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MULLITE PBASE EQUILIERIA IN THE SYSTEM:

CaO~A1203~8102

Victor F. Draper
Materials and Molecular Research Division, Lawrence Berkeley Laboratory
and Department of Materials Science and Engineering,
College of Engineering; University of California
Berkeley, California 94720
ABSTRACT

Sapphiremiiquid diffusion couples annealed in sealed molybdenunm
crucibles in the temperature range of 1602°C to 1787°C were analyzed by
electron beam microprobe. Interfacial compositions across the phase
boundaries were used to determine the stable composition range of the
mullite phase field and the location of the mullite-corundum boundary.
Experiments utilizing quenching wmethods were also conducted to establish
the extent that the metastable nature of the AL _0_-Si0, system extended

273 2

into the ternary CaO~A1203~SiOZ system and to determine any solid solu-

bility of Ca0 in mullite. Further evidence was obtained to confirm the

recognized value of =82.5 wti A1203 as the upper solubility limit for

metastable disordered mullite in the binary AleB@SiO2 system.






I. INTRODUCTION -

The first systematic study of the A1203~SiO2 system was conducted

in 1924 by Bowen and Greigg who showed that, under atmospheric pressure,

mullite (3A120 °28i02) and pot sillimanite (Al °SiOZ) was the only

3 203

stable compound in this system. Furthermore, it was shown that mullite
melted incongruently at 1828°C. The findings of Bowen and Greig were
generally accepted without any serious'question until- 1950, when RBauer

et aleg were successful in growing mullite single crystals by the
Verneuil method. Since single crystals of incongruently melting con~
pounds are not ordinarily produced by this method, the incortigruency of
mullite was thus questioned. Subsequentl& in 1951, Toropov and
Galakhovlo provided additional evidence that wullite melted incongruently.
Since then, numerous conflicting investigationsllmZé have been conducted,
some of which supported the incongruency ~ — as originally determined
by Bowen and Greilg and some of which supported the congruency of mullite

20-24

e 13
decomposition. Among these, the studies of Tromel et al. and

Avamaki and Roéﬁzwere the most extensive ones. The findings of Tromel
et al., in general, are in agreement with those of Bowen and Greigeg
Aramaki and Roy“s1 diagram (¥Fig. 1), however, supported the congruent
melting of mullite and thus led to the currently proposed mullite-

corundum boundary in the ternary system under study.

\

A second outstanding oroblem of the A12035~Sio2 system has been the

determination of the stable solid solution range of mullite: Mullite

normally corresponds to a composition of 3A12036251029 and its solid

solution range extends from 71.8 wt? to 74.3 wti AlZOS“ This range,

however, is only realized when mullite is prepared by solid state
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reactions in the presence of alumina. When solidified from a melt, the
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equilibrium will exist at each interface. These interfacial composi-

mechanism, which is the case for the Al?quSiO system, a local chemical
-

. ; s . . - 5
tions, then, correspond to liquidus and solidus compositions™ and can be
used to construct the equilibrium phase diagram involving the end phases

3

of the diffusion couple.

The currently published CaCl-AL, mnary phase diagram, Fig.

‘;V»\%,*i{; fer
273

3, as it pertains to the mullite and corundum phase fields is based in

1,22 2
Aramaki and Roy As supporting guidance for the congruent melting

part on the revision of the Al Gg ?10 binary system as veported by
é‘ -

behavior of mullite, they studied il system and the MgOmAE?OﬁmSiO

2
system to determine the location of the mullite-corundum phase boundary.
Their examination of these ternary systems substantiated the congruency
of mullite. As mentioned previocusly howevexr, any studles involving
silicate systewms with a possible incongruent melting compound should be
. V L, W o 2
reviewed carefully when using quenching technigques. Avamakl and Roy

used Pe~20Rh crucibles with a maximum operation temperature of =1850°C

and relatively short times for thelr guenching

In view of the quenching results of Arvamaki and Roy and the
diffusion studies of Aksay and Pask, three different experiments were-
conducted. First, and most important, was an attempt to use the diffusion

couple technique to establish the stable

this termary system. Secondly, quenching expeviments wevre performed to

define any metastable limits on the mulli

the Cal additions. Also, €a0 solid solubility in wullite could be ascer—
tained. Thirdly, additional quenching experviments were conducted in the

binary AlZOBwSiOz system to verify and confiym the existance of the =82.5
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IT. THEORY
A. Determination of Phase Diagrams by Diffusion Techniques

1. Diffusion Couple Technique

Past work at this laboratory by Davis and Pask28 and more rvecently
by Aksay and Pask3 have fully demonstrated the usefullness of thé diffu-
sion couple technique for the study of phase equilibria. When conducted
in conjunction with an electron beam micr@probe analysis of the cross-
sections of the cooled specimens, this technique becomes an extremely
powerful tool in the accurate determination of diffusion, solid solubi-
lity, isothermal and phase boundary equilibria data.

In systeus where sﬁable equilibrium conditions are not easily
obtained, as in this study, obtaining accurate phase equilibria data
only by the method of quenching is not sufficient. Generally, some com-
bination of the two procedures is in order to fully realize the differ-
ences inherent in a system which readily demonstrates both stable and
metastable conditions.

2. Basis for Stable Phase Determination by Diffusion Couples

When two phases of a binary, or in this study a pseudo-binary,
system that are not at thermodynamic equilibrium with each other are
brought into contact and annealed at a sufficiently high temperature,
atomic mobility ds sufficiently high so that the components of these
end phases interdiffuse to achieve a state of chemical equilibrium. The
diffusion of the components is in such a direction so as to eliminate any
chemical potential gradient. At constant temperature and pressure, under
equilibrium conditions, all the phase fields intersected by the corres-

ponding isotherm and isobar between the end phases will form as layers



in the diffusion zone. The thickness of each layer is dependent upon its
growth rate. Regardless of its thickness, however, each phase must exist
in the diffusion zone in order to provide a continuous and wmonotonic
chemical potential gradient throughout the zone. If diffusion transport
is the rate controlling mechanism, a local chemical equilibrium will ex-—
ist at each interface, and the motion of each interface will be propor-—
tional to the square voot of the annealing time. These interfacial
compositions, then, correspond to either a liquidus or a solidus composi-

tion and can be used to comstruct the equilibrium phase diagram involving

o
o

the end phases of the diffusion couple.

B. Mullite Phase Equilibria

1. The AlZOq Si02<5ygtem

In view of the experiments contemplated in the ternary Cal- AE?OB

Si()‘2 system, an additional inspection of the solid solution range of

disordered mullite was consideved to be necessary. A number of work-

1,29 | oo e . o
ers”’ in the past have sought to establish or define this solubility

range for mullite. Since the work of Aksay and Pask, on stable and me-

tastable mullite, and in view of the variation of values in the literature

for this limit, a series of quenching experiments with increasing alumina
9 &

content were conducted., X-ray diffraction analysis of each quenched com-
position was performed in order to establish its lattice parameter values
Electron beam microprobe analysis of each specimen was also undertaken

s0 as to establish the actual crystal and matrix or liquid phase

compositions.
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2. The Ca0-Al,0,-8i0, System
23 2

Due to the large solid sclution range for disordered mullite in
the A1203m8102 system, it was deemed desirable to determine the solid
‘ 1
solution range for mullite in this ternary system. Previous authors ,
30-34 . . .
have shown no data in this respect and in oxder to properly es-
tablish the mullite phase equilibria any solid solubility of Ca0 should

be demonstrated. The same procedures for analysis were used as described

in the previous section.
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I1I. EXPERIMENTAL PROCEDﬁRE

Sapphire-liquid diffusion couples were prepared using alumina and
prepared glasses. Highly polished single crystals (8.7 mm in diameter
by 1.6 mm) of alumina (sapphire)* cut with the C-axis oriented approxi-
mately 30° form vertical were purchased.

Table I shows the compositions of the calciu@waluminumasilicate
glasses mentioned above. These were prepared using high_purity powders
of calcined "Baker Analyzed" reagent grade CaCO *9 Alcoa XA~16* reactive
Q=A1203 and =325 mesh Corning 7940 fused silica*g The powders were then
intimately mixed with 190 proof ethyl alcohol for 24 hours in PVC (poly-
vinyl chloride) bottles using teflon balls. Each composition'was then
magnetically stirred on a hot plate at 60°C until dry, calcined at 1200°C
for 24 hours to remove all remaining alcohols and hydroxyls present, with
the resulting cake broken up utilizing anautomated lucite mortar and pes~
tle for 30 minutes.

The compositions were melted in large open molybdenum crucibles
(2.5 cm in diameter by 4 cm) with a slightly negative helium (He) atmos-
phere and quenched to room temperature in =15 minutes.

Glass rods, 9 wm in diameter, weve core drilled from each crucible,
cut into 7 mm thick sections, and subjected to standard ceramographic
poiishing on one surface. Polishing consisted of approximately 10
minutes each on 30, 15 and 6 um meta1=bonﬁed diamond wheeisf 24 hours of

vibrator;%lpolishing in a slurry of 6 ym diamond particles, 24 hours of

%See Appendix (I) for impurity analysis of all materials. ;
TMinnesota Mining and Manufacturing Co., So. San Francisco, California.
TtS8yntron Division, FMC Corp., Homer City, Pennsylvania.
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Table I. 1Initial Glass Compositions Used in Sapphire-Liquid Diffusion

Couples.

Sample ‘ ' Wt % Oxides

Designation Cal AlZO3 SiO2
4.,01.74 8.75 30.00 51.25
4.03.74 10.50 , 30.00 59.50
5.01.74 7.00 30.00 63.00
8.02.75 11.25 - 10.00 78.75
8.17.75 13.50 10.00 76.50
8.19.75 9.00 10.00 81.00
8.22.75 | 18.00 o 10.00 72.00
8.25.75 4.50 10.00 85,50

8§.30.75 1.80 10.006 88.7"0
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vibratory polishing in a slurry of 1 um diamond particles and 24 hours
of final vibratory polishing in a slurry of 1/4 pm diamond particles.

A representative section of each glass was analyzed by electron beam
microprobe for homogeneity and overall composition. They were found to
be within =2 wt% of their starting values.

Compositions used in the quenching experiments consisted of the same
high purity powders used for the diffuéion couple ternary glasses. No
extensive nixing was performed on these compositions. As they were to be
liquified at temperature and in oxder to avoid any loss of material,
each composition was weighed in the crucible and mechanically mixed
prior to sealing. Tables II and III list the compositions, respectively,
for the binary and ternary quenching experiments.

The crucibles were made with high purity molybdenun with lids which
were electron beam welded and He leak checked prior to firing.

B. Diffusion Experiments

1. Diffusion Cell

The diffusion cell arrangement consisted of molybdenum crucibles
containing calcium=aluominum-silicate glass disks on a sapphire substrate
(Fig. 4). Molybdenum crucibles with 9.1 mm ID and ~11 mm internal height
were machined from high purity rods 12.7 mm in diameter. Prior to a
cell assemblage, the polished surfaces of the diffusion couple parts
were checked for flatness against their counterparts to effect good bond-
ing and prohibit the entrapment 55 helium or air in an irrvegular surface.
The crucibles and the diffusion couple parts were cleaned ultrasonically
in ethyl alcohol. The molybdenum crucibles were sealed around the 1id

by electron beam welding and He leak checked. This sealing was



Table II.

Compositions Used for Quenching Expevriments in the Al
- Binary System.

1l

203-=810

2

Sample Wt % Oxides
Designation A1203 SiO;

1A 65.00 35,00
2A 70.00 30.00
3A 75.00 25.00
4A 80.00 20.00
6A 82.50 17.50
7A 84.00 16.00
54 85.00 15.00
8A 87.50 12.50
1B 65,00 35 0
2B 70.00 30,00
3B 75.00 25.00
4B 80.00 20.00
5B 85.00 15.00




Table I11. Compositions Used for Quenching Experiments in the Ternary

System: CaO-A1203m8102q

Wt 7 Oxides

Sample
Designation Ca0 A1203 8102
9.01.75 - 71.79 28.21
9.02.75 2.00 70.35 27.65
9.03.75 5.00 68.20 26.80
9.04.75 16.00 64.61 25.39
9.05.75 12.50 62.82 254.68
9.06.73 15.00 61.02 23.98
9.07.75 20.00 57.43 22.57
11.13.75A 10.09 29.75 60.16
11.13.75B 19.93 40.00 40.07
11.13.75C 9.99 39.90 50.10
11.13.75D 4.91 44,88 50.21
11.13.75E 9.93 49.98 40.09
11.13.75F 5.08 54,99 39.93

11.13.75G 9.98 59.56 30.46
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necessary to eliminate silica losses by evaporation during annealing.
An assembly of as many as 6 couples could be run during each annealing
by stacking the crucibles with spacers in between. The crucible assem~-
bly was covered with a thick wall Mo crucible to ensure temperature
uniformity.

2. Diffusion Anneals

A tantalum resistanceﬂheatingfurnéce%* with a heating zone 10 cm
in diameter by 20 cm was used for all the anneals. The diffusion cell
assembly as shown in Fig. 4 was placed on a Mo support stand and heated
to 1200°C at 10&6 wm Hg. The chamber was then filled with helium
slightly below atmospheric pressure, and the temperature was rapidly
raised (2-3 min) to the annealing point to avoid chemical bond formation
at the interface between sapphire and mullite at lower temperatures and
subsequent cracking of the sapphire due to thermal expansi&n differences.

The diffusion anneals ranged from 1 day to 10 days, depending on
the experimental conditions. The principal temperature range was from
1602°C to 1787°C. The temperature of the tantalum chamber was monitored
and controlled by a Speedomax-H RacordermController% and Trendtrak
Programable Controller* through a W5Re-W26Re thermocouple (accuracy * 7°
at 1800°C). The specimen temperature, however, was measured separately
with a optical pyrometer* (accuracy * 10°C at 2000°C) utilizing black
body conditions. The pyrometer was frequently calibrated against an

NBS secondary standard pyrometer (No. 8632-C, NBS no. 4172312; accuracy

%%

Richard D. Brew and Co., Inc., Concord, NH; Model 4665-4.
%

Leeds & Northrup Co., Philadelphia, Pennsylvania.
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he
+ 3°C) and at the melting point of platinum 1772°¢C 35 and Al O,
g

2
20534°C 36s A1l the temperatures reported herve are based on the 1968

International Practical Temperature Scale (IPTSﬂ68)355

The diffusion anneals were completed by rapidly cooling the furnace
to =1400°C (~1 min) to prevent excessive crystallization in the diffusion
zone. Continuved cooling to room temperature, however, was very slow
{up to 24 hours) to avoid loss of integrity at the interface as a result
of the difference in thermal expansion. The couples were subsequently
sectioned parallel to the direction of diffusion, mounted in Bakelite

and polished as described in Section TIIA,

€. Quenching Experiments

1. Thermal History and Procedure

Various compositions, Tables IT and I1I, were prepared and subjected
to quenching conditions. The A and B binary series were prepavod from
welghed AlZO3 and ij_O2 powders and sealed in small high puri:y molyb—
denum crucibles. Each series was raised to 2156°C, held for 15 minutes,
quenched to 1804°C for A and to 1545°C for B specimens, held for 12 hours,
and quenched to room temperature. Specimens 6A, 7A and 8A were pot run
at the same time as the remainder of the A series but were included
with another run that had approximately the same thermal history.

Specimens in the 9.X¥X.75 ternary series were made from weighed
Ca0, A1203 and S:E_O2 powders, sealed in small high purity molybdenum

crucibles and raised to 2150°C for 1 hour to ensure liquid homogenization.

%
NBS standard platinum was provided by K. S. Mazdiyasni, air Force
Materials Lab., Wright-Patterson Air Force Base, Ohio.
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They were quenched to 1817°C, held for 12 hours, and quenched to room
temperature. The 7 compositions lie on a tie line between 3:2 mullite
and Ca0 in the CaO~A1203~SiO2 ternary system, Fig. 3.

The 11.13.75X ternary series was made from the same oxide powders,
sealed in small high purity molybdenum crucibles, and raised to 2150°C.
Instead of an immediate quench, however, they were gradually cooled from
2150°C to 1400°C at the rate of 4.5°C éer hour (6.8 days) using a pro-
grammable controller* and quenched from 1400°C to room temperature
(=15 min).

All the specimens were subjected to the polishing technique
described in Section IITA. Electron beam microprobe analysis was used
to determine any variations in crystal and glass-matrix compositions.

2. X-ray Analysis

X-ray diffraction analysis using a Si%*internal standard was
performed on each remaining sections of quenched specimens after they
were ground and screened through -200 mesh. Lattice parameter values
were obtained from the 422, 840 and 760 X-~ray peaks of mullite and refined
by a least squares method as outlined in SectionIII, E.2. Any systematic
errors occurring in X-ray diffraction vanish at 6 = 90°. The accuracy
of the determination of lattice constanté is much enhanced at higher
angles. »Accordinglyg back reflections (6 greater than 45°) were chosen
to determine the lattice parameters of mullite with the maximum accuracy.
The mullite peaks occurring at planar spaéings of approximately 0.826,

o ,
0.848 and 1.10A were scanned with less restrictive collimation: 4&°

%
Leeds and Northrup Trendtrak Controller

ek
National Bureau of Standards, #640 Silicon.



divergence, 4° scatter collimation. A sample calculation and errvor
analysis estimation is included in Appendix IT.

A Phillips diffractometer with a Norelco monochromator detactor was
used which produced very high intensity copper Kd X-rays against a very
low background. The scanning conditions were: 40 kV and 20 wmd, 1° 28fin
scanning rate, 1/2 in./min recording rate, 1°/4°/1° entrance to exit
collimation and a time constant‘of BQOV(T)Q

The primary second phase with which this investigation was concerned
was alumina. To ascertain its presence in quantities greater than 1%,
the 113 reflection of alpha alumina was sought by slowly scanning under
previously defined conditions but at a speed of 1/4° 20/min and 1=10.
Other crystalline phases were similarly sought.

D. Electron Beam Microprobe Analysis

Weight percentage profiles of CaO, A1203 and SiO2 from =2 diffusion
couple experiment, Fig. 5, and the microstructure compositions ~f the
quenching experiments were determined by an electron beam microprobe
analyzergk

The electron microprobe is a combination of a conventional X-ray
tube, an X-ray emission spectrograph, a light microscope, and an electron
microscope all in a common vacuum chamber. The specimen to be analyzed
is bombarded by a mono-energetic beam of electrons to excite the charac~
teristic X-radiation of the elements present in the specimen. The primary
characteristic X-ray intensities emitted from the specimen and a stand-

ard may then be compared to obtain quantitative data on the concentra~

tion of each element in the specimen. Corrections for absorption,

%
Model 400-S, Materials Analysis Co., Palo Alto, California.
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fluorescence, atomic number, dead time, drift and background have to be
made to improve the accuracy of the analysis,37g 38

Prior to electron microprobe analysis, the highly polished faces
of the specimens were made electrically conductive by vapor deposition
of a carbon film. Consistent film thicknesses were obtained using a
technique described by Smith39 whereby a well-polished sample of brass
was observed for color changes during éhe deposition. Smith stated that
the surface was seen to change successively from lemon yellow to orange,
red, purple, blue, gray and finally to black. The purple color was easy
to attain by visual control and gave good conduction. For accurate work,
the standard and the unknown were placed as close to each other as possi~
ble in the carbon spray and coated simultaneously. The carbon coated
specimen was then painted around the mounting material and cornevs = ith
a slurry of carbon in ethanol (DAG).

All measurements were made with an accelerating voltage oi 5 KeV
and a specimen‘current\of 0.025 pA. The diameter of the electron beam
was 1 um, although the volume affected was on the order of 6-7 pm3 |
(cu pm) .

Three spectrometers were used to record the intensities of the Ca~
Ka, Al-Kg, and Si~Ko peaks simultaneously. The analyzers were curved
KAP (Potassium Acid Phthalate) crystals for the Al-Ko, Si-Ko and PET
(Pentaerythritol) for the Ca-Ko, all bent and ground in the Johansson
mode. The detectors were of the flow proportional type contalning a
mixture of 93% Argon (Ar) and 7% Methane (CHQ)9 with a working pressure

of 7 psi, and utilizing 3 um thick nylar windows.
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The profiles were obtained by traversing the electron beam along a
desired path perpendicular to either the diffusion couple interface or
the crystal-matrix interface. An integrated count perllo seconds at a
location was monitored'by logic cirvcuit counters and simultaneously
punched on standard computer cards for subsequent introduction of compu~-
ter corrections. The beam was then advanced automatically by a fixed
distance (0.5 um to 5.0 um to repeat the same procedure}.

Extensive variations in composition occurred in the liquid portion
of the sapphire~liquid diffusion couples. Thus, the concentration pro-
files obtained by a point-beam technique were extremely rough and diffi-
cult to analyze. Davis and Paskszg and more recently Aksay and Pask,3
overcame this difficulty by rapidly scanning the electron beam parallel
to the interface of the couple in order to obtain an average
composition. When the standards were also analyzed in this fashion,
inaccuracies introduced by the decreased X-ray intensity as the beanm
deviates from its center may be eliminated. The scanning ranged from
40 ym to 120 um depending on the diffusion zone inhomogeneity.

All electron beam microprobe data is an average of separate
analysis on four different areas of the specimen.

Computer analysis of all electron beam microprobe data is outlined

in the following section.

E. COMPUTER ANALYSIS

1. Analysis of Microprobe Data

'

Previous computer analyses of electron beam microprobe data, by

Aksay. and Davis at this laboratory, were accomplished by adaptation of
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a computer program written by Frazer et'al,éo and modified for use with
the CDC-7600 computer system. This program corrected for deadtime, drife,
background, absorption and fluorescence. Atomic number correction was
not deemed necessary for theilr studies since the difference between the
atomic number of Al and Si is small.

This study, with the additions of Ca0, required the additional
correction for atomic number. A compuéer program written by Colby?él
MAGIC IV, and adapted for the CDC-7600 system by this author was used.
Qutput from MAGIC IV was then converted to wt#% oxides of each of the
three elements. Plots of the wt% oxides versus distance (microns),

Fig. 5, weve obtained using a Calcomp plotter and the necessary plotting
routines. Appendix IITI contains a sample analysis,

2. Analysis of X-ray Data

Least squares refinement of X~ray diffraction data was facilitated
by using a program originally written by Burnhamséz LCL8Q, and aisc
adapted for use with the CDC-7600 by this author.

Input data required was unit cell type, wavelength of the X-rays,
initial lattice parameters (usually obtained from an ASTM powder file
card), measured 26 values, their Miller indicles and the desired nunber

of iterations on each parameter. A rvepresentative input and the com-

puted output is presented in Appendix II.
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IV. EXPERIMENTAL RESULTS
A, Diffusion Profiles and Phase Equilibria

1. Sapphire-Liquid Couples

The experimental conditions of the diffusion anneals in the
temperature range of 1602°C to 1784°C and the resulting overall inter-
facial compositions are outlined in Table IV. These are values for a
large avea at the interface including éhe liquid and crystal composi-
tions. Such overall values correspond to liquidus compositions in equi-~
librium with sapphire needed for isotherm positioning. The initial
liquid compositions were presented in Table 1. Minimum annealing time
was considerably longer (at least 24 hrs) than the time needed to attain
thermal stability in the furnace (=30-60 seconds). The composition of
sapphire at the diffusion couple interface always corresponded to that
of pure Alzo

since the solubility limit of Ca0 and Si0, in the sapphire

3 2
substrate was below the detection limit of the electron beam microprobe.
. . 28 3 . ‘g

Previous work by Davis and Aksay~ on sapphire-fused silica
diffusion couples noted the difficulty in growing a mullite layer at
the interface due to mullites’ rapid dissolution rate in unsaturated
gilica. When they repléeed the silica portion of the couples by melts
with compositions corresponding to that of the mullite liquidus, the
intermediate mullite layer could be grown to a thickness (>10pm) suit-
able for electron beam microprobe analysis.

The experimental conditions listed im Table IV and the cowmposition
of the melts, Table I, were used in hopes of bracketing the stable

mullite primary phase field in the ternary phase equilibrium diagram

and ease the time requirements for any stable mullite layer growth. As
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Table IV. Average Interfacial Compositions WtZ Oxides of the Sapphire-Liquid Diffusion Couples
{Crystal and Liquid Phases) for Isotherm Positioning.

#

Specimen Temp®C Time W7 Oxides Phases
Designation IPTS 1968 (Min) Ca0 A1203 SiO2 Detected
4.01.74A 1784 8450 6.17 34.45 59.37 Mullite
4.03.74A 1784 8450 6.87 40.33 52.80 Mullite
5.01.744A 1784 8450 4,98 40,34 54.68 Mullite
4.01.74B 1707 2880 8.31 39.63 52.06 Mullite
4.03.748 1707 2880 10.67 38.08 51.16 Mullite 1

[

i
5.01.74B 1707 2880 7.21 36.32 56.47 Mullite
4.03.74C 1602 1440 11.01 33.99 55.01 ' Mullite
5.01.74C 1602 1440 6.12 28.96 65.03 Mullite

#By X-ray diffraction in the ligquid =zone.

%
Averages were determined by sweeping the electron beam over an 80 um line at the interface and

advancing it at 1 um steps into the liculd zone.
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an additional aid'to enable a reasonaﬁle prediction of the temperature
and composition requirements for the diffusion anneals, two pseudo-
binary diagrams, Fig. 6, were prepared by mapping into a two-dimensional
plane a tie-line between corundum and a melt of the composition corres-—
ponding to that of specimen 8.02.75. This tie-line also intersects the
composition point of specimen 4.01.74. The temperature isotherms of
these pseudo-binary diagrams were obtaiﬁed by repositioning of the end-
points of the ternmary isotherms utilizing the birnary Al 0 mSiOz data of

273

Aksay and Pask3 and the Caou6A120 phase field data of Gentile and

3
Foster. A reasonable estimate was then made as to the location of
these isotherms on the‘liquidus surface of the mullite phase field in

the ternary diagram.

The upper diagram in Fig. 6 was constructed based on the proposed
location of the new mullite boundary (incongruency) whereas the bottom
diagram was constructed on the basis of Aramaki and Roy?s2 proposed
mullite boundary (congruency).

The important difference between these two pseudo-binaries is the
temperature range of 1730°C to 1840°C. The presence of mullite in this
range, after a diffusion anneal, would indicate that it melted congruent-
ly; 1f absent, the incongruency of mgllitea Experimental evidence would
thus be available to support the position of the mullite-corundum
boundary.

Mullite was detected in every diffusion anneal, which indicated that
mullite had a congruent melting point. However, after electron beam
microprobe analysis of the interfacial layers, it was found that all of

these mullites had compositions similar to the mullite precipitated from
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the liquid phase during ccoling. The following section will elaborate
on this aspect.

Results from diffuéion anneals with the 8.XX.75 serieé were
uninterpretable. Considerable inhomogeneities in the diffusion zones
did not lend themselves to analysis and therefore no conclusions could
be formulated.

B. Diffusion Zone Microstructure

Typical diffusion zone microstructures of the sapphiréwliquid
c0up1e§7annealed at 1707°C are shown in Fig. 7. The A1203 contént of
the mullite grains as.determined by electron beam microprobe analysis
never corresponded to the stable composition of mullite of the S;Z‘type
as presented in Fig. 2, but was always rich in Alzo3 and varied between
75.2 and 78.2 wt% Al,0,. ‘

Formation of mullite with alumina contents higher than the limits
outlined in Fig. 2 occurs only when it is solidified from a welt. The

composition of this mullite of the 2:1 type generally is close to 77.3

wt# Al,0, although values as high as 82.57 wtZ Al

203 0., have been repor-

273

tedazg Precipitation of mullite with alumina contents higher than the
solidus composition outlined in Fig. 2 was also observed by Davis and
Paskzg and Aksay and Paskeg Davis and Pask suggested that the composi-
tion of the melt was responsible for the composition of the precipitated
mullite., This point will be expanded on further in the disgussioﬁ
section on quenching experiments in the A1203-~Sio2 system. - The factv
that the composition of the precipitated mullite clearly differs from

that of the mullite layer grown at the sapphirvre interface3 serves as a

useful criterion in the differentiation of mullite grown at temperature



i
XBE767-6002

Interference-contrast micrographs of the diffusion zone,between sapphire (bottom) and
various liquids (top) annealed at 1707°C for 172.8 Z 10~ sec (2 days). a) liquid 4.03.74R,
b) liquid 4.31.74 B, ¢) 5.01.74B. The mullites present in the upper portion of the
diffusion zone precipitated upon cooling as did the layers at the sapphire interface.
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from mullite prééipitated during cooling.

In all the diffusién anneals, the sapphire interface ofkthé couple
is covered with essentially a continuous mullite layer, Fig. 7. The
composition of this layer was constant for each couple and was approxi-
mately the same as the precipitates in the liquid zone above the inter-
face. The compositions of these mullite layers are presented in Table
V along with the average composition of the precipitated mullite crys-~
tals. From the similarity in composition, and its‘similarity to the 2:1
type of mullite, it is concluded tﬁat this layer did not grow at temp-
erature but precipitated at the sapphire interface dufing cooling.

At no time was any mullite detected that had a composition within
the stable phase field of the 3:2 é&pe mullite.

C. Phase Equilibria by Static Method of Quenching

1. Mullite Solid Soluﬁion in the Alz_qg»SiOq System

Compositions spanning the possible solid solution limits of stable
3:2 type, metastable ordered and metastable disotdereé 2:1 type mullitg
as depicted in Fig. 2, with the wtZ oxides of each component are shown in
Table II. The A series was melted at 2156°C for 15 minutes, quenched
in He to 1804°C, and held for 12 hours and quegched to room temperature
in approximately 20 min. Specimens 6, 7, and 8A were not run céncufrentm
1y with the others but were subjected to the same heat tfeating schedule.
The B series expériments were raised to 2156°C for 15 minutes, quenched
in He to 1545°C, held for 12 hours and quénched to room temperatufe in

approximately 20 minutes.

%¥-ray diffraction analysis was performed on both series, Table VI
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Table V. Interfacial and Liquid Zone Compositions of Mullite in Diffusion
Couple Experiments.¥

Specimen Temp e Weight Percentage Oxides—

Designation °C Mullite Layer Mullite Precipitates
Ca0 A1203 8102 Cal A1203 8102

4.01.74B 1707 <0.1  75.7 24.2 <0.1 76.2  23.8
4.03.748 1707 <0.1 78.2° 21.7 <g.1 77.8 22.1
5.01.74B 1707 <0.1 77.0 22.9 <g.1 77.3 22.6
4,03.74C 1602 <0.1 75.2 24,7 <0.1 76.3 23.6
5.01.74C 1602 <0.1 76.4 23.5 <0.1 76.7 23.2

The A series is not included here because the sapphire was entirely
dissolved and no values could be obtained at the interface.



Table VI. Summary of X-ray Data on Quenched Specimens: Mullite Lattice Parameters
Lattice Paraméters -
Sample % Phases

Designation a, bo <, VC‘ Detected

1A 7.561 7.686 2.890 167.940 Mullite

2A 7.539 7.683 2.892 167.985 Mullite

3A 7.561 7.684 2.897 168.312 Mullite

4A 7.573 7.687 2,899 168.587 Mullite

6A 7.561 7.686 2.891 168.018 Mullite & a-Alumina

7A 7.563 7.687 2.888 167.835 Mullite & o~Alumina

54 7.567 7.676 2.885 167.760 Mullite & o~Alumina

8A 7.562 7.687 2.887 167.822 Mullite & a—Alumina

iB - 7.556 7.688 2.885 167.579 Mullite

2B 7.557 7.684 2.890 167.79%4 Eullite

3B 7.561 7.685 2.890 167.927 Mullite

4B 7.570 7.680 2.895 168.318 Mullite

5B 7.678 2.885 167.774 Mullite & o~Alumina

7.575

_€€@

Auy multiplication discrepancies between the axés parameters and the unit cell volume are the result

of rounding of the computer output.

Sce Appendlx II

B
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but only the A series was subjected to electron beam microprobe analysis,
Table VII. No attempt was made at accurate lattice parameter identifica-
tion as only changes in values were needed. 1In previous X-ray studies,
ordered and disordered mullite had been discussed by a number of inves-
; . . \ 43 e s ;
tigators including Agrell and Smith. They saw a distinction between
sharp and diffuse mullite where diffuse mullite was attained by quenching
of aluminum-silicate melts. The order—disorder transition in mullite
must therefore explain the variations in lattice parameter values ob-
. . 44
served when heat treatments and alumina content are varied. Kramer
did an extensive review covering mullite ¥~-ray data and procedures and
noted the general disagreement among authors as to which indicators are
most sensitive to the mullitization process. This present study is in
. ; 45 .
agreement with Majumdar and Welch = who noted that the a, and <, di~
mensions of the orthorhomic unit cell increase while bO was unaffected
s . ; 2 . .
due to increasing alumina content. Roy observed a greater increase in
the a, parameter than that of éo for a given increase in the alumina con-
: . . . 45 46
tent from 3:2 type to 2:1 type mullite while Majumdar =, Crofts ,
47 48 , ‘o
Tromel = and Gelsdorf = all agreed that a behaved linearly with respect
to alumina content, but only for mullite precipitated from the melt.
Figures 9 and 10 depict the variation in the a, and ¢, parameters versus

273
for specimens 6A, 7A and 8A, where a«AlZO

the wt% Al1_O, in the mullite crystals. The decrease in a and <, values

3 has precipitated as a second
phase, probably indicates that these parameters are sensitive to compo-
sition and show a direct dependence on A1203 content with the more

striking reduction in value at the upper limit of the 2:1 type mullite

solid sclution range.



Table VII. Crystal-Matrix Compositions* of Quenched Specimens In the Binary A1203~5102 System.
Specimen — Compositions in wt% Oxides Crystal
Designation Initial Melt Mullite Crystal Liquid Phase #
A1203 SiOz A_1203 8102 A1203 Si@z
1A 65.0 35.0  71.7 28.3 37.1 62.9 Mullite
2A 70.0 30.0 72.6 27.4 21.0 79.0 Mullite
3A 75.0 25.0 79.3 20.7 20.0 80.0 Mullite
4A 80.0 20.0  82.7 17.3 No Ligquid Phase Mullite
6A 82.5 18.5 78.9 21.1 No Liquid Phase Mullite & uuA1203
7A 84.0 16.0 74.0 26,0 No Liguid Phase Mullite & a—A1203
5A 85.0 15.0 + Mullite & a-A1203
84 87.5 12.5 79.0 21.0 No Liquid Phase Mullite & a-A1203

%
Average of 4 different readings

#

By X-ray diffraction

+Crysml and/or liquid‘phase to small for reasonable mlcroprobe determination.

-nggs.
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Agrell and Smith43 also observed a linear relationship between unit
cell volume, Ve, and Co for Iron-free mullite. Figure 11 reinforces
this observation up to the 2:1 type mullite solid solution limit. As
the 1limit is exceeded with specimens 5A, 6A, 7A and 8A, and 0L~-A.120‘3 is
now precipitating as a second phase, the unit cell volume decreases back
to a value somewhat similar to that of stoichiometric 3:2 type mullite.
This decrease is an expected result and confirms the 2:1 type mullite
so0lid solution limit of Aksay and Pask, i.e., as the upper 1imit of this
solution range is passed the system should and does revert to the stable
binary Alzosﬁ SiO2 diagram, Fig. 2. Microprobe data listed in Table VII
and microstructures in Figs. 12, 13 and 14 veaffirm this observaéion,

Specimens highevr than =82.5 wt%Z Al O, demonstrate a two-phase micro-

273

structure consisting of mullite and 0-Al,_ 0, while those below this limit

273

show the mullite composition increasing in AlZO content up to 80 wt¥

3
A1203 and then showing an expected drop back towards the 3:2 type mullite
composition solid solution range.

Although the X-ray data from specimen 5A is consistent with its
counterparts, the observed microstructure does not conform to that ex-
peéteds No mullite crystals were foundvlarge enough for electron beam
microprobe analysis. Consequently, the data point is omitted in Figs.

9 and 10.

The B series was not subjected to any electron beam microprobe

analysis and was therefore not included in the depicted results. The

¢, parameter followed the same path as that for the A series and de~-

creased in value at approximately the same melt composition.
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Interference-contrast micrographs of quenched binary Al,0,-510
specimens 1A, 2A, 3A and 4A after a 12 hour hold at l80%°8
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2. Mullite Solid Solution in the CaOuA1206~SiO System
)

2

Two series of experimentssqeach containing 7 specimens, were
conducted in an attempt to establish the solid solubility limits of CaO
in mullite and to establish any further evidence towards metastability
in this system and to duplicate some of the ternary experiments of
Aramaki and Roye2 Fach composition is listed in Table IIIL.

The 9.%¥X.75 series was homogenized at 2150°C for 1 hour, quenched
to 1807°C, held for 12 hours and quenched to room temperature in =20
minutes. Series 11.13.75X did not follow a regular pattern in composi-
tion as the 9.XX.75 series. The purpose here was to bracket both of the
proposed mullite-corundum phase boundaries in order to provide informa-
tion for determining phase boundaries. The compositions in this series
closely approximate those used by Aramaki and Roye2 Instead of an imme-
diate quench, however, the specimens were homogenized at 2162°C and slow-
ly cooled from this temperature to 1400°C in 6.8 days ( 4.5°C/hr.) and
then quenched to room temperature in approximately 20 minutes.

After heat treatment each specimen was sectioned, polished as
described in Section I1I-A, and subjected to X-vay diffraction analysis,
when mullite was present, and microprobe analysis.

X~ray diffraction analysis results of the 9.XX.75 and 11.13.73X
series are listed in Table VIII.

Prior to electron beam microprobing of the polished 9.XX.75
specimens, it was necessary to obtain some information about the Cal
distribution throughout the samples. To accomplish this, X-ray density
maps, Fig. 153 were obtained over an area of approximately 300um x

400pm. It was indicated from these density maps that Ca0 solubility
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Table VIII. Summary of X-ray Data on Quenched Ternary Specimens;
Mullite Lattice Parameters.

Sample Lattice Parameters Phases
Designation ao bo Co VC Detected
9.01.75 7.562 7.688 2.891 163.064 Mullite
9.02.75 7.564 7.686  2.894  168.223 Mullite
9.03.75 7.565 7.686 2.895 168.343 Mullite
9.04.75 7.565 7.686 2.899 168.551 Mullite
9.05075 No Mullite Detected ‘Q«A1203
9.06.75 No Mullite Detected oAl
9.07.75 No Mullite Detected a~A1203
11.13.754A * Mullite
11.13.758 No Mullite Detected a~A1203
11.13.75C No Mullite Detected Amorphous
11.13.75D 7.562  7.685 2.886 167.715 Mullite
11.13.75E No Mullite Detected a«A1203
11.13.75F 7.568 7.683 2.889 168.016 Mullite &QfAIZOB
11.13.75G No Mullite Detected | a~A1203

* .
Insufficient Amount of Mullite Crystals for Accurate Lattice Parameter
Measurements.
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within the mullite crystal was very small. Pockets of Ca concentration
begin to show almost immediately and grow with increasing CaO content.

After the compositions of the crystals and matrix were obtained from
the electron beam microprobe, Table IX, it was evident from the results
that the increase in the unit cell volume of the mullite crystals was
due to dncreasing alumina content and not to any solid solubility of CaO.
Figure 16 rvepresents this increase in unit cell volume vs. alumina con-
tent of the mullite crystals. The Ca0 present in each specimen now
constitutes an ever increasing liquid phase, Fig. 17, that is increasingly
richer in Ca0.

At a composition where the Ca0 has reached 12.5 wt7% in the melt, for
the 9.XX.75 series, the corresponding microstructure is no longer that of
mullite and liquid but instead that of g~alumina and a calcium-aluminum
silicate liquid, Fig. 18. At no time was any anorthite detected, either
by X-ray diffraction or in composition by electron beam microprobe.

As mentioned previously, the compositions in series 11.13.75X were
selected to duplicate some of those used by Aramaki and Roy2 in theiy
quenching experiments. X-ray diffraction results of these slow cooled
speéimens, Table VIIL, clearly indicate a different location of the
mullite-corundum boundary than thelr proposed boundary. If one compares
the results of Table VIIT with Fig. 20, it is evident that had the old
boundary been correct, no alumina should have been detected for the
11.13.75F composition.

The results of the electron beam microprobe on the crystal matrix

compositions are shown in Table IX. Optical micrographs of each
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Table IX. Crystal-Matrix CompositionsA for Quenched Specimens in the Ternary CaO~A12 3 5 Systemn.
Compositions in WtZ Oxides
Specimen Temp Initial Melt Mullite Crystal Liquid Phases
Designation OC Cal A1203 SiOZ Ca0 A1203 Si02 Cal A1203 510 Detected
9001075 1817 - 71.79 28.21 = 77.9 22.1 - 59.0 41.0 Mullite
9.02.75 1817 2.00 70.35 27.65 0.9 79.8 19.3 10.0 45.0 45,0 Mullite
9.03.75 1817 5.00 68.20 26.80 0.4 81.7 17.9 19.1 33.8 47.1 Mullite
9.04.75 +1817 10.00 64.61 25.39 0.3 82.8 16.9 20.3 30.9 43,8 Mﬁllite
9.05.75 1817 12.50 62.82 24.68 - 100.0 - 17.7 43.5 38.8 Q-A1203_
9.06.75 1817 15.00 61.02 23.98 =u 100.0 - 14.8 30.0 55.2 a»A1203
9.07.75 1817 20.00 57.43 22.57 - 100.0 - + a—A1203
11.13.75A #  10.09 29.75 60.16 0.9 77.2 21.9 36.7 2G00 43.3 Mullite
11.13.75B * 19.93 40.00 40.07 - 100.0 - 27.7 32.4 39.9 a=A1203
11.13.75C * 9.99 39.90 50.10 - - - 10.6 37.3 52.1 Amorphous
11.13.75D e 4,91 44.88 50.21 0.8 76.7 22.5 21.3 24.8 53.9 Mullite
liQIB»TSE ¥ 9.93 49.98 40.09 - 100.0 - 20.5 29.0 50.5 a—A1203
11.13.75F * 5.08 54.99 39.93 0.5 81.5 18.0 8.0 56.9 35.1 Mullite &
u=A1203

Continued Next Page

.~.817m



Table IX. (Continued)

Compositions in Wit%Z Oxides

Specimen Temp Initial Melt Mullite Crystal Liquid Phases y
= '3 (<] .
Designation C Ca0 A1203 Si@2 Ca0 A1203 8102 Ca0 A1203 SiO2 Detected
11.13.756G % 9.98 . 59.56 30.46 - 100.0 - 33.8 31.2 35.0 a—A1203

AAveraged values for 4 areas

#

By Z-ray Diffraction

m6€7=.

+Phase distribution did not lend itself to microprobe determination.

. .
Instead of an immediate quench, this series was cooled from 2150°C to 1400°C at a rate of 4.5°C per
hour (6.8 days).
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Fig. 17 Interference-contrast micrographs of quenched ternary Ca0-
Al,0,-510, specimens 9.01.75, 8.02.75, 9.03.75 and 9.04.75
affe? a 12 hour hold at 1817°C. a) 3:2 pullite, b) 3:2 mullite
+ 2 wt% Ca0, c¢) 3:2 mullite + 5 wtZ Ca0. d) 3:2 mullite +
10 wt7% CaO.
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Fig. 18. Interference-contrast micrographs of quenched ternary CaO—Ale -510, specimens 9.05.75,
9.06.75, and 9.07.75 after a 12 hour hold at 1817°C. a) 3:2"mullite + 12.5 wt% CaO,
b) 3:2 mullite + 15 wt% Ca0, c¢) 3:2 mullite + 20 wt? CaO.
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specimen are depicted in Fig. 19. Specimen 11.13.75C is not shown as
the crucible integrity was lost during the heat treatment and the result-
ing microstructure and X-ray analysis showed the sample to be amorphous.

D. Stable and Merastable Mullite Phase Fquilibria

Figures 20 and 21 are partial representations of the C30mA1203wSi02
ternary system as 1t has been updated by this author. The main differ-
ences between these and the currently accepted diagram, Fig. 3, by Osborn
and Muanég are (1) the establishment and revision of the calcium hexalum-
inate (Can6Al203) stable phase field by Gentile and FosterSO3 {(2) the
updating and establishment of isotherm locations using the data of this
author, Aksay and Pask3 and Gentile and Foster and the new nullite~corun-
dum boundary. Now, had the binary revision by Aramaki et alal been
correct, we should naturally expect a ternary diagram showing mullite as
a congruently melting compound, Fig. 3, but since recent studies have
conclusively demonstrated mullite’s incongruency the currently excepted
ternayy diagram was expected to be in errvor. Figure 20 depicts the pro-

posed location of this mullite-corundum boundary, which is quite similar

34
to that proposed by Griegg' as would be consistent with an incongruently

melting compound. The possibility exists, however, that because of

the metastable tendencies of the alumina-silica system and its only com~
pound, mullite, that the cu%rent phase diagram in the mullite region,
¥ig. 3, actually is only representative of a metastable condition. The
quenching experiments with the ternary compositions, Table TII, were con-
ducted with the intention of determining the extention of the meta-
stable phase field of mullire into the interior portion of the ternary

diagram.
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Fig. 19. Interference contrast microgravhs of siow cooled ternary %@Eﬁzﬁﬁ
Ca0-Al 0 -S510 specimens 11.13.75A+*G. Specimen C is not included | o

. . g . .. XBB768~732
due to its lack of microstructure. See Table IX for compositions

(93]

and crystal phases.
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“To Ca0 XBI. 764-16328

Fig. 20. Revised Ca0-Al,0,-510, ternary paase diagram showing location
of the muilite~cdrundim boundary as provosed by Aramaki and
Roy2 and this author. Initial composition points of
diffusion couple licuids and quenching experiments are also
shown. See Tables T and III for actual compositions.
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To CaO ‘ XBL 764-1632€
Fig. 21. Revised mullite-corundum boundary iz the Ca0-A1_0.-510. system
showing established isothierms for the mullite pri‘fﬁary fhase
field and estimated isotherms for the corundum, calcium
hexaluminate and calcium dialuminare nhase fields.
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{icroprobe results of the actual crystal and liquid compositions,
Table IX, and microstructures of these melts, Figs. 17, 18 and 19, do
not. allow extention of any metastable boundavry into the ternary interior
by more than ~1 wt% Ca0. This 1 wt% Ca0 in the quenching experim&ﬁts
is consistent with the electron beam microprobe determination obtained in
the diffusion experiments, Table V, which shows less than 0.1 wt% CaO.
From the diffusion couple experiménts, accurate positioning of the
isotherms in the mullite phase field was Qossiblea This was accomplished
from knowledge of the temperature of the individual experimental runs and
determining the average interfacial compositions over an =40 um scan at

the sapphire~liquid interface.



V. DISCUSSION AND CONCLUSION

A. Ca0 Effects on Mullite Phase Equilibria

1. Diffusion Experiments

The inability to realize any stable 3:2 type mullite layer at the
sapphire-~liquid interface hampered attempts to establish the proper loca-
tion of the mullite-corundum boundary. The fact that only the 2:1 type
composition or higher was detected is élear evidence that the pullite
present both as a layer at the interface and in the liquid portion of
the diffusion couple precipitated from the melt.

As mentioned previously, one of the main criterion for the diffusion
couple technique to be effective is to have the reaction sequences pro-
ceed under diffusion control. It may be possible that with the addition
of Ca0 into the liquid phase, viscosity is reduced to the point where
reactions are no longer diffusion controlled. One would still expect a
stable growth layer of 3:2 type mullite but of molecular scale. If the

liquid had not been saturated with AlZO dissolution of this layer at

3
its interface would therefore proceed much faster than any éiffusion
process and thus produce no effective growing mullite layer. Oa the
basis of the binary revision by Aksay and the pseudo-binaries constructed
for this study, 30 wt% A1203 liquids at the temperatures used should have
been adequate for A1203 saturation of the melt. One can only surmise
that with the addition of Ca0 the solubility limit necessary for diffu-~

sional growth of mullite is much higher than that used or viscosity

effects are predominate as mentioned above.
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Although the ternary quenching experiments in this study which were
slow cooled do confirm the existence of a different boundary, one that
is more in line with the incongruent melting behavior of mullite, the
diffusion results have been inconclusive and may be an indication of
some definite limitations of the diffusion couple technique.

In view of the very limited Ca0 solid solubility (<0.1 wt%)
detected within the mullite cfystals in these diffusion runs, it may be
possible that in the presence of any excess Ca0 beyond its solubility
limit there is a tendancy to shift any stable phase equilibria towards
the metastable. This was somewhat evident in the ternary quenching
experiments where we see metastable mullite appearing in melts with
compositions as high as 10 wtZ Ca0 and lying well within the corundum
primary phase field and may well account for never detecting any 3:2
mullite at the diffusion couple interfaces. |

Positioning of isothermal lines in the mullite phase field was
possible only for that portion of the field above the proposed boundary
for an incongruent melting mullite. Lack of supporting evidence for
the exact location of this boqndary prevents extending these isotherms
any further. Only estimates of their actual location can be made, Fig.
21.

2. Quenching Experiments

The solid solubility Qf Ca0 in mullite from the diffusion couple
experiments was reported as being less than 0.1 wtZ. Under quenching
conditions, it is not uncommon for solubility to increase due to meta-
stable extensions of stable phase boundaries. For these quenches,

series 9.XX.75 and 11.13.75X, in the ternavy system, the amount of Ca0
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i

present in any mullite crystal increased approximately an order of
magnitude up to =1.0 wtZ.

In addition to the increased solubility mullite is seen to exist
metastably, under quenching conditions, up to a peint between 10.0 wt?
and 12.5 wt% Ca0 on a join between 3:2 mullite and Ca0.

Results of the slow-cooled series, 11.13.75X, differ substantially
from those obtained by Aramaki and Roy; This data reinforces the boundary
as proposed in this study. Their short anneal times and the inability
to liquify their samples to obtain homogeneous melts in all probébility
hampered any possibility of obtaining stable equilibria.

While not confirming its actual location, this series does
establish the presence of the boundary at a point much closer to that
3" SiO2 studies.,

B. The Metastable Disordered Mullite Boundary for Binary Alzgaf 510

expected from Aksay and Pask’s binary Ale

5
The decrease in alumina content of the mullite crystals after
crossing the metastable disordered solubility limit is a definite indi-
cation of that limits existence. Once the overall melt composition ex~

ceeded the =82.5 wti A1203 limit, we see both a decrease in some unit

cell values and A1203 content of the mullite. Figures 9 and 10 depicted
the change in lattice parameter values with the mullites' alumina con-
tent. Figure 22 takes a slightly different approach and uses the pre-
cipitated crystal composition for the iﬁdependent variable and the
original melt composition as the dependent variable. This figure pro-
vides a more striking éxample of the change in mullite composition at

the solubility limit.

The highest A1203 content detected for mullite in this study was
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82.8 wt%. This value is in excellent agreement with previous authors
and the lattice parameter values substantiate this as the upper solubili-

ty for the 2:1 type mullite.
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APPENDIX (1)

Impurity analysis of Union Carbide Alumina single crystals,
Englehard Co. "Amersil', Alcoa XA~16 reactive a«AlZO and "Baker
Analyzed" Reagent CaCo, reported in weight percent o% the oxides of the
impurity elements indicated. "P.C." indicates "Principal Constituent'.

Impurity Sapphire* XA»16** Amersil* CaCoB**
Al P.C. P.C. 0.045 -
Ba 0.001 - ' - 0.002
Na 0.050 0.080 - 0.002
Ca 0.001 0.030 0.0005 P.C.
Mg 0.0005 0.050 0.0007 0.020
Fe 0.004 0.010 0.015 0.001
Sn 0.005 - ; - -

B 0.005 0.001 - -
Mn - 0.0015 - -
. Cu 0.0005 - 0.0005 -
Ti 0.001 : - - -
si 0.210 0.050 P.C. -
Cr - 0.0002 - -
St - - - 0.020
c1 - | - - 0.0005
XF - - - 0.0002
Pb - - - 0.001
K - - - 0.007
TOTALS 0.278 - 0.2227 0.0617 0.0537

Corning 7940 fused silica was produced by hydrolyzation of SiCl,
when sprayed into an oxygen~hydrogen flame. While practically free form
metallic impurities, it contains a high amount of OH(=1000 ppm) and
C1(=100 ppm).

#Spectrographic Analysis by American Spectrographic Laboratories,
San Francisco, California.

#%Chemical analysis by parent company.



APPENDIY II: Sample Computer Input/Output of I-ray Data for

Lattice Parameter Lease Squares Refinement.
SAMPLE L4, I2 HR. HOLD AT 1805 CENTIGRADE ’ .
300601 G300 00G00V00
756149 7,68746 2.89409 90. 90- 90.
1.54050
4 2 2 88,899
8 4 0 130.480
7 6 0 137.760
LGO0OUCV 3L 6000
1030000 3060000600
102000025200000
010400 00000C000
0130006U0000000
010406L J0000000
001000000060 000
00 10000 JO0D0000
00L000LILY00000

o s

LCOOoORCOLOR

SAMPLE 1A, [2 HR. HOLD AT 1805 CENTIGRADE

CONTROL CARD
¢ ¢ 0 ¢t 0 0 ¢ 0 0 ¢ 0 0 0 0 0 O

INETYIAL DIRECY LAYTICE CONSTANYS
A

= 756149 ALPHA =  90.00000
8 = 768746 BEYA = 90.00000
C = 2 .89409 GAMMA = 90.00000
INETIAL DIRECT LATYICE CONSTANTS
A = 512225 ALPHA = 90.00000
B = +13008 BETA = 90.00000
¢ = 534553 GAMMA = 90.00000
HAVE LENGYES
i 1.54050

SAMPLE 14, 12 HR, HOLD AY 1805 CENTIGRADE

INPUT DATA
H K L LAMBDA  OBSERVAYION THETA{0BS}) DEoas 3 g{oss) SiGua(ae)
4 2 2 1 88. 899 44,449 1.09992 82657 1.68522
8 % Y 1 130G.480 65,240 -84823 L.38987 1.28207
7 [ o] i 137,760 68,880 82572 1:4666% 1.13308

SAMPLE 1A, 12 HR, HOLD AT 1805 CENTIGRADE

OBSERVED AND CALCULATED INT ERPLANAR SPACINGS, D, BASED ON INPUT PARAMETERS YO CVCLE 1

CORRECTION TERNKS

RESIDUALS OF D RESIDUALS OF @
H K L 04085} DECALC) {0BS~CALC) (OBS-CALCY/SIGHA {0BS-CALCY (0BS~-CALCH/SEGHA
4 2 2 1.09392 1.10090 ~.00099 -.00088 - 00168 - 00088
8 % [¢] 84823 . 84816 +00007 00017 =-+.00022 <. 00617
7 6 ¢ 82572 82586 ~.00015 =0 00046 «00053 <3BB46

SAMPLE 1A, 12 HR. HOLD AY 1805 CENTIGRADE

DESCREPANCY FACTORS BASED ON REFINED PARAMETERS AFTER CVCLE 1

NJHMBER OF OBSERVAYIONS (M) = 3
NUMBER OF VARIED PARAMETERS (N} = 1

FACTORS FOR D
SUM {(We{OBS-CALCI*%2} = 9.27075E-07
SQRT(SUM{W%( 0B S~CALT %% 2) /M~N} = 6, 80836E-04

FACTORS FOR @
SUM (W¥(0BS=CALC)%%2) = 9,2534TE-07
SQRT (SUMIW % (OBS—CALC }%%21/M-N} = 6,80201E-04



SAMPLE

QBSERVED ANC CALCULAYED

ENTERPLANAR SPACINGS, Do

14, 12 HR, HOLD AT 1805 CENTIGRADE

RESIDUALS OF D

BASED ON REFINED PARAMEYERS AFTER LYCLE )

RESIDUALS 2F 3

WKL 0408s ) o(CaLc) (0BS-CALC) QOBS-CALC) /SIGMA 40BS-CALED  COBS-CALC)/SIGMA
¢ 2 2 1.09992 1.10086 =.00094 ~.00084% 00141 00084
8 & 9 . 84823 » 84807 00015 . 00039 - 00353 ~.B063%
7 [>] o] 82572 -82580 ~ 280009 =, 00027 «00031 «33327
SAMPLE 1As 12 HY, HOLD AY 1805 CENTIGRADE
DIRECY LATT ICE CONSTANYS AFYER LEAST-SQUARES CVCLE 1
PARAME YER aLp CHANGE NEW ERROR
A {ANG.} 7.56149 =,00097 7.56052 00220
3 LANG.) T.68746 T 68746
€ (ANGS) 2.89409 2.89409
ALPHA (DEG.Y 90 .00000 $0. 00000
BETA (DEG.) 93,0830 $0.00000
GAYMA {DEG.) 90,00000 20,00000
UNIT CEel VELURE ’
fLU3IC ANG.D 168.2296 =.0216 168.2079 20490
DIRECT LATTICE CONSTANT VARIANCE~-COVARIANCE MATRIX
A{ANGa BLANG. ) CLANG.} ALPHA{RAD 4} BETA(RAD. ) SQHQATQADGD
A 4.B8536525-06 0. 8o Y [ Bo
B 0. 6o G Q. 18
[4 [ % [ 0. [+
ALP HA e 8o 8o
BEYA 8. 6o
GARMA Go
DIRECY LATYICE CONSYANT CORRELATION MATREX
A 8 < ALPHA BETA GARuMa
A 1000000 G. 000000 0. 000000 G.000000 0.006000 ©.000000
8 1.000000 6.000000 . 000000 8. 0006000 6.000005
[ 1000000 0 .000000 6.030000 8.000000
AL B HA 1, 800000 0.000030 ¢ .0600303
BETA 1. 000600 0.006000
GAMHA 1.00c000
SAMBLE LA, 2 WR, WOLD AT 1805 CENTIGRADE
DYSCREPANCY FACTORS BASED OUN INPUY PARAMETERS TO CYCLE 1
NIMBER OF DBSERVATIONS (M) = 3
NUMBER OF VARIED PARAMETERS (N} = 1
FACYORS FOR D
SUM §WeE0BS-CALCI®e2 ) = L OL1T¢1E-DS
SQRTESUMIWH{0B $S-CAL Y%$ 2} /M=-N} = T.13237E-04
FACTORS FCR Q
SUY {we{0BS-CALCY®=2) = 1,01523E~06
SQRT{SUM W ={0NBS-CALL 1#22)/4-Y)} = T,12670E-04
SAMPLE 1A, 12 H:, HOLD ATV 18065 CEN LADE
PARAMETER SHIFTS: LEAST—SQUARES CYCLE )
PARBMETY ER oLn CHANGE NE ERROR
A% +132249 003017 132268 «000039
B % -130082 430082
[ 0345532 345532
ALPHA #* F0.03300 20.00000
BETA ® 90, 00000 20.00030
GAMMA % 93 .00000 40, 00000

ESTIMATE) SYANDARD ERRCOR OF UNIT WEIGHT OBSERVAT ION OF Q,
SQRT{SIMIWS{OBS-CALL b a2} /M=N) =

= 00068

=G

BASFL ON REFINEMENTY OF

1 PARAMETERS
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APPENDIX III: Sample Computer Input/Output of Microprobe Data.

5.01, 29 APR 76 . VICTOR F DRAPER 5.01.748y 1700 C
MICRCPROBE ANALYSIS 5.0i.

29 BPR 76

NO. OF ELEMENYS = 3

3 DEADTIME READINGS PER SET

1 SAMPLE READINGS PER SET
BACKGRCUND READING METHOD = 1
SIGMA FOR STANCARD PEAK MAY NOT EXCEED 9.0 * SQRTF{N])

ATOMIC PEK CENT W TAU OXYGEN SILICON

ELEMENT NUMBER CF STARCARD FACTOR FACTOR
1 14 46, 745000 2.030E-06 1-.13931 Je
2 13 52,925000 2.00(E-06 238947 Je
3 20 9.8235300 2.3C00E-06 «B3688¢C Jo

$102
AL2C3
ANORTY



-71~
MICRCFROBE ANALYSIS '5.91. PACE 1
S 29 APR 76
INPUT CATA
NAME TIME CURRENT  SPEC 1 SPEC 2 SPEC 3 KODE
1 1C.C0 -Q. 33954 38 4 213233
1 10.30 -3, 33598 65 . 2 213233
1 13.20 -0. 33547 55 2 213233
1 1¢.0C -C. 33239 67 2 213233
1 19.39 -0 321768 3z 6 213233
1 10.)0 -0. 31905 61 11 213233
1 10.5C -0. 32077 46 3 213233
2 10. 39 ~-0. 32 34027 2 312233
2 12.20 -0, 46 33544 1 312233
2 10.90 -0, 42 33334 4 312233
2 10.30 -Q. 36 31133 2 312233
2 16.30 -0, 32 33706 4 312233
2 10,36 -0 30 33824 - 2 312233
3 10.90 -0. 15882 8202 2214 313223
3 10.00 -2. 15484 8132 2192 313223
3 12.3¢C -0 15480 8065 2263 313223
3 10.90 “0. 13256 8602 2463 313223
3 10.)C -0 16294 8792 2463 313223
3 12.9¢C -0 16771 8602 2581 313223
3 10.0C -0. 17153 8844 - 2563 313223
3 : 12,20 -0. . 17411 8633 2443 213223
4  INTERFC 19.30 -0. 20 23929 9 010203 |
5 16.90 -3. 15 23627 13 010203
6 10.)9 ~0e 74 23714 11 Cl10203
7 " 10.00 -0. 55 23618 8 010203
8 T 10,90 - =0 54 23648 7 01C293 !
9 10.20 -0, 47 23519 s C€10233 |
10 10.J0 -3 47 23410 9 012233
11 16.G0 -0. 57 22102 2 010203
12 1C. 70 -0. 42 23139 4 C102)3
13 10,230 -0. 54 23060 8 010203
14 : 16.9¢C -0, 49 22619 5 01C€203
15 : 1C. 10 -0. 41 22887 8 010203
16 10.30 -0, 46 22892 2 310203
17 10.20 -0 61 22610 6 01C203
18 10.00 -0, . 54 225% 7 ©€10293
19 10.30 -0 32 22249 3 010233
29 10.00 -0. . &6 22043 8 . 010283
21 © L 10.C0 -0, 47 21935 8 010203
22 10.30 ~GCe 42 21735 10 010203
23 1¢.90 -0, €5 21674 1 016293
24 10,30 -0. 68 21599 4 016273
25 10430 -3 54 21445 5 010203
26 104006 -0. , 1660 193¢8 5 €10203
21 1¢.50 -2. 2733 17777 - 6 01023
28 10.50 -Ge 2859 17833 10 010203
29 : 10.00 -0 .. 2984 17650 4 010203
35 10,0¢ -C. 2998 17620 10" 010203
31 10.20 -0. . 2674 - 17512 8 015203
32 10430 -0, 3048 17228 6 V013203
33 1G6.0C -q. 3098 17633 6. 0102233
34 10,90 -0. 36G1 17433 3 010203
35 16.90 0. 3077 17338 6 G1C203
16 1C. 3¢ -0 . 1199 17477 8 010203
: 3T . 10.00 -0. 3280 17464 6 010203
! 28 10.20 ~3e. 3392 17427 3 C10203




DN WN P WN -~

INTERFC

=72~

MICRCPACRE ANALYSIS S.)l.

AVERAGEC CATA

SPSCTROMETER |

TIME  CURRENT  CTS/SZC SIGwA
70 c. 33)1.3 21.6
60 0. 3.6 .2
80 . 1597.6 ©3,2
10 ~0. 2.2 o
1w -0. 1.5 .9
10 . ~C. 7.4 .9
10 -d. 5.5 .7
W0 -0. 5.4 .7
16 - ~C. 4.7 o7
10 -0. 4a1 o7
10 -0. 5,7 .8
10 =C. 4.2 o6
10 -0. 5.4 o7
19 -0. 4.9 .7
1c  -C. 4.1 .6
16 -0. 4.6 .7
10 -0, 6.1 .8
10 -0. 5.4 .7
10 -0. 3.2 .6
10 ~G. 6.6 .8
10 -c. 4.7 .7
1c  ~f. 4.2 o5
10 -0. ¢.5 .8
10 -0, 6.8 .8
10 =0. S.4 o7
10 -C. 166.C 4ol
16 -0. 273.3 5.2
10 -0. 285.9 5.3
10 -C. 298.4 5.5
10 -1 299.8 5.5
W -0.. 257.4 5.5
10 ~0. 304.8 5.5
1 ~<. 359.8 5.6
10 -9, 330.1 5.5
I -C. 67,7 5.5
10 -0 319.0 5.6
10 -~C. 328.0 5.7
1 -u. 333.2 5.7
10 -C. 31422 5.6
10 -9, 330.4 5.7
10 -0, 313.7 5.6
10 -C. 319.6 5.7
1 -0. 324.2 5.7
10 -0. 325.8 5.7
I -o0. 318.5 5.6
19 -0, 340.3 5.8
10 ~0. 317.6 5.6
10 ~0. 330.7 5.8
10 -o. 335.6 5.3
10 ~C. 314.9 5.6
19 -o. 333,2 5.8
12 -c. 334.5 5.8
10 -G, 361.8 6.0
10 -9, 399,2 6.3

PAGE 2

29 APR 76
SPECTROMETER 2
Crs/seC SIGMA
21 5.2 o5
31 - 3358.6 12.4
31 847.3 S.7
)1 2392.9 15.5
I 1 2362.7 15.4
J 1 2371.4 15.4
31 2361.8 15.4.
J 1, 22€4.8 15.4
91 2351.9 15.3
31 -2341.9 -15.3
IS 231942 15.2
3 1 2313.9 15.2
31 2306.0 15.2
31 2267.9 15.1
)1l 2289.7 15,1
31 2289.2 15.1
71 2261.0 15.0
J 1 225J.4 15.0
o1 222449 14.9
J1 2204.3 14.8
01 2193.5 14.8
91 217345 14.7
91 2167.4 14,7
31 215949 1447
I 1 2144.5 14.6
21 1929.8 13.9
31 1777.7 13.3
21 1783.3 13.4
g1 17¢5.0 13,3
I 1 1760.0 13.3
01 1751.2 13.2
I 1 1722.8 13.1
Q1 1763.3 13.3.
1 1743.3 13.2
71 1733.8 12.2
01 L147.7 13.2
91 L746.4 13.2
01 1742.7 13.2
1 1734.3 13.2
2 1. 1767.5 13,3
31 1745.2 13.2
91 1755.6 13.2
91 1738.3 13.2
J 1. 1767.9 T 13.3
I 1 1759.5 13.3
01 1766.6 13.3
71 1730.5 13.2
J 1 1764.5 13.3
91 1774.9 13.3
1 1781.8 13.3
MRS 1743.6 13.2
21 1751.7 13.2
271 1735.8 12,2
J1 1664.8 12.9

COOON0UO0RCOLWNO00I0CO00000000LORLCUOOCCOLCOOORVLOCODWNW

NNNNANNRNNNNAOANNNNNRONNNNRORNNNNRONNRONNAOMRNRNNNNDRNDNNNNNNRD RN N NN

SPICTRCMETER 3

CTS/SEC SIGMA
. o1
.2 .l

242.5 4.8
.9 3
1.3 e
1.1 .3
.8 .3
.7 3
o5 .2
.9 . .3
.2, .1
o .2
.8 .3
.5 .2
.8 .3
.2 .1
.5 02
o7 .3
3 .2
.8 .3
.8 .3
1ed .3
.l .1
o .2
.5 o2
.5 2
.6 .2
1.9 o3
o .2
1.0 .3
o8 .3
.6 .2
.6 .2
.3 .2
.5 .2
.9 .3
8 .2
.3 .2
.6 .2
it .2
.6 .2
1.1 .3
.5 .2
.7 o3
.6 . o2
-9 .3
.6 .2
5 o2
1.2 .3
.5 .2
.3 .2
1.3 o4
1.5 o4
1.9 %

OUOOOCODLLODLOCORLOOOOUOVOLIOCOODOLDIVOOICOTCLOVOCOOOOUNWY
W W e W M e N L W W S L W L D W W W W W W W W W W W W W W W W W W W W W W W W e W




ELEMENT

CA
o

St
AL
CA
0

KA
KA
KA

KA
KA
KA

KA
KA
KA

KA
KA
KA

KA
Ka
KA

KA
KA
KA

KA
KA
KA

KA
KA
KA

KA
KA
KA

KA
KA
KA

WE [GHT
PERLCENT

O")l
%338
202
§9.59

BG7
39.91
503
59.98

207
40,04
303
59.86

- 0%
39.99
202
630305

.L)!Q
39.95
9"3&

60,301

02
39,75
«0J
6J.22

QQZ
339.59
«C2
63.38

e 4
39.10

CA

60,86

=71
39,16
« 30
63,82

eﬁ‘?
39.04%
802

60,61

MICOPRORE ANALYSIS 5.01.

29

ATCMIC INTENSITIES
PERCENT K=RATIO UNKN ST¢
e 50 =0001 3 31225
2B.66 « 1268 25(C84% 34511
521 « 0020 5 2529
71,33 i
05 «JC11 &} 37220
28.27 s 1172 24781 34511
«02 «JC36 9 2529
T1.66
<05 - s0011 43 37¢¢¢C
28,38 « 7200 24847 34511
¢ 60l « 0328 7 2529
71.56
«C3 - CCC6 21 3120
28025 e 7169 24741 34511
01 «CCLl6 4 2529
71.71 .
«02 «CLC5 20 37220
28429 «TLT9 24774 346511
sol 0012 3 2529
T1.68
«02 «CCa3 i3 372290
28,12 o T137 24832 34511
30 «J00% i 2529
71,86
o2 «CG3 13 37220
2798 « 7103 264812 34511
«01 0023 5 £529
?1.89
003 «CC06 23 37220
21.58 2« FC0% 24173 34511
«CO 3002 Y] 2529
72,36
«C1 «03C02 e} 37220
27.63 = 1016 " 24214 34511
- 00 +3002 Jd 2529
72.3¢
02 «GC005 23 37229
21,53 «86591 24127 34511
«C1 2 JC15 % 28268
72:44 :

S DEYERMINED @Y DIFFERENCE

APR 76

BACKGPOUNDS

URKR

34
%8
&

34
&8
&

34
48
&

34
48
4

34
&8
&

34
48
4

34
48
4

3%

$TD

34
48
A

34
48
4

34
%8
4

34
48
4

34
%8
4

34
48
4

34
48
&

34
%8
4

36
%8
&4

34
&8
4

ITER €8S
3 1
3 2
3 2
3 4
3 5
3 6
3 7
3 8
3 9
3 10
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MICRCPRCRE ANALYSIS S5.31.

29 APR 16
SURMITTED BY= VICTOR F CRAPER
NESCRIPTICN=  5.0L.T4B, 1700 C
MEAN CHEMICAL CCMPAISITICN ANC Tw0
SIGMA LIMITS BASED ON 112 ANALYSES
WEIGHT ATCMIC
ELEMENT PERCENT PERCENT
St 12,22 +~- 1.54 9.05 ¥~ 1.35
AL 22,31 4- 2.14 15066 +- 1.48
CA 1683 &= 936 98@ kAl 518
0 T €2.63 ¢~ .64 Taetl #= .49
= DETERVMINEC BY CIFFERENCE

MEAN INTENSITY RATICS AND TWO SIGYA LIMITS

ELEMENT K
Si K& 02434 +- ,0373 |
At KA 3949 +- ,3382
Ca Kb o 1855 ¢- o0370
ACCELERATING VOLTAGE 15.0 KEY
X=PAY EMFRGENCE ANGLE 41.0 CEGREES

PEAK=TO~BACKGRCUNND RATIOS {(P/Bj, SENSITIVIYIES
{SENS)e AND MINIMUM DETECTABILITY LIMITS (MDL}

ELEMENT P/B SENS pOL
St 265571 L6 0G/0 27 ppp
AL 163771 2«09 373 27 ppM

CA 704871 «C4 072 24 Ppv
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PICROPRCBE ANALYSIS 5.3l

29 APR 76
CORRECTIONS
{CNTZATICN=-
ELEMENT BACKSCATTER ARSORPTION  FLOURESCENCE TOTAL
$1 KA 873 1.65¢ 1.384 1.000
AL KA 980 1.078 ’ 1.228 . 0955
CA KA s 940 tel27 L.334 1.000"

$E4NCTESES

S{ DETEZRMINED RELATIVF TC A STANCARC CF SILICA
Al DETERMINELD RELATIVE YO A STANCARD CF ALUMINA

CA DETERMINZD RELATIVE TC A STANDARD OF ANCKTYHITE

1421
1.290
19'395



03s
PYS

W 0D R B 1D P e

MICRON
STEP

Je
1.00
2,00
3,00
4,00
5.230
6. 00
7,00
8.00
9,00
lo.00
1100
12.€0
13.6¢
14, 3¢
15.C0
16.6C
17.¢C¢
18,230
19,00
20,00
21.00
22.00
23.C¢C
24537
25.00
26.00
2700
28,00
29,00
30,00
31.00
32.900
33.00
34.0C
35,00
36400
37.006
38,00
39,00
.07
41.00
42000
43.00
44,00
45,00
6500
47,03
a4, 0N
4130 305
hitedd
B1l.00
Bde 0
H3.23d
54,075

$586¢ CONCENTRATION $85689

Sive

< Q0
01
0 J1
0
- 20
=30
2 U0
]
2 20
=33
<03
a3 d
=30
201
N
=GO
=71
« 00
«02
a1
<01
a0l
35
+58
+60
a63
.63
ab3
265
<65
<64
-85
.67
.68
.69
<06
268
6%
067
.68
<68
P31
<70
267
P X!
oD
o5
06y
o (r5H
o {4
L4
ath
s Lo
17
18

AL 3

3.96
52593
3.56
3.96
3296
3.56
3:.96
3.96
3256
3.96
3956
3,56
3.96
396
3.%6
3:96
3.96
3.96
366
3.96
3:.96
3.56
362
3.39
3236
3,34
3.33
334
3352
3.32
3.33
331
3.3
528
3.28
3.3
3.28
3,31
3.3
3.29
3.29
3.30
3.26
3.29
3.210
3027
3esd
3.27
Tel 7
302
o}
o4 f
)
037

e31

CA+2

230
202
. 0J
e
230G
» 30
002
o33
533
Q3
« 33
=33
P ]
b
«3J
«3J
33
«20
s U2
o U
.35
30
203
PRab)
P
2 0J
PR N
=33
PR ]
- G3
«C2
33
o JJ
el
[Evh]
=37
.33
-« 00
Pl
°0JdJ
2332
.00
o I0
5 0J
[op]
« 0%
6 JJ
0 30
o
i
o J
PRV
o}
e U

oJdl

$665868% wEIGHT PERCEAT ¢583¢668¢

Sta2

31
Y
« 15
s 3P
0R
=35
<05
29
33
08
=36
¢33
235
o 16
« J8
aJ1
=12
P
023
.12
13
.08
5,98
977
19.23
1066
10.70
10.61
1G.85
11.0¢6
13. 70
0. 9%
11.38
11.70
1177
11.19
11.8%
1i.28
11,41
11:5%
11.64
11.37
12.16
11431
11.81
12.00
11.26
li.84
11a93
EI
lbo13
L6465
Lion?
206 3%
23,21

AL 203

T4 30
75.40
75.6%
75+3%
75,47
75,10
T4.78
73.88
7402
73.76
72.65
7326
73,27
T2.4%
T2.13
73139
T0.77
TNk
69,88
69,69
69047
69,02
£2.13
5719
57.32
56014
56.58
56033
55045
56 .65
56.08
55,77
56,16
56,09
5%.97
85, T7
5671
56.23
56039
55.86
56,71
56251
5665
55,04
50062
5692
57.19
5% 59
Aol }
Shets ]
S53ehb
FTLE]
il atih
44.56
33254

CAD

.03
L5
e 2%
02
=02
=01
e u3
L0
20
=02
.01
02
o 00
31
202
P3¢
002
«02
.03
<20
=00
201
s01
s J1
.03
00
03
202
=01
=J1
- 30
01
02
Y
=30
201
=00
231
o J4%
ADY
=32
01
D3
«21
01
P
e J1
« Q0
]
. J6
=08
S LB
o 30
60
«99

T07AL

76,34
75.61
75 .85
75049
15,57
75,16
T4, 86
13,97
T4.03
73,86
72.71
73.31
13,22
72.56
72023
71.41
70.92
70,53
69.94
6985
69,60
69,10
68.09
66,97
67,58
£7.39
67032

. 66,96

66,31
67,72
€6.78
6. T4
67:55%
6780
67,75
66,97
68.52
67,32
6783
6742
68,37
£7.89
&R, 84
06,97
68064
E8.96
OB fl
6787
bH,21
Gt b
6HT .65
6la R
Lty il
55450
t4.15

$% NORMALIZEN WY PCY $6%

5102

202

e 21
220
o1i

« LO
207
Te07
212
oG4
210
«08
«0%
.06

0 14
a1l
<02
017
=07
)

- 17
218
11
8.79
14459
15.13
15,81
1%5.9¢
15.84
1636
16634
16,02
16.42
1684
17.25
17.38
1671
17.23
16. 46
16.82
17. 14
1793
16.75
17,66
1689
17.26
17.40
ety
17,50
17570
LHo 74
FAV NS
23.0G%
20 i
31,07
36,19

AL203

99,95
99.73
99,75
99,86
59.88
99.93
99,802
99.88
99,96
99.87
99,91
99.93
99.93
99,84
99,87
99.98
99, 83
99.90
99.91
99.83
99,81
99.88
91,20
85,40
84,82
84,18

84.05

84,12
83.63
83,65
83,98
83,56
83.13
82.73
82,62
83,27
82,77
83,52
83.13
82,85
82,95
83,23
82,30
83,09
82,73
82054
4354
B2.469
82473
8la13
78,99
76669
[2ets®d
68,02
62:27

CaAn

N4
=06
025
203
02
31
LS
RN
<00
23
o 1
=23
e
s 31
N2
0J
.33
- 33
<05
03
+ 00
-C1
201
. 02
05
<00
205
U3
02
=32
=00
« 02
223
002
02
202
-0
202
26
221
02
.02
Te %
PRy
201
=6
01
<32
NOR
o 114}
12
Il
o b &
P

1:.54

NENSTTY

3,97
3.97
3,97
3.97
3.97
3,97
3.97
3,97
3.97
3.97
3,87
3.97
3,97
3.97
3,97
3.897
3,97
3.97
397
3.97
3.97
397
3.87
3.97
3.97
3.97
3.97
3,97
3.97
3.97
3.97
3.97
3.97
3.97
3.97
3.97
3.97
3.97
3,97
3.97
3,97
3.97
3.97
3.97
3.97
3.97
3,97
1,97
3,97
3,97
Wb
R
s G
<55
053

.{)Lg
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