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Cpper Figoe: Photomicrograph of eleetrically fused mullite.  Polarized light, 125 diam-
eters, gypsum plate. Dark red area at lower left is void caused by gas inclusion in melt;
black opaque areas are carbon from electrodes.

Lower Figure: Photomicrograph of silica refractory from crown of glass tank between
melting and refining section.  Polarized light, 125 diameters, gypsum plate.  Neetion shows
large tridymite twinned crystals with background of dendritic cristobalite. (Photographx

by ¢'. L. Norton, Jr.)
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PREFACE TO THE THIRD EDITION

In the seven years since the last edition, much information has become
available on the properties and uses of refractories. The Second World
War stimulated many important developments in the field, quite a few of
which are discussed. _

A chapter on laboratory furnaces has been added with particular em-
phasis on induction heating, as it is felt that this method would be in much
greater use if details of its operation were better known. A new chapter
has been added to cover the pure, highly refractory materials now of great
interest in high-temperature construction. New chapters have been also
added on the subjects of refractories for nuclear power and jet propulsion.
W. D. Stevens of the Babeock & Wilecox Company has gone to great
pains to completely revise and bring up to date Chapter XXITL.

In view of the considerable amount of literature recently published in
the field of crystal chemistry and allied subjects, it was felt wise to omit
the chapter on fundamental concepts of matter to make room for the
added chapters.  The reader may consult the following books that cover
this subject:

Stinwieen, Co W.: “Crystal Chemistry,” MeGraw-Hill Book Company, Inc., New

York, 1938.

Wooster, W. A.: “A Textbook on Crystal Physics,” Cambridge University Press,

London, 1938.

SLaTER, J. C.: ‘Introduction to Chemical Physics,” MeGraw-Hill Book Clompany, Inc.,

New York, 1939,

Srrrz, F.: “The Modern Theory of Solids,” McGraw-Hill Book Company, Inc., New

York, 1940.

Crarg, G. L.: “Applied X-rays,” 3d ed., McGraw-Hill Book Company, Inc., New

York, 1940.

Gigs, T. R. P, Jr.: “Optical Methods of Chemical Analysis,”" McGraw-Hill Book

Company, Inc., New York, 1942,

Bukraer, M. J.: *“X-ray Crystallography,” John Wiley & Sons, Inc., New York, 1942.

Bunn, C. W.: “Chemical Crystallography,” Oxford University Press, New York, 1945.

PriLures, F. C.: “An Introduction to Crystallography,” Longmans, Green & Co., Inc.,
New York, 1946.

The author wishes to thank the many men in the field of refractories
who have helped him in this revision. In particular, he is indebted to
Isaac Harter, A. M. Kohler, C. L. Norton, Jr., W. D. Stevens, and others
of the Babcock & Wilcox Company; S. M. Phelps of the American Re-
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vi PREFACE TO THE THIRD EDITION

fractories Institute; R. E. Birch of the Harbison-Walker Company; L. H.
Milligan, G. R. Finlay, and O. J. Whittemore, Jr., of the Norton Company;
R. E. Geller of the U.S. Bureau of Standards; R. B. Sosman of Rutgers
University, and Louis Navias of the General Electric Company.

Lieutenant Commander F. W. Kinsley and E. G. Schneider have kindly
reviewed the manuscript of Chapter XXV, and I. Amdur, Chapter X. The
declassification section of the U.S. Atomic Energy Commission has read
Chapters XII and XXIV to certify them for release.

P. D. Johnson, W. E. Hauth, Jr., J. A. Stavrolakis, and J. M. Brownlow
kindly permitted the use of some data from their theses.

G. H. Whipple was most helpful in gathering material, but particular
credit should go to Robert Mainhardt for his painstaking work in assem-
bling data and checking the manuscript, as well as preparing several

sections of the text.
F. H. Norron

CAMBRIDGE, Mass.
July, 1949



PREFACE TO THE FIRST EDITION

This book was written to fulfill the demand for a modern treatise on
refractories. In order to keep it within a reasonable size it has heen found
neeessary to deal mainly with the fundamental processes involved in the
manufacture and use of refractories. TFurthermore, the descriptions of the
manufacturing processes have been confined to American practice. The
important subject of the proper use of refractories in furnace design and
construction has been omitted, since to do it justice a whole volume would
be needed. On certain subjects it was found that a great deal of important
information was lacking, and the attempt has been made in each case to
indicate the direction in which research should be carried to provide the
additional data needed for the understanding of the principles involved.

Although a portion of the material contained in this book has been
taken from published data, a considerable amount of new material has
been included. This has been obtained from the extensive work on refrac-
tories carried out in the laboratories of the Babcock & Wilcox Company.
Unless otherwise stated, nearly all the experimental data in the book were
derived from this source. In all cases the attempt has been made to indi-

cate by the usc of references, where additional mformatlon may be obtained
on any particular subject.

Chapter X VI was prepared by Prof. J. L. Gillson of the Massachusetts
Institute of Technology, whose experience in the examination of clays and
ceramic products makes him especially well fitted to write on this subject.
Chapter XVII was written by Prof. J. T. Norton of the Massachusetts
Institute of Technology, who has been carrying on X-ray studies of crystals
for a number of years. Chapter XVIII was prepared by Mr. J. B. Romer,
chief chemist of the Babcock & Wilcox Company. Mr. Romer has had
many years of experience in analyzing clays and ceramic products.

The author wishes to acknowledge the valuable assistance rendered in
the preparation of this book by a large number of individuals connected
with the refractories industry. I am particularly indebted to Mr. Isaac
Harter, vice president of the Babcock & Wilcox Company; Prof. C. L.
Norton, Prof. G. B. Wilkes, and Prof. C. E. Locke of the Massachusetts
Institute of Technology; Mr. A. M. Kohler, Mr. J. E. Brinckerhoff, and
Mr. Robert Richardson of the Babcock & Wilcox Company; and Mr. E. B.
Powell of Stone & Webster, Inec.
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A considerable number of industrial concerns connected with the refrac-
tories industry have cooperated most heartily in supplying up-to-date
illustrations. Separate acknowledgment has been made in each case.

The numerous photomicrographs throughout the book are due to the
painstaking work of C. L. Norton, Jr., who is carrying on research in ceram-
ic petrography at the Massachusetts Institute of Technology, under a

Babcock & Wilcox fellowship.
F. H. Noxrton

CAMBRIDGE, Mass,
August, 1931
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CHAPTER 1

'SCOPE OF THE REFRACTORIES INDUSTRY IN THE
UNITED STATES

1. The Refractories Industry. Although the manufacture of refracto-
ries is not one of the largest industries, it is a particularly important one,
as all processes using high temperatures arc dependent upon it. The refrac-
tories industry in the United States has shown a rapid growth since the
start of the century, as indicated by the production curve in Fig. 1.

160 ﬁ
A

S 8

Value in millions of dollars
N (o]
o O
—
2

S
=)

NS
N
<]

0 ]

+
1850 1860 1870 1880 1890 y 1900 1910 1920 1930 1940 1950
ear
Fig. 1. Total value of refractories produced in the United States.

A more detailed picture of the refractories production in this country
is shown in Tables 1 to 4, which give the quantities and values of various
classes of refractories turned out each year. These tables indicate that
many changes have occurred in refractory production especially if figures
before and after the Second World War are compared. Fireclay and silica
brick have about the same production volume, but they have increased in
price about 50 per cent. High-alumina brick production also shows little
volume change, but the price has nearly doubled. On the other hand,
basic brick production has doubled both ir volume and in price during the
Second World War. The most striking change is the great increase in pro-
duction volume of refractory cements (mortars, plastics, and castables),
however, with only a small increase in price.

2. Refractories in Relation to Other Industries. Many industries are
absolutely dependent upon refractories. For example, the power industry
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8 REFRACTORIES

uses great quantities in boiler furnaces, even though the tendency has been
in the last few years to employ water-cooled walls in the larger units. The
use of plastic chrome refractories to line the water walls has become a very
general practice in powdered-coal and oil-fired boiler furnaces.

The iron and steel industry is vitally concerned with refractories, as
evidenced by the large amount of research and development work in this
field that is being carried out by the large companies. It may be said that
not only the efficiency of the various units producing steel are vitally
affected by the properties of the refractories but in some cases better quali-
ties of steel could be produced if improved refractories were available.

In the nonferrous industry, refractories also play an essential part, both
for withstanding high temperatures and for resisting various types of slag.

Refractories are also of vital importance to many other industries such
as the kilns for ceramic production, glass furnaces, linings of rotary kilns
for manufacture of Portland cement, incinerators, black-liquor furnaces,
and even household oil-burner furnaces.

3. Recent Developments in the Industry. Since the publication of the
previous edition, there have been some important changes in the manufac-
ture and use of refractories.

While there still seem to be ample supplies of fireclay, the high-alumina
clays such as diaspore and bauxite are becoming less available. Magnesite
is being obtained from sea water and by chemical means from dolomite.
A high-purity silica brick is being made from washed ganister, and the use
of mullite and pure alumina brick is increasing. Rotary kilns are finding
greater use in burning grog to high temperatures, and the firing temperature
of bricks is gradually being increased, particularly for the super-duty brick,
which is finding more extended markets. In general, laborsaving devices
have come into greater use, especially the lift truck.

In the field of steam-power generation, water-cooled walls are more
generally used, with plastics and castables replacing many of the fired
shapes. The super-duty silica brick is finding use in the open-hearth roof,
and trials of basic roofs are under way. The possible use of oxygen addi-
tions to combustion air makes refractories with higher use limits of great
interest. Following European practice, a number of our blast furnaces are
lined with carbon blocks or a rammed carbon mix, apparently with success.
Pebble heaters have opened up a new field of high preheating for chemical
processes and for very high temperature combustion.

A new and very active field of development is the refractories for
jet-propulsion engines. Almost no refractory has as yet been used in these
engines, but the possibilities are there. Then, too, the use of atomic
energy will certainly require refractories of a very special kind. Neither of
these fields will need any great volume of material, so the larger refractory
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manufacturers have not heen greatly interested as yet, and most of the
work has been carried out by specialty manufacturers and government-
sponsored research laboratories.

4. Future Trends in the Industry. It is to be expected that concen-
tration methods will be used to a greater extent to produce more uniform
raw materials, especially from high-alumina clays. On the other hand, we
must not forget the inexhaustible deposits of pure sedimentary kaolin in the
South, which will be called on to an increasing extent as the better fireclays
are exhausted. The high-stability materials such as pure oxides, carbides,
and nitrides will receive more attention as the need for higher temperatures
becomes more acute. This will entail much research of a basic nature,
which will later on be of the greatest value to the industry as a whole.
The hot pressing of refractories will receive more attention, and develop-
ments are to be expected in plastics and castables,



CHAPTER 1II
LITERATURE ON REFRACTORIES

There is a considerable amount of literature dealing with refractories.
Much of it, however, is scattered throughout books and periodicals, which
makes it rather inaccessible to the average reader. It is, therefore, con-
sidered advisable to include here some information that will help in finding
the published works on refractories.

1. Books. Probably the most complete book on refractories but quite

out of date is

SEARLE, A.B.: ‘“Refractory Materials, Their Manufacture and Uses,” J. B. Lippincott
Company, Philadelphia, 1924.

The following book is up to date and much used in schools and industrial
plants. It is understood that a completely revised edition will soon be
published.

ANoON.: ‘“Modern Refractory Practice,” Harbinson-Walker Refractories Co., 1937.

A number of books deal with the use of refractories. They apply,
however, mainly to the steelworking industry. The principal books deal-
ing with the application of refractories are given herewith.

Havarp, F.T.: “Refractories and Furnaces,” McGraw-Hill Book Company, Inc.,
New York, 1912,

JounsoN, J.E.: “Blast Furnace Construction in America,” McGraw-Hill Book Company,
Inc., New York, 1917.

SEARLE, A.B.: “Refractories for Furnaces, Crucibles, ete.,”” Sir Isaac Pitman & Sons,
Ltd., London, 1923.

Trinks, W.: “Industrial Furnaces,” John Wiley & Sons, Inc., New York, 1923.

MawnHINNEY, M.H.: “Practical Industrial Furnace Designs,” John Wiley & Sons,
Inc., New York, 1928.

SaLmang, H.: “Die physikalischen und Chemischen grundiagen der keramik,” Verlag
Julius Springer, Berlin, 1933.

ParTriDGE, J.H.: “Refractory Blocks for Glass Tank Furnaces,” Society of Glass
Technology, Sheffield, England, 1935.

BueLy, W.C.: “The Open Hearth Furnace,” 3 Vols., Penton Publishing Company,
Cleveland, 1936-1937.

KoerpEL, C.: “Feuerfeste Baustoffe,” 8. Hirzel, Leipzig, 1938.

Cresters, J.H.: “Steel Plant Refractories,” United. States Steel Companies, Ltd.,
Sheflield, England, 1944.

PerEvaLov, V.I.: “Tekhnologiyo Ogneuporov,” Metallurgizdat, Moscow, 1944,

10
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Lerort, Y.: “Produits Réfractaires,” Dunod, Paris, 1946.
ManTeLL, C.L.: “Industrial Carbon, 1ts Elemental, Adsorptive and Manufactured
Forms,” D. Van Nostrand Company, Inc., New York, 1946.

There are a number of books concerned in part with raw refractory
materials. The book by Ries is the standard work on clays in the United
States, and that by Dana is the accepted authority on minerals. Much of
the recent work on raw materials will be found in the U.S. Geological Survey
bulletins and reports of state geologists. The following list comprises the
more important books on the subject:

Biscuor, C.: “Die Feuerfesten Tone,” Quandt, Teipzig, 1904.

Ries, H.: “Clays, Their Occurrence, Properties and Uses,”” John Wiley & Sons, Inc.,
New York, 1908.

Dana, ES.: “A System of Mineralogy,” John Wiley & Sons, Inc., New York, 1914.

Levy, S.L.: “The Rare Earths,” Edward Arnold & Co., London, 1915.

Lapoo, R.B.: “Non-metallic Minerals,” McGraw-Hill Book Company, Inc., New
York, 1925.

RyscukEwiTscH, E.: “Graphite,” S. Hirzel, Leipzig, 1926,

WiLson, H.: “Ceramics-clay Technology,” McGraw-Hill Book Company, Inec., New
York, 1928.

Buss, E.: Properties of Clay, Tonind.-Ztg., Berlin, 1928,

Knises, N.V.S.: “Industrial Uses of Bauxite,” Ernest Benn, Ltd., London, 1928,

Banco, R.: “Der Magnesit,” Steinkopff, Dresden, 1932.

CoMBER, A.W.: “Magnesite as a Refractory,” Charles Griffin & Co., Ltd., London,
1936.

ANON.: “Industrial Minerals and Rocks,” American Institute of Mineral Engineers,
New York, 1937.

The manufacture of refractories is treated in a number of books, but
little material is available on the most modern manufacturing methods;
however, the books listed below give fairly complete descriptions of the past
and present methods used in the manufacture of refractories.

Lovesoy, E.: “Drying Claywares,” T. A. Randall and Company, Inc., Publishers,
Indianapolis, 1916.

GREAVES-WALKER, A.F.: “Clay Plant Construction and Operation,” Brick & Clay
Record, Chicago, 1919.

SEARLE, A.B.: “Modern Brick Making,” Scott, Greenwood & Sons, London, 1920.

Lovesoy, E.: “Burning Claywares,” T. A. Randall and Company, Inc., Publishers,
Indianapolis, 1922,

PEREVALOV, V.1.: “Technology of Refractories,” Metallurgizdat, Moscow, 1944.

LeTorT, Y.: “Produits Réfractaires,” Dunod, Paris, 1946.

A few of the many books that deal in whole or in part with the physics
and chemistry of refractories follow.

AvupLey, J.A.: “Silica and the Silicates,” D. Van Nostrand Company, Inc., New York,
1921,

BinguaM, E.C.: “Fluidity and Plasticity,” McGraw-Hill Book Company, Inc., New
York, 1922,
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SeARLE, A.B.: “The Chemistry and Physics of Clays and Other Ceramic Materials,”

D. Van Nostrand Company, Inc., New York, 1924.

MELLOR, J.W.: “A Comprehensive Treatise on Inorganic and Theoretical Chemistry,”

Vol. 6, “Silicates,” Longmans, Green & Co., Inc., New York, 1926.

WasasurN, E.W.: “International Critical Tables,” McGraw-Hill Book Company,

Ine., New York, 1927.

Sosman, R.B.: “The Properties of Silica,” Reinhold Publishing Corporation, New

York, 1927.

Briga, W.R.: “The Crystalline State,” George Bell & Sons, Ltd., London, 1933.

Hauser, T.A.: “Colloidal Phenomena,” McGraw-Hill Book Company, Inc., New
York, 1939.

Evans, R.C.: “An Introduction to Crystal Chemistry,” Cambridge University Press,

London, 1939.

Errern, W.: “Physikalische Chemie der Silikate,” Voss, Leipzig, 1941.
Pavring, L.: “The Nature of the Chemical Bond,” Cornell University Press, Ithaca,

New York, 1944.

Books concerned with the measurement of high temperature are noted
below.
Buraess, G.K., and H. LE CuaTELIER: “The Measurement of High Temperatures,”

John Wiley & Sons, Inc., New York, 1912.

Grirritas, Ezra: “Methods of Measuring Temperatures,” J. B. Lippincott Company,

Philadelphia, 1926.

Woobp, W.P., and J. M. Cork: “Heat Measurements,” McGraw-Hill Book Company,

Inc., New York, 1927.

Fisuenpen, M., and O.A. Saunpers: “The Calculation of Heat Transmission,” His

Majesty’s Stationery Office, London, 1932,

ANoN.: “Temperature: Its Measurement and Control in Science and Industry,” Rein-

hold Publishing Corporation, New York, 1940.

Sosman, R.B.: “Pyrometry of Solids and Surfaces,” American Society for Metals,

Cleveland, 1940.

The best available work on the history of refractories in the United
States is
Ries, H., and H. LeigaTon: “The History of the Clay Working Industry in the United

States,” John Wiley & Sons, Inc., New York, 1909.

There are a number of books dealing with the optical study of crystals,
a few of which are noted below:

Larsen, E.S.: “Microscopic Determination of the Non-opaque Minerals,” Govern-

ment Printing Office, Washington, D.C., 1921.

WinceELL, N.H., and A.N. WincHELL: “Elements of Optical Mineralogy,” Vols. I,

11, III, John Wiley & Sons, Inc., New York, 1927.

WinceELL, A.N.: “Optic and Microscopic Characters of Artificial Minerals,” University

of Wisconsin, Studies in Science, Vol. 4, 1927,

2. Periodicals and Other Publications. A great many publications
contain information on refractories, but only a few of them are devoted
exclusively to refractories. - The majority have only occasional articles
dealing with this subject. From a scientific and technical point of view



LITERATURE ON REFRACTORIES 13

the Journal of the American Ceramic Society and the Transactions of the
British Ceramic Soctety are of the greatest importance. The periodicals in
the following list have important or frequent articles on refractories:

American Ceramic Society, Journal, Bulletin, Abstracts, Columbus, Ohio.

American Refractories Institute, T'echnical Bulletin, Pittsburgh, Pennsylvania.

American Society for Testing Materials, Proceedings, Philadelphia, Pennsylvania.

Berichie der deutschen keramischen Gesellschaft, Berlin-Halensce, Germany.

Brick & Clay Record, Chicago, Illinois,

British Ceramic Society, Transactions, Stoke-on-Trent, England.

British Clayworker, London, Kngland.

Ceramic Age, The Ceramic Publishing Co., Newark, New Jersey.

Ceramic Industry, Chicago, 1llinois,

Ceramique, Paris (10°), France,

Glastechnische Berichte, Deutschen glastechnischen Gesellschaft, Frankfurt am Main,
Germany.

Iron and Steel Institute, Publications, Grosvenor Gardens, London.

National Bureau of Standards, Circulars, Scientific Papers, Technical News Bulletins,
Technical Papers, Journal of Research, Washington, D.C.

Ogneupory, Russia.

Ohio Ceramic Industries Association, Bulletins, Ohio State University, Columbus, Ohio.

Ohio State University Engineering Experiment Station, Bulletins, Ohio State University,
C'olumbus, Ohio.

Refractories Journal, Sheflield, England.

Sprechsaal, Miller und Schmidt, Coburg, Germany.

U.S. Bureau of Mines, Bulletins, Circulars, Mineral Resources, Reports of Investigations,
Technical Papers, Washington, D.C.

University of Illinois Engineering Experiment Station, Bulletins, University of 1llinois,
Urbana, Illinois.

3. Bibliographies. There are a number of excellent bibliographies
covering the complete ceramic field as well as limited portions of it pertain-
ing directly to refractories. The following bibliographies cover the com-
plete field of ceramics quite thoroughly up to the time of their publication.
M. L. Solon gives us critical abstracts of most of the books and also an
excellent classification. However, he writes mainly from the point of view
of the artist, and the number of references of value on modern refractories is
limited.

Branner, J.C.: “A Bibliography of Clays and the Ceramic Arts,” American Ceramic

Society, Columbus, Ohio, 1906. Covers whole ceramic field up to 1906.

SoLon, M.L.: “A Bibliography on Ceramic Literature,” Charles Griffin & Co., Ltd.,
London, 1910. Critical abstracts are given of most of the books. Well classified.

In the following list are included a number of up-to-date bibliographies
dealing with special refractory divisions, which will be found of more direct
value than the preceding list.

MarpEN, J.W,, and M.N. Ricr: Bibliography on Zirconium and Its Compounds,
U.S. Bur. Mines, Bull. 186, 1921. .
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McDowers, J.S.,, and H.S. RoBErTson: Bibliography of Chrome Refractories, J.
Am. Ceram. Soc., 5, 865, 1922. Covers the field up to 1922.

ANON.: “Bibliography of Magnesite Refractories,” American Ceramic Society, 1924,
Covers this field up to 1922.

ANON.: “Bibliography of Silica Refractories,” American Ceramic Society, 1924.
Covers this field up to 1922,

ANon.: Litcrature on Refractories for the Glass Industry, Glass Ind., 7, (11), 275-276,
1926.

Norton, F.H.: Bibliography on Thermal Conductivity of Refractories, J. Am. Ceram.
Soc., 10, 30, 1927. Up to 1927.

ANon.: Bibliography of Literature on Refractories, J. Am. Ceram. Soc., 10, 2, 1927.

Ferauson, R.F.: Review of the Literature on Laboratory Slag Tests for Refractories,
J. Am. Ceram., Soc., 11, 90-99, 1928,

Conn, W.M.: Bibliography of Heat Effects on Ceramic Materials, J. Am. Ceram.
Soc., 11, 296, 1928. From 1919 to part of 1928.

LiTinsky, L.: Bibliography on Refractory Materials for Iron and Steel Works, Feuerfest,

4, (2), 30-32, 1928.

McVay, T.N.: Bibliography of Ceramic Microscopy, Bull. Am. Ceram. Soc., 16, 33,
1937.

ANoNn.: “Refractories Bibliography,” 1928 to 1947 inclusive,” American Iron and
Steel Institute and American Ceramic Society, 1950.

4. Abstracts. The most complete abstracts of the literature on refrac-
tories are found in the Journal of the American Ceramic Society and the
Transactions of the British Ceramic Soctety. In Science Abstracts and
Chemical Abstracts will be found quite a few references to the more scientific
and technical phases of this subject.

Throughout this book at the end of each chapter have been placed the
more important references and publications dealing with the subject of that
particular chapter. The selection of these references was somewhat diffi-
cult because of the tremendous mass of available material. However, the
choice was guided by the amount of original data included in the reference
and its accessibility in the average library. Also the more recent articles
were considered in place of the early odes except where an early article was
a particularly valuable or an original contribution to the subject.



CHAPTER III

HISTORY OF REFRACTORY DEVELOPMENT IN THE
UNITED STATES

The early history of refractories in the United States is shrouded in
considerable obscurity. A number of references are given here that throw
new light on the subject, but a tremendous field still remains to be explored.
A few months spent in examining old publications and records of Boston,
Baltimore, Philadelphia, and parts of New Jersey would certainly yield
valuable information. A little archaeological study around the sites of old
furnaces, kilns, and plants would surely produce specimens of the old
refractories used.

i
1
i & J
f— S ——

Fia. 2. An old iron furnace standing in Bennington, Vermont.

1. Furnace Stone. Undoubtedly the earliest type of refractory used
in this country was mica schist or siliceous rock. ~ All the early iron furnaces
or forges were constructed mainly of this material. Thus we must study
the early history of the iron industry. Fortunately this is quite well known,
for an iron furnace was much more likely to be a subject of comment than a
brickyard. The first furnaces were built in Virginia, but it is quite certain
that they were never completed. The first successful furnace was built in
1645 at Saugus, Massachusetts, and the next year another was operated at

15
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Braintree. They were probably made from local stone, although there are
no very satisfactory deposits in this region. The building of furnaces and
forges spread rapidly in the next hundred years, and considerable stone
must have been quarried. Samuel Robinson®* in 1825 states that furnace
stone was quarried near Providence, Rhode Island, for forty or fifty years
and carried long distances in wagons for use in furnace hearths. There
were probably other famous quarries at this time.

Stone was used for the building of furnaces and forges late into the nine-
teenth century because of the greater cost of firebrick. Even now, stone is
used for lining Bessemer converters. A number of the old stone or stone
and brick furnaces are still standing in various parts of the country. Two
interesting ones stand on Furnace Brook in Bennington, Vermont, one of
which is shown in Fig. 2.

Records™® show that sandstone was used for the walls of kilns burning
refractories. Probably many of the early glass furnaces were built of stone.
In fact Robert Hewes of the Temple Glass Company, Temple, New Hamp-
shire,™ states in a letter dated 1781: *I shall have to send sixty miles for
stones to build my melting furnace, which will take eight teams.” It is
believed that these stones came from Uxbridge, Massachusetts, which is
about sixty miles from Temple. Samples from the old furnaces confirm
this.

2. Glass Pots and Crucibles. Probably the first clay refractories used
in this country were glass pots. J. B. Felt® in his “Annals of Salem” in
1827 mentions a glass factory in Salem, Massachusetts, in 1638 and again
as producing in 1641. The only other information I have been able to
obtain is the names of John and Ananias Conklin as glass blowers. Al else
seems to be lost in the obscurity of time. We may be sure, however, that
glass pots were used. They were probably made from English or German
clays as were all the early glass refractories.

A century later, the Wister glassworks were started in New Jersey.
Gross Almerode or Klingenberg clay was used for the pots at first, but later
New Jersey or Maryland clays were probably used to some extent. J. C.
Booth® in 1841 states that a white, highly plastic clay was wrought only
in one place, on the Delaware shore below New Castle, and exported for
crucibles and glass pots. The clay had been wrought for manufacturing
purposes for some forty years. Porcelain crucibles were made of kaolin
from New Milford, Connecticut, by a goldsmith in about 1807.

A number of other early glass plants were operated in this country,
mainly by Germans. We have the Germantown factory (Braintree, Mas-

* Numbers thus set in parentheses refer to the bibliographies appearing at the end
of each chapter.
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sachusetts) and the factory of Baron Steigel in 1763, as well as a number of
others. German pot clays were probably extensively used as they are even
now. In fact, J. F. Amelung, who started a glassworks at Frederick,
Maryland, in 1784, brought over pot makers and built a pot works in con-
junction with his plant.

A note in the Gaffield Collection at the Massachusetts Institute of
Technology library states that the Boston Crown Glass Company, which
for a number of years had been using imported clays for pots, attempted
between 1810 and 1812 to replace them with domestic (probably New
Jersey) clays. The attempt was not successful.

A recipe book of the Boston Glass Mfg. Co. in the Boston Athenaeum
Library has an item dated 1791 stating that 200 lumps of clay were received
from Amsterdam, undoubtedly for making pots. Another item lists fuel
for keeping the glass pots (green) from freezing.

The manufacture of glass pots as an industry separate from the glass
plants was started in 1860 by Thomas Coffin in Pittsburgh.9® 1n 1879, the
Pittsburgh Clay Pot Company was organized, and after this many other
concerns started in Pennsylvania and Ohio.

3. Lime. Lime, often made from shells gathered on the shore, was
used in forge walls from very early times. There are references to a number
of early lime kilns.

4. Fireclay Bricks. We are still in doubt as to the location of the first
American firebrick manufacturer. 1t may have been New Jersey, Boston,
or Baltimore.

New England. Owing to the early development of iron and glass manu-
facture here, it is to be expected that firebrick would be needed at an early
date. Stourbridge firebricks (English) are known to have been imported
to some extent, but bricks were also made from New Jersey clay. The
recipe book of the Boston Glass Mfg. Co. states that in 1790, two helpers
were paid to make furnace tile and, in 1791, two men were paid for burning
brick for the glass furnace. In 1793, an item lists the payment of expenses
for a man to go to New York to procure clay from South Amboy. This is
undoubtedly the earliest direct reference to the manufacture of firebrick
from native clay. According to Professor Rogers,® Mr. G. W. Price of
New Brunswick, New Jersey, stated that his father carried a vessel load of
fireclay from Woodbridge to Boston in 1816 for use in making firebricks.
It was thought to be the first shipment for this use. An advertisement in
the Boston Commercial Gazette of July 6, 1818, by the New England Glass
Company, read, ‘‘Also—Fire Brick Clay, raw and prepared, constantly for
sale.” This would seem to indicate that firebricks were then being made
in Boston. In 1820, Jacob Felt of Boston bought 50 tons of clay of Jere-
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miah Dully, and this was afterward sent regularly from Amboy. Fire-
bricks were made in Boston at this time.

The following advertisement appeared in the Boston Commercial Gazette
of Mar. 5,1827. “_______fire bricks made to all dimensions. For sale by
Deming Jarves, No. 88 Water St.” (New England Glass Bottle Works.)
This probably explains where at least part of the New Jersey clay was used.

In 1835, a patent was taken out by Joseph Putnam of Salem for fire-
bricks and stove linings. We do not know whether or not he manufactured,
but it is doubtful if he would have applied for a patent for this type of arti-
cle without having previously made it. As early as 1829, L. Hine used the
kaolin of New Milford, Connecticut, for firebricks and furnace linings.®
He evidently had a considerable business, as $6,000 per year is mentioned as
the value of his product and six workmen were employed. The bricks sold
for two-thirds the price of the Stourbridge firebricks and were considered
nearly as good.

In 1839, Hiram Harwood of Bennington, Vermont, records in his
diary,®® “Visited works of Judge L. Norton—large low buildings in for-
wardness for drying newly invented fire bricks—erected N. old works.”
This business apparently prospered in the next few years and was carried
on by Norton and Fenton. It is quite possible that the manufacture of
these bricks was started from information obtained from the New Milford
enterprise. We are fortunate in having an accurate account of the manu-
facture of these early bricks by Norton and Fenton. C. B. Adams, state
geologist of Vermont, in his first Annual Report (1845), page 52, states:

For firebrick, the kaolin is made into paste with water, from which bricks are
formed and burnt. These bricks, retaining the whiteness of the kaolin, and
becoming very hard, are called “clay bricks.”” They are next broken up by a
mill and sifted, so as to be of the coarseness of fine gravel. This is mixed with
unburnt kaolin and arenaceous quartz, pressed in moulds of the required form
and size, and burnt in the same manner as before. These firebricks are very
white and hard, and when fractured shew their composition of broken claybrick
and kaolin.

C. W. Fenton, in a letter to Mr. Adams at this time, gives more
particulars:

The character of our fire-bricks is also well known. They are a composition
of materials which we find here, consisting of arenaceous quartz and kaolin,
Being very pure, they make a good fire-brick, which will stand longer in a strong
heat than any other brick known. They are used for blast furnace hearth, and
in many places, where no other fire-bricks will endure.

The value of pottery and firebrick produced then was stated as $20,000
per year.
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In 1841 (Feb. 27), the following advertisement appeared in the State
Banner of Bennington, Vermont:
Bennington
Stoneware Factory
Julius Norton
Manufactures and keeps constantly for sale

Also Patent Fire Brick
(the best in the world) at $50 per thousand

These kaolin bricks were made in Bennington as late as 1855 or 1856
and had a very general sale as a good firebrick. But owing to the lack of
coal and the need of twice burning the highly shrinkable kaolin, they could
not long compete in cost with bricks of New Jersey and Pennsylvania.

It is also stated that firebrick of kaolin, New Jersey fireclay, crushed
brick, and sandstone from Willsboro, New York, were made at Monkton,
Vermont, in 1846. These bricks were undoubtedly used in the many char-
coal iron furnaces operating in this region, although a large part of the
lining was quartzite or mica schist. A reddish firebrick taken from an old
furnace standing on Furnace Brook in Bennington, Vermont, fulfills this
description quite well. I was also fortunate in finding at the site of the
United States Pottery in Bennington a white brick made of coarse calcined
grog bonded with kaolin. This brick is marked:

Fire Brick Co’s.
No. 1
Bennington, Vt.

Considerable space is given to these carly kaolin bricks, because we have
a fairly complete account of their manufacture and because they are the
first to utilize successfully the pure and refractory but high-shrinking kaolin
by the method of double burning. For their time, they were really remark-
able bricks and have scarcely been mentioned in histories of refractories.

Firebricks and retorts were probably being made in Boston regularly
before 1850. In 1864, the Boston Fire Brick and Clay Retort Manufactur-
ing Company was making bricks and retorts on the site of the present South
Station. New Jersey fireclay was brought to their own dock. For some
years at about this time, the Morton Fire Brick Plant on K Street at South
Boston was in operation. Apparently no firebrick has been made in Boston
since 1895,

From the beginning of the nineteenth century, a number of stoneware
potteries were operating in New England. In every case, firebrick must
have been used in their kilns. It is reasonable to suppose that the bricks
were made from stoneware clay, all of which at that time came from New
Jersey.
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The manufacture of stove linings and firebricks has been carried on at
Taunton, Massachusetts, for many years. Now Pennsylvania clays are
mainly used.

New Jersey. A stoneware pottery was operated by Coxe at Burlington,
New Jersey, in 1684. He probably used English firebrick for his kilns, but
some local clay may have been used.

Professor Rogers® states that New Jersey clays were used for making
firebricks soon after 1812.  We need not necessarily assume, aus many have,
that the bricks were made in New Jersey. The clay may have been taken
to Boston or Baltimore. In 1825, a firebrick plant (Salamanda Works)
was started at Woodbridge, New Jersey. In 1836, John R. Watson estab-
lished a factory for making firebricks at Perth Amboy. From 1845 to 1865,
a number of plants were started in the Woodbridge district, and most of
them are still operating. Sayer and Fisher, Henry Maurver & Son, and
Valentine & Bro. are well-known firebrick manufacturers at the present day.

Delaware and Maryland. In a report® on the state of Maryland, pub-
lished in 1834, occurs a most significant statement:

Fire brick so far exclusively made in the United States at Baltimore, has been
pronounced by competent judges after repeated trials, to be fully equal, if not
superior to the far-famed Stourbridge brick of the same nature.

Later it stated that these bricks were used in iron furnaces to replace
silica stone.

We may judge from this statement that a high-grade firebrick of the
“same nature” as the well-known Stourbridge firebrick was an established
industry in Baltimore at this time. The reference to repeated trials would
indicate its use for a considerable number of years previous. The state-
ment that firebricks were made only in Baltimore at this time is perhaps
founded on lack of knowledge of the industry in New Jersey and Boston but
more probably refers to a time some years prior to this date when the Balti-
more industry was started. Further investigation is greatly needed on
this point.

As previously mentioned,” considerable white refractory clay was
mined in Delaware mainly for crucible and glass pots, but some may well
have served for bricks.

In 1837, the famous M¢t. Savage fireclay was discovered, and the Union
Mining Company soon began operations here.

Florida. Ries" states that records show a shipment of firebrick from
Florida to New Orleans in 1827. No more is known of it.

Ohio. According to Stout,® firebricks were first made in Ohio during
1841 by Andrew Russell near East Liverpool. They were produced there
continuously until about 1900 by Russell and later by N. U. Walker. The
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clay mined behind the plant was plastic and of medium refractoriness. In
1852, G. and M. Meyers started a firebrick plant near Toronto. A plastic,
lower Kittanning clay was used.

The manufacture of firebricks from flint clay was begun during 1863 in
Scioto County by Reese Thomas. This brick was a high-grade product,
made in updraft kilns with sandstone walls.

During 1866, the Diamond Fire Brick Company was opened in Akron
by J. P. Alexander. At about the same time, a three-kiln plant was built
at Dover. The Federal Clay Products Company and a number of other
plants started about 1872 in this district. J. R. Thomas founded the Niles
Fire Brick Company at Niles in 1872.

The Oak Hill Fire Brick Company and Aetna Fire Brick Company
started in the Oak Hill district about 1873. Other plants were opened here
later.

Pennsylvania. It has generally been believed that the first firebricks
were made in Pennsylvania about 1836 at Queens Run. However, the
following advertising card ® would indicate that they were made in Phila-
delphia before 1832.

American China Manufactury
S. W. Corner of Schuylkill Sixth & Chestnut Sts.,
or at the Depository
Where is constantly kept onhand,. ... ... ... ... ...

also offered for sale

Fire-brick & Tile
Of a superior quality, manufactured in part from the materials of which china is com-
posced.—These have been proved, by competent judges, to be equal to the best Stour-
bridge brick.

Eight years later the following advertisement®? appeared.
Abraham Miller
has removed his manufactory
From Zane Street to James, near Broad Street,

Spring Garden
where his works are now in full operation, conducted by his late Foreman, Mr. J. C.
Boulter.

A large Assortment of P:ort;zble; Ft'xrna:ces, Stove Cylinders, Fire Bricks and Slabs,

............................................................................

............................................................................

Philad’a December 22d 1840.

In 1842, James Glover started the manufacture of refractories at Boli-
var. The clay is of good quality, and refractories are still made there. In
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1845, Kier Brothers started to manufacture at Salina. In 1859, Soisson
and Company began manufacturing at Connellsville; and in 1865, the Star
Fire Brick Works were built at Pittsburgh.

After this, so many firebrick plants were opened in the state that it
assumed the leading position in the manufacture of refractories. The fac-
tors contributing to this great development were the excellent deposits of
clay, espccially flint clay; the abundance of coal; and the ease of
distribution.

Missouri. In the year 1846, the excellent clay deposits of the St. Louis
district were opened up. In 1855, the Christy Fire Clay Company was
started; and in 1855, both the Evans and Howard and the Laclede Fire
Brick Company followed. The St. Louis district was one of the largest
producing centers at this time.

Kentucky. This district was not opened up until about 1871, when
fireclay from Lewis County was sent to Cincinnati. In 1884, the clays at
Amanda Furnace and Bellport Furnace were worked. Two years later the
Ashland Fire Brick Company was started at Ashland.

West Virginia. Firebricks were not produced in this state until 1876,
when the clays of Marion County were worked.

Colorado. 'The first firebricks made in this state were manufactured at
Golden during 1866. Later clay deposits were opened up at Pueblo and
Caiion City and now have a good reputation in the West.

The West Coast. Refractory manufacture was rather late in developing
here, but recently many excellent refractories are being made in both Cali-
fornia and Washington.

b. Silica Refractories. Probably the first silica bricks made in the
United States were manufactured by J. P. Alexander of Akron, Ohio, about
1866, but a patent was granted to Thomas James® in 1858 for a lime-
bonded silica brick, and he may have manufactured before Alexander. Of
course, in England lime-bonded silica brick was made even before this.
J. R. Thomas made silica brick for the steel industry at Niles, Ohio, about
1872. He used quartz pebbles and a Sharon conglomerate and called the
bricks ‘“Dinas Silica,” as they were similar to the European brick of that
name. A. Hall of Perth Amboy made some silica bricks in 1875, but appar-
ently there was no great demand for them. The modern silica brick of
lime-bonded ganister is a more recent development. In the year 1899, the
first silica-brick plant was started at Mt. Union, which later became a great
center. Silica bricks were made later in the Chicago district.®?

6. Chrome Refractories. Chromite, mainly in the form of bricks,
began to be used by the steel manufacturers about 1896, chiefly as a neutral
zone between the acid and basic courses. Only a few firms have been man-
ufacturing chrome bricks.
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7. Magnesite Refractories. Magnesite as a steel-furnace lining was
suggested in Europe as early as 1860 but did not come into regular use until
1880, when it was found that the Austrian material could be fritted down
into a good bottom. Styrian magnesite was imported into this country in
1885 and was used by the Otis Steel Company in the first open-hearth steel
plant in the United States. However, it was not a commercial success. In
1888, magnesite was used successfully by Carnegie, Phipps & Co. at
Homestead. From this time, the use of magnesite increased rapidly
because the general advantages of the basic process over the acid process
became evident to all.

In the year 1898, 16,000 tons of Austrian dead-burned grain were
imported. Bricks were at first imported, but later they were made in this
country by a few companies.

8. High-alumina Refractories. The first bauxite discovered in the
United States was found near Rome, Georgia, during 1888.%4 The Arkan-
sas bauxite deposits were discovered in 1891. The production from the
latter source increased rapidly until now it supplies a considerable part of
the domestic demand. Coastal bauxite of Georgia was discovered and
described in 1909. A number of small deposits are now being worked.

Missouri diaspore was recognized in 1917 as a source of material for
super refractories. This discovery has made Missouri one of the most
important producing states.

The importation of gibbsite from Dutch Guiana in the last few years
has supplied a very high-grade material to the manufacturers of refractories.

The deposits of sedimentary kaolin on the southern coastal plain have
been known from the time of the first settlers. The remarkable beds form
probably the largest supply of uniform and pure high-grade clay in the
world. The suitability of kaolin for refractories was known as early as 1837
in Bennington, but the southern kaolin is of a purer grade and possesses a
high vitrifying point and a very large shrinkage. These properties for
many years have prevented its use in a refractory. During the last
twenty-five years, however, it has been possible to manufacture a success-
ful refractory out of this pure kaolin.
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CHAPTER IV
REFRACTORY RAW MATERIALS

1. Clays. Definitions. It seems impossible to give a definition for a
clay that is inclusive and yet free from exceptions. Many of the charac-
teristics generally associated with clays, such as plasticity, water of hydra-
tion, and plate structure, are found in other materials. The best that can
be done is to define a clay broadly as a hydrated earthy material, containing
a considerable portion of alumina or silica and showing the property of*
plasticity. '

More specifically the following definitions have been proposed by the
Committee on Geological Surveys of the American Ceramic Society.?

Bauritic Clay: A clay consisting of a mixture of bauxitic minerals, such as
gibbsite and diaspore, with clay minerals, the former constituting not over 50
per cent of the total. (The opposite of this would be an argillaceous bauxite.)

Burley Clay: A clay containing burls, oblites, or nodules, which may be high
in alumina or iron oxide.  As used in Missouri, it refers to a diaspore-bearing clay
usually averaging 45 to 65 per cent Al,O;.

Diaspore Clay: A clay usually containing over 60 per cent alumina with the
mineral diaspore often in shotlike particles, or “oélites.” There may be some
gibbsite or cliachite present.

Fireclay: A clay either of sedimentary or residual character that has a P.C.E.
of not less than cone 19. It may vary in its plasticity or other physical properties;
and while it often fires to a buff color, it does not necessarily do so. It is recom-
mended that clays with a P.C.IS. from 19 to 26, inclusive, be called “low heat-
duty fireclays” and that fireclays with a P.C.K. of cone 27 or higher be designated
“refractory.”

The terms “Nos. 1, 2, and 3 fireclay” as sometimes used do not always refer
to the same degree of fusibility.

While some fireclays are found underlying coal beds, many show no association
with coal; in fact, some clays underlying coal beds do not conform to the descrip-
tion given.

Flint Clay: A clay, usually refractory and hard, with a dense structure and
conchoidal fracture. It is difficult to slake and has little plasticity under usual
working conditions.

Kaolin: A white-firing clay which, in its beneficiated condition, is made up
chiefly of minerals of the kaolinite type. Two types of kaolin may be recognized
as follows:

1. Residual kaolin: A kaolin found in the place where it is formed by rock
weathering.

27
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2. Sedimentary kaolin: A kaolin that has been transported from its place of
origin. Sedimentary kaolins show more pronounced colloidal properties than
residual kaolins.

The distinction between kaolin and fireclay is not particularly clear, as
both contain almost wholly the mineral kaolinite. In this book, kaolin
will be used for white-burning clays, and fireclay for buff-burning clays.
Also, bauxite and bauxitic clays will be reserved for those whose gibbsite
content predominates over the diaspore content.

F16. 3. An electron microscope photograph of kaolinite crystals, the larger ones being just
over a micron in diameter. (Courtesy of the Georgia Kaolin Company.)

The Nature of Clay. During the last twenty years, tremendous
progress has been made in painting a true picture of the nature of clay. At
present, although parts of the picture are indistinct, the framework is
there and many details are clear. It is now certain that the clay—even to
its finest particles—is composed of fragments of definite minerals. Because
of the minute size of these crystals, their identification and description are
particularly difficult. Great credit is due to mineralogists such as Ross,
Kerr, Grim, Hendricks, and Gruner in this country; Marshall in England;
and Endell and Nagelschmidt in Germany. Although additional clay
minerals will undoubtedly be identified in the future, the classification
given in Table 6 seems to be the most logical arrangement at present. It
is known that these minerals occur in the clay over a wide range of sizes
between 100 and 0.01 g, but a large majority of the clay particles range
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between 0.2 and 10 u. No general evidence indicates that the finer fraction
or colloidal portion (below 0.5 u) is any different, except in size, from the
coarser particles. The particles in a clay are mainly platy, although we
cannot, at present, measure the actual shape of the extremely small
particles. Fig. 3, showing submicroscopie kaolinite crystals, gives an idea
of the particles in a sedimentary kaolin.

The clay particles have attached to their surfaces various adsorbed ions,
such as Ca, Na or SOj; that markedly affect their physical properties.
With the clay minerals is often associated organic matter such as lignite
and humus, which may act as protective colloids and influence the physical
properties of the clay. Most clays also contain impurities, often of large
grain size, such as quartz, mica, feldspar, and other nonplastic minerals.
Also the clay mincrals themselves can have iron and other metallic atoms
in the crystal lattice.

The Origin of Clay. Clay is always an altered product derived by
weathering or hydrothermal action from rocks rich in feldspar. There is
still no agreement among geologists as to the exact mechanism of clay
formation or why various clay minerals are apparently obtained from the
same parent rock. In most cases, the action is principally one of removal
of the alkalies and decrease of the silica, the former heing removed as
soluble salts and the latter as colloidal silica. When silica removal is
carried to the end point, as a result of the high permeability of the mass to
the percolation of ground water, gibbsite or diaspore is the result. We are
not sure whether a step-by-step process occurs or the reaction goes directly
from the feldspar to an end point.

Clay minerals have been produced in the laboratory® under certain
conditions of temperature and acidity from feldspars, the reaction taking
place most rapidly at about 300°C. It would have seemed curious a few
years ago that under identical reaction conditions, the end product of
potash feldspar, for example, is sericite whereas from calcium feldspar,
montmorillonite is produced; 7.e., the cation in the original rock, the original
atomic arrangement, or both together seem to have some control over the
type of end product. Geologists now are beginning to believe that in all
metamorphic changes, there is some relation between the atomic structure
of the original material and its product. ,

Clays found in the same location as the parent rock from which they
were formed are called “residual clays.” Such clays usually contain rock
fragments and thus require washing, for which reason they are not used to
any great extent in refractories. The primary kaolins of North Carolina
are a good example of a residual clay.

Transported clays are sediments deposited in lakes, swamps, or the
ocean. They may be considerably altered during and after transporta-
tion. The sedimentary kaolins of Georgia and most fireclays are examples.,
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The classification of clays according to origin in Table 5, as suggested
by Stout, will be helpful in understanding the process of clay formation.

The excellent chart by Chelikowsky® gives a picture of geologic dis-
tribution of fireclays in the United States, and the maps by Ries“? are
complete and up to date.

*
TaBLE 5. CrassIFICATION OF C'LAYS A8 TO ORIGIN

From idual cl
crystalline ;Impure residual clay
Products of Primary kaolin
. rocks
ordinary A
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No Kaolinitic clay
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Products of
abrasion with
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* Lecture on Clays by W. 8tout, at Massachusetts Institute of Technology, 1937.

Clay Mzinerals. The clay minerals may be divided into definite types;
but since various degrees of isomorphism can occur, there is a variability
in composition that makes classification and identification difficult. The
grouping indicated in Table 6 gives a reasonable picture of their rela-
tionship based on our present knowledge. The atomic arrangement
shown in Fig. 4 is a probable one, but only in the case of dickite is it uni-
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versally accepted. In refractory clays, clay minerals are seldom found
other than kaolinite, diaspore, and gibbsite.

The identification of the clay minerals, in many cases, is difficult
because of their small size and indefinite composition. Petrographic
methods can be used for the coarser grains. X rays may be used to identify
the finer fractions with a considerable degree of certainty, especially if
specimens are prepared with a preferred orientation of the crystals.
Another useful method is thermal analysis, which can be made to give
quantitative values, in some cases when the mineral is present in amounts
as low as 1 per cent by weight of the total.

If the clay mineral is placed in a furnace beside a neutral body, such as
alumina, and heated at a uniform rate (12°C’ per min), a temperature dif-
ference between the two that can be detected by a differential thermo-
couple will occur at different stages of the heating. The temperatures at
which these differences occur are characteristic of the various clay minerals
and serve as a means of identification even when they are mixed with
others. A convenient apparatus is shown in Fig. 5 for this purpose.
Figure 6 gives the differential temperatures for kaolinite, gibbsite, and
diaspore plotted against the true temperature. The large endothermic
peaks are caused by the cnergy required to expel the chemically combined
water (the OH groups). The area under these peaks can be used as a
quantitative measure of the amount of that particular clay mineral. The
areas for a 0.4-g sample are as follows:

Mineral Area, °C X Seconds
Kaolinite . . . e e 11,700
Diaspore. . .. ... 11,150
Gibbsite. . .. . 21,800

As an example, consider the thermal curve for a Dutch Guiana clay in
Fig. 6. It will be noted that the peaks corresponding to kaolinite and
diaspore, which are of small magnitude, occur at the temperatures of the
initial parts of their respective rcactions and not at the maxima. The
area of kaolinite reaction is 700, for the diaspore 700, and for the gibbsite
19,200. This represents 6 per cent kaolinite, 6 per cent diaspore, and 88
per cent gibbsite. When these are converted to silica and alumina, 2.8
and 64.6 per cent are obtained, respectively, as compared with 4.5 and 58.4
per cent from a chemical analysis. If the 3.2 per cent Fe;Os in the chemical
analysis is counted as Al;O;, the agreement is good. Recent work has
indicated that in some cases where the minerals are fine and intimately
mixed, quantitative analysis by this method is difficult. Howie and
Lakin®® show that this method is also applicable to the analysis of limes,
dolomites, and magnesites. Some recent work indicates that thermal
analysis may also be used to identify the type of organic matter in a clay.
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The Exchangeable Bases. Attached to the broken corners and perhaps
faces of all clays are ions that are not really part of the crystal structure
but are held in place by unsatisfied bonds in the unbalanced lattice and
thus can be replaced by other ions. The finer the particle size of the clay
the more area is present for the attachment of these cations and the
greater the so-called “base-exchange capacity,” which is expressed in
milliequivalents per 100 g of dry clay. The exchange ions can be replaced
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Fi1a. 7. Three-compartment dialysis cell.

by H+ and OH™ on a clay by a number of methods, one being the treatment
in a dialysis cell shown in Fig. 7. The clay slip, containing 5 per cent
solids, is treated for about two weeks, the liquid in the end cells being
replaced with distilled water at frequent intervals until a constant value
of current is reached. Even with this long treatment there is reason to
believe that many adsorbed ions ‘or groups cannot be entirely removed.
To produce a really clean clay calls for a more elaborate procedure. The
liquid from the end cell can be evaporated and analyzed for the elements
extracted. The exchangeable metallic bases reported by Graham and
Sullivan® for several clays are shown below.

Exchangeable metallic bases
Clay
Cu Mg Na K | Total
Georgia kaolin...........coovveennns 0.4 | 0.6 | 0.1 |Trace| 1.1
Pennsylvania flint clay.............. 25| 18| 05| 04| 52
Kentucky flintelay................. 34|20 09}|08]| 7.1
Kentucky ball elay................. 7.1 38| 05| 0.4 |11.8
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The total base-exchange capacity is believed in general to be as follows:

Milliequiva-
lents per 100 g
Kaolin. . ... ... e 2-6
Ball clay . .. .. e 10-20
Bentonite. .. ... .. ... e e 50-100

After a hydrogen clay is produced by dialysis, ions in any amount up
to the saturation point can replace the hydrogen and hydroxyl group to
give a clay with controlled adsorbed ions. The type of ion present in the
clay profoundly influences its physical properties, producing a variable that
has not generally been taken into account in the past. Just one example
will bring this out for a fine-grained kaolin.

Milliequivalents of Na* Dry Strength Modulus
per 100 g of Clay of Rupture, Ib psi
0 (hydrogen clay) . ....... e e e 430
P 700
D PP 1,000

The control of exchangeable bases is particularly important when using
clays in casting slips.

Organic Matter. Many clays contain appreciable amounts of organic
matter, such as lignite or humic acid. Dark ball clays and less pure bog
clays contain especially large amounts. Although little scientific work has
been carried out to determine the influence of this matter on the properties
of the clay, it is generally agreed that it does influence the plasticity, dry
strength, and slip-forming properties, either because of an organic colloid
or because of the organic acid. This is an important field for research;
the ceramist, the organic chemist, and the soil chemist should cooperate
more closely along these lines in the future. Nearly all organic matter can
be removed by long digestion with 30 per cent hydrogen peroxide. The
only paper treating this subject thoroughly is by Sharratt and Francis. ®®

The aging of clays, though little practiced in the refractories industry,
is connected to some extent with bacterial action in the clay mass, which
produces substances acting much like the organic acids.

Accessory Minerals. All clays contain mineral fragments of a nonclay
type that have an important influence on the properties of the clay. The
minerals commonly found are as follows:

Quartz

Feldspars (orthoclase, plagioclase)

Micas (muscovite and biotite)

Iron minerals (hematite, magnetite, limonite, pyrite, siderite)

Titanium minerals (rutile, anatase)

Limestone (calcite, dolomite)
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Magnesite

Gypsum

Garnet

Tourmaline

A few of these minerals, such as quartz, act as a refractory nonplastic,
whereas the others act more or less as fluxes and reduce the refractoriness
of the clay.

Physical Properties. Only within the last few years has it been possible
to measure the full range of particle sizes in clays with assurance. The
size distributions for a few typical clays are shown in Fig. 8. 1t will be
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Fig. 8. Particle size distribution for various clays.

noticed, first, that there are few particles below 0.1 u but a large portion
are below 10 u. As the surface area increases enormously with even a
slight increase in the proportions of fines, careful measurements are needed
in this range. It will be noted that the plastic fireclays, though coarser
than the kaolin in the larger size range, have more very fine particles,
which accounts for their relatively greater plasticity.

In order to study the influence of grain size on the physical properties,
it is most convenient to split a clay up into a number of nearly monodis-
perse fractions for which the mean size can be accurately determined. It
will be found that most of the physical properties vary with the particle
size, as shown by Whittaker® in Table 7 for a clay containing wholly
kaolinite.

The plasticity, or workability, varies greatly among clays. In general,
the finer grained clays, free from nonplastics, are most plastic. The plas-
ticity of most clays can be increased by fine grinding, aging, adding organic
matter, or mixing in another clay of fine-grain size, such as bentonite.

Whereas some clays readily slake in water, others will remain under
water indefinitely without breaking down. The flint clays and shales
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TaBLE 7. VARIATION OF PnysicaL PROPERTIES WITH PARTICLE Size

‘Mea,n Surface area ‘ D.ryfng Dry strength, Relative
dlstmeter, per 100 g, shrinkage, psi plasticity
microns s em per cent
8.50 13 X 10¢ 0.0 4.6 None
2.20 392 0.0 14.0 None
1.10 794 0.6 64.0 4,400
0.55 1,750 7.8 47.0 6,300
0.45 2,710 10.0 130.0 7,600
0.28 3,880 23.0 458.0 8,200
0.14 7,100 30.5 206.0 10,200

consolidated by chemical action cannot be broken down without consider-
able grinding, but a plastic fireclay will quickly disperse into its ultimate
particles when added to water. Undoubtedly the adsorbed ions have an
important influence on the slaking. For example, a hard and a soft kaolin
of the same chemical composition, both containing wholly kaolinite, show,
in the first case, ten times as much exchangeable calcium ions as in the
latter.

In general, the fine-grained plastic clays have a high shrinkage, because
they have large numbers per unit distance of interparticle water films,
whose elimination causes the shrinkage. Montmorillonite, the mineral in
bentonite, increases in the distance between the atomic planes of a single
crystal by water molecules entering the crystal structure. This is the
reason for the great swelling power of some bentonites.

The finer grained clays generally have high dry strengths, but other
factors such as adsorbed ions and organic matter are important. As yet,
we have little explanation of the forces holding the particles together in a
dry clay. This is a field for interesting research.

The color of clay is of no great importance in refractories manufacture,
except as an indication of impurities.

Kaolin (OH),Al(Si:05). Pure kaolin has a fusion point of 1785°C
(3245°F), although this may drop a few degrees if any impurities are
present. The residual or true kaolin occurs in many localities in rather
small deposits in the Southeastern United States. There are also a few
deposits in Vermont and Massachusetts, and Wilson® describes some
producing deposits in the Pacific Northwest. The most workable deposits
are the sedimentary or plastic kaolins, which are rather widely distributed
in this country in the Southeastern states, where the beds are of great
extent, averaging from about 15 to 30 ft in thickness with about the same
thickness of overburden. The kaolin is usually mined by stripping off the
overburden and taking out the clay by hand or with a power shovel. There
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are considerable deposits of kaolin in England, which are mined as English
china clay. Excellent deposits also occur in Czechoslovakia and
Germany. Typical analyses of some kaolins are given in Table 8, and
deposits are shown in the maps of Figs. 9 and 10.

TaBLE 8 ANaLyses oF TyprcaL Kaorins

Georgin | English Ver.mont ‘Nort.h

. kaolin, |china clay resxdfuxl Carolfna
Constituent kaolin, kaolin

per . (washed), per (washed)

cent( | per cent cent® | per cent’
Silica, SiOs............. ... ... 45.8 48.3 58.0 45.8
Alumina, ALO;. ... ... ... ... 38.5 37.6 26.9 36.5
Titanium oxide, Ti0,.......... 1.4 1.4 0.0
Ferric oxide, Fe 0. . ... .. .. ... 0.7 0.5 1.5 1.4

Calcium oxide, CaO......... .. Trace 0.1 0.4

Magnesium oxide, MgO........ Trace 0.92 0.5
Alkalies...................... 1.6 2.2 0.3
Combined water.............. 13.6 12.0 8.9 13.4
Total. oo, 100.0 00.1 | 100.2 | 97.9

Clays and Minerals Related to Kaolin. There are a number of other
hydrated aluminum silicates of the kaolin group, most of which are rare.

Halloysite, (OH);Als(Si:0;), occurs as a fine-grained, soapy, white
clay. This mineral has often been confused with fine-grained kaolinite but
can be distinguished by its thermal curve,™ or by an electron microscope
photograph, as the very fine particles are lathlike. A typical analysis is
shown in Table 9.

TABLE 9. ANALYSES OF MINERALS RELATED To KAOLINITE

‘N nrt:h Allophane | Allophane
. (C'arolina,

Constituent hallovi I, per 11, per
alloysite, cent9 cent@9?)
per cent

Silica, S8i0g.......... i 44.3 43.3 32.5
Alumina, AlL,O;.......... .. ... .. 37.4 39.9 46.5
Ferric oxide, FesOs. . ... ... ... 0.4 0.7
Lime, CaO............coovvvva. ... 0.2 0.7 0.4
Magnesia, MgO............c....... 0.1 0.5
Alkalies.............ccievnneennnn 0.2 0.6
Water of constitution.............. 15.1 15.5 19.4
Total............ciiieninnnn. 97.7 100.0 100.0
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Allophane, or indianaite, is & waxy white clay found in Indiana and
Kentucky with the composition shown in Table 9. It is so fine grained
as to be amorphous.

Several other members of the kaolinite group of rare occurrence are
mentioned in the tables at the end of the chapter.

Ball Clays. Ball clays are distinguished by their fine grain, lignite con-
tent, and high plasticity but are not usually so refractory as kaolins, the
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fusion point being around 1675°C (about 3050°F). They are sometimes
used in refractories as a bond for harder and less plastic clays, but their
greatest use is in whiteware. The analyses of two typical ball clays are
given in Table 10. They are found almost exclusively in Kentucky and
Tennessee as shown in Fig. 9.

Fireclays. The so-called “fireclays’ include nearly all clays that have
a fusion point above approximately 1600°C (about 2900°F) and are not
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white burning. Fireclays are widely distributed and vary greatly in their
characteristics. They may be roughly divided into the following types:
flint clays, which (owing to great pressure encountered since they were
deposited) are compressed into a hard, rocklike mass and require fine grind-

TasLe 10. ANALYSES oF BALL Crays

Constituent Mayfield, Ky.,| Tennessee,
per cent92) per cent
Silica, SiO2. ..o 56.4 46.9
Alumina, AlsO;s.............. .. 30.0 33.2
Ferric oxide, Fe,Os............. 2.1
Lime, CaO.................... 0.4; 0.8
Magnesia, MgO................ Trace ’
Potash, KoO. ..o 3.3 0.7
Soda, Na.O................... 2.0§ '
Titanium oxide, TiO,...........
Water (combined).............. 7.9 16.5
Total .........covvivnn. . 100.0 100.2
TABLE 11. ANALYSES OF FIRECLAYS
(Analyses by Downs Shaaf)
: [ [ l
Plastie, | Flint, . Semi- Semi- . ! Flint,
Law- Cam- 1 Flint, flint, flint, P!aﬂtm, . Mont-
. Carter, Vinton,
rence, bria, K Jackson,| Clear- Ohio gomery,
Ohio Pa. Y- | Ohio |field, Pa. Mo.
Si0, 58.10 | 44.43 | 44.78 | 50.32 | 43.04 | 46.72 | 44.04
Al,O, 23.11 37.10 | 35.11 31.53 | 36.49 | 33.06 | 38.03
Fe 04 1.73 0.46 1.18 1.02 1.37 0.68 0.63
FeO 0.68 0.55 0.74 0.35 0.83 0.55 0.22
FeS, 0.55 0.22 0.14 0.12 0.24 0.34 0.01
MgO 1.01 0.19 0.55 0.18 0.54 0.19 0.12
CaO 0.79 0.60 0.77 0.80 0.74 0.61 0.40
Na.0 0.34 0.10 0.29 0.07 0.46 0.42 0.10
K.0 1.90 0.55 0.44 | " 0.05 1.10 1.53 0.22
H.0—- 2.27 0.80 0.84 2.47 0.82 2.21 0.78
H,04 7.95 12.95 | 13.07 11.25 12.44 11.50 | 13.55
CO, 0.05 0.11 0.07 0.14 0.05 0.02 0.04
TiO, 1.40 1.84 2.22 1.45 1.79 2.20 1.82
P,0s 0.17 0.21 0.02 0.48 0.10 0.12 0.28
80 0.03 0.01 0.01 0.01 0.01 0.01 0.01
MnO 0.01 0.01 0.02 0.02 0.01 0.01 0.01
ZrO, 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Org. C 0.22 0.10 0.11 0.07 0.22 0.04 0.01
Org. H 0.03 0.03
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ing to develop plasticity; plastic clays, which are soft and easily tempered
into a plastic mass; and refractory shales, which can usually be made
directly into brick without the addition of bonding clay.

Analyses of a number of types of fireclays are given in Table 11, and
the distribution in the United States on the map of Fig. 9.

Super-duty fireclay brick are usually made from pure Missouri flint
clays with approximately the composition in Table 11. They have a low
porosity and show little or no reheat shrinkage.

2. Clays and Minerals High in Alumina. Hydrated Alumina. Some
of the most important refractory ma-
terials are those containing the mineral
diaspore, (HAIO,) usually occurring
with kaolinite in varying proportions.
The clays vary from nearly pure dias-
pore to mixtures containing nearly all
kaolinite. Most of them occur in
Missouri, although there are a few
other minor locations. From these
clays are made the high-alumina brick
having alumina contents of 50, 60, 70,
and 80 per cent according to the clas-
sification. They may also have some
corundum added. ' —

There are other high-alumina clays ¥Fic. 11. A gibbsite nodule cut in half;
containing gibbsite [ Al(OH);] or mix- about one-fourth natural size.
tures of gibbsite and kaolinite. The purer materials, such as those
from Dutch Guiana (Fig. 11), contain almost all gibbsite, but the alumi-
nous clays from the South have more or less kaolinite mixed with them.
The term ‘“bauxite’ is used here for clays containing a mixture mainly of
kaolinite and gibbsite. The bauxitic clays have not been used for refrac-
tories to any extent because of their less favorable shrinkage properties,
but may come into use as the diaspore becomes exhausted.

The locations of the principal deposits of high-alumina clays are shown
in Figs. 9 and 10. Both the chemical and mineral analyses of some
typical high-alumina clays are shown in Table 12. The thermal method
is particularly valuable in studying these clays because it readily dis-
tinguishes between diaspore and gibbsite.

Sillimanite Types of Minerals. There are a number of minerals having
a composition AlSiOQ;, which gives a silica content of 37 per cent and
an alumina content of 63 per cent. Sillimanite occurs in a number of small
deposits in this country, such as California, North and South Carolina,
and Georgia, but the largest source of supply is in India. Andalusite has
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a different crystal form from sillimanite and is found in small deposits in
California and in considerable quantities in Spain. Kyanite occurs in
India, in some of the Southern states, and on the West Coast of the
United States. All these minerals are decomposed to mullite and silica on
heating above 1555°C (about 2830°F) when pure and at a lower tempera-
ture when fluxes are present. These materials are being used to a con-
siderable extent as refractories at the present time but commercially are

Tarue 12, HiGH-ALUMINA ('LAYS

Duteh | lirst- .| Burley, | Second-
R grade Bauxite, - grade
Clay Guiana dias ) Flint, di
ribbsite iaspore, Ga. Mo iaspore,
E Mo. ' Mo.
Chemical Analyses
Siliea.............. 4.5 10.9 26.0 33.8 29.2
Alumina.......... .. 58 4 72 .4 54 .0 49.4 53.3
Titanium oxide. .. ... 2.9 3.2 2.1 2.6 2.7
Iron oxide...... 3.2 1.1 1.0 1.8 1.9
Lime............... 0.4
Magnesia...........
Alkalies... ... ... ..
Combined water. . . .. ‘306 | 135 | 161 | 120 12,0
Total............ ©100.0 | 101.1 99.2 99.6 99.1
Thermal Analyses
| ] ]
Kaolinite. ... .. ... .. ; 6 None 67 71 18
Diaspore.. ... ... .. [ 6 90 None 26 53
Gibbsite............| 88 None 38 None None
N |

often confused one with another. The great problem is to concentrate®®
the ore efficiently and at the same time provide fairly coarse grains. Thin
sections of these minerals are shown in Figs. 12, 13 and 14.

Topaz. This mineral has been found in India in some quantity, and
recently an important deposit has been discovered in South Carolina. 2"
Topaz has the composition Al,SiO4(F,0H), and thus will readily transform
to mullite on firing, hence offering attractive possibilities as a raw material.

Pyrophyllite. This talclike mineral is found in a number of deposits
in the South and has been used in some refractories in place of clay. Its
formula of (OH),Al:(Si,O5); does not give so high an alumina content as
kaolin. However, it has been successful in some cements and plastics.

Forms of Alumina. Alumina occurs in a number of forms. The
a-alumina is identical with the natural mineral corundum (Fig. 15), which
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is a trigonal crystal with a specific gravity of 4.0. This mineral apparently
is very stable and is almost always produced from cooling fusions.
v-alumina is hexagonal but has a spinellike structure and a specific gravity
of 3.31 and is generally formed by the heating of hydrous alumina materials
such as kaolin or gibbsite. At higher temperatures, it slowly inverts to
the a-form. An isometric form of alumina has been described having a
specific gravity of 3.47 and is found in some quickly cooled melts. Appar-
ently this form is not found to any extent in refractories.

Fig. 12. Thin section of sillimanite. (250%)

The so-called ‘B-alumina” has been found by Beevers and Ross™®
to be not a form of alumina but a compound consisting of 11 molecules
of Al;,O; and 1 molecule of soda or potash. A “¢-alumina’” has been
described as occurring only in melts containing lithium. Probably this
is similar to the B-alumina, being a compound of lithium oxide and
alumina.

Corundum. Corundum, or emery, Al:O; is found in many small
deposits, the most important being in Asia Minor, South Africa, Greece,
Ontario, and North Carolina. It has not been used to any extent for a
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refractory but would seem to be a material worth more investigation.
Crystalline alumina made in electric furnaces is used to a considerable
extent as a refractory.

3. Silica Minerals. Ganister. The most commonly used silica mineral
for refractories is ganister, a common name for true quartzite. Not all
quartzites are suitable for making refractories, as they must be of high
purity and have good mechanical strength. The principal deposits of

el O AT ST O |
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Fi1a. 13. Thin section of andalusite; 250X, with crossed Nicol prisms and gypsum plate.

ganister in this country are the Medina sandstone of Pennsylvania, the
Baraboo quartzite of the Devil’s Lake region, Wisconsin, and the quartz-
ites of Alabama and Colorado. A quartzite is usually mined from the
bodies of talus, or slide rock, occurring on the mountain slopes. A few
typical analyses of quartzites are given in the following table, and a thin
section is shown in Fig. 16.

The fusion point of quartzite“? is very close to 1700°C (about 3090°F);
and like mullite, it shows little softening below its melting point. This
is its chief value when used as a refractory, as it retains its resistance to
load at higher temperatures than fireclay materials. Owing, however,
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to their high thermal expansion, silica materials are very sensitive to
temperature changes in the low-temperature ranges. Most silica refrac-
tories are made in the form of bricks or special shapes, but some ganister

TABLE 13. ANALYSES OF QUARTZITES

Medina | Baraboo | Alabama | Sharon
Constituent quartzite, | quartzite, | quartzite, | conglomer-
per cent29|per cent(2|per cent(12)|  ate3)

Silica, Si0,. ............... 97 .8 98.2 97.7 98.0
Alumina, AL,Os........... .. 0.9 1.1 1.0 0.9
Ferric oxide, Fe,O. . ... .. .. 0.9 0.2 0.8 0.9
Lime, CaO................ 0.1 0.0 0.1 0.3
Magnesia, MgO............ 0.2 Trace 0.3 Trace
Alkalies, K30, NagO........ 0.4 0.1 0.3 0.2

Total.............c..... 100.3 | 99.6 1002 100.3

Fig. 14. Thin section of kyanite. The large crystal on the left border is kyanite w:hioh
shows pronounced cleavage and numerous inclusions. The rest of the field shows a grain of
staurslite, three smaller garnet crystals with muscovite, biotite, quarts, feldspar, and
magnetite; 40 X, with ordinary transmitted light.
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is used in rammed furnace bottoms. Recently quartzites have been
washed to bring the total impurities below 0.5 per cent for super-duty
silica brick.

Firestone. Natural stone refractories are still used to some extent.
They consist of an easily cut sandstone@3413513) or g mica schist. In
either case, the stone must have a certain flexibility of structure to reduce
the tendency to spall. Firestone is rather wide in occurrence, working

F1a. 15. Thin scction showing appearance of corundum crystals formed in the electric
furnace; 80 X, with crossed Nicol prisms.

deposits being found in Pennsylvania, Tennessee, Ohio, and several other
states.

Sand. A small amount of beach sand is used for furnace bottoms, as,
for example, in the hearth of malleable-iron melting furnaces, but the
volume used is very small compared with the refractories made from
quartzite. In Europe, glass sand is ground and added to quartzite in
the making of silica brick, mainly to increase the purity.

Diatomaceous Earth. Another type of siliceous mineral, used mainly
as & heat insulator, is diatomaceous earth (infusorial earth or kieselguhr),
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a widely distributed material. It is composed of the skeletons of diatoms,
which are microscopic organisms (Fig. 17). The desirable characteristics
of this material are its closed cells and high porosity, which gives a low

F1a. 16. Thin section of quartzite. The light and dark areas in this photomicrograph show
quartz grains at different orientation with respect to the plane of polarization of the Nicol
prisms; 80 X, with crossed Nicol prisms.

TABLE 14. ANALYSES OF Diatomacrous EARTHS

. Oberhole, | Jitornia,
Constituent (jermany, per cent
per cent

Silica (Si02). ... 87.9 85.3
Alumina (Ale:) ................ 0.1 5.4
Ferric oxide (FeqO3)............. 0.7 1.1
Calcium carbonate (CaCOs)...... 0.7 1.1
Organic matter................. 2.3
Water..........coivviiiinnnnnn 8.4 5.6

Total.................... . 100.1 98.5
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density and a low thermal conductivity. Analyses of two typical samples
of infusorial earth are given in Table 14.

4. Magnesite and Lime. Magnesite refractories are of great impor-
tance in the metallurgy of steel and nonferrous metals, as they are used
almost exclusively for the part of the furnace that comes in contact with
the molten metal and slag, a large volume being used in the bottoms of
the basic open-hearth furnaces in the form of lumps and brick.

.
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Fra. 17. Photomicrograph of a single diatom showing fine cell structure. This structure is
the reason for the excellent heat insulating properties which diatomaceous earth possesses;

K00 X . with ordinary transmitted light.

Magnesite. Magnesite occurs in nature as the carbonate, and two
types have generally been recognized, the crystalline and the dense, the
latter usually being of greater purity. The crystalline material is found
in considerable quantity in Austria, Russia, Manchukuo, Quebec, and
the state of Washington. Figures 10 and 9 show the important deposits.
The Austrian material usually runs rather high in iron and has been in
great demand for metallurgical work because it will frit together into a
solid mass at available temperatures. The magnesite from Quebec runs
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higher in lime. The Washington magnesite occurs in large quantities
and is relatively pure.

The dense type of magnesite usually occurs in veins and lenses, the
most important deposits being found on the island of Euboea off the
coast of Greece. The purity of this deposit, if carefully selected, is high,
running between 94 and 98 per cent magnesium carbonate. Several
California deposits have been operating for a number of years and give
a pure material. Magnesite from sea water in California and Texas
(148,149,150 js pow assuming importance. Magnesia can also be produced
from dolomite such as by the Pike process. 159

TasLe 15
. . . Manchu- | Washing-| ., | California,
Constituent | Austrian | Austrian Kuo ton Greece sen water
S S I EO— S
SiOq 5.8 1.0 3.7 4.9 6.6 5.1
Al,0; 1.7 1.0 1.0 1.5 4.4 0.5
Fe,0; 4.0 6.9 1.5 3.4 ' 0.2
) 5.0 2.1 1.6 2.8 2.4 1.8
MgO 83.0 88.6 92.0 87.1 86.4 91.7
Ignition loss 0.2 | 03 0.1 | 0.1 0.2, 03
“otal 99.7 99.9 99.9 99.8 100.0 99.6

Several analyses of burned magnesite are given in Table 15, and a
thin section is shown in Fig. 18.

Magnesite is produced as caustic-burned and dead-burned material.
The latter is used for refractories and is fired at 1550 to 1750°C' (about
2820 to 3180°F) to drive off practically all the CO, and form crystals of
periclase. An excellent description of the production of dead-burned
magnesite is contained in P.B. 37804.950 The high-iron magnesites are
sufficiently magnetic to make concentration by magnetic separators an
efficient process. Some of the purer magnesites have iron added by the
Alterra‘®) process, where calcium ferrite is made and combined with the
magnesite in a rotary kiln at 1500°C (about 2732°F). Magnesite can be
fused in the electric furnace and, on cooling slowly, forms relatively large
periclase crystals.

Dolomite. Dolomite is a solid solution of calcium and magnesium
carbonate and, when pure, has an equal number of molecules of both,
although all ratios occur in nature. Dolomites are very widely distributed.
They have been used to some extent to replace magnesite in open-hearth
bottoms but, because of their slaking properties, are not so good as magne-
site. Although many experiments have been made on the production of
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a successful dolomite brick, as vet all the difficulties have not been
overcome.

Lime. Lime, next to magnesite, is believed to be the most refractory
commercial oxide and is very widely distributed in deposits of great
purity. However, little success has been had with this material as a
refractory, for it slakes readily in both air and water. However, if lime
is heated to 1800°C (about 3270°F) in an oxidizing atmosphere, it can be
crystallized and in this form has a considerable resistance to slaking.

Fra. 18. Thin section of crystalline magnesite. This section shows the high relief and
cleavage which this mineral possesses; 80 X, with crossed Nicol prisms.

Olivine, Mg,SiO;. This magnesium silicate usually has 5 to 8 per
cent of the MgO replaced by FeO in the theoretical formula. By mixing
with the correct amount of magnesite, this material has been used in the
last few years to make forsterite refractories. Olivine deposits are wide-
spread, but excellent material occurs in the dunite rock of North Carolina.

6. Chromite. The commercial chrome ore contains a solid solution of

spinels closely approximating

Crqy0Os; FeO
Al;O, >< MgO
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In most cases, the spinel is balanced, but some cases have been reported
where either the R,O3 or the RO is somewhat in excess; however, this
may be due to difficulty in obtaining uncontaminated chromite grains for
analysis. The chromite is always associated with a gangue chiefly of
serpentine but also containing small amounts of feldspars, silica, car-
bonates, etc. Chrome ores are helieved to originate both from magmatic

Fig. 19. This photomicrograph is a thin section of chromite with some serpentine associated
with it. The chromite is the darker-colored areas, which show very irregular cleavage.
Chromite is nearly opaque, and the thin section must be very thin to render it transparent;
250 diameters and wave plate to give second order green, and photographed through a “B”
Wratten filter (deep red).

crystallization and by formation from hydrothermal solutions. Concen-
tration methods have not been used much in separating the gangue from
the ore, but the addition of MgO will cause the formation of forsterite on
firing and thus remove the low-softening siliceous compounds.“® A thin
section of a typical chrome ore is shown in Fig. 19. The outstanding
papers by A. T. Green¢516® and his associates on chrome ores in Special
Report 32 of the Iron and Steel Institute should be consulted for more
detailed information on this subject.
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The largest supplies of chrome ore come from Rhodesia and New
Caledonia. There are, however, considerable deposits in Turkey, Cuba,
the Philippines, Russia, and Greece and small deposits in Canada, Cali-
fornia, Oregon, and Alaska. The analyses of several chrome ores are
given in Table 16.

TasLre 16

. _— Rhode- | Philip- New . =
Constituent Turkey sia pines | Caledonia Russia | Cuba
Crq04 46.6 45.4 32.1 54.5 46.2 | 30.5
Si0O, 6.7 7.5 5.3 3.1 4.0 6.1
Al,0, 12.5 13.8 27.6 11.0 14.6 | 27.5
FeO 12.9 15.1 13.0 19.5 15.6 14.2
CaO 1.2 0.5 1.1 1.5 0.3 0.9
MgO 17.3 | 13.6 | 18.2 8.0 __15.4 18.3
Total 97.2 95.9 97.3 97.6 96.1 97.5

6. Less Common Refractory Oxides. Many of the so-called “rare
elements” may occur in larger percentages than some of our useful metals
but, as they are not concentrated at any one place, cannot be so readily
extracted. The relative abundance of the refractory elements is shown
in the chart of Fig. 20 plotted from the article of Pannell®’® with some
additions. It will be seen that thorium and cerium, for example, are as
plentiful as copper, and beryllium is as plentiful as cobalt.
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Fia. 20. Relative abundance of the refractory-forming elements in the earth’s crust.
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Zirconia. The most common minerals are zircite and baddeleyite
with the formula ZrO;. They are found in considerable deposits in Brazil
and Ceylon with a ZrO; content of 50 to 80 per cent. An analysis of
Brazilian baddeleyite is shown in Table 17.

Zircon, ZrSiO,, is widely distributed, large deposits being found in
India, Madagascar, and New South Wales. It is also plentiful in some
beach sands of Florida and Australia from which it can be concentrated
by tabling. An analysis of a typical sample is shown in Table 17. Both
zirconia and zircon have been used for special refractories, their properties
being discussed in Chap. XII.

TasLE 17. ANALYSFES OF ZIRCONTUM MINERALS

Constituent Baddeleyite, | Zircon,

per cent per cent

Ferric oxide, Fe,O5. ... ... ... ... .. 1.6 0.1
Alumina, ALLO,................... 7.8 1.4

Lime, CaO................. ..... 0.0

Siliea, SiOa............ ... 27.3 40.4
Zirconium oxide, ZrO,............. 60.4 51.6
Undetermined.................... 2.9 6.5
Total .......................... 100.0 100.0

Titania is widely distributed as rutile (TiO,) or ilmenite (FeTiOs).
Titanium is really one of our abundant elements but is so dispersed that
it seems rare.

Thoria. This is our most refractory oxide, occurring in the monazite
sands and in some other deposits as shown in the map in Fig. 369, Chap.
XXIV. Theimportant producers are India, Brazil, Australia, and Ceylon.
It has been used for crucibles in the melting of platinum metals. It is
slightly radioactive and is a fissionable material, which will undoubtedly
be restricted in the future.

Beryllia. This highly refractory oxide is produced mainly from the
mineral beryl found in many pegmatites. The chief source of supply is
Argentina, Brazil, and India.9™ The extraction of the oxide from the
ore is discussed by Motock“®’ and in references of Chap. XII.

Uranium Ozide. This is a fissionable material and will probably not
be available as a refractory, but it is of interest in nuclear power develop-
ment _as discussed in Chap. XXIV. The published sources®” of the ore
are shown on the map in Fig. 369, Chap. XXIV.

The Rare Earths. These oxides are not so scarce as the name implies,
as indicated in the chart in Fig. 20, but their separation, one from another,
presents great difficulties. The only commercial ore for these materials
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is monazite sand,"™ containing 6 to 9 per cent of ceria and lesser per-
centages of the other rare earths. Many of the rare earth oxides are quite
refractory and may be of use in special cases.

7. Carbon. Graphite. Carbon in the form of graphite oceurs naturally
in many localities. In this country, the deposits are usually too small to
make it practical to work them commercially. Large deposits occur in
Ceylon, Madagascar, Korea, and Czechoslovakia. Artificial graphite is
also manufactured to some extent by heating coke to a high temperature
in an electric furnace. Graphite is mainly used in crucibles for melting
metals.

Coal. Coal of both the anthracite and the bituminous varieties is
widely distributed. Before use as a refractory or insulator in electric
furnaces, it is coked to drive off the volatile matter. Petroleum coke
is used for high-purity purposes.

8. Production and Price of Minerals in the Refractories Industry. In
Table 18 are given the production figures and prices of many materials
used for refractories as taken from the “Minerals Yearbook.” Most of
these figures are rounded off, and it should be realized that in some cases,
restrictions prevent publication of complete values. In other cases, it is
impossible to separate the figures into refractory and nonrefractory uses.
Nevertheless some interesting deductions may be drawn from these data.

One of the most striking facts is the very small increase in price of
many of the products between the years 1920 and 1945. For example,
bauxite, dolomite, magnesite, fireclay, kaolin, and tale show very little
variation in price over this period. This is accounted for by more efficient
mining methods, offsetting the higher labor costs. On the other hand,
products of more limited occurrence show some price increases, such as
chromite, beryl, and tantalum concentrates.

Bauxite, a large part of which goes into the manufacture of aluminum,
has shown increased production and importation in the last few years,
and the same may be said of fireclay. On the other hand, the consump-
tion of kaolin, partly used in the paper trade, has held rather constant,
with domestic production increasing to take the place of the greatly
decreased importation.

Magnesite is now largely from domestic sources, only small amounts
being imported after 1922. On the other hand, except for the years
1942 and 1943, when shipping space was very scarce, most of the chromite
was imported. Most of the tantalum ore, zirconium concentrates, and
monazite sand is also imported.

The next generation may find many of our natural resources exhausted,
and restrictions of others for military purposes may be expected.

9. Summary. In Table 19 there are assembled all the refractory
minerals known. The fusion points and occurrence are shown wherever
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possible to indicate their suitability for any specific purpose. Many of
the minerals are far too rare and costly for commercial use, but it is not
improbable that some of these may be of use in the laboratory. Many
instances have also occurred where a rare mineral became relatively plenti-
ful through the discovery of a new source of supply.
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CHAPTER V

THE MINING AND PRELIMINARY TREATMENT OF
REFRACTORY MATERIALS

1. Mining of Clays. Open-pit Methods. Many refractory clays are
mined by open-pit methods. Usually the bed of clay is covered by an
overburden of gravel or earth, which may run as thick as 10 to 20 ft. If
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Fig. 21. A rubber-tired bulldozer for clay stripping. (Courtesy of the Le Tourneau
Company.)

the thickness of overburden is much greater than 20 ft, it is seldom eco-
nomical to mine a low-cost clay by this method.

The first process consists in stripping off the overburden in the most
economical manner. In small workings where the overburden is thin,
this was done by horse-drawn scrapers; but in larger operations, the over-
burden is stripped by power shovels, tractor-pulled wheel scrapers, bull-
dozers, or shovel dozers. In other workings, it is found economical to
strip the overburden with dragline scrapers with a capacity of 14 to 4
cu yd. This type of scraper is very flexible and can be made to cover a
large area by using a movable cable anchor. Lines as long as 500 ft are
used; and with a 1 cu yd bucket, 20 to 75 cu yd per hr can be moved,
depending upon the length of the haul. A modern bulldozer for stripping

76
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the overburden from a kaolin deposit is shown in Fig. 21, and in Fig, 22
is shown a self-powered scraper of large capacity.

The method of removing the clay itself varies with the conditions. If
the clay is fairly soft, the face can be broken with picks or bars and the
broken material loaded by hand into carts or cars. In the larger plants,
however, this method is not economical, and power shovels are generally
used. The shovel capacity varies from 14 to 2 cu yd. The larger shovels
are chosen not only for their greater capacity but also for their greater
strength and longer reach. Caterpillar treads are almost universally used.
A 1 cu yd shovel will load, under good conditions, 500 tons of clay in an
8-hr day. Recently, lighter and more agile shovels are being favored.
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Fi1a. 22. A self-powered scraper for stripping clay. (Courtesy of the Le Tourneau Company.)

The softer clays can be taken out with dragline scrapers or bucket
excavators. Often wheel scrapers are used, as shown in Fig. 23.

Provided the clay is not too hard and yet is firm enough to hold a
permanent face, as in the case of many shales, it has been found eco-
nomical to remove the materials by a planer, which is an endless chain
with cutting knives working vertically on the whole face as shown in
Fig. 24. This machine has the advantage of removing the material in
small pieces and of giving a good average composition by taking the
material from the whole face. The cost of removing the material with a
machine of this type is comparatively low, as one man can usually operate
it and obtain a production of 200 to 400 tons a day.

In Europe, the endless-chain excavator working from the top of the
bank is often used. Although the initial investment is large, the low
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Fia. 23. Mining clay with a Caterpillar tractor and scraper. (Courtesy of the Allis-
Chalmers Manufacturing Company.)
labor and maintenance cost justifies it on large operations. One man
can remove 100 tons per hr with an average-sized machine.

In the case of hard clay, it is generally necessary to drill and blast
the face in order to obtain small enough pieces to be readily handled. The

F1a. 24. Removing kaolin with a shale planer made by the Eagle Iron Works at the Georgia
Kaolin Company. (Courtesy of the Georgia Kaolin Company.)
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drilling is done in the smaller pits with hand drills of 1 to 114 in. in diam-
eter. In the larger mines, however, electric and air drills are used.
Recently, portable well drills have been used to a considerable extent to
drill deep holes behind the working face so that larger and deeper charges
of explosives can be set off. These drills will produce holes from 3 to 514
in. in diameter, which will allow the use of a considerable quantity of
explosive.

When the clay has been loosened from the face, it is loaded into cars
or trucks by hand or power shovels as shown in Fig. 25.
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Fi1a. 25. Mining with a power shovel. (Courtesy of The Thew Shovel (‘'ompany.)

Underground Methods. When the clay deposit is too deep for stripping,
underground mining is used. Most of the productive clay veins are from
5 to 15 ft thick. The room-and-pillar method is generally used, with
advance from the entrance, which consists of cutting a mine entry and
advancing galleries from that out to the edge of the property. This
method has the advantage of not requiring extensive entry development
when the mine is started, but it is not so economical as the retreating
method, which consists of cutting an entry to the boundary line and then
starting the galleries at the farther end. Work is then carried toward the
entrance. The pillars can be drawn only where the subsidence of the
ground is unimportant. Whenever underground mining is used, it is
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important to plan out the workings carefully and have a systematic method
before starting to mine.

Practically all underground clay is taken out by drilling and blasting.
Hand, electric, or pneumatic drills are used, and the lumps of clay are
loaded on the car by hand or, in more modern mines, by car loaders.

The same factors of economical mining apply to clay mines as to other
mines. In the first place, drainage must be well cared for, as muddy

Fia. 26. A tractor loader filling a dump car. (Courtesy of the Oliver Tractor Company.)

floors and tracks increase the haulage costs as well as make the timbering
difficult. Next, the timbering should be well done with generous posts.
The tracks should also be graded and kept in good condition, as the haulage
cost mounts up when dirty, poorly laid tracks are used.

Clay is usually transferred to the plant on rails with dump cars ranging
in capacity from 14 to 6 cu yd (Fig. 26). The cars are propelled by steam,
oil, or gasoline locomotives or sometimes by cable haulage. In a few cases
where the distance from the mines to the plant is considerable and the
country is rough, it has been found economical to transfer the clay by
aerial cableways. Trucks are coming into more general use than formerly.

It is hard to give any definite figures on the cost of mining clay; but in
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general, clay can be loaded on cars or trucks from the open pit under the
best conditions for 50 cents a ton. Where the overburden is heavy or
where hand selection is used, the cost may run as high as §1 per ton at the
plant. In the case of special high-grade clays, the cost may run even
higher. It may be said, however, that a great number of plants are getting
out their refractory clays for around 50 cents per ton. In underground
mining, the cost varies according to the thickness of the vein, the hardness
of the clay, the amount of timbering required, and the distance to the
plant—the variation in most cases being from $1.50 to $2.50 per ton on
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Fra. 27. Mining ganister rock. (Courtesy of the Harbison-Walker Refractories Company.)

cars. It may be mentioned that in many of the underground clay mines,
coal is obtained at the same time as clay, which, of course, reduces the
total cost considerably.

2. The Mining of Ganister. Since the mining of ganister is rather
different from clay mining, it will be described separately. The ganister
is usually found in flows of loose rock on the mountain sides (Fig. 27).
Where the rocks are large, they are broken up by mud capping and blasting;
in only a few cases is drilling necessary. The smaller rocks are broken up
by sledges into sizes that can be lifted by hand. The broken rock is loaded
into dump cars by hand, as some sorting is necessary. One man will
load from 15 to 20 tons of rock a day.

'The dump cars are trammed either by hand or by locomotive, as the
case may be, to a gravity plane and dumped into cars to be lowered down
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the plane. In a few cases, ganister is carried long distances by railroad to
reach the plant.

In some localities, the ganister is obtained from bedrock, because the
flows have been used up or because the rock is more uniform. The ledge
rock, however, is usually not thought to be so satisfactory as the flow rock,
because the soluble constituents have not been leached out by weathering.
Others claim that bedrock gives superior bricks. Regular quarrying
methods are used in removing this rock from the hillside. This material
will cost 75 cents to $1.50 a ton on cars.

3. Crushing and Grinding. Practically all clay must be crushed
before it is taken to the tempering and brickmaking machinery. The

Fic. 28, A roll crusher. (Courtesy of the W. A. Riddell Corporation.)

softer lump clays are usually passed through single or double roll crushers,
which rapidly break down the lumps to sizes small enough for wet pans or
pug mills. The wear and tear on rolls of this type is very small, so the
cost of breaking up the softer types of clays is not great.

Jaw or gyratory crushers are usually used for the harder clays, rocks,
and grog. They will crush down to 1 in. with capacities of 14 to 500 tons
an hour. These crushers cannot be used for the softer clays containing
moisture because of packing in the jaws.

Roll crushers (Fig. 28) are used for crushing hard materials from 1 in.
down to 14 or 1§ in. For materials like grog, the rolls should be supplied
with tires of manganese steel, as the wear is considerable. In order to
obtain fine grinding, it is necessary to keep the rolls fairly true cylinders,
as flanges tend to form on the ends and the material will be passed through
the center uncrushed. Plain rolls should never be used for crushing clays
with any moisture, because the material builds up on the rolls and there
will be no crushing action.
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Sectional view of a gyratory crusher.

(From (. E. Locke.)

29.

Fia.

(Courtesy of Clearfield Machine Company.)

Fia. 30. A dry pan for crushing flint clay.
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Gyratory crushers (Fig. 29) are often used for crushing magnesite and
ganister. These crushers have a large capacity but will not take such
large rocks as jaw crushers.

Dry pans (Fig. 30) consist of a heavy revolving bed in a horizontal
position on which the material is fed; two heavy rolls (mullers) rest on this
bed with their own weight, crushing the material underneath. The por-
tion of the bed not directly under the mullers is usually supplied with
screens or slits so that crushed material can pass through, permitting con-
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Fia. 31. Babcock and Wilcox pulverizer. (Courtesy of Babcock and Wilcox Company.)

tinuous operation. The dry pan is used for grinding flint clay, ganister,
and burned grog. Wet pans are similar machines with a solid bottom so
that the mix can be ground wet.

For finer grinding, it is often desirable to use crushers of the B and W,
ring-roll, or hammer-mill type, as shown in Figs. 31, 32, and 33. Machines
of these types will pulverize down to 100 or 150 mesh and can be used for
clays with some degree of moisture.

Ball mills are much used for fine grinding. For large production, the
continuous type of mill should be selected. The fine material is removed
with an air separator, and the oversize is automatically returned to the
mill. A production of several tons per hour of 200-mesh material can be
obtained with this type of installation. Even when coarser material is
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Fia. 32. Cross section of a ring roll crusher.  (Courtesy of the American Pulverizer Company.)

Fie. 33. Cross section of a hammer mill for fine grinding. (Courtesy of Dixte Hammermill
Manufacturing Company.)



86 REFRACTORIES

required, the continuous ball mill is often found suitable. ‘In Fig. 34 is
shown a typical closed-circuit, ball-mill installation for continuous grind-
ing. The capacities of some ball mills are shown in Table 20. An inter-
esting development in Germany®® described by Dr. Ryschkewitsch is the

MaterialBin
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Fia. 34. Cross section of a continuous ball mill. (Courtesy of Patterson Foundry and
Machine Company.)

vibrating ball mill. Here there is no rotation but a vibration of tive per
second, which causes the balls to flow around in a continuous motion. It is
claimed that a 2 u size can be reached by this method in the same time that
12 4 can be reached by conventional grinding.

F1e. 85. A revolving screen for classifying coarse material. (Courtesy of Gruendler Kock
and Gravel Crushing Equipment Company.)
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4. Screening. It is usually necessary to screen the materials being
crushed so that the required product can be passed on to the brickmaking
machinery and the coarser material returned to the crushers. Various
types of screens are used. A revolving screen or trommel is often used for
classifying coarser materials (Fig. 35), and screens of several sizes can be
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F1g. 36. An open-type shaking screen. (Courtesy of the Universal Vibrating Screen
Company.)

TaBLE 20
(From G. F. Metz)
Materisl Sise and ot Cieuit| B | e of e Finencs ([0
7] ise and type per | Circui power ize of fee of product ,
hour Ib.
Silica (dry)...... 7 X 22 ft. tube 3 Closed | 210 | —20 mesh 98 per cent minus {42,000
200 mesh
Sillimanite. ...... 8 X 2 ft. conical ¥ | Closed 15 | —l-in.mesh |80 per cent minus [14,000
. 100 mesh
Grog............ 5 X 22 ft. conical 414 | Closed| 40 | —11%-in. mesh | 100 per cent minus | 6,000
4 mesh
Feldspar. ....... 734 X 10ft. cylindri-| 1.05 | Closed | 85 | —34-in. mesh |90 per cent minus
cal 325 mesh
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applied to the cylinder in order to obtain a product having the desired
combination of sizes.

Another type of screen is the shaking screen operated by a weight
(Fig. 36). Often several layers of screens of various sizes can be superim-
posed in order to classify a product into a number of different sizes.
Closed-in sercens (Fig. 37) are used with dusty materials. For screening
materials below 60 mesh, it has been found desirable to use air separators
rather than screens, and very satisfactory classification devices can now be
obtained to produce material down to 200 mesh or even finer.

F

e _— : nd

F1c. 37. A closed-type screen. (Courtesy of the Deister (‘oncentrator Company.)

6. Mineral-dressing Methods. Many refractory raw materials can be
purified by simple mineral-dressing methods. As the demand for refrac-
tories becomes more exacting and our supplies of the better raw materials
less plentiful, concentration methods will be increasingly used.

Tabling. Minerals of a different specific gravity from the unwanted
material with which they are mixed can often be efficiently separated by
an air or water table. The raw material is ground fine enough to unlock
the individual grains and then passed over an inclined vibrating table,
which will give a more or less clean separation. Although this method has
been used in the past mainly for the treatment of ore minerals, it has been
quite successful in the concentration of kyanite from our North Carolina
deposits.

Settling. Door-type thickeners and centrifuges® are used to remove
coarse particles from clay slips as well as to dewater these slips.

Magnetic Separation. Powerful magnetic separators are now available
that will remove all minerals containing even small amounts of iron.
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These include the iron oxides, sulfides, and more complex minerals such as
garnet, hornblende, and micas.

The magnetic method of purification is used quite generally with feld-
spars and other materials for whitewares, but it has not as yet been used
extensively for refractory materials. However, there is opportunity of
employing it with some refractories, such as those used in melting glass
or enamel frits.

Flotation. Froth-flotation methods have been developing with such
rapidity since 1920 that many separations can now be made that would
have been thought impossible a generation ago. The method, in general,
consists in stirring the finely crushed mineral in water with a frothing
agent, which provides a multitude of fine bubbles. By selecting the proper
agents, it is possible to get a selective action of the bubbles so that they
adhere to certain types of particles and float them to the top of the water
where they are carried off. Although considerable progress has been made
with flotation methods in purification of minerals like feldspar, little has
been done yet on refractory materials, but it would seem quite possible
that this method would be well adapted to the concentration of chrome ores.

A little laboratory work has been done by flotation methods in removing
iron minerals from fireclays, but as yet the results have not been shown to
be economically feasible. Nevertheless, there is certainly promise that
with further development along this line, second-grade clays can be so
beneficiated that first-grade refractories can be made from them. Xel-
logg® describes a method of removing quartz from kaolin by flotation
methods.

Electrostatic Separation. The electrostatic separator has been used to
purify both feldspar and kyanite. The method consists in separating one
type of mineral from another by virtue of the different attractive forces in
a high-voltage field. This is a dry method and should not be particularly
expensive except that the particles must be fairly fine before treatment. A
patent by Weis® describes a method for removing quartz from kyanite.

Chemical Methods. Chemical methods can be used for the higher
priced refractories. For example pure alumina refractories are produced
from AI(OH) obtained from bauxite by the Bayer or other of the many
processes® proposed for this purpose. Magnesium, with other chemicals,
is being extracted from sea water® in considerable amounts and also is
separated from dolomite. Beryllia is removed from the ore by chemical
treatment 242 to give highly pure materials. The rarer materials such
as zirconia, ceria, and the rare earths are all extracted by chemical means.

6. Storage of Clay. It is usually necessary to store a certain amount
of clay to provide for interruptions in mining due to cold or rainy weather
or holidays. The amount of needed storage depends on the length of
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shutdown in the mining operation. To provide sufficient storage for a
large clay plant is rather costly, and it is unusual to store more than a few
days’ supply.

In many of the ceramic industries, the practice is to weather, or age, the
clay supply for a considerable length of time to develop plasticity and dis-
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Fia. 38. A method of handling clay in storage bins.

integrate the lumps; but in the case of refractories, the amount of clay
used is so large that this cannot be done economically, and only in the case
of special high-grade clays can aging be resorted to.

Some of the high-grade refractory clays must be shipped a considerable
distance by railroad. In these cases, it is desirable to dry the clay partially
in order to reduce the shipping weight. This can be done by storing in
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Fig. 39. Baffles for the prevention of segregation in bins.
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open sheds or racks, where the moisture in good weather can be reduced to
5 or 10 per cent, or by passing it through a rotary drier.

Storage bins are made in various styles.®® Some are cylindrical bins
having conical bottoms; others are of a rectangular shape with a V bottom
with provision for removing the clay from any portion desired (Fig. 38).
The clay is usually put in the bin with a bucket elevator, but other han-
dling methods such as grab buckets are occasionally used.

TRAVELING CRANE
/ AND GRAB BUCKET
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F1a. 40. An overhead crane and grab bucket for handling clay in storage.

When crushed materials such as clay or grog are to be stored, precau-
tions must be taken to prevent segregation of the material in the bin. In
nearly all manufacturing processes, it is highly desirable to have the
crushed materials of a proper and uniform screen analysis. When the
material from the crusher falls into the bin, the larger particles roll to the
outside and the finer ones build up into a central cone. The material
drawn from the bottom of the bin will contain at first mostly fine and later

Fig. 41. A modern storage system. (Courtesy of A. P. Green Fire Brick Company.)
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mostly coarse material. This segregation can be minimized by a number
of methods. One consists in moving the point of supply over the surface
of the bin so that no cone can form. Another consists in a number of
vertical vanes in the bin to prevent the heavy particles rolling to the
outside of the bin (Fig. 39).

In some cases, clay is stored in open pits or on floors, from which it is
handled with a locomotive crane and grab bucket, a dragline scraper, or, in
more recent installations, by a tractor loader. In other cases, the clay is
stored in sheds, and the handling is done by an overhead crane and grab
bucket (Fig. 40). This gives a very flexible arrangement, as the clay can
be dropped onto a conveyor to be taken directly to the crushing or mixing
machinery. The clay-storage system of a modern refractory plant is
shown in Fig. 41.
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CHAPTER VI
MOLDING METHODS

1. Workability of Clay. Types of Flow. Before entering into the
discussion of workability of clays, it will be well to review a few definitions
as adopted by the Society of Rheology.®

Fluid: A substance that undergoes continuous deformation when subjected to any
system of finite shearing stress.

Solid: A substance that undergoes permanent deformation or rupture only when
subjected to a system of shearing stresses that exceed a certain minimum value.

Simple (Newtonian) Liquid: A liquid in which the ratc of shear is proportional
to the shearing stress (for laminar flow).

Elastico-plastic Solid (the Clay-water System): A solid that obeys the law of an
elastic solid for values of the shearing stress below the critical stress corresponding to
the elastic limit in shear and that deforms plastically when the shearing stress exceeds
that value.

Viscosity: In a simple liquid, the constant ratio of shearing stress to rate of shear.

Plasticity: That property of a body by virtue of which it retains a fraction of its
deformation after the deforming stress is zero.

Elasticity: That property of a body by virtue of which it recovers its original size
and shape after deformation.

Thizotropy: That property of a body which causes a decrease in shearing stress
with time at a constant rate of shear.

Rheopecsy: That property of a body which permits agitation to accelerate the setting
up of a gel.

Dilatency: That property of a body which causes an increase in shearing stress with
time at a constant rate of shear.

The following symbols are generally used in flow problems:
Fy = the yield stress in shear, dynes/sq cm

F = the shearing stress, dynes/sq cm

dv/dr = the rate of shear strain, cm/sec/cm

n. = the coefficient of apparent viscosity of a suspension (dynes,
sec, em~2) (ML-1T-?) (Poise)

m = the coefficient of viscosity of suspending medium

) = the basic viscosity of suspension (at infinite rate of sheer
strain)

c = the volume concentration of solid in relation to total volume

V = the volume flow, cc/sec

v = the velocity of flow, cm/sec

T = the time

94
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In considering the clay-water system it is usual to separate it into two
parts: the slips of low clay content and the plastic masses of high clay con-
tent. This is done because the sticky region between is incapable of
accurate measurement at present and also because this region is not used
industrially, but a more fundamental reason is that different laws seem to
apply to the two cases. The slips will be considered first.
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Fia. 42. Apparent viscosity of slips at different rates of shear. (J. Am. Ceram. Soc.)

Clay Slips. A simple liquid like water obeys the following relation in
the viscous flow region:“

n==k

< |y

The quantity n can be measured in many ways, but the revolving cup
viscosimeter, as shown in Fig. 49, is very satisfactory for ceramic work.
Here the viscosity is determined by the twist of calibrated wires, and thus
a wide range of values can be covered. The rate of shear can also be varied
over a wide range for the measurement of thixotropy in suspensions.
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The viscosity of a suspension of spherical particles seems to show no
change in apparent viscosity with varying rate of shear strain, but more
work needs to be done to confirm this similarity to a liquid. Suspensions
of anisotropic particles, such as clay particles, show a pronounced change
in apparent viscosity with change in shear strain rate as shown in Fig. 42,
and the coefficient of thixotropy 6 is determined from the slope A/B of
the curve at infinite shear rate.
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Fi1a. 43. Relation between viscosity and center-to-center distance of particles of six fractions
containing Na kaolinite. (J. Am. Ceram. Soc.)

The apparent viscosity of a suspension is due to the sum of

1. The viscosity of the suspending medium

2. The energy absorbed by the individual particles revolving in the
velocity gradient of the sheared fluid

3. The energy absorbed by the interference of the particles with each
other
It is found that suspensions of monodisperse kaolinite“® in either water or
a dispersing electrolyte solution obey the following law:

7 = (1—=C)m + kiC + kC°
where k, and &, are constants varying with the particle size and electrolyte

in the suspending medium. The first and second terms predominate at
low values of C, while the last term increases rapidly at higher concentra-
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tions where the particles interfere. In Fig. 43 is shown the apparent
viscosity of several deflocculated (Na-kaolinite) monodisperse suspensions
on a basis of center-to-center distance of the particles, and it is clearly
evident that as each fraction reaches a concentration such that the center
to center distance is equal to the mean diameter of the particle, the viscosity
increases rapidly.  As a visual guide to the suspension, there are shown to
scale in Figs. 44 and 45 two suspensions represented in Fig. 43.
The thixotropy of a suspension is given by

0 = kaC + k403

In the monodisperse kaolinite fractions, the value of 6 is eighteen times
the value of the corresponding viscosity. The units of viscosity divided

@@%<

[\

Fira. 44. Cross section of particles of No. 5 fractlon containing Na Kaolinite at a viscosity
of 0.017 poise and a volume concentration of 0.05 solid. (J. Am. Ceram. Soc.)

by the units of thixotropy give T, or in this case T = 0.05 sec, which
probably corresponds to the gelation interval. As yet no completely
satisfactory explanation of the mechanism of thixotropy has been advanced,
but it is probably due to a scaffold structure formed by the anisotropic
particles.

The yield point of suspensions in water (H-kaolinite) may be shown to

follow
Fo = ksC®

over a wide range of concentration, ks varying with particle size. Well-
deflocculated suspensions (Na-kaolinite), even in high concentration, show
no measurable yield point.“?

Figure 46 shows the influence of particle size and amount of ions added
to a slip of constant solid content. The various-size fractions were
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separated from a kaolin with a centrifuge and cleaned. Then definite
amounts of sodium hydroxide were added in milliequivalents per 100 g of
dry clay. The enormous and sudden reduction in apparent coefficient of
viscosity on adding sodium hydroxide is evident in all cases. This is the
principle of deflocculation, which permits fluid slips with low water content.
The exact mechanism of deflocculation is not clearly understood at present,
but it is believed that free OH ions over and above those absorbed on the
clay are required to lower the particle charge and thus minimize the
attraction forces between the particles, as discussed by Johnson and
Norton.% These OH ions can be produced by the ionization of bases like
NaOH or by the hydrolysis of salts like Na,SiO;. The positive ion accom-

Fra. 45. Cross scction of particles of No. 5 fraction containing Na kaolinite at a viscosity of
3 poises and a volume concentration of 0.28 solid. (J. Am. Ceram. Soc.)

panying the OH ion must be monovalent; therefore calcium or magnesium
salts will not deflocculate. Some of the recent work in colloidal chem-
istry® would indicate that the suspended particles are in equilibrium
between a repulsion and attractive force and that this equilibrium is varied
by added ions. Other factors such as organic matter® and particle
shape® are undoubtedly important, but at present there is not enough
information on which to base any conclusions.

Plastic Masses. Turning now to the plastic masses with a high
enough yield point to resist gravity forces, it is well to consider some
fundamental principles. In general, the three-component system, clay-
water-air, may be expressed in the somewhat conventionalized volume
diagram for a low molding pressure shown in Fig. 47. Such a diagram is
made up by thoroughly mixing and kneading clay and water batches of
successively increasing water content and molding each in a cylindrical
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steel die at the given pressure. Provision is made for the escape of excess
water. The wet and dry volume and the wet and dry weight will readily
allow the volumes of air, water, and clay to be computed, provided the
specific gravity of the clay is known.

As the amount of water is increased, the total volume of the mix,
which originally consisted of clay and air, shows little change as the pores
become filled. At the eritical point, all the voids in the clay are filled with
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Fig. 46. Viscosity of kaolin slips.

water and the air phase vanishes. As the water is increased still further,
the particles are separated by a film of increasing thickness until the
maximum for stability is reached at that pressure. This may be termed
the ‘“saturation point.”” If more water than this was originally in the
clay, it will be squeezed out in permeable pressing.

The critical point is a very important one, as above this point the mass
shrinks on drying owing to the removal of the water films, as discussed in
Chap. VII. The thicker and more numerous the films per unit length of
clay specimen the greater the shrinkage. Below the critical point, there is
little or no drying shrinkage. The critical point also is the dividing point
between the consistency of a damp powder and a homogeneous plastic mass.
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At a higher molding pressure such as would be obtained in a dry press,

for example, the diagram would appear as shown in a, Fig. 47. Both the
critical and saturation points are moved to low values of water content.
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Fig. 47. The clay-water-air system.

There are often slight exceptions to the simplified diagrams shown
here. For example, the total volume sometimes decreases slightly as
water is added up to the critical
point, for the water acts as a lubri-
cant and allows closer packing. On
the other hand, if the clay contains
bentonite, the particles of which
swell in water, drying shrinkage
may occur below the critical point.

The flow characteristics of plas-
tic masses are shown in Fig. 48 for
) ‘ various water contents. @44 The
Fie. 48. Flow properties of a plastic body. flow is elastico—plastic; and as the
water increases, the yield point becomes lower while the maximum strain
becomes greater.

Measurement of Workability. The consistency of slips is best measured
in a concentric cylinder viscosimeter, such as that developed by Mac-

Shearing Stress

Shearing Strain
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Michael. A modified instrument is shown in Fig. 49. In this instrument

an outer cup, which can be revolved on a vertical axis at various speeds:
holds the slip. An inner cylinder is suspended coaxially with the outer
cup on a torsion wire that measures the torque. By suitable calibration
with standard sucrose solutions, the dial on the wire can be made to read
the apparent viscosity coefficient of the slip in poises. In the case of slips,
we have only to measure the apparent viscosity coefficient at various rates
of shear to obtain all the desired rheological properties.
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Fis. 49. Modified MacMichael-type viscosimeter.

In the case of plastic masses, not only the deforming force is required
but also the maximum deformation at fracture. The most useful method
for evaluating the workability factor is to twist a hollow cylinder and
obtain the stress-strain diagram in pure shear. A satisfactory machine
for accomplishing this, which was developed some time ago in the Ceramic
Laboratory at the Massachusetts Institute of Technology,“’ is shown in
Fig. 50.

The specimen B, with its brass end pieces, is clamped in the torsion
head C by means of a wedge, as shown more clearly in the detailed sketch.
This offers a simple and secure locking device, which prevents any backlash
during the test. The torsion head is rotated by the motor D through the
reduction gear E, the flexible couplings F, and the gears G. The motor
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and reduction unit are mounted on spring suspensions H to prevent any
vibration from being transmitted to the remainder of the apparatus. This
drive gives a constant speed with sufficient power for any of the tests with
plastic materials. The speed of the motor can be altered by the voltage

"
SPRING
SUPPORT

SECTION ON A=A

== g

\ (4
‘ SPECIMEN

PLATE HOLDER ARM HOLDER

SIOC ELCYATION
Fig. 50. Apparatus for measuring workability. (4m. Ceram. Soc.)

regulator I, and its direction is reversed by switches J and K, which
independently control the separate field coils. In addition, the speed can

be changed by various sets of gears at G.
The angle of rotation of the specimen is recorded by the steel tape L,
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one end of which is wound around a drum on the torque shaft and the
other attached to the plate-holder arm so that the angular rotation is
proportional to the movement of the smoked plate M. This plate is held
in a spring clip N and is illuminated from the back by the light O supplied
by the 6-volt transformer R. This illumination is necessary for close obser-
vation of the stylus in relation to the zero line, as will be described later.

The torque on the specimen is measured by the deflection of the light
aluminum arm S, which is pivoted on the center line of the specimen with
the flexible steel emery knife edges T. The deflection of the end of the
arm is, therefore, free from any friction effects and is proportional to the
torque. In the case of the stiffer materials, the springs U are necessary to
supplement, the knife edges. Under these conditions, the vertical move-
ment of the end of the arm S is propor-
tional to the torque for the small angles
employed. The movement of S is con-
trolled by the dashpot V, filled with a
light oil of a viscosity to give critical damp-
ing. Such damping is necessary when
rapid movements of the arm occur in the
initial portion of the stress-strain diagram.

The recording of the diagram takes
place on the smoked glass plate M by Water Content
means of a pointed steel stylus W held Fic. 51. Workability of a plastic
against the plate lightly by the thin steel ~P°dy us: water content.
spring X so that very little friction results. The stop ¥ allows the stylus
to be removed from the smoked-glass plate after the completion of a record.

Referring back to Fig. 48, typical stress-strain diagrams of plastic clay
at various water contents will be seen. The points to be noted are the
yield point a, the twist at the breaking point, and the maximum torque.
No one figure will represent the workability, but a high yield point and
high deformation will give the best value. Roughly, the product of the
vield point and the maximum deformation may be taken as the workability.
If this product is plotted against water content, it will show a maximum
value at the consistency of best workability,®® as shown in Fig. 51.

The stress-strain diagram is altered by changing the rate of shear“®
so it is well to perform the tests at a shear rate comparable with that
encountered in a particular forming process. Clay masses are elastic up
to the yield point only under rapid deformations.

Numerous other methods have been mentioned for measuring work-
ability, such as the orifice flow of Stull and Johnson,“” the tension test of
Hyslop,®” and the cylinder-compression method of Roller,“® as well as
the many impression methods similar to the Vicart needle.

Workability
Yield Point x Max. Deflection
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Mechanism of Workability. A new theory explaining the workability
of clay masses has recently been proposed by Norton,® which may be
called the “stretched-membrane” theory. The yield point exhibited by
the plastic mass is explained by the compressive force exerted on it by the
surface layer of water on the outside of the mass. This layer, as repre-
sented in Fig. 52, may be thick in soft masses (a), in which case the surface
curvature between the particles is of long radius and the surface tension
forces due to capillarity are low. At the same time the particles are widely
separated by water films as evidenced by the great drying shrinkage from
this condition. On the other hand, if some of the water is removed from
the mass (b), it becomes stiffer due to the surface film’s becoming thinner

a b
Fi6. 52. Enlarged cross section of a plastic mass near the surface with varying amounts of
water. (J. Am. Ceram. Soc.)

and drawing down into the capillaries with a smaller radius of curvature.
This puts the mass of particles under higher compression and thereby forces
them closer together. Now unless this compressive force is balanced by
an interparticle repulsion force, the particles will come together until they
touch. But we know they do not touch, because drying shrinkage occurs,
indicating that the separation is something of the order of 100 molecular
layers.

In Fig. 53 is shown the force field about a hydrogen clay particle as
postulated by Hauser and Hirshon.™ A flocked suspension settled out of
water would be represented by point B, where the attractive and repulsion
forces just balance. Under the forces of shearing the particles will be sep-
arated slightly, bringing attractive forces into play, which accounts for the
yield point found in such a system. On the other hand, if a little water
is removed from the system by compressing between porous pistons
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(filtering) or by drying, the particles will come closer together, such as at
point C, so that interparticle repulsion forces are built up just to compen-
sate for the external compression produced either by the pistons or by the
surface capillarity. Thercfore, it is incorrect to say, as usually stated in
colloidal literature, that the particles in a flocked system are held together
by attraction forces; rather there is always an equilibrium between the
external forces and the interparticle forces, the former compression and the
latter repulsion.

It is rather difficult to visualize Surrace of

particle

the forces acting in the clay mass as
produced by the stretched mem-
brane; however, the simple mechani-
cal diagrams shown in Fig. 54 should
make the picture clearer. In diagram “/#raction Attraction
. . force
a there is shown a series of spheres
held apart by compression springs Cg
loosely fitting inside of a tube. The
spheres represent the clay particles, é
the springs the repulsion forees, and
the water surrounding them, the water ' 7otal force
in the clay mass. If two tightly #~epv/sion
fitting pistons close the ends of the Replsion forces
tube and P, forces them together, it — Dren o
will readily be seen that the forces he o foree o
between the particles are not affected, the particle

and therefore, because of the incom- FIG.’ 53. The field of force about a clay
o ene .. . particle when surrounded by water.

pressibility of the liquid, force P, is

resisted entirely by hydrostatic compression forces in the water itself, thus

allowing no appreciable contraction of the total volume.

Suppose, however, that we substitute porous pistons as shown in dia-
gram b, which represents the case of permeable pressing. In this case, it
will easily be secen that now the force P, is not resisted by the water, as
this can readily flow through the pistons. The force is consequently taken
by the springs between the spheres; and if the pressure is large enough,
these springs will be compressed until the spheres are actually touching.

Diagram c represents the condition occurring in the free plastic mass.
Here tight pistons are used; and instead of the force Pi, a capillary force Ps
acts to put the water in hydrostatic tension. This action on the pistons
will draw the particles together, compressing the springs, and gives closer
packing only in so far as water is removed by the capillary.

Therefore, it can be seen that in the case of the plastic clay mass the
capillary forces of the stretched membrane act to draw the particles closer
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together and that this force is balanced by the repulsion forces between the
particles.

The high capillary forces in wet clay are clearly brought out in the
article by Westman,® where layers of clay were exposed to water on one
side and nitrogen pressure on the other to balance the capillary forces. In
this way, it was unnecessary to have a large column of water in tension,

Wall‘er &p/;/hqs Cube
R j i
Spherés (o) STight pistons

MODEL OF A HYDROSTATIC
PRESSURE ON A CLAY MASS

|

e FOROMOROROWOE -7

(b) Worous prstons

MODEL OF PERMEABLE
PRESSURE ON A GLAY MASS

fre

I
OmOWMOMOMmOM)

(c) Tght prstons

MODEL OF A PLASTIC CLAY MASS
WITH NO RESTRAINT

Fra. 54. Mechanical model of the clay-water system.

I

which was a limiting factor in some of the older tests of this type. West~
man found, as we should expect, rather low capillary forces in the coarser
grained flint or feldspar but higher ones in kaolin and very high forces in
fine-grained ball clay. His values in pounds per square inch are shown in
Table 21:

TaBLE 21
Pounds per
Material Square Inch
N R 5
Feldspar. . ..o i it i e e et 10
i 263
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This theory will account for the increasing yield point with decreasing
water content, as well as for the greater workability in finer grained masses
where the capillary forces are higher.

A very simple direct proof of this theory is to fill a thin rubber balloon
with dry, powdered clay. The material then will act like a dry powder;
but if the balloon is slowly evacuated, so that the atmosphere, pressing on
the rubber, forces the clay particles together like the water film, then the
mass assumes the identical plastic properties of wet clay.

Of course, the particles making up the mass have an important influence
on workability. They should have a small size to produce small capillaries
at the surface for a high yield point and numerous water films for good
extensibility. Of all the natural materials, clay minerals have the smallest
dimensions, a plate thickness of less than 0.1 u. Then again an active
surface to stabilize the water film is necessary, and here again the clay
minerals seem to be unique in possessing large negative charges. The
work of Wilson® gives some indication of how workability is connected
with the size, shape, and composition of the particle, but more work of
this nature is needed.

2. The Casting Process. Casting Slips and Deflocculents. The casting
slip is a mixture of clays, nonplastics, and deflocculents proportioned to
give the proper physical properties. A good slip should have in so far as
possible the following properties:

A low enough viscosity to flow into the mold readily

A high enough specific gravity to prevent settling of the nonplastic
Ability to drain cleanly (in drain casting)

Capable of giving sound casts (in solid casting)

Stability of properties with aging

Quick release from the mold after casting

Rapid casting properties

Low drying shrinkage after casting

High dry strength after casting

10. High extensibility in the partly dried condition

11. Freedom from entrapped air

Considerable experience is needed to make up a good casting slip, as
the selection and proportioning of the clays are of great importance. How-
ever, the deflocculation, which was formerly an art, can now be approached
systematically. For example, samples of the dried or nearly dry ingredi-
ents can be mixed with water to make several series of slips, of different
specific gravity, and to each series can be added various amounts of defloc-
culent. Viscosity measurements are now made on each sample, and the
results plotted as shown in Fig. 55. The double minimum is probably
due, as suggested by Dr. Hall, to the fact that the ball clay reaches a

©PONSD o N
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minimum viscosity at a different pH from the kaolin. Point A might be
selected as the conditions for a solid casting slip, and Point B for a drain
casting.

It is well known that NaOH, as used to deflocculate pure clay fractions,
will not work so well with natural clays containing soluble salts, such as
caleium and various adsorbed ijons. On the other hand, Na,CO; or

ool L1\
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Per cent deflocculent
Fie. 55. Viscosity curves for clay casting slips.

N2,Si0; do work well. The reason for this is that the latter deflocculents
produce insoluble products while the former does not. For example:™

(Clay-OH)z Ca + 08,804 + Na,Si0;—
2 (clay-OH-Na) + CaSi0; + Na,SO,

or

(Clay-OH); Ca + CaS04 + Na,CO;—
2 (clay-OH-Na) + CaCO; + Na,SOs

The elimination of the troublesome Ca* *+ ions is thus accomplished. If
necessary the SO;™ ~ can be taken out by adding a barium salt.

The mechanism of casting has been studied in considerable detail.
It consists essentially in the removal of the water from the slip next to the
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plaster mold surface by capillary suction, and this removal continues
deeper into the slip with increased time. However, as the water must
pass through the layer of solidified slip, the rate of casting decreases with
time. Fine-grained clays such as ball clays form a low permeability layer
and are thus slow casting. Besides the water removal from the slip, there
is also a flocculating action caused by the Cat + and SOz~ ~ ions migrating
from the mold surface into the slip, thus stiffening the cast layer.

In casting, there is some selective concentration of the finer materials
on the mold surface and especially a preferred orientation of the clay plates
parallel to the surface. This is readily proved by noting that a flat plate
cast on one surface warps badly in drying and that the drying shrinkage
parallel to the mold surface is less than normal to it.

There are many special deflocculents suggested in the literature, though
not extensively used in practice. For example, sodium tannate,® salts of
sulfonic acid, " humie acid, and many others have been used.

The casting of high-grog bodies such as glass pots, are well described
by Heindl, Massengale, and Cossette.™ They emphasize the careful
sizing of the grog to give close packing and the selection of the clays to
give the best casting properties. A typical slip composition is given in
Table 22,7

TasLr 22. Groa CastiNGg Snip vor Grass Pots

Material Per cent

North Carolina kaolin................. ... ... ... .. 13
Georgin kaolin. .. ...................... ... ... .. 9
Tennessee No. Sballelay................. ... ... 10
Kentucky No. 4 ballelay....................... ... 10
Mainefeldspar. ....... ..o ool 5
Grog: 10-20mesh............... ... .. ... ... ... 18

20-40mesh. ... ... i 16

40-100mesh. .. ... ... i 10

Through 40 mesh. ....... ...l 9
Silicate of soda (“S” brand)................ .. ...... 0.025
Sodium carbonate. . . ...... ... .o el 0.012

There have recently been considerable developments in the art of cast-
ing nonplastics; and under the proper control, slips can be made up having
casting properties equal to clay slips for either drain or solid casting. To
illustrate, fused alumina is ground in a steel mill until the particles average
2to 5 u. The slip is acid treated and washed to remove the iron and then
deflocculated with acid to give a pH of about 3 and a specific gravity of
3.0. In Fig. 56 are shown viscosity curves of a series of these slips to show
the minima similar to those for clay slips. Properly made slips are non-
settling, shrink enough to release from the mold, and have fair dry strength
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but must, of course, be handled more carefully than clay bodies. More
details of this casting process are given in Chap. XII.

Molds. Space is not available here to go into the question of mold-
making to any extent, but a few of the essential facts may be stated.
Practically all the ceramic casting is done in plaster of Paris molds made
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F1a. 56. Viscosity curves for fused alumina casting slips of 2 x average particle size.

from a mixture of good pottery plaster and water. In a modern plant, the
mixing is carried out with a high-speed mechanical mixer, as it is found
that this method gives a more uniform mold and one freer from bubbles.
A good average composition for a casting mold would be 36 Ib of water and
40 1b of plaster, which is allowed to soak for 2 min and stirred for 3}4 min,
after which it is poured at once into the case or forms. Of course, the new
batch of plaster must be prevented from sticking to the solid plaster case
into which it is poured, and general practice in the ceramic industry is to
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use a thick solution of soft soap (English Crown soap) and water to coat
the surface of the solid plaster against which new plaster is to be poured.
Apparently the soap forms an insoluble calcium compound on the surface
of the plaster, which gives a polished surface with good wear resistance;
consequently it is possible to cast a great many hundred molds from one
case without losing accuracy.

The molds are made for two types of casting: The first is called a
“drain casting,” and the second a “solid casting.” In the first type, the
slip is poured into the dry mold until it is completely full and allowed to
stand for a sufficient length of time to build up on the dry plaster a layer
of body of the required thickness, as shown in Fig. 57. This may take
anywhere from five minutes to an hour or

more, depending on the type of piece. As N . \
soon as the required wall is built up, the N Spare”’

liquid slip in the center is drained out, K\ \
leaving a uniform casting. The top edge -Costwall N

of the mold has to be designed in such a \

way that a true upper edge can be obtained
readily on the finished piece. As shown in
Fig. 57, a spare is generally used, so the
level of the slip is somewhat above the top
edge. After draining, the body is trimmed
with a vertically held knife tangent to the
plaster surface, which should project out
just to the thickness of the cast wall.
In this way, a true edge can be quickly
obtained.

When the slips contain large particles of grog, it would be obviously
impractical to make drain castings, because the inner surface would be
extremely rough. In this case, it is usual to make a solid casting in a
mold, somewhat as shown in Fig. 58, for casting saggers. Here the slip is
poured into the center of the mold and fills the annular space, rising up
into the vent holes. A head of slip must be kept on the mold at all times
because the solid casting gradually shrinks as the slip becomes solid and
additional material has to be supplied to take up this shrinkage. In other
words, the design for a mold for a solid casting is identical in principle with
the design of molds for casting metal, where the gate has to be of sufficient
volume to supply metal while the piece is solidifying.

Plaster molds naturally are comparatively soft and will wear after long
use. It is a little difficult to give any exact figures on the life of a plaster
mold, as this will depend on many factors. A mold for casting a fine-
grained slip by the drain method may be made to give a hundred casts quite

Ploster
N

NN

Fig. 57. Section of mold after
draining.
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satisfactorily if no fine detail is involved. Of course, the molds for casting
grog bodies must take more wear and tear, but here we can afford to have
considerable wear before the mold is discarded. The alkali used as a
deflocculent in the slip will cause some deterioration of the mold, due to
the salts being drawn into the mold where they become concentrated. It
has been found that some of the organic deflocculents give a considerably
greater mold life than the sodium carbonate and sodium silicate usually

employed.
Ve

PLASTER
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Fia. 58. A mold for solid casting.

Methods of Casting. The casting slip is made up by blunging the solid
ingredients with water and a deflocculent. The slip is usually agitated for
a considerable length of time in order to be sure that the clay is thoroughly
wet and that the air bubbles are well removed. In some cases, the blunging
is done with a high-speed mixer; in other plants, it is carried out in large
vats with a slow-speed paddle. The fine-grained bodies for drain casting
are generally made up in two stages; i.e., the material is blunged up first
with water to a rather thin consistency, passed through a screen of around
80 to 120 mesh and over a magnetic separator, and then filter-pressed to
remove most of the water. The filter cakes are then reblunged with defloc-
culent 8828 and some of the screened slip to make up the final slip.
These steps are taken in order to make a sufficiently fluid slip to screen
before the deflocculent is added. In the case of coarse-grained bodies, the
slip is usually made up directly with the deflocculent.

The slip is often handled by pipe lines so that it can be fed under pres-
sure to each casting bench, allowing the workman to fill his molds rapidly.
In the case of the heavier slips, this cannot be readily done and the material
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F16. §9. Flow diagram for the manufacture of handmade brick. (Courtesy of S. M. Phelps,
American Refractories Institute.) g
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is handled in hoppers. Sometimes it has been found desirable to deair the
slip in a vacuum before casting in order to make a more dense structure.
Some manufacturers prefer to use their slip at an elevated temperature,
perhaps 90°F.

]

by

Fia. 60. A wet pan for crushing or mixing. (Courtesy of Clearfield Machine Company.)

The handling of the scrap trimmed from the cast pieces presents quite
a problem, as it must be mixed back with the original batch in such a way
as not to disturb the deflocculation.

3. The Soft-mud Process. The soft-mud process for making bricks,
one of the oldest of all molding processes, has been used for making all types

|
}
|
1

Fia. 61, A pug mill for preparing clay. (Courtesy of E. M. Freese and Company.)
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of brick from the earliest times. Although machines are available for
making soft-mud bricks, they are used very little in the refractories indus-
try, being confined to the manufacture of building brick; consequently
here we will discuss only the hand-mold process.

The hand-mold method is used for making brick in both small and
medium shapes. This process is particularly suitable for making certain
types of special shapes, particularly intricate ones where the mold cost
would be prohibitive by other processes. However, the total shrinkage is
high, running from 6 to 12 per cent. Figure 59 shows a flow sheet of a
typical hand-mold process. The individual clays are taken from the
storage piles and erushed in a jaw crusher or dry pan, after which they are
placed in overhead bins so that they can be removed by gravity. In one

F1a. 62. Interior of a pug mill. (Courtesy of E. M. Freese and Company.)

process, the clays are proportioned in a batch and then fed to a wet pan
(Fig. 60), where the whole mass is ground to the proper degree with water.
Another method separates the grog into more or less definite-size fractions,
which are then mixed together dry and the water mixed in either with a
wet pan or with a pug mill (Figs. 61 and 62). The proper amount of
water must be added to give a mix of the right consistency. A change of
as little as 1 per cent can usually be detected by the molders.

The plastic mix is taken from the mixing machine to the molders’ table
located near the hot floor. The hand molder rolls a homogeneous slug of
clay, sometimes called a “walk,” of a little more than the volume of the
mold. This slug is then lifted over the head and thrown with considerable
force into the mold, where the inertia forces it into every corner. If more
than a few pieces are to be made, the mold is usually made of hardwood
lined with }{g-in. steel sheets. Sometimes loose pieces line the mold,
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(@)

g. Cutting off the cap.

1. Placing on the hot floor.

Fia. 63 (conttnued). Method
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of hand molding shapes.
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which may be a single mold or may be divided by partitions to make a
number of units.

The clay is prevented from sticking to the mold by dusting the wet
mold with sand between moldings or oiling it with brush or spray. When
the mold has been filled, it is violently bumped to consolidate the clay;
then the excess portion is cut off with a wire, and the top slicked down.
In the case of the larger shapes, it is necessary to fill the mold with sev-
eral walks of clay, but care must be taken to avoid lamination. The
mold is then dumped either on the hot floor or on a pallet, and the piece
is allowed to dry.

Fig. 64. A hand re-press. (Courtesy of International Clay Machinery Company.)

The fine series of photographs in Fig. 63 shows the steps in molding
s shape by this process. Usually, hand-molded pieces in the standard
sizes are hand re-pressed; i.e., the hand-molded piece with a water con-
tent for stiff-mud consistency is placed in an oiled-steel die box (Fig. 64)
and pressed to give an accurate shape and put on the brand.

Perhaps 3 per cent of all standard-shape fireclay refractories are now
made by the soft-mud process, a percentage much lower than it was ten
or fifteen years ago. In addition, a considerable proportion of the special
shapes are made by the soft-mud process. A hand molder and a boy
can mold approximately 400 standard bricks per hour, and a hand re-presser
and two off-bearers can handle up to 550 bricks per hour, a rate that
demands very skillful operation of the re-press. In hand molding special
shapes from soft mud, a molder and helper will turn out about seventy-
five 9-in. equivalents per hour.

It should be recalled that in the soft-mud process, the clay contains
an amount of water somewhere between the critical point and the satura-
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tion point, which allows the plastic mass to be deformed with a com-
paratively small force without rupture and yet permits it to have a suf-
ficiently high yield value to prevent the shape from slumping after it is
removed from the mold. However, the yield value is only slightly above
the gravity forces, as any shock or jar on the freshly molded shape will
make it deform.

The handmade brick are of open structure, quite resistant to spalling,
and easily cut by the bricklayer.

PSR
WWRED E sy

Fig. 65. A machine for molding silica bricks. The mud is dropped from the upper hopper
into the mold below. (Courtesy of Harbison-Walker Refractories Company.)

Silica brick are usually made by the soft-mud process. The ganister
is given a short treatment in a wet pan, when about 2 per cent milk of
lime is added. The comparatively nonplastic mix is thrown into molds
in the same way as for hand-molded clay bricks. However, the molds
are steel, and push blocks have to be used in stripping because of the low
strength of the brick. Since the yield point of the mix is very low, care
must be taken not to jar the finished piece until it becomes dry.

Machines are now used for molding silica brick. The hydraulic press
is used to some extent in this country and largely abroad, using about
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4 per cent water and 5,000 psi pressure, but a dropping machine® that
simulates hand molding has been quite successful in this country. It
(Fig. 65) is entirely automatic, dropping slugs of the silica mix into the
mold on a heavy anvil, slicking, and stripping. In this country lime
alone is used as a bond, but in Europe sulfite liquor is used in addition.
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Fia. 66. A typical flow diagram for the manufacture of stiff-mud brick. (Courtesy of
E. H. Van Schoick, American Refractories Institute.)
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4. The Stiff-mud Process. The stiff-mud brick are made with a con-
sistency just above the critical point; therefore considerable force is
required to form the clay. Most of the refractories made by this process
are formed by forcing the plastic material through a die from which it
emerges as a more or less homogeneous column that can be cut off into
definite lengths. This column is generally produced by an auger, con-
sisting of a propeller-shaped screw running in a trough, which forces the
clay with high pressure through a die. Steam-pressed brick are forced
through a die with a piston operated by steam pressure, an intermittent
process.

A flow sheet of the stiff-mud process is shown in Fig. 66, in which
the clays are prepared in much the same way as for the handmade bricks.

Fia. 67. An auger for producing a uniform column of clay. (Courtesy of W. A. Riddell
Company.)

Water is added to the mixture with either a wet pan or a pug mill. The
latter is generally preferred because it is a continuous process and better
adapted to feeding the auger. The pug mill (Figs. 61 and 62) is a long,
trough-shaped container with one or two horizontal shafts running down
the center, having attached to them suitable blades for kneading and
mixing the clay and propelling it gradually toward the exit end. Water
can be added to the material in the pug mill to bring the mixture to the
proper consistency.

The auger, as shown in Fig. 67, must be a well-designed machine in
order to produce a uniform column. It is important in designing the die
to assure an even velocity of the clay in all parts of the stream to prevent
strains. Also the auger must be designed so as to prevent laminations,
which often occur in the center of the column as an S-shape crack. The
die itself is generally lubricated with oil to reduce the friction, and often
it is steam heated for the same purpose. It has been found that if the
clay is mixed in the auger in a vacuum chamber,®7.8.% the air is readily
removed and a more dense and homogeneous column is produced in
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Fie. 69. A multiple-wire cutter for dividing the column of clay from the auger into bricks.
(Courtesy of The Bonnot Company.)
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Fig. 70. A machine re-press. (Courtesy of The Bonnot Company.)
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(a)

(b)

(c)

¢. Slicking.

Fia. 71. Method of air
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(d)

J. Finished block.

ramming of stiff-mud shapes.
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passing through the die. One method of deairing in the auger is shown
in Fig. 68. Deairing has now become a very common practice in stiff-
mud operation and enables the production of sound bricks from clays
that previously could not be readily handled. It also permits a denser
structure to be obtained. However, deairing is not necessary for all
bodies, as many of them can be handled quite satisfactorily without it.
In fact, deairing seems to make some plastic mixes harder to dry and burn.

The column of clay from the auger is cut into uniform sections with
a wire cutter, as shown in Fig. 69. Many designs of cutter are avail-
able, but they all operate on the principle of passing one or more stecl
wires through the column. It is difficult to operate a wire cutter satis-
factorily if the grog content of the body is very high or if the size of the
grog is very large.

There are few cases where the wire-cut brick produced are sufficiently
uniform in size for use as refractories. Therefore the general practice is
to pass them through a machine re-press as shown in Fig. 70, wherce
they are actually formed to size and the brand put on. After being
re-pressed, the brick are quite firm and can be readily handled and stacked
on the drier cars.

Since stiff-mud brick have a strong tough structure, are good bricks
for cutting, and are quite resistant to abrasion and slag, they can be used
wherever a dense, strong brick is needed.

It is estimated that approximately 22 per cent of the fireclay refrac-
tories made in this country are produced by the auger and re-press.
Inasmuch as an auger will produce as many as 6,000 bricks an hour and
one machine re-press will turn out from 1,500 to 2,200 bricks per hour,
four re-presses are generally set up with one auger.

Small, fine-grained refractories, such as tubes, can be extruded readily.
If the plastic content is low, binders and lubricants can be added to give
good flow properties.

A good many shapes, especially the medium and large ones, are made
with a stiff-mud mix containing a high grog content because of the small
total shrinkage and low warpage, even though the labor cost is higher
than for the soft-mud method. Hard maple molds lined with 1{g-in.
steel are generally used, often with loose pieces. The mix is fed in slowly
and continuously by one man while the other consolidates it with an air
hammer having a corrugated foot. The whole process is clearly shown
in the photographs of Fig. 71.

6. The Dry-press Process. In the dry-press process of making refrac-
tories, the clay has the consistency of a damp powder containing perhaps
7 to 10 per cent water. Only by high pressure can it be consolidated
into a homogeneous mass. The flow sheet for the dry-press method is
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Fig. 72. Typical flow diagram for the manufacture of dry-press refractories. (Courtesy of
A. C. Hughes, American Refractories Institute.)
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shown in Fig. 72, in which the preparation of the clays is very much the
same as for the preceding processes. In the Missouri district, the clays
and grogs are often coarsely crushed, stored in bins, and recombined by
feeders into dry pans, where they are further ground, screened, and
tempered. The mix is aged for 24 hr and then fed to the presses. Modern
practice seems to be favoring the more careful control of the sizing of
the grog and flint clays by screening and recombining in definite propor-
tions. The mixture of dry materials is then moistencd in a pan or a pug
mill and brought up to the proper consistency. Certain types of special

kg )

i % . K1 % .
Fra. 73. A dry press in operation with the brick set directly on the tunnel kiln car. (Cour-
tesy of the Harbison-Walker Refractories (Company.)

mixers® are used to a considerable extent for this purpose. The mixed
material is delivered to a hopper over the dry press, where the mixing
action is continued, and permitted to flow into the dry press as needed.

The dry press itself (Fig. 73) is usually the toggle type, pressing four
standard bricks at one time. However, hydraulic presses are used for
certain types of refractory. The operation of the toggle press will be
shown clearly by the excellent diagrams, prepared by Dr. G. E. Seil, in
Fig. 74, which shows the vatious cycles in the pressing process. In
order to make uniform brick, it is essential that the mix be uniform, that
the same weight of the material be always charged into the dies each
stroke, and that it be evenly distributed in the die box.®”* For non-
plastic mixes like magnesite and chromite, a small amount, about 14
of 1 per cent, of organic binder such as dextrine is tised.
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Until recently, the exact pressures in the toggle press were not known
precisely. Now@®9" they can be determined by the stretch of the side
arms, which indicate pressures as high as 14,000 psi. With many materi-
als, the maximum pressure is limited by the expansion, which causes
pressure cracking, of the entrapped air on releasing the pressure. Recently,
many presses®® have been fitted with vacuum attachments that pull

le R

Bottom Die

1 - Bofforn Crosshead
| 6 17 18 19 20
Posihon No

©

Fi1a. 74a. This figure shows the various cycles in the operation of a dry press when forming
a brick. (a) Represents position No. 18. The crankshaft R has reached position No. 18 and
has moved connecting beam A to its most forward position. The toggle pin B and connecting
beam have now entered the portion of the cycle where they follow the radius of upper toggle
B to position No. 2, where the lifting shoe C again comes in contact with lifting roller D. The
side bars E have traveled from their topmost point at position No. 13, to their lowest point at
No. 18, compressing equalizing spring ¥ and bringing with them the upper toggle B, the lower
crosshead K, and the pressure-adjusting mechanism. They pivot at point Gy, cause point Gy
to press on saddle bar § and, by the tension placed on saddle rod W, they bring the lower die M
to a level predetermined by the setting of point &». The charger H remains at rest until
position No. 14, at No. 18 it has removed the finished brick and has begun to return to rest
after it has filled the mold boxes. (Prepared by Dr. G. E. Seil, E. J. Lavino and Company.)
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the air out of the die box and mix as soon as the top pad enters the box.
Slots about 0.007 in. wide in the pads connect to the vacuum system.
The brick discharged from the dry press can usually be set on the
tunnel kiln cars with little or no drying. The rate of forming dry-press
brick on the toggle press runs between 1,000 and 2,000 brick per hr.
The dry-press process is used very extensively in the industry, and it is

22

Fia. 74b. Represents position No. 24. At position No. 24 the connecting beam A and the
upper toggle pin B, are about midway along the arc made by the upper toggle B. The lifting
shoe C has not yet come in contact with the lifting roller D. The side bars E, the upper
toggle B, the lower crosshead K, and the pressure-adjusting mechanism @ remain in the same
position as No. 18. The upper die L has moved from its peak position at No. 16 to No. 24,
where it has come in contact with the loose material and has slightly compressed it. The
lower die M, which had been stationary from No. 18 to No. 23, has now moved to a new level
owing to the pressure of the upper die on the now partly pressed material. This action
compresses saddle springs J, lowers saddle rod W, and saddle bar S from point Gy on the
pressure-adjusting mechanism. The equalizing spring F remains as before. The charger H
has returned to rest at No. 20.
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estimated that 70 per cent of the fireclay refractories and practically all
the magnesite and chrome refractories are made by the dry-press process.

The bricks produced by dry pressing are very uniform in size, with
strong corners and edges and little tendency to warp. They have good
spalling resistance and generally good resistance to load.

The thickness of the dry-pressed piece is limited by the side-wall
friction to about 4 in. in the conventional press, but numerous attempts
have been made to improve this condition. In one method developed in
Germany,’® the bottom platen is vibrated while pressure is applied to

i @

I/’ \ l‘“-“ ‘
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|
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Top Diety|
’ Bottom Die Bottom Crosshesd
p 24 1 2 3 4
3 Position No.

F1a. 74c.. Represents position No. 2. At position No. 2 the upper toggle pin B, and connect-
ing beam A have completed the movement along the radius of upper toggle B, and have now
brought the lifting shoe C in contact with lifting roller D. The side bars E remain in the same
position as shown in Figs. No. a and No. b. The upper die L has further compressed the
material, but has not yet pressed the brick to its finished size. The pressure of the top die on
the material has caused the lower die M to compress fully the saddle springs J to where the
saddle plate N comes in contact with the lower crosshead K.
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the top one. In another, the sides of the mold box are oscillated up and
down, so pressure is maintained between the platens in an effort to mini-
mize the wall friction. Much work has been done by the powder metal-
lurgist in studying the pressure distribution in pressed powders by

Fra. 74d. Represents position No. §-14. At position No. 5-14 the first maximum pressure is
reached and the material is pressed to its finished thickness. The side bars E, the upper
toggle B, the lower toggle P, the upper die L, and lower die M, and lower crosshead K have
continued to rise owing to the action of the connecting beam A and lifting shoe C on lifting
roller D. At this point the side bars have lost contact with equalizing spring F, saddle plate N
is still in contact with lower crosshead K, while saddle springs J are still fully compressed. The
pressure-adjusting mechanism G has been rising with the lower crosshead using point G, as a
pivot.

incorporating a lead grid into the mass and later studying its-deformation
by X-ray pictures.’’” Here it was found that the proper wall lubrication
did much to equalize the pressure.

When molding small dry-pressed pieces, it is common practice to use
a lubricant or plasticizer to permit a more even distribution of pressure
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and to minimize die wear. Some of the lubricants used are waxes, both
water soluble and emulsions; stearates; fatty oils; polyvinyl alcohol;3
and cetyl alcohol. Inorganic binders can also be used to increase plasticity
and green strength. Commonly used binders are gelatin, dextrin, flour,
starch, gums, and cellulose. In addition, an antisticking agent is some-
times added, such as a sulfonic acid, to aid removal from the die. The

Fig. 74e. Represents position No, 6. Conditions at position No. 6 are changed slightly.
The side bars have risen a little higher and the crankshaft R has reached its maximum throw,
bringing connecting beam A to its extreme horizontal movement and toggle pin B, over the
center line of the side bars.

total amount of additions to the mix will generally run from 0.1 to 10 per
cent. A good description of these organic additions is discussed in the
references‘ (113,110,111,108)

The molding of carbon blocks is carried out with a heated mix of coke
and tar pressed into molds for the smaller pieces and rammed with an
air hammer for the larger pieces.®

Mixes of the dry-press consistency can be molded by hand ramming
under special conditions. A patented process known as the Scheidhauer
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and Giessing process uses a deflocculated slip of clays®’® mulled into
carefully sized grog. The resultant mix contains about 90 per cent grog
and 10 per cent clay, with a total water content of 5 to 6 per cent. By
heavy ramming in rigid steel molds, large shapes can be made with a total
shrinkage of not more than !4 of 1 per cent. The photographs in Fig,
75 show clearly how a large tile is made by this process. A modifica-

|
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Fi1ag. 74f. Represents position No. 7-1{. At position No. 7-}4 maximum pressure is again
developed as upper toggle B and lower toggle P again pass over the center line of the side bars.
The saddle plate N is still on contact with the lower crosshead K, where it will remain until
No. 8 is reached. The pressure-adjusting mechanism @ is still rising with the side bars £ and
lower crosshead, using G, as a pivot.

tion of this method is described in a patent to Singer and Beken,"? where
the coating slip is flocculated before pressing.

6. Hydrostatic Molding of Refractory Powders. Hydrostatic pressing
methods have been used quite successfully in the compaction of metal and
refractory powders not particularly adaptable to slip casting or other
methods of molding.

The powder to be pressed is graded by the usual methods in order to
obtain the correct particle-size distribution offering the best packing
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densities. As is shown in Fig. 76, a rubber mold is supported by an
aluminum-segmented container, the latter mounted in the loading jig
as shown. The steel mandrel, which defines the internal shape of the
refractory body to be pressed, is located by means of a recess in the top

{—Top Die

| Table Level
(— Bottom Crosshesd

Fia. 74g. Represents position No. 11. At position No. 11 the side bars E have almost
reached their highest point. The saddle springs J have come into action and have begun to
push the lower die M to table level removing the finished brick. The upper die L has been
rising slightly faster than the lower crosshead K. The brick is held against its face by the
pressure of the saddle springs. The lifting shoe C is still in contact with the lifting roller D.

platen of the jig and held firmly by a stud bolt. The retainer ring,
which supports the top of the aluminum segmented container, is also
held in position by a recess in the top platen of the jig. The top platen
assembly is held securely against the spacer rods by means of large wing
nuts.
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The dry powder is fed through slots in the top platen and vibrated to
obtain good packing. A tamping tool, inserted through the powder-
loading slots in the top platen, may also be used to ensure this condition.
After the mold is loaded, the upper platen of the jig is dismantled (the
steel mandrel is left in the mold) and the rubber retaining cup is slipped
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Fi1a. 74h. Represents position No. 14. The crosshead K at No. 14 has passed its highest
point. The lower die M has been raised to table level where it is stopped by bolts T striking
mold-box beams V. The charger H at this point has begun to remove the finished brick. The
downward motion of the side bars E and crosshead K has lowered the pressure-adjusting
mechanism G.

into place. The stud bolt is used to keep the rubber retaining cup in
position, but the retaining ring and aluminum container are removed.

The rubber mold assembly consisting of the rubber wall form, the
refractory powder, the rubber retaining cup, the steel mandrel, and stud
bolt are now ready for loading into the hydrostatic chamber by a screw
eye attached to the top of the stud bolt.

The hydrostatic chamber (Fig. 77) consists of a heavy steel-walled
cylinder equipped with a self-sealing plunger, as suggested by Dr.
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Bridgeman at Harvard, consisting of a two-piece plunger and a neoprene
washer between three triangular-section brass rings. Water, with rust
inhibitor added, is put in the chamber with the rubber mold assembly,
and the plunger is inserted. As load is applied to the plunger by a
hydraulic press, some of the air entrapped in the cavity is allowed to

% l /JTop Die
7 o
2 b +—1— Boftom
—’JN Bottom Gro:»n‘«[—-‘ \\g\._—l
w5608
[ 1l ¢ Posinon No-

F1a. 74t. Represents position No. 16. At position No. 16 the crosshead K has continued to
move downward taking with it the pressure-adjusting mechanism G until point G; comes in
contact with saddle bar S and starts to compress saddle springs J. The setting of the pressure-
adjusting mechanism decides the length of movement of the lower die M and allows the mold
box to be filled to the desired depth. The charger H has further removed the finished brick
and has started to fill the mold with loose material.

squeeze out between the plunger and the accurately honed bearing surface
of the chamber. As more load is applied, the neoprene washer is deformed
and is forced against the cylinder surface. At a very high pressure the
brass rings tend to expand and, essentially, reinforce the neoprene seal.
In general, pressures of 100,000 psi are used for the hydrostatic pressing
operation. After pressing, the load is released, the plunger disassembled
and removed, and the rubber mold assembly is lifted from the chamber,
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(a)

¢. Finishing the top.

Fia. 75. Making a large tile
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()

(e)

e. Removing the mold.

f. Block ready for drying.

with a low water-content mix.
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dried, and, in turn, dismantled. If the surface of the mandrel is smooth,
the refractory body can be removed easily and, surprisingly enough, is
strong for handling even though no bond is used. On firing, the shrinkage
is very uniform, so that any tendency to crack or distort is minimized.

7. Molding of Insulating Firebrick. The production of highly porous,
lightweight refractories requires somewhat different methods from that
employed for the heavier materials. Therefore, it was thought advisable
to devote a special section to the molding of this product. An excellent
review of this subject is given by Foster. 129
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Fig. 76. Method of charging rubber molds.

Method of Obtaining Pores. Perhaps the most common method of
producing pores in a fireclay product is to introduce in the plastic mix an
organic material that later on can be burned out to leave voids. Some-
times this organic material may be peat, which is naturally mixed with
the fireclay, but usually it is necessary to add granular organic material
such as ground wood, cork, or other materials of this type. Of course,
the properties of the finished product will depend not only on the clay
but on the size, shape, and amount of the organic particles.

A somewhat different method of producing pores consists in adding to
the clay mix granular sublimable material such as flake naphthalene. 2"
When the ware is dried at high temperature, the naphthalene can be sub-
limed, leaving pores in the dried-clay product. The naphthalene vapor
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can be cooled and used over again. Although this process has been
employed industrially, it is not in common use at the present time.

Still another method of forming the pores in the clayware is to introduce
into the clay, which has been made to the consistency of a thick slip,
bubbles of gas that are sufficiently stable to remain in the mix until the
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Fia. 77. Hydrostatic chamber for molding.

material is dried and burned. This method scems very attractive, as the
cost of the organic material is eliminated; but practically, difficulties are
encountered in stabilizing the bubbles so that they are of uniform fine size
and evenly distributed throughout the mass. The method patented by
Eriksson“® produces bubbles in the clay mix by the addition of powdered
aluminum or zinc and alkali so that each particle of aluminum is decom-
posed and forms a bubble of hydrogen. Others accomplish the same effect
by stirring finely divided lime into the soft mix and then acidifying, with
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the result that each particle of lime is decomposed, forming a bubble of
carbon dioxide. Still another method, such as those patented by Eric-
son® and Roos, 2 consists in making a preformed foam, which is then
stirred into the clay slip. Such a foam, of course, has to have considerable
stability in order that this process may be successful.

All the bubble-structure refractories must have some stabilizing device
to hold the bubbles as individuals and prevent their coalescing into larger
ones. In the Husain and Bole"® patents, this is accomplished by adding
gypsum plaster to the mix and permitting it to set, thus stabilizing the
bubbles. In fact, there is probably no successful bubble process that does
not use some stabilizing method, either plaster or a flocculent: 2 and for
this reason, it is difficult, because of the fluxing elements added, to make
high-temperature insulating firebrick by the bubble process.

A high porosity can also be obtained by adding to the mix an inorganic
refractory material having itself a high porosity. Such materials include
diatomaceous earth, bloated clay pellets, or porous grog.

Molding Methods. The molding of the insulating firebrick mixes is not
particularly difficult, as the mixtures containing organic matter can be
readily molded by the soft-mud method, whereas the bubble method is
best carried out by pouring the slip into molds until the mass has set. Use
of the stiff-mud or dry-press method for these highly porous materials is
difficult; for if they contain organic matter, they are usually rather elastic
and difficulties from pressure cracking are troublesome. On the other
hand, if the bubble process is used, any considerable amount of pressure
would squeeze the air out of the structure and the density would be too
high.

Chesters"® et al. describe the forming of basic insulating brick.

TarLe 23. UsSe oF WEAR-RESISTING METALs

Dry- | Dry-
press press
pads | liners

Pug | Auger | Muller
knives | dies tires

“Nichard”.................... x|
High-chrome steel.......... ... X
White castiron................ X X X

g
=
3
2
g
X X
X X

Tungsten carbide.............. X
Chrome moly steel (heat-treated) X

8. Abrasion-resisting Metals. In the stiff-mud and dry-press process
previously mentioned, numerous metal parts receive considerable wear as



MOLDING METHODS 145

a result of the abrasive action of the grog particles in the mix. These
parts include the mullers of the wet and dry pan, the blades of pug mills
and augers, auger dies, and the die boxes of re-presses and dry presses.
Table 23 gives a summary of a number of wear-resisting metals that have
been used.® There is, however, at present no great uniformity in the
use of these materials, as some plants will obtain better life with one and
some plants with another, owing, perhaps, to the differences in their mixes.
A great deal of development work is still to be done in this field.

Dry-press and re-press die wear depends greatly on the mix. One
hundred million bricks can be produced from plastic and flint clay in a set
of liners; but when high-grog clay bricks or highly burned magnesite or
chrome are used, the life may drop to as low as 5,000 bricks.

(a) Cubical (b) Single stagger (c) Double stagger

(d) Pyramidal (e) Tetrahedral
Fia. 78. Various methods of packing spherical particles.

9. Grog Sizing. The manufacturer of refractories is coming more and
more to realize the importance of maintaining consistency of particle sizes
of the grog or flint clay portion of his mix, especially where he has to make
a low-porosity or low-shrinking refractory or an unburned refractory with
a chemical bond. It has also been found that proper sizing helps the spall-
ing resistance. Some manufacturers are going so far as to divide their
particles by screens into a series of size fractions and then are recombining
them by definite weights to produce the desired distribution. Others
control size by proper adjustments of screens and crushers.

If the one-component system is considered first, 7.e., particles having a
single diameter, it will be found that the closeness of packing depends on
the arrangement of particles and their shapes. Taking the simplest case,
i.e., spheres, there are five different methods of packing, which are shown
in Fig. 78 and the results given in Table 24.
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In the case of irregular particles as would be obtained from a crusher,
the packing varies between 40 and 50 per cent, although theoretically,
with perfectly arranged cubes, the voids would be zero.

TaBLE 24. Voips wWiTH DirrERENT METHODS OF PACKING(1#

Type of packing of spheres, Voids,

in Fig. 78 per cent
Cubical......... ... ... ... ... ... .. 47.64
Single stagger (cubical tetrahedral). .. ... ... ... 39.55
Double stagger................ .. ... ... .. 30.20
Pyramidal. ... . ... ... ... 25.95
Tetrahedral . . .............................. 25.95

Consider next, the two-component system wherein a coarse grain and a
fine grain are mixed and shaken down to the minimum volume; the clearest
picture of the situation can be obtained by referring to the packing dia-
gram of Westman“®"™ chown in Fig. 79. Along the base is plotted the

C T D
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E
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Coarse Fine

Fic. 79. Packing diagram for two sizes of particles.

proportion of coarse and fine in the mix, giving a constant total weight.
On the vertical scale are plotted volumes. A line AB represents the true
volume of the mixture. Point C represents the apparent volume of the
coarse mix, and D the apparent volume of the fine mix, the apparent volume
being the true volume plus the volume of voids. Now suppose that a
small proportion of the coarse material is replaced by fine material. It is
obvious that up to a certain point, the fines will simply fill the voids
between the larger grains and therefore the total apparent volume will
decrease in proportion to the amount of fines added. Accordingly, the
theoretical apparent volume will follow the curve CE. Now starting from
the other end of the diagram, if a certain amount of the fine material is
replaced by the coarse, the coarse material will displace. an equal volume
of fine material and the voids existing in the fines. Therefore the total
volume will decrease owing to an elimination of a portion of the voids in
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the finer material. Consequently, the line AD will represent the theo-
retical apparent volumes. Where the lines CE and AD cross will be the
minimum volume from a mixture of coarse and fine having an infinite ratio
between the diameters. Actually, however, we have a finite ratio, and the
actual curve-of apparent volume will be indicated by H. The line CD is
the apparent volume of the fractions before mixing, and the distance G
represents the shrinkage in volume during the mixing process.

55
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F1a. 80. Porosity dingram for crushed kaolin grog; individual fractions and binary mixtures.
(/. Am. Ceram. Soc.)

Results obtained on crushed kaolin grog are given in Fig. 80 where
are shown individual screened fractions and binary mixtures of these frac-
tions mixed to give the densest packing.

When we come to systems of three components, the apparent volume
can be indicated by surfaces. It will be found, however, that from prac-
tical considerations, little is gained by using more than two or three
components in the mixture because of the impossibility of getting large-
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Fi1a. 81. Porosity diagram for crushed kaolin grog; ternary mixtures. (J/. Am. Ceram. Soc.)
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diameter ratios between the successive sizes. Figure 81 shows a
three-component diagram for the crushed kaolin grog of Fig. 80. The
densest mix has a proportion of 40 per cent fine, 50 per cent coarse, and
10 per cent medium, giving a porosity of 22 per cent.

10. Chemical Bonding. A great deal of interest has been shown
recently in refractories that are chemically bonded with a setting material,
which gives to the brick sufficient mechanical strength so that it can be
used in the furnace without previous burning. In order to do this, it is
necessary to have a large proportion of well-fired nonplastic material in the
brick and have it sized in such a way as to give a very dense packing. In
addition, the bricks must be pressed under high enough pressure to reduce
the voids as far as possible. Bricks of this type have been made of mag-
nesite, chrome, and fireclays.

One type of bond consists of magnesium chloride or magnesium oxy-
chloride, used generally with a magnesite or chrome base. The patent of
France:49 ig typical of this type. Another bond is phosphoric acid,
which has been used with a zirconia base according to the patent of Mor-
gan®L and with an aluminous material in the patent of Hood. %
Bonds have also been suggested, such as silicate of soda®® and a soluble
aluminum salt, according to the patent of Betts.™® However, one dif-
ficulty with the use of soluble salts is their migration to the surface on
drying,.

A great many organic types of bonds have been suggested. A synthetic
resin bond is indicated in the patent of Danehower,%® and Schwartz-
walder ™ suggests the use of bakelite. Aluminum formate is used for
bonding silica-alumina materials by Rohde.®® Methyl silicate has also
been suggested in a number of occasions as a bond for silica-alumina
refractories, since a colloidal silica having considerable strength is precipi-
tated. Other organic materials such as linsced oil and sulfide waste
liquor® have been suggested. For lower temperature refractories, it is
possible to use a high-alumina cement.

In looking over the list of bonds, it will be noted that many of them are
at present too expensive for use anywhere except in laboratory-type refrac-
tories. Others have some practical difficulties; e.g., the phosphoric acid is
80 hydroscopic and so hazardous to the health of workmen that it has oper-
ating difficulties. Probably the most useful bonds at present are the magne-
sium oxychloride, sulfate waste, and high-alumina cement,

The chemically bonded refractories in some types of service give results
superior to the burned refractories, especially in resistance to spalling;
consequently, they have definitely taken a place in our refractory produc-
tion. Of course, the first thought on considering this type of refractory
i8 the great saving in firing cost; but when the problem is analyzed, it is
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usually found that with the additional cost of the bond and the necessity
for carefully sizing the nonplastic, which comprises practically the whole
brick, the total cost is little, if any, less than for the burned brick.

11. Hot Molding. The suggestion has been put forth from time to
time of producing refractories by pressing the heated refractory material in
the mold so that the bonding would take place by welding together the
particles while they were sufficiently hot to have a certain amount of glass
in the viscous condition. Such a method is suggested in the patent of
Duffield.%%® Many experimenters have shown that a comparatively
strong brick can be made at a temperature much below the burning tem-
perature if pressure is exerted. However, this attractive process of
molding refractories has not proved commercially successful because of the
great difficulty in providing molds that will operate at the high tempera-
tures necessary and still give a reasonable amount of life. Special refrac-
tories such as boron carbide are hot pressed, a process described in
Chap. VIII.
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CHAPTER VII
DRYING

1. The Mechanism of Drying. The work of Sherwood“®® and his
collaborators has done much to give a clear picture of the drying process in
porous solids. It is logical to divide the drying into two periods: the
constant-rate period and the falling-rate period.

The Constant-rate Period. At the start of the drying process, when the
clay contains enough water at least to fill the pores, there will be a continu-
ous film of water over the surface particles, as evidenced by the compara-
tively dark color of the wet clay. It is therefore not unexpected to find
that the rate of drying per unit area of surface is substantially the same as
for a free water surface. This rate in terms of temperature, humidity,
and velocity of the air is shown in Fig. 82. As the drying proceeds at this
rate, it is obvious that water must travel through the pores toward the sur-
face to supply the evaporation loss. In all but exceptional cases, where the
drying rate is very high or the clay very fine grained, the water will travel
by capillary forces as fast as it is carried away. In the case of clay, the
piece will shrink in volume equivalent to the volume of water lost until the
particles touch, and thereafter air must enter the pores to take the place of
the water. Soon after this happens, it will be found that the water cannot
travel to the surface fast enough to maintain an unbroken surface film; so
the drying rate starts to decrease. This rather sharply defined point may
be called the “critical point” and corresponds approximately to cessation
of shrinkage.

It might be thought that a nonshrinking material like sand and water
would not show any constant-rate period because the pores would start to
empty at once. Experiments show this to be true when the particles are
fine; but when the particles are coarse, the resistance to flow is so slight that
even with air in the pores, the surface drying rate is the governing factor.
This is shown clearly in Fig. 83 for a fine and coarse sand.

The Falling-rate Period. Beyond the critical point, the drying rate is

.governed by the rate of transfer of water from the interior to the surface
and rapidly becomes less as the drying proceeds. It is believed that beyond
the critical point, the continuous surface film is broken and the water sur-
face recedes into the capillaries, giving the light color to the clay at this
stage. As the drying proceeds, more and more of the water is converted

157



158 REFRACTORIES

inside the structure into vapor, making it necessary for this to travel out
through the nearly empty capillaries to the surface.

In Fig. 84, an attempt has been made to show how an enlarged section
of the clay would look at various stages of the drying process. In A4, the
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F1g. 82. Evaporation chart for free water surface. (. B. Shepherd, C. Hadlock, and R. C.
Brewer, Industrial and Engineering Chemistry, 1938.)
clay particles are well separated by a water film, which also runs continu-
ously over the surface. In B, the amount of water has decreased until the
particles touch one another, but there is still a continuous surface film. In
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Fic. 83. Drying rates of sand-water mixes. (After Sherwood.)
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C, the water has decreased until the surface layer is broken and the level
recedes into the capillaries with some air in the structure. Water is brought
to the surface by a capillary flow and as vapor. In D, the water has still
further decreased until it is found only in a few places where the particles

- Surface - Surfoce

- Surface LrSurfoce

/

C D

FiG. 84. FEnlarged section drawings of clay at various stages of drying.

come closest together. Here all the transfer of water is in the form of
vapor. These four conditions are shown on the typical drying-rate curve

for a clay in Fig. 85.

Rate of Drying

0 10 20 30
Percent Moisture

Fia. 85. A typical drying-rate curve for a clay.
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The last of the water comes off slowly because it is adsorbed on the sur-
face of the dry particles. Practically, however, it is never necessary to
remove the last trace of water. In fact, a bone-dry piece is apt to be brittle

and hard to handle.
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Fi1e. 86. The moisture distribution across a slab of drying clay.

Moisture Gradient in Clay Body. The moisture distribution across a
slab of drying clay may be shown to follow the lines in Fig. 86. At the
critical point, the moisture at the surface drops rapidly toward zero. In
the constant-rate period, however, the curves are parallel and may be
expressed mathematically by Newton’s law of diffusion

M . &M
6 ~ K 5

in the same way as for heat flow. Here
M = the moisture concentration per unit volume
0 = the time
z = the distance from the surface

K = a constant
The solution of this equation and its application to the constant-rate
period has been carried out by Gilliland and Sherwood,® which permits
the calculation of the moisture distribution in a slab after any time interval.
Reference should be made to the original papers for a full discussion of
this calculation.

2. Drying Shrinkage. The drying shrinkage of a clay or body is an
important characteristic because it largely governs the maximum safe rate
of drying. The drying-shrinkage curve is also very helpful in studying
some phases of the clay-water system.
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Mechanism of Drying Shrinkage.

The mechanism of shrinkage is a

very simple one. If the volume shrinkage is plotted against the volume of
water in the clay, as in Fig. 87, it will be seen that the shrinkage curve is a
straight line with a 45-deg slope. In other words, the volume shrinkage is

just equal to the volume of water lost in
drying down to the critical point, where
the interparticle film becomes so thin
that the particles touch one another
and shrinkage can go no further. This
will be made clearer by referring back
to Fig. 84, which shows the condition
of the clay and water at the points
lettered on the curve of Fig. 87.

The water lost from the clay in dry-
ing between its original condition and

the eritical point is often referred to as ¢

der as “pore water.”
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FiG. 87. Theoretical drying-shrinkage
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‘shrinkage water,” and the remain-

Fig. 88. Apparatus for determining drying shrinkage.
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The critical point is not usually so sharply defined as shown in Fig. 87,
nor does the lower end of the shrinkage curve always lie along the axis.
When clays of the swelling type, such as bentonite, are present, the curve is
above the axis and only shrinks the final amount just before dryness,
because of the fact that the last of the water is more firmly held between the
crystal layers than on the surface of the particles. Other clays have shrink-
age curves fulling below the axis as a result, at the end of the drying process,
of a slight expansion that has not yet been explained but is perhaps due to
the opening up of kaolinite books on losing the last trace of water.
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Measurement of Drying Shrinkage. Shrinkage can be measured by
either a length change or a volume change. The former is more useful for
studying the type of shrinkage curve, whereas the latter gives more accu-
rately the over-all shrinkage.

The apparatus® shown in Fig. 88 is a convenient one for obtaining
shrinkage curves. The test specimen is in the form of a hollow cylinder
7% in. outside diameter, 2 in. long, with a 1g-in. wall. It is placed on an
automatic balance in a chamber with controlled humidity and temperature;
accordingly the change in length can be precisely determined with a
micrometer telescope.

Volume shrinkage is usually measured by placing the specimen, at vari-
ous stages of dryness, in & mercury volumeter. Volume shrinkage can be
converted to linear shrinkage by the curve in Flg 89 or by Tables 25
and 26.
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TasLE 25

Four-figure table for converting:

1. Volume drying shrinkage (percentage of plastic volume) to linear
drying shrinkage (percentage of plastic length).

2. Volume of firing shrinkage (percentage of unfired or dry volume) to
linear firing shrinkage (percentage of unfired or dry length).

3. Volume of expansion (percentage of final volume) to linear expansion
(percentage of final length).

(Courtesy of Dr. A. E. R. Westman, American Ceramic Society)

P‘z: e Percentage volume change Differ-
g™ 9.0 | 0.1 [ 0.2 ] 031 041 05 ]06] 0710809 | o8
change Percentage linear change

0 0.000| 0.033| 0.067| 0.100] 0.134] 0.167; 0.200] 0.234| 0.267| 0.301 0.034
1 0.334] 0.368| 0.402{ 0.435 0.469| 0.503| 0.536] 0.570] 0.604| 0.638| 0.034
2 0.672| 0.705| 0.739| 0.773| 0.806]| 0.840| 0.874| 0.908) 0.942| 0.976| 0.034
3 1.010| 1.044| 1.078| 1.112| 1.146] 1,181 1.215| 1.249; 1.283 1.317| 0.034
4 1.352| 1.386| 1.420] 1.455| 1.489| 1.523] 1.558| 1.592| 1.626; 1.661] 0.034
5 1.695| 1.730] 1.764| 1.799| 1.834| 1.868 1.903| 1.937| 1.972| 2.007| 0.035
6 2.041) 2.076( 2.111f 2.146| 2.181| 2.216( 2.251| 2.285 2.320| 2.355| 0.035
7 2.390| 2.425] 2.460] 2.495| 2.530| 2.565| 2.600| 2.636| 2.671| 2.706| 0. 035
8 2.741} 2,.776] 2.812] 2.847| 2.882| 2.918| 2.953| 2.988| 3.023| 3.059| 0.035
9 3.095| 3.130| 3.160] 3.201] 3.237| 3.273 3.308| 3.344| 3.380| 3.415/ 0.036
10 3.451) 3.487| 3.523] 3.559| 3.594| 3.630| 3.666| 3.702| 3.738| 3.774| 0.036
11 3.810| 3.846| 3.882| 3.918] 3.954| 3.900| 4.027/ 4.063| 4.099| 4.135| 0.036
12 4.172| 4.208| 4.244| 4.281| 4.317) 4.354] 4.390] 4.426| 4.463| 4.500| 0.036
13 4.536) 4.572| 4.609] 4.646| 4.683| 4.719| 4,.756! 4.793| 4.830| 4.866| 0.037
14 4.903| 4.940| 4.977| 5.014| 5.051| 5.088| 5.125| 5.162| 5.199| 5.236! 0.037
15 5.273| 5.310| 5.348] 5.385] §.422| 5.459] 5.497| 5.534| 5.571| 5.609| 0.037
16 5.646| 5.684| 5.721| 5.759| 5.797| 5.834| 5.872| 5,909 5.947, 5.984| 0.037
17 6.022] 6.060] 6.098] 6.136/ 6.174| 6.212| 6.249} 6.287| 6.325| 6.363| 0.038
18 6.401| 6.439| 6.477{ 6.515| 6.553| 6.592 6.630| 6.668 6.706| 6.745| 0.038
19 6.783| 6.822{ 6.860( 6.899| 6.937| 6.975! 7.014| 7.052( 7.091| 7.130{ 0.038
20 7.168| 7.207| 7.246] 7.284| 7.323| 7.362| 7.401] 7.440| 7.479| 7.518] 0.039
21 7.557| 7.596| 7.635! 7.674| 7.713| 7,752\ 7.701| 7.831| 7.870| 7.909| 0.039
22 7.949| 7.988| 8.027{ 8.067| 8.106| 8,146/ 8.185| 8,225/ 8.265 8.304| 0.039
23 8.344| 8.383] 8.423] 8.463| 8.503| 8.543| 8.582| 8.022| 8.662| 8.702| 0.040
24 8.742] 8.782| 8.822]| 8.862( 8.903| 8.943| 8.983| 9.023| 9.063| 9.104| 0.040
25 9.144| 9.184] 9.225| 9,265 9.306| 9.346| 9.387| 9.428| 9.468| 9.509| 0.040
26 9.550| 9.590| 9.361| 9.672| 9.713] 9.7564| 9.795| 9.836| 9.877| 9.918] 0.040
27 9.959/10.00 {10.04 {10.08 {10.12 [10.16 [10.21 [10.25 {10.29 {10.33 | 0.040
28 10.37 |10.41 [10.45 {10.50 |10.54 |10.58 {10.62 |10.66 |10.71 |10.75 | 0.040
29 10.79 |10.83 [10.87 [10.91 {10.96 {11.00