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INTRODUCTION

The last twenty five years have seen a remarkable change in the
character and types of refractories for furnace construction. Not
much more than a few years ago, the production of refractories con-
sisted almost solely of fireclay and silica shapes. A few high alumina
bricks were made from Missouri diaspore clays or from bauxite and fire
clays. At a later date, although little used, high alumina refractories
were available which were made from alumina of a higher degree of
purity, by the fusion process. Today refractories covering the entire
range of composition from about 987 S5i02 to 99 1/2% Al203, except for
a short interval from about 4 to 12% A1203, are finding wide commer-
cial applications.

High alumina refractories are those having an alumina content of
50% or higher with the remainder being essentially silica, ard are
arbitrarily divided into three groups depending uvon alumina content.
They are 50%, 60%, and 70% Alp03 refractory bricks. Fused alumina
refractories are grouped separately. To manufacture such high alumina
refractories, raw materials high in alumina content such as diaspore
clay and bauxite are mainly used. Naturally occuring alumina=-silicate
minerals like sillimanite, kyanite, and andalusite are also used for
manufacturing high-alumina refractories or mullite refractories.

In this country, diasp-re clay, since its discovery has remained
the chief source of raw material of high alumina content. The deposits
of diasvore clay of economically workable size are located only in

the South Central Missouri district. This area being the only commercial



source of diaspore clay, the refractory industries are alive to the
fact that, at the present rate of consumption of diasrore clay, this
source will be exhausted within a comparative short time. Greaves
Walker (1) had pointed out this situation back in 1928, and suggested
that other raw materials such as bauxite, kyanite, Georgia Kaolin may
be substituted for diaspore clay.

As a result of this situation, the use of bauxite for manufacturing
high alumina refractories is being seriously considered by the re-
fractories industry. In the last few years the importation of gibbsite
from Dutch, French or British Guiana, has supplied a very high grade
of refractory material to make high alumina refractories in place of
diaspore clay. Much effort is made now days to utilize this msterial.

Very recently some refractory manufacturers who have used Dutch
Guiana gibbsite for making high alumina refractories, have exﬁerienced
strange behaviors of such refractories toward reheat. They observe
that their refractories show appreciable expansion when subjected to
reheat tests., This is quite contrary to the general belief at present
that bauxite refractories show continuous shrinkage on repeated
firings. In light of such development this ‘investigation was under-
taken. This investigation is a comparative study of Bauxite and
diaspore clay when used to manufacture high alumina (70%) refractories.
High alumina grog is prepared by calcining these raw materials at

various temperatures, and bricks of 70% Al203 were made using this.

(1) A. Greaves Walker, 'After Diaspore - What?', Blast Furnace,
Steel Plant, 16, 1481-82, (1928).



grog with plastic fireclay as the bond. These bricks are then sub-
jected to various reheat temperatures and all changes in volume
stability of the bricks are recorded. Finally an effort is made to
explain the cause or causes of such expansion changes by x-ray

diffraction investigstion, and by other methods.



REVIEW OF LITEATURE

A survey of the literature for the present investigation, showed
that not much work has been done on this problem. Huch has been re-
norted about diaspore clay, bauxites, high alumina refractories and
other allied subjects and is briefly summarized as follows:

Since the discovery of diaspore clay, most high alumina bricks
have heen made from diaspore clay, and as a consequence, the high
alumina refractories are designated as 'Alumina-Diasvore fireclay
brick! by the A.S.T.M. (2). The 70% Alumina-Diaspore fireclay brick
is defined by A.S.T.M. (2) as refractory brick having diaspore as an
essential original ingredient, en alumina content of 70 * 2.5% and a
Pyrometric Cone Equivalent not lower than Cone No. 36 (3290°F).

Diaspore clay (3) is slightly plastic, light grey, buff or red in
color and is generally of a rough, open textured vorous nature, although
dense rock-like samnles are also known. The most striking feature of
diaspore clay is the presence of oolites or shot like particles de-
termined microscovically by Wherry and Ries (4) to be composed of the
mineral diasporite which is the basis of the characteristic high alumina
content. The oolitic particles occur in a porous ground mass of

extremely fine grained clay. The theoretical composition of oolitic

diasporite is A1p03. Hy0 containing 85% Al203 and 15% combined water.

(2) Manual C-8 of A.S.T.M. Standards on Refractory Materials, Feb. .1948
Edition published by Amer. Soc. for Testing Materials, Phila., Fa.
Page 25. '

(3) H.S.McQueen; Geologic relation of diaspore and flint fireclay of Mo.;
J. Am. Ceram. Soc., 12, 687-97 (1929) _

(4) E.T. Vherry and H. Ries; Diasporite in Missouri; Am. Minerologist II,
No. 12 (1917)



Commercial diaspore clay (5) is essentially a mixture of diasporite
minefal and clay and may analyse between 65% to 75% Al503. Diaspore
‘clay usually curries a maximum silica content of 10% or less and the
percentage of this constituent determines the quality. Lime, magnesia
and alkalies are variable and usually do not occur in large amounts.
Like bauxites, diaspore clay has high TiO2 content which ranges from
3 to 4%. Iron oxide seldom exceeds 2 toc 3% in the commercial re-
fractory grades. Some of the typical chemical analyses of diaspore
clay from Missovri are given in the following table:

TABLE I

Chemical Analysis of Diaspore Clays (6)

A B C D

Si02 6.18% 6.0 % 2.86% L.06%
A1203 72 .54 72.67 77.0 75.32
Fep03 1.56 1.91 1.65 1.91
Cal 0.22 0.14 0.12 0.17
Mg0 0.11 0.1 .09 0.08
Ti0p 3.16 3.16 3.16 3.06
Nap0 + K20 1.34 1.03 0.62 1.24
Ignition loss 16.22 16.38 16.58 16.30
99,33 99.43 100.0 100,14

Diaspore clay, soft, fine grained variety

Diaspore clay, hard, very fine grained, rocklike variety
Diaspore clay, fairly hard fine grain variety

Diaspore clay, very porous, open texture variety

O Qo
!

(6) MeGueen, H.S., and Herold, P.G., 'Fireclay Districts of East
Central Missouri'. Mo. Geological Survey and Water Resources,
Rolla, Mo. Vol. XXVIII. Second series, (1943).



Thermal Dissociation of Diaspore Clay

The study of thermal dissoeciation of diaspore clay and mineral
changes taking place on account of heating has been determined by
Herold and Dodd (7). They have shown that commercial diaspore clay
on heating does not change materially uvp to 350°C. Between 350 and
L00°C, there is a sudden destruction of diasporite to form corundum
and y-alumina. The formation of y-alumina is relatively rapid up to
a temperature of 550°C, when the formation of corundum becomes more
rapid. This indicates that y=-alumina is being changed to corundum
above 550°C. At 950°C the y-alumina has been entirely converted to

corundum and there is no further increase in corundum content. From
1058°C to 1200°C, mullite is forming from the combination of the free
quartz and combined silica present in the clay fraction with the
corundum.

As the corundum is being formed at 4L00°C, it appsrently picks up
traces of iron, chromium, vanadium and strontium which increases the
molecular size of the corundum molecule., More of these materials are
picked up in solid solution until at 750°C, a maximum increase is
reached, which on further heating is gradually decrezsed. At 900°C,
there is a sudden eliminaticn of the elements mentioned by sublimation
giving a reduction in size of the corundum molecule. These elements
in the solid solution are not entirely eliminated up tec 1700°C.

R. A. Heindl (8) has studied the effect of high temperature on

diaspore clay. He revorts that when diaspore clay is heated to 1400°C,

(7) P.G.Herold and C.M.Dodd, Thermal dissociation of diaspore clay;
J. Am. Ceram. Soc., 22, 388, (1939)
(8) Heindl, R.A., The thermal expansion of refractories to .1£00°C;
Bur. Standards, J. of Research. Res. Paper No. 562, 10, 715, (1938)



the mass is almost wholly corundum and glass. He does not indicate
anything about mullite formation at this temperature, but states that
vhen heated to 1720°C, corundum grains become much larger and mullite
occurs as interstitial material associated with the glass.

As to suitability of diaspore clay for manufacturing high alumina
refractories, its shrinkage has remained the main handicap. Constancy
of volume in service is one of the many requisites of refractory mate-
rials. Such a property is most difficult to secure in diaspore re-
fractories as the complete shrinkage of this clay is not obtained unless
fired at high temperatures, which is a costly process.

Phelps (9,10) has made a study of such shrinkage of diaspore clay.
He renorts that the shrinkage of various types of diaspore clays under
given conditions of time and temperature is inversely in the order
of alumina content. The duration of firing is of great importance in
causing the maximum shrinkage to take place. The state of division is
also important in effecting the shrinkage. He also reports that great
differences exist between the firing properties of the bond or the
plastic nortion, and the diasporite grains. Therefore he suggests that
diaspore refractories should reccive sufficient heat treatment during
the manufacturing process to approximate a permanent volume. Otherwise
shrinkage will occur in service by the affect of continued time or
temperature. Phelps zlso reports data on development of methods which

will shrink diaspore without firing to exceedingly high temperature for

(9) Phelps, S.M., A Study of Shrinkage of diaspore clay; J. Am. Ceram.
Soc., 9, 659 (1926)

(10) Phelps, S.M., A Study of ‘shrinkage of diaspore clay; J. Am. Ceram.
Soc., 15, 96 (1932)



long periods of time, Experimentally he has shown that this can be
accomplished by a number of shrinkage producing materials. It is
shown that these should be added in definite percentages and the
greatest shrinking effect will be produced by fine grinding, high
pressure moulding of calcined dobies and by firing to moderate tempe-
rature. Phosphate rock which is essentially tricalcium phosphate is
most practical for preshrinking. Maxirum shrinkage is produced when
the dobies containing this material are fired to Cone 18 to 20.

Bauxite (11) has been assigned the chemical formula Al203.2H20,
though essentially it is a mechanical mixture of both diasporite
A1203.Hp0 and gibbsite Al303.3Hp0. Bauxite as it occurs in nature
rarely exhibits the distinct characteristic of its constituent minerals.
This becomes apparent only on the examination of thin sections under
the microscope, by heating curves, by chemical analysis or by x-ray
diffraction technique. Not all the constituents in bauxite are recog-
nizable even by such methods and it is believed therefore that much
alumina is present in the form of a colloidal hydrogell with a variable
combined water content.

Bauxite is a medium soft to hard rock, having a cellular, porous,
compact fine grained structure, a conchoidal or uneven fracture and
ranges in color from light gray, crecam, pink or yellow to dark brown
and dark red. Bauxites are characterised by oolitic or pisolitic

structure, the oolites ranging from 1/20'' to 1/2'' in diameter. The

(11) Selley W. Mudd Series, Industrial Minerals & Rocks, p. 96 (1949)
" Amer. Inst. Mining & Met. Engs.



colqr of the oolites generally differs somewhat from that of the
matrix, but are not much darker. The main coloring pigment is iron
oxide though organic matter affects the surface ore, changing it to
gray.

The common tyves of bauxite are designated as follows:

(1) Oolitic-pisolitic ore in which the nodules vary from microscopic
size to 1'' or more in diameter,

(2) Amorphous ore mixed with some oolites.

(3) Sponge ore which is granular in character and presents the original
structure of syenite from which it is formed due to weathering.

Pure bauxite w-ould usﬁally analyse as having 58 to 60% Alz03, 3 to 6%
5102, 1 to 2% Fep03, 2 to 3% TiOy and about 30% combined water. Some
chemical compositions of typical bauxites are given below.

TABLE II

Chemical Analysis of Bauxites

A B C D

5102 11.48 2.0 26.0 4.5
Aly03 57.62 62,05 54,0 58,1
Fep03 1.83 1.66 1.0 B2
Cal - - 0.4
MgO0 - - - -
Ignition lLoss 28,63 30.31 16.1 30.6

99.56 99.52 99.2 100.3
A - Arkansas bauxite (12) Gray variety
B - Arkansas bauxite (*“) Pink variety
C - Georgia bauxite
D - Dutch Guisna oauxite (1 )

(12) Branner, G.C., 'Outline of Arkansas Mineral Resources', published
by B. of Mines, Manufacture and Agricultural and State Geological
Survey. Little Rock, (1927), vp. 69.

(13) F.H.Norton, 'Refractories' 3rd edition, McGraw-Hill Book Co., (1949)

De 4k,
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The Dutch Guiana bauxite used for this investigation is a most
pure form of bauxite and serves the vurpose of sunplying a high
érade of refractory material for manufacturing high alumina refractories.

Norton (14) carried out the thermal analysis of this bauxite and
detsrmined its mineral composition. This Dutch Guiana bauxite consists
of 28% gibhsite, 6% diasporite and 6% kaolinite., Hence, it is evident
that it is mostly in the form of gibbsite. The chemical analvsis has
been renorted as D of Table II.

The British and French bauxites (15) are also pure forms of
bauxites and are close to the chemical composition of Dutch Guiana
bauxite.

Action of heat on gibbsite and bauxite

Rooksby (16) made an x-ray examination of the action of heat on
A1203.3H20, the trihydrate of alumina. This is the mineral gibbsite.
As there is no literature revorted on the actual action of heat on
bauxite, the results obtained by Rooksby will closely fit Dutch
Guiana bauxite. He reports that when trihydrate of alumina viz.
gibbsite, is heated to 200°C, a definite hydrate Al1203.H20 is formed.
Though the chemical formula for this hydrate is that of the mineral
diasporite, the x-ray pattern is much different from diaspore, but

there is little resemblance to the bauxite patterns.

(14) F.H.Norton, Thermal analysis of high alumina clays by thermal .
methods, J. Am. Ceram. Soc. 23, 281, (1940)

(15) Emory, L.T., British Guiana bauxite deposits, Mining & Met.,
9, 8, (1928).

(16) H.P.Rooksby, An x-ray examination of the effect of heat on
aluminum hydroxide - A1303.3H,0, Trans. Brit. Ceram. Soc. 28,
399, (1929).



Between 250°C and 500°C, the hydrate A1503.H20 loses water
completely with formation of y-alumina. The x-ray pattern consists
of sharp lines, and the growth of y-alumina cryctals tzke place be-
tween 500°C and 950°C. At 1000°C, y-alumina begins to change to
corundum or a=alumina. On further heating, this change to corundum is
completed at 1150°C. As this ic just for the vure material it does
not give any account of the effects vroduced by impurities present in
bauxite or gibbsitic bauxite.

Heindl (17) has examined the commercial bauxites at much higher
temperatures. Ille reports that bauxite when heated to 1400°C, princi-
pally contains corundum with lesser amounts of mullite, glass and a
compound of what 1s probably Fep03 and TiO2. On further heating to
1690°C, it is not greatly changed from the preceding stage, except
that the size of mullite crystals is increased and the crystals of
corundum show evidences of reaction with the fluxes present.

Effect of Calcination on Clays.

Either bauxite or diaspore when recuired for use in refractory
manufacture, must be calcined so that the characteristic shrinkage
of the materiasl may be removed. As previouély stated, Phelps (18)
has suggested some methods by which the shrinkage of diaspore clay
can be completely removed by the use of phosphate rock. No such work

has been reported for bauxite. Riddle (19) has made a study of

(17) R. A. Heindl, Op. Cit.

(18) Phelos, S.M., Op. Cit.

(19) F. H. Riddle, The effect of prenaration and calcination treatment
on the properties of the kaolin-alunina mixtures. J. Am. Ceram.

Soc., 15, 583, (1932).



calcination treatment of kaolin-alumina mixtures. He used many
kaclinitic clays mixed with bauxite clay. As to the effect of
calcination at various temperatures, he revorts that at about 1200°C
these clays dissociate into mullite and eristoballite., As the temper-
ature increases, the cristoballite combines with the alumina already
present to form increased amounts of mullite. He shows this in an
x-ray diffraction study in which the cristoballite lines grow weaker,
as do the alumina lines, but simultaneously the mullite lines grow
stronger, at the same time some of the cristoballite vrobably combines
with small amounts of alkali and alkaline earths present in the clay
to form glass.
He summerizes his findings as follows:
(1) The calcines fired at Cone 16 showed free corundun and those fired
at lower temperatures showed much more free corundum.
(2) None of the calcines showed any uncombined clay. All the clay
has either dissociated into aggregates of mullite crystals and
glass, or at leest part of the excess S5i0p glass formed by
dissociation has combii ed with some of free alumina or corundum
to form sdditional mullite.
(3) Free corundum is present in all calcines in varying amounts in-
cluding those fired at Cone 20.
(L) The effect of grinding is very marked on calcination. There is
incr«ased combination of corundum to form more mullite and it is
more pronounced on fine grinding.

(5) The glass in the calcines contains exceedingly fine crystals of
cristoballite.

Mineral Changes Taking Place During Firing Operation of Refractories

The literature survey thus far has covered the effect of cal-
cination of clays, diaspore and bauxite. Consideration will now be
given to mineral changes during the firing of fire clay refractories.
As far as the clay, or diaspore constituent of a refractory is con-

cerned the behavior is the same 2s was described for individuzl clays.
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But up to this point little has been said regarding the effects of
the accessory minerzls at high temperatures. Some of the oxides other
than silica and alumina lower the temperature at which the liguid
begins to form and increase the amount of liquid at any given tempe-
rature.

The alkalies (soda and petash) are especially potent, reacting
to form a highly viscous liquid at several hundred degrees below the
temperature at whieh liquid would begin to form if the mixture ccn-
sisted wholly of alumina and silica. In this alkali-alumina-silica
liguid, accessory minerals containing lime, megnesia and ircn would
dissolve wholly or in part as would both amorphous and crystalline
silica; and at very high temperatures even mullite would dissolve.

So the temperature of licuid formation would therefore depend upon
the alumina-silica ration, and upon the compositions and amounts of
the accessory minerals.

When fireclay refractories are cooled from the firing temperatures,
some crvstalline material especially cristoballite and mullite may
separate from the liquid. However, much of "he licuid cools to a rigid
glass, which bonds the mass together and gives strength. Additional
strength is imported b interlacing and adhering of crystals,

Fired high alumina bricks would contain mullite, usually corundum
free silica and glass, in amounts varying with alumina content of the
brick, the raw materials from which they were made, the proportion
of accessory oxides and the firing treatment to which the bricks were

subjected. If complete equilibrium could be attained during the



firing, any pure zlumina-silica refractory with less than 71.8%
alumina would contain no crystalline material other than mullite

and free silica. With more than 71,8% alumins, they would contain
only mullite and corundum. However, in the bricks made wholly or in
part from diaspore clay, corundum may be present even in the comno-
sitions with less than 71.8% alumina, and free silica may be present
even in compositions with more than 71.8% alumina. Under favorable
conditions the development of mullite during firing proceesds to an
advanced degree, yvet it does not proceed to completion. The mullite
formed at the faces of the grains of diaspore apvears to act as a
protective film, retarding or preventing further reaction between
corundum of the interior of the grain and the free silica formed
from the fire clay between the grains.

Reversible and Irreversible Expansion of Refractories

Refractory (20) materials expand when heated. If, on cooling to
the initial temperature, the volume of the material is exactly the
same as that prior to heating the refractory is said to have exnanded
in a revercible manner. On heating beyond a definite temperature,
however, many refractories exhibit a permanent contraction or exvansion
in volume, the final volume =zt room temperatire no longer coinciding
with the original one. Such exnansion or contraction is of irreversible
nature. The temperature at which the material begins to show changes

in volume devend upon texture, firing temperature and chemical

(20) G.R. Rigby, Reversible Thermal expansion of refractory material,
Tran. Ceram. Soc. Brit. 37, 9, 355 (1938).
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composition.

The reversible thermal expansion may be measured by direct or
indirect methods. In the direct method the bar is heated in the furnace
and the expansion of the material between two marks on the bar is ob-
tained by direct measurement. The main advantages of this method is
(1) large svecimens can be used such as whole bricks, and (2) no
previous calibration is necesseary.

In the indirect methods of measuring the thermal expansion, the
movement of the test piece is conveyed to the measuring mechanism by
means of an intermediate substance. These indirect methods may be
classfied according to the measuring device used. Such measurements
are done by means of (1) dial gasuge, (2) a micrometer microscope,

(3) an optical lever, (4) a mechanical lever (5) interferometer, (6)
silica glass dilatometer method and other miscellaneous methods of
measurement. Rigby (21) has explained all such methods in detail to
which the reader is referred.

Physical effects such as methods of manufacturing and variation
in texture, grain size distribution greatly influence the thermal
expansion of refractories., The coefficient of expansion is decreased
with increase in apparent porosity and some cases is increased with
increase in vnorosity. Such effects are produced during firing of

bodies made by different forming methods.

(21) G. R. Rigby, Op. Cit.
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Loomis (22) has made an extensive study of porosity and volume
changes of fire bricks at higher temperature. Porosity and change
.in volume of refractory has been shown by him to be a measure of the
refractoriness. A decrease in porosity and volume indicates the
progress toward vitrification and when these changes are plotted in
the form of curves, the slope of the curves show the rate of vitri-
fication., Overfiring is indicated by an increase in porosity or by
an increase in volume as the vesicular structure accompanying over-
firing is developed. He also relates the porosity change in a re-
fractory with its load bearing cavacity at elevated temperatures.

It was noted previously that when refractories are subjected to
higher temveratures, an expansion or shrinkage of a permenent nature
tekes plsce, and when they are ccoled they do not regain the original
size. So this type of irreversible change in dimension is knowm as
after-expansion or shrinkage. Sometimes the term 'Secondary Expansion'
is also used.

After-shrinkage can easily be explained. Such changes take place
only in cases when the brick had not been fired high enough or had not
been held long enough at the high temperature. Sometimes when the
liguid phase starts forming due to high temperatures, the pores are
filled and the refractory shows shrinkage of a permanent nature.

Permanent expansion (23) at high temperatures is more difficult

(22) G. A. Loomis, Porosity and Volume Change of clay firebricks at
furnace temperature; Bur. Std. Tech. Paper No. 159. April, 1920.
(23) F. H. Norton, 'Refractories', 3rd edition, McGraw Hill Book Co.
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to interpret than shrinkage. It may result from any of the following
conditions:

(1) Transformations or reactions in the crystalline phases during
firing, yielding products of lower true density than the reactants:-
Underburned silica brick for example may expand considerably at ele-~
vated temperatures as a result of transformation of more cuartz to
cristoballite or tridymite. Certain bricks made of calcined diaspore
and fireclay show a nermanent expansion which is sttributed to addi-
tional formation of mullite, This mullite forms by reaction of
particles of calcined diasvore with silica from clay.

(2) Opening of lamination of clays:- This was investigated by Ever-
hart (24) who concluded that the increase in bulk volume is caused
by the ovening natural lsminations or bedding planes in the clay
grzins. This is characteristic of many clay devosits. When such
clay is used for refractory manufacture, it would definitely show

an expansion of permanent nature.

(3) Due to overfiring:- When certain clays (25) are heated beyond a
critical temperature, they tend to swell and become vesicular,
causing an expansion.

A.S5.T.M. Reheat Test

Determination of the amount of changes in the dimension of re-

fractory brick which may occur at high temperature is made by the

(24) J.0. Everhart, Secondary expansion in refractory clays, J. Am.
Ceram. Soc., 20, 353-59, (1937)

(25) J. L. Hall, Secondary exparsion of high alumina refractories, J.
Am. Ceram. Soc., 24, 349, (1941).
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reheat test C-113-/46 described by the American Society for Testing
materials. (26) The reheat test is used to determine the effect of
refiring, volume stability, and the extent to which the refractory
has been previously fired.

In 1936, committee C-8 of A,S.T.M. proposed test procedure C-113
which svecified that full 9'' x 4 1/2'' x 2 1/2'! brick be subjected
to a temperature of 1400°C for 5 hours and the change in length de-
termined. Before adopting C-113 as a tentative standard, extensive
reheating tests at 1400°C were conducted. Procedure C-113 became
standard in 1936 ard since that time has received general approval as
a control test as well as a specification test for stand:srd fireclay
brick. This test was then designated as C-113-36 for reheat change
of refractory brick. This was further revised in 1946 and since then
it is designated as C-113-46.

In the reheat test, the sample bricks are placed on the dummy
bricks in the furnace. The furnace is gradually heated according to
the schedule prescribed for the type of brick, and the furnace is
held at that temperature for 5 hours. The furnace is then gradually
cooled down. After cooling measurements are made on the test bricks
and any change in linear dimensions is determined. These measurements
are made to the nearest 0.02'! and all the percentages are calculatéd
on the basis of the original length of the test brick.

E. C. Petrie and Walters (27) have subjected various refractories

(26) Manual of A.S.T.M. Standards on Refractory Materials, (1948), p. 66.
(27) E. C. Petrie and Charles P, Walters, Reheat tests on fireclay and
silica refractories, Bull. Am. Ceram. Soc., 23, 46k, (1944).
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to the reheat test and have studied the changes in various properties
of the bricks as a result of the high temperature. They conclude that
(1) The standard reheat test will not point out underfired first
quality firebrick if the product exhibits the property of secondary
expansion. Additional tests will be required to determine whether
this is true of brick that do not show this expansion. (2) With first
quality brick showing secondary expansion, those made by the stiff
mud deaired process will show the greatest expansion, handmade somewhat
less and the dry press least. Brick of harder burn will show less
expansion than those of lighter burn. (3) First quality and super
duty brick after the standard reheat test, assume almost identical
properties irrespective of originel firing temperature. (4) Under-
fired super duty brick showing no secondary exvansion may sometimes

be pointed out by the reheat test but not always.

U, S. Navy Simulative Service Test

Another test (28) that determines the after shrinkage or expansion
of the brick is the simulative service test used by the U. S. Navy.
It consists in building up two walls of a furnace, one of the brick
to be tested and the other of a standard brick. The furnace is then
run for 24 hours at a temperature of 1590°C and again at 1650°C, with
an examination of walls between tests. An examination of the wall:

after it is cooled will indicate by the width of the open joints the

(28) F. H. Norton, 'Refractories', op. cit.
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approximate shrinkage of the bricks. This test is not quantitative
but it does indicate reaction to service conditions. It is believed
that a wall which shrinks a small amount at each Jjoint is better than
a wall which concentrates its shrinkage into a few large cracks. It
might be remembered that such open joints may be substantially tight
when at high temperatures.

Tredenick, Kelly and Burt (29) carried out repeated reheat tests
on various grades of refractory and noted that the volume stability
of firebricks is not always predictable from the results of reheat
tests, The shrinkage or expansion on completion of the panel reheat
test do indicate volume stability but do not always agree with
permanent volume chance results. From their observation of changes
taking place after repeated reheat tests, they divide refractories
into four categories according to behavior; (1) those showing
shrinkage on repeated reheat, (2) those showing expansion after first
reheat but shrinkage on repeated reheats, (3) those showing expansion
after the first reheat and additional expansion on repeated rehezt, and
(4) those showing little or no change after the first reheat test.

They conclude that repeated reheat tests would give a better
indication of volume stability of firebrick when in sérvice than the
present method of test.

Methods for Controlling Reheat Volume Change of Refractories

The major oroblem with which the high alumina refractory

(29) Tredenick, W.T., J.F. Kelly, R.C. Burt; Comparison of repeated reheat
tests of various grades of firebricks with service results; J. Am.
Ceram. Soc., 29, 75, (1946).
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manufacturer is confronted is the prevention of shrinkage, when

such products are subjected to high temperatures during subsecuent
use., This after shrinkage is more immortant than after expansion

as after expansion may be easily tolerated for bricks which are to be
uced in arches and walls, The most commonly known method for con-
trolling such after expansion or shrinkage is to fire the refractories
et somewhat higher temperatures than encountered in service. The
grog or calcined clay also may be effectively used, but the main
disadvantage is the undesired service contraction when actually nut
into service, after a period of time.

Vachuska and Bole (30) used a mixture of diasvore and kyanite for
making high alumina refractories. Refractories made out of certain
prorertion of diaspore and kyanite showed practically no volume change
due to heat treatment. The reason may be that there are two separate
systems in metas“able equilibrium, the one with the other. The first
one is kvanite dissociating into mullite and silica glass and the
second, the diaspore clay being converted to mullite and a or B -
alumina. Thus shrinkage of diasvore is counter-balanced by the
expansion of kyanite due to formation of mullite and silica glass.
They also suggest that precalcination of the diasnore largely over-
comes the shrinkage of the bricks of which it is a constituent. The
higher the temperature of calcination, the higher can be the tempe-
rature to which the bricks may be subjected with no marked shrinkage.

The addition of talc to the batch speeds up the rate of shrinkage.

(30) Vachuska, E.J., and G.A. Bole, 'Notes on kyanite and diaspore
refractories'. J. Am. Ceram. Soc. 10, 761, (1927).
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so as to bring total shrinkage nearly to completion in a very short
time, and 2t a lower temperzture.

Lesar, Krinbill, Jr., Keller and Bradley (31) have controlled the
volume of fireclay and high alumina refractories on reheat by ad ition
of sulphur compcounds. Thev carried out experiment with various soluble
compouncds of sulfur and finally found that sulfuric acid can be most
effectively and practically used. Microscoric examination of such
bricks show that such exnansion effected by sulfur compounds is caused
by the formation of gas filled pores produced at high temperatures.
The extent to which this gaseous exransion tskes place as measured
by increase in volume of the refractory body, is greater the higher
the temverature to which the body is reheated.

The increased additions of the compounds of sulphur were found
to effect increased expansion in most of the mixes examined. The

reheat oroperty thus can be adjusted for special service ccnditions
by controlled addition of sulfur compounds. The manufacturing shrink-
age may be adjusted by addition of grog and all reheat shrinkage be
compensated by addition of an ap ropriate gquantity of soluble sulphur
compound., The modulus of rupture usually is increased by the
addition of sulphur compounds.

Secondarv Expansion of High Alumina Refractories

Several reactions which cause this secondary expansion have been
ncted vreviously. The conversion of quartz to tridymite and to cristo-

ballite cause exvansion becau=e the latter minersls have lower density.

(31) Lesar, R.A., Krinbill, C.A., Jr., Keller, W.D., and R.S.Bradley,
'Effects of compounds of sulphur on reheat volume change of
fireclay and high alumine refractories. J. Am. Ceram. Soc. 29,

70, (1946).
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Bricks with vesicular or bleb structures may also show expansion on
reheat. Many non-plastic clays show a type of secondary exransion
which is caused by opening of lamination in the clay during firing.

Hall (32) has investigated another type of reaction which pro-
duces secondary exvansion in high alumina refractories. This is the
only work renorted in the literature which approximaes the present
problem but throws little light on this investigation. Hall used
Missouri diaspore, Georgia bauxite, Missouri flint clay and Georgia
kaolin for his investigation. He calcined each material in a diffe-
rent manner and made many batches consisting of these calcined
materials plus the raw clay. He used one raw clay ac a bond for the
other calcined clay. Bricuetts of 3 1/2 x 1 x 3/4'' were made using
the dry press forming method, and were slowly fired to 2200° to
2900°F. Then he subjected briquetts to reheat test and recorded all
change by measuring their lengths before and after the test.

A1l the diaspore grog bricks expanded on rehest. The secondary
expansion in general increases linearly with the temperature. Bodies
containing 72.1% kaolin grog and 27.9% raw diaspore exhibited a
secondary shrinkage. As in the case of diaspore grog, all the bauxite
grog bgiquetts expanded on refiring. It is shown by reheat curves
that the secondary exvansion varies with the mechanical properties of
the grog which is produced by different methods of calcination. The

preparation treatment of the grog has a considersble quantitative

(32) Hall, J.L., Secondary exnansion of high alumina refractories,
J. Am. Ceram. Soc. 24, 348, (1941).
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effect on sccondary expansion of the body. By examination of thin
sections of the bodies he shows that (1) in the bodies that exhibit
cecondary exvansion, a ring of mullite develovpment, which increases
on refiring appears in the outer portion of the diasnore grain;
(2) that in the bodies commounded of kaolin grog snd diaspore clay,
the inereased mullite develovment ic in the tond and these bodies
show secondary expansion. Therefore, iie concludes that secondary
exnansion of b~dies having high alimina bonded with fireclay is
caused by the increese in the size of tire grog grains., This volume
increase of the high alumina grog grains is brought about by silica
transformed from the fire clay which reacts with corundum in the
grog to form mullite., So, in fact the change in the volume i.e.
expansion is the result of the tra:sfer of silica from kaolin to
diasnore., Tris transfer of silica could take place by diffusion
through the glassy metrix or bv volatilisation and transfer across
the void spaces. TIn thin sections it is noted that if the former
reaction occurs, the reaction edge would be exvnected to be thicker and
crrstals developed better in those vortions of the grog grains imme-
diately adjacent to the point st which the grog grein and matrix
contacts. If vaporization takes nlace, the thickness of the reaction
edge of each grog grain should be nearly uniform around the entire
circumference which is not the case,

Therefore it is obvious that the transfer of silica tskes place
through the movements in the ligquid phase, that is by diffusion. To
sumarize the work, permanent expansion in refired bodies that are

compounded of high alumina grog bounded with fire clay is caused by
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the increase of volume of high alumina grog grain. The grog expands
because of the influx of the silica from the fire clay through the

liquid vhase, the silica continuing with corundum of the grog to form

rullite.,
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DISCUSSION OF RESEARCH

Raw Materials

Diaspore clay, Dutch Guiana bauxite and Weatherall plastic fire
clay are the raw materials used in this investigation. High alumina
grog is prepared by calcining bauxite and diaspore clay at various

temperatures. The VWeatherall plastic fire clay is used as the bond.

The diaspore clay used in this study is chiefly found in the
sinkhole deposits of South Central Missouri. Though the occurrence

is mainly in this area, a few exceptions are known in the northern
districts. This diaspore clay is a spongy rough textured hard mass,
light gray in color. Some stray red spots of iron may be found in
big chunks of the clay, while some of the iron free variety is
almost white. This diaspore clay is known as No. 1 diaspore clay.(33)
Such a designation is given on the basis of the alumina content
which grade carries more than 70% alumina. The lower grades are
termed as No. 2 and No. 3 or sometimes known as Burley clay. No. 2
diaspore clay has an alumina content between 65 to 70% and clays
having alurina content from 60 to 65% are designated as No. 3 clay
or Burley clay.

Mineralogically the diaspore clay seems to be composed of two
fractions, a hydrated oxide and a complex aluminum titanium silicate.
These facts are evident from the chemicsl analysis given on page 30.
The analysis shows high alumina content as well as titania and com-

bined water. Though no effort was made to determine the type of

(33) H.S.McQueen, Geology of the fire clay districts of East Central
Missouri, Mo. Geological Survey and Water Resources, Vol. XXVII,
second series, opn. 157 (1943)
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aluminum hydrate present, it was assumed to be diasporite =s has
been reported in the literature (33). The Pyrometric Cone Equiv-
.alent of No. 1 diaspore clay is around Cone 36-37.

The Dutch Guiana bauxite used is of high purity and quality,

having an alumina content about 60%.

The silica is comparatively
much lower, but the combined water is high being about 30%. This
high alumina content and high combined water suggests that the baux-
ite is nothing else but the mineral gibbsite with some impurities.
The main imourities are 5i0p, TiOp, and Fey03. The bauxite is fine
grained, rough textured, a d light pink in color. The grain size
averages from fine to coarse. The detailed mineral composition ~nd
properties of this bauxi‘e are discussed in the review of literature.
The chemical analysis is given on page 30 .

The Weatherz1]l plastic fire clay is one of the member clays of
the Chelthenham formstion and sets the name from the Weatherall pit
where it is mined. The lithological character of this plastic fire
clay are described by }MMcQueen (34) as:-

''"The clay of the upper member is uniform in general meke up.

It is nearly alwavs bluish gray in color, Iﬁ is fine grained, but
lacks the smooth even texture of lower clays. It is not as hard, and
slickensided surfaces of the lower clays are almost lacking and when

vresent are not as highly develoved. The clay has similar mode of

fracture, that is with conchoidal surfaces and fairly sharv edges,’

(34) H. S. McQueen, Op. cit.
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but in neither is the develovment as pronounced as in the lower
clays''.

| "'"Two features, however, serve to distinguish the clay. First,
the clay upon weathering slacks or breaks down into extremely fine
angular particles and second with prolonged surface wezathering it
becomes a gray, stickry highly plastic mass''.

The above descrintion generally fits the clays of the formation
mentioned, and the plastic fire clay used in tlie investigation being
a member, can be easily adapted.

This plastic fireclay is hard, smooth textured, fairly plastic
and dark gray in color. The chemical analysis of this clay shows
that its mineral composition is much closer to the mineral kaolinite.
Mueller (35) who used the same clay for his investigation, has ex-
amined it petrogravhically and showed that kaolinite is the chief
mineral constituent of the nlastic clay. It has other minerals such
as pyrite, calcite and cuartz crystals as impurities.

The chemical analyses of all the raw materials used are given in
Table III on page 30 .

Calcination of Clays and Preparation of High Alumina Grog

The diaspore clay and bauxite as received were in the form of

large chunks. There were first reduced in size by breaking them with

a hammer. The broken pieces were then further reduced in size by

(35) J.I.'ueller, 'A Study of gelation of air-setting refractory
mortars', Ph.D. Thesis, University of Missouri, Page 21, (1949).
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crushing them through a jaw crusher. The crushed material from the
Jaw crusher was further reduced in size through a roll crusher so as
ﬁo give a grain size of around 3 mesh. This crushed material was
then passed through a 3 mesh sieve, so as to get evenly sized mate-
rial for calcination. Thirty pounds of diaspore clay and bauxite was
thus prepared for calcination.

The high alumina grog is to be nrepared by calcining the crushed
-materials at 1400°, 1500° and 1600°C. For calcination, no bricuettes
or balls were prepared, but the crushed material as such was calcined.

This developed a vproblem of providing a suitable container which would

stand the calcination temperature and not react with the material to
be calcined. Refractory crucibles supplied by Denver fire clay were
cuite satisfactory up to 1400°C, and therefore they were used for cal-
cination of bauxite and diaspore at 1400°C. For calcination at tempe-
ratures higher than 1400°C a special container was prepared using pure
alumina by the casting process. Pure alumina was finely ground in a
ball mill end a casting slip (36) was orepared. Using this slip,
rectangular containers 10'' x 4'' x 4'' in size were cast in a pre-
viously prepared plaster of Paris mould. The cast containers had
very little mechanical strength so they were initially fired at
1200°C. These containers could be used at the higher calcination

temperatures, without any difficulty.

(36) Planje, T.J.M., 'A study of ionic mobility of alkali ions in
dilute alkali borox trioxide glasses as deduced from space change
considerations!. Ph.D. Thesis, University of Missouri, Appendix

A., July, 1950.



TABLE III

Chemical Analysis of Raw Materials

5i02 10.45 5,60 L7.76
A1203 70.11 60.76 36.39
Fe203 175 1.51 1.23
Ca0 - = 0.22
MgO 0.15 - 0.34
Ti0p 2.80 2.32 1.68
Alkalies 0,70 0.20 0.50
Igrition Loss  13.89 30.5 11.76

99.85 99.89 99.88

A = Missouri diaspore clay
B - Dutch Guians bauxite
C - Missouri Weatherall plastic fire clay
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A fixed firing schedule was observed for all calcination firings.
The calcination temperature was reached within five hours and was held
for two hours. Both the bauxite and diasnore clay were calcined in
the same furnace at the same time at the specified temperatures so
that each materizl received an even and similar calcination treatment.
Throughout calcination an oxidizing atmosphere was maintained. The
furnace was electrically fired.

The calcined material was then further crushed so as to get 8
mesh grog for preparation of the raw batch. The crushing was carried
out in the roll crusher and all the resulting grog was passed through

a U.S. Standard sieve No. 8. The coarser sizes were repeatedly
crushed till all passed through 8 mesh. In this operation, special
care was taken not to crush the material much finer, but to maintain
an even sized crushed material.

The Weatherall plastic fire clay is used in the raw condition as
a bond. The batch requires that the plastic fire clay be crushed
through a 20 mesh sieve. The same procedure for crushing was adapted
as described above excepting that for the final crushing a hammer
mill was used in place of the roll crusher. The kammer mill pro-
duces fairly evenly sized crushed material which is just about 20 mesh
in size. All the crushed material was then passed through a U.S.
Standard sieve No. 20.

During the calcination process all the volatile and chemically
combined materials which cause much of the shrinkage are removed. If

insufficient calcination is done, some of these volatile constituents

are not removed. Such grog if used in service would cause further
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shrinkage. It is therefore necessary to know to what extent the

calcination has been effected. To determine the extent of cal-
cination, the calcined material was first finely ground and then
ignited at high temperatures in a platinum crucible. The resulting
loss on ignition indicated the degree of calcination. The results

obtained on the high alumina grogs are given in the following table.

TABLE IV

Loss on Ignition of Calcined Clays

A B C D E F

Loss on Ignition 0.06% 0.03% 0.04% 0.06% 0.08% 0.05%

A - Bauxite calcined at 1400°C
B - Bauxite calcined at 1500°C
C - Bauxite calcined at 1600°C
D - Diaspore calcined at 1.00°C
E
F

Diaspore calcined at 1500°C
Diaspore calcined at 1600°C

Loss on ignition was actually determined accurately to the fourth
decimal place, but for tabulation it was corrected to the second
place.

A sieve analysis of all the high alumina grog and bond clay was
run as per A.S.T.M. (37) C=-92-46. The sieve analysis gives an idea

of the particle size distribution of the batch to be used in making

(37) Op. cit. page 95.
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brick. As all the materials were crushed through & mesh, the coarsest

sieve used was 8 mesh and the finest one was 200 mesh,

sieves used are 20, 40, 60, 80 and 100 mesh.

The intermediate

A weighed amount of each grog was placed on the top sieve. The

sleves were arranged in order of the size with coszrsest sieve at the

top and the finest at the bottom. A receiving pan was also placed at

the bottom. After the sample is poured on the top sieve the remainder

is placed in a mechenical sieving machine and run for 15 minutes. The

vercentage of material retained on each sieve and through 200 mesh

was then calculated on the basis of the original weight.

of complete sieve analysis is shown in Table V.

Batch Calculations

The result

The batch calls for:- 70% Alp03 in the refractory bricks.

From the chemical analysis of the raw materials it is noted that -

Al203 content of the raw diaspore - 70.11%
and loss on ignition is <« 13.89%

o*. on calcination the diasvore clay will have:-

0.1l x 100 - g3, 5% Al503 content.

Al203 in raw bauxite - 60.76%

Loss on ignition - 30.5
Then calcined bauxite will have:-

0.76
é—~235§3199 = 87.5% Al303 content.

The Weatherall plastic clay is used as raw clay and has an A1203

content of 36,39%.
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If x is the smount of calcined clay (grog) in the 70% 41203
refractory brick, the remaining bond clay - plastic fire clay would
be (100-x). As Alp03 is derived from both these constituents, to

make 70%, the following ecuation can be formed for the bauxite batch.

87.7x , 36.39 (100=x) . »g
100 160 !

By solving the eguation the batch is calculated as

65.9% calcined bauxite (grog)
34.1% raw plastic fire clay

Similarly the batch for diaspore clay can also be calculated:

8l.5x + 30-39(100.}{) = 70
100 100

Solving the ecuation, the batch is
7L.6% calcined diasvore (grog)
25.4% raw plastic fire clay.
All the bodies using various tﬁmpérature calcined bauxites and
diaspore were prepared gccording to these calculated batches,

Forming ard Firing of High Alumina Re’ractory Bricks

The grog and the hond clay were weighed and placed in a siall
Simpson mixer. First, the batch was irechanically mixed perfectly in
the mixer in the dry condition and then water was slowly added while
the mixer was running. The ratch required 10% water for safe working
to dry press the bricks. This was determined by trial and error.
After addition of small amounts of water the batch was formed in the
dry press and tested for strength. This process was repeated until
strong dry oress brick were obtained. The batch is mixed with water

till a good homogenious mixture is obtained.
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TABLE V
Sieve Analysis of High Alumina Grogs and
Raw Plastic Fire Clay

A B C D E F G
On 8 mesh 0.70 0.40 0,10 1,00 0.20 0.80 -
On 20 mesh 25,37 26,78 36.0 L6.75 32.08 35.17 0.45
On 40 mesh 25,00 25,71 28,18 20.35 22,77 23.02 38.70
On 60 mesh 13.76  13.37 13.13 9.2k 12,60 10.28 19.68
On 80 mesh 5,90 5.57 5.08 3,76 5.52 L.4O 9,00
On 100 mesh L.25 L.,05 3.29 2.80 4.20 343 5.77
On 200 mesh 13.90 12.50 8.67 17.95 12,00 10.16 20.00
Through 200 mesh 11,12 11.42 5,55 8.15 10.63 12.74 6.40

100,0 100.0 100.0 100.0 100.0 100.0 100.0

QL EO OO
L}

- Grog prepared by calcining bauxite at 1400°C
-~ Grog prepared by calecining bauxite at 1500°C
- Grog prepared by caleining bauxite at 1600°C
Grog vorepared by calcining diaspore clay at 1400°C
Grog prepared by calcining diasnore clay at 1500°C
Grog prepared by calcining diaspore clay at 1600°C
Weatherall plastic fire clay (-20 mesh).




36

A Hydr-oil press was used to press the bricks. The pressure used
was 1800 nsi which is commonly used in the industry for making refrac-
tory bricks. The mold size is 6 1/2'' x 1'' x 4''. To get evenly
sized bricks after the pressing, a weighed amount of batch was pressed
each time. This gave blocks of exact size and weight within an error
of 1% in height in the direction of applied pressure. About 20 bricks
were made and then dried in air for about two days and further at
110°C for 24 hours.

The firing of these bricks was carried out in a globar fired
electric furnace all at the same time. The bricks were set in such a
way that all bricks received an even heat trestment from all sides.
All bricks were fired to cone 14 in & hours and were held at that
temperature until cone 15 socaked down. This firing schedule was
chosen so as to give a heat treatment to the bricks similar to that
given in industry for high alumina refractories.

The furnace was allowed to slowly cool, after which all pieces
were removed from the furnace. Each brick was then measured for total

firing shrirkage. The results are shown in the following table.



Total Initial Firing Shrinkage

TABLE VI

on Refractory Bricks
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A B C D E F

1 0.93% 0.93% 0.93% - - -
2 0.93  0.93  0.93 - - -
3 0.93 1.2 0.93 - 0.5 -
L 0.93 0,96  0.93 - 0.5 -
5 1.2 0.93  0.96 0.5 0.5 -
6 0.94  0.93  0.93 - - 0.5
7 0.96  0.94 0.9 - - 0.5
8 1.2 0,93  0.93 0.5 - »
9 0.93  0.93  0.93 - v -
10 0,93 0.93 1.2 - 0.5 -
Average  0.98  0.98  0.96 0.1 0.2 0.1

HES QW

Bauxite brick - bauxite calcined at 1400°C
Bauxite brick - bauxite calcined at 1500°C
Bauxite brick - bauxite calcined at 1600°C

- Diasvore brick -~ diaspore calecined at 1400°C
Diaspore brick -~ diaspore calcined at 1500°C
Diaspore brick - diasvore calcined at 1600°C
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Reheat Change

The standardized test for reheat change is carried out as per
A.S.T.M. test (38) C-113-46 for reheat change of refractory bricks.
The procedure outlined was strictly followed excevt for the measuring
methods.

The A.S.T.M., procedure is strictly designed for 9'! straight
bricks and therefore recommends that the dimensions shall be measured
to the nearest 0.02'!', For such measurement a firm joint caliper
would serve the purpose, but would be unable to record minor changes
which would occur for smaller bricks such as handled in the present
investigation. Therefore, it was felt that a precision measuring
device reading accurately to 0.001'' should be used to record such
minor changes. Such an instrument was built in the laboratory and is
shown in illustration No., 1 on page 39.

The instrument consists of a dilatometer attached to a handle
which can be freelv raised or lowered by turning a knob. The dila-
tometer dial is divided into 100 divisions and each division is
equivalent to 0.001''. As the dilatometer goes up or down a synchro-
nised index also moves up or down along the scale attached on the
left side of the column, Each division of the scale reads 1/6L of
an inch., A magnifying lens is permanently fixed in front of the index
so that it also moves up or down with index. By the use of this lens

the index can be accurately read. The sample to be measured rests-on

(38) A.S.T.M., Op. cit., p. 80.
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Fig. 1: The precision measuring device used for this investigation
to measure reheat changes of refractory bricks. Lengths accurate
upto 0,001'' can be e#sily measured. |

A - Finer adjustment knob, B - Turning knob to raise or lower the -
micrometer dial and index, C - Micrometer dial, D - High alumina re-
fractory brick, E - Scale with 1/64'' divisions, F - Magnifying lens.

Index is behind the lens.
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the smooth steel surface platform. To measure the dimension, the
dilatometer is slowly lowered and the button of thg dilatometer is
brought close to the surface of the sample, If at this time the
index is somewhere hetween two divisions on the scale, the dilatometer
is further lowered till the index is set on the lower division line.
In this position the dilatometer is under oressure and therefore
would record any length which is above the division where the index
is set. Readingé are taken on the scale to 1/6/4 of an inch. After
converting the scale reading into decimals, the dilatometer readings
are added to it. Thus, a very accurate change to 0,001'' can be
recorded with ease, The main features of this instrument is the ease
of recording and accuracy.

Three bricks from each lot were picked for the test, and lengths
vere accurately measured by the above described device. Each of these
bricks was placed on dummy brick selected from the s:me lot, on their
6 1/2'* x 1'' face. A granular alumina layer was placed on the top of
the dummy, and over it the test brick was placed.

The globar electric furnace was used for firing the test vieces.,
This furnace having small interior area, could be heated up fast and
would distribute heat evenly through the entire area. The test bricks
placed on dummy brick zre loaded in the furnace so that they are about
1'' apart from each other.

The reheat change test was run at two different temperature
schedules, schedule B and C of A.S.T.M. C-113-46 test for reheat

change. The schedules are as follows:-
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TABLE VII

Schedule B Schedule C
1 hour Between 900° and 1000°C Between 900 and 1000°C
2 hours Between 1275 and 1325°C Between 1275 and 1325°C
3 hours Reach 1L00°G and then Between 1450 and 1500°C

maintain for 5 hours

L, hours Between 1550 and 1575°C
5 hours Reach 1600°C then

-

maintain for 5 hours

The temperature for schedule B was measured with a platinum
+ 10% rhodium thermocouple and were controlled by a Micromax.

For schedule C, at temperatures higher than 1400°C, the temperatures
were read by a radiation pyrometer and controlled by the Micromax.
The temperature schedules were strictly followed by the use of a
program control working in conjunction with the Micromax.

The furnace was allowed to cool slowly, and when the test bricks
reached room temperature, their lengths were measured again, Measure-
ments were made on three bricks of each batch, and the percentage
change was calculated on the basis of the original length. An

average of the three bricks is reported in the following table.



TABLE VIII

Reheat Change of Bauxite and Diaspore Bricks

A B C D E F

Reheat change as
per A.S.T.M, Cl13-46 =0.46% 1.21 0,05 0.54 1.09 0.8,
Schedule B(1400°C)

Reneat change as
per A.S,T.M, Cl13=Lb 0,052 3,66 1.506 1.22 0.67 =0.95
Schedule C(1600°C)

s
!

indicates shrinkage

- Bauxite brick made using bauxite calcined at 1400°C
- Bauxite brick made using bauxite calcined at 1500°C
- Bauxite brick made using bauxite calcined at 1600°C
- Diasnore brick made using diaspore calcined at 140°C
— Diaspore brick made using diaspore calcined at 1500°C
- Diaspore brick mede using diasnore calcined at 1600°C

2 OO o

From Table VIII it is seen that A shrinks on reheat at 1400°C,
but on reheat at 1600°C shows a very small expansion. B, the bauxite
brick containing bauxite calcined at 1500°C, shows a considerable
expansion at 1400°C and more than t wice as much as at 1600°C. The
brick C does not show any appreciable change at 1400°C, but at
1600°C has an expansion of about 1.5%. Diaspore bricks show a change
such that no similarity can be drawn with the bauxite bricks. Brick
D expands a small amount at 1400°C and on reheat at 1600°C expands
further. Brick E initially shows expansion at 1400°C, but starts
shrinkage at the higher heat treatment of the reheat test. This

process is quite distinet in brick F. After expanding about 0.8% at
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1400°C, it starts shrinking on reheat at 1600°C and shows apnreciable
shrinkage.

The effect of reheat temperature has been noted above, but now
will be considered the change taking place in the bricks after reheat
at the same temverature but having grog prepared by various celcination
temperatures, The bauxite brick (brick A) having a grog calcined at
1400°C shows shrinkage. Brick B, using grog of 1500°C expands, and as
the calcination temverature ig further increased as in brick C, it
shows less expinsion, i.e., it has shrunk.

Diasnore bricks after reheat at 1600°C behave in the same way as
bauxite bricks. Lower calcined material shows little exvansion, which
incresses as calcination temperature is increased, but on further
increasing the temperature, a small shrinkage is effected. Bauxite
bricks rehested =t 1600°C show the same behavior as the same bricks
reheated at 1400°C. It is not true with diasvore bricks. For dias-
rore bricks, there is a large expension for bricks of lower calcined
grog, and they shrink a littl bit as calcination temperature is in-
creased, and with 1600°C calcined material, considersble shrinkage is
effected. Thus it is evident that the calcination temperature of the
raw material has a direct effect on the behavior of bricks in the re-
heat test. Changes such as mineralization, crystal growth, and fusion
takes place during calcination. These changes control the expansion
or shrinkage.

In the following pages, are reported the various methods of in-
vestigation used for determining the cause of the behavior of the

bricks on reheat. By x-ray diffraction and petrologic examuination,



mineralization as well as crystal growth is determined. Physical
properties such as porosity and linear thermal expansion are also

determined.,
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Porosity

The porosity of refractories is the ratic of the volume of
" pores or voids in a body to the total volume of the body. This ratio
is usually expressed as a percentage. The porosity of the fired sample
is due to both closed and open pores, while the apparent porosity in-
cl:des only those pores which are open and can be easily filled in by
air or water.

Changes in porosity have direct relation to the expansion or
shrinkage behavior of fire clay refractories. On firing the bricks,
vhen the vorosity is increased due to heat treatment, the brick
eventually shows an expansion of permanent nature. When the brick
contains volatile materials which at high temperature sive out gases,
it would also show an expansion on firing due to evolution of gas and
expansion o the gas trap-ed in the pores. Sometimes such expansions
are disastrous and the brick may bloat or form a bleb structure and
ruin the ware. Conversely when bricks are fired to a higher tempe-
rature, that is overfired, the glassy phase is formed which occupies
the vore swace of the bricks and results in total shrinkage of the
bricks, This shrinkare depends upon the amount of glass formed, and
the decrease in porosity. As more and more glassy phase is formed on
firing, a stage is reached when bloating or vesicular structure is
developed, giving an overall increase in volume and expansion. Such
a structure gives an increase in porosity also. Therefore, overfiring
may be indicated hy either decrease or increase in porosity. The

changes in porosity also indicate a measure of refractoriness. A
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decrease in porosity and volume indicates the progress toward vitri-
fication and when these changes are plotted in the form of curves, the
"slope of the curve indicates the rate of vitrification.

Apparent porosity can be determined chiefly by two meti.ds. The
firet one is by the gas exnansion method (39). The sample - s placed
in an airtight container which is then evacuated. After evacuation
the pressure in heirhth of a colum: of mercury is read. Then the
evacuasted container with sample is connected with another closed con-
tainer vhose volume is previous:y known. On connecting, the air from
the second contsiner, rushes to the evacuated cont:iner and a drop in
pressure takes place., This drop in vressure is directly related to
the volume of air entering the evacuated conteiner and the volume can
be determined by the gas law. If the bulk volume of the brick and the
total volume of the first container is known, the volume o the pores
in the brick can be calculated and the porosity be determined.

The second method as outlined by A.S.T.M. is designated C-20-h6(hg)'
for refractories.

The cause of expansion or shrinkage of bricks on reheat may be
due to the change in porosity as discussed above. Therefore to de-
termine the cause of reheat changes on the test brické, apparent
vorosity of th: fired bricks and reheated bricks was determined. As

the test pieces are small in size the gas expansion method is not

(39) H.T.S. Swallow, Apparatus for determination of the porosity of
fire bricks by gas expansion. Trans. Eng. Ceram. Soc. 36, 384
(1936)

(40) A.S.T.M., op. cit., 89.



L7

practicable. Also it is not widely used in industry. Therefore the
A.S.T.M. procedure was adopted.

All the bricks were initially dried to a constant weight at
110°C to remove absorbed moisture. After determining the accurate
weight, all bricks w:re immersed in boiling water for four hours.
During the boiling period they were entirely covered with water and
care was taken that thev were not in contact with the heated bottom
of the container. After boiling, the specimens were cooled slowly to
room temperature, while st ill covered by water. The saturated weight
and suspended weight in water of these bricks was then determined.

If D is the dry weight of the specimen, S, the suspended weight
and W, the saturated weight, the percentage apparent porosity P is

% = =D

ws X 100

The results are shown in Table IX.
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TABLE IX

Apparent Porosity of Bricks Before and After

Reheat at 1400°C and 1600°C

Bauxite Brick - Bauxite calcined at 1400°C —-—== 38.0%

Bauxite Brick - Bauxite calcined at 1500°C wm——= 32.5%

Bauxite Brick - Bauxite calecined at 1600°C

Diaspore Brick - Diaspore calcined at 1400°C === 39.0%

Diaspore Brick - Diaspore calcined at 1500°C ==~ 38.0%

Diaspore Brick - Diaspore calcined at 1600°C --- 38.8%

Brick A, reheat
Brick B, reheat
Brick C, reheat
Brick D, reheat
Brick E, reheat
Brick F, reheat
Brick A, reheat
Brick B, reheat
Brick C, reheat
Brick D, reheat
Brick E, reheat

Brick F, reheat

at

at

at

at

at

at

at

at

at

at

at

at

1400°C

1,00°C

1400°C

1400°C

1400°C

1400°C

1600°C

1600°C

1600°C

1600°C

1600°C

1600°C

35.4%
34.0%
35.8%
39.2%
39.9%
40.6%
35.2%
38.2%
37.6%
37.2%
38.4%
36.7%
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Shririkage and Expansion Behavior of Bricks

For an exact study of reheat changes taking place in a brick
d ring reheat firing, it would be necessary to know exactly at what
temperature such changes sre starting to take niace when thev are
complete. Such a study would necessitate measuring expansion or
shrinkage while the brick is actually being heated.

Methods of measuring expansion continuously have been discussed
in the review of literature. The method adopted for this investigation
is an indirect one. The expansion of the brick is transferred to a
rod which moves, and the movement of this rod is measured outside the
furnace by a measuring telescope. All measurements previously re-
corded in the literature, for refractory bricks were most commonly made
up to 1000°C. The present investigation recuires temperatures much
higher than that. For this purnose a special furnace was constructed
which is shown in figure 2.

This is a globar fire muffle furnace. The interior dimensions
of the furnace are just big encugh so as to easily accomodate a 9'!
straight brick. Outside the muffle a brick work of insulating fire
bricks is made while the outermost frame of the furnace is made from
transite sheets, and the space between the insulating brick work and
outer frame is further insulated with magnesia. The furnace has a
loading device from the bottom which is controlled by air pressure.
When the air is turned into the bottom of the cylinder, the piston
which supports the brick is raised up till it exactly fits the bottom
hole of the muffle, If the air is turned into the top of the cylinder

the piston is forced down and the specimen is removec.from the furnace.
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Fig. 2: Furnace used for measuring exvansion or shrinkage of
refractory bricks. A - Travelling telescope, B - Silicon carbide
rod, C - Fixed end of the left side silicon carbide rod, D - Metallic
tube with spring, E - Thermocouple lead wires, F - Two way air valve,
G - Air cylinder with piston supporting brick to be loaded. The

furnace as seen in the picture is already loaded.



Thus the brick whose expansion is to be measured is placed in the
muffle, From the side holes of the furnace two silicon carbide rods
are inserted against two sides of the bricks., The rod on the left
hand side is permanently fixed in a metal tube, while on the right
another rod is attached to the tube having a metzllic svrins. This
soring keeps the silicon carbide rod constantly vressed against the
brick which in turn is pressed against the fixed rod on the other
side. This spring is easily compressible so that a slight change in
the dimension of the brick will easily deform it so as to keep a
constant pressure on the rod. Thus when the bricks is heated, and if
expansion occurs, the silicon carbide rod would be pushed out. In
event of shrinkare, the rod would of course beforced in. This move-
ment of the rod would thus exactly indicate the extent o which
expansion or shrinkage has tzken place at a specific temperature. On
the rod which is in contact with the soring, a permanent index work is
macde. As the rod is nushed out or in, the index would also move. The
movement of this index is then measured by a travelling telescope
which moves on a vernier scale giving accurate readings upto 0.001 cm.
The special feature of this furnace is that it can be heated at much
higﬁftemperatures, and measurement of expansion or shrinkage can be
easily made at temperatures to 1600°C although it was not necessary to
exceed 1500°C for this experiment. Silicon carbide rods were used
as they would stand the elevated temperature without deformation.

At higher temperature silicon carbide rods also expand, and the

expansion noted would be combined effect of the rod as well as brick.
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For this vpurpose, the expansion of the rods was standardized for the
‘high temperatures at which the experiment is performed. The standard-

ization was carried out with a silica glass slab exactly equzl in

dimension to the brick. As the silica glass has a veryv small coefficient
of exvansion, thé expansion indicated would be only due to silicon
carbide rods. Thus measurements were made up to 1000°C and were plotted
against the temperatures. The curve showed practically a linear
relation between cexpansion and temperature up to 1000°C. Assuming that
this relationship would hold good at further higher temperatures also,
the curve vas extended further so as to give expansion up to 1600°C.
Thus from the readings taken for the expansion of brick at a particular
temperature, the expansion for the rods is subtracted, and the net
expansion af’er deduction would be due to the brick alone. All expansions
are plotted as percentage based on the original length of the specimen.
All the temperatures were measured using a platinum-10% rhodium ther-
mocouple.

Such measurements were made on bauxite and diaspore bricks where

the calcined material at various temperatures is used. Results are

shown in Table X and are plotted on graphs 1 and 2.



TABLE X

Data on Expansion of Bauxite Brick

Beuxite calcined at:

53

1400°C 1500°¢C

1600°C

g, % Exp. pog % Exp g, % Exp.
210 0.029 234 0.095 310 0.004
351, 0.048 344 0.097 390 0.03
436 0.075 386 0.104 128 0,08
514 0.093 L2 0.131 470 0.08
580 0.162 LBA 0.145 560 0.096
636 0.170 524 0.155 64,2 0.13
686 0.187 570 0.160 696 0.15
736 0.210 642 0.220 816 0.185
788 0.230 666 0.240 854 0.20
826 0.265 696 0.250 904 0.24
890 0.36 728 0.28 972 0.28
1004 0.39 762 0.28 1024 0.25
1038 0.43 788 0.36 1074 0.41
1076 0.46 825 0.41 1136 0.4k
1126 0.475 880 0.37 1160 0.57
1156 0.535 916 0.40 1180 vo. 57
1177 0.60 978 0.41 1240 0.53
1206 0.62 1006 C.46 1264 0.56
1225 0.585 1046 0.49 1328 0.545
1312 0,60 1086 0.47 1362 0.51
1346 0.58 111 0.50 1384 0.51
1366 0.555 1144 Ou49 1420 O0.47
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TABLE X (cont'd)

o 40 g b, e g me. e, % .
1392 0.515 1170 0.50 14,50  0.37
1416 0.4k 1190 0.51 1486 0.2
1426 0.40 1208 0.51 19 0.11
1412 0.275 1290  0.50
1468 ~0.06% 132 0.51
14,88 -0.38 1392 0.47
1510 -0.75 108 0.47

1434 Oulidy

1458 0.43

# - indicates surinkage




TABLE XI

Data on Expansion of Diaspore Bricks

Diaspore calcined at:
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o0 1400°C —_— 790 1500f% toas To0 1600°% gL
260 0.119 310 -0, 04 348 -0.063%
374 0.119 370 -0.034 116 -0.048
AV 0.192 396 0.0 458 -0.024
1,50 0.20 432 0.01 500 -0.020
588 0.278 1,68 0.02 530 -0.004
652 0.325 502 0.025 550 0.0
697 0.385 544 0.04 620 0.027
716 0.4l 586 0.07 690 0.0k
712 0. 608 0.05 702 0.09
800 0.39 632 0.06 770 0.135
250 0.43 . 686 0.06 830 0.140
828 0.43 721 0.11 872 0.180
910 0.45 788 0.15 918 0.210
9L2 | 0.69 843 0.16 960 0.240
968 0.51 900  0.20 1000 0.270
1006 0.55 938 0.20 1025 0.30
1078 0.57 980 0.20 1062 0.32
1100 0.605 1012 0.295 1084 0.35
1132 0.60 1042 0.34 1156 0.36
1158 0.61 1063 0.43 1200 0.41
1182 0.64 1089 0.47 1250 0.43



TABLE XI (cont'd)
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1400°C 1500°C 1600°C

il % Exp. 7oL, 4 Exp. ToC % Exp.
1202 0.64 1190 0.50 1282 0.45
1250 0.64 1252 0.61 1316 0.52
1274 0.65 1304 0.61 1362 0.52
1303 0.72 1349 0.60 1400 .62
1356 0.65 14,08 0.67 1432 0.63
1378 0.65 1434 0.72

1408 0.60 1454 0.72

% - indicates shrinkage




Expansion Curves for Bauxite Bricks
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It would also be interesting to know the shrinkage or exvansion
behavior of the raw materials i.e., bauxite and diaspore clay. This
would indicste the temperatures at which complete shrinkage would be
effected. It is important to know this as the calcination treatment

is one of the chief factors which governs the expansion or shrinkage
of any brick made out of calcined material. When calcination is in-
complete such a brick would shrink further when fired at temperatures
higher than the calcination temperature. If calcination is completely
removed, then any chsnge on firing would be due to other than improper

calcination.

To determine progressive shrinkage of the raw bauxite and
diasvore, two briéks of 6 1/2't x1'' x 1'' in size were prepared by
drv pressing the -20 mesh raw materials using only water as a bond.
The pressure was the same as used for making the bricks. These bricks
were dried to constant weight at 110°C and then were placed in ‘he
shrinkage furnace described in the preceding section and the measure-
ments of the shrinkace were made up to 1500°C. The results are shown
in Table XII and are plotted on graph 3.

In figure 5 are shown comparative sizes of the bars of raw

bauxite and diasrore clay before and after firing. The bauxite bar
has shrunk about 16% in length from the fired size. Comparatively,

diaspore cley has very little linear shrinksge being about 3%.
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TABLE XII

Shrinkage of Raw Bauxite and Raw Diaspore Clay

Bauxite Diasnore Clay

T 50, % Shrinkage T 9 % Shrinkage
251, ~0.181% 292 -0.036
354 -0.357 396 -0.163
L35 ~ =0.290 478 -0.332
546 -0.006 560 -0.356
616 +0.139 628 -0,308
690 0.593 686 -0.259
752 0.756 738 -0.302
802 0.738 782 -0.302
850 0.835 826 -0.326
908 0.968 872 -0.326
956 1.107 910 -0.266
994 1.337 942 -0.163
1034 1.501 978 -0.0181
1064 1.743 992 +0.0181
1102 2,130 1012 - 0.0604
1130 2.554 1040 0.121
1158 3.159 1068 0.133
1182 3,761 1096 0.187
1208 L. 106 1124 0.235
1230 5,042 1142 0.300

1250 5.690 1166 0.411.



TABLE XII (cont'd)
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Bauxite Diaspore

i % Shrinkage T °C % Shrinkage
1270 6.295 1186 0.452
1288 6.961 1204 0.610
1308 7.282 1216 0.857
1324 7.784 1242 1.147
1338 8.129 1258 1.358
1356 91061 1276 1.569
1366 9.915 1292 1.727
1382 10.69 1304 1.902
1392 11.54 1374 2.095
1410 12.86 1424 2.536
126 14.09 1434 2.699
442 14.72 1450 2.983
1450 14.98 1476 3.411
1458 15.20 1500 3.924
1466 15.45

1476 15.67

1494 15.88

% - indicates shrinkage




Fig. 5:

Shrinkage of raw bauxite znd diaspore clay bar after firing

up to 1500°C.

O o w »

Raw diaspore bar

mn

Raw diaspore bar after firing at 1500°C

Raw bauxite bar

Raw bauxite bar after firing at 1500°C.
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It is seen from the shrinkage curves of raw bauxite and diaspore
clay that shrinkage oceurs continuously up to 1400°C. At about
1500°C, there is a tendency for the slope to slightly level off, Thus
it is indicated that up to 150Q°C, all the shrinkage of diaspore or
bauxite is not completely removed. The initial expansioh is the usual
expansion which has occured b-fore the actual shrinkare is effected
dve to heat treatment. The breaks in the curve indicate the beginning
of the removal of coubined water which progresses as the temperature
is elevated.

X-ray Examination

Other factor) which might affect changes in the brick during the
reheat test are crystal growth, development of glassy phase or new
crystalline minerals, mineralization and others. Sometimes the size
of the crystal originally present also grows. For identification of
such developments, the x-ray diffraction method of investigation is
the best one though it also presents some limitations.

A geiger counter x-ray spectrometer shown in figure 6 supplied
by North American Phillip Co. was used to make the diffraction
vatterns of the bricks. X-rays generated from the tube nass through
a collimating slit and fall on the sample mounted in a rotating sample
holder. The diffracted x-rays are then received in a gieger counter,
and through an amplification system are recorded on a moving chart.
The gieger counter is mounted on an arc which is divided into 9%0° ‘and
is moved along the are by an electric motor. As the sample moves by
an angle ecual to O, the gieger counter will move by 20. Thus all the

diffracted rays between angle 0° to 90° are picked up.



Fig, 6: Phillips North American Electric Co.'s Gieger Counter

X-ray Spectrometer.

E)Z;



Shrinkage Curves for Raw Bauxite and Diadnore
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The motion of the gieger eounter is synchronised with the motor

driven chart on which the intensities of the diffracted rays are

rlotted. If the diffracted rays are stronger, a tall peak will be
recorded on the chart.

A representative sample of the brick was taken from the center

as well as from the ends, The sample was then crushed in a porcelain

mortar and was ground through 200 mesh. The sample was mounted in
the sample holder and the x=-ray diffraction patterns was made. The
sample was rotated so as to avoid any preferred orientation. Such
diffraction patterns were made of the calcined materials, the bricks
prepared from the calcined materials and the bricks after reheat at
1400°C and 1600°C. The diffraction pattern on the chart shows intensity
plotted against twice the Bragg angle ©.

In the following few pages, are shown illustrations of these

diffraction patterns. On each page there are six diffraction patterns
arranged in a column, each one being of a different specimen, but

containing the same calcined material. Each page therefore represents
the patterns for bricks before and after reieat of a pasrticular cal-
cined material. The calcination temperature of each material is
indicated aﬁ the top of the page.

The vatterns are arranged in the following'order. The upper
pattern is that of the calcined material which is specified on the page.
The next one is for the brick which is prepared using this calcined
material, The rnext two patterns are those for the same brick after

reheat at 1,00°C and 1600°C respectively. The two lower patterns are
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those for pure alumina and mullite. Such an arrangement of illus-
trations was preferred so that changes due to different heat treatments
could be easily recognised and compared. The alumina and mullite
patterns are placed at the bottom so that it would be easy to locate
respective peaks of alumina and mullite on the brick diffraction
patterns.

It may be noted from all these illustrations that a distinet
change 4m heighths of the diffraction peaks is taking place as the
firing temperatures are varying. The heighths of the peaks indirectly
refer to the amount of the substance present and give proportional
comparison with other substances. In all the calcined material
patterns there are strong peaks for corundum indicating that a
maximum amount of corundum is present. A small amount of mullite is
also indicated. When the brick containing this calcine is examined,
it showed further development of mullite and a decrease of the corun-
dum peaks, though the change is not very great. This brick on further
reheating, distinctly shows that more mullite growth has taken place
and the amount of corundum is decreased. These changes are very
apvarent from the patterns, and clearly show the progressive mineral
changes taking nlace during heat treatment. The significance of
these chznges and their relationships with the expansion data obtained

on reheat will be discussed in detail in the next section.



Fig. 8:

BAUXITE CALCINED AT 1400°C.

Calcined
Material

Brick

Brick after
reheat at
1400°C.

Brick after
reheat at
1600°C.

Corundum

Mullite
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Fig. 9:

BAUXITE CALCINED AT 1500°C

Calcined
Material

Brick

Brick after
reheat at
1400°C

Brick after
reheat at
1600°C

Corundum

Mullite
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Fig. 10:

BAUXITE CALCINED AT 1600°C

Calcined
Material

Brick

Brick after
reheat at
1400°C

Brick after
reheat at
1600°C

Corundum

Mullite
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Fig. 11z

DIASPORE CALCIVED AT 1400°C

Calcined
Material

Brick

Brick after
reheat at
1400°C

Brick after
rehezt =t
1600°¢C

Corundum

Mullite




Fig. 12:

DIASPORE CALCIVED AT 1500°C

Calcined
Material

Brick

Brick after
reheat at
1400°C

Brick after
reneat at
1600°C

Corundum

Mullite




Fig. 13¢

DIASPORE CALGCINED AT 1600°¢

Caleined
Material

Brick

Brick after
reheat at
1400°¢C

Brick after
reheat at
1600°¢C

Corundum

Mullite
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Petrogravhic Examihation

<

Another technique commonly used for the identification of
mineral changes in ceramic bodies is the use of a petregraphic
microscope. Changes which are not indicated by the x-ray diffraction

method would be easily observed by a petrographic microscope. The
increase in éize of the crystal is very difficult to interpret from
x-ray diffraction vattern unless the size is unusually small, but by
microscopic examination, the changes in the size can be seen and a
prograssive study can be made. Also reactions taking place between
the grog and the bond clqj, and the way in which it progresses would
only be revealed by microscopic studies. Also the void structure, and
particle size distribution of the grog can be studied. Thus petro-
graphic examination is complementary to x-ray diffraction methods of
investigations and no investigation would be complete using one method
without the other,

Thin sections of bauxite and diaspore bricks were made. Also thin
sections were made of the bricks after reheat test at 1400°C and 1600°C,

The photomicrographs shown on the following pages indicate the pro-

gressive reactions between the grog grzin and bond clay as well as the
reactions taking place throughout the grains themselves., The growth of
mullite crystals is very conspicuous on some of the photomicrographs.
The mineral changes and the relationship to the expansion caused
during reheat are discussed in detail in the next section on discussion

of data.



Figure 14 to 31 show photomicrographs of bricks before and after
reheat, using calcined bauxite and diaspore clay. All photomicro-

graphs are taken without Cross Nicols. Magnification is 30X.



Fig. 14:

'A' - Bauxite brick

" with bauxite calcined
at 1,00°C. Arrow
shows the ouartz grain.
Large grog prains ave
distinctly seen
surrounded by bond
clay.

Fig, 15¢

Brick 'A' after reheat

at 1L00°C. llore reaction
between grog and bond
clay can be noted.




rig. 16:

Brick 'A' after reheat
at 1600°C. Dark shaded
grog grain show develon-
ment of mullite. Small
white pin holes show
minute crystals of
mullite

Fig. 17:

'B!' -~ Bauxite brick
with bauxite calcined
at 1500°C. Arrow at
right hand corner
points the quartz grain.
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Fig. 18:

Brick 'B' after reheat
at 1400°C. Arrow noint
the area where R-alumin:
development has
started.

Fig. 19:

Brick 'B' after rehest
at 1600°C. Arrow points
a big area of B-alumina
development.
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Fig. 20:

'C' - Bauxite brick
with bauxite calicined
at 1600°C. Arrow
show the quartz grain.
Some grog grains show
reaction between the
grain and bond clay.
Black area is grinding
material imbedded in
thin section.

Fig. 21:

Brick 'C! after reheat
at 1400°C.
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Fig., 22:

Brick 'C! after reheat
at 1600°C.

Fig. 233

D' - Diaspore brick
with diaspore calcined
at 1400°C.

)



Fig. 24:

Brick 'D' after reheat
at 1.00°C.

Fig. 25:

Brick 'D' after reieat
at 1600°C. Progressive
crystallization of
mullite can be seen on
each grain.
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Fig. 26:

'E' -~ Diaspore brick
with diaspore calcined
at 1500°C.

Fig. 27:

Brick 'E! after reheat
at 1,00°C, White area
in center is void space
between two big grog grains.
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Fig. 28:

Brick 'E' after reheat
at 1600°C. Lots of
mullite crystaliization
is seen.

Fig. 29:

tF! - Diaspore brick with
diaspore czalcined at
1600°C.

Avvead pois Aok Goss
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Fig. 30:

Brick 'F! after reheat
at 1400°C.

Fig, 31:

Brick 'Ft after reheat at
160C°C.
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DISCUSSION OF DATA

The reheat change data show that bauxite bricks made from
calcined material at low temrerature (1400°C) gave shrinkage on
reheat at 1400°C. As the higher temperazture calcined material is
used, expansion is taking place and a maximum is reached with the
material calcined =t 1500°C. On further increa ing the temverature
of calcination the exvansion is reduced. Some small reheat ex-
pansion holds true with reneat at 1600°C. From the view point of
effect of temperature on reheat change, all the bricks have definitely
more expansion at 1600°C than at 1400°C.

As far as calcination temperature of diaspore clay, and reheat
of those bricks at 1L00°C is concerned, thev follow the same patiern
as the bauxite bricks. Low temperature calcined materials show little
exvansion which increases as the calcination temperature is increased.
A maximum is reached for the 1500°C material, but when calcination
temperature is further increased, the previous expansion is lowesred
to some extent. The ef“ect f change in reheat tewmperature is cuite
different. With diaspore bricks when lower temperature calcined
material is used, they show considerable expansion when reheated at
1600°C, but exnansion is reduced as the calcination temperature is
increased and finally shows shrinkage with the material calcined at
1600°C.

The data from the apparent porosity determinations does not
contribute much to the explanation of the changes noted above on
rereat. One fact is clear frou these data that in cases where

expansion has occurred, it has generally been accompanied by an
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increase in apparent porosity. This would be evident from the fact
that as the calcination tomperature is increased, the size of eorundum
grein is increased as well as some mullite growth also might have
taken place. This means that more space will be occupied by large
crystals of corundum and will be interlocked with the mullite crystals
arising at the interface between the grog and bond clay. Furthermore
shrinkage at higher temperature reheat with decrease in porosity, might
be attributed to the formation of a glassy phase which might have
occupied the pore spaces. This is not observed from the pétfographie
examination although the growth of muliite crystals are very élcarly
seen in the photomicrographs. The decrease in porosityyand increase
in mullite growth on increasing the temperature might be related with
each other in this manner. As the size of mullite crystals i; very
minute and they are needle-like in shape, they ﬁill arrange themselves
and will become closely packed between the pores and this might cause
shrinkage as well as a decrease in porosity.

This does not explain perfectly the phenomenﬁ bécause, as the
mullite is increased, the lower density material is beipg incereased
in the brick and eventually this should cause expansion.

X-ray diffraction data gives much information on the growth of
mullite as well as of the corundum. The diffraction patterns have~v.
peaks for both mullite and corundum and some places on the pattérngv
both peaks occur at the same angle and the high intensity of the line
may be the combined effect of both these crystals. To get clear aﬁd

unaffected peaks, the irndependent intensity peaks of the corundum and
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mullite are selected at the angle 20 of 53 1/2° and 52° respectively.
With the same setting on the spectrometer, the intensities of these
corundum and mullite lines were recorded for all bricks before and
after reheat. These peaks are shown in figure>32 .

Starting from right to left, the first three sets of peaks are
for bauxite brick having calcined bauxite at 1400°C, 1500°C and
1600°C respectively. Tiere follows, peaks for the dianppre bricks
containing diaspore calcined at 1400°, 1500°, and 1600°C. Forleaeh |
set of peaks, the left hand peak is for mullite, while the rigﬁt hand
peak is for corundum. Between these two peaks, adjoining the.corunduﬁ,
there is another small peak which is for mullite, and sheuld not be
considered at all for comparison. Prom the graphs it will be clearly
seen that the heighth of this peak is ihcreasing along with the increase
in size of the other strong mullite peaks used for comparifon. Reading
from top to bottom, the pattern for brick is at the top and is followed
by the bricks after r~heat at 1400°C and 1600°C respectively.

The heighth of the peak is a direct measurement of the amount of
crystals present. This is not true always, but when only twe phases
of crystals are considered it gives a very good comparison. Therefore
the heighths of all these peaks are measured in unité-of the divisions

on the graph and are recorded in Table XIII.



TABLE XIIT

Observations From the X-ray Diffraction Data

Amount of Cortndum -

A B c D E F
Brick 5.6 L.8 Le9 5.1 L7 5.3
R. H. at 1400°C 2.8 3.3 3.0 3.2 3.5 3.4
R. H. at 1600°C 1.1 1.8 1.2 2.7 2.6 2.9
Amount of Mullite -

A B C D B F
Brick 2.9 2.5 2.4 3.0 2.3 2.
R. H. at 1.,00°C 3.5 3.1 3.0 3.1 3.4 3.2
R. H. at 1600°C 3.9 Lol 3.9 3.1 3.3 2.8

- Bauxite calcined at 1400°C
- Bauxite calcined at 1500°C
Bauxite calecined at 1600°C
Diaspore calcined at 1400°C
Diaspore calcined at 1500°C
Diasvore calcined at 1600°C.

HEODOQU
!




Brick

Brick after rehest
at 1400°¢

Brick after reheat
at 1600°C.

Fig. 32: Comparison of amounts of corundum and mullite in bricks
before and after reheat at 1400° and 1600°C by x-ray diffraction
method. The heights of each peak is an indication of amounts present.
Peak 'X' of the set is for corundum and 'Y' is for mu}lite. A, B:
and C represent the bricks made by using bauxite calc1ped gt 1400°,
1500° and 1600°C respectively. D, E and F represent tneodlaspore
bricks having diaspore calcined at 1400°, 1500° and 1600°C.
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These data indicate that ih bauxite bricks initially there is
more corundum present than ciaspore bricks. There is not an
anpreciable difference in the amount of mullite present in both thece
bricks. One fact may be noted in these bricks that the amount of
corundum is a little less in the bricks having 1500°C calcined mate-
rial as comnared to ctners, As the bricks are reheated at 1400°C, the
amount of coruncdum is decreased in all the bricks while the amount
of muliite is co nerstivelr increased. On further reheat at 1600°C,
the cornndum is “urther reduced., Bauxites bricks after reheat «t 1600°C,
- have much less corundum as compared with diaspore bricks. Mnllite has
incregsed on further reheat, but bauxites bricks have much more mullite
than diaspore bricks. This is evident from the fact that corundum
is less and therefore must have more mullite, in bauxite bricks.

The effect of calcination temmerature on tiie amount of corundum
and muliite nresent ~fter re-eat is considered next. It is difficult
to make a comparison in this respect, but a few distinet features can
be easily observed. In the original fired bricks, the amount of cor-
undum is less in bauxite and diaspore bricks containing 1500°C calcined
material, but on reheating these bricks, the amounht of corundum present
is much more as compared to “he other bricks after reheat. On re-
heating at 1600°C, 1500°C calcined bauxite has a larger amount of
corundum. For the szme type of diaspore bricks this difference is not
as distinct. The mullite is growing on increasing reheat temperature,
but there is not a very distinct comparison as far as calcination

temperature is concerned, In bauxite bricks irrespective of



calcination temperature the =sucunt of mullite is practically the

same. Diaspore bricks also exhibits such a relationship although
the highsst temperature calcined material has a lower amount of
mullite.

From the x-ray data, the maximum expansion of the bauxite brick
containing bauxite caslcined at 1500°C, on reheat at 1600°C, may be
attributed to the maximum amount of mullite present along with a
higher amount of corundum. Also in the 1400°C reheat bricks both
mullite and corundum are higher than in the other bricks. This is
not true at some of the other temperatures. For example, the diaspore
brick containing diaspore calcined at 1400°C and reheated has con-
siderable expansion. It has, however, a less amount of mullite and
corundum then the diaspore brick containing 1500°C calcined material.
Therefore, more information is necessary besides that obtained from
x-ray. This information can be ohtained from the petrographic study.

The photomierogravhs of all bauxite and diaspore bricks show

large rrog grains surrounded by bond clay which is light in color.
The areas much lighter in color are voids. All these microphoto-
graphs of bricks also show the presence of quartz crystals. These
are orinted out on the vpictures. These quartz cnystalé must have
come from the plastic fire clay used as a bond. iIt_may be noted that
this plastic fire clay contains small amounts of free silica, which
fact has been pointed out in the discussion of raw materials.

A systematic study of the changes taking place in a brick on

reheat, will be made. Bauxite bricks prevnared containing 1400°C
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calcined material show large grog grains surrounded by bonding, No
distinct reaction between the grains and bond clay, or ﬁithin the
grain can he seen. The grog frains are much darker im color. On
reheating the brick at 1400°C, a reaction at the edges of the grog
grains can be seen in the form of light shaded rings surrounding the
grain. Still the reaction within grog grain has not started. On
further reheat at higher temperature, the rings have disappeared and

much faint colored area is left around the grain. Each grog grain is

distinctly atfacked throughout its mass and the small white dots are
due to growth of minute pmllite crystals. Another grain besides can
be seen having the reaction just starteds Thus this brick ehous_
growth of mullite on reheat.

Bauxite brick containing bauxite calcined at 1500°C shows large
grog grains surrounded by the bond clay, having few quartz crystals
as impurity. On reheating this brick at 1400°C, some greains are much
more attacked and a considerable amount of mullite is formed. On
this photomicrogranh new crystal growth is observed which is dissimilar
to the mullite. Though it is found in very small amounts it is very
conspicuous. These crystals are found to be B-alumina. ©On the photo-
micrograph these crystals are pointed out by the arrow;: This grqwth
of f-alumina is very distinctly seen on the nicrﬁphqfograph of the
brick after reheat at 1600°C. The difference between the crystals of

mullite and B-alumina on the photograph is that, the grains having

growth of mullite are much darker and have white pin holes or spots
on the grain, while f-alumina as pointed out does not exhibit such

characteristics,



Brick containing 1600°C calcined bauxite show grains having

some initial reaction due to higher calcination temperature. Nothing
much can be said about the effect of increasing the reheat temperature

except that at higher temperature reheat all grog grains show the

millite crystal growth.

Diasvore bricks containing materials of various calcination
temperatures follow the same trend. In tixese bricks each grog
particle is separatcly seen, but on reheat, the reaction between tie
bond clay and grog as well as within the grog grains startes and is
just about completed on further reheat at higher temperatures. All
diaspore bricks after re-eat at 1600°C show a very intense growth of
mullite.

Much more important information thus is collected from the

petrographic study. Especially the unmusually high expansion of the

bauxite brick containing the 1500°C calcined bauxite can be moyre

easily understood. The presence of f-alumina would certainly cause

an exvpansion of the brick. This can be seen by comparing the size

of the unit cell of corundum (@~alumina) with that of B=alumina. The
corundum is a hexagonal close packed arrangement of aluminum and oxygen
atoms having a unit cell 4.75 A.U. by 13.02 A.U. The B-alumina is a
hexagonal compound composed of sodium or potassium, aluminum, and

oxygen in the ratio of 5.2% Nag0 or K30 to 94.8% aluminum oxide. The
unit cell is 5.56 A.U. by 22.55 A.U. Thus when a small amouht of soda

or potash combines with a~-alumina at high temperatures the crystal

expands by 175% in one direction and 12% in the other direction.
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CCNCIISIONS
The amount of mullite oresent in the brick would generally
cause the exransion of the brick as the former material has a
lower density. But during this investigation discrepencies are
noted in certain cases where in spite of mullite growth being equal

in amount, the bricks exhibit differences in expansion behavior.

The amounts of mullite and corundum in bauxite bricks containing

hauxite calcined at 1500°C and 1600°C, is nearly the same, but the
former has much more exransion than the latter. Therefore, this crit-
erién does no* explain the cause of unusual expansion of the bauxite
brick made with material calcined at 1500°C.

This exvansion can be attributed to the presence of B-alumina,
wiiich was observed in this brick during the petrographic study.
This P-slumina is formed by reaction of a-Al303 with alkalies present
in the bond clay. The bond clay is higher in alkali content, and if
211 the alkali content of bond clay in the batch is utilized in
formation of B-alumina, enough P-alumina will be formed to cause at
least more than 1% exvansion. This is calculated on the basis of the
amount of P-alurina which would be formed and the effective increase
in size calculated from the lattice comstants ratio.

The next question which arises in this connection is: as bauxite
itself has low alkali content, and all the bauxite bricks have the

same amount of bond clay, why does not such a reaction take place in

the case of the other two bricks?
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Bricks containing 1400°C calcined bauxite might react with alkali

to form f~alumina, but it has got such an excessive shrinkage on reheat
that the expension effect, if any, might have been overlapped. This
shrinkase occurs 2s the initial low temperature of caleination (1400°¢C)

is not enough to remove all the shrinkage from the bauxites. This

fact is noted from the shrinkage curve of raw bauxite and the expansion
curve of the bauxite nricks. At higher temperatures the B-alumina
would be decomvosed to u~-A1203 and alkalies would be given out, as
alkalies are very volatile at higher temperatures. Also alkalies fit
into the holes of the lattice structure and are loosely bonded so
that with little effort at nigher temperature they can be removed.
Therefore bauxites bricks containing 1600°C calcined material after
reheat at 1600°C, do not show any presence of B-alumina.

The next point is why such & reaction is not noted in diaspore
bricks. Here the attentieom is drawn to the batch composition of the

brick. As both diaspore and bauxites are calcined, there is little

chance that very much alkall would be left after the calcination treat-
ment, but the only alkali contributed would be from the bond clay.

The batch for bauxite brick calls for larger amounts of bond clay than
the batch for diasntore and therefore eventually the bauxite bricks
would have more alkali for reaction. As far as the effect of reheat:
temperature is concerned all reasoning given for bauxite bricks could
safely be applied. Thus it can be distinetly shown that the expansion

of the bauxite brick containing bauxite calcined at 1500°C, is due to
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the develovment of R-alumina.

If it is necessary to use bauxite for making a high alumina brick
raving a good volume stability, the bauxite must first be calcined at
1500°C for the high alumina grogz. This grog is then blended with a
swall amount of diaspore grog made by calecining diaspore clay at 1500°C.
Thus the amount. of bond clay recuired will be lessened and such a
brick would not show any chanses on reheat. In this way the use of

diaspore clay can he reduced to a minimus. and be effectively dis-
nlaced by bauxite. The exact batch would be more or less a matter of

adjustment for the required volume stability.



SUMMARY

The high alumina grog is prepared by calcining bauxite and
diaspore clay at 1400°, 1500° and 1600°C. High alumina (70%)
refractory bricks are made using this grog and plastic fire clay as
a bond. Bricks are fired tc cone 15 down, and are then subjected to
reheat test at 1400°C and 16(#0°C. The bauxite brick with bauxite
calcined at 1500°C showed wpusual expansion, as compared with reheat
changes 6n other bauxites and diaspore bricks. By x-ray and petro-
graphic study it was observed that this expansion is caused by the
development of R-alumina. Finally recommendations are made as to
how the bauxite can effectively replace the diaspore clay for manu-

facturing high alumina (70%) refractory bricks.
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