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EXPERIMENTS ON lliE CRYSTALLIZATION OF MULLITE 

Carolyn M. Kramer 

Inorganic Materials Research Division, Lawrence Berkeley Laboratory and 
Department of Materials Science and Engineering, College of Engineering; 

. University of California, Berkeley, California 94720 

ABSTRACT 

Vacuum hot pressing and ·sintering experiments were performed with 

alkoxy derived mullite powders of two n9minal compositions: 71.8 and 
I . 

80 wt% altm1ina. The morphology of the dense transulcent hot pressed 

specimens was studied using the transmission electron microscope. The 

X-ray lattice parameters of the mullite formed at s~b s~lidus 
',;' 

temperatures by various heat treatments, pretreatments, and from 

different precursor powders were measured using very high angle reflect-

ions of mullite. The X-ray data gathered was correlated to the stable 

and metastable phase diagrams of the silica-altmlina system . 
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I. INIRODUCTION 

Silicon, altunim.un and oxygen are ruoong the seven most aptmdant 
' 

elements in the earth's crust. Economics and the refractory properties 

. ' 
of these two metals' oxides make altunina and silica the most important 

binary refractory system. MJ.llite, of nominal composition, 

3Al203 • 2Si02 (71. 8 wt% AI 2o3), is the only compotmd of altunina and 

silica stable at normal pressures. M.lliite is the most common crystal 

phase in industrial ceramics and porcelains. ASTM standards for nrullite 

refractories include these stipulations: the wt% of altunina must be 

between 56 and 79%, greater than 85% of the brick nrust be crystalline 

1 mullite and less than 5% glass. Such nrullite refractories are used 

for hot metal mixers, as electric furnace roofs, in low frequency 

induction furnaces, in the upper part of glass tanks and drawing 

chambers, as kiln setting slabs and posts, as dielectric substrates and 

as reactor lining. The greater appeal to using a primarily nrullite body 

is the excellent characteristics of stability at high temrerature to 

resist abrasion, spalling, creep, 2 dissolution by acid and ferruginous 
I 

slags (expecially with er2o3 in solid solution with the mullite), 3 and 

failure on impact loading. The maxinrum strength of polycrystalline 

sintered mullite occurs in the range of 800 to 1000°C above which it will 

plastically deform or fluidly flow. 3b M.lllite is stable in air for 

service at 1800°C, in vacuum as high as 1700°C and has fair performance 

in reducing atmospheres and in contaet with basic solutions and hot metals. 

This refractory is characterized by resistance to corrosion, a high 

strength to weight ratio and good thermal shock resistance. 
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Mullite has been present fOr centuries ill clay products but the 

only known natural occurrences of mullite are on the Isle of M.lll, 

Scotland and in Northern Ireland. lhl.til the classic study of the 

alumina-silica phase diagram by Bowen and Greig4 rnullite had been 

mistaken for a 100re coiiiilOn mineral, sillimanite (AI 2o3 ·Si02) which is 

stabilized by high pressures. Both sillimanite and mullite crystals 

are transparent and colorless, and orthorhombic with similar structures. 

The two may be distinguished by their refractive indices, infrared 

spectrum and lattice parameters, 5 besides the fact that sillimanite 

decomposes to a silicate glass and rnullite on heating. Barta and Barta6 

and Durovic7 suggested that an iso100rphic solid solution between 

sillimanite and rnullite was stable at high pressures and derived the 

structure of mullite from sillimanite. 

Pask and Aksay8 have contributed JOOst recently to the identif~cation 

of the phase diagram of alumina and silica using diffusion couples to 

define the stable solid solution range ofrnullite as 70.5 to 74.0 wt% 

alumina below 1753°C •. Th~y established its equilibrium incongruent 

melting point at 1828°C. Phase equilibrium in silicate systems is 

hampered by nucleation and growth problems; therefore, metastable ordered 

and metastable disordered rnullite with overlapping phase fields have 

been suggested, 9 as shown in Fig. 1. The extension of the rnullite 

liquidus and solidus to their intersection at 77 wt% AI 2o3 defined the 

metastable extremum of the ordered mullite solid solution, which is 

observed when rnullite is superheated without the presence of alumina. 

Disordered mullite may dissolve up to 83 wt% alumina and is attained by 

quenching ho100geneous melts. Fine X-ray doublet separation changes and 



2100° 

ffi 1900 
I 

(f) 

b= 1800 -.. 
Q) 

~ 1700 
-+--
0 
~ 

~1600 
E r- T Q) 

r 1500 

14000 

Weight 
40 

Liquid 

;-

100 ----, 

2054±6° 

AI · umlna + Liquid 

_____ .,.~ ... ~-~~-:;P"·-·;::""1"" 1890 + 100 
,,._ • ...-• /' I /' • -

I I • I 
Y< J/ i 1828±100 

~· .o;;;o-• I 
I 

f. 
p 

I 

Mullite (ss) +Liquid 

1587±10° 
I ,.--,-r-~ ....... 
I , I \ ... 

/ I ' '-, 

A' I \ ' /I : ' \, 
I I I \ \ 
I I f \ . , 
/ : Sil if a + Mu l~ite (ss) \ 
I I I ~ \ 

. 
I . 
r 

10 20 30 40 50 60 
Mole% Al 20 3 

• 
I . 
I 
j Alumina 
i + . 
i Mullite (ss) . 
I . 
I . 
I .. 
I . 
I . 

XBL 755-1377 

Fig. 1. Phase diagram of silica and almimnn according to Pask and Aksay indicating stable 
(. ) , metastable ordered (-----:---) and metastable disordered (_ . ~ . _ ) mull i te 
phase fields. 

I 
(.M 

I 

.o 
c 
,1·"" 

~-,_,_ 

c 
:1'>. 

.o!!;:;. 

.v..; 

~~ 
·~ 

t,{; 

c~ 

...:0 

Li"'l 



-4-

shifting of reflections in the back reflection region10 have been 

observed by a number of investigators for mullite made by different 

methods;' therefore, determination of the continuity of the lattice 

parameters across the mullite phase fields is a likely prospect to 

distinguish the ordered and disordered mullite structures. 

The struct~re of 2A1 2o3·sio2 has been described as having 6/5 

formula unit per unit cell (A14.8si1. 2o9.6) which has the same mnnber 

of cations per unit cell as sillimanite.11 Since k odd in hkO 

reflections and h odd in Okl reflections are missing in X-ray 

* . diffraction, the space group of 2:1 mullite was identified as Pbam· 

Five edge sharing octahedral chains of Al06 n.m parallel to the c-axis 

of mullite at the four corners and center of the (OO£) plane. In 

sillimanite a double chain of alternating silicon and aluminum atoms 

in tetrahedral coordination with oxygen crosslink the c-axis octahedra. 

However, a 2:1 mullite has 80% of the regular tetrahedral sillllnanite 

positions occupied by Si and Al atoms and 20% of another larger 

deformed tetrahedral site are occupied by ~he remaining 0.8 A1 atoms, 

determined by Fourier analysis. Sadanaga11 described this mullite 

structure as a disordered structure intermediate between sillimanite 

and andalusite. 

Order and disorder of mullite has been discussed by investigators 

including Agrell and Smith who distinguished between sharp (S) and 

diffuse (D) mullite where diffuse mullite was attained by quenching 

aluminosilicate melts. They stated that heat treatment in excess 

AI 2o3 to Si02 molecular ratio. 

-'· 
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of 1500°C Would allow disordering of the oxygen, silicon and aluminum 

and therefore obscure the weak reflections, as in diffuse mullite. 

The substitution of one A1 atom for one Si atom in sillimanite to 

attain the mu.llite .structure demands the reroval of one oxygen atom. 

The random positioning of 39 oxygen atoms in 40 possible positions 

accmmts for oxygen disordering in mullite. Aluminum atoms prefer 

octahedral coordination but at high temperatures are satisfied in 
.. . 

tetrahedral coordination also. The order-disorder possibilities in 

mu.llite explain the variations in lattice parameters observed when heat 

treatments and the alumina content are varied. Investigators using 

X-ray diffraction disagree on which indicators are sensitive to the 

effects of processing on mu.llitization. Some have maintained that 

with respect to increasing alumina content the a 0 and c 0 dimensions of 

the orthorhombic unit cell increase while b 0 is unaffected. 12 I-bwever, 

Neuhaus13 and Grofcsik14 found that a 0 and b 0 increase with alumina 

content while C 0 was constant. Roy15 quoted far greater changes in a 0 

than in c 0 as the mu.llite composition was varied from the 3:2 to 2:1 

alumina silica ratio. Crofts, 16 Mljumdar, Trome117 and Gelsdorf18 

agreed that a 0 behaved linearly with respect to alumina content, but 
" . 

only for mu.llite fanned from the melt. Roy also 'noted a large M 0 

and lesser /1c 0 for various heat treatments. The diffuse, quenched 

.mullite of reference 5 had a lesser a 0
, larger b 0

. and similar unit cell 

f volume (Vc) and C
0 compared to sharp or sintered mu.llite. Increasing the 

hot pressing temperature reduced the unit cell volume of a stoichiometric 

single ph~se mu.llite powder.19 This was attributed to low temperature 

disorder caused by the arorphous precursor powder. From Brindley's work 
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work with kaolinite decomposition it was observed that a 0 and c 0 

ecreased with increasing firing temperatures. This phenomena was 

attributed to the exsolution of silica interstitials at higher 

temperatures. The linear relationship of V and C
0 for iron-free c 

nrullite was observed by Agrell and Smith and was not affected by the 

heat treatment the samples had received. Graphs of a 0 vs wt% altm1ina 

and c 0 vs V appear to be important structural and compositional . c 

parameters to consider in the study of the crystallization of mullite. 

Mullite has been prepared by a ntm1ber of methods including: 

1. mechanical mixtures of silica and altm1ina that were mel ted or 

sintered; 2. decomposition of kaolinite to mullite plus excess silica; 

3. gel processes or co-precipitation; 4. hydrolytic decomposition of 

metal alkoxide; and 5. reactive sputtering of silicon and altm1im.un. 

Wah1 20 concluded that nrullitization was most influenced by the fonn of 

the components and not the composi tiona! variants. Sintered mechanical 

mixtures of oxides invariably result in nrultiphase bodies due to the 

slow diffusion rates of the components. Gels and aikoxy nrullites are 

characterized by their purity and the ability to achieve single phase 

material. The gel process relies on the attraction of the altm1ina, 

of positive charge, to the silica,of negative charge, when in solution 

to provide an intimate mixture of ganuna-altmlina and silica with small 

diffusion paths. The alkoxy process. has been criticized since large 

voltmies of organic solvents with toxic vapors are used to achieve 

relatively small yields. A more thorough discussion of the alkoxy 

process is included in the procedure section since such powder was 

used in this research effort. 

~·-
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TWo rorphologies of mullite have been observed: acicular or needle

like, and granular or equiaxed. Lohre and Urban21 summarized their studies 

of mullite crystallization by concluding that the growth of mullite. 

needles depends on the presence and quantity of melt present during 

the processing. Mblecular level mixing is the criteria that accounts 

for the acicular rorphology observed in the decomposition of kaolinite 

and calcined alkoxy powders when vacUtDTI hot pressed, which are both 

perfonned at sub-solidus temperatures. Only equiaxed microstructures 

have been observed from gel technique powders. Fine needle structures 

of mullite are observed in a silica matrix between corundum grains when 

mechanical mixtures are sintered. 22 Long, well fonned needles are 

observed in quenched aluminoscilicate melts. Reactively sputtered 

aluminum and silicon were prepared by Williams23 and obse~ed by 

transmission electron microscopy. In a 69. 5 wt% alumina mixture the 

grains were acicular. A 78 wt% alumina composition showed some 
0 . 

ambivalence when sputtered. A thick film (2000A) developed the needles 

seen in the 69.5 wt% alumina film. A thin sputtered film of 78 wt% 
0 

alumina ( 400A) had very fine grains of an equiaxed habit. Using 

sapphire and_ fused silica diffusion couples, Aksay and Pask observed 

a layer of single crystal mullite formed at temperature between the 

sapphire and silica, and also mullite in the silica· formed on quenching 

which had a different solid solution range and acicular morphology. 

It is likely, therefore, that there is some connection between the 

rorphologies observed for mullite, the metastable ordered and metastable 

disordered phases of mullite,and fine structural differences related to 

composition and processing that are detectable by X-ray analysis. 
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The importance of the two morphologies is the greater thennal shock 

resistance of the acicular morphology compared to the granular micro

structure as observed by M:lzdiyasni. 19 Calcined 71.8 wt% alumina: 

28.2 wt% silica alkoxy derived powders were fabricated into dense 

translucent single phase mullite bodies of superior thermal cycling 

resistance compared to the same powder, uncalcined and reactively hot 

pressed. Jadeite and nephrite exhibit thermal shock characteristics 

similar to the mullite morphologies. 24 The. chemical compositions of 

jadeite and nephrite are the same but they have granular and acicular 

microstructures, respectively. Nephrite is twice as strong and has 

twice the fracture energy of jadeite. A fibrous structure may enhance 

fracture resistance by: 1. · increasing the surface area traversed by 

a crack; 2. enhancing crack branching to dissipate fracture energy; 

and 3. pinning of a crack at an inclination such that the stress can 

not be built up to continue propagation. 

The abov~ mechanisms have been used to explain the creep resistance 

of IIU.lllite. ··The cause of the high activation energy for creep observed 

for a granular microstructure of rnullite may actually be the explanation 

of mullite's creep resistance and not its grain structure. 2 

Hot pressing as used for this study is a fabrication technique 

that accelerated densification by partial sliding and deformation and 

volume diffusion. High density and fine grain size samples may be 

attained at lower temperatures and in relatively smrt times compared 

to sintering. 

In sunnnary, IIU.lllite is an extremely important compound having 

.metastable and stable that have only recently been distinguished. The 

r 
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ability to fabricate impurity free dense, single phase mulliteusing 

alkoxy powder encourages the investigation of structural relatio;ns and 

differences across the mullite phase field caused by processing •. 



-10-

II • EXPERIMENTAL 

A. Powder Characterization · 

1. Chemical 

The two principal compositions of alumimnn silicate powder used 

* for this work were synthesized by the alkoxy hydrolytic decomposition 

process described by Mazdiyasni. 19 This method, first reported by 

Adkins25 utilizes high purity aluminum foil and silicon tetra chloride, 
~ 

each reacted with excess isopropyl alcohol in the presence of the 

catalyst, HgC1 2 at 82°C. The appropriate proportions of the resulting 

solutions of aluminum tris isopropoxide and silicon tetrakis isopropoxide 

were mixed to achieve a 71.8 and an 80 wt% alumintun oxide aluminosilicate 

product. Hydroxy aliminosilicates were precipitated from each of the 

two solutio:ns by the addition of water and amnonia. The mixes were 

washed in isopropyl alcohol and dried at 60°C. Mazdiyasni described 

the stoichiometric mullite (71.8 wt% AI 203) so obtained as 

3AI 2o3: 2Si02 ·13H2o. Note that the water is 55% of the weight of the 

nrullite molecule. Hereafter, the two alkoxy powders prepared as above 

described will be referred to as 71.8 and 80. 

** A third alkoxy derived mullite was used and- designated 90. It 

was a fluffier powder and light grey in color as compared to the ivory 

colored Mazdiyasni powders. If heated to 700°C for several hours the 

Supplied by the courtesy of K. S. Mazdiyasni of Wright Patterson Air 
Force Base. 
** . Prepared by HfM Co., Cincinnati, OH. 
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powder became pure white. Chemical an.a1yses of the three alkoxy 

powders in Table I confirmed the anticipated presence of carbon in 90. 

The· metallic purity of the 71.8 and 80 powders is unquestionable as 

evidenced by the semiquantitative spectrographic analysis. The exact 

wt% of ah.mri.na and silica precipitated were not confinned by this 

particular wet chemical analysis, but the difference in alumina content 

between the 71.8'and 80 powders was quite close to that expected by their 

nominal compositions. 

A grey and white piece cut from the center of a fused cast mullite 

chunk of 78.3 wt% alumina from Carborundum Corporation, Niagra Falls, NY 

was pulverized and then ground the -50 mesh size (297]..1) in an mechan-

ically operated alumina mortar and pestle. The mtillite was then ball 

milled in a porcelain mill with ethyl alcohol and porcelain balls for 

30 hr. The wet mix was dried in the mill and then dry milled for 

1-1/2 hr to reduce agglomeration before sieving. The -200 mesh (74]..1) 

material was separated and used for hot pressing. The chemical analysis 

of the mullite before ball milling is listed in Table I-c. 

Mechanical mixtures of silica and alumina were also used for 

particular experiments such as 67, 3/2, 2/1 described in Table III. 

* The silica used was amorphous to X-rays, -325 mesh, and had high 

metallic purity but 1000 ppn of OI-( and more than 100 ppn Cl-. The 

** alumiria used had only alpha phase detectable by X-rays and the oxide 

impurities listed in Table I-B. 

Corning 7940 fused silica. 
** . XA.-16 reactive superground, Aluminum Company of America, Pittsburgh, PA. 
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Table Ia. Chemical .and spectrographic analyses of 
Alkoxy derived nrullite powders.* 

wt% of 
Constituent 71~.8 80 90 

A12°3 76.1 87.0 90.0 

Si02 23.9 13.0 9.6 

c 0.06 0.23 0.35 

B <0.01 

Mg <0.001 0.002 0.001 

Mn <0.001 

Pb 0.008 

Ga 0.002 

Fe 0.005 

Cu <0.001 <0.001 0.002 

Ti 0.008 

Zr 0.03 

Ca <0.001 <0 .001 0.006 

Calcined 600°C/l hr. 
-not detected. 
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Table Ib. Oxide impurities in XA-16 
superground a-AI2o3. 

- .. 

Na2o 0.08 wt% MnO 0.0015 

Si02 0.05 ' B2o3 <0.001 

CaO 0.03 Cr2o3 0.0002 

MgO 0.05 Fe2o3 0.01 

Table Ic. Spectrographic analysis of 
fused cast mullite. 

Na 0.12 wt% 

Fe 0.02 

Mg 0.01 

Zr 0.01 

Ca 0.006 

Ti 0.005 

Cr 0.003 . 
Cu <0.005 

Mn <0.001 -( 
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2. X-Rays 

M:my techniques were used to characterize the powders used. The 

chemical analyses have already been discussed:. X-rays are another 

means to examine the chemical composition and crystallinity of materials. 

Calcined and uncalcined powders were scarined with X-rays to detect 

crystallinity. A Phillips diffractometer with a Norelco monochromator 

detector was used which produced very high intensity copper K X-rays 
. ' a 

against a very low background. The scanning conditions were: 40 kV 

and 20 rnA, 1° 28/min scanning rate, 1/2 in./min recording rate, 

1°/4°/1° entrance to exit collimation and a tline constant of 3.0 (T). 

Very weak peaks were observed in the p~tterns of the uncalcined alkoxy 

powders 71 . 8 and 80. The humps were more apparent for the 71.8 powder 

but undetectable in either powder when calcined. Apparently the alkoxy 

powders had a very low degree of crystallinity as received and very 

small crystallites, and this short range ordering was destroyed when 

calcined. The X-ray charts for 7940 fused silica had the same form but 

greater intensity than did the 71.8 and 80 uncalcined powders. The 

broad peaks in the silica were retained after calcination. The 90 

alkoxy powder was completely amorphous to X-rays. The character of 

the fused cast mullite powder was single phase, crystalline and had 

lattice parameters and average crystallite size as summarized in Table II. 

It is notable that the ground fused cast mullite did not have elongated 

crystallites as were seen macroscopically before conmunition. 

Line broadening in non-plastic crystals such as mullite is due to 

the finite crystallite size. Bragg's law (nA. = 2dsine) assumes an ideal, 

parallel and monochromatic beam incident upon a large perfect crystal. 

,.-



Table II. Sumlary of the experiments perfonned on the raw materials. 

Powder 
Designation X-Ray TG\ IJrA 

Calcinations 

71.8 1Wo small humps if uncalcined; Gradual weight loss to 6oo•c Endotherm to 600°C, exothenn at 980°C 57 wt\ weight loss 
arorphous when calcined 56\ total wt loss 

80.0 1Wo small humps if uncalcined; Gradual weight loss to 600°C Endotherm to 600°C, exothem 1/6 of 71.8 at 980°C SO wt\ weight loss 
arorphous when calcined 38\ total wt loss 

90.0 Allllrphous calcined or not &naller endothem to 600°C, exothe:m -1/6 of 71.8 at 990°C 35 wt\ weight loss 

Fused Cast 
Mlllite 

XA-16 

Si02 

. {002-0.1411 
Ave, Mhte size 331-0.2011 
crystalline 
IILillite only 
a

0 
a 7.56~ 

b0
• 7.67 

c0 
• 2.881 

vc & 167.7A 

a-A1
2
0 only 

1Wo large llllnps 

Average Particle Size 

3.111 

3.911 
8.511 

0 wt\ weight loss 

Jib reactions 

I 
~ 
VI 

I 

·c, 
~"'"'. ,, ........ 

C-

'~~~' 

.c...;, 

c 
Lr 

0 
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Small crystallites no longer contain an infinite number of diffracting 

planes so that diffracted X-rays emerge from a small crystal over a 

range of angles about the theoretical Bragg angle e. This effect is 

measurable for crystallites of less than lSOOX in size. The Scherrer 

equation related the average crystallite size, D, perpendicular to the 

diffracting plane, to the pure diffraction broadening, 8, as a function 

of wavelength, and diffraction angle: D = 0.89 A/(S·cose). The 

corrections for instrumental and X-ray double broadening are explained 

in References 26, 27 and 28. The procedure used for determinations of 

the mean crystallite dimension from the breadth at 1/2-maximum is also 

described therein. Line broadening was measured using the 002 and 331 

rnullite peaks occurring at approximately 64.5 and 60.7° 26, respectively. 

These reflections were scanned under conditions described previously 

but at the speed 1/4 ° • 26/min and T = 10. The results were identical 

whether the diffraction scan was increasing or decreasing 2e. 

The primary impurity or second phase with which the investigation 

was concerned was alumina. To ascertain its presence in quanti ties 

greater than 1%, the 113 reflection of alpha alumina .was sought by 

slowly scanning as decribed for line broadening. Other crystalline 

nnpurities were similarly sought. 

The systematic errors occurring in X-ray diffraction vanish at 

e = 90°. A crystal's planar spacing have an inverse sinusoidal 

dependence on e. The accuracy of the determination of lattice constants 
' 

is much enhanced at high angles since ~d/d = -~ecote c~e = 0.01° 26). 

Accordingly,' back reflections (e greater than 45°) were chosen to 

determine the lattice parameters of mullite with the max~ accuracy. 
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center of each sample compact. A platintun-:rhoditun junction was placed 

in a nonreactive altunina standard in a separate cell. The voltage 

difference between each platintun junction and the reference junction was 

recorded. A voltage was indicative of an exothennic or endothermic 

reaction in the sample occurring as the sample and the altunina were unifonnly 

heated at a rate of l0°C/min. Individually variable amplification of 

the signals from each powder was used and the results of these experi-

ments are sunmarized in Table II. Correlated graphs of IYI'A and TGA 

performed on the 71.8 and 80 powders are illustrated in Figs. 2a and 2b. 

The primary feature of the alkoxy powders are their sharp exothenns 

occurring at approximately 980 ± l0°C (actual powder temperature). The 

temperature at which the exotherm occurred in the 71.8 and the 80 

powders was identical; however, the magnitude of the peak was 6 times 

as large for the higher silica 71.8. The 90 powder had an exothenn at a 

slightly higher temperature which was similar in size to the 80 powder. 

The 90 composition witnessed a lesser endothenn at low temperatures. 

Since an exothenn was not characteristic of the alkoxy powders, 29 a 

second batch of 71.8 wt% alkoxy mullite powder was tested .. IYI'A perfonned 

on this sample showed an exotherm 1/20 the size of the first 71.8 powder 

* at 1017°G furnace temperature. Sieve analysis, X-ray analysis, and SEM 

photos all showed this second 71.8 ]X>wder to be otherwise indistinguishable 

from the first. 

The alkoxy derived powders were calcined for 1 hr at 600°C to release 

the volatiles. This temperature was chosen since it was above the 

temperature at which the IYI'A endothenn and the TGA weight losses were 

Powder temperature of 990°C. 
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The mullite peaks occurring at planar spacing of approximately 0.826, 

0.848 and l.lOA were scanned as per the crystallize size experiments 

but with less restrictive collimation: 4° divergence, 4° scatter 

collimation. A mullite sample provided by Mazdiyasni whose lattice 

parameters were taken from the literature was used tb determine the 

indices of these reflections. A sample calculation and error analysis 

estimation is included in the Appendix. The estimated error is 1/3800 

in a 0
, 1/2500 in b 0 and 1/1000 in C

0
• A silicon standard from the 

National Bureau of Standards was used to check the accuracy of the 

equipment and the procedure; the exact diffraction angles were 

consistently attained. 

3. Heat Treatments 

The reactions that occurred on heating the powders were studied 

using thermogravimetric analysis (TGA), differential thermal analysis 

(UTA) and calcination. Weight losses were recorded for two of the powders 

heated in a moderate vacuum from room temperature to 1000°C. Two hundred 

milligram samples of the 71.8 and 80 powders were heated at approximately 

8°C/min in a platinum crucible suspended in a furnace from an Ainsworth 

balance arm. The total weight loss based upon the starting weight was 

56% for the 71.8 and 38% for the 80 powder. The weight' losses were 

continuous for each powder to 600°C as shown in Figs. 2a and 2b.* 

MUltiple sample differential thermal analyses were performed in 

air at temperatures from 25 to 1200°C. · Less than two grams of each 

powder sample were identically packed in separate compartments of a · 

nickel holder~ A platinum thermocouple junction was inserted in the 

The experiments were kiridly perfonned by R. B. Langstron, Department 
of Materials Science and Engineering, t.m.iversity of California, Berkeley. 
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DIFFERENTIAL THERMAL ANALYSIS 
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Fig. 2a. Differential thermal analysis of powder 71.8 (top). 
Thennogravimetric analysis of powder 71.8 (bottom) . 
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observed. One hour was the time it took to achieve 600°C in the DTA 

' experiments. Precisely weighed powder samples were spread to a thin 

layer in a platinum foil boat and inserted in a 600°C Hevi Duty Lindberg 

furnace. Weight losses were figured based upon the weight remaining 

and are included in Table II. · The losses recorded for the 71.8 powder 

corresponded closely to the 55 wt% loss predicted by Mazdiyasni for 

mullite losing 13 water IOOlecules. After calcination the powders were 

stored in a vacuum dessicator until hot pressed or sintered. 

B. Size Distribution and Powder M:>rphology 

The 71.8 and 80 mullite powders were sieved through four screens. 

The weight Fetained was measured for the sieves having united States 

Standard Sizes 40, 70, 120 and 325. Ten gram samples were used in an 

Allen Bradley Sonic Sifter to vibrate the screens for about 15 min. 

The results are tabulated in Fig. 3. From the analysis it was observed 

that the uncalcined powders had a bimodal distribution JOOst heavily 

weighted to the -120+325 mesh range. The calcined powders had fewer 

fines and less wt% coarse particles than the same powders before heat 

treatment at 600°C for 1 hr. 

A Fisher sub-sieve sizer was used to find the average particle 

size of the fused cast mullite, alumina, and silica powders. The 

principle of the experiment. is to compare the pressure drop across a 

cubic centimeter of powder acted upon by a constant pressure head. The 

results are listed in Table II. The 71.8and 80 powders were coarse and, 

therefore, not amenable to such analysis. 

The alkoxy derived powders were examined in the scanning electron 

* microscope (SEM) at 15 kV and up to 30,000 magnification. Specimens 

Jeol JSM U-3, 3000A resolution. 
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were prepared by placing a small amormt of powder on a copper stub 

covered with double sided tape and blowing off the excess. The powder 

covered stub was sputtered with approximately lSOA of gold to prevent 

charging phenomena due to non-conductance by the material in the electron 

beam. 

A representative micrograph of the 71.8 and 80 powders is shown in 

Fig. 4. Both uncalcined compositions showed the bimodal distribution 

of particles observed in sieving. The particle shape is irregular and 

prismatic. A predominance of needle shaped fragments or agglomerates 

was not observed. No differences between the compositions were observed. 

Fewer fine particles and smaller coarse particles were observed for each 

composition in the calcined specimen examined in the SEM. Some 

·uncalcined particlates were observed to "pop" when being studied, 

presumably due to beam heating. Similarly, calcining may cause 

bursting of the large particles which would decrease the percentage 

of coarse granules after calcination. 

Several powders were observed in transmitted light. A sprinkling 

of sample was placed in lens immersion oil on a glass slide and 

observed in an optical microscope with crossed n1cols and a 1/4-wave 

plate. Anistropy of the powder would cause them to exhibit interference 

colors and extinguish when the stage was rotated. Birefringence was 

observed in a few of the 71.8 granules. M.lch of the 80 powder was 

anisotropic, showed definite extinction and the large particles were 

composed of many small crystallites. The 90 powder was completely 

isotropic with no extinction. 
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XBB 755-4066 

Fig. 4. Alkoxy derived mullite powder 71.8 viewed in scanning 
electron microscope, as received. 
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C. Powder Densification 

1. Vacuum Hot Pressing 

Pressure sintering was perfonned on small batches of rrrullite powder 

in a graphite die at maxlinum conditions of 1500°C and 2930 kg/cm2. The 

characteristics of each hot pressing are described in Table III. The 

die had a 1.75 em diameter bore and the plungers fit loosely to 

accorrnoodate grafoil lining on the walls and plunger faces. After a 

powder charge was loaded and tamped, the assanbly was cold pressed with 

2200 kg/cm2 
to an estimated density of SO% of theoretical for the alkoxy 

and fused cast rrrullite powders. The 90 powder could only be cold 

pressed to 20% theoretical density. 

The die assembly as shown in Fig. 5 was heated at a rate of 

400-500°C/hr to 1500°C as read from the Pt-Pt/10% Rh thermocouple within 

the die. Pressure was exerted by virtue of the vacuum of the furnace 

chamber design such that the powder compact was always under a pressure 

of 550 kg/cm2. At 900°C, 1190 kg/cm2 were applied externally. The 

external pressure was doubled at 1300°C and maintained throughout the 

balance of the cycle until the die had reached room temperature. The 

coefficient of expansion of graphite exceeded that of mullite causing 

a hoop stress on the hot pressed disc as it cooled. Maintaining the 

pressure during cooling assured the integrity of the piece. The tempera

ture was held at 1500°C for 30 min and then allowed to cool at 400°C/hr 

until 1000°C at which time the furnace was turned off. Throughout the 

experiment the ram motion, vacuum and temperature were recorded. 

Afterwards, the expansion/contraction, rate thereof, temperature and 

vacuum were plotted simultaneously against time. The hot pressed 
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8 

XBL 754-6218 

Fig. 5. Cutaway view of hot pressing assembly. A-Pyrotlytic graphite 
spacers, B-Water cooled steel ram for pressure application 
(at top), C-Graphite plunger, D-Graphite die, E-Powder charge, 
F-Thermocouple in mullite protection tube (G), H-Furnace can, 
!-Furnace lid lined with insulating felt, J-Molybdenum mesh 
furnace element, K-Connections to powder leads. 
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Table III. Summary of densification studies. 

I Sample Code Starting Powder Treatment· Prior to Fabrication Fabrication Techniques PFinal 

1 71.8(2) 71.8-Znd batch !'*me SHP** 89 . 5\PT 

2 71.8R* 71.8 l«me SHP 97.1 

3 7l.SRG 71.8 Ground to -32S mesh in AJ. 2o3 DDrtar SHP 9S.O 

4 7l.SC* 71.8 Galcined 600"C/l hr SHP 97.S 

s 71.8(l; 71.8 Galcined 600°C/l hr ; ground to -32S mesh in SHP 9S.3 AJ.
2
o

3 
DDrtar 

6 7l.SH* 71.8 Galcined 600"C/l hr; SO\ HzO added SHP 92 .4 aftetwards 

7 7l.SRL 71.8 l«me Heat to lOOO"C/1/2 hr 

s SOR so l«me SHP 9S.4 

9 SOC* 80 Calcined 600"C/l hr SHP 9S.4 

10 SOH 80 Galcined 600"C/l hr; 50\HzOadded SHP 93.3 aftetwards 

11 SORL so None Heat to 14SO"C 82.6 

12 90R 90 None SHP 99t 

13 90C 90 Calcined 600°C/l hr SHP 99t 

14 101 Growld fused None SHP ss.s 
cast lll.lllite 

IS 3/2 7~.8 wt\ A1p3 Ball mill with porcelain balls; SHP 99.1 
IIUXture calcine 1200"C 

16 67 6? wt\ AJ. 2o3 Ball mill with porcelain balls ; SHP 3. 2S glee 
IIUXture calcine 1 2oo•c 

17 7l.SRGS 7l.S Part of hot press 7l.SRG 1700"C/30 hr 

18 71.8CGS 7l.S Part of hot pressed 71.8CG · 1700"C/30 hr 

19 3/2S 1~ . 8 wt\ AI 2o3 Ball mill with porcelain balls 1700"C/30 hr S3.2 
muture 

20 2/lS 1~ wt\ AJ. 2o3 Ball mill with porcelain balls 1700"C/ 30 hr 90.0 
IIJ.Xture 

21 71 .8S 71.8 Galcine 600°C/l hr 1700"C/30 hr 84 . S 

22 71.8CS 71 . 8 Part of hot pressed 7l.SC I7oo•ct3o hr 97.6 

23 80CS so Part of hot pressed SOC 17oo•c/30 hr 96.7 

24 67S 6? wt\ AI 2o3 Part of hot pressed 67 1700°C/30 hr -71\ 
muture 

2S 60Lt ~ wt\ AJ. 2o3 1S3S0 C/l-l/2 hr quenched Melting 
a uture 

26 60Ht 6~ wt\ JIJ.203 18Z2°C/3 hr quenched Melting 
muture 

Specimens used in transmission electron mi croscope 1o0rk. 
** Standard hot pressing schedule as described in text (lSOO"C/1/2 hr). 
tProvidcd by Subhash Ri shud. 
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discs were removed from the die and small slices were cut from the center 

and the edges ground off. Their density was determined using the suspended 

weight method. The dry weight was measured after the samples were 

desiccated. The slices were boiled in distilled water for 2 hr, brought 

to room temperature and weighed saturated and saturated suspended in 

water. The densities computed by Agrell and Smith were used (3.16 g/cc 

for 3:2 mullite and 3.12 g/cc for 2:1 mullite) to calculate percent of 

theoretical density. 

A cut face of the hot pressing was irradiated in the X-ray diffracto

meter. This procedure was simplest and the information was found to be 

identical to that of a ground specimen used to determine the X-ray 

crystallite size and lattice parameters. All the hot pressed mullite 

was scanned for phases, line broadening and lattice parameters as 

previously described. The results are tabulated in Table IV. 

Sections of each hot pressing were polished to a 1/4 0 dia100nd 

finish and then polished with 0.1 ~ A1 2o3 before thermal etching at 

1400°C/2 hr in air. The polished sections and fracture surfaces were 

examined in the scanning electron microscope. No features of a regular 

grain structure were visible except at 30,000x lll select areas of 

inhomogeneity (Fig. 6). In areas such as in Fig. 6a and 6b minute 

silica and alumina separation has occurred. Samples used for 

Mazdiyasni's paper (Reference 19) were also examined in the SEM and 

the grain structure of his hot pressed pieces was not discernible using 

this technique. 

Thin sections of the pressure sintered mullite indicated by 

stars (*) in Table III were prepared for electron microscopy by 

' -
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a 

b XBB 755-4078 

Fig. 6. a. SEM micrograph of hot pressing 71.8R illustrating 
inhomogeneity and. fine grains. b. SEM micrographs of 
hot pressing 71.8C illustrating possible alumina 
separation and grain erowth. 
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c 

d XBB 755-4077 

Fig. 6. c. SEM micrographs of hot pressing 71.8H illustrating 
pore concentration. d. S~1 micrograph of hot pressing 
71.8H fracture surface. 



Table IV; St.mvnary of nullite X-ray data from this 11«>rk. 

Average X-Ray 0 
* on 

Crystallite Size I . 
Figs. Sample a• bo c• vc Along Perpindicular to 

a-Al 2o3 ll3 peak 

c~ 17-19 Code c-Axis 331 Plane Phases Detected 1MU11ite 230 peak 

1 7l .S(2) 7. 550 7.704 2.SS6 167.S 0. 611J 0.2S t-W.lite only ............ 

2 7l.SR 7. 552 7.694 2.SS1 167.4 0. ZOIJ 0.16 ~ullite only 

3 7l.SRG 7.551 7.699 2.SS1 167.5 0.161J 0.11 ~Wlite only ,.,... 
4 71 .8C 7.549 7. 722 2.8S2 168.0 0. 201J 0.16 1-W.lite only .t 
5 71.8CG 7. 549 7.691 2.873 166.8 0 .121J 0.11 f.t!11ite only 

6 71.8H 7.552 7.697 2.878 167.3 0. 201J 0.21 1-W.l i te only v-.: 
7 71.8RL y-Al203 
8 80R 7.55S 7.6S2 2.SS7 167.6 0.761J 0.1S f.t!11ite + a-A1 2o3 1/10 c 
9 soc 7.557 7.689 2.890 167.9 0. 201J 0.14 ~llite + a-Al 2o3 1/10 

10 SOH 7. 561 7.6S7 2.S94 16S . 2 0.801J 0.14 1-t!llite + a-Al 2o3 1/30 

11 80RL 7.566 7.682 2.891 168.0 0. 201J 0 .13 ~ul1ite + a-Al 2o3 1/10 

12 90R 7.566 7.688 2.935 170.7 0.8~ 0.30 ~ullite only I 

VI 
13 90C 7.573 7.678 2.886 167.8 0. 2{)1J 0.20 1-t!ll i te only I-' c I 

14 FQ.I 7.540 7.785 2.888 169.5 0.201J 0.15 1-W.li te only 

15 3/2* 7. 575 7.551 2.881 164.8 0.081J 0.14 f.t!11ite + a-Al 203+ aCristobalite 1/1 ...0 
16 67* 7.561 7.600 2. 888 164.9 0.091J 0.07 ~u11ite + a-A1 2o3+ aCristoba1ite 

17 71.8RGS 7. 551 7.697 2.882 167.5 0.121J 0.11 · t-W.1ite only 

18 71 .8CGS 7. 547 7.696 2.888 167.8 0.181J 0.11 f.t!11ite only 

19 3/2S 7.555 7.693 2.887 167.8 0.211J 0.16 MUllite + a-A1 203+ aCristobalite l/1 

20 2/lS 7.534 7.735 2.891 168.5 0.591J 0.15 f.t!l1ite + a-Al 2o2+ aCristobalite 1/1 

21 71.85 7.553 7.697 2.884 167 . 7 O.Z41J 0.20 1-W.lite only 

22 71.8CS 7.552 7.704 2.885 167.8 0.281J 0.26 ~llite only 

23 socs 7.559 7.691 2.88S 167.9 0.241J 0.31 t-W.1ite + a -A1 203 1/ 4 

24 67S 7.553 7.691 2.880 167.3 0.191J 0.13 ~u1lite • a-Al 2o3 1/10 

25 60L 7.573 7.67S 2.903 168.S 0.151J 0.12 MUllite only M 

26 60H 7.532 7.734 2.893 16S.5 0.131J 0.13 MUllite only M 

Used 331 mu11ite peak to compute lattice parameters of nu11ite since 760 peak was too faint--not plotted. 
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* mechanical thinning followed by ion milling. The thinned hot pressed 

sections were coated with carbon and viewed in a Hitachi transmission 

electron microscope at 550 kV. The grain structure and electron diffrac-

tion photos of four hot pressings are pictured in Figs. 7 and 8. Thin 

sections of these specimens viewed optically exhibited 40 micron areas 

of transparency that had wavy extinction in crossed nicols. 

2. Sintering 

Lastly, sintering experiments were carried out at 1700°C for 30 hr 

in a MbSi2 element quench furnace. Pieces of the 71.8 and 80 powder 

and a 67 wt% AI 2o3 mixture that were already hot pressed were heat 

treated along with 4 grams each of the 71.8 and two compacts of the 

alumina and fused silica powders in the molecular ratios 3:2 and 3:1. 

The compacts had been cold pressed in a 1.25 em diameter steel die with 

9300 kg/cm2 to attain green densities of about 50%. The compacts 

were placed on porous mullite refractory brick and enclosed in a loose 

structure of dense zirconia and alumina for the sintering experiment. 

The densities afterward and the notably small weight losses were 

recorded. The samples were ground to -325 mesh and X-rayed as previously 

described. Polished and thermally etched specimens were examined 

optically and in the scanning electron microscope as depicted in 

Figs. 9 through 14. 

Specimen preparation and microscope operation were preformed by Mark 
Carlson and Orner Vander Biest, respectively. 
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XBB 755-4076 

Fig. 7. 'I'&I micrographs of hot pressing 71. SC: 
(top) bright field and SAD, (bottom dark 
field. 



-34-

XBB 755-4067 

Fig. 8. TEM micrographs of hot pressing 80C: 
bright field and SAD. 
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a 

b XBB 755-4079 

Fig. 9. a. SEN micrographs of hot pressed and annealled 80 powder. 
b. CJptical micrograph of hot pressed and annealled 80 powder. 
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c 

d XBB 755-4075 

Fig. 9. c. SEv1 micrographs of 80 powder, hot pressed and 
annealled (different area). d. S:B'! micrograph of 
fracture surface of 80 powder, hot pressed and annealled. 
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XBB 755-4070 

Fig. 10. SEM micrograph of hot pressed and annea11ed 71.8 powder. 
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XBB 755-4069 

Fig. 11. a. Optical micrographs of sintered 71.8 powder. 
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c 

Fig. 11. b. SEM micorgraphs of sintered 71.8 powder. 
c. SEM micrographs of sintered 71.8 powder, 
fracture surface. 
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XBB 755-4068 
Fig. 12. Optical micrograph of 2:1 sintered mixture of silica and 

alumina showing: A. Closed pores, B. corundum grains, 
C. silica matrix containing rnullite needles. 
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b XBB 755-4072 

Fig. 13. a. Optical microgra?h of hot pressed fused cast 
mullite. b. SBvi micrograph of hot pressed fused 
cast IIRill i te. 
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a 

b XBB 755-4071 

Fig. 14. a. Hot pressed and annealled 67 "\·It% alumina mixture 
viewed in SEM. b. Hot pressed and annealled 67 wt% 
alumina mixture fracture surface seen in SEM. 
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III. RESULTS AND DISCUSSION 

Reactions on Heating 

The results of differential thermal and thermogravimetric analyses 

demonstrated that the 71.8 and 80 alkoxy powders and a continuous 

weight loss to about 600°C. Mazdiyasni attributed this loss to water, 

co2, and residual isopropyl alcohol adsorbed by the alkoxy powder. The 

two-humped endotherm is most likely a combination of different reactions 

including the loss of physically and chemically bonded volatiles as from 

mono- or trihydrates of alumina. The nature of a similar endotherm 

observed in kaolin clays is discussed in References 30 and 31. 

The reaction causing the high temperature exotherm (which had not , 

been observed previously for alkoxy powders) has been disputed in the 

literature on aluminosilicates as to whether it is a Si-Al defect 

spinel crystallization, mullite crystallization, or the crystallization 

of beta-quartz from anx>rphous silica. 32 Since the reaction exotherm 

was larger for the higher silica powder, 71.8, support is lent to the 

beta-quartz crystallization. The smaller exotherm observed for the 

second batch of 71.8 alkoxy powder indicated an inherent unmixing of 

silica and alumina in the 71.8 and 80 powders principally used that 

was not present in the second 71.8 batch. The fact that only very 

weak gamma-alumina X-ray reflections were observed after uncalcined 71.8 

powder was hot pressed at 1000°C (experiment 71.8 L in Table III) 

confirmed that mullite was not formed in the alkoxy powders until 

higher temperatures were achieved. Presumably 8-quartz crystallites, 

if present, were too small to give discernible X-ray reflections. 

Apparently the exceedingly intimate mixture of silica and alumina in the 
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alkoxy powders has some internal structure and may vary depending 

on the hydrolytic decomposition techniques . However, the mullitization 

of these mixes was not detectable in DTA below 1200°C or by any increases 

in the densification rates during hot pressing. Such an abrupt 

increase in densification rates was observed for the 90 powder at 

900°C, which has a exotherm similar to 7l.S and SO. 

Two low temperature peaks in the pressure inside the hot press 

vacuum·chamber were evident for all the 7l.S and SO hot pressing 

experiments . These peaks were minor in all but the reactive and the 

hydrothermal hot pressing (designated 7l.SR, SOR, 7l .SH and SOH in 

Table III) in which a substantial weight loss occurred causing 

detectable ram travel at low temperature. The increases in pressure 

signaled the release of volatiles in two dominant reactions as 

observed by DTA. The first lower temperature reaction released far 

100re gas, which was apparently less tightly bonded to the powder since 

the sizes of the DTA and endothermic peaks were similar. The presence 

of these same but smaller peaks in the calcined powders when hot 

pressed (7l.SC and SOC) proved that the calcination was insufficient 

to complete the low temperature reactions. At high temperature 

(1400-1500°C) the hot pressing assembly released more gas whose origin 

was not identified. Nearly theoretically dense specimens were fabricated 

by the vacuum hot pressing techniques described. The 71.8 and 80 

samples were translucent and white. In contrast, the 90 alkoxy pressure 

sintered powder was black throughout. The color was lightened in all 

grey or black samples by thermal etching, indicative of the presence 

of free carbon that discolored them. The mechanical mixture of alumina 
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and silica exhibited densification unassociated with a pressure increase. 

The mixture started to sinter a 1200°C, signaling the beginning of 

mullitization. Hot pressing 801 demonstrated that high temperatures 

must be maintained in order to achieve densities greater than 87.6% 

using the alkoxy mullite powder. 

Microstructures 

Grinding the 71.8 powder to -325 mesh before hot pressing removed 

most of the areas of inhomogeneity as seen for unground powder in 

Figs. 6a and 6b. Areas such as seen in Fig. 6c of pore concentration 

originate with the large porous particles in the starting powder which 

are not broken down in cold pressing or pressure sintering. The wavey 

extinction of large areas seen in thin sections of hot pressed specimens 

is probably related to partial alignment of grains stemming from some 

degree of ordering in the large particles of the original powder. 

The fracture surfaces of hot pressed mullite powders 71.8 and 80 

and 90 had a glassy appearance as illustrated in Fig. 6d since the 

grains could not be resolved any better than the background of Figs. 6a 

and 6b. Sections of hot pressed 71.8 observed in the transmission 

electron microscope had very fine granular uniform grains that were 

remarkably similar to those of Williams et al. The average size was 0.1~ 

determined using the method of Hilliard. 33 . Mazdiyasni 's grains in his 

vacuum hot pressing studies of the same powder were slightly larger. 

The acicular grain structure was not well developed in the hot pressed 

specimens as Mazdiyasni had observed for calcined alkoxy powders. The 

SOC hot pressing had larger equiaxed grains (0.2~). This material 
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contained alumina but its location was not identified. The selected 

area diffraction photos of all specimens corresponded to mullite in 

agreement with the X-ray analysis. Tilting the specimens did not 

reveal any areas that indicated the presence of an isotropic glassy 

phase. In no alkoxy hot pressing was glass observed. 

Sintered specimens or annealled hot pressings had well developed 

grains that could be observed optically or with the S:EM. The grain 

growth parameters of Ghate34 were used to compute the grain size of 

mullite expected after 30 hr at 1700°C, which was about 5~. The 

annealled SOC hot pressing developed 1.8~ (Fig. 9a) grains indicating 

that a different mechanism of grain growth occurs in alkoxy mullite as 

compared to co-recipitated mullite. In other areas the grains did not 

fully impinge on one another,perhaps traceable to the original large 

particles as before (Figs. 9b and 9c). Mbst of the grains are equiaxed 

as seen on the fracture surface, Fig. 9d, but a few needles were 

observed as in Fig. 9b. Some areas of greater grain growth were 

observed and may be attributed to the structure of the starting powder. 

Though heat treated identically and simultaneously, the 71.8 powder 

which was hot pressed and annealled (71.8CS) has strictly equiaxed 

grains whose boundaries were not well etched (see Fig. 10). The average 

grain size was 1.7~. Note that the grain sizes for the hot pressed and 

annealled powder are an order of magnitude greater than those powders which 

were only hot pressed, and the grain size did not vary greatly depending 

on alkoxy composition. The 71.8 powder that was sintered only 

(experiment 71.8S in Tables III and IV) is shown in Fig. 11. Figure lla 
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is an optical micrograph showing the porosity distribu.tion which was 

reminiscent of the initial size distribution. The following scanning 

electron micrographs (Figs llb and llc) illustrated the sintered grain 

structure which was single phase and acicular with a very grain size of 

0.8].1. This is smaller than hot pressed and annealled alkoxy powder, 

as might be anticipated. The pronounced acicularity of the sintered 

71.8 powder may result from the fact that the amorphous powder was 

rapidly raised to 1700°C such that r elative to the hot pressed and 

annealled specimen, few nuclei were present at the temperature at which 

grain growth took place. Therefore~ growth was less competitive, i.e., 

there was more freedom to grow with the customary elongated c-axis. The 

same argument cannot be used for the 80 powder, hot pressed and annealled 

that had developed large acicular grains. However, as may be noted 

from the relative intensities of alumina and nrullite in Table IV, 

alumina was exsolved during armealling from the hot pressed 80 powder. 

The crystallization of altmrina during anneallingmust have freed some 

silica since it was assumed that the alumina was in mullite crystals 

before annealling. This would account for the acicular grains, usually 

observed in melts, and the appearance of a second phase surrounding the 

grains in Fig. 9c. 

Both the 3: 2 and the 2:1 mechanical mixtures of alumina and 

silica were best identified using optical microscopy to differentiate 

the four phases present and labelled in Fig. 12: closed pores, mulli te 

needles in a glassy rna trix, and corundum. Their appearance was 

identical optically and in the SEM. 
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XI3B 755-4073 

Fig. 15. Unannealled hot pressed 67 wt% ahunina mixture seen 
in SEN. (top) 

Fig. 16. Quenched melt of 60 wt% alumirta mixture, viewed 
optically. 
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Figure 17a: Composition Versus Lattice Parameter a0 for Mullite 
Grown at Temperature 
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Figure 17b: Composition Versus Lattice Parameter ao for Mullite 
Grown frorn ~1e 1 ts 
(See Tables 4 and 5 for description of numbered specimens) 
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Figure 18a: Unit Cell Volume Versus Lattice Parameter c0 for ~1ullite 
Grown at Temperature 
(See Tables 4 and 5 for description of numbered specimens) 
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Figure 18b: Unit Cell Volume Versus Lattice Parameter c0 for Mullite 
Grown from t·1e 1 ts 
(See Tables 4 and 5 for description of numbered specimens) 
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Figure 19a: Unit Cell Volume Versus Lattice Parameter a0 for Mullite 
Grown from Melts 

(See Tables 4 and 5 for description of numbered specimens) 
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Figure 19b: Unit Cell Volume Versus Lattice Parameter a0 for Mullite 
Grown at Temperature 
(See Tables 4 and 5 for description of numbered specimens) 
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The fused cast mullite as hot pressed and irregular globular 

grains of about 4ll size suggesting little grain growth size. The 

thermally etched piece photographed in Fig. 13 shows the porous body 

with regions of very small grains between islands of larger grains. 

The annealled 67 wt% alumina hot pressed specimen had a needle-like 

grain structure that was surrounded by a glassy phase as shown in 

Figs. 14a and 14b. Unfortunately, some unreacted alumina was still 

present after annealling. Before annealling, the microstruc_ture was 

similar to that of sintered mixtures 3:2 and 2:1 where diffusion was 

incomplete (Fig. 15). The microstructure of 601 is shown in Fig. 16. 

It was indistinguishable from 60H optically. The typically long 

needles in a glassy matrix are shown, end-on. Note that the X-ray 

analysis showed no alumina in 60H though Al 203 had been anticipated 

since it was held for 3 hr between the peritectic and alumina liquidus. 

This illustrated that metastable structures persist in silicate systems 

even at elevated temperatures. 

The 90 powder did not have alumina present which would be expected 

if the chemical analysis is correct. Carbon was considered to 

contribute to the reactions of reactively sputtered A1 and Si in the 

w:Jrk of Williams et al., however, a conflict in chanica! analysis was 

probably the problem with the 90 powder. 

Lattice Parameters 

The lattice parameters gathered for this work and from the 

literature were plotted in Figs. 17, 18 and 19 in an effort to 

recognize specific trends across the mullite stable and metastable 

phase fields. Figure 17 has graphs of a 0 vs wt% alumina. The mulli te 
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grown at temperature (e.g., hot pressed) has been plotted in Fig. 17a, 

and that of mullite grown in a melt (designated by m following the data 

in Tables IV and V) was plotted in Fig. 17b for clarity. The data for 

stable mullite, Fig. 17a was condensed to the composition range 70.5 to 

74 wt% alumina by plotting all high silica compositions at 70.5 wt% 

alumina and all high alumina compositions at 74 wt% alumina. This is 

in accordance with the phase boundaries on the stable alumina silica 

phase diagram (Fig. 1). From Fig. 17 it was evident that stable 

mullite has lattice parameter a 0 increasing across the solid solution 

region of increasing alumina. A similar increase was noted for dis-

ordered mullite, that grown from melts, which was more steeply rising 

with increases in alumina content and more sensitive to heat treatment. 

The sketched lines indicate an ideal behavior of the lattice parameters 

estimated from the given data and the phase boundaries. The differences 

between ordered and disordered mullite are likely to arise from a 

difference in the occupancy of the octahedral and two tetrahedral sites 

available for aluminum ions. The persistence of metastable situations 

in silicate systems and the sensitivity of metastable mullite to heat 

treatment added to the scatter of the data as graphed. Figures 18 and 19 

attempted to correlate the unit cell volume and a single lattice 

parameter as had Agrell and Smith. The graph of a 0 vs V was inconclusive c 

but a trend towards a linear relationship of C 0 vs V was observed. The c 

ordered and disordered mullite had slopes that were slightly different 

for this combination of variables but no definite functional relationship 

was established. 



Table V. Literature survey of mullite lattice parameters. 

Reference Fabrication Technique Approximate Composition a• b" c• Yc 
-

1 lotlzdiyasni & Brown Vacuum hot pressed alkoxy powders 15oo•c 71.8 wt\ Al 2o3 7.530 7.681 2.876 166.3 

2 ' ' 1400"C 71.8 wt% A1 2o3 7.528 7.6R4 2.879 166.6 0 
3 Brindley & Nakahira Kaolinite decomposition 12oo•c 71 .8 wt\ A1203 may be high 7.547 7.698 2.885 167.6 

l l 
in silica c 

4 13oo•c 7l.8 wt\ A1 2o3 7. 544 7.698 2.883 167.4 

5 14oo•c 71.8 wt\ A1203 7.541 7.697 2.882 167.3 

6 ~tGee & Wirkus Gel 'teclmique B00°C/40 hr 62 .96 7.544 7.688 2.881 167.1 

7 

l I 
68.00 7.547 7.686 2.882 167.2 (.,. 

8 71.83 7.549 7.688 2.884 167.4 

9 74.84 7.548 7.6~8 2.884 "' 167.4 • :\. ,; 

10 77.27 7.550 7.687 2.883 167.3 

11 Neuhaus & Richartz Sinter 71 . 8 wt\ Al 2o3 7.539 7.653 2.876 165.9 

12 

1 
Melt,single crystal experiment 78 wt\ AI 2o3 7.563 7.665 2.879 166.9 ~· 13 l 65 wt\ AJ 2o3 7.545 7.653 2.876 166.1 M 

14 Maj1.811dar & Welch Melt & Q..aenched 78.09 wt\ Al p3 
7.:.90 7.6R2 2.R88 1(>8 .4 M . .. 

1 
~· 

15 Single crystals grown in melt & quenched 75 .4 7 wt\ At 2o3 7.575 7.685 2.885 1 (>8 .0 M 

16 Q..aenched mullite sintered 1300°C/2 wks 78.09 wt\ A1z03 7.586 7.681 2.8&6 168.2 M I 

CJ1 
17 Crofts & Marshall* Co-precipitated gels 1400°C/2 hrs 56.5 wt\ A1z03 7.56 7.69 2.88 167.4 -.....J 

1 1 
I 

18 57.7 wt\ A1203 7. 53 7.69 2.88 166.8 £~' 
19 60.9 wt\ A1 2o3 7.54 7.69 2.88 167.0 

20 lot.trthy & lblnel Mechanical mixture 1700°C/12 hrs -71.8 l<'t\ A1203 7.560 7.688 2.884 167.6 ~ 
21 Agrell & S.ith Natural mullitc diffuse -71.8 7.542 7.692 2.888 167.5 M 

22 Rooksby's -1750°C/2 hr 71.6 wt\ AI 2o3 7.556 7.687 2.884 167.5 

23 Elcctrocast brick -78 7. 579 7.692 2.888 168.4 M 

24 Rooksby'• s -from glass· tank block 11.6 wt\ AI 2o3 7.569 7.686 2.886 167.9 M 

25 Fe & Ti free mullite 71.8 wt\ Alz03 7.558 7.688 2. RR~ 167.6 ~· 26 Electro cast brick--diffuse -78.6 7.579 7.689 2.888 168.3 M 

27 Arc fusion forstcr mullitc-sharp -78.6 7.588 7.680 2.888 168 .3 N 

28 Reaction zone of glass tank furnace -78.6 7.560 7.701 2.891 168.3 M 
block- -diffuse 

29 Aramaki & Roy Arc fusion mull i tc 78 .6 wt\ AJ 2o3 7. 583 7.681 2.885 168.1 M 

30 Arc fusion mullite 1755°C 78.6 wt\ A1 2o3 7.581 7.686 2.886 168 .2 M 

31 Gel mix 1790"C/4 5 min 77.4 wt\ A1203 7.574 7. 686 2.885 168.0 

32 Gel mix 175S"C/125 min 77.4 wt\ A1 203 7.572 7.688 2.884 167.9 

33 C.cl mi.x ' l300°C/60 days 77.4 wt\ A!zD-5 7.548 7.688 2.884 167.3 

34 Gel mix 1755/125 min . 63 wt\ AI 2o3 7.555 7.688 2.884 167.5 

35 Gel mix 13oo•c/60 days 63 wt\ A1203 7.538 7.692 2.884 167.8 

not plotted 
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The X-ray crystallite size measured parallel and perpendicular though 

the c-axis was not a function of the observed microstructure. In most 

cases the c-axis crystallite length was at least slightly longer than 

perpendicular to the c-axis and in some experiments the difference was 

quite large. 
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IV. CONCLUSIONS 

Aluminosilicate alkoxy powders were found to be intimate mixtures 

with some internal structure that form mullite at temperatures greater 

than 1200°C. Hot pressing technqiues produced dense translucent mullite 

from amorphous alkoxy mullite powder. A temperature cycle of 1500°C/1/2 hr 

and 2930 kg/cm2 developed 0.1 to 0.2 ~ equiaxed mullite grains. Sintering 

at 1700°C/30 hr increased the grain size by an order of magnitude. The 

80 powder that was hot pressed and anneal led and the sintered 71.8 powder 

developed acicular grains that were attributed to free silceous phase 

and the nucleation of mullite from the ruoorphous powder. Course alkoxy 

powder granules are precursors to inhomogeneity and pores in the 

bodies. 

The stable and metastable solid solutions of mullite were distinguished 
I 

by graphing the lattice parameters a 0 vs wt% altmina. The pretreatments 

of the alkoxy powders when hot pressed and annealled changed the lattice 

parameters little compared to the scatter obseved for arc fusion samples. 

Both the metastable and stable mullite had lattice parameters that 

increased with rising alumina content. Also V vs c 0 or a 0 indicated a c 

general increase or positive slope. Additional studies are necessary to 

pinpoint the functional relations of X-ray parameters a 0 and C
0 with 

respect to Vc . . Further work on the persistence of metastability in 

silicate systems and the sensitivity mullite to heat treatments which 

charge the crystallization of mullite are certain to be of interest and 

practical importance. 
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APPENDIX 

What follows is a description of the rnullite peaks used for obtaining 

the orthorhombic lattice parameters of mullite. r.bte that the 760 peak 

at approximately 137.7° 28 should not be confused with an alumina peak 

at 136° 28. 

Sample Calculation 

28 c1A hkR. 

760 

840 

422 

137.71 0 .8258~ = dl 

130.50 o .8481~ = d2 
88.80 1.1009 = d - 3 

1 - 4 a 2 - 6080 (16(A) - 36(B)): a 0
= 7.56149 

1 4 0 

11 
= 

6080 
(49(B)- 64(A)): b = 7.68746 

~= 60: 0 (1520(C)- 380(B)):c
0

= 2.89409 

Error Estimation 

l/d2 (A)- 2 

1.46618 = A 

· 1.39009 '= B 

0.82510 = c 
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~ ~ 6080 [(0.6) 240(0.8)(0.0003)]/(20) 2(0.6) 2 ~ O.OOZA 8a 

Similarly, ~b ~ 0.003A ~C ~ 0.003A and for V = a·b·c ~V ~ 0.2 c c 



0 0 .. 

-63-

REFERENCES 

1. R. F. Davis and J. A. Pask, High Temperature Oxides (Academic 

Press, 1971), Chapter 3, pt. 4. 

2. R. A. Penty and D.P. H. Hasselman, Mat. Res. Bull. I, 1117 (1972). 

3. a. M. K. Murthy and F. A. Hummel, J. Am. Ceram. Soc. 43(5), 267 

(1960). 

b . J. E . Fens tennacher and F. A. Htmnnel , J. Am. Ceram. Soc . 44 ( 6) , 

284 (1961). 

4. N. L. BOwen and J. W. Greig, J. Am. Ceram. Soc. I, 238 (1924). 

5. S. 0. Agrell and J. V. Smith, J. Am. Ceram. Soc. 43(2), 69 (1960). 
I I 

6. R. Barta and Ch. Barta, Zhur. Priklad. ·Khim. 29(3), 341 (1956); 

Ceram. Abs. Feb. 1969, 69c. 

7. S. ~rovi~, J. Am. Ceram. Soc. 45(4), 157 (1962). 

8. I. Aksay and J. A. Pask, Science 183(1), 69 (1974). 

9. I. A. Aksay and J. A. Pask, Submitted to J. Am. Ceram. Soc. 

10. H. P. Rooksby and J . H. Partridge, J. Soc. Glass Tech. 23, 338T (1939). 

11. R. Sadanaga, M. Tokonami and Y. Takeuchi, Acta Cryst. 15, 65 (1962). 

12. A. J. Majumdar and J. H. Welch, Trans. Brit. Ceram. Soc. 62, 603 (1963). 

13. A. Neuhaus and W. Richartz, Ber. deut. Keram. Ges. 35(4), 108 (1958). 

14. J. Grofcsik, MUllite: Its Structure,Formation and Significance 

(Publishing House of the Hungarian Academy of Sciences, 1961). 

15. S. Aramaki and R. Roy, J. Am. Ceram. Soc. 45(5), 229 (1962). 

16. J. D. Crofts and W. W. Marshall, Trans. Brit. Ceram. Soc. 66, 

121 (1967). 

17. G. Tromel, K.-H. Obst, K. Konopicky, A. Bauer and I. Patzak, 

Ber. Deut. Keram.Ges. 35, 108 (1958). 



-64-

18. G. Gelsdorf, H. Mliller-Hesse and H.-E. - Schweite, Arch. Eisenh~ttenw. 

29(8), 513 (1958); Ceram. Abs., Sept. 1959, 236e. 

19. K. S. Mazdiyasni and L. M. Brown, J. Am. Ceram. Soc. 55(11), 549 

(1972). 

20. F. M. Wahl, R. E. Grim, R. B. Graf, Amer. Mineralogist 46(5), 1864 

(196 ). 

21. V. W. Lohre and H. Urban, Ber. Deut. Keram. Ges. 37, 249 (1960). 

22. R. M. Fulrath, Oontrolled Microstructure of Refractory Bodies in 

High Temperature Technology (Page Bros. Ltd., 1964). 

23. J. C. Williams. W. R. Sinclair and S. E. KOonce, J. Am. Ceram. Soc . 

46(4), 161 (1963). 

24. R. C. Bradt, R. E. Newnham, J. V. Biggers, Earth and Mineral Sciences 

l, 29 (1973). 

25. H. Adkins, J. Am. Chern. Soc. 44, 2175 (1922). 

26. B. E. Warren, X-Ray Diffraction (Addisen-Wesley Publishing Co., 1969). 

27. H. Klug and L. Alexander, X-Ray Diffraction Procedures (John Wiley 

and Sons, 1954). 

28. R. C. Rau, J. Cryst. Rev. l' 114 (1961). 

29. K. S. Mazkiyasni, private communication . 

30. G. W. Brindley and M. Nakahira, J. Am. Ceram. Soc. 42(7), 311 (1959). 

31. P. S. Nicholson and R. M. Fulrath, J. Am. Ceram. Soc. 53(5), 278 

(1970). 

32. P. S. Nicholson, J. Am. Ceram. Soc. 53(5), 237 (1970). 

33. J. Richardson, Optical Microscopy for the Materials Sciences 

(Marcel Dekker, Inc., 1971). 



0 J 

-65-

34. B. Ghate, Synthesis and Pressure-Sintering Kinetics of High-

Purity, Fine-Grain MUllite (Ph. D. Thesis), Lehligh University, 1972. 



> .1 
... 

..;- .. I 

.---------LEGAL NOTICE------------. 

This report was prepared as an account of work sponsored by the 
United States Government. Neither the United States nor the United 
States Energy Research and Development Administration, nor any of 
their employees, nor any of their contractors, subcontractors, or 
their employees, makes any warranty, express or implied, or assumes 
any legal liability or responsibility for the accuracy, completeness 
or usefulness of any information, apparatus, product or process 
disclosed, or represents that its use would not infringe privately 
owned rights. 



TECHNICAL INFORMATION DIVISION 

LAWRENCE BERKELEY LABORATORY 

UNIVERSITY OF CALIFORNIA 

BERKELEY, CALIFORNIA 94720 




