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MULLITE CRYSTALLIZATION FROM SlO A1203 MELTS

Subhash H. RiSbud and Joseph A. Pask

Materials and Molecular Research Division, Lawrence Berkeley Laboratory
and Department of Materials Science and Mineral Engineering,
. University of California, Berkeley, California 94720

ABSTRACT

3102 A1203 melts containing 42 and 60 wt% A1203 were homogenized

at 2090°C (ilO°C) and crystallized by various heat treatment schedules

in sealed molybdenum crucibles. Mullite containing *78 wtZ A1203 pre-

cipitated from the 60 wt% A1203 melts at ¥1325220°C which is the

.boundary of a previously calculated liquid miscibility gap. When the

homogenized melts were heat treated within the above gap; the Aléo3

in the mullite decreased with a correspondlng increase in the A12 3¢

tent of thevglass. A similar decrease of A1203 in mulllte was observed

on reheatiﬁg crystallized melts at 1725°:+10°C; the lowest Al content

2%
(*73.5 wt%) was in melts that were reheated for 110 hours. All melts
indicated that the composition of the precipitating mullite was sensi-

tive to the heat treatment of the melts.

Now an Assistant Professor in the Mechanical Engineéring Department,
Metallurgy Option, University of Nebraska, Lincoln, NE.
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I. INTRODUCTION
The $10, A1203 systei'n1 is the basis of a large nuﬁber of'industrial’, | o
materials in ceramic and glass technology. »Micfostrhcturesevolution-in
glass-ceramic materials often involves intermediate metasﬁable stages as
the melt approaches its sieble crystalline assemblage. Subliquidus

1mmlscib111ty in the 8102 -Al,0 system has been suggested by several

2 3
previous st"udies,z--4 but the relatlonship to melt crystallization is
not clear. In the present work, crystalliéa;ion studies were conductede‘
on selected melt compOSitions.at temperatures chesenlin relation to
the phase Boundery‘of a'previousiy caiculated miscibilitvy"gap.4 Aﬁaly-
ses of the two phase microstructures by electson'beam microprobe (EM)
made possible an estimete of the temperature atiwhich crystellizafion
commences on coollng a melt.
Ii. EXPERIMLNTAL PROCEDURE.
A. Materials Preparation
Mixéures‘eontaining 42 and 60 wtz A1203 were prepared‘from fused
-3111ce* and reactlve a—Al2 3 powders.** After heating in air at ~600°C
for ~12 h, the mixtures were loaded into molybdenum crucibles (=11 mm
diameter x 15 mm height) which were sealed eround the 1lid by electron
beam welding and helium leak checked. Seaiing was necessary to prevent
loss of silica by evaporation dering the high teméerature melting. .The'
sealed crucibles were heat treated in a tantalum resistance furnace

under a vacuum of 10-6 torr.

* . :
-325 mesh powder, Corning 7940, Corning Glass Works, NY; no measurable
cation impurities, but contains ~1000ppm of OH and ~100ppm of C .

%%

Alcoa XA-16, Aluminum Co. of America, Pittsburgh, PA; chemical analysis
(wt%): 0.08 Nay0, 0.05 $i0,, 0.03 Ca0, 0.05 MgO 0.01 Fey03, 0.0015 MnO
0.0002 Cr03, less than 0.001 B303.
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The témﬁerature of the furnace chamber was electronically
controlied through the use of a WSRe—W26Re'thermocouple (agcuracy *7°
at 1800°C).. In addition, the temperature of the sampies in the fufnace
was moﬁitoredvby optical pyrométers (x10°C accuracy at 2000°C) utilizing
black body conditions. The pyrometers were calibréted against a NBS
secondary standard pyrometer at the melting point of piaéinum (1772°C)
and A1203 (2054°C).5 All temperatures reported are based on the i968
6

International Practical Temperature Scale (IPTS-68).

All melts were homogenized at. a temperature of 2090°C (+10°C) for

~55 minuﬁes.prior to subsequent heat treatments. Two heating schedules

were used. In the first schedule, the homogenized melts were rapidly
cooled to a.piedetermined_subliquidus temperature, held at the under-
cooled temperature for a fixed time, and quenched‘to room temperature by
turning off the‘power and iﬁtroducing helium (ab0ut 1to 3 mins). In

the second schedule, homogenized melts were heat treated by cooling to

some subliquidus temperature and reheating at 1725°:10°C for various

times before quenching to room temperature. The crucibles were then cut
on a diamond saw, and the cross-sections were éblished for ceramographic -
examination and phasé composition analysis by EM.
B. Materiéls Characterization
The polished sémples were observed in reflected light by
interference—contraét micrography.+ In most cases a light etch in iO%
HF aqueous solution for ~30 sec at room tempeféture wés necessarybto ob-

serve the microstructure. Specimens for scanning electron microscopy.

Nomarski differential interference-éontraét»microscope, Zeiss Ultraphot
IT metallograph, Carl Zeiss, W. Germany.
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(SEM) consisted of f;aCture surfaces of the heat treated ﬁelﬁs etched in
dilute‘HFfv A thin film of gold was evaporated onto the sémpies prior to
examiﬁation. Séme polished sections were also examined in the SEM after -
etching iﬁ-lOZ HF‘for ~2 min.

Saméles for fhase identification by X-ray diffraétion were crushed

in a mortar with a'éestle to pass a -325 mesh sieve. Approximaﬁely 10wt
silicon was added as an internal standard.
| The: chemical compositibn of the phases present in‘the'microstructures
was determined with an electron beam microprobe.++ Standards of Al1,0

273
and SiO2 were used. Mo contamination from the crucible was found to.be
negligible. TheAAlKa and SiKa intensities were simultaneously recorded
on tﬁo spectrometers. Intensity counts in 1 Um steps startiﬁg'with one
phase and transversing acfoés the various'phases in the‘microstructure
were .monitored by logic circuit éounters and simultaneously punched on
IBM cards for data correction. Co;rections for déad.time, drift, back-
~ ground, absorptions and fluorescence were made through é éomputer pfdgram
adapted from Frazier et-al§7 for use with the CDC-7600 computer. system
of this laborétory.

Iii. RESULTS AND DISCUSSION
The.42 and 60 wtZ% Alzdj compositions‘were selected for the
crystallization study because the former lies near the center ana the
latter at the A1203—rich phase boundary of the calculated miscibility
gap under the mullite liquidus (Fig. 1).4

‘TTMaterials Analysis Co., Model 400, Palo Alto, CA.



1. Compositions with 60 wt% Al
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Microstructures obtained after homogenized melts were held for 1-1/2
hours aﬁ undercooling temperatures of 1862, 1725, 1500 and 6OQ°C and
quenched were similar.. The.ones fof the specimens held at 1862 and 600°C,
shown in Figs. 2a and 24, aré typicélg,the upper part of the latter figures
shows an énd;oh orientation of the elongated.mulli;e cfys;als. Iﬁ all
cases mullite.needles (~200 to 250 uym long) are sufrounded»by a siiiceous
- glass matrix, an& X-ray diffraction indicate& mullite as thé only crystal- v
line phase. An analysis of the mullite needles and the glass matrix by
éoint beam EM showed an A1203 content of ~78 wtZ% in the'mﬁllite and ~18.5
wt%Z in the glass (Iable 1). |

Figure 2b shows a typical microstructure for melts held for 1-1/2
hours at undercooling temperatures of 1325, 1220, and 1025°C ahd quenched.
No significént micfostructural changes were obsérved on comparison_witﬁ
tﬁe above group although the mullife crystalsbﬁere slightly finer. The
chemical compositibn.of the crystals, however, &as =76 wtz A1203 and
the glass composition was =20.5 wt% A1203. Similar heat tfeatments at
undefcooling temperatures of 925 and 730°C indicated the mullite cqmpd—
sition to be %74.5 and 75 wt% Al-203 and the glass, %21 wt%# the micro—‘
structure of the formgr is shown in Fig. 2c.. |

The specimen undercooled to 600°C was similar to an as—quenched
specimen since it was equivalent to quenching because this temperature -
' 14.6

lies below the estimated glass transformation temperature (n = 10

poise) for the 60 wt¥% Al composition (Fig. 1). All of the above data

2%
suggest that the liquid is supercooled without any crystallization down

. to 1500°C and that crystallization is initiated at some temperature
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between 1500 and 1325°C. This interpretatloh is supported by the fact
that a spec1men supercooled to 1500 C for 15 mins, reheated at 1725° -
for 1-1/2 hours, and quenched was similar to the spec1mens supercoo;ed |
to 1862, 1725°C, and 1500°C and quenched, (Fig. 2a). Thus, nh nucleapion
or crystallization ohcurred as long as ﬁhe temperature of the initial
melt was kept above the boundary of the miscibility gap aftef homof
~ genizing above the liquidus temperature. This tempér#turevclosély cor-
responds to the calculated miscibility gap boundéry value ofv~l3lO;C at
60 wez A1,0,." |

Also, the homposition'of mullite obtained by holding the homogenized
melt at 925°C, Wifhin the miscibility gap, prior to quenching dependedvdn
thé time of holdihg. As shqwn in Table 1, after é holding time of 15
minutes, mhilite had a comphsition of ~77.6 wt% AIZO3 comp031t10n. When
the undercooled melt was held for longer times, the mullite COmposition
decreased and reached a value of ~73.2 wt% A1203 after 24 hours This

data suggest that the initially formed mullite on cooling into the

immiscibility region has ~78.5 wt% Al 03, and that the viscosity of the

2

liquid is sufficiently low at 950°C to allow the Occurrence of exsolution

of A1203 The A1203 rejected by the mullite crystals during this reaction
énriches the neighboring glass as indiCated in the table. |

On the other hand 'undercooling'to 925°C in the spinodal region
for 15 minutes followed by heating at 1725°C for 1-1/2 hours resulted in - -~
a change in morphology and composition. A flner crystal size is ev1dent
in Fig. 3 in comparison with Fig. 2a. It also shows lower A1203 contents

in the mullite, *75 wtZ, and in the glass, =216 wt%, in comparison with

only undercooling to 1725°C. 1In accordance with previously described



observations it is expected that, on cooling, mullite with high Alzos
(»78.5 wtZ) precipitatedAand began to exsolve A1203 with all subsequent
heating séhedules.

| In order to evaluate the rate at which the precipitated mullite
changed iﬁ composition and the changes in morphology,-melts quenched to
roémvtempératﬁre were heated at 1725°C for 1-1/2, 5-1/2 énd 70 hours.

273

‘decreased from ~78.4 to=74.5 wt% and that of the glass increased from

The data shown in Table 2 indicates that the Al.0. content of the mullite

~18.5t0%23.5 wtZ. The original rod-like mullite crystals (¥20 x 250
um) in the as-quenched specimens (Figs. 2 and 3) recrystailized and then
- grew in cross-section size as seen in Fig. 4. The rod-like stfucture
was still retained as shown by.an SEM photograph of a fractured surface
of the specimen held at 1725°C for 1-1/2 hours (Fig. 4d).

A change in liquid structure with increasea'holding time at a
temperature abbve the miscibility gép, which suﬁéequently affecté the
mullite composition, is suggested by the following experiments. A
ho@ogenized melt undercooled to 1725°C for‘l-l/Z hours, quenched to room
temperature, reheated to 1725°C for 1-1/2 hours, and quenched showed
=75.5 wtZ A1203 in fhe mullite and 16 wt% in ;hé glass. This mullite
value compares With.278.4 wtZ in the specimen undercooled to 17256C
and quenched, and with ~76.5 wtZ on quenching and then reheating to
1725°C. A comparison of specimens'GO—lSR and 60—17 also indicatés
this phenomenon.

2., Compositions with 42 wt% Al O

273~
Compositions with 42 wtZ Al

203 were also homogenized at 2090°C,

quenched to room temperature and then heated to 1725°C for 1-1/2, 5-1/2,
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18 and 110 hours. Figure 5 shows SEM photomiérographs of a‘quencﬁed‘
specimen after light HF etching and specimens'heated‘for l;l/Z-andh5—l/2
hours. The crystals in the quenqhed specimen wefe ~0.02 uﬁ thick;-
showed a ﬁullite X-ray diffraétion pattern, but Qere too small for point
EM analysis;b Thé interconnectivity apparent in the as-quénched specimen
(42-Q) as seen in Fig. 5a mdy be attributed to structure evolution by
the spinodal-ﬁéchanism of liquid immiscibility although this is not a
necessary conélusioﬁ. On reheating, recrystallization and éo;rséning pf

the crystalé occurred with time while the A120 content in the mullite

3
remained ét 73.5 wtZ and in the glass at ~16 wt%. An optical photomicro-
graph of the 1-1/2 hour specimen (Fig. 5d) shows‘an 6vera11 structure._
The randomness of the mullite needles in comparison with the‘6b wtZ
A1203 specimens (Fig. 4) is due to the smaller amount of mullite. A
close examinétionvof the 5-1/2 hoﬁr specimen in Figs. 5b to 5d iﬁdicates
a skeletal grdwth'process. |

The two.additional experiments.in Table 3 based on preliminarf'
undercooling tréatments prior to holding at 1725°C for l—l/Z.hours and
quenchihg indicated, just as in the case of the 60 wtY Alzb cpmposition,
the sensitivity of the mullite composition to the history of the heat
treatment of the melt. Iﬁié behavior also suggests that the liquid
strucﬁure must be éénsitivelto the homogenizing‘and undercooling treat-

ment imposed on the melt.

3. Relationship Between Crystallization and Liquid Immiscibility

Since experiments with 60 wt% A1203 melt indicate that mullite

crystallization commences at a temperature between about 1325°C and -

1550°C and since the phase boundary of the calculated metastable liquid



immiscibility4 (Fig. 1)‘is at about 1310°, a correlative analysis is
suggested.

In generél, a metastable glass phase forms because fhe-more steble
cryscalline phase is kinetically unfavorable. Also, if the system
exhibits metasteble liquid iﬁmiscibility, the.metastable glass phase will .
separate.into two glasses unless the more thermodynamicaliy stable
crystallizatioc intervenes. However, a possibility exists that the pre-
cipitation of thevcrystailine phase is forbidden energetically until
after the precursor metastable immiscibility reaction is cemplete, es
euggested by Cahn.8 Let'us consider the free energy of mixing versus
compositicn curves for the metastable liquid L and Solid MM.at a temp-
-erature correspon&ing to about 1300°C, as shown schematically in Fig. 6
since thermodyhaﬁic data are not available; schematics of the stable
solids S; MS and A are also included. 1If metésceble mullite of 78 wt%
A1203 were to precipicate from_the homogeneous @ecastable liquid of
60 wt¥ A1203,'i.e. before separation occurs, the equilibrium free energy
of the liquid wouid berrepresented by GL; if the free energy of the solid
‘is actually G,, , however, there is an overall increase of.free energy -of

S

GL—GM » which prevents its crystallization. On the other hand, after the
s _ ' : .
liquid immiscibility step is complete, the free energy of the phase

separated liquids would correspond to G, . Transformation to the solid

‘ Sp
phase would now involve a decrease in free energy from SSp to GM . The.
: s
actual composition of the solid precipitating from the high A1203>liquid

and its change in composition with time depends'on the shape, change in

shape, and the relative position of the free energy curves. The absence

of the stable Mé and S phases indicates that their precipitation'is
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‘kineticaliy unfavoréﬁle.

In’contfast to the view of liquid immiscibility as a precursor to
‘crysfallization,vit ié also possible to consider the direct Erystalliza—
tion of a melt in terms of fluctuation theories.9 According to these
theories the melt, although macros§0pically homogenéous, cohfains_regibns
of fluctuationalﬁéterogeneitiesvarying in size from 200 to 5000A. These
heterogenedué cbmpositional and‘structural‘fluctuations do'not'have sharp
interfaées but resemble the "future" precipitating phase (stéble or
metastable). | |

It becoﬁes difficult to‘identify the actual process especially if
the high AlZO' | .

3

a fluctuation mechanism is also used to explain the occurrence of liquid

liquid phase readily crystallizes to a mullite, since

immiscibility. The separation aﬁd crystallization occur rapidly (1 to
3Vmindtes) as observed experiméntally in this study because no long
range atomic‘diffusion is involved.

| The closg.association of thése experimental data én thé 60‘§t% A1203'
melts with the position of fhe calculated miscibility gaﬁ4 suppbrts
the occurrence pf liquid immiscibility as a precursor to metastable
mullite crystallization from melts. MécDowell and Beall3 were able to
" quench melts more rapidly and observed liquid immiscibilityvin glasses
in this rangé of composifions prior to mullite crystallization, which
also supports this concept. |

R IV. SUMMARY AND CONCLUSIONS
The quenching or cooling time of =1 to 3 mins to room ;emperéturé.'

was slow enough for metastable mullite to crystallize from the ﬁelts.in

all of the experiments. The composition of the mullite, however, was



. metastable phase equilibrium diagram for SiO
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dependent on the composition of the melts and the heat treatment imposed
on them.

Melts with 60 wt¥ A1203 were undercooled to 1325°C before

precipitation of metastable mullite occurred. Experimentally, it.appears

that the initial mullite composition has =78 wt% A1203. With continued

heating at temperatures below 1325°C or subsequent heating at 1725°C,

exsolution of A1203 occurs; the lowest A1203 content obtained was =73.2

wt%. This value is close to the mullite solidus composition for the

2—2:1'type or metastable

mullite propésed by Aksay and Pask1 (Fig. 1); In contrast,'Stable 3:2
type mullite grown slowly at these temperatures by solid state reaction

in a semi—ihfinite diffusion couple contains 70.5 wt% A1203 in equilibrium
with excess liquid.l '

The number of melts with 42 wt Alz'o3

genéral conclusions. The highest A1203 content in pfecipitated mullite

were insufficient to present

was ~75 wt7 and dropped to =73.5 wtZ by exsolution of A1203 on heating
at 1725°C which compares favorably with the value for the 60 wt% A1203
nelts.

Melts of both compositions were quenched té room temperature after
homogenization and then heated with incfeasing time at 1725°C. The
quenched microst?ucture of thé 42 wt% A1203 compqsition shows inter—
connectivity and suggests a precursor spinodal séparatidn; the 60 wtZ
'A1203 specimens show large mullite crystals. On reheating to i725°C,
recrystallization and growth qf crystals occurs,.and the A1203 content

decreases and approaches a compbsition of =73.5 wt%. This exsolution

occurs more slowly for the higher A1203 content melt probably because
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of the 1a;ger'amoun£ 6f mullite phase. It is diffucultlto obtain .
accurate mﬁllite growth'rates because of their irregulaf shapes although
an approximate analyéis of the growth rates from'both melts indicated
linear relationships between thickness and square root of time consistent
with a diffusibn process. |
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Table I. Phase Compositions in Undercooled 60 wt7Z Al 0, Melts.

273

60-6

Sample ‘ 'Composition
# Undercooling, °C »Mullite, wt A1203 Glass, wt A1203
60-Q Quench 78.4 18.5
60-18 1862(1-1/2 hrs) 77.8 18.5
60-17 1725(1 1/2 hrs) 78.4 17.8
60-15 1500(1 1/2 hrs) 78.0 18.0
60-13 1325(1 1/2 hrs) 76.1 20.7
60-12 1220(1 1/2 hrs) 76.0 19.5
60-10 1ozs(i 1/2 hrs) 75.9 20.0
60-9 925(15 mins) 77.6 18.0
60-9 925(1 1/2 hrs) 4.5 20.8
60-9 925(5 1/2 hrs) ?3,7 22.5
 60-9 925(24 hrs) 73.2 23.0
607 730(1 1/2 hrs) 74.9 20.9
600(1 1/2 hrs) 78.8 17.9 -

* ' .
All melts homogenized at 2090°C for ~55 mins, and quenched after
undercooling treatment. '
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Table II. Phase Compositions in Undercooled and Reheated 60 wtZ A1203 Mel
Composition
N o §

Saﬁple Undexsgoling, ..Time.at 1725+10°C Mullite, ~Glass,

wt7 A1203 th A1203
60-925 925(15 mins) 11/2 hrs 76.0 16.0
60-17RR 1725(1 1/2 hrs) 11/2 hrs 75.5 16.0

+ Room Temp.

60-15R 1500(15 mins) 11/2 hrs 77.9 19.0
60QR Room Temp. none 78.4 18.5
60QR-1 Room Temp. 1 1/2 hrs 76.5 18.9
60QR-5 Room Temp. 5 1/2 hrs 76.0 19.8
60QR-7 Room Temp., 70 hrs 74.5 23.5

— — — ~— —— — —"
All melts homogenized at 2090°C for ~55 mins, and quenched after 1725310°C treatment.

_—714
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Table III. Phase Compositions in Undercooled and Reheated 42 wt% A1203

. | Composition

. . + o : : :
Samzle Undercogllng Time at l72§_lO c Mullite, Glass,
wtZ A1203 wt? A1203

42-15R 1500(15 min) 1 1/2 hrs 75.0 16.9
42-17RR 1725(1 1/2 hrs) 11/2 hrs 74.5 19.6

+ Room Temp. »
42QR~1 Room Temp. 11/2 hrs 73.5 16.0
42QR-5 Room Temp. 5 1/2 hrs. 73.2 15.6
'42QR-18 Room Temp. 18 hrs 73.8 16.2
42QR-110 Room Temp. 110 hrs 73.5 16.4

ox : .
All melts homogenized at 2090°C for

~55 mins, and quenched after 1725:10°C treatment.
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FIGURES
1. bCalculated liquid miscibility gap with spinodal (corresponding to
heat of fusion of mullite ~27,000 cais/mole)4 superimposed on the
stable phasevdiagram.l
2, Microstructures of:60 wtZ A1203'me1ts‘homogenized at 2090°C and
prior to quenching undercooled to (a)-1862°C, (b)-1220°C, (c)-925°C,
and (d)-600°C. | | |
3. Microstructure of 60 wt%Z Al,O, melt homogenized at 2090°C, undercooled

273
to 925°C for 15 mins, heated at 1725°C for 1-1/2 hrs, and quenched.

273
to room temperature, and reheated. at 1725°C’fdr'(a)—1-1/2 hrs,

4. bMicrostructure of 60 wt%Z Al, 0, melt homogenized at 2090°C, quenched

(b)-5-1/2 hrs,vand (c)-70 hrs folléwed by.quenching. (d) shows SEM
fractography of épecimen ®). | |

5. SEM microstructures of 42 wt A1203 melt homogenized at 2090°C,
quenched to room temperature: (a) afterAetching in 10% HF solution
for ~2 mins, (E) after reheating at 1725;C for 1-1/2 hrs, and (@)
after reheating for 5-1/2 hrs. (d) shows another part of specimen
(b) by reflected optical microscopy. |

6. 'Séhematic of free energy vs. composition.diagfam at ~1300°C

illustrating conditions under which a liquid immiscibility reaction

acts as a precursor to the precipitation of metastable mullite.
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