(door removed), a high-capacity workhorse of the ceramic industry.
And Figure llI-18b is a schematic section of a shuttle kiln incorporating
downdraft firing. What defies illustration but must be given recognition
is the pervasive use of instrumental sensing and programmed
electronic control of kilns in the ceramic industry. Automation is
making them into powerful tools of repetitive high-quality production.

OTHER REFRACTORY APPLICATIONS

In these pages we have sampled hot processing equipment
and illustrated its uses in industry, but in neither case exhaustively. As
to uses, we have omitted numerous other operations knowing that a
comprehension of those included will convey principles of refractory
application that are transferable elsewhere. We have chosen
illustrative uses from the dramatic and challenging to the mundane in
respect to refractory selection. But refractory applications are not
limited to our sampling.

As to types of processing equipment, we have made no effort to
be encyclopedic. We have not even given explicit observance to
every equipment type listed in Table 1ll.1, especially not to all of the
batch types. The reader will recognize their incidental inclusion
under the corresponding continuous-type headings. We have further
omitted whole classes of electrically-heated devices, an endless array
of art potters’ equipment, and whole spectra of laboratory preparative,
investigative and testing toois. The use of refractories in every one of
these deserves mention; yet to compile a comprehensive catalog of
hardware would surely, in the reader’s interests, pass the point of
diminishing returns. Omissions from this chapter imply no disregard,
but rather a certainty that potent similarities will be found by the
reader between those devices omitted and those included.

A genuine dilemma arises, on the other hand, regarding still
further categories of application of refractory materials. If beta-
spodumene or zirconia or silicon nitride performs duties in heat
engines, those are refractory applications. The nose cone of a guided
missile has to be refractory or it could not serve there; likewise the
launching pad of a space vehicle installation and the protective tiles
on the vehicle itself. Intumescent fire-resistant polymers and ablative
hypersonic-vehicle coatings are assuredly refractory, becoming
carbon in service. If heat rejection is a refractory function, add the
selective-reflectance coatings on space satellite skins.

Ceramic abrasives and machine tools glow orange-hot on the
job, a testimony to their refractoriness. Advanced high-strength
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filament-reinforced composites contain at least one refractory
component, such as carbon or silicon carbide. Those two substances
are also serving as legs of a high-temperature thermocouple.
Graphite has had a pivotal role in nuclear power generation, as have
also the refractory fuels uranium carbide and uranium dioxide.
Refractory materials provide military armor and nuclear hardening.

Zirconia, a semiconductor, measures the oxygen content of
automotive exhaust gases. Alumina contains the combustion catalyst
that ensures their passing environmental regulations. Alumina also
insulates the electrodes of a hot spark plug, while chromia in situ
prevents superalloys from burning up in an aircraft turbojet. Every one
of these examples recollects more.

In truth, refractory materials are both fascinating and limitlessly
useful. Yet this book cannot be allowed to ramify so limitlessly. The
danger of adhering to our proscribed subject, however, is that it is
from distant technologies that some of the best new ideas will come
for refractory improvement. As we now proceed to construct the
technology of industrial refractories from where we have been, the
reader is admonished to keep another eye on what may yet be
possible.



Chapter IV

Principles of Thermal Stability

MELTING POINTS OF SUBSTANCES

The Tammann Temperature

The melting temperatures of refractory compounds are
impottant for several reasons. First, diffusion of atoms or ions in a
solid, generally by complex lattice vacancy migration,15 depends
exponentially on temperature. Vacancy diffusion in ionic compounds
becomes significant only above about 3/4 of the absolute melting
point.

Some aspects of corrosion are rate-limited by diffusion in the
host material. If corrosion limits the life of a refractory, that life may in
principle be extended incrementally by choosing a higher-melting
composition -- all other things being equal. Another diffusion
controlled process is plastic flow. Below about 3/4 of its absolute
melting point, a crystalline compound is likely to remain sensibly non-
plastic, or elastic, under mechanical load. Above that rough tempera-
ture limit, which is called the Tammann temperature, time- and load-
dependent plastic flow or creep may be expected, ieading to such
consequences as creep-rupture (i.e., mechanical failure at low load)
and/or permanent deformation remaining on re-cooling. Still another
diffusion-controlled process is sintering, usually exhibiting an
attendant shrinkage.

A further property which tends to correlate with the melting
point is resistance to thermal decomposition. Other properties do too,
their values changing markedly above the Tammann temperature.
Included are the transport properties such as thermal and electrical
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conductivity. Even the heat capacity or specific heat is likewise
affected.

Microstructural Definitions

Different regions in a refractory microstructure may melt at
markedly different temperatures. The majority of industrial refractory
materials are heterogeneous mixtures. That is, they are comprised of
more than one phase. The regions or volumes of each phase are
separated from one another by thin boundaries. A single phase is by
definition a homogeneous region (or, collectively, all of the like ho-
mogeneous regions in a body). Two classifications of solid phases
are recognized: solutions (i.e., of continuously-variable chemical
composition within limits), and substances (i.e., elements or com-
pounds, of relatively fixed compositions represented by chemical for-
mulas). A single-phase solid region ordinarily will contain many or/-
entation boundaries, between crystallites whose lattices are oriented
differently but which are of like composition. These boundaries are
distinguished from the phase boundaries in heterogeneous
materials, across which step changes in composition occur.

Solutions, being capable of continuously variable composition,
exhibit variable properties. Here we shall start with substances:
mainly, compounds. To the degree that the composition is fixed, the
bulk properties of a compound are relatively fixed and reliable.
Refractories are often contrived to present one or two compounds to
the hot environment as the primary barrier(s) to corrosion. Thus one
or two compounds may be the major phase(s). The melting point of
each such phase is the first of several indicators of how it will behave,
thermally, chemically, and mechanically, at high temperatures.

Oxide Melting Points

Simple Oxides. The roster of binary oxide compounds
provided by nature is indicated in Figure IV-1, which lays these out in
an abbreviated Periodic Table. The melting point of each is given in
°C.11 There may be an error in the m.p. of V,05 (trivial because we
shall exclude it). That of Zr0, is for the hafnia-free compound,
whereas the Zr0, usually encountered contains about 15% Hf0, in
solid solution and melts at about 2700°C. Pu0,is not inciuded; its
m.p. is probably close to that of U0,. Some of the listed melting points
are reported within brackets as large as * 25°C, reflecting mainly
uncertainties as to chemical purity. Nevertheless, the most refractory
oxides make themselves clearly evident in Figure IV-1.

Complex Oxides. Of all the ternary oxide compounds that
are possible, only a few are comparably high-melting. Only the ten
most refractory of these are listed below:11
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Name Formula M.p., °C
Magnesium aluminate MgAl,0, or WMgO-Al,0, 2135
Magnesium chromite MgCr,0, or Mg0-Cr,0, 2380
Iron (-ous) chromite FeCr0, or Fe0-Cr,0, ~1700
Forsterite Mg.Si0, or 2MgO0-Si0, 1910
Dicalcium silicate Ca,Si0, or 2Ca0-Si0, 2130
2Zircon ZrSi0, or Zr0,-Si0, 2550
Dialuminum silicate ALSi0Os or Al,0,-Si0, 1868
Mullite AlSi 0, or 3Al,0,2Si0, 1920
Calcium zirconate Cazr0, or Ca0-Zr0, 2550
Calcium titanate CaTi0, or Ca0-Ti0, 1975

Magnesium aluminate and the others grouped with it here will
be recognized as spinels. Iron chromite (e.g., as chromite ore) has a
place in this list because of its role in stabilizing iron in refractories
against disruptive oxidation-reduction cycling, to be discussed later.
Calcium titanate will be recognized as perovskite; it and the zirconate
(which is not a perovskite) will be evaluated later on. Dialuminum
silicate is the principal constituent of the minerals andalusite, kyanite,
and sillimanite. Mullite and zircon will become even more familiar.

Free Energy Criteria: Chemical Stability. Any given
compound can be imagined as made directly from its elements, as for
example alumina:

2 Al + 3/2 05(g) — Al05

If this equation is read in reverse, it represents the decomposition of
alumina, an unwanted event in its use as a refractory. The Gibbs free
energy change* for this type of chemical reaction as written is called
the free energy of formation, symbolized aG;. A large negative value
of aG;indicates a large driving force for compound formation, hence a
high resistance of the compound to thermal decomposition. For the
comparison of oxides, a rough indicator will suffice. This can be
obtained by using the standard* aG;at room temperature, written
AG®j506° @ quantity readily available in reference tables.11

But we want to assess the stabilities of oxides of different
formulas, viz., MO vs M,0, vs MO,. Instead of taking AG° .5 per mol as
it is tabulated, we must take it per equivalent. of Al,0; above, for
example. The total number, n, of mols of electrons transferred from

*Chemical thermodynamic quantities will be used more
rigorously later on.
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Al to 0 in the above equation is 6, hence one mol of Al,0z;is n = 6
equivalents, and the thermodynamic quantity we want is (AG®, 55 )/6 .
The reader will note that for simple oxides of formula M0, n = 2; while
for MO,, n = 4; etc.

It is intuitive that chemical stability should increase, on the
whole, with increasing melting point.  Figure V-2 is a piot of
(-aG®206)/n vs 104/T,, (where T, is m.p. in K), demonstrating this
rough correlation for a large number of binary oxides and some of the
ternary oxides just considered. The dashed line cutting across the
correlation band is an arbitrary but reasonable one, dividing
“acceptable” refractory compounds above it from “unacceptable” ones
below. The latter are thus disqualified by the combined criteria of
both melting point and chemical stability. Fortuitously, the oxides of
most metals exhibiting multiple valences (Fig. IV-1) are thereby
disqualified. We are spared having to examine the still further
problem of their susceptibility to oxidation and reduction between
valences.

Other Considerations Iin Selection. Among the
acceptable oxides of Fig. IV-2, it is convenient to disqualify some for
miscellaneous other reasons:

BeO - Exceedingly toxic dust

ThO,, U0, - Radioactivity

Ba0, Sr0 - Slaking susceptibility (a concern about Ca0 as well)
Lay0s, Y205 Ce0,, Hf0,, ThO,, U0, - Cost (also Ba0, Be0, Sr0)

“Cost” in isolation is certainly a relative matter. A compound
eliminated as too costly today may be acceptable in a different
economic framework tomorrow. Or, eliminated from general use, it
may still find application in special technical circumstances. A good
current example is zirconia. Even zircon was little used in this field
much before the 1960s, and Zr0, not until well into the ‘70s, on
account of cost. Now both are well-known refractories.

Nonoxide Melting Points

The elements grouped in Figure 1I-2 as Carbide Formers
provide a family not only of refractory carbides, but also of borides
and nitrides. The atoms B, C, and N are very small, and the bonds
they form in interstitial compounds are substantially covalent. Each
small interstitial atom bonds typically to three or four nearest-neighbor
metal atoms, yielding high-melting and stable compounds.

Carbon is well known as forming two- and three-dimensional
atomic networks by covalent bonding. Boron, nitrogen, and silicon
atoms share this capacity. A second family of refractory nonoxides is
comprised of small-atom compounds among selected pairs of these.
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To a limited extent, even aluminum participates in such compounds of
principally covalent nature. The ability of these small atoms to
substitute for one another results in some mixed compounds such as
carbo-nitrides, and even more complex compositions such as the
SiAIONSs; and it underlies the interest in nitride-bonded carbides and
carbide-bonded nitrides as sintered powder-metalliurgical products.
While acknowledging these extended families, we shall here confine
our cataloguing to the simple binary nonoxide compounds and to
carbon. Their melting points below are taken from Ref. 11:

Parent Carbide Nitride Boride
Formula M.p.,°C Formula M.p.,°C Formula M.p.,°C

B B,C 2350 BN ~3000s

C Graphite ~3650s

Si SiC ~2700s SiaN, <1900s

Hf HfC ~3890 HiN 3305

Nb NbC 3500 NbN 2575 NbB, ~2900
Ta TaC 3880 TaN  ~3360 TaB, ~3000
Th ThC, ~2660 ThB, 2195
Ti TiC ~3140 TiN 2930 TiB, 2900
U UC,UC, ~2370 UN ~2630 UB, 2365
w W,C,WC ~2860 wBz2 ~2900
Zr ZrC 3540 ZIN ~2980 2B, ~3200

The notation “s” in the table means “sublimes.” One usually
expects some other lower-temperature restriction on the use of these
substances; only for Si;N, will volatility be taken to be limiting.

Any of these substances may find utility in special technical
circumstances;18,19 but for the most part the broader ranges of
refractory application are identified with the small-atom group. Except
for the interstitial compounds of titanium, the interstitials as a family
are on the whole very dense and very expensive. We shall excuse
them from further interest here on those grounds, realizing again that
changing times or new discoveries may alter attitudes about cost and
application.

Summary: Melting Points of Refractory Substances

From the foregoing sections, we now have a manageable list of
oxides and nonoxides that may be fit candidates for appearance as
major phases in industrial refractories. This consolidated list is
recapitulated in Table IV.1, which includes the melting point of each
substance in both °C and °F and also gives the approximate
Tammann temperature in °C. The substances in each category are
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Table IV.1 Melting Points of Refractory Substances (Ref. 11)

M.P. M.P, TAMMANN
NAME FORMUL A oc oF TEMP, ©OC
OXIDES
LIME; CALCIA Ca0O 2927 5300 2130
PERICLASE; MAGNESIA Mg0 2852 5165 2070
BADDELEYITE; ZIRCONIA Zr0p 2700 4890 1960
ZIRCON; ZIRC. SILICATE Zr0z+Si0p 2550 4620 1850
CALCIUM ZIRCONATE Ca0-Zrop 2550 4620 1850
CHROMIC OXIDE; CHROMIA Cra04 2330 4225 1680
MAG. ALUMINATE; SPINEL MgO-Al-05 2135 23875 1530
OICALCIUM SILICATE 2Ca0-Si0p 2130 3865 1530
CORUNDUM; slpha-ALUMINA Alz0g 2054 2730 1470
CALCIUM TITANATE; PEROVSKITE C=s0-TiOz 1975 3585 1410
MAG. CHROMITE; CHROME SPINEL MgO-Crp03 1950 3540 1400
MULLITE 3A1505°2Si0p 1920 3480 1380
FORSTERITE; OIMAG. SILICATE 2Mg0-Si0y 1910 3470 1370
DIALUMINUM SILICATE Alo03°Si0p 18868 3385 1340
ARUTILE; TITANIA Ti0p 1857 3375 1330
SILICA; CRISTOBALITE Si0p 1723 3135 1230
IRON CHROMITE; CHROME ORE FeO-Cro04 1700 3090 1210
NONOXIDES
CARBON; GRAPHITE [} 3650% 6600°% 2670
TITANIUM CARBIDE TicC 3140 58685 2290
BORON NITRIOE BN 30008 54308 2180
TITANIUM NITRIDE TiN 2930 530S 2130
TITANIUM DIBORIDE TiBp 2900 5250 2110
CARBORUNDUM; SILICON CARBIDE SiC 2700° 483908 1960
BORON CARBIDE B4C 2350 4260 1700

S —- Sublimes
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arranged in order of decreasing melting point. Their common names
are also given. Later we shall both expand and whittle that list. In the
meanwhile, it will serve as a sufficient basis for considering the
thermal stability of refractory mixtures.

MELTING OF OXIDE MIXTURES

Compositional Notation

The simple binary compound formulas of Table IV.1 serve a
useful function for describing mixtures: that of components, or the set
of simplest end-member compositions of which the compositions of
mixtures are made up analytically. In that table those formulas were
used to represent compound phases, however, and this dual usage
can be confusing. The context should explain which is meant.

The ternary compound formulas in Table IV.1 were given in
“dot” form in anticipation of this section. The dot connecting two
component formulas signifies an addition compound of them, in the
mol ratio(s) given by their coefficients. Dot formulas may contain any
number of components in a compound phase. If a dot formula is used
instead to represent a component, this must be done knowledgeably
and for reasons.

Solid-solution phases are represented in either of two ways:
(a) by specifying their components, or (b) preferably, by specifying the
compounds that are dissolved in each other. in either case the
formulas are connected by hyphen(s). When one compound’s phase
identity is retained and another is a solute in it, the host compound
formula is often given followed by “ss” for “solid solution,” instead of
naming both.

Heterogeneous mixtures are described unambiguously. The
phases contained are designated as above and connected by “+”
signs. [t is wrong to describe a heterogeneous mixture by the
formulas of its components, and wrong to connect its phases by
hyphens.

However, one last notation adds confusion again. A material
system consists of some set of components, each of whose
proportions is simuitaneously variable between zero and 100%, the
constraint being only that their sum is always 100%. A “material
system” is thus a framework for inquiry and response as to what
phases are present. It asserts no phases by itself. It is described by
naming all of its components, connected by hyphens. To avoid
confusion with solid-solution phase notation, here the word “system”
should accompany.



144 Handbook of Industrial Refractories Technology

The rules in the above five paragraphs are illustrated below,
each in turn, by examples o