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ABSTRACT

Experiments on heating time showed that gamma alumina 
forms earlier than mullite, and on further heating both phases 
coexist as products of fired kaolinite up to 1100°C* The 
minimum time required for the formation of gamma alumina is a 
function of the heating temperature; it decreases with an 
increase of temperature. It was found that the growth of 
gamma alumina is very slow, and its particles never grow 
beyond the lower region of the colloidal range.

In the detailed study of the kaolinite°mullite transfor
mation series, two mullite phases were identified on the basis 
of their degree of crystailinity. A poorly crystallized mullite 
(primary mullite) forms before the crystallization of cristobal- 
ite, and a well developed, well crystallized mullite (secondary 
mullite) forms after the crystallization of cristobalite. The 
composition of the secondary mullite was found different from 
the ordinary mullite BAl^O^SiO^, and it has a variable 
alumina«silica ratio which increases with temperature approach-
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ing ZA^O^SiOg around 1500°Co This explains the disappearance 
of gamma alumina beyond 1100°C and agrees with the crystalliza
tion of silica as a separate phase in the form of Cristobal- 
ite*

Impurities proved to be one of the causes of the dif
ferences in the firing results* Some impurities accelerate 
the crystallization of cristobalite and accordingly help 
develop primary mullite into a secondary mullite* Such devel
opment makes the identification of mullite in its early for
mation certain$ even under poor conditions of heat treatment* 
Some other impurities prohibit completely the formation of 
cristobalite*

Thermodynamic calculations of AG*for all possible trans
formations of metakaolin at the temperature of the first 
exothermic peak indicate that the most stable transformation 
is the one which yields mullite rather than gamma alumina*

The energy of crystallization of gamma alumina is quite 
small ” » 369513 calo/mol* compared with the energy of crystal
lization of mullite —  336*180 cal„/mol* The slow rate of 
crystallization of gamma alumina^ its low energy of crystal
lization^ and accordingly the gradual release of small amounts 
of energy9 would be extremely difficult to detect by O* T*A* 
methods* Hence, the first exothermic peak appears to be due 
to crystallization of mullite rather than gamma alumina*

iv
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Based on a mechanism suggested for the entire transforma
tion series, secondary mullite forms in a well crystallized 
form after the rigid network of the amorphous silica of the 
metakaolin crystallizes in the form of cristobalite. Accord
ingly the rapid growth of mullite can take place after the 
crystallization of cristobalite. As a result of this order 
the second exothermic peak is due to crystallization of 
cristobalite, while the third is due to the rapid growth of 
mullite.

v
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INTRODUCTION

The formation of mulliteÿ because of its hardness, low 
coefficient of expansion9 and resistance to chemical corro- 
sion, has been the goal of ceramists throughout the ages„
For this reason the series of high™temperature phase trans™ 
formations of kaolinite into mullite
3Al20g2Si02 is perhaps the most important in the entire 
field of ceramic industry» Only through the knowledge of 
the details of these transformations could the ceramists 
control the product phases in any fired body to produce 
desired ceramic properties » Furthermore, the firing expense 
could be reduced»

It is a well-established fact that kaolinite undergoes 
radical structural changes when heated» It loses its (OH) 
lattice water between 500° and 600°C, and this loss causes a 
complete structural collapse along the c axis9 producing a 
dehydrated phase known as metakaolin or promullite Al^O^SiO^» 
Upon further heating to about 980°C, metakaolin rearranges

1
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itself into a new crystalline phase or phases0 It is this 
crystallization at 980°C that gives rise to considerable dis
pute and argument among investigators«, One group of investi
gators reports only aluminas while the others report mullite 
as the only product phase produced at 980°Co

In the differential thermal analysis (D„ToA0) of kaoUnite5
a sharp exothermic peak observed at 980°C indicates a crystal
lization process » Again the two groups of investigators are 
in disagreement concerning the nature of the first exothermic 
peak» One group contends that it is due to crystallization 
of gamma alumina9 while the other believes that it is due to 
crystallization of mullite0 Upon further heating9 two other 
exothermic peaks that show at approximately 1250° and 1300°C 
indicate a crystallization of a new phase and/or a sudden 
rapid growth in an old phase. Some investigators report a 
sudden rapid growth in mullite that produces the 1250°C peak, 
while the 1300°C peak is due to crystallization of cristobal
ite. Other investigators reverse the order of these peaks 
and report other temperatures for crystallization of cris
tobalite. The distinction between primary mullite, before 
the rapid growth, and the secondary mullite, after the rapid 
growth, is not fully established at the present time.

It is known that clays of the same mineralogical composi
tion but from different locations react differently to heat
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treatment. This difference may be due to the impurities 
associated with the clay and/or due to the heat treatment 
used. Accordingly$ the differences in firing results may be 
attributed to experimental conditions like impurities and/or 
heat treatment.

It was the purpose of this investigation to study care
fully the entire kaolinite-mullite transformation series 
under better controlled conditions than had been done before. 
It was hoped that by using more controlled heating times and 
small temperature intervals$ more information could be ob
tained, Alsos the aim was to investigate the role of im
purities on firing results,

To find a solution for the problem that concerns the 
nature of the first exothermic peak* a new approach was 
tried„ Independent of any variable experimental conditions^ 
the new approach was based on thermodynamic calculations. 
Among the possible transformations of metakaolin$, the dehy
drated phase of kaoUnite9 are : 
lo Al2032Si02 = A1203 (X ) + 2Si02 (glass)
2. A12032S102 = A1203 ( ) + 2S102 (crystalline)
3. Al2032Si02 = 1/3 (3Al2032Si02) + 4/3 SiC>2 (glass)
4. Al2032Si02 = 1/3 (3Al2032Si02) + 4/3 SiOg (crystalline)
5„ Al2032Si02 = 1/4 (3Al2032Si02) + 1/4 AlgOg (Ï ) + 3/2

SiOg (glass)
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6. Al2032Si02 = 1/4 (3A12032S102) + 1/4 AlgO^ (X ) + 3/2
SIO2 (crystalline)

Equations for the changes in free energy AG for the 
above six transformations were obtained as functions of 
temperature» Values of AG were calculated for each trans
formation at different temperatures between 298° and 2lOO°Ko 
From these calculations it was possible to find the most 
stable transformation at any temperature»

From the values of A H for the six transformations at 
980°C$ it was possible to form six simultaneous equations »
The unknowns in these equations were the energies of crystal
lization of gamma alumina5 (3 tridymite, and mullite» Solving 
these equations made it possible to find, on basis of values 
of energies of crystallization of gamma aluminas and mullite9 
which phase is9 due to its crystallization, responsible for 
that exothermic energy liberated at 980°C» It was also pos
sible to find the contributions of the crystalline products 
of the most stable transformation to the exothermic peak at 
980°C.

The following investigations have been studied experi
mentally in the current work :

1» The kaolinite-mullite transformation series has
been restudied in tempera ture-de ta ils between 950° 
and 1500°C» The study concentrated on gamma alumina.
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its growth and its temperature range9 the distinc
tion between primary and secondary mullite9 and the 
change in the composition of mullite with tempera
ture o A simple x-ray method was applied to deter
mine the alumina silica ratio in mullite„ Also, a 
simple mechanism has been suggested to explain the 
entire transformation series„

2 * The effect of heat treatment on the formation and 
growth of product phases at temperatures in the 
vicinity of the first exothermic peak.

3o The role which some impurities play on firing re
sults 9 on the temperatures of formation of product 
phases and on their amounts <, The objective of 
this work was to find out whether the impurities 
are responsible for the differences in firing re
sults . It does not deal with the role of impuri
ties on the mechanism of transformations„

X-Ray diffraction analysis was the major technique used 
in the current investigation. The diffractometer, because of 
its advantage over other techniques in saving time, was widely 
used in previous similar work. The diffractometer method was 
found to be unable to detect the new phases at their early 
nucléation unless special heat treatment was applied such as 
prolonged heating and cooling times„ However, such treatment
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did not work with gamma alumina where the particles never 
grow beyond the lower region of the colloidal range„

In the current work both x~ray techniques were used* 
diffractometer and the film method. Also prolonged heating 
and cooling times were used to permit the new phases to grow 
enough to show on x-ray diffraction patterns„ This helped to 
identify the new phases at their early formation.
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LITERATURE SURVEY

It needs a very lengthy volume to present the entire 
literature of Kaolinite, so only the literature that concerns 
the thermal behavior of Kaolinite will be presented in this 
chapter» A brief outline on the structure of Kaolinite and 
its firing products is also presented as it is required for 
any discussion on the Kaolinite *=» Mullite transformation 
series»
SfcCagtttCal, Aspects

In order to have a better understanding of the mechanism 
of the kaolinite-mullite transformations it is necessary to 
examine the structure of kaolinite, gamma alumina, mullite, 
and cristobalite.

Kaolinite: The early x-ray structural study of kaolinite
was made by Hendricks in 1929 (Brown, 1961, p. 52), using a 
crystalline aggregate of kaolinite from lone, California.
He reported that the diffraction effects in a kaolinite pat
tern were due to the three-dimensional lattice of 7„11 A

7
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spacing normal to the (001) cleavage plane, Pauling (1930, 
p, 578) described kaolinite as of a single layer structure 
with each layer occupying a thickness of 7,15 A in accordance 
with Hendricks, According to Pauling, the atoms in the ideal 
structure of kaolinite are arranged in parallel sheets with 
the large anions of oxygen and hydroxyl coordinated around 
the small cations of silicon and aluminum. The silicon ions 
are surrounded by tetrahedral groups of four oxygen ions, 
while the aluminum ions are surrounded by octahedral groups 
of six oxygen and hydroxyl ions. The ions (see.fig. 1) are 
distributed in the different levels of each layer as follows: 

6 (T~ at 0.00 A
4 Si*4 at 0.60 A
4 0™"»2 (OH)" at 2.19 A
4 Al+3 at 3.27 A
6 (OH)" at 4.37 A

The overall composition is 2 (Al^Si^O^(OH)^) per unit cell, 
and if it is expressed in the oxide formulae, it becomes 
Al^O^2SiO^2H^O, The water molecules do not exist in the 
structure, and the water given off when the structure is de
composed thermally is the result of a chemical reaction with
in the structure of the type :

OH + OH = H20 + 0 
Gruner in 1932 (Brown, 1961, p. 52) reported kaolinite
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as of monoclinic symmetry» He also reported that x~ray re
flections proved that the structure is formed of layers 
having a thickness of about 7» 15 A 0

Brindley and Robinson (19469 p* 242), using a large semi 
focusing camera and taking more detailed powder measurements9 
found additional reflections which cannot be explained by the 
monoclinic structure» Studying 80 reflections in detail, 
they reported kaolinite as of triclinic structure of 

a, = 5 » 15 A °< =9l»8
b„ = 8.95 A 0 = 105°
c0 = 7.39 A )S = 90°

The stacking of unit layers of kaolinite is illustrated by 
Figure 1, The basic difference between kaolinite type min
erals is due to the stacking of the successive layers » This 
stacking could be normal or could be translated parallel to 
the a or b axis or both» When the stacking is normal, the 
mineral is well crystallized, and when it is translated, the 
degree of crystailinity depends upon the translation»

Gamma Alumina : Rooksby (Brown, 1961, pc 364) reports
that gamma alumina gives an x-ray diffraction pattern of very 
broad and diffuse reflections » The spinel-type cubic struc
ture cell has a lattice parameter a0 = 7»90 A» The most 
easily observed reflections are at 2„387 A, l»977 A, and 
10398 A, the 311, 400 and 440 reflections„ Figure 2 shows a
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6 (OH)
♦ ♦ ♦

4 Al

4  0 " , 2(OH)"

4 S I  
6 0

Figure I.a The Stacking of the Unit Layers of Kaolinite
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Figure l.b Diagramatic Sketch of Kaolinite Structure
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Figure l.c The Tetrahedral Configuration of the Silica Sheets
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powder pattern of gamma alumina produced from fired halloysite*
Mullite: It is known that mullite is structurally simi

lar to sillimanite A^O^SiO^ ? which is of an ortho rhombic 
structure with chains of A 1-0 octahedral units running paral
lel to the c axis and cross linked by aluminum and silicon 
ions in tetrahedral positions. The A 1-0 octahedral units 
share edgess and the tetrahedral groups are alternately occu
pied by aluminum and silicon ions, The unit cell dimensions 
of mullite were reported after Finkenberg and Siebengebirge 
by Brown (1961, p. 485) as ao = 7.470 A, bo = 7.663 A and 
co = 2.878 A. Mullite is always identified by its strongest 
reflections 110 and 210 of interplanar spacings of 5.37 A and 
3.383 A. The composition of mullite can have any alumina- 
silica ratio between (Al^O^SiO^) and (2Al^O^8iO^). Many 
investigators consider mullite as a solid solution of alumina 
in sillimanite. Variations in composition produce some 
variations in dimensions of the unit cell. Well crystallized 
kaolinite with normal stacking requires least readjustment 
for mullite crystallization because there is already proper 
alignment of successive octahedral units. In poorly crystal
lized kaolinite, any random displacement of successive layers 
would tend to retard mullite formation and would require more 
thermal energy for the transformation.

Cristobalite : The crystal structure of cristobalite,
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the high temperature form, has been reviewed by the National 
Bureau of Standards in 1953„ The U.S.B.S. recommends the 
structure reported by Barth and Posnjack in 1932 as a stan
dard structure for cristobalite (Wahl9 1958, p. 17). 
cristobalite has a cubic unit cell with a0 = 7.16 A.

When cristobalite cools to room temperature9 it trans
forms to the low-temperature o<form. Swanson and Tatge in 
1953 reported cristobalite to have a tetragonal unit cell 
with dimensions ao = 4.973 A s ce= 6.95 A (Wahl, 1958, p. 17).
It is easy to identify o( cristobalite through its three 
strongest reflections? 1019 102p and 200 having interplanar 
spacings 4.04 A, 2.855 A. and 2.489 A respectively. Because 
the silicon and oxygen atoms are bonded together in tetrahedral 
coordination in alternate sheets with octahedrally coordinated 
aluminum atoms in the kaolinite structure, any reorganization 
of these silicon atoms into cristobalite can only take place 
after the structure of kaolinite collapses, and after suf
ficient alumina and silica reorganize themselves to form 
mullite. Then with sufficient thermal energy the additional 
silicon that remains after the formation of mullite combines 
with oxygen forming cristobalite.
Thermal Decomposition of Kaolinite

Structural Changes in Kaolinite on Heating : It is well
established that kaolinite undergoes radical structural
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changes when heated. It loses its (OH) lattice water between 
500° and 600°C. This loss breaks the hydroxy1 sheets and 
causes a complete structural collapse along the c axis. The 
product phase at this temperature is a dehydrated solid known 
as metakaolin or promu111te Al^O^ZSiO^„ It has been previous
ly stated that metakaolin is an amorphous compound which does 
not give an x-ray pattern, but the results of Grim and Bradley 
(1948, p. 50), Roy9 Roy, and Francis (1955, p. 198), Brindley 
and Hunter (1955, p. 574) and Hill (1956, p. 441) all point 
out that metakaolin is not an ordinary mixture of amorphous 
alumina and silica, but that it retains some regularity in the 
a and b directions.

Upon further heating to about 980°C metakaolin rearranges 
itself into a new crystalline phase or phases. It is this 
crystallization at 980°C that gives rise to considerable 
dispute and argument among different investigators. There 
are two groups of thought; one reports gamma alumina as the 
only product phase of fired kaolinite at 980°C, while the 
other group believes mullite is the only product phase.

Among those who report gamma alumina are Insley and 
Ewell (1935, p. 615). Studying the thermal behavior of meta
kaolin compared with that of a mixture of amorphous alumina 
and silica, they concluded that the first exothermic peak at 
about 980°C is due to crystallization of gamma alumina, while
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the second exothermic peak is due to crystallization of cristo
balite ojr due to rapid growth of mullite. Jay (1939, p, 455), 
working on China clays, reported that gamma alumina appeared 
as a transit phase between 900° and 1000°C and was not ob
served over 1100°C, Cristobalite first formed from free 
amorphous silica at 1100°C and tended to disappear from x-ray 
patterns of samples heated to between 1300° and l400oCo 
Mullite formed between 1100° and 1400°C, Hyslop (1944, p, 49), 
working on a Scottish clay, reported that metakaolin trans
forms between 850° and 1050°C to alumina and silica, and from 
900°C and upwards the gamma alumina with the silica form 
mullite and gamma alumina, Richardson and Wild (1952, p, 387), 
working on a halloysite sample, reported that heating haHoy- 
site at 950°C yields gamma alumina without mullite, Halloy
site, being a kaolin mineral has an exothermic peak at about 
950°C, They concluded that the first exothermic peak must be 
due to gamma alumina.

Among the investigators of the other group are Comoforo, 
Fishei; and Bradley (1948, p. 254) whose work is of special 
importance. Using a kaolinite sample heated to 980°C and 
electron microscope and x-ray diffraction techniques, they 
identified mullite on x-ray patterns, and reported that they 
observed on the electron micrographs hexagonal outlines of 
kaolinite flakes retained in metakaolin and that mullite-like
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needle crystals were oriented in directions related to the 
hexagonal outline of the original kaolinite„ They9 therefores 
stated that such directional dependence should persist through 
the overall transition from the original kaolinite grains to 
the mullite aggregates eliminates the possibility that inter
mediate crystallization could have occurred. Any alumina 
which may have been observed in special instances is therefore 
incidental and is not a step in the major reaction series of 
the firing process. Johns (19535 p. 186) correlates the 
crystallization of mullite to the degree of order in kaolinite. 
A well-ordered kaolinite develops more mullite than a disor
dered one» He reported that the first exothermic peak is 
due to crystallization of mullite. Brindley and Hunter (19559 
p. 574) also believed that mullite is responsible for the 
first exothermic peak at about 9S0°C. Richardson and Wild 
(1952, p. 387), working on two Cornwall China clays, two 
Devon ball clays, a Scottish fire clay, and other samples, 
reported that they observed gamma alumina in the range 900° 
to 1050°C, cristobalite from 1100° to 1300°C9 and mullite 
from 950° to 1350°C.

Richardson (Brown, 1961, p. 140) reported that: "it may
be therefore accepted that mullite forms at about the same 
temperature as alumina or at a little higher temperature.
X-ray methods have definitely shown the presence of both
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gamma alumina and mullite9 but the theories on the source of 
the first exothermic peak are still conflicting".

Upon further heating of kaolinite9 it yields mullite 
and cristobalite. At higher temperature cristobalite tends 
to disappear, going into glassy phase and leaving mullite as 
the only crystalline phase.

From the survey of published data, it is difficult to 
arrive at a final conclusion. The conflicting reports of 
different investigators may, perhaps, be attributed to im
purities or heat treatment or both.

Differential Thermal Analysis : The idea of the differen
tial thermal analysis (D.T.A.) is based on two factors:
1. thermal reaction taking place in a material would increase 
or decrease the temperature of the material according to 
whether the reaction is exothermic or endothermie, 2. that 
change in the temperature of the material induces a thermo 
electromotive force (e.m.f.) in the circuit of a thermo
couple.

The following is a brief description of a D.T.A. unit:
The sample under test is placed in one hole of a specimen 
holder, (see fig. 3), usually a nickel or ineonel block; and 
an inert material which does not undergo any thermal reaction 
during the experiment, usually a calcined ck A ^ O  , is placed 
in a similar hole in the same sample holder. A thermocouple
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is attached to the block with one junction at the center of 
the material under test and another junction at the center 
of the inert material. The block and thermocouple are placed 
in a furnace controlled to produce a uniform heating rate,
The temperature of the inert material is the same as the 
furnace temperature and increases regularly. When a thermal 
reaction takes place in the materials its temperature increases 
or decreases according to the type of the reactions exothermic 
or endothermie. As a result of this temperature difference 
between the two junctions of the thermocouple, an e,m,f, is 
induced in the thermocouple circuit. This e,m„f0 can be 
recorded manually, photographically, or automatically by an 
electronic device. When no thermal reaction takes place, 
there is no temperature difference, and accordingly there is 
no e,m,f, The direction of the e,m,f, depends upon the tem
perature of the sample during the reaction, whether it is 
higher or lower than that of the inert material. Hence, the 
recording mechanism moves in opposite directions for endo
thermie and exothermic reactions, It has been agreed that a 
downward deflection from a base line should be used to indi
cate an endothermie reaction, while an upward deflection in
dicates an exothermic reaction.

Figure 3 illustrates the basic idea of a D,T,A„ unit 
where S is the sample, A is the inert material, N is the
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Figure 3 - Thermocouple setup 
in the D.T.A. unit.
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nickel block, and D is the thermocouple* This method is 
used to determine the temperature of any thermal reaction.

When D.T.A, is applied to kaolinite, an endothermie 
peak is observed between 500° and 600°C. All investigators 
agree that this peak is due to the dehydration of the miner™ 
al and the collapse of its crystal structure. Three other 
exothermic peaks are observed at approximately 980°C, 1250°C 
and 1300°C. Any exothermic peak indicates a crystallization 
process of a new phase or a rapid growth of an existing 
phaseo The first exothermic peak is still a point of dis™ 
pute among different investigators, They disagree as to 
whether it is due to crystallization of gamma alumina or 
mullite. The different investigators agree that the last 
two exothermic peaks are due to crystallization of cristobal
ite and rapid growth of mullite9 but they do not agree on 
which peak is due to cristobalite and which is due to the 
rapid growth of mullite. Also, they report different tern™ 
peratures for the crystallization of cristobalite.

Primary and Secondary Mullite: Wahl (1958) introduced
a new term in the literature of kaolinite; he called the 
mullite which exhibits the rapid growth "secondary mullite" 
and the mullite which occurs before this rapid growth "primary 
mullite". Using a high temperature diffractometer, Wahl was 
unable to observe the primary mullite on the diffractometer
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traces. At the present time the idea of the distinction 
between primary and secondary mullite is not fully established. 
There is a need for a mechanism to explain the transformation 
series of kaolinite into primary mullites cristobalite, and 
secondary mullite and to identify properly the three exo
thermic peaks.

Change in Alumina Silica Ratio in Mullite: The
chemical composition of mullite is one of the most interest
ing questions in the ceramic literature. It has been found 
that mullite can have a variable composition, and it is 
generally accepted that the proportion of alumina in mullite 
may change from about 63% to 77.3%. by weight. Accordingly 
the alumina-silica ratio may vary from 1:1 as in sillimanite 
to 2 si as in praguite. Therefore, the ordinary mullite 
SAlgOgZSiOg of 3 :2 alumina—silica ratio is not the only one, 
and is just an average composition in the sillimanite-praguite 
isomorphous series.

The increasing amount of alumina in mullite causes a 
change in the lattice parameters of the mullite unit cell.
The parameter a0 increases with the amount of alumina. 
Appendix (1) gives the lattice parameters of mullite with 
different alumina-silica ratios between 1:1 and 2:1; it also 
gives the linear relationship of the lattice parameter a. 
in terms of the amount of alumina in mullite. With the aid
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of this linear relationship it is possible to determine the 
exact composition of the mullite produced from fired kaolin- 
ite, whether it is of 3 :2 alumina-silica ratio or not„ Also 
it is possible to determine whether this ratio changes with 
firing temperature or not.

Heat Treatment : A review of the literature indicates
that no attention had been paid in the previous work to the 
heating time„ There appears to be no systematic study on the 
effect of heating time on product phases of fired kaolinite,
A few examples will illustrate that the choice of heating 
time has always been random. Insley and Ewell (1935, p. 616) 
heated specimens of kaolinite at 6°C per minute9 keeping them 
at each temperature for two hours. Jay (1939, p. 455) studied 
four commercial clays which had been maintained at each tem
perature for 22. hours. Hyslop (1944, p. 49), worked on a 
Scottish clay, which was heated for 15, hours at 800°C fol
lowed by 20, hours at 1050°C and 1150°C. Richardson and Wild 
(1952, p. 387) examined seven clays heated for 20 hours at 
each temperature interval of 50°C between 850°C and l350oCo

In all clay studies, time is a factor that concerns 
every investigator. In most of the previous work, the heat 
treated samples were air cooled to save time. Phases like 
gamma alumina and primary mullite in their early nucléation 
need all favorable conditions to grow sufficiently to be
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detected by x-ray analysis. One of the favorable conditions 
for growing crystallites of such phases is furnace cooling. 
There is a need for a systematic study of the effects of heat
ing time on product phases„ Heating time should be varied 
from a few minutes 9 when the transformation just starts, to 
several hours when further heating does not introduce any 
more changes„ Also9 for identification of gamma alumina 
around 980°C5 the heated samples should be furnace cooled to 
aid in the growth of the very small crystallites, It was 
hoped that by varying the heating time, the intermediate 
phases would show up, while heating for long time would pro
duce only the end-product phase„

Effect of Impurities on Product Phases : Any clay mineral
contains a variety of associated mineral impurities. Consid
erable differences in results of firing can be referred to 
small amounts of chemical impurities in the clay mineral,

Budnikov (1935, p. 141) noticed that mullite needles were 
developed in the refractories which were used in the construc
tion of glass-tanks for melting refractory batches containing 
iron oxide, while the mullite needles disappeared when the 
batches were free from iron oxide. Further subsequent studies 
by Budnikov proved that iron impurities are good mullite 
formers„ Budnikov also reported that slags and ashes aid 
the formation of mullite. Nakai and Fukami (1937, p. 46),
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producing mullite from alumina silica mixtures9 reported that 
cupric oxide accelerated the formation of mullite and helped 
to complete the reaction at l500°Co Parmelee and Rodriguez 
(1942s p„ 1) reported that oxides of zinc, lithium, magnesium, 
iron, manganese, and molybdenum were found to be good mullite 
formers while sodium, potasium, titanium, and stannic oxides 
were poor, and boric oxide and calcium oxide were fair ac
celerators. West and Gray (1958, p. 132), studying reactions 
in silica alumina mixtures, reported that controlled contami
nations of iron, titanium, calcium, and magnesium oxides in 
kaolin showed their effect on the formation of mullite »
Gamma alumina was accelerated at 930°C with a mixture of 
kaolin and 2% FegO . Wahl (1958, p. 35), using a continuous 
high temperature x-ray diffraction technique, studied the 
influence of added impurities. He reported that impurities 
could enhance or retard the formation of mullite; also some 
impurities could prohibit the formation of cristobalite.
Wahl, using a fast heating rate of 6°C per minute and x-raying 
the heated samples at the high temperature, was unable to ob- 
serve any primary mullite or gamma alumina; he restricted his 
study of the effect of impurities on cristobalite and second
ary mullite.
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EXPERIMENTAL WORK

Among the objectives of the study of the phase trans
formations of kaolinite on heating are the following: 1* To
identify the nucléation of new phases at different tempera
tures ? 2» To follow the order of nucléation of the new 
phases as a function of heating time at constant tempera- 
ture9 3» To observe the growth of the different phases with 
temperature and times and 4» To study the effect of impuri
ties on the product phases9 their nucléation and their growth. 
Materials Used

The principal kaolinite mineral used in this investiga
tion was a Florida kaolinite known as E,P.K, produced by the 
Edgar Plastic Kaolin Company9 Edgar9 Florida9 CT-l08-lo It 
was recommended for this investigation by the Coors Porcelain 
Company9 Golden, Colorado, as one of the few kaoUnites which 
possesses an exceptional degree of chemical purity. Its 
x-ray diffraction pattern is shown in Figure 4, The partial 
resolution of the reflections between 4,18 A (20 = 21,24) and

27
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Figure 4 - Diffractometer Pattern of E.P.K.
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4„46 A (20 = 19»90) that it is a well crystallized kaolinite» 
Appendix 2 gives the chemical analysis9 the particle size 
distribution and other physical properties of E» P„K» as sup
plied by the Edgar Plastic Kaolin Company »

The x-ray powder photographs of E» P»K» show that there 
are traces of oL quartz mechanically mixed with it»

The other kaolin minerals used besides E» P» K» were:
1» Mallinckrodt kaolinite produced by Mallinckrodt Chemical 
Works 9 St» Louis5 Mo» 9 Code no» 5643 9 Lot no » 9 KH520»
2» Kaolinite API « 9b « Reference Clay Minerals 9 API Re
search Project 49» 3„ Halloysite from Eureka9 Utah, Re
ference Clay Minerals9 API Research Project 49»
Preparation of Samples

For the studies on impurities 9 the E» P»K» was screened 
to pass 200 mesh and dried for 24 hours at 1150C» Chemical 
additives were added to the dry kaolinite on a weight basis s 
4 percent by weight of the dry mineral. The E»P»K»-chemical

qmixture was wet mixed in 500 cm, of distilled water for 30 
minutes by using a power mixers lamp dried and ball milled 
for one hour for homogenuous mixing. The resultant mixture 
was pressed under 105000 psi for 30 seconds in the form of 
cylindrical compacts of 1 1/8 inch diameter and 1/4 inch 
thickness„ The compacts were dried for 24 hours at 115°C 
before heat treatment. The chemical additives were in the
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form of chlorides as they melt at lower temperatures than 
oxides. Also the Cl” ion was reported to have no effect on 
the phase transformations of kaolinite (Wahl9 1958s p, 19), 

For the studies on the effect of impurities on the 
temperature of formation of primary mullite9 using D,T,A0 9 
samples were taken from the clay"Chemical mixtures just be
fore pressing them into compacts.

For other studies in this investigation9 similar com
pacts were prepared in the same way from pure minerals.
These compacts were also dried at 115°C for 24 hours before 
heat treatment,
Heat Treatment

For the studies on the effect of heating time on product 
phases ? some kaolinite samples and a halloysite sample were 
heated at the same temperature for different heating times 
varying from 5 minutes to several hours, The same studies 
were made at other temperatures near the first exothermic 
peak. The purpose of this study was to find the order of 
formation of different phases and its dependence on time.

At relatively low temperatures, about 960°CS the heated 
samples of kaolinite and halloysite were given longer cooling 
time to allow the small crystallites of the newly formed 
phases at such relatively low temperatures all the favorable 
conditions to form sufficient quantities to show on x-ray
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diffraction patterns.
In the studies made on the kaolinite-mullite transform 

mation series9 samples of E.P.K. were heated for two hours, 
(sufficient time to produce all possible phases) at tempera» 
tures between 950° and 1500°G with 10°C intervals up to 1100°C 
and 50oC or more at higher temperatures. The heated samples 
were furnace cooled.

E.P.K.^chemical mixture compacts were heated for six 
hours at temperatures between 1100° and 1500°C and furnace 
cooled.

A special heat treatment of prolonged heating and cool™ 
ing was applied to gamma alumina to study its growth with 
temperature and time.

The experimental methods of analysis were:
1. X»ray Diffraction analysis (both film and diffractometer 

techniques)
2. Differential Thermal Analysis
3. Optical Methods using Thin Sections

The basic principle underlying the identification of 
materials by x™rays is that each crystalline substance has 
its own characteristic structure which diffracts x™rays in a 
characteristic pattern.

Usually in any clay»minera1 investigation a large number
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of specimens are studied and the time required for each sample 
to be prepared9 heat treated9 and x-rayed must be considered. 
Such time is of major consideration, and each technique aims 
to minimize this time.

Diffractometer : The diffractometer used in this inves
tigation was a wide angle Norelco Diffractometer, Samples 
were x-rayed with nickle filtered copper radiation at 35 kv 
and 25 ma„ In most of the analyses a 29 interval of 30° was 
sufficient to scan all characteristic peaks. The scanning 
rate was 2° per minute, so each sample was x-rayed for 15 
minutes. This is one of the advantages of the diffractometer 
over the film method when the full range of 20 is not required

The sample preparation, mounting and centering are very 
simple operations with the diffractometer as compared with 
the film method.

For the measurements of intensities, the film method is 
considered to be obsolete compared with the diffractometer, 
as the process of microphotometry is a time-consuming method.
A silicon disc was used to standardize the x-ray output. The 
peak at 29 = 47.3 was scanned several times, and the average 
area under the peaks of any group of runs relative to the 
average area under the peaks at the start of the runs indi
cated the change in x-ray intensity. Intensities were also 
corrected for absorption in the case of clay-chemical mix-
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tures„ Appendix 2 gives the calculated values of the mass 
absorption coefficients of the different clay™chemical mix
tures .

In all analyses using the diffractometer, samples were 
ground to pass a 325-mesh screen. Two strip charts were 
made for each sample using the same mounting» This was later 
repeated after the diffractometer had been realigned.

Fi 1m Method : The camera used in this method was a 10- 
cm. diameter camera„ The samples were x-rayed with nickle™ 
filtered copper radiation at 35 kv and 25 ma; the exposure 
time varied between four and twenty hours » Longer exposure 
time was required for the identification of the new phases 
produced at relatively low temperatures and short heating 
times.

Although this is a time-consuming method, it was neces
sary to use the film method to identify the new phases at 
their early nucléation because their weak reflections could 
not be detected by the diffractometer. Some phases9 such as 
gamma alumina, even at its maximum growth, could not be de
tected by the diffractometer. When only minute traces of a 
well developed phase was present, the film method shows its 
weak reflections more readily than the diffractometer. In 
the film method the reduction of the powders to a sufficiently 
small size is not as much of a problem as in the case of the
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diffractometer because of the rotation of the sample0 
Problems Investigated

In spite of the extensive work which has been done on 
the kaolinite-mullite high-temperature phase transformations, 
some major problems still remained unsolved» Some of these 
problems were:
lo The effect of heating time on the formation of product

phases and their growth at temperatures near the first 
exothermic peak*

2» The composition of the product mullite and the change of 
its alumina-silica ratio with temperature,

3, The role of impurities »
4, The interpretation of the first exothermic peak.
5, The proper identification of the second and third exo

thermic peakso
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RESULTS

The object of this part of the current work was to find, 
through investigating the effect of heating time, if upon 
heating, kaolinite undergoes a single-stable transformation 
irrespective of heating time, or if it undergoes a series of 
different transformations at different heating times » Also 
it was hoped to determine, if kaolinite undergoes several 
transformations, which of these is the ultimate, most stable, 
and which is the transitory or less stable transformation. 
Effect of Heating Time on. Product Phases

Figure 5 shows the effect of heating time on the order 
of nucléation of product phases. Kaolinite at 950°C required 
10 minutes to lose its crystalline nature. This is shown on 
Figure 5a, where the strongest line of quartz (d = 3.34 A) 
indicates the presence of c< quartz mechanically mixed with 
the kaolinite. By further heating to 20 minutes, a small 
amount of very minute crystallites of c* quartz appeared as 
shown in Figure 5b. After one hour of heating, gamma alumina

35
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Figure 5 œ Effect of heating time on nucléation and growth 
of product phases, a. 10 minutes s metakaolin 
bp 20 minutes : quartz c, 1 hours % Al^Oo
and mullite d0 2 hours s y Al^O? and mula 
lite e« 3 hours t , X Al^O- and^mullite f » 20 hours: 
Y  Al^Og and mullite•" ''
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(see Appendix 7 for standard x-ray patterns of kaolinite and 
product phases) appeared with its characteristic broad and 
diffuse lines (see fig. 5c). Any additional heating time 
after the formation of gamma alumina would liberate mullite 
from the kaolinite structure9 as shown in Figures 5 dse9f„
Still longer heating time produced mullite and improved its 
crystallinity„ This indicates that mullite is the ultimate 
transformation product and that gamma alumina is a transistory 
phaseo Also this experiment indicates that the appearance of 
any product phase is a function of heating time.

The crystalline silica which shows in pattern 5b was at 
first thought to be due to the presence of the mechanically 
mixed quartz„ This was rather doubtful as the quartz pattern 
in 5b is very much different from that in pattern 5a. That
in 5b shows a nucléation of a silica phase in the form of very
minute crystallites 9 as indicated by the spots on the pattern, 
while the pattern in 5a indicates a well crystallized quartz 
with larger crystal size.

In order to be sure that the nucléation of silica as
shown in5b is from the kaolinite structure rather than from
the mechanically mixed quartz, it was suggested that the 
quartz be separated from the kaolinite before firing. Several 
methods including flotation were tried, but it was practically 
impossible to get rid of the c< quartz completely. Consequent
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ly9 a quartz free halloysite samples was fired to determine 
if the halloysites having fundamentally the same structure 
as kaolinite would yield5 upon heating9 any crystalline 
silica » It was found s as a result of several experiments j, 
that oL quartz always formed before gamma alumina. Likewise9 
it was found that halloysite takes a longer heating time than 
kaolinite to yield the same product phases„ This is believed 
to be due to the higher degree of disorder in halloysite.

Heating Time as a Temperature Dependence : Heating the
kaolinite and halloysite samples at different temperatures 
always yielded gamma alumina before mullites but the minimum 
time required for gamma alumina to appear was different at 
different temperaturese The higher the temperature the 
shorter the time required ro form this phase. The following 
example illustrates the dependence of the heating time on the 
heating temperature:

Temperature Heating time required to form
°C gamma alumina from E» P.K»
940 8 hours
950 1 hour
960 1/3 hour
970 1/3 hour

Coexistence of Gamma Alumina and Mullite: This work has
definitely proved the coexistence of gamma alumina and mullite
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at the same temperature after a certain heating time accord
ing to the heating temperature» Figure 6 shows a well- 
defined x-ray pattern of gamma alumina and mullite as product 
phases of E„PoK, fired for twenty hours at 950°C„

The fact that both gamma alumina and mullite were ob
served as product phases of fired kaolinite definitely shows 
that there are two product phases near the first D0ToA„ exo
thermic peak» Howeverg it does not explain the source of the 
peak.

Heating Time Responsible f o r  the Differences in Firing 
Results : The firing results of kaolinite at any temperature
near the first exothermic peak depend upon the heating time.
A shorter heating time produces gamma alumina while a longer 
heating time produces mullite.

The technique used in x-ray analysis could also be re
sponsible for the differences observed in firing results.
The diffractometer studies never showed gamma alumina but 
did show mullite. The film method may show gamma alumina only 
if a shorter heating time is used, while it will show both 
with longer heating time and longer x-ray exposure time.

Growth of Gamma Alumina : Gamma alumina was never ob
served with particle sizes larger than approximately the low
er region of the colloidal range. This is readily recognized 
from the very broad and diffuse lines in the x-ray diffraction
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Figure 6 - Coexistence of X and Mullite produced from
fired kaolinite for twenty hours at 950oCo
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patterns. Attempts to increase this particle size through 
prolonged heating (20 hours at 950°C) and furnace cooling re
sulted in negligible particle growth as was indicated by the 
very slight increase in sharpness of the diffraction lines 
in the x-ray patterns. Raising the temperature to 1100°C 
failed to produce any significant observable increase in 
particle size. Figure 7 shows the insignificant growth of 
gamma alumina with heating time.

Gamma Alumina as a Si-Al Spinel : When comparing the
x-ray pattern of gamma alumina,, prepared under the favorable 
conditions of growth with the standard pattern of gamma 
alumina as reported in A,S.T.M. file, it was found that there 
was a shift in the diffracted lines. The resulting pattern 
was closer to a Si-Al spinel type, Silicon ions9 liberated 
from the amorphous silica of the metakaolin by heating9 formed 
a solid solution of silica in alumina. A similar result has 
been reported by Brindley and Nakahira (1958, p. 1333). 
Kaolinite-Mullite Transformation Series Between 950° and

The purpose of this investigation was to distinguish 
between primary and secondary mullite, to explain the nature 
of the D.T.A. exothermic peaks at 1250° and l300oC, and to 
study the changes in composition of secondary mullite with 
temperature. It was also hoped that an explanation for the
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Figure 7 - Effect: of Heating time on growth of &
produced from kaolinite fired at 950°C for: 
a o One hour b. Two hours e0 Twenty hours »
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mechanism of the entire transformation series would be found0 
Formation of Metakaolin : From the results of the Dc T„Ae

of E,P, kaolinite9 the endothermie peak was found to be at
600°Co Any heating beyond 600°C caused the collapse of the
crystalline kaolinite structure9 and if there was any crystal
line material such as an impurity mechanically mixed with the 
kaolinite$ it should show in the x-ray patternss provided it 
did not undergo any structural changes during heating.

An experiment was run to study the mechanism of forma
tion of metakaolin and to find the least time required to
collapse the kaolinite structure. Figure 8 shows the results 
of this experiment on a diffractometer trace, E,P, kaolinite 
was heated at 650°G for ten minutes and air cooled; then the 
x-ray diffraction pattern was recorded. The only remaining 
reflections after 10 minutes were the 001 and 002 shown on the 
10-minute pattern. After 30 minutes of heatings the structure 
was collapsed completely. The 30-minute pattern has only a 
broad diffuse band at about 20 = 17°, Upon heating for 60 
minutesj no further change took place in the structure, How
ever s the reflection at 20 == 26,8° previously observed on the 
E,P,K, prefired9 and the 10 minutes firing still persisted. 
This reflection is the strongest line of the quartz pattern 
(1109 d = 3,34 A), It is thought that this reflection did 
not show on the 30-minute firing pattern because the dis-
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tribution of the quartz impurity in the kaolinite was not 
homogeneous.

The results of this experiment indicate that at least a 
30-minute heating period is required at 650°C for the struc
ture of E.P. kaolinite to collapse. This information was 
needed when studying the effect of heating time on the pro
duct phases at temperatures in the vicinity of 960°CS the 
temperature at which the first exothermic peak of E.P.K. was 
observed on its D.T.A. chart. A powder pattern of metakaolin 
is shown in Figure 9. It shows a central diffuse broad band 
and the strongest reflection of oL quartz 9 an impurity mechani
cally mixed with kaolinite.

Primary and Secondary Mullite: Figure 10 shows the de
tails of nucléation and growth of primary mullites cristobal™ 
ites and secondary mullite. It presents 14 diffractometer 
traces selected from the kaolinite-mullite phase transforma
tion series between 950° and 1500°C. These traces were cut 
and assembled together to show the sequence of changes in 
phase transformations of the kaolinite on heating.

The diffractometer traces in Figure 10 can be divided 
into two groups :

1. traces between 950° and 1100°C.
2 o traces between 1300° and 1500°C.
These two groups are separated by the trace at 1250°C
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Kaolinite

Metakaolin

950°G

960°G

960°C

1000°G
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1100°C
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Figure 9 « Kaolinite - Mullite Transformation 
Series Between 950 and 1500oCo
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D.ToAo Curve
A Chart of X=Ray Diffractometer Traces of 
Samples of E.P.K. fired for Two Hours at 
Temperatures between 950 and l500oCo It 
shows the Classification of Primary and 
Secondary Mullite and the Identification 
of the three D.T.A. Exothermic Peaks as 
based on the above Classification.
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which forms a sort of a boundary between them0 The criterion 
upon which this division is based is the growth and crystal» 
Unity of mullite. The growth of mullite could be detected 
by the sharpness of the 110 peak (d = 5,37 A s 29 = 16.48) 
and/or the 210 peak (d - 3.38 A, 20 = 26,32). The partial 
resolution of the 120 and 210 peaks located at 20 = 26° and 
29 = 26,32° can be taken as a measure of the degree of crys
tal Unity of mullite (see fig. 14). The mullite of the first 
group formed between 950° and 1100°C9 with poor resolution in 
its diffraction pattern indicating poor crystallinity.

The mullite of the second group, is produced between 
1300° and 1500°CS and is characterized by much better reso
lution, indicating good crystallinity and more growth. Mul
lite produced at 1250°G showed a transitory state of crys
tallinity between the poorly crystallized mullite produced 
below 1250°C and the well crystallized mullite produced above 
1250°C.

According to this criterion of crystallinity, mullite 
produced from fired kaolinite between 950° and 1500°C can be 
divided into the two phases :

1. Poorly crystallized primary mullite, produced before 
the crystallization of cristobalite.

2. Well crystallized secondary mullite, produced after 
the crystallization of cristobalite.
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The crystallization of cristobalite forms the boundary 
line between the primary and secondary mullite.

The nucléation of primary mullite at 950°C and its growth 
with temperature increase up to 1020°C does not show on the 
diffractometer traces as clearly as on the photographic pat
terns which are shown in Figure 9, where traces of mullite 
could be identified at temperatures as low as 950°C,

The development and improvement in the crystallinity of 
mullite after the crystallization of cristobalite can also 
be observed on the photographic patterns shown in Figure 9 
through the resolution of the two lines referred to as A 
and B, These two lines are sharp and resolved at all tem
peratures above 1250°C; they are broad and diffuse at all 
temperatures below 1250°C.

Gamma Alumina : While the diffractometer was unable to
detect gamma alumina reflections, the photographic method 
was very successful in detecting its nucléation and growth. 
Figure 9 clearly shows the nucléation of gamma alumina at 
950°C, The broad diffuse lines indicate the extremely small 
size of the newly formed crystallites, It also shows that 
the lines become sharper at higher temperatures, indicating 
a growth in the particle sizes. The growth of the gamma 
alumina phase with temperature appeared never to reach com
pletion, since it disappeared at 1100°C, either through
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reaction with silicas forming mullite or an alumina enriched 
mullite at temperatures higher than 1100°C»

Cristobalite: Figures 9 and 10 show the rather sudden
crystallization of cristobalite at 1250°C and its disappear
ance at 1500°C. The disappearance of most of the cristobal
ite at 1500°C appears to be due to its transformation into 
glass. Thin sections of fired samples at this temperature 
substantiated the transformation of cristobalite into the 
glassy phase.

Delay in Crystallization of Gamma Alumina and Sudden 
Crystallization of Cristobalite: It was observed in all
cases where several kaolinite and halloysite samples were 
fired that gamma alumina never crystallized before about 
950oCo This crystallization is considered late compared 
with the crystallization of gamma alumina from fired mixtures 
of amorphous alumina and silica, where gamma alumina crystal
lizes between 600° to 700°C. Ins ley and Ewell (1935, p„ 615) 
reported the same delay and explained it in the following 
manner„ When kaolinite loses its (OH) lattice water between 
500° and 600°C, the (OH) sheets in the kaolinite structure 
are broken, and this in turn produces a structural collapse 
along the c direction. As a result of this collapse, the 
A1 octahedrons fall in a rigid network of amorphous silica„ 
This rigid network of the amorphous silica delays the
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crystallization of gamma alumina as it needs more heat energy 
to release the alumina through diffusion from the amorphous 
silica„ The late crystallization of the trapped alumina is 
followed by sudden crystallization of silica in the form of 
cristobalite.

Composition of Secondary Mullite and the Change in its 
Alumina Silica Ratio with Temperature : The linear relation
ship between the amount of alumina in mullite and its lattice 
parameter aa (Appendix I) has been used in this investigation 
to determine the composition of mullite formed at different 
temperatures. Powder patterns of mullite produced from 
E.P. kaolinite fired at 1300°9 1400°9 and 1500°C were used 
to determine the lattice parameter$ ao 9 o f  the mullite unit 
cell at the above temperatures9 and from the values of a# 
it was possible to determine the alumina silica ratio in mul
lite at the different temperatures. Table 1 gives the d 
spacings of the most prominent reflections of mullite produced 
at 1300°s 1400° 9 and 1500°C; and Table 2 gives the variation 
of the lattice parameter a0 with temperature and the corre
sponding alumina content in product mullite at each temperature.

It was found that the product secondary mullite produced 
between 1300° and 1500°C is not the customary 3 :2 mullite but 
has an alumina silica ratio that lies between 3 :2 and 2:1, 
actually nearer to 2:1. It was found also that this ratio
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increases with temperature0
The d spacing measurements were restricted to secondary 

mullite since the patterns of primary mullite could not be 
measured with sufficient accuracy due to the broad diffuse 
lines «
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hkl
110
210
001
220
111
201
121
230
400
311
041
331
421
002
520
251
600

53

TABLE 1

d spacing in A
1300°C 1400°C
5.3861 5.3861
3.4077 3.4041
2.8825 2.8800
2.6914 2.6914
2.5468 2.5448
2.2935 2.2919
2.2041 2.2070
2.1178 2.1178
1.8848 1.8869
1.8367 1.8397
1.6022 1.6030
1.5269 1.5276
1.4612 1.4629
1.4426 1.4449
1.4061 1.4077
1.2799 1.2803
1.2632 1.2640

1500°C
5.3955
3.4151
2.8825
2.6914
2.5448
2.2919
2.2295
2.1178
1.8890
1.8397
1.6037
1.5283
1.4635
1.4555
1.4082
1.2808
1.2649
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TABLE 2

Temperature °C ap A A1203%
1300 7.5469 73.22

t 0.0018 + 0.30
1400 7.5619 75.79

Î 0.0018 + 0.30
1500 7.5714 77.43

t 0.0018 + 0.30

Table 3 gives the powder pattern of mullite produced at 
1500°C compared with the powder pattern of customary 3 :2 
mullite as reported by Finkenberg and Sibengebirge (Brown, 
1961, po 485).
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TABLE 3
1500°C Pattern
Msl 1 d A
110 v«s 5.3955
200 v.w 3.7657
120 v.s 3.4412
210 V ,  s 3.4151
001 m 2.8825
220 s 2.6914
111 s 2.5448
130 m 2.4267
201 m 2.2919
121 s+ 2.2295
230 m+ 2.1178
400 m” 1.8890
311 m 1.8397
321 s" 1.7030
041 s+ 1.6037
401 m+ 1.5792
331 v.s 1.5283
421 m+ 1.4635
002 s 1.4455
520 m 1.4082
251 m+ 1.2808
600 m"1 1.2649

3:2 Mullite Pattern
hkl d A i
110 5.370 7
200 3.758 2
120 3.418 9
210 3.383 10
001 2.878 7
220 2.686 8
111 2.538 9
130 2.414 6
201 2.289 8
121 2.201 9
230 2.115 8
400 1.886 5
311 1.839 7
321 1.698 7
041 1.596 8
401 1.573 6
331 1.522 9
421 1.459 6
002 1.439 8
520 1.404 5
251 1.274 6
600 1.256 3
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Appendix 4 illustrates the method of calculation of the 
unit cell parameter a c of mullite from the d spacing of its 
hkl reflections.

Summary : To summarize the thermal behavior of E.P.
kaolinite between 950° and 1500°C) the following phases form 
within the given temperature ranges:

Phase Temperature Range
Gamma alumina 950 to 1100°C
Primary Mullite 950 to 1250°C
Cristobalite 1250 to 1400°C
Secondary Mullite 1300 to 1500°C
The important conclusions derived from the studies of 

the phase transformation series are:
1. The coexistence of gamma alumina and mullite in the 

temperature range between 950° and 1100°C9 indicates that 
the question concerning the product phase of fired kaolinite 
at the temperature of the first exothermic peak is meaningless 
since it does not solve the problem of the origin of the first 
exothermic peak.

2. The delay of crystallization of gamma alumina is due 
to the rigid network of the amorphous silica which traps the 
alumina.

3. The sudden crystallization of cristobalite forms a 
boundary between the incomplete development of the poorly
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crystallized primary mullite and the rapid growth of the 
we11-crystallized secondary mullite„

Suggested Mechanism: From the above results it is pos
sible to visualize a simple picture of the entire transforma
tion series as the temperature increases »

The loss of the (OH) lattice water between 500° and 600°C 
eliminates the hydroxyl sheets in the kaolinite structure.
This in turn causes the collapse of the structure along the 
c axis. As a result of this collapse, the A1 octahedrons be
come dispersed among the silica tetrahedral units. The meta
kaolin, the resultant dehydrated phase, can be considered as 
a rigid network of amorphous silica trapping the alumina. 
Because of the alternate silica alumina sheets along the c 
axis in the structure of kaolinite, the trapped alumina will 
be surrounded by an envelope of amorphous silica.

When metakaolin is heated to about 950°C, a few silica 
tetrahedra migrate out of the surface of the silica envelope. 
This permits the alumina octahedra to be released from the 
trapped alumina in the envelope. Upon longer heating some of 
the octahedral units try to arrange themselves in chains paral
lel to the c axis and become cross-linked by silicon and 
aluminum ions in a mullite-like structure„ The stacking of 
these chains at temperatures around 950°C is never perfectly 
parallel to the c axis because the energy supplied at such
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temperatures is not enough to release the trapped alumina and 
to stack the octahedral units parallel to the c axis, The 
primary mullite formed under such conditions is always poorly 
crystallized» The amorphous silica envelope is thus respon
sible for trapping the alumina, delaying its crystallization 
and preventing its normal stacking to produce well crystal
lized mullite »

Upon further heating at higher temperatures, more energy 
is supplied, and more mullite is formed with better crystal
linity» When sufficient energy is supplied, the silica sud
denly is able to crystallize in the form of cristobalite„ In 
this case the alumina remains no longer trapped, and as no 
additional energy is required to release the trapped alumina, 
so all the energy is used to stack the alumina octahedral 
units in chains parallel to the c axis, producing a rapidly 
grown, we11-crystallized, secondary mullite »

From the disappearance of gamma alumina at temperatures 
higher than 1100°C, and the crystallization of silica in the 
form of cristobalite at temperatures around 1250°C, it is 
expected that mullite produced at such temperatures may have 
a composition richer in alumina and poorer in silica » In 
other words the alumina silica ratio should tend to increase 
with temperature» This was experimentally proven in this 
investigation» Also the successive appearance of silica,
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aluminas and mullite was observed experimentally0
Proper Identification of D„T.A. Exothermic Peaks : The

role which the amorphous silica in metakaolin plays in delay
ing the crystallization of gamma alumina, keeping the primary 
mullite undeveloped and poorly-crystallized, and the sudden 
crystallization of the amorphous silica in the form of cristo
balite indicate that secondary mullite can never form before 
the formation of cristobalite0 Accordingly the second exo
thermic peak on the kaolinite D,T0A e curve appears to be due 
to crystallization of cristobalite, and the third peak is due 
to the rapid growth of the primary mullite to secondary mul
lite. The nature of the first exothermic peak will later be 
explained on the basis of thermodynamics.
Role of Impurities on Product Phases

.The role of impurities will be discussed under three 
headings: Effect on amounts of mullite and cristobalite.
Effect on temperatures of formation, and Differences in fir
ing results due to impurities. The role of impurities in 
the mechanism of transformation will not be discussed.

Effect of Impurities on Amounts of Mullite and Cristobal
ite : For the purpose of this investigation there was no need
for the absolute determination of the amounts of product 
phases. The intensity of the 110 mullite peak (d = 5.37 A) 
was taken as a measure of the amount of mullite, and that of
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the 101-cristobalite peak (d = 4.04 A) was taken as a measure 
of the amount of cristobalite. The intensity was measured in 
terms of the average area under the peak of the curve. Each 
peak was traced twice under two different packing conditions 
of the sample. Since each addition of an impurity to kaolinite 
produces a mixture of a different absorption effect, the in
tensity has to be corrected for absorption. Appendix 5 illus
trates the role of absorption on the intensity reflected from 
a component phase in a multiphase mixture. The mass absorp
tion coefficients of the different E.P.K.-chemical mixtures 
are given in Appendix 3. To illustrate how the intensity is 
corrected for absorption, let us consider the following ex
ample c

Mixture U* ^observed ^corrected
E.P.K. 31 104.60 104.6
Fe+++ 36.56 95.60 112.75
Ca++ 34.59 75 83.69

U* is the mass absorption coefficient and I is the intensity.
The above table gives the intensities reflected from cristo- 
halites produced at 1300°C from pure E.P.Kaolinite, E.P.K.-Fe+++ 
and E.P.K.-Ca**’ mixtures. The corrected intensity, ^corrected, 
was determined from the relation.

^corrected = ^observed x (^mixture / ^*E. P.K. )
Table 4 gives the intensities of the 110-muHite peak
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E.P.K* ̂ chemical 
Mixture____
E.P.K.

Mg++

Ca++

TABLE 4

Temperature 0C 1*110 1*101
1100 9 0
1250 18 98
1300 15.2 104.6
1350 15.47 96.1
1400 12.93 95.6
1500 12.60 0
1100 12 8
1250 17.32 103.1
1300 17.2 112.75
1350 20.0 105.35
1400 19.0 114.70
1500 16.28 0
1100 12.62 17.55
1250 16.84 99.44
1300 15.31 99.23
1350 17.58 98.01
1400 16.85 95.56
1500 13.25 0
1100 16.49 87.81
1250 15.13 82.39
1300 14.12 83.69
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E.P.K, -chemical 
Mixture____

Pb++

Bi+++

TABLE 4 (cont.)

Temnerature °C 1*110 1*101
1350 15.41 69.68
1400 14.64 61.66
1500 15.60 0
1100 14.84 82.92
1250 14.47 89.69
1300 12.78 83.35
1350 14.19 84.02
1400 14.47 88.55
1500 12.94 0
1100 18.05 121.74
1250 21.88 145.86
1300 21.12 130.25
1350 23.73 155.86
1400 18.94 96.45
1500 u.cL 0
1100 11.47 0
1250 12.72 0
1300 14.06 0
1350 15.17 0
1400 15.40 0
1500 17.17 0
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E„PpK„-chemical 
Mixture

TABLE 4 (eont.) 

Temperature °C 1*110 1*101
Cs+ 1100 11.46 0

1250 16.55 13.80
1300 15.47 0
1350 23,10 0
1400 16.93 0
1500 u.d. 0

Li* 1100 11.93 16.29
1250 13.04 0
1300 14.61 0
1350 15.36 0
1400 13.80 0
1500 14.85 0

* c Intensity is corrected for absorption u0d : Undetermined

and the 101-cristobalite peak for different E,P.K»“chemical 
mixtures at different temperatures. Figures 11 to 13 show 
the effect of some impurities on the amounts of product 
phases at different firing temperatures•

Effect of Impurities on Temperature of Formation of 
Product Phases : The temperatures of formation of primary
mullite, cristobalite, and secondary mullite were determined
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from DoToAe and diffractometer traces. The temperature of 
the first exothermic peak was taken as the temperature of 
formation of primary mullite„ It will be shown in the theor
etical part of this investigation that the first exothermic 
peak on the D,T„A, curve of kaolinite appears to be due to 
the crystallization of mullite. The secondary mullite was 
identified on the diffractometer traces by the partial reso
lution of the 120-and 210-mullite peaks as shown on Figure 14, 
the lowest temperature at which secondary mullite appeared was 
taken as its temperature of formation. Figures 15 to 20 show 
the diffractometer traces of E,P,K,-chemical mixtures fired 
at 1100, 1250, 13009 1350, 1400, and 1500°C, Figures 21 and 
22 show the D,T,A, of the E,P,K,-chemical mixtures at tem
peratures up to 1000°C, Table 5 lists the different tempera
tures of formation of product phases for the different mix
tures ,

Différencies in Firing Results Due to Impurities : From
the results of this part of the current investigation, we can 
see the role which impurities play in the firing process.
Some impurities may accelerate the formation of some phases, 
while others may prohibit completely the formation of some 
other phases. Primary mullite, the poorly defined mullite 
phase, may grow faster than usual and exhibit complete crys
tal growth 200°C lower when B i f o r  example is added as an
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TABLE 5

Temperature of formation of : 
M W W 9  Primary Mullite g^cgn^a^Jfojljte Cfistg&s
E.P.K. 962°C 1250°C 1250°C
Ca++ 962 1100 1100
Cs+ 967 1250 *prohibited
K+ 966 1250 *prohibited
Li+ 908 1100 1100
Mg++ 952 1100 1100
Bi+++ 950 1100 1100
Fe+++ 958 1250 1100
Pb++ 957 1100 1100
*Low melting glass
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impurityo Impurities show a small effect on the temperature 
of formation of primary mullite when compared with secondary 
mullite. There is a similar effect on cristobalite and sec™ 
ondary mullite„ The impurities which accelerate the crystal” 
lization of cristobalite such as Bi+++S Pb** 9 and Mg**, also 
aid the growth of primary mullite and help to form secondary 
mullite.

The prohibition of formation of cristobalite with K*, 
Cs*9 and Li* impurities does not mean that fired kaolinite 
does not yield cristobalite. Actually it does form and then 
reacts with these impurities to form low-melting silicates.
To give an example which illustrates the fact that impurities 
are responsible for the differences in the firing results 9 
consider the results of firing of E.P.K. treated with impuri
ties of Bi+++ and K+, The following table gives the tempera
ture ranges where product phases exist.

Temperature Range °C 
Phase E.P.K, BÎ+++ K±
P. Mullite 950 to 1250 950 to 1100 950 to 1250
Cristobalite 1250 to 1400 1100 to 1400 Prohibited
S. Mullite 1300 to 1500 1100 to 1500 1250 to 1500
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Figure 16
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Figure 17
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Figure 18
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Figure 21 - Effect of Impurities on the Temperature 
of the First Exothermic Peak as Shown 
on DoToAe Curves.
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Figure 22 « Effect of Impurities on the Temperature 
of the First Exothermic Peak as Shown 
on D.T.A. Curves.
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THEORETICAL WORK: THERMODYNAMICS OF THE VARIOUS 
HIGH”TEMPERATURE TRANSFORMATIONS OF KAOLINITE

Different investigators have used different heat treat
ments n different samples of kaoUnites from different deposits 
containing different and various amounts of impurities and 
hence have obtained different firing results. These results 
show considerable discrepancies as regards the thermal behav™ 
ior of kaolinite and its firing products„ One would not be 
justified in adding to the already voluminous literature on 
this subject unless some new approach were tried» This ap
proach must be independent of any variable experimental con
ditions » Such an approach has been made possible in the 
present investigation by using the most accurate available 
thermodynamic data which have been published recently on kaol
inite and its high temperature products » By considering the 
free energy changes of various high-temperature transformations 
of metakaolin9 the dehydrated phase of kaolinite* some light 
may be thrown on the general thermal behavior of kaolinite at 
high temperatures and especially at the temperature of the

79
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first exothermic peak*
Theoretical Background

From the work of Carnots Van51 Hoff, Gibbs, and Helmholtz, 
it has been established that the free energy of a reaction is 
the thermodynamic function which conforms exactly to the driv<° 
ing force* Kubaschewski and Evans (1951, p. 21) define the 
free energy, for any substance under specific given con
ditions as the maximum portion of its energy which can be 
transformed into mechanical work. Any process which takes 
place is accompanied by a change in the free energy of the 
system, and this change is equal to the work done by or ab
sorbed during the process.

Gibbs in 1875 and Helmholtz in 1882 (Kubaschewski and 
Evans, 1951, p. 21) independently derived the well known ex
pression for free energy:

G = H ~ TS,
where H and S are the heat and entropy of formation*

For values of G at higher temperatures, the heat capacity 
Cp must be considered. From the heat capacity and from the 
knowledge of the properties of any phase transition, the other 
thermo dynamic functions can be computed at any temperature.
Heat capacity, C , equations are usually in the form of a power 
series with the absolute temperature T as an independent 
variable :
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Cp = a + bxlO~3T + cxlO5!"2 
where a$ b 9 and c are constants which can be measured experî» 
mentally or evaluated by some theoretical approach.

H can be determined from Cp by a simple integration over 
the range of temperature talking 298°K as a reference tempera
ture :

since Cp = dH/dT
then dH Cpdï

and
J

298

dH CpdT
J

298

CD

therefore = ^ 2 9 8  +
J

298

CpdT

In the same way S is determined from 
since dS = dH/T

* C dT/T

then dS C dT/T (2)
298 298
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therefore ST = S298 + /

298
Considering a reaction where reactants and products are 

involved? AH, AS, and A G  replace H, S, and G
respectively in equations (1) and (2), where:

( '  ^p^ reactants

then equation (1) becomes :
T

AHt = AH298 + J A CpdT (1)

298
where :

298  ̂̂  298^ products  ̂̂  298^ reactants
and equation (2) becomes :

T

A S t = A S 298 + f  A C pdT/T (2)

298
where :

A S 298 ~  ^ /  S298^ products " W  S298^ reactants
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In order to find an expression for the change in free 
energy of any reaction at an elevated temperature9 Gibbs
equation is used :

AG, AH, T AS.

AGt - AH298 = AHt .. AH29g - TAS,

ACpdT - T ( AS29g + A C pdT/T )

AG. AH298 + AC dT TAS 298 AC dT/T P

298 298
If any phase transition takes place in the range 298°K to T°K9 
the change in free energy of the transition must be considered 
Thermodynamic Data for Kaolinite and its Products

The literature still lacks most of the thermodynamic data 
for silicates in general* A few investigators have reported 
some of the required data* Recently some sufficiently ac
curate data have been reported for kaolinite and its firing 
products »

The values of the heats of formation of metakaolin$ 
mullite9 and gamma alumina were given by Avgustinik and
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Mchedlov-Petrosyan in 1952 (Vaughan9 19558 p0 265) as 
- 767,500, - 1,804s000 and - 391,290 cal0/mol« respectively» 
The values reported by Kroger in 1953 were ~ 803,000,
» .1,804,000 and - 395,000 cal»/mol» respectively (Vaughan, 
1955, p„ 265)„ The heat of formation of kaolinite was esti« 
mated as « 945,000 ca10/mo1» by Vaughan (1955, p0 265) and 
as - 964,940 cale/mol0 by Budnikov and Mehedlov~Petrosyan 
(1960, p» 479)e Budnikov and Mchedlov«Petrosyan determined 
the heat capacity of kaolinite from the values of the oxides 
and water»

The thermodynamic data for different phases of silica 
and water were reported by Kelly (1960), Kubaschewski and 
Evans (1951), Coughlin (1954) and Glassner (1959)»

In spite of the fact that the values of the heat of 
formation of kaolinite and metakaolin reported by different 
investigators are in good agreement, those reported by 
Budnikov and Mehedlov<-Petrosyan are preferred because of 
their closer agreement with the experimental fact that meta- 
kaolin cannot be produced by heating kaolinite below 950°K 
(680°C) regardless of how long it may be heated (Budnikov and 
Mchedlov-Petrosyan, 1960, p» 479)»

Tables (6»1) and (6,2) give the best suggested thermo~ 
dynamic data for kaolinite and its products »
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TABLE 6.1

Substance
s°298

eal./mol.
*” AH 298 
ca1./mo 1

Kaolinite 40.50 964,940
Metakaolin 32.78 767,500
Mullite 60.00 1,804,000

12.20 400,000
V AX203 12.20 395,100
o( Si02 10.06 209,900
$ s to2 10.06 209,900
SiO^ (glass) 10.06 202,000

Cristobalite 10.06 209,550
P Cristobalite 10.06 209,550
o( Tridymite 10.06 209,400
fB Tridymite 10.06 209,400

The superscript (°) in S° and a h ° refers to all components 
of the transformations being in their standard states. The 
standard free energy change a G° = a h ° - T A S°.
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TABLE 6.2

Substance cp
Kaolinite 57.47 + 35.30x10“3T - 7.87x105T"2
Metakaolin 54.85 + 8.80x 10“3T - 3.48x 105T“2
Mullite 84.22 + 20.00x 10=3T »25„00x 105T"2
eC AI9 Og 27.38 + 3.08x 10”3T - 8.20x 105T"2
T Â I20^ 16.37 11. 10x10 "3t
(K S1Ü2 11.22 Hh 8.20x 10“’3T - 2.70x 105T"2
Psi02 14.41 + 1.94x 10 “3T
S1Ü2 (glass) 13.38 +• 3.68x 10“3T - 3.45x 105T“2
o( Cristobalite 4.28 + 21.06x 10“3T
P* Cristobalite 14.40 4’ 2.04x 10'*3T
Tridymite 3.27 4»24.80x 10“3T
Tridymite 13.64 4» 2.64x 10j3T

Table 7 gives the different phases of SiC^ between room 
temperature and the melting point of /3 cristobalite into 
glass5, as well as the temperature and heats of the transi
tions o
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TABLE 7

o< Quartz 
$  Quartz 
P Tridymite 
P Cristobalite

Temperature Range 
°K A H t cal./mol

298 to 848
848 to 1140 290
1140 to 1743 180
1743 to 1953 2150

Zsssrble Transformations o£ Metakaolin
Among the possible transformations of metakaolin, the 

ones that concern us at present, are : 
lo Al2032Si02 = A1203(X ) + 2Si02 (glass)
2 « Al2032Si02 = A1203(X ) + 2Si02 (crystalline)
3o Al2032Si02 = 1/3 (3Al2032Si02) + 4/3 Si02 (glass)
40 Al2032Si02 = 1/3 (3Al2032Si02) + 4/3 Si02 (crystalline)
5o Al2032Si02 = 1/4 (3Al2032Si02) + 1/4 A1203(X ) + 3/2 Si02

(crystalline)
6« Al2032Si02 = 1/4 (3Al2032Si02) + 1/4 A1203(2T ) + 3/2 SiOg

(crystalline)
The different firing results of kaolinite reported by 

different investigators are covered in three transformations 
where metakaolin transforms either into oxides or mullite or 
both0 Every transformation is considered twice, once for
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amorphous silica and again for crystalline silica$ which in 
turn transforms from ft quartz to ft tridymite to cristoa 
halite to glass along the temperature range between 298° and 
1953®K» The reason for studying the transformations for 
amorphous silica and for crystalline silica is that most of 
the investigators failed to observe any crystalline silica at 
temperatures near the first exothermic peak9 while only a few 
of them reported very small amounts of crystalline silica9 
too small to be observed by x~ray analysis»

Before obtaining the free energy equations for the above 
transformations? the phase transitions of SiO^ must be con- 
sideredp and a free energy equation for each transition must 
be obtained» Appendix 6 gives the free energy equations for 
all phase transitions of SiC^.

gaaatAffag £&£. aJLi feasible. Transformations 
An equation for the change in free energy as a function 

of temperature must be obtained for each transformation ; 
those transformations which yield crystalline silica will 
have an equation for each temperature range where a certain 
phase of silica exists»

-AS. Equation t&e First Transformations The first 
transformation is :

Al2032Si02 = A120 (% ) + 2Si02 (glass)
A  Cp = 2 (13,38 + 3„68xl<r3T - 3„45xl05T~2) + 16.37 + 11.10x10~3T
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(54.85 + 8.80x10-3? - 3.48x105T-2) 
- 11.72 + 9„66x10“3T - 3.42x105T"2 

T

A  Ht = AH^9g + j ACpdT

298
aH298 = 2 <-202,000) + (-.395,100) - (-767,500) = - 31,600

AH t = - 31,600 + / (-11.72 + 9.66x10-3T - 3.42xl05T”2)dT

298
= - 31,600 - 11.72 T + 4.83x10”3T2 + 3.42xl05T‘1 

+ 11.72x298 - 4.83xl0-3(298)2 - 3.42xl05 / 298 
= - 29.684 - 11.72 T + 4.83xlO=3T2 + 3.42xl05T-1

AS*t = ASggg + / ACpdT/T

298
as298 = 2 (10.06) + 12.2 - 32.78 = - o.46

AS't = - o.46 + / (-11.72/T + 9.66xlO~3 - 3.42xl05T"3)dT

298
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- 0.46 - ll„721nT + 9.66xX0"3T + 1„71x105T"2 
+ 11.721n298 - 9.66x10"3x298 - 1.71xl05/(298)2 
61.50 - 11.72InT + 9.66xlO'3T + 1.71xl05T"2 
AHj - T AS‘T

- 29,684 - 11.72T + 4.83xlO-3T2 + 3.42x105T”1
- T (61.50 - 11.72InT + 9.66xlO"3T + 1.71xl05T-2)
- 29,684 - 73.22T + 11.72TlnT - 4.83xlO~3T2 
+ 1.71xl03T"l

Table 8 gives the values of AG as calculated from the 
0AG equation at different temperatures »
AG Equations for the Second Transformation : The second

transformation is :
A12032S102 = AUG- (r ) + 2Si02 (crystalline)
This transformation yields crystalline silica9 and the 

silica undergoes phase transitions at certain temperatures 
within the temperature range considered in this study0 A

Oseparate AG equation must be obtained for each temperature 
range where a certain silica phase exists, The different 
silica phases are given in Table 7, and the AG equations 
for the transitions are given in Appendix 6»

For the temperature range between 298° and 848°K where 
the crystalline silica is in the form of o< quartz9

AGip ~
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ACp = 2 (11.22 + 8.20x10”3T - 2.70xl05T"2) + 16.37
+ 11.10x10"3T - (54.85 + 8.80xl0”3T - 3.48xl05T-2) 

= - 16.04 + 18.70xl0“3T - 1.92xl05T~2
T

AHt = AH2g8 + J  AC dT

298
AH298 = 2(“ 209,900) + (- 395,100) - (- 767,500)

T
47,400

A hL = - 47.400 + / (- 16.04 + 18.70xl0~3T

298
1.92xl05T“2)dT
44,095 ™ 16.04 T + 9.35xlO”3T2 + 1.92xl05T“1 

T

a s T = A S 298 + AC dT/T

298
aS298 = 2 (10.06) + 12.2 - 32.78 = - 0.46

T

A s t = - 0.46 + / (- 16.04/T + 18.70x10

298
1.92xl05T"3)dT
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= - 0.46 - 16.04 InT + 18.70xl0“3T + 0.96xl05T~2 
+ 16.04 ln298 = 18.70xl0™3x298 - 0.96xl05/(298)2 

= 84.27 - 16.04 InT + 18,70xl0~3T + 0.96x105T-2 
AGj = AHj -- T AS^

= - 44s095 - 16.04 T + 9.35xlO"3T2 + 1.92xl05T“1
- T (84.27 « 16.04InT + 18.70xl0”3T + 0.96xl05T~2)

= - 44,095 - 100.31 T + 16.04 TlnT - 9.35xlO"3T2
+ 0.96xl05T=,i

At 848°K o< quartz transforms to f i  quartz and the change 
in free energy for this transition is given in Appendix 6 as ;
AG° = 154.08 + 18.86 T ■ 3.19 TlnT + 3.13xl0“3T2 - l.SSxlO5!"1 
ands since

Al2032Si02 = AI203(y) + 2Si02 ( o< quartz) (A)
2Si02 ( o< quartz) = 2Si02 ( quartz) (B)
A12032S102 = Al^O ( Y ) + 2Si02 ( f i  quartz) (C)

therefore AG^ for transformation (C) is equal to the sum of
Ĝrj, for transformations (A) and (B), and for the temperature

range between 848° and 1140°K where the crystalline silica is 
in the form of quartz^
AG^. = - 44,095 - 100.31 T + 16.04 TlnT - 9.35xlO-3T2 

+ O.OôxlO5!”1 + 2(154.08 + 18.86 T - 3.19 TlnT 
+ 3.13x10“3T2 - 1.35xl05T-1)

= - 43.787 - 62.59 T + 9.66 TlnT - 3.09xl0"3T2 - 1.74x105T"1
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At 1140°K quartz transforms to f i  tridymite. The 
change in free energy for this transition is given in Appendix 
6 as:
AG°t = 602.94 - 5.55 T + .77TlnT - .35xlO"3T2 
Adding two times this aG«j to the AG^ equation of the pre
vious temperature range, we get the AG^ equation for the 
range betv/een 1140° and 1743°K, then
AG‘t = - 43,787 - 62.59 T + 9.66 TlnT - 3.09xl0"3T

- 1.74x105T"1 + 2(602.94 - 5.55 T + .77 TlnT
- .SSxlO"3!2)

AG^, = - 42,581 - 73.69 T + 11.2 TlnT - 3.79xlO~3T3 
■» 1.74xl05T"1

At 1743°K Z3 tridymite transforms to / cristobalite, the
change in free energy for this transition is given in Appendix 
6 as :
AG°t = - 383.26 + 5.37 T + 0.30xl0”3T2 - 0.76 TlnT
Adding tx̂ o times this AG^ to the A G^ of the previous tem
perature range, we get AG^ for the temperature range between 
1743° and 1953°K, then
AGj = -42,581 - 73.69 T + 11.2 TlnT - 3.79xlO"3T2

- 1.74x105T"1 + 2(» 383.26 + 5.37 T + 0.30xl0“3T2
“ 0.76 TlnT)

= - 43,348 - 62.95 T - 3.l9xlO~3T^ - 1.74xl05T~1 
+ 9.68 T InT
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At 1953°K cristobalite melts into a glassy phase, the 
change in free energy for this phase transformation is given 
in Appendix 6 as :
AGj = 837,76 - 6.6T =• 0,82xI0“3T2 + l.TSxlO5!”1 + 1.02 TlnT
By adding two times this AG^ to the A G of the previous 
temperature range, we get the AG^ equation for the range 
between 1953° and T°K (T is any temperature up to 2083°KS the 
melting point of mullite)0
AG°t = ... 43,348 ... 62.95 T » 3.19x10"^T2 - l./AxlO5!”1 + 9.68 

TlnT + 2(837.76 - 6.6 T - 0.82xl0"3T2 + l^SxlO5!"1 
+ 1.02 TlnT)

= - 41,672 - 76.15 T - 4.83xlO"3T2 + 1.72xl05T~1 
+ 11.72 TlnT

Table 9 summarizes the AG^ equations of the second trans
formation at different temperature ranges„

Table 10 gives the calculated values of AG^ of the 
second transformation at different temperatures »
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TABLE 8
T ° K AG° cal*
298 00 31,462
400 « 31,228
500 ** 30,742
600 00 30,087
700 29,316
800 00 28,462
1000 °» 26,604
1200 - 24,645
1250* 24,150
1300 23,657
1400 « 22,674
1500 “=> 21,701
1600 20,749
1700 CO 19,814
1800 * 18,908
1900 18,033
2000 - 17,193
2100 ** 16,391
2200 <» 15,628

* The temperature 1250°K is of special interest as it is the 
temperature of the first exothermic D. T,A. peak (980°C) <,
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Temperature Range 
298 to 848°K

848 to 1140°K

1140 to 1743°K

1743 to 1953°K

1953 to T°K

TABLE 9

a g t
= 44,095 - 100.31 T + 16.04 TlnT 
» 9.35x 10“3T2 + O.OôxlO5!"1
- 43,787 - 62.59 T + 9.66 Tint 
™ 3.09x 10”3T2 - 1.74xl05T“1
- 42,581 - 73.69 T + 11.2 TlnT
- 3.79x10"3T2 ~ 1.74xl03T-l
= 43,348 - 62.95 T - 3.19x 10"3T2 
= 1.74x 105T”1 + 9.68 TlnT
- 41,672 - 76.15 T - 4.83xl0=3T2
+ 1.72x 105T"1 + 11.72 TlnT
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TABLE 10

1° K a g t T°K
298 - 47,260 1300
400 - 47,030 1400
500 - 46,550 1500
600 - 45,917 1600
700 - 45,194 1700
800 - 44,422 1743
848 m 44,044 1743
848 - 44,055 1800
1000 - 42,913 1900
1140 - 41,796 1953
1140 - 41,793 1953
1200 - 41,320 2000
1250* - 40,919 2100

A G«
40,519
39,708

- 38,879
38,087
37,280
36.938
36.939
36,491

« 35,711 
- 35,301
- 35,307
35,051
34,542

2200 34,073
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agT Equation for the Third Transformation : The third
transformation is :

Al2032Si02 = 1/3 (3Al2032Si02) + 4/3 Si02 (glass)
ACp = 4/3 (13.38 _ 3.68x10'"3T - 3.45xl05T-2) + 1/3 (84.22 

+ 20x10"3T - 25x105T"2) - (54.85 + 8.8xlO"3T 
- 3.48xl05T"2)

= - 8.94 + 2.77x10“3T » 9.45xl05T™2
T

298
A H 298 = 4/3 202,000) + 1/3 (- 1,804,000) - (- 767,500)

= ~ 103,166
T

AH,T 103,166 + (- 8,94 + 2.77x10“3T - 9.45xl05T"2)dT

298
103,798 - 8.94 T + 1.39xl0"3T2 + 9.45xl05T-1 

T

AS T

298
A 3298 = 4/3 (10.06) + 1/3 (60) - 32.78 = 0.63
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T

As”t = 0.63 + r  (- 8.94/T + 2.77xl0~3 - 9.45xl05T"3)dT 

298
= - 8.94 InT + 2.77xi0"3T + 4.73xl05T~2 + 45.39

AGrji = A « T A Ŝ ,

- » 103,798 - 8.94 T + 1.39x10"^T2 + 9.45xl05T-1 
™ T (~ 8.94 InT + 2.77x10"^T + 4.73xl05T™2 + 45.39)

= - 103,798 - 54.33 T +  8.94 TlnT - l.SSxlO"3!2 
+ 4.72x105T“1

Table 11 gives the calculated values of AG^, of trans
formation #3 at different temperatures.

AG Equations for the Fourth Transformation: The fourth
transformation is :

Al2032Si02 = 1/3 (3Al2032Si02) + 4/3 SiOg (crystalline)
ACp = 1/3 (84.22 + 20x10"3T - 25xl05T”2) + 4/3 (11.22

+ 8.2x10-3T - 2.7x105T-2) - (54.85 + 8.8xlO~3T 
- 3.48xl05T“2)

= - 11.82 + 8.8x10”3T - 8.45x105T"2 
A1^98 = 4/3 (- 209,900) + 1/3 (- 1,804,000) - (- 767,500)

= - 113,700
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AH™ = - 113,700 + (~ 11.82 + 8.8x10'3T - 8.45xl05T-2)dT
J
298

= - 113,406 - 11.82 T + 4.4x 10"3T2 + 8.45xl05T-1 
As298 “ 4/3 (10.06) + 1/3 (60) -• 32.78 = 0.63

AS,p = 0.63 + (- il.82/T + 8 . 8 x 1 0 -  8.45xl05T"3)dT
J
298

60.58 - 11.82 InT + 8.8xl0~3T + 4.23x 105T"2
0AG t = AHT - T A S t

= - 113,406 » 12.82 T + 4.4x 10~3T2 + 8.45x 105T-:L 
- T (60.58 •> 11.82 InT + 8.8x 10"3T + 4.23xl05T"2)

= ™ 113,406 - 72.4 T + 11.82 TlnT » 4.4xl0“3T2 
+ 4.23x 105T"1

This AG°equation is for the temperature range between 
298° and 848°KS and in order to obtain an equation for the 
range between 848° and 1140°K9 the transformation of cA quartz 
has to be considered as in the case of the second transfor» 
nation*

The A G equation of the transformation of e>c quartz to
(3 quartz is given in Appendix 6 as :
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AG°t = 154.08 + 18.86 T - 3.19 TlnT + 3.13xlO”3T2 - l.SSxlO5!"1
Adding four thirds of this to the A g ^ of the previous tempera»
ture range 9 we get
AG*t = ~ 113,406 - 72.4 T + 11.82 TlnT - 4.4xlO“3T2 + 4.23x 

lO5!"1 + 4/3 (154.08 + 18.86 T - 3.19 Tint 
+ 3.13xl0”3T2 - l.SSxlO5!"1)

AG°t = - 113,201 - 47.25 T + 7.56 TlnT - O^SxlO-3!2 
+ 2.43x 105T”1

To find an equation for the change in free energy of the 
fourth transformation between 1140° and 1743°KS the transition 
of (2 quartz into P tridymite has to be considered. AG^ for 
that transition as given in Appendix 6 is :
AG°t = 602.94 - 5.55 T + 0.77 TlnT - O.35xlO~3T2
Adding four thirds of this AG^ to the AG^ of the previous
temperature ranges we get
A g’t = - 113,201 - 47.25 T + 7.56 TlnT - 0.23xl0"3T2

+ 2 ,43x 105T”1 + 4/3 (602.94 - 5.55 T + 0.77 TlnT
- O.SSxlO”3!2)

= - 112,397 - 54.65 T + 8.59 TlnT - .69xl0~3T̂
+ 2.43x 105T"1

In the same way the AG^ equation for the range between 
1743° and 1953°K could be obtained. AG^ for the transition 
of ft tridymite into (? cristobalite is :
AG°t = - 383.26 + 5.37 T + O.SOxlO™3!2 - 0.76 TlnT
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Adding four thirds of this AG^ to the previous AG^ we get

AGj = - 112,397 - 54.65 T + 8.59 TlnT - O.ôgxlO"3!2
+ 2.43xl05T":i + 4/3 (- 383.26 + 5.37 T + 0.30xl0"3T2
« 0.76 TlnT)

= 112,908 ™ 47.49 T + 7.58 TlnT -  .29xlO~3T2
+ 2.43xl05T“1

At 1953°K (3 cristobalite goes into a glassy phase, the AG^ 
equation for this transition is given in Appendix 6 as :
AGj = 837.76 - 6.6 T - 0.82x10“̂ T2 + 1.73xl03T"l + 1.02 TlnT 
Adding four thirds of this AG^ to the previous AG%, we get a 
AG^, equation for the temperature range 1953° and T°K9 

AGj = - 112,908 - 47.49 T + 7.58 TlnT « 0.29xl0‘*3T2
+ 2.43xl05T“1 + 4/3 (837.76 - 6.6 T - 0.82xl0"3T2
+ 1.73x105T“  ̂+ 1.02 TlnT)

= - 111,791 - 56.29 T + 8.94 TlnT - 1.39xl0”3T2 
+ 4.73x 105T"1

Table 12 summarizes the AG^ equations for the fourth 
transformation at the different temperature ranges.

Table 13 gives the calculated values of AG^, of the 
fourth transformation at different temperatures »
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TABLE 11
T° K a g £' cal./mi
298 - 103,351
400 - 103,150
500 - 102,594
600 - 101,803
700 « 100,849
800 - 99,765
1000 97,304
1200 - 94,556
1250 «e 93,834
1300 ca 93,100
1400 - 91,599
1500 <= 90,057
1600 88,483
1700 — 86,873
1800 85,240
1900 ” 83,582
2000 00 81,919
2100 ■» 80,210
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TABLE 12
Temperature •
Ranee °K aGT cal./mol.
298 to 848 - 113,406 - 72.4 T + 11.82 TlnT

- 4.4x 10”3T2 + 4.23x 105T"1
848 to 1140 - 113,201 - 47.25 T + 7.56 TlnT

- 0.23xl0”3T^ + 2.43x 105T”1 
1140 to 1743 ™ 112,397 - 54.65 T + 8.59 TlnT

- 0.69X10"3!2 + 2.43x 105T”1 
1743 to 1953 - 112,908 - 47.49 T + 7.58 TlnT

- 0.29X10"3!2 + 2.43x 105T~1 
1953 to T - 111,791 - 56.29 T + 8.94 TlnT

- 1.39X10"3!2 + 4.73xl05T"1
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TABLE 13
% AGf cal./mol. T° K AGrp cal ./me

298 - 113,891 1300 00 104,350
400 - 113,692 1400 « 102,965
500 - 113,141 1500 °3 101,530
600 - 112,367 1600 ” 100,052
700 - 111,663 1700 » 98,530
800 - 110,418 1743 *» 97,864
848 - 109,896 1743 97,858
848 - 109,896 1800 96,965
1000 - 108,185 1900 95,371
1140 « 106,453 1953 « 94,513
1140 - 106,451 1953 94,511
1200 - 105,681 2000 « 93,813
1250 ™ 105,022 2100 o 92,313
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AG Equation for the Fifth Transformation; The fifth 
transformation is :

Al2032Si02 = 1/4 (3Al2032Si02) + 1/4 AlgOg ( )
= 3/2 SiOg (glass)

ACp = 3/2 (13.38 + 3.68xlO"3T - 3.45xl05T~2) + 1/4 (16.37 
+ 11.1x10"3T) + 1/4 (84.22 + 20xl0“3T - 25xl05T~2)
- (54.85 + 8.8xl0"3T - 3.48xl05T™2)

= - 9.64 + 4.50x 10“3T - 7.95xl05T"2 
ah298 = 3/2 202,000) + 1/4 (- 395,100) + 1/4 (- 1,804,000)

» (- 767,500) = - 85,275 
T

AH°t = - 85,275 + (- 9.64 + 4.50x10”3T - 7.95xl05T“2)dT
U
298

= - 85,270 - 9.64 T + 2.25xlO~3T2 + 7.95x105T"1 
AS°298 = 3/2 (10.06) + 1/4 (12.2) + 1/4 (60) - 32.78

0.36
T

T (- 9.64/T + 4.50xl0“3 - 7.95xl05T"3)dTn "RA *.

298
49.44 - 9.641nT + 4.50xl0”3T + 3.98x 105T"2

A G t = AH t - T AS t
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= - 85,270 - 9.64 T + 2.25xlO-3T2 + 7.95xl05l"1 
- T (49.44 - 9.641nT + 4.50xl0“3T + 3.98xl05T”2)

= - 85,270 - 59.08 T + 9.64 TlnT - 2.25xlO~3T2 
+ 3.98xl03T'l

0Table 14 gives the calculated values of AG^ for the 
fifth transformation at different temperatures »

TABLE 14
AGt cale/mol. 1° *C A Gip ca ! o /]

298 - 85,326 1300 - 75,464
400 - 85,087 1400 - 74,067
500 « 84,533 1500 - 72,644
600 - 83,756 1600 - 71,202
700 - 82,825 1700 - 69,737
800 - 81,777 1800 - 68,263
1000 - 79,422 1900 » 66,778
1200 - 76,825 2000 - 65,284
1250 - 76,309 2100 - 63,788
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AG Equation for the Sixth Transformation: The sixth
transformation is :

A12022S102 = 1/4 (SA^O^ZSiOg) + 1/4 AlgOg (#) + 3/2 
ACp = 3/2 (11.22 + 8.20x10“3T - 2.7xl05T~2) + 1/4 (16.37 

+ 11.1x10"3T) + 1/4 (84.22 + 20xl0"3T - 25xl05T”2)
- (54.85 + 8.8x 10“3T - 3.48xl05T“2)

= - 12.87 + 11.28x10“3T - 6.82xl05T~2
ah298 = 3/2 (" 209,900) + 1/4 (- 395,100) + 1/4 (- 1,804,000)

- (~ 767,500) = - 97,125

AH, 97,125 + (- 12.87 + 11.28x 10”3T - 6.82xl05T"2)dT

298

AS 298

= 96,078 - 12.87 T + 5.64xlO“3T2 + 6.82xl05T~1 
3/2 (10.06) + 1/4 (12.2) + 1/4 (60) - 32.78 = 0.36 

I

ASm = 0.36 + (- 12.87/T + 11.28xl0”3 - 6.82xl05T"3)dT
J
298

66.50 - 12.871nT + 11.28xlO~3T + 3.41x 105T"2
AG, a H°t - T AS°

96,078 - 12.87 T + 5.64xlO"3T2 + 6.82x105T“1 
T (66.50 - 12.87InT + 11.28xlO’3T + 3.4lxl05T-2)
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= - 96,078 + 12.87 TlnT - 79.37 T - 5.64xlO~3T2 
+ 3„41x 105T"L

PThis AG^ equation is for the temperature range between 
298° and 848°K where silica is in the form of ck quartz, To
find an equation for the temperature range between 848° and
1140°K where the silica phase is (3 quartz, three halves of
AGg, of the phase transition of quartz should be added to 

0the AGrp equation of the previous range.
AGy = » 96,078 + 12.87 TlnT - 79.37 T - 5.64xlO”3T2

+ 3.41x105T_1 + 3/2 (154.08 + 18.86 T - 3.19 TlnT 
+ 3.13x10"3T2 - 1.35xl05T-1)

= - 95,847 + 8.08 TlnT - 51.08 T - 0.94xl0“3T2 
+ l.SSxlO5!"1

At 1140°K f t  quartz transforms to f t  tridymite and the 
AG^ equation for that transition is given in Appendix 6 as :
AG’t = 602.94 - 5.55 T + 0.77 TlnT - O.35xl0~3T2

Adding three halves AG^. of that transition to the 
AG°̂  of the previous temperature range, we get the AQ^ 
equation for the temperature range between 1140° and 1743°K: 
AG°t = - 95,847 + 8.08 TlnT - 51.08 T - 0.94xl0”3T2

+ l.SSxlO5!"1 + 3/2 (602.94 - 5.55 T + 0.77 TlnT 
- O.SSxlO™3!2)

= - 94,944 + 9.24 TlnT - 59.40 T - 1.47xlO™3T2 
+ l.SSxlO5!”1
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At 1743°K ^  tridymite transforms to (% cristobalite.
The AG^ equation for that transformation as given in Appendix
6 is :
AG j = = 383.26 + 5.37 T + 0.30x10”3T2 - 0.76 TlnT

aAdding three halves of AG%, of that transformation to the 
AG^ equation of the previous temperature range9 we get an 

equation for the range between 1743° and 1953°Ks 
AG°t = - 94,944 + 9.24 TlnT - 59.41 T - 1.47xlO~3T2

+ 1.38x 105Td1 + 3/2 (- 383.26 + 5.37 T + O.3Oxl0~3T2 
- 0.76 TlnT 

= - 95,519 - 51.35 T - 1.02xl0"3T2 + 8.10 TlnT 
+ 1.38xl05T“l

At 1953°K f t  cristobalite transforms into glass. The 
A G ^ equation for the transformation is9 as given in Appendix
6 %
AG't = 837.76 - 6.6 T - O.SZxlO™3!2 + l^SxlO5!”1 + 1.02 TlnT 

Adding three halves AG^ of this transformation to the
0AGj equation of the previous temperature ranges we get an 

equation for the temperature range between 1953°K and the 
melting point of mullite.
AG°t = - 95,519 - 51.35 T - 1.02xl0"3T2 + 8.10 TlnT 

+ l.SSxlO5!™1 + 3/2 (837.76 - 6.6 T - 0.82xl0"3T3 
+ l^SxlO5!”1 + 1.02 TlnT) 

= - 94,262 - 61.25 T - 2.25xlO"3T2 + 9.63 TlnT + S.gSxlO5!"1
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oTable 14 summarizes the AG™ equations of the sixth 
transformation at different temperature ranges.

TABLE 14
Temperature Ranee 
298 to 848°K

848 to 1140

1140 to 1743

1743 to 1953

1953 to T° K

AG-
96,078 + 12.87 TlnT - 79.37 T 
5.64x 10~3T2 + 3.41xl05T=1

- 95,847 + 8.09 TlnT - 51.08 T
- 0.94x10~3T2 + l.SOxlO5!"1

94,944 + 9.24 TlnT - 59.4 T 
1.47x10 ~3T2 + l.SOxlO5!”1
95.519 - 51.35 T - 1.02x10 “T3 m2

+8.1 TlnT + 1.39xl05T-1
3 m2- 94,262 - 61.25 T - 2.25x10 JT 

+ 9.63 TlnT + S.gSxlO5!-'1

Table 15 gives the calculated values of AG^ at different 
temperatures e

Table 16 summarizes the AG^ equations for all transfor
mations at the different temperature ranges.
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1° K
298
400
500
600
700
800
848
848
1000
1140
1140
1200
1250

112

TABLE 15

9

AG? cal./mol. t° K
- 97,232 1300
- 97,024 1400
- 96,491 1500
- 95,753 1600
» 94,881 1700
- 93,915 1743
- 93,429 1743
- 93,429 1800
- 91,859 1900
- 90,281 1953
- 90,282 1953
- 89,587 2000
- 88,991 2100

0AGm cal./mol.

- 88,387
- 87,144 
« 85,866 
» 84,554
- 83,211
- 82,625
- 82,625 
« 81,842
- 80,452
- 79,707
- 79,707 
-» 79,120
- 77,868
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1. 298 to T°K

2. 298 to 848

848 to 1140

1140 to 1743 

1743 to 1953 

1953 to 2100

3„ 298 to T

4. 298 to 848

848 to 1140 

1140 to 1743

113

TABLE 16
- 29,648 - 73.22
- 4.83x 10'"3T2 +

- 44,095 -100.31
- 9.35X10"3!2 +
- 43,787 - 62.59
- 3.09xl0"3T3 -
- 42,581 - 73.69
- 3.79x 10~3T2 -
- 43,348 - 62.95
- 3.19x 10"3T2 -
- 41,672 - 76.15
- 4.83x 10"3T2 +

-103,798 - 54.33
- 1.38xl0”3T2 +

-113,406 - 72.40
- 4.4x 10“3T2 +
-113,201 - 47.25
- 0.23xl0“3T2 +
-112,397 - 54.65
- 0.69x10 "3T2 +

T + 11.72 TlnT 
1.7lxl03T"l

T + 16.04 TlnT
O.OôxlO5!"1 
T + 9.66 TlnT
1.74x 105T”1 
T + 11.20 TlnT 
1.74x 105T'1 
T + 9.68 TlnT
1.74x 105T"1 
T + 11.72 TlnT 
1.72x 105T"1

T + 8.94 TlnT
4.72x 105T"1

T + 11.82 TlnT 
4.23xl05T"1 
T + 7.56 TlnT
2.43xl05T~1 
T + 8.59 TlnT
2.43x 105T-1
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1743 to 1953

1953 to 2100

5. 298 to T

6. 298 to 848

848 to 1140

1140 to 1743

1743 to 1953

1953 to 2100

114

TABLE 16 (cont.)
-112,908 - 47.49 T + 7.58 TlnT
- 0.29x10 “̂ T2 + 2.43x 105T-1
-111,791 - 56.29 T + 8.94 TlnT
- 1.39X10-3!2 + 4.73x 105T"1

- 85,270 - 59.08 T + 9.64 TlnT
- 2.25xl0“3T2 +  3.98xl05T"^

- 96,078 - 79.37 T + 12.87 TlnT
- 5.64xl0”3T2 + 3.4lxl03T-l
- 95,847 » 51.08 T + 8.09 TlnT
- 0.94x10-3T2 + l.SOxlO5!-1
- 94,944 - 59.40 T + 9.24 TlnT
- 1.47xl0“3T2 + l.SOxlO5!"1
- 95,519 - 51.35 T + 8.10 TlnT
- 1.02x10“3T2 + l.SgxlO5!"1
- 94,262 - 61.25 T + 9.63 TlnT
- 2.25xlO"3T2 + S.gSxlO5!-1
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The Most Stable Transformation
The calculated values of AG of the different transfer™

mations have been plotted against temperature as shown in
0Figure 23« The negative values of AG are put on the posi

tive section of the y axis 0 From the fact that the reaction
which has the maximum ™ AG* is the most stable, we find that

0transformation #4, being the one with the highest- AG, is the 
most stable»
#4: Al2032Si02 = l/3(3Al2C>32Si02) + 4/3 Si02 (crystalline)

This does not mean that the other transformations do not 
occur, but it means that transformation #4 is the ultimate 
one, and it also means that less stable transformations may 
occur before the ultimate one» In other words, by heating, 
metakaolin may transform to alumina and silica, then to 
alumina, silica, and mullite; and at the end of its transfor
mation series, it yields mullite and silica which is in excess 
of the silica required for mullite»
Evaluation gf Energy g£ Crystallization

Any exothermic peak observed on the D»T»A0 of kaolinite 
is due to a thermoelectromotive force in the thermocouple 
circuit, which in turn, is due to a temperature difference 
between the sample and the inert material in the D»T»A, unit. 
The rise in the temperature of the sample occurs as a result 
of a certain amount of heat being evolved during an exothermic
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Figure 23: Change in Free Energy With Temperature For All Possible 
Transformation
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reaction* Accordingly9 the energy that produces the peak is
» Othe enthalapy, A H 9 rather than the free energy, AG*

The exothermic peak also indicates a crystallization
process so it is possible to calculate the energy of crystal™
lization of the products of reactions or transformations„

In order to calculate the energy of crystallization of
aluminas silica* and mullite at the temperature of the first
exothermic peak* the values of AH at 1250°K should be calcu™
lated for all possible transformations«,

0Equations of AH^ as a function of T for all possible 
transformations were obtained from the calculations made to 
obtain AG^, as functions of T,
For the first transformation*
AHt = - 29,684 - 11.72 T + A.SSxlCr3!2 + 3.42xl05T"1
For the second* fourth* and sixth transformations * where the 
product silica is crystallized* the transitions of silica at 
different temperatures up to the temperature of the first 
exothermic peak must be considered.
For the second transformation*
A H t = - 44,095 - 16.04 T + 9.35xl0"’3T2 + 1.92xl05T"1 

+ 2(154.08 + 3.19 T - S.lSxlO"3!2 - 2.7xl05T"1) 
+ 2(602.94 - 0.77 T + 0.35xl0“3T2) 

= - 42,581 - 11.20 T + 3.79x10“3T2 - 3.48xl05T-1
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For the third transformation,
AH^, = - 103,798 - 8.94 T + 1.39x10 =3T2 + O.ASxlO5!™1
For the fourth transformations
AH° = - 113,406 - 11.82 T + 4.4xlO"3T2 + 8.45xl05T"'1

+ 4/3 (154.08 + 3.19 T - S.lSxlO-3!2 - Z.TxlO5!"1)
+ 4/3 (602.94 - 0.77 T + 0.35x 10"3T2

= - 112,397 -8.59 T + O.69xlO~3!3 + 4.85x 105T"1
For the fifth transformation,
AHj = - 85,270 - 9.64 T + 2.25xl0"3T2 + 7.95x 105T"1
For the sixth transformation,
AHj = - 96,078 » 12.87 T + 5.64xlO“3T2 + 6.82xl05T-1

+ 3/2 (154.08 +3.19 T - 3.13xlO”3T2 - 2.7x105T"1)
+ 3/2 (602.94 - 0.77 T + O.SSxlO-3!2)

= - 94,942 - 9.24 T + 1.47xlO"3T2 + 2.77xl05X“1
Substituting 1250° for T, the temperature of the first exo™

0thermic peak in degrees kelvin, in the AH equations of all 
transformations, we obtain the values of AH^250 f°r all- 
transformations as shown in Table 17,
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TABLE 17
A H ^250 cal./mol

1 ™ 36 5.
2 - 50,'
3 - 112,1
4 ” 12l,i
5 " 93,
6 « 103,'

0Using the calculated values of one can form
following simultaneous equations:

Ea = - 36,513
Ea + 2 Eg = ” 50,936

+ 1/3 Em = - 112,045
4/3 Es + 1/3 Ejjj = « 121,669

1/4 Ea + 1/4 Eg, = « 93,168
1/4 Ea + 3/2 Eg + 1/4 Em = - 103,973

or
Ea = - 36,513
Ea + 2 Es = - 50,936

Em = - 336,135
4 Es + Em = - 365.007

Ea + Em = - 372,672
Ea + 6 Es + Em = - 415,892
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where Ea, Es, and Em are the energies of crystallization of 
aluminas crystalline silica and mullite respectively.

Having six equations and three unknowns9 a (3 by 6)matrix 
could be formed to solve for Ea, Eg, and Em ,

« 36,513
50,936 
336,135 
365,007 
372,672 

L- 415,892'

a 0
°\

i 2 °\
0 0 1
0 4 1
i 0 v
a 6 l/

/'Ea 
Es
w

This (3 by 6) matrix could be reduced to(3 by 3)as follows:

36,513
50,936

i. Subtract fourth row from sixth row
1 0

°\ /-
1 2 0

/Ea \ r

0 0 1 »
Es0 4 1

1 0 1 lEm J C

n 2 0 1 —
ii. Subtract first row from fifth row

/ 1 0 0 ' «

/ 1 2 0 a»
/Ea0 0 1 -
Eg

0 4 1 -
Urn/0 0 1 ”

1 2 o l , =□

365,007

50,885

36,513

/
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This coefficient matrix has the second and sixth row identical, 
also the third and fifth rows are identical. Taking the aver
age of A H ^250 in the cases of identical rows, the(3 by 6 )  

matrix could be reduced to (3 by 4):
/I

oo

1 2 0

0 0 1
\ 0 4 1 /

This(3 by 4)matrix
i. Subtract

/I o o \

0 2 0 I

0 0 1 1
\ 0 4 1/

/Ea 

Es 

Em/

/ -  36,513

• 50,910

■ 336,147

v- 365,007 /

f a

I Em/

~ 36,513
• 14.397
- 336,147  

\ -  365.007

ii. Subtract two times the second row from the fourth

1
0 0

0 2 0

0 0 1

0 0 1

\

fl 0 0

0 2 0

10 0 1

/Ea
Es
'Em/

x could be r

/Ea \
Es
I Em /

- 36,513

~ 14,397

- 336,147  

336,213 /

-  36,513

- 14,397
-  336,180
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or
I 1 0 0 \ Ea I - 36,513
0 1 0 7,199
0 0 1 j i Em 1 \ - 336,180 /

Therefore the average values of the energies of crystallization 
are :

Ea = ~ 36,513 cal./mol.
Eg « - 7,199
Em » - 336,180

Comparing the energy of crystallization of mullite to that of 
alumina, mullite has an energy of crystallization at the first 
exothermic peak that is nine times that of y  alumina„

Contributions Q£ J&ê  Erases to the g^pthe^mjc,
Energy at 1250°K g From the values of the energies of crystal
lization of mullite and crystalline silica at 1250°K and the 
mol» fractions involved in the most stable transformation, it
is possible to calculate the contributions of mullite and
crystalline silica to the exothermic energy at 1250°K.

Contribution of mullite = 1/3 x - 336,180 = - 112,060 cal»
Contribution of silica = 4/3 x - 7,199 = - 9,600 cal»
Exothermic Energy at 1250°K = « 112,060

= -* 121,660 cal»
Percentage Contribution of mullite

« (112,060 / 121,660) x 100 = 92%

9,600
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Percentage Contribution of silica
= (9,600 / 121,660) x 100 = 8%
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CONCLUSIONS

There are differences among the results obtained b y  the 
different investigators on the firing results of kaolinite. 
These differences also involve the exothermic peaks on the 
D.T.A. record for the same material. The major dispute is 
that which concerns the first exothermic peak observed at 
about 980°C. One group of investigators explains the exis
tence of that peak as due to the crystallization of gamma 
alumina9 while the other group contends that crystallization 
of mullite is responsible for that peak.

Experiments on the effect of heating time showed that 
gamma alumina is undoubtedly a product phase of fired kaolin- 
ite. It is always formed before the formation of mullite9 at 
the same temperature. The particles of gamma alumina were ob
served to be extremely small9 and their growth with temperature 
and time was also extremely slow. For these reasons gamma 
alumina may not be detected by x-ray diffraction analysiss de
pending on the technique used. The diffractometer for example

124
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proved to be unable to detect gamma alumina even under the most 
ideal growing conditions. With long exposure time gamma alumina 
was easily detected and identified by film methods even at its 
very early stage of formation.

Upon further heating of kaolinite both phases, gamma alum™ 
ina and mullite, coexist as product phases of fired kaolinite. 
This can take place at any temperature up to 1100°C in the case 
of E.P. kaolinite. According to the coexistence of gamma alum
ina and mullite, as product phases at temperatures around that 
of the first exothermic peak, there should be no question about 
which is the product phase, because both are product phases0 
The question which still remains is the one that concerns the 
nature of the first D.T.A. peak at about 980°C. Is this peak 
due to crystallization of one phase or the other or both?

The interpretations of all previous investigators con
cerning the first exothermic D.T.A. peak were based on experi
mental observations. However, the experimental observations 
were different and; caused dispute among investigators. Since 
the differential thermal analysis technique is based on energy 
changes that accompany any thermal reaction, the interpretation 
should be based on the thermodynamic considerations.

The calculated free-energy changes of the possible trans
formations of metakaolin indicate that :

1. The most stable transformation at any high temperature



T 991 126

is the one that yields mullite rather than gamma 
alumina or both mullite and gamma alumina0 

2„ The energy of crystallization of mullite at 980°C 
(- 3369180 calo/molo) is about nine times as much 
as that of gamma alumina at the same temperature 
(- 36,513 calo/molo).

Adding to these results, the fact that the crystallization of 
gamma alumina is very slow, as observed experimentally, makes 
it unlikely that the crystallization of gamma alumina, under 
such conditions, can liberate energy rapidly enough to produce 
such a sharp exothermic peak as the one observed at 980oCo On 
the contrary, mullite, with its much higher crystallization 
energy and rapid growing rate, is very probably the phase 
that is responsible for that peak,

Mullite is produced from fired kaolinite in two forms:
i. Primary mullite 
ii. Secondary mullite 

The primary mullite is poorly crystallized while the secondary 
is well crystallized. It was repeatedly observed that the 
crystallization of the amorphous silica of the metakaolin in 
the form of cristobalite, forms a demarcation line between 
primary and secondary mullite. Accordingly, if the two exo
thermic peaks at 1250° and 1300°C indicate a crystallization 
of a new phase and/or a rapid growth of an old phase, the



T 991 127

second exothermic peak should be due to crystallization of 
cristobalite9 and then the third exothermic peak should be 
due to the rapid growth of the secondary mullite. Such rapid 
growth in mullite cannot take place before the rigid network
of the amorphous silica of the metakaolin crystallizes to 
cristobalite.

Secondary mullite produced at different firing tempera« 
t;ur<»3 was found to have variable composition. The a lumina « 
silica ratio in secondary mullite increases with temperature, 
approaching 2 si at temperatures beyond 1500°C,

The increase in the alumina«silica ratio with temperature 
indicates either an increase in the amount of alumina in mul- 
11ta or a decrease in the amount of silica5 or both. It is 
observed experimentally that gamma alumina decreases with 
temperature until it disappears completely as a separate 
phase. The decrease of the gamma alumina as a separate phase 
enriches the alumina content in the structure of mullite.
Thus, the disappearance of alumina and the crystallization of 
silica can explain the increase in the alumina«silica ratio 
in mullite with temperature,

The results of the work on the effect of impurities on 
the product phases indicate that impurities are responsible 
for differences in firing results. It was found that im« 
purities which accelerate the crystallization of cristobalite.
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such as Bi+++? Ca"*"% and Pb++9 stimulate the development of 
primary mullite into secondary9 well crystallized mullite»
The addition of 4% by weight of BiClg to kaolinite can lower 
the formation temperature of secondary mullite by as much as 
200°Go Such a difference in firing temperature can amount to 
a considerable saving in the firing costs »

Likewise«;, impurities can influence the amounts of primary 
mullite» secondary mullite9 and cristobalite»

Concerning the general thermal behavior of kaolinite9 
there is an agreement between the theoretical and experimental 
parts of this investigation» Thermodynamic calculations pre
dict that the most stable transformation at any high tempera
ture is the one that yields mullite and crystalline silica9 
while the other transformations are less stable» The experi
mental work on the effect of heating time gives the same 
results„
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APPENDIX 1
VARIATION OF LATTICE CONSTANTS OF SILLIMANITE 
AND MULLITE WITH VARIOUS PERCENTAGES OF A1203

TABLE 1*
Al203% ac b. ce
62 7.470 7.663 5.759 sillimanite

± .003 ±.003 ±.002
71.49 7.537 7.671 2.878

.005 .005 .002
71.60 7.5563 7.6874 2.8842

.0014 .0014 .0008
71.77 7.556 7.663 2.878

.005 .005 .002
71.80 7.545 7.688 2.881 synth. 3:2

.004 .004 .002
71.80 7.5582 7.6878 2.8843

.0014 .0014 .0008
71.80 7.539 7.653 2.876

.003 .003 .003
71.80 7.560 7.688 2.884 3:2 mullite
73.67 7.549 7.681 2.884 1.71/1 "

.008 .008 .003
77.24 7.576 7.687 2.883 synth. 2:1

.004 .004 .002
77.6 7.5686 7.6865 2.8858

•0014. .0014 .0008
78.01 7.58751.0014 7.6801Î. 0014 2.88761. 0008
* Data in the above table are collected fromi literature by

Durovic, So, Isomorphism between Sillimanite and Mullite, 
Jour, Am. Ceram. Soc., vol. 45, no. 4, p. 157=161,
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Variation of Lattice Constant a0 with s Tromel

et al and Gelsdorf et al (Durovics 1962, p. 158) showed that 
the dependence of the lattice constant ao on the percentage 
of AI2O3 is linear, and the extrapolation of this for 62.9% 
(amount of Al^O^ in sillimanite) gives very nearly the lattice 
constant a0 for sillimanite. The linear relation of a, in 
terms of X (the amount of Al^O^ in mullite) as given by 
Durovic is :

ae = 7.120 4 5.83 x 10“3 X 
From this relation the amount of alumina or the alumina 
silica ratio in any mullite may be determined if the lattice 
constant, ao , is determined.

7.70

7.65

7.60

7.55

7.50
7.45

70 75 8060 65
x ai203;z

Figure 1.1 illustrates the linear relation between ao and X.
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APPENDIX 2
SUBJECT: EPK « EDGAR PLASTIC KAOLIN TECHNICAL DATA

Technical Data CT-108«1

GENERAL DESCRIPTION: EPK9 a naturally occurring kaolinite9 is
hydraulically mined and water processed from a one million 
ton deposit located in North Central Florida « This unique 
hydrous aluminum silicate possesses an exceptional degree 
of chemical purity, white fired color and plastic flowa- 
bility„

CHEMICAL ANALYSIS
Aluminum Oxide e 
Silicon Dioxide. 
Iron Oxide . „ . 
Titanium Dioxide 
Calcium Oxide. . 
Magnesium Oxide. 
Sodium Oxide . . 
Potassium Oxide. 
Ignition Loss. .

38.71
0 e e 0 45.91

0 0 .42
e .34

„ „ 0 e .09
0 .12
„ e 0 0 .04
0 0 0 .22
6 0 0 ° ° 6 14.16

100.00

PARTICLE SIZE DISTRIBUTION
Cumulative % under

40 Microns  .................100
30 Microns................  98
20 Microns • • • • • • • • •  96
10 Microns . . . . . . . . .  92

5 Microns . . . . . . . . .  82
3 Microns . . . . . . . . .  71
2 Microns . . . . . . . . .  60
1 Micron . . . . . . . . .  48
.5 Micron . . . . . . . . .  38
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SUBJECT: EPK - EDGAR PLASTIC KAOLIN
Technical Data

PHYSICAL PROPERTIES
PCE Cone (3245°F) . . . . . . 0 o 35
pH @10% solids . . . . . . . O . O 5.5-5.8
Water of Plasticity . . . . . 0 o O 42
Viscosity°MacMichael @20% solids. . 0 . 16
Settling Rate @10% solids :

3 0 m m . . . . . . . . . o O „ 49
60 m m  o . . . . . . . . „ 0 o 53
120 mm. . . . . . . . . o o „ 57

Shipping Density : Ibs/cu.ft.:
Disintegrated pellets . . . . . 50
Airfloated (deaired bags) . . o 52
Airfloated* bulk . . . . 0 „ 30

Screen Analysis (airfloated) wet : 
Total % on 200 mesh . . . . . .300
Total % on 325 mesh . . . O 1.250

Screen Analysis (airfloated) 
Total % on 60 mesh . . .

dry :
.025

Total % on 80 mesh . . . .040
Total % on 100 mesh . . . .150
Total % on 200 mesh . . . e 5.000

Modulus of Rupture (plastic). O o 275-300
Drying Shrinkage % . . . . . O . 5.9
Firing Shrinkage % Cone 11 . . . . 14.0
Absorption % Cone 11. . . . „ » . . 10.3

Note : Modulus of rupture 9 water of plasticity* dry shrinkage
computed on dry basis » Firing shrinkage computed on
fired basis0

SHIPPING INFORMATION: EPK is available in both disintegrated
pellet and airfloated grades for ship™ 
ment via truck or *rail in deaired 
bags or bulk.

^Atlantic Coast Line Railroad* 60*000 lbse minimum carload 
shipment.
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APPENDIX 3

MASS ABSORPTION COEFFICIENTS FOR CLAY-MINERAL MIXTURES

Absorption Coefficients J£ and U*
There are two absorption coefficients 9 a linear absorp

tion coefficient U and a mass absorption coefficient U*, used 
to express the diminution of intensity of an x-ray beam pas
sing through matter. The linear coefficient is defined by 
the relation:

where dl is the diminution in the incident intensity due to 
penetration of the incident ray through a thickness dx. I is 
the intensity after penetration while IQ is the initial in
tensity.

In equation 3.2 Ux can be replaced by (U/p) px where 
p is the density of the absorber, and px is the mass per 
unit area of the absorber. Since the intensity is the energy 
per unit area of the x-ray beam, the quantity y/p is the 
coefficient for energy absorption per unit mass of the

dl/I = U dx
I = I0exp. (= Ux)

(3.1)
(3.2)
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material and is independent of density. The mass absorption 
coefficient is defined as U* = U/p. Both U and U* vary with 
the wave length of the incident radiation.
Mass Absorption Coefficient fgg. a Compound

Atoms in a compound absorb radiation independently, and 
the total absorption can be related to the individual atomic 
absorption. For a compound containing atoms of the types 
A, B, C, o . o o . . ,  let U*a «> U*fo9 U*c, ....... denote the mass
absorption coefficients and wa, w^, w 9 , denote the
weight fractions of A, B, C9 ....... in the compound, then
the U* of the compound is given by :

U* = U*awa +  U*bwb + U*ewc + ......

U* = / U*4w .
j 3 3

Average Mass Absorption Coefficient for a Mixture
For a mixture of components P, Q, R, ....... of mass

absorption coefficients U*p$ U*qS U*r, . ,  and weight 
fractions w^, w^, w^, ....... the average mass absorption
coefficient can be calculated in a similar way,

U* =5 U* w + U* w + U* w +p p q q r r o o o o o o

,  u*i"i
In order that an average absorption exists in a mixture 

of different components, the components must be sufficiently
fine o
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Mass Absorption Coefficients of Cla^Chemlcal MiKtures,
Table 3.1 gives the calculated values of the mass absorp™ 

tion coefficients of kaolinite and its products and the chemi
cal additives„

TABLE 3.1
^ s t a a c ^ u* Substance -U*
Kaolinite 31 LiCl 86.25
Metakaolin 33 KC1 123.97
Mullite 33 CsCl 495.47
Si02 34.9 MgCl2 87.06
A 0 g 31.8 FeCl3 179.22
BiCl^ 202.40 CaC 12 127.90
PbO 224.63

Table 3.2 gives U* for kaolinite + 4% (by weight of the 
dry kaolinite) chemical additive.

TABLE 3.2
S*

P*K. + 4% LiCl 33.12
n + » KC1 34.44
u + " CsCl 48.73
u + « MgCl2 33.02
it + ii FeCl3 36.56
ii + ii BiCl3 37.45
19 + ii CaCl2 34.59
If + ii Pb (G2H302)2 32.60
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To illustrate the method of calculating the mass absorp< 
tion coefficients let us calculate U* for LiCl and 0* for 
kaolinite + 4% LiCl.
U* for kaolinite

u* = -68 x '6 :9^ ^ 35:46' + -6:9^ ^ 35:46 x 103

= 86.25 cm^/gm.

Ü* for kaolinite +  4% LiCl
0* = (100/104) x 31 + (4/104) x 86.25 

= 33.124 cm^/gm.

All the mass absorption coefficients in this appendix 
are calculated for Cu K radiation.oC
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APPENDIX 4

CALCULATION OF LATTICE PARAMETER a, OF MULLITE 
FROM ITS d S PACINGS

Relation a&twe.en d Spacing and Lattice parameters
Mullite has an orthorhombic unit cell of parameters 

a, 9 bo 9 and cq 0 The relation between the spacing of an
hkl reflection and the parameters is :

(l/d)2 = (h/a )2 + (k/b )2 + (1/c )2
Hence it is possible to calculate the average parameter ao 
from the higher order hkl reflections and their corresponding 
spacings » From the measurements made on a powder pattern of 
mullite produced at 1400°C9 we find that:
From the 400 reflection;

(1/1.8869)2 = (4/a, )2 a2 = 56.9663
From the 201 and 001 reflections,

(1/2.2919)2 = (2/a )2 + (1/c )2 
(1/2.8800)2 = (1/q, )2

(1/2.2919)2 - (1/2.8800)2 = (g/g )2 a2 = 57,2984
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From the 110 and 230 reflections,
(1/5.3861)2 = (l/a6 )2 + (1/b )2 
(3/5.3861)2 = (3/a )2 + (3/b )2

TJ »

(1/2.1178)2 = (2/a6 )2 + (3/b )2

(3/5.3861)2 - (1/2.1178)2 = (3/a )2 - (2/a )2 a2 = 57.2868

2Similarly ao was calculated from other higher order reflec
tions e The following table lists the calculated values of
2â  and the corresponding hkl reflections used in its calcu
lations O

hy, A .

220 and 520 57.3614
201 and 002 56.5770
121 and 421 57.2737
600 57.5171

The average value of a^ is 57.1829 and hence the average 
value of ao is 7.56190
Uncertainty

The uncertainty in the measurements of the line diameter 
is Î 0.0025 cm and this corresponds to an uncertainty in the
d spacings of t 0.0003. Taking the reflection 600 for exam
ple we find.
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1/d600 = 36/a°2

or

a0 = 6 d600

therefore

a a = 6 Ad, = 6 x î 0.0003 =o ouO î 0.0018
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APPENDIX 5

INTENSITY REFLECTED FROM A MULTIPLE 
PHASE MIXTURE

It has been established (Brown, 1961, p. 490) that the 
x-ray intensity I^ reflected by a component phase i in a 
multiphase mixture is given by an equation of the type:

li = K i  o v i  / U (1)

where :
= constant for the component i 
= volume fraction of the component i 

U = linear absorption coefficient of the mixture 
It may be convenient for mass determination to express equa« 
tion (1) in terms of the weight fraction instead of the 
volume fraction v^ by means of the relationship:

Vj _ = X i  / (Fi/p)
where p is the density of the mixture and P^ is the density 
of the i th, component. Equation (l) then becomes, 

li = (Kj/U) Xi (p/Pp

(K,/P,) x./ (U/p)
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but U/p is the mass absorption coefficient U* of the mixture, 
therefore,

Ii = (K1/Pi) xi/U*

= Aixi/U*

where is a constant of the component i and equal to 
Ki/Pi, then,

xi = U* Ii/Ai (2)

Equation (2) represents the basis for the comparison between 
the fractional weights of a component i in any two different 
mixtures a and b„

Let,

xia - ^*a*ia^i

and,

xib =

then,

where,
xia " we^Silt: fraction of component i in mixture a 
xib = weight fraction of component i in mixture b



T 991 142

I^a = Intensity reflected by component i in mixture a

The ratio of the x-ray intensities after being corrected 
for mass absorption coefficients gives directly the ratio of 
the weight fractions of component i in the mixtures a and b.
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APPENDIX 6 

PHASE TRANSITIONS OF SILICA

1. From ot Quartz to ^  Quartz
SIO2 ( c?L quartz) 848°K SiOg ( ft quartz)

AC = 14.41 + 1.94xlOra3T - (11.22 + 8.20xl0~3T » 2.7xl05T“°2) 
= 3.19 - 6.26x 10"3T + 2.7xl05T”2

T

AHT AH848 *
AC dTP

848

290 + (3.19 - 6.26xlO*°3T +  2 .7xl05T“2)dT
J

848
290 - 135.924 + 3.19 T ~ 3.13x10^ T 2 « 2.7x 105T"1 
154.08 + 3.19 T - 3.13xlO”3T2 - 2.7xl05Tal

AS, ^ 8 4 8  +
j

848

AC dT/T



T 991 144

T

= 290/848 + J  (3.19/T - 6.26xl0"3 + 2.7xl05T~3)dT

848
= 0.342 + 3.19 InT « 6.26xl0"3T - 1.35xl05T"2 - 16.013 
= 15.671 + 3.19 InT » 6.26xl0~3T - 1.35xl05T"2

since 
AG° = a h " - T AŜ ,

then
AĜ , = 154.08 + 18.86 T - 3.19 TlnT + 3.l3xlO~3T2 - 1.35xl05T-1

2. From Quartz to f t  Tridvmite
S102 ( /^quartz) 1140°K SiOg ( P  tridymite)

ACp = 13.64 + 2.64x 10“3T =■ (14.41 + 1.94xlO"3T)
= - .77 + 0.70x 10~3T

T

1140
T

= 180 + J  (- 0.77 + 0.70x10”3T)dT 

1140
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= 180 - 0.77 T + O.aSxlO"3!2 + 877.8 - 454.86 
= 602.94 - 0.77 T + 0.35xl0"’3T2

T
(

AST = A  S1:L̂ 0 + A  G dT/T

1140
T

= 180/1140 + i(« 0.77/T + 0.70xl0"3)dT

1140
= 0.158 - 0.77 InT + 0.70x10"^T + 5.42 - 0.798 
= 4.78 =0.77 InT + 0.70xl0"3T

since
AG°t = ÀH^ » T AS°t 

then
AG^ = 602.94 - 5.55 T + 0.77 TlnT - 0.55xlO~3T3

3. From \ Tridvmite to ^  Cristobalite
Si02 ( Tridymite) 1743°K ( 0  Cristobalite)

ACp = 14.40 + 2.04xl0”3T - (13.64 + 2.64xlO"3T)
= 0.76 - 0.60xl0~3T
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4Ht =

since
a g6t =
then 
AG^ =

A H 1 7 4 3  +  j

1743
T
f

30 + (0.76 - 0.60xl0“3T)dT
J

1743
30 + 0.76 T - O.SOxlO"3!2 - 1324.68 + 911.41 
- 383.26 + 0.76 T - 0.30xl0”3T2 

T

A S1743 ACpdT/T

1743
T

30/1743 + ^  (0.76/T ™ 0.60x10”3)dT

1743
0.017 +  0.76 InT « 0.60xl0~3T - 5.67 + 1.05 
» 4.60 + 0.76 InT ° 0.60xl0"3T

AHt » T AS2

383.26 + 5.37 T + 0.30xl0"3f  « 0.76 TlnT
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4„ From f i  Cristobalite to Glass
Si02 ( f i  Cristobalite) 1953°K SiOg (Glass)

4 Cp = 13.38 + 3.68x 10“3T - 3.45xl05T“2 - (14.4 + 2.04xl0~3T)
= - 1.02 + 1.64x 10”3T - 3.45xl05T"2 

T

= 2150 + [  (- 1.02 + 1.64x10-3T - 3.45xl05T"2)dT

1953
= 837.76 - 1.02 T + 0.82xl0~3T2 + 3.45x 105t"1

T

AS°t = 2150/1953 + {  (- 1.02/T + 1.64xl0"3 - 3.45xl05T"3)dT

1953
= 5.58 - 1.02 InT + 1.64xlO“3T + 1.73x 105T-2

therefore,
AG°t = 837.76 - 6.6 T - .82xlO"3T2 + l^SxlO5!*"1 + 1.02 TlnT
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APPENDIX 7

STANDARD X - RAY PATTERNS

1. Eo Po Kao Unite 2. Mallinckrodt Kao Unite
3» Halloysite 4, Gamma Alumina
5 « Alpha Quartz 6„ Alpha Cristobalite
70 Nullité
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