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ABSTRACT

Mullite formation from A1203 SlOZ mixtures and kaolinite was

studied. The effect of impurities present in kaolinite = TiOZ, Fe2039

NaZO, KZO - as weil as Ca0, on crystal size and morphology were compared.
The most pronounced effects were observed when F8203 and Ca0 were added

to A1203 SlO mixtures and to kaolinite. Calcium oxide additions
increased the mullite crystal size while iron oxide additions to the
A1203 SiO2 mixture not only increased the crystal size but also changed
the crystal morphology from rectangular to acicular crystals reminiscent
of kaolinite. Scanning electron microscopy was used to study the speci-
mens. Four kaolinites were also examined by differential thermal analy-

sis. The appearance of an exothermic peak at ~1400°C was tentatively

linked to the state of order of the kaolinites.



I. INTRODUCTION

Mullite has many desirable properties —refractoriness, good
thermal shock resistance, high strength at high temperatures,and spall-
ing resistance,amongst others, and has consequently been extensively
studied, Nevertheless, an aspect which appeared to be inadequately
studied was the comparison of the formation of mullite from kaolinite
and alumina-silica mixtures and the effect of additives on the micro-
structure., Microstructural changes and acceleration of growth of
mullite could be useful in strength improvement. Kaolinite invariably
contains impurities owing to its formation by weathering.

A relatively pure Georgia kaolinite was chosen for this study. The
main impurities were TiOZs FeZOB9 Nazo and KZOu Each was added to an
A1203m8102 mixture in proportions similar to those in the ksolinite.
Calcium oxide and iron oxide, in equivalent molar amounts were also
added to the A1203~=Sio2 mixtures and the kaolinite. Scanning electron
microscopy was used to study the microstructures of samples subjected
to different heating schedules in the temperature range of 1650°-1700°C.
The additives increased the crystal size of the mullite formed from the

A1203w8102 mixture with Ca0 and FeZO3 having the largest effect. Fe203

changed the morphology resulting in acicular crystals similar to those



of mullite formed from kaclinite.

Differential thermal analysis was used to study the Georgia kaolin
and three other kaolins. The exothermic peak at ~1400°C attributed to
the crystallization of cristobalite was of interest. The appearance of
the peak is tentatively linked to the state of order of the original
kaolinite with disordered kaolinite exhibiting the peak in contrast with
ordered kaolinite which did not.

IT. LITERATURE SURVEY

1. Kaolinite~Mullite Reaction Series

A. Structure of Kaolinite

The basic unit in the crystal structure of kaolinite, A1203°28102°

tetrahedra and a layer of alumina octa-

ZHZO, consists of a layer of SiO4
hedra. The oxygen ions in the 0 - (OH) plane of the [AlO(OH)Z}; layer
are common to the (81203)n layer. Kaolinite consists of layers of this

basic unit which are held together by a type of van der Waals bondinge1

B. Thermal Decomposition of Kaolinite

There is much debate concerning the phases formed when kaolinite
is heated.

a) Endothermic Reaction

An endothermic reaction occurs in the temperature range 450°C-
600°C. Variations in the reported temperature are the result of different
heating rates,z as well as being dependent on the crystallinity of the
kaolinite,B The reaction involved is dehydroxylation,l’4 i.e. AL,0,"
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28102°2H20 -+ A1203'28102+2H200 This is not a normal equilibrium reaction

c . 5
and is irreversible. The structure of the product is thought

to be either an intimate
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. 3
mixture of amorphous alumina and silica > or an amorphous compound of
. fq .o 3 , : ... 6(b)
alumina and silica known as metaksolinite. Brindley and Nakahira
and Comeforo, Fischer and Bradley5 report that metakaolinite does have

a structure in the 'a' and 'c¢' directions but is disordered in the ‘et

direction.

b) The First Exothermic Reaction

The first exothermic reaction occurs at ~980°C and involves

4
the exsolution of silica:

03°38102 + SiOZ

Z(Ale 2

3°25102) + 2A1

There are two main schools of thought concerning the product. Brindley

6{(c) 2,8,9

Chakroborty and Ghosh,”’ and Duncan and Mackenzie4

and Nakahira,

concur that the product is an Al-Si spinel while G138893 Percival and
10 11 12 .o

Duncan, Bulens, Leonard and Delmon ~ and Leonard hold the opinion

that it is a yﬁAIZOS phase.,

¢) The Second Exothermic Reaction

A second exothermic reaction, less pronounced than the first,
occurs between 1200°C and 1250°C, the exact temperature depending upon
the purity°3 This peak is associated with the formation of mullitel’3
although mullite has been reported as occurring after the first exother-

9

. 3,1 . -
mic peak™’ 0 and as a function of impurities. Kingeryl and Brindley
13
and Nakahira report that as the temperature increases from 980°C, a
'mullite type' phase forms which transforms to crystalline mullite above

1200°C. The formation of mullite requires further exsolution of silica.

d) Higher Temperature Reactions

~

3 ,
Glass™ reports that impure clays have an exothermic

cristobalite peak at ~1300°C. Pure clays do not show this peak even
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when heated to 1.350°Cs the highest test temperature reported.

C. Structure of Mullite

Mullite has the ideal stolchiometric formula 3A1203°28102, although
solid solution has been reported as resulting in a range of formulae.
1
The structure of mullite is similar to that of sillimanite.

Mullite appears to consist of octahedral chains of A10  running parallel

6
5,14 Al3+ and Si4+ ions are distributed in the tetrahedral

to the'c'axis.
ot ] ] . 14 ,
positions which link the octahedral chains. Mullite crystals are
. 5 .
asymetric, and it has been suggested” that the alumina octahedral
chains are carried over from the kaolinite structure.
Lattice parameters have been measured in an effort to determine

the composition of mullite,16f17sl8

2. Effect of Additives on Mullite Formation
Numerous resgsearchers have investigated the effect of additives on

mullite formation in kaolinite and alumina-silica mixtures. Those

oxides most commonly studied are Fe203,3914’19920’21922’23’24925’28

3,14,20,23,24,25,28 . 24,25,26

or 14,20 M

20,21,24,25,26
0 s

2737

The amount of mullite formed, physical

TiOZ, 20
and alkali oxides,20’24’25

., 28 . 2 .
properties and microstructure 9 have all been investigated,

Mullite formation has been determined by x-ray diffractionsz’zo’ZA’

25,30 2
? and by chemical analysis, Physical properties such as porosity,

thermal expansion and shrinkage have also been measuredQZS X~-ray dif-

3 3

. 2 .
fraction, electron microscopy, and polarizing microscopes
have all been used to determine average sizes and size distributions of

mullite crystals,
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Impurities have been introduced into kaolinite by two methods —

g2,24928930 20,25

mechanical mixin and cation exchange. In order to

achieve the same degree of mullitization, more oxide is needed when
mechanical mixing is used than when the cation exchange method is useds25
In general, it has been found that there is an optimum amount of
an oxide which, when added to either alumina-silica mixtures or kaoli-
nite, produces a maximum amount of mullite. Amounts in excess of this
quantity tend to retard mullite formation. It has also been found that
the relative effects of different oxides are not constant with tempera-
ture and that the order of effectiveness of the oxides depends on the

temperature.

A. Effect of Fe,04

Iron oxide is one of the most commonly found impurities in

2,20,29,31

... 19 , - . s
kaolinite and its effect on kaolinite, alumina-gilica

mixtures%z’ZS and mullite 19 has been widely studied. Usually,

however, the effect of iron oxide has been studied only at temperatures

up to 1400°C in air as the iron oxide - A1203 spinel phase changes to

other structures in the temperature range 1380°C to 1410°C.22 There is

a volume expansion involved which causes bloating and cracking.

19,31,32

Fe, 0, will form a solid solution with mullite. Brownelllg

273

found that 7.7% FeZO3 will enter into solid solution with mullite at

1300°¢C, Muanz2 observed that 107 Fe203 will substitute for A1203 in mul-
lite formed from kaolinite at 1370°C while Gelsdorf et 3133 found that 6%
would enter into the mullite structure at 1300°C and 8-9% at 1400°C. Murthy
and Hummellé concluded that the limit was 10-12% at 1300°C, agreeing

with the evidence of Agrell and Smithl6 and McGee and Wirkus 23 who
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concluded that 12% was the limit at 1300°C for alumina-silica mixtures.

When Fe203 enters into solid solution with mullite, the lattice

parameters change, Brownelll9 found an average linear increase of the
mullite lattice dimensions of 0.37 for 7.7 wt?% of FeZOB° Gelsdorf, et
31,33 determined that there was a 0-817 increase in cell size at the

maximum Fezo3 solubility in mullite from A103~Sioz mixtures. Agrell

16 \ . . . . .
and Smith™ found that the 'c¢' dimension increases most with increasing
3+ 2 o [ 3] [ZT | . . e
Fe substitution followed by the 'a' and 'b' dimensions. The relative

increase in ratios of lattice parameter increase found by Agrell and

Smith16 agrees with the results of Murthy and Hummel,14 both for

mullite as the starting material and McGee and Wirkﬁs*ZB for an alumina-

silica mixture.

3+ + ) .
Fe substitutes for A13 in mullite as a result of its size and

20,24,32

ionic charge. Although Fe3+ ions are larger than A13+ ions,

they have the same charge and will substitute for Al3+ ions in the main
29,32

Al-~0 octahedral chainse14 Fezo3 also enters into the glassy phase

formed from kaolinite, Chaudhuri,29 reports that the viscosity of the
glass formed from A1203m8102 is increased which hinders formation of
large mullite needles and that those present are small and well separated.
However, the presence of FeZO3 up to a concentration of 47 tends to
stabilize the mullite crystals formed from kaolinitee32 Budnikov34 has
reported the formation of needles of mullite when mullite is in contact
with glass containing iron oxide. McGee and Wirkus 23 reported that the
mullite crystals originating from A1203~Si02 were well formed when

FeZO3 was present and ChaudhuriBl found that Fe203 enhanced growth of

mullite formed from kaolinite,
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The efficiency of Fezo3 in increasing the yield of mullite from
kaolinite increases with temperaturesz’Bl although the acceleration of
mullitization decreases with temperatureg31 Maximum mullite yield from
all starting materials occurs at a certain percentage of FeZO39 after
2,23,24,28,31

which it decreases.

B. Effect of TiO

2

Titania is another commonly occurring impurity in kaolinite. The

amount which enters into solid solution with mullite is much less than

2,14,23,31

that of Fe, 0 Gelsdorf, et a1q33 report that 2-2.5% TiO2 is

273°
included in mullite formed from A1203m8102 mixtures after firing at

1700°C for eight hours while McGee and Wirkusz’3 report that the limit
is 3%. Murthy and Hummell4 have found that the amount of TiO2 entering

into the mullite structure is 2-4% which is in agreement with the results

6

of Agrell and Smithn1 At low temperatures, TiO2 is a poor mineralizer.

The optimum amount for kaolinite was found to be 0.757 in the range

1400-1600°C and larger additions tended to decrease the amount of

mullite formed, particularly as the temperature increasedgz931 In

general, TiOz is less efficient as a mineralizer for kaolinite than

FeZO3 although mullite formation is accelerated more at high tempera-

tures than at low.
14 ¥ 1] 9 1] 2
Murthy and Hummel™ found that the 'b' and 'c¢' lattice parameters
increased and that there was lattice distortion as well as expansion.
33 s . \
Celsdorf, et al. observed an overall increase in cell size at 0.40%.

, 23 , .
McGee and Wirkus also measured an increase in ¢ell size for additions

of 0-3 wt% Ti()2 to alumina-silica mixtures.
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Tié+ does not substitute as readily as Fe3+ because of its ionic
charge. It concentrates in the glass giving it a high viscosity which
hinders crystal growth,29 McGee and Wirku523 claim that the low activa-
tion energy for TiO2 prevents grain growth and that the crystals are not
well formed. Parmelee and Rodriguezz found that TiOzsbearing kaolinite
did not have well-defined grains, However, the crystals are not very
soluble in the glass and are therefore more stable,29 Chaudhuriz also
found that the microstructure of alumina-silica samples containing TiO2
was very uniform and consisted of very fine interlocking needles.

C. Effect of Cal

Calcium is most commonly present in clay as calcium oxide,3l and it
has been found to be a moderate accelerator of mullite EOrmationz from
kaolinite, although Prabhakaram35 reports that it has no effect.
Chaudhuri3o found that 17 Ca0 gave the maximum yield of mullite from
kaolinite upon firing for 1 hour at 1300°C. The yield decreased with
an addition of 27 but increased again with 4% CaO. At 1400°C the opti-
mum amount is 2% Ca0 and at 1500°C, 1%  when added to kaolinite,3l
Moore and Prasad24 found that at 1400 and }500°C the optimum for kaoli~
nite-alumina mixtures was 1.0% and that at 1600°C it was slightly less.

Chaudhurigl found that Ca0 added to kaolinite produced much larger
crystals than other additives. Moore and Prasad24 observed no bloating
with Ca0 additions up to 5% in kaolinite-alumina mixtures.

D. Effect of Na,0 and K.0O

2 2

Parmelee and Rodriguez2 found that NSZO and KZO were poor

catalyzers for kaolinite while Moore and Prasadz4 observed that the opti-

mal amount of NaZO was 2% at 1300°C and 1% at 1400-1600°C in kaolinite-—
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alumina mixtures. When K2C03 is added, the optimal equivalent amount of

K,0 is 1%. ChaudhuriBO found that the optimal amount of NaZO in koli~

nite at 1300°C was 1% and that of KZO was 0.57. With increasing amounts

the yield decreases, NaZO is similar to Ca0 in that it exhibits a mini-

mum yield at a concentration greater than the optimum. The yield is
very sensitive to slight changes in concentration.
If sodium and potassium are added as different salts the optimal
. . . 24,30
amount in kaolinite is affected. It has also been found that NaZO
and KZO hindered the growth of crystals of mullitegl formed from kaoli-

nite.

E. Comparison of Oxides

273

than the other oxides discussed and it also has a greater mineralizing

Fe, 0., enters into solid solution with mullite in greater amounts

effect,
S . . ) . 3+ .
Ti " will enter into mullite by substituting for Al™ , and TJ.O2
is regarded as having a poor to fair catalytic effect.

24 . .
Ca does not enter into the lattice,and amounts necessary for

and TiO.,.

optimum mullitization are lower than those for Fe203 2

NaZO and KZO tend to retard crystal growth. Small amounts and
slight variations have a large effect on the amount of mullite formed.
They are, in general, regarded as being poor mineralizers.

The relative effects of these oxides vary depending upon the

temperature.
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I1I. MATERIALS AND PROCEDURE

1. Materials

The alumina and silica used were Alcoa Aala* {(a~alumina) and Ottawa
silica flour** (a-quartz). A relatively pure Georgia kaolin*** was
chosen for mullite crystallization studies. Chemical analyses of these
materials are given in Table 1.

The oxides and sodium carbonate used were all of analytical reagent
grade. Alcoa A-16"alumina was also used in one set of samples. Kaoli-
nites used for the DTA study were Ione clay, Georgia Kaolinite++,

K Ga-l and K Ga—Z.,+++

2. Equipment
A. DTA Furnace

The DTA furnaces were wound with Pt-407 Rh wire and had a temperature
capability of 1550°C with a controlled heating rate of 10°C/min. Pt-Pt

10Z Rh thermocouples were used.

B. Quench Furnace

The quench furnace used was electrically heated with MoSi2 elements
and was capable of reaching a maximum temperature of 1725°C. Quenching

was achieved by lowering the pedestal.

3. Experimental Procedure

Compositions of the mixtures that were prepared are given in

Table 2. The basis of mixtures I-VI, VIIT is the composition of the

%
Alcoa Aluminum Corporation of America.

ok .
Ottawa Silica Co.
***GCeorgia Kaolin Co.

A{,«.},

Provided by the Georgia Kaolin Co., Sandersville, GA.
+++

Provided by the Clay Minerals Society.
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Table 1. Chemical Analysis of Materials

Constituent Wt

Georgla v
Kaolinite A-14

Silica Flour
A1203 50.60 99.6 0.06
SiO2 47.22 0.12 99.80
Fe203 | 0.38 0.03 0.02
NaZO 0.19 0.04 -
KZO 0.19 : - -
TiO2 1.40 - 0.013
Ca0 <0.01 - 0.01
MgO 0.02 ~ 0.01
MnO <0.01 - -
PZOS <0.002 - -
LOI - 0.2 0.09

%
Chemical analysis performed by Anamet Laboratories, Inc,
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Table 2. Composition of Mixtures.
%
Mix # A1203 SiO2 TiO2 Fe203 NaZO KZO Cal Kaolinite
I 51.73 48.27 - - - - - -
1T 51.00 47.59  1.41 - » - - - -
11T 51.53 48.09 - 0.39 - - - -
v 51.53 48.09 - - 6.19 0.19 - -
\ 50.60 47,22  1.40 0.38 0.19 6019 - -
VT - - - - - - - 100
VII 50.70 47.30 - - - - 2 -

VIII 51.73 48.27 - - - - - -

IX 48.78 45.57 - 5.68 - - - -

94,32

i

XI - - - 5.68 - -
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kaolinite. Mixtures VII, IX-XI contdin more Ca0 and Fe203; the molar
amount of oxide added in each of these cases was the same. Mixture VIII
contained A-16 alumina as opposed to A-14 alumina in order to determine
the effect of any remaining agglomerates in the A-14.

The oxides were weighed and placed in a vibrating mill* with
alumina grinding media and isopropyl alcohol. The powders were ground
for approximately sixteen hours in order to break up the agglomerates
of A-14 alumina and to mix the components thoroughly. The slurry was
dried and crushed with a mortar and pestle.

In order to press pellets it was necessary to spray the powders
lightly with water and mix on a roller mill for a few minutes to form a
free flowing, granular powder. The powders were compacted in a 9 mm
diameter steel die under a uniaxial pressure of ~50 MPa. The pellets
were prefired to 1000°C in a Heviduty furnace** to improve the strength.

The kaclinite was prefired to 1200°C, crushed and made into pellets.
This was necessary to enable compacts to be made.

After prefiring, the samples were fired on a platinum disc in a
quench furnace according to the schedules in Table 3. The samples were
taken up to temperature as quickly as possible as was reduction in temper-
ature from 1700°C to 1650°C. The temperature fluctuation at temperature
was *5°C. At the end of the run, the samples were quenched by lowering

the pedestal.

%
Sweco Inc., Los Angeles, CA.

B
Lindberg, Watertown, WI.
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Table 3. Firing Schedules

Run # Time Temperature Time Temperature
1 8 hrs 1650°C - -
2 8 hrs 1700°C 8 hrs 1650°C
3 8 hrs 1700°C 16 hrs 1650°C
4 8 hrs 1700°C - -
5 8 hrs 1700°C 16 hrs 1650°C
6 24 hrs 1700°C - -
7 24 hrs 1650°C . - -
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Pellets were cut on an isomet saw and mounted in bakelite.
Polishing was on 30um, 15um and 6um diamond wheels followed by 6pm,>
lym and 0.25ym syntrons.

After polishing; the samples were examined in a metallograph at
magnifications of 160 and 400X. Scanning electron microscopy was then
employed to obtain photographs at higher magnifications, 1000X and
2000X. The samples were etched in 407 HF for ~30 seconds prior to SEM
examination.

4, Determination of Volume Fraction and Size

Photographs at 1000X from the SEM were used for a line counting
method of determining volume and size fractions. Five 10cm lines were
taken at random across the photograph and the length of line contained
in the crystals measured. -This is equivalent to the volume fraction,

i,e., volume fraction = area fraction = line fraction.

_ Length of line in crystal x 100
Total length

Line fraction %

The number of crystals per line was determined by counting the number of
grain boundaries (two for each particle) per line and dividing by two.

The size was calculated as follows,

Vol. Fraction, 7 .
Number of Particles

Size, 7 =

The sizes are reported as the volume percentage per crystal. Some
crystals were too small and indistinct to be measured. Only one
photograph area was available for each measurement, leading to appreci-

able errors, particularly in those samples with very large crystals.
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5. Differential Thermal Analysis

Four kaolinites were tested by DTA. (See 'Materials' Section).
An A1203 reference was used in a covered platinum crucible. One gram
of kaolinite was packed carefully and reproducibly into the holder. A
hole was made for the thermocouple which was inserted so that the
sheathing did not come into contact with the sample. A heating rate of
10°C/minute was maintained. An offset in the final temperature due to
the controiler means that the results for the last ~30°C are in doubt
as a constant heating rate was not maintained. The lag in the system
also means that the heating rate for the first 100-150°C was not

constant.

6. X-Ray Diffraction

Samples of the ordered kaolinite, K-=Ga-1, and the disordered
kaolinite, K-Ga-2, at room temperature and fired in the DTA furnace to
1100°C, ~1300°C and ~1475°C (i.e. after the exothermic peaks) were
gro@gd to -325 mesh and analysed by x-ray diffraction using a Cu tube.
The scanning conditions were 40kV and 20 wA, 1° 20/min. scanning rate,
1/2 in. min. recording rate, 1°/4°/1° collimation slits and a time
constant, T, of 3. The charts were analyzed for the presence of
kaolinite, quartz (free silica), alumina, mullite and cristobalirte.

IV. RESULTS AND DISCUSSION

1. Crystallization of Mullite

The effects of differences in firing time and temperature and
additives on the alumina-silica mixtures and kaolinite are discussed

in this section.
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A. Al OQmSiO2 Mixture
T

2

Time and temperature effects with regard to the A1203»3102 mixture

are shown in Fig, 1, A1203 grains react with $i0, at 1650-1700°C to
form mullite crystals and a Siozﬁrich liquid. The mullite forms on the
surfaces and grows into the A1203 grains. During the reaction the
particle size is dictated by the rate of reaction to form mullite and
the rate of dissclution of mullite in the liquid. The shape of the
original mullite crystals is determined by the A1203 particles and is
essentially as seen in Fig. 1A which shows the appearance after firing
at 1650°C for 8 hours. The crystals are small, rounded and tend to be
agglomerated,which reflects the original aggregation of the starting
alumina powder. Upon completion of the mullite reaction and saturation
of the liquid with mullite, equilibrium compositions as indicated by
the A1.0 ~SiOZ phase diagram, Fig. 2, should be reached,

273

, . 3 3 N 3
Calculations, assuming p = 3.2 g/cm™ and pglass = 2.4 gfem”,

mullite

show that at 1650°C,the equilibrium amount of mullite present by volume

should be 54.5% and at 1700°C, 52.6%. Line scan results from the micro-
structure (see Table 4) indicated that the volume of mullite present at
1650°C is 64.,1% after 8 hours and 63.6% after 24 hours, and at 1700°C

it is 54.47% after 8 hours and 58.1% after 24 hours. Statistical analysis
reveals that these figures are the same within the error inherent in the
procedure and that therefore equilibrium is achieved at a time less than
8 hours at these temperatures. The main source of error in the volume

percentage determination was that only one area of each specimen was

photographed and was therefore available for analysis. Although the

photographed areas were chosen to be representative, it is possible that
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Effect of Heat Treatment on A1203M3i02°
A. 1650°C/8 hours
B. 1650°C/24 hours
C. 1700°C/8 hours
D. 1700°C/24 hours
E. 1700°C/8 hours then 1650°C/8 hours
F. 1700°C/8 hours then 1650°C/16 hours
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Table 4, Volume Fraction, % mullite

1 7 4 6 2 3/5
: 1700/8 1700/8

1650/8 1650-24 1700/8 1700/24 1650/8 1650/16
I A/S 64.1£10.6 63.6+8.8 54.4%7.2 58.1%9.9 59.3%5.3 57.0£9.7
I1 A/8/Ti0, NE 61.4%5.8 53.8%8.3 54.4%8,2 54,9+8.2 63.0£3.0
v A/S/NaZO/Kzo NE - NE - NE 60.3%7.1
V A/S/ALL NE - NE - NE 58.7%4.0
111 A/S/Fe203 NE - NE - NE 61.2%5.8
IX A/8/5.7%Fe,0, - 66.0+3.2 - 58.8%8.8 - 58.7%4.0
VII A/S/Ca0 56.5%10.9 57.8%11.4 54.6%7.2 55.1%8.9 46.6%4.0 53.5%9.8
VI K NE 46.0%3.8 39.3%8.3 53.7%6.0 48.9%7.7 49.5%3.6
X K/Ca0 - 47.0%6.3 - 39.5%10.7 - 40.5%5.9
X1 K/Fe203 - 52.9%5.2 - 30,i§7,5 _ 42.5%5.5

NE -~ Not examined
- = No sample
* - 3rd phase present
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the samples were not completely homogeneous with the result that a
biased subsample may have been drawn. There might thus have been pro-
nounced sampling error in the estimated percentages. The estimates
serve only to corroborate the visual observations.

After phase equilibrium is reached, mullite crystal growth
continues by Ostwald ripening, a process of solution of small particles
and precipitation onto larger crystals. This process is thermodynamic-
ally favorable because of the resulting decrease in surface area and
therefore total surface energy. The specific driving force is the high-
er energy and solubility (according to Kelvin's equation) of the smaller
particles resulting in supersaturation of the liquid relative to the
larger particles. Rate of growth is affected by the rate at which the
ions or molecules diffuse in the liquid, this in turn being affected by
temperature, viscosity and liquid composition (i.e. the presence of
impurities).

Figure 1B shows a sample heated at 1650°C for 24 hours; the
crystals appear larger and more separated in comparison with those
heated for 8 hours (Fig. 1lA). The shape has also changed and the crys-
tals have elongated and formed flat faces although the ends still tend
to be rounded. Elongation or change in shape is the result of differ-
ences in surface energies of the different crystal planes. A low value
of Yg1° the interfacial solid-liquid energy for a particular crystallo-
graphic face, causes the growth of that face with the development of
flattening°

Comparison of Figs. 1C and 1D with Figs. 1A and 1B shows the effect

of a 50°C rise in temperature. The crystals are much larger, more



22w

distinct and well formed, Diffusivities are greater at higher
temperatures which explains the size increases. FEquilibrium with res-
pect to the percentages of phases present is achieved well before 8
hours at 1700°C. The relative size increase between 8 and 24 hours,
however, is not as large at 1700°C as it is at 1650°C. It is difficult
to specify the size of crystals that are not equidimensional, especially
with developing elongation., A number representing the size can be ob=~
tained by dividing the volume % of mullite in a sample found by a line
scan by the number of crystals per same length of line. The two
measurements must be performed on the same area to obtain meaningful
results. This method is only useful as a means of comparison. One of
the problems 1s related to being able to distinguish individual grains
and obtain a valid count since grain boundaries are generally difficult
to identify in these specimens. Error in tﬂe method is large for very
small, agglomerated crystals. The units of the size are volume 7% crys-
tal and are quoted as percentage figures. The average size of the crys-
tals in the 8 hours/1700°C sample is 3.3% and in the 24 hours/1700°C
sample is 3.67% (Table 5), indicating crystal growth as observed visually.
The crystals in Figs. 1A and 1B were too small for this analysis.

The faster relative growth rate at the lower temperature can be
explained if the size vs., time curve is non-linear and approaches a
steady state value after a certain time. A curve of the form of Fig. 3
with a different time scale for each temperature is such an example. At
1700°C the most rapid growth occurs before 8 hours and is approaching
the steady state value at 8 hours. Therefore, the change in size between

8 and 24 hours corresponds only  to the distance AB on the y axis. At




Table 5. Crystal size, 7 crystal

1 7 4 6 2 3/5

1700/8 1700/8
1650/8 1650/24 1700/8 1700/24 1650/8 1650/16

I A/S S S 3.3 3.6 2.3 2.9
1I A/S/Ti@2 S : 3.6 3.1 3.5 3.5 3.3
IV A/S/Na,0/K,0 NE - NE - NE 2.8
V A/S/A11 NE - NE - NE 4.6
111 A/S/Fe@3 NE - NE - NE 3.6
IX A/8/5.7%Fe,0, - 5.3 - 5.3 - 4.7
VII A/S/Ca0 3.8 5.0 5.5 7.2 4.3 4.7
VII K NE 1.9 1.7 3.5 2.4 2.9
X K/Ca0 - 2.3 - 3.8 - 2.4
X1 K/Fe203 - 3.4 - 4.0 - 4.9

NE - Not examined
- = No sample
S - Crystals too small to count
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1650°C, growth is rapid between 8 and 24 hours, resulting in an increase
in size equivalent to CD. Since growth by Ostwald ripening starts after
phase equilibrium is reached, another contributing factor to the differ-
ences in growth rate is that growth at 1650°C is comparatively more
delayedev With a longer firing time at 1650°C it is expected that the
crystal size would approach the steady state value and become similar

to that in the 1700°C samples., Kinetic calculations based on a linear
extrapolation of the vsalues obtained for the size in this study would not
be valid owing to the non~linearity of the growth curve and non-
availability of data for all but two firing times.

Figures 1E and 1F are the results of a two stage firing process
with a 1700°C hold for 8 hours,followed by 1650°C for 8 and 16 hours,
respectively., The crystals have the same shape as those for the 1700°C
fires but are intermediate in size between those fired at 1650°C and
1700°C for equivalent times, as observed on comparing, for example
Figs. 1lE with Figs 1A and C for 8 hours. Line count values for the size

(Table 5) are 2.3% for Fig. 1E and 3.3% for Fig. 1C. It could be ex~
pgcted that the crystals in Fig. 1E would be larger than those fired at
1700°C for 8 hours (Fig, 1C) as the sample was fired for an additional
8 hours at 1650°C and the equilibrium amount of mullite is greater at
1650°C than at 1700°C. This fact is supported experimentally by compar-
ing the % volume fraction mullite values of 59.3 and 54.9% respectively
from Table 4. However, there is a theoretical explanation for this
phenomenon ¢

With phase equilibrium at 1700°C, the activity of alumina, a1 0
273

is constant in mullite and in the liquid. When the temperature is
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lowered to 1650°C, the value of a at equilibrium is less and the

A1203

liquid becomes supersaturated with mullite of lower a1 0. " Thus
273
mullite does not precipitate onto the mullite with the high a1 0 and
273
nuclei form. The original mullite with a higher a,1 . Boes into solu-

273

tion as the new mullite grows until the equilibrium 410 is reached
273

throughout the system. The net result is a larger number of smaller
crystals. The growth observed after an additional 8 hours (Fig. 1F,
size = 2,9%, Table 5) can be attributed to Ostwald ripening.

B. Kaolinite

Kaolinite fired under different conditions and an alumina-silica
mixture are compared in Fig. 4. The morphological difference in the
mullite crystals between the A1203=Sio2 mixture, Fig. 4A, and the
kaolinite samples is noticeable. The mullite crystals in Fig. 4A are
rectangular in shape with rounded ends while the mullite crystals formed
from kaolinite are acicular with pointed ends.

The mechanisms for mullite formation are different. In mixtures of
A1203 and SiO2 mullite forms on the A1203 particles at 1650°C and 1700°C
by interdiffusion of Al3+ and Si4+ ions through the mullite with some
solution of mullite in the excess SiOZ; the growth and morphological
development of the mullite crystals then occurs by Ostwald ripening.
Kaolinite, however, undergoes a more complex series of reactions initia-
ted by a dehydroxylation reaction. At this point it is a molecular
mixture with some structure inherited from the kaolinite crystal structure.
On heating, with progressive resolution of SiOZ, according to Brindley,6

mullite forms at ~1250°C. With further heating a liquid phase forms at

the eutectic temperature and continuing growth of mullite crystals should
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occur by the Ostwald ripening process. A direct comparison with A1203a
SiO2 mixtures, however, may be questioned as kaolinite always contains
larger amounts of impurities whose effect on the reaction series is not
known. Nevertheless, comparisons will be made.

Examination of the photographs in Fig. 4, (excluding
4AY, indicates that the mullite crystals formed from kaolinite are
long and acicular with diamond shaped cross-sections. A comparison of
Figs. 4C and 4D indicates that the principal growth of the crystals is
lengthwise in the 'c'-direcrion, Lt can be assumed that this morphological
development is due to the fact that the crystal faces parallel to the c-
axis have lower interfacial energies. When kaolinite dehydroxylates, the
layer structure collapses. The mullite that forms consists of octahedral
chains of alumina and tetrahedral chains of silica parallel to the c-
axis which result from the original structure. Growth can be viewed as
forming extensions to the existing chains which is more likely to occur
than formation of new chains,

The effect of firing at 1650°C and 1700°C for 24 hours can be seen
by comparing Figs. 4B and 4D, the respective sizes being 1.9% and 3.5%
(Table 5). Growth at 1700°C for 8 and 24 hours can be observed in Figs.
4C and 4D, The crystal size increased from 1.7% to 3.5%. Relics of
small crystals can be seen in both of these photographs, indicating that
the small crystals are being dissolved and that growth is by Ostwald
ripening.

The growth rate at 1650°C is slow as can be observed from Figs. 4E
and 4F for samples heated at 1700°C for 8 hours and then held at 1650°C

for 8 and 16 hours, respectively. The crystal size only increases from
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2.4% to 2.9%. The fact that the mullite crystals were

slightly larger in Fig. 4E than in Fig. 4C, in comparison with Figs. 1E
and 1C, indicates that phase equilibrium is achieved rapidly enough on

lowering the temperature to 1650°C to allow some growth. This can also
be attributed to the higher impurity content of the kaolinite.

the kaolinite.

C. Al1,0,-8i0, with TiO,

The microstructures of AlZOBQSiO2 samples containing 1.4 wt¥ Ti02
can be seen in Fig. 5. A visual comparison of these specimens with those

of A1203-—Sio2 mixtures without additions for comparable firing conditions

in Fig. 1 indicates that no change in morphology occurred but that there
was a small but noticeable increase in crystal size in all cases. The

data in Tables 4 and 5 have too much experimental scatter to substantiate
this observation precisely.

The largest increase in size was geen in the specimens exposed to
the two stage firing process as can be observed by comparing Figs. 5C

and 5E with Figs. 1C and 1E. The TiO2 had the effect of increasing the

phase equilibration rate on dropping the specimen from 1700°C to 1650°C.

The effect of Ti0, on increasing the growth rate of mullite in kaolinite

2

in the temperature range 1400 to 1600°C has been reported,293

D. Al,0,~Si0, with Ca0

2 2

The series of A1203~Si02 mixtures with 2 wt% Ca0 samples are shown

in Fig. 6. The mullite crystals are much larger than in either the pure

mixture or with a TiOZ addition. The growth rate from 8 to 24 hours is

greater in the 1650°C samples (Figs. 6A and 6B) than in the 1700°C

samples (Figs. 6C and 6D). The crystal size after 24 hours at 1650°C
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(Fig. 6B, 5.0%), however, approaches that after 8 hours at 1700°C

(Fig. 6C, 505%),indicating‘that the growth rate up to 8 hours is faster
at 1700°C. The growth rate behavior can be discussed as before with the
aid of Fig. 3. Ca0 apparently decreases the time to reach the equilib-
rium composition as well as accelerating the growth of mullite. However,
it has no significant effect on the grain morphology.

The observation of Rodriguez and Parmeleez that Ca0 is a moderate
accelerator of wullite formation is reinforced by these experiments.
Chaudhuri3l also reported large crystals in CaO-containing samples. The
optimum amount of Ca0 is less than 1% at 1650°C24 and excess tends to
decrease the amount of mullite formed,SO The line count results
(Table 4) dindicate that, in accordance with this statement, less mullite
forms in the specimens with Ca0 than in those without.

The growth of mullite with time is by Ostwald ripening. Relics of
dissolving crystals can be seen in Fig. 6D. 1t is also interesting to
note that the vertices of the smaller dissolving crystals tend to
dissolve first, leaving rounded particles. These pictures show the
change in morphology from small rounded crystals to the rectangular and
diamond shaped slightly elongated crystals which grow by precipitation.
Line count results indicate that more mullite is formed at lower temp-
eratures as was the case with both the titania and pure samples. The
total amount of mullite formed is less than that in the A1203m8i02
samples without additives.

The two stage firing samples are shown in Figs. 6E and 6F which
were held for 8 hours at 1700°C followed by 8 and 16 hours at 1650°C,

respectively. The crystal size changes from 4.3% to 4.7%. The crystals
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in Fig. 6F are more rounded and smaller than those in Fig. 6C: 4.37 vs.
5.5%. Additions of CaO thus appear to reduce the rate at which phase
equilibrium is attained after dropping to 1650°C from 1700°C.

Bloating was observed in all the Ca0 samples, making them very
porous. This behavior occurred only with Ca0 additions. Studies to
determine the cause were not pursued.

E. Al,0,-81i0. Mixtures with Oxides Equivalent to Kaolinite

2 2

All samples shown in Fig. 7 were fired at 1700°C for 8 hours

followed by 1650°C for 16 hours. The oxides were present in the A1203~

Sio2 mixtures in the same proportions as in the kaolinite as determined

by chemical analysis with the exception of Fig. 7D which had 5.7 wt%
Fezo3 added.

Excluding Fig. 7D all the samples have similarly shaped grains
which tend to be rectangular with varying degrees of roundness at the
ends. Figure 7D, on the other hand, shows large, sharply pointed
elongated crystals. All of the corners on all of the crystals are
sharp. The A1203@8102
Fig. 7E, have the smallest crystals followed by the sample with TiOz,

sample, Fig. 7A, and that with Na,0 and KZO’

2

Fig. 7B, with 0.34% Fe2033 Fig. 7C, and with all of these oxides, Fig.
JF, in accordance with the data in Table 5. Table 4 indicates that the
amount of mullite formed in this series does not vary significantly.

It has been suggested29 that titania concentrates in the glass
raising its viscosity,which impedes crystal growth resulting in the
small crystals observed. The relatively small number of well formed

grains in the Tioz sample, Fig. 7B, is in accordance with prior obser-

. 23 4t
vations. Apparently, Ti  does not substitute in the mullite
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structure or adsorb on the surfaces of the grains,

The sample containing alkalis has the smallest grain size in this

series which is consistent with NaZO and K,0 being poor catalyzers for

2
mullite crystallizationaz Previous resultsB1 have also indicated that
NaZO and KZO hinder crystal growth.

The effect of FeZO3 additions is significantly different. Small
amounts, Fig, 7C, produce crystals of the same shape as in the AlZOBG
SiO2 sample but slightly larger while a larger addition produced the
elongated crystals with sharp corners observed in Fig. 7D. Some crys-
tals are up to 50um long., The shape of the crystals is similar to that
observed in the kaolinite, Figs. 4B-F.

Iron oxide can enter into solid solution with mullite in amounts
up to 10-12% while other oxides have limited solubilities. All the
oxides, however, take part in liquid formation and affect the viscosity.
Crystal growth is enhanced by low iiquid viscosity which generally is
_ agsociated with an increase in the diffusivity of the ions. The larger
amount of Fezogg in addition to apparently lowering the viscosity of
the liquid, has also promoted the preferential growth in the c-~direction.
Its solution in the mullite struciure must result in greater anisotropy

of the surface energies of the crystal faces with the energies of the

faces parallel to the c-axis being the lowest.

F. Comparison of Additions of Fe.O, and Ca0
T

The effects of additions of 5.7 wt% Fe203 and 2.0 wt% Ca0 are

compared in Fig. 8 for the two-~stage heat treatment, 8 hours at 1700°C

followed by 16 hours at 1650°C. The molar amounts of Ca0 and Fezo3

added were the same.
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An AlzongiOZ mixture with additives to form essentially the same
chemical composition as the kaolinite is compared with kaolinite in
Figs. 8A and 8B. The crystals in the former are larger, 4.0% vs. 2.9%.
Actually, the crystals in the mixture with no additives and the same
heat treatment, Fig. 1F, were similar in size to those of kaolinite,
2.9%. The morphology, however, wassignificantly different. Kaolinite
~ has acicular crystals with sharp corners and the A1203«8102 mixture has
more rectangular crystals with rounded ends and corners. On the other
hand, A1203m8102

8D, have very similar appeavances. The crystals are acicular in both

and kaolinite samples containing Fe203, Figs. 8C and

cases and have grown to similar sizes 4.7% vs. 4.9%7. A visuval compari-
son of the microstructures with the Ca0 addition, Figs. 8E and 8F, indi-
cate a similarity in appearance to Figs. 8A and 88,‘respecti‘vely9 except
for a small increase in size.

The persistence of the acicular shape of the mullite crystals
formed from all kaolinite-based mixtures and only in the AlZOBaSiO2
mixture containing F8203 is of great interest. An explanation of
this phenomenon must be related to the mechanism
of the respective mullite forming reactions discussed earlier. The
exsolution of Si0, from kaolinite to form mullite leaves a residual

2

structure that results in growth in the c-direction and acicular crystals,
and is associated with an anisotropy of interfacial energy that persists
during heat treatments. Impurities associated with the kaoli-
nite may be incorporated in the mullite structure during its formation
and play a contributory role in this morphology. The impurities, other

thanFeZO39 when added to AIZOBmSiO mixtures, do not cause the formation
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of acicular crystals and apparently do not enter the mullite structure
being formed by chemical interdiffusion. The oxide Fe203, which is the
only one of those tested that can form an appreciable solid solution
with mullite, caused structural changes that led to the formation of

acicular crystals. Both FeZO3 and Ca0, on the other hand, when added to

AlZOBwSiOZ mixtures, affect the liquid and permit increased mass trans-

port rates and thus increased mullite growth rates in comparison with
relatively small amounts of FeZO39 TiO2 and alkalis.

The effects of 5.7 wt% Fe203 on Al203~SiO2 mixtures and kaolinite

are seen in Fig. 9. The difference in crystal size of the mullite formed

from the AlZOBmSiO2 mixtures with FeZO3 fired at 1650°C for 24 hours,

Fig. 9A, and at 1700°C for 24 hours, Fig. 9C is minimal and the figures
in Table 5, 5.3% for both, also indicate this fact. The size increase

over the Al,0,-Si0, sample fired at 1700°C for 24 hours, Fig. 9FE, is

2°3 2

large (5.3% vs. 3.6%). When iron oxide is added to kaolinite, the par-
ticle size does not increase as much as can be seen by comparing Figs.
9D (4.0%) and 9F (3.5%), both fired at 1700°C for 24 hours. The increase

is greater at 1650°C, Fig. 9B being kaolinite with Fe and Fig. 13B being

293

for kaolinite. This comparison also applies to the Al,0,.-S10, samples

273 2
with and without FeZO3 at 1650°C, Figs. 9A and 13A. The implication
is that FezO3 accelerates crystal growth, snd consequently the steady state

value depicted in Fig. 3 is not only higher but is also reached in
shorter times at both 1650°C and 1700°C.

The crystal shape remained acicular in the kaolinite crystals.
Crystals in the AlZOBQSiOZ samples containing iron were similar to those

in kaolinirte.
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A. With Ca0, 1650°C/24 hours
B. With ¥ejy04, 1650%C/24 hours
C. With Ca0, 1700°C/24 hours
D. With Fep03, 1700°C/24 hours
E. Al O,«SiOZ, 1700°C/24 hours
F. Kaolinite, 1700%C/24 hours
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There is a third phase present in the kaolinite and Fe203 sample
fired at 1700°C for 24 hours, Fig. 9D. Figure 10 shows this phase at
higher magnifications. It has a very fine structure and is inter-
spersed with the glass phase. It appears to form around the points of
the muliite crystals and striations can be seen clearly on the crystals.
The composition is unknown as the crystals were too small for EDAX analy-
sis, The glass compesition is 8102 with some F8203 and AlZOBB A phase
diagram at the FeOeFeZO3wSiOZ system (Fig. 11) shows a two liquid region
above 1700°C. The Fe0-:Fe, 0,-A1,0 ~SiOZ phase diagram (Fig. 12) shows

273 77273
the two phase region on the FeOBFe203—SiO2 join extending slightly into
the composition triangle. The composition of the glass is probably with-
in this region and upon cooling,one liquid has crystallized to form the
third phase. A small amount of this phase can be seen in the A1203»8102a
FezO3 sample (¥Fig. 9C), probably due to a local inhomogeneity, but it is
not present in the 1650°C samples (some foreign material is present in
the photograph). The amount of mullite present in the sample shown in
Fig. 9D is low owing to the presence of the third phase.

A comparison of the effects of Cal on A1203=Sioz mixtures and
kaolinite can be seen in Fig. 13. The increase in crystal size is great-
er for the AlZOBaSiO2 samples (Figs. 13A, 13C and 13E) than it is for the
kaolinite samples (Figs. 13B, 13D and 13F). At 1650°C the increase in
crystal size when Ca0 is added to kaolinite (Fig. 13D vs. 13B) is slight
(1.9% vs. 2.3%) when compared to that when Ca0 is added to A1203m8i02
(Fig 13C wvs. 13A). At 1700°C,(Figs. 9F and 13F for kaolinite and Figs.

9E and 13E for A1203&Si02)9the crystal size increase is more

similar. The crystal size after 24 hours at 1650°C, Fig. 13B is
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similar to that after 24 hours at 1700°C, Fig. 13E for the A1203~=Sio2
mixtures with CaO; the difference is that crystals in the 1650°C sample
have rounded ends while those in the 1700°C sample have flat ends and
sharp corners. (a0 does not accelerate growth in the c-direction as does
FeZOB° The crystals in the kaolinite sample remain the same shape. Ca0
added to kaolinite accelerates the growth rate of mullite more than
Fe203 does. Ca0 appears, therefore, to increase the diffusivity of Si
and A13+ions in the liquid in the kaolinite sample more than Fe203 does.
Kaolinite contains other impurities and thus its liquid will be more
impure than that arising from the A1203=SiOZ samples meaning that the

effects of further additions differ.

2. Differential Thermal Analyses of Kaolinites

Four clays were examined by DTA: the Georgia kaolin used in the
additive experiments, Ione Clay, K-Ga-1l and K-Ga-2. K-Ga-1 and K-Ga-2 are
known to be structurally ordered and disordered, respectively. The
samples were heated to ~1500°C at a uniform rate. The thermograms can be
seen in Fig. 14. The peak positions and type are given in Table 6.

The main point of interest in the DTA study was the appearance of a
third exothermic peak at ~1400°C in two of the samples, K-Ga-2 and
Georgia kaolin. The other three peaks of these kaolins occur at lower
temperatures than the corresponding peaks of K-Ga~1, implying that both
KmGa=2 and Ceorgia kaolin are disordered. The peaks arising frpm the
Tone clay occur closer to those of K-Ga~l, indicating a more ordered
structure.

X-ray diffraction (XRD) was used to investigate the 1400°C reaction

in the disordered kaolins. The two kaolinites known definitely to be
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Table ¢, Differential Thermal Analysis of Kaolins

Clay
Peaks K=Ga-1 K-Gl-2 Georgia Ione
Temperature, °C
Endothermic 635 625 ‘ 620 628
lst Exothermic 975 960 973 972
2nd Exothermic 1275 1250 1250 1260

3rd Exothermic - 1400 1375
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ordered and disordered were chosen for this study. ZX-ray analysis was
performed at room temperature on samples heated to 1100°C (after the
first exothermic peak), heated to ~1300°C (after the second exothermic
peak) and to 1475°C (the upper limit). Table 7 lists the major crystal-
line compounds found in each sample.

The main kaolinite peak in the room temperature K-Ga-2 sample was
displaced to 7.162 and was smaller than that of K-Ga-l, indicating dis-
order. The only evidence of crystal structure in the 1100°C samples
was a broad peak in the region of the main kaolinite peak, indicating
some residual kaolinite structure. Only mullite was present after the
1250°C exothermic peak. Cristobalite and mullite were béth present at
1475°C.

The main cristobalite peak at d = 4009§ was larger and sharper in
the disordered specimen. The 1400°C exothermic peak in the sample is a
result of the crystallization of amorphous silicate cristobalite.
Cristobalite also forms from the ordered kaolinite but more slowly and
over a larger temperature range,which would account for the lack of a
distinct exothermic peak at ~1400°C.

Free crystalline silica was not detected by either XRD or DTA.

The cristobalite thus forms from the silica exsolved from the kaolinite
during mullite formation. The raté\and temperature range of crystalliza-
tion appear to be functions of the orderliness of the kaolinite.

V. CONCLUSIONS

The formation of mullite from kaolinite and A1203~«Sio2 mixtures
occurs by different mechanisms, each producing different crystal mor-

phologies. The acicular crystals of mullite formed from kaolinite are a




49

Table 7. X-ray Diffraction Data

Temperature
°C

K~Ga~1
Ordered
Kaolinite

K-Ga=2
Disordered
Kaolinite

Room Temperature

1100°C

1300°C

1475°C

Main kaolingte peak
d=7.13A

Amorphous~broad peak
in region of main
kaolinite peak

Mullite

Mullite
cristobalite o
main peak d=4.09A

Main kaolin%te peak
d=7.16A

Amorphous-broad peak
in region of main
kaolinite peak

Mullite

Mullite
cristobalite
main peak larger

and sharper,
d=4.,094
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consequence of the residual structure of kaolinite. Crystals of mullite
arising from AlZOBmSiOZ mixtures are initially pseudomorphic after the
A1203 grains. With subsequent growth by a solution-precipitation process
(Ostwald ripening), they become rectangular with rounded ends, and elon-
gate after long firing times,indicating that their eventual appearance
would be similar to the crystals originating from kaolinite.

All the additives increase the growth rate of mullite formed from
AlZOB-—SiO2 mixtures as the viscosity of the liquid is decreased and
the diffusivities are increased.  Ca0 and Fe203 have the most pronounced
effect on crystal size. The effect is not as great on kaolinite, possi-
bly because the liquid formed is less pure owing to the impurities pre-
sent in the kaolin,which can modify the viscosity effects.

Iron oxide changes the mullite crystal morphology in the A1203~SiO2
samples to that of the kaolinite samples.” Iron oxide is the only addi-
tive which will enter into solid solution with mullite in significant
amounts. It is postulated that the growth in the 'c¢' direction is
caused by a relative lowering of the surface energy of the parallel
faces. Fe203 appears to occupy atomic sites that affect the surface
energies resulting in energies similar to those of the mullite formed
from kaolinite.

Growth is by the process of Ostwald ripening which does not seem
to start until after phase equilibrium is reached. The additives in-
crease the rate of Ostwald ripening. The effect of Ca0 and Fe203 is

the most pronounced but differs according to the heat treatment and

starting material.
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The results of the DTA study imply that the state of order of the
kaolinite affects the crystallization of cristobalite from amorphous
silica released during the phase transformations of kaolinite. D.T.A.
thermograms of disordered kaolinites-exhibit an exothermic peak at
~1400°C while those of ordered kaolinites do not. More investigation is
needed in this area.
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