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CORRELATION OF MICROSTRUCTURE OF SINTERED MULLITE BODIES
WITH THEIR STRESS-STRAIN BEHAVIOR IN COMPRESSION LOADING AT 1200°C

Michael David Sacks
Materials and Molecular Research Division, Lawrence Berkeley Laboratory,
and Department of Materials Science and Mineral Engineering,
University of California, Berkeley, California 94720
ABSTRACT

Sintered alumino-silicate bodies, containing mullite as a
principle phase, were tested in compression loading at 1200°C. The ob-
served mechanical behavior was corvelated with the microstructure.

Part A is a study of seven commercial refractories. "As received"
samples and specimens subjected to treatment by (1) heat, (2) aqueous
hydrofluoric acid solution, and (3) heat and aqueous hydrofluoric acid
solution were tested in compression at 1200°C. Room temperature modulus
of rupture tests were also run on "as received" and heat treated samples.
Heat treatment improved high temperature strength due to (1) the development
of a more homogeneous macro- and micro-structure and/or (2) the growth
of mullite crystals occurring in the glass phase. Treatment by aqueous
bydrofluoric acid solution reduced the strength by leaching out glass
phase (increasing porosity) and by variable attack on the refractory
framework. Room temperature modulus of rupture appeared to be dependent
on the surface defect structure rather than the nature, amount, and
distribution of the various phases.

In Part B, mullite bodies were prepared utilizing kaolin, o~alumi-
na, and Q-quartz as raw matarials° The effects of several processing
variables upon high temperature mechanical behavior and sintered micro-

structure were studied. Chemical composition, green density, grinding
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time and media, and firing time, temperature, and atmosphere were all
found to be important parameters.

The presence of second phase (siliceous élass and/or corundum)
appeared to be the most critical factor in determining high temperature
mechanical strength. Siliceous glass phase was extremely detrimental
to high temperature strength of mullite bodies because the soft, de-
formable glass flowed viscously at the test temperature. Ultimate engi-
neering stresses over 100,000 psi, at 1200°C in compression loading,
were obtained in samples that had only small amounts of glass phase.

Second phase also affected mechanical properties by altering the
sintering behavior and, therefore, altering microstructural features
such as grain size, grain movrphology, total porosity, and pore size.
The influence of second phase on microstructure and strength was, in
turn, strongly dependent upon firing atmosphere. Both grain growth in
the presence of liquid phase and boding between alumina particles and
the mullite matrix were significantly affected by different firing at-

mospheres (air and 1036 torr vacuum).
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I. PART A. INTRODUCTION
The development of coal gasification processes will require large

,quantities of refractory materials that must be able to withstand severe

erosive and corrosive conditions. Although not as stable under these

conditions as desired, alumino-gilicate refractories are an attractive

candidate because of the abundance of necéssary raw materials., In

order to improve properties, such as erosion aﬁd corrosion resistance

at high temperatures and/or pressures, fundgmental studies of micro~

struc@ure development in alumino-silicate materials are needed. fhe

objective of such studies would be to determine the factors that control

the development of stable and metastable phase compositions and the dis-

tribution of such phases.

In Part A of this thesis, seven commercial alumino-silicate
refractories, ranging in overall silica content from 11 wt? to 51 wt¥
and containing mullite as a principal phase, were studied. These
multiphase materials provided a wide range of microstructures which
yielded background information on important features relative to strength
and corrosive attack., In addition to information that may have direct
practical importance, a study of commercial refractories may be helpful
as a guide for microstructural design studies. Since erosion resistance
is dependent upon the strength and toughness of the material, one objec-
tive of this study was to determine the high temperature stress-strain
behavior in compression loading. Characterizations by X-rvay diffraction
and fluorescence analyses, density and porosity determinations, and

optical microscopy were used to explain observed mechanical behavior.



In coal gasification processes, resistance to chemical attack by HZ is

L, have

critical in the develooment of corrosion resigtance. Studies
indicated that refractories containing a significant amount of glassy
siliceous phase were excessively attacked. In order to study corrosive
attack on the seven refractories, they were exposed to an aqueous HF
solution and, subsequently, mechanically tested. Other studiesB§4°5

have shown improved mechanical strength for selected fireclay and high-
alumina refractories by increasing firing temperatures. Therefore,
stress—strain behavior was also determined for Yas received" refractories

which were (1) refired to 1700°C aﬁd (2) refired to 1700°C and acid

treated in an aqueous HF solution.



I1. EXPERIMENTAL

A. Heat and Acid Treatment

The original firing temperatures of the seven refractories varied,
;but all were in the range of 1400°C to 1600°C (see Table 1). Samples
df each refractory were refired to 1700°C in a gas fired kiln*° The
heating cycle was such that the average heating rate was ~6°/min to
1400°C, ~1°/min from 14005C to 1600°C, and meég/min from 1600°C to 1700°C.
Upon reaching 1700°C, the gas/air flow was turned off and the samples
were furnace cooled.

Acid treatment consisted of immersion of the samples into a
hydrofluoric aéid** solution which was magnetically stirred so that
solution products would be removed from the immediate vicinity of the
surface of the specimen. Unless noted otherwise, the acid treatment
was at room temperature for 24 hours in a 157 HF solution. Several
specimens were tesgted at room temperature for 24 hours in a 487 HF
solution. Specimens which were to be mechanically tested were cut and
polished to desired dimensions before the acid treatment.

B. X-ray Diffraction

X-ray diffractionva was performed on the untreated and heat treated
samples. Specimens were prepared by crushing, with an alumina mortar
and pestle, to a size fine enough to pass through a 325 mesh sieve.

Scanning conditions were 40 KV, 20 mA, 1°/min, 1°/4°/1° entrance to

%
’Remmey No. 2320, Richard C. Remmey Son Co. Philadelpkia, PA.

%%
Mallinckrodt Analytical Reagent, Mallinckrodt Chemical Works, St.
Louils, MO.

tNorelco Diffractometer, Philips Electronie Instruments, NY.



by

exit collimation, time constant 3.0 and range of 1000 cps. High
intensity copper K& ¥~rays were used. Mullite, corundum, and c-cristo-
;balite were the only phases detected. No quantitative measurements of
peak intensities were made. The descriptive assessment of intensities
{Table 2) were based on visual comparison of the heights for the strong-
est peak for each phase.

C. Density and Porosity Determinations

Bulk density, apparent density; and open porosity were determined
by the displacement method utilizing vacuum treatment and distilled
water as the soaking liquid. At least two determinations were made for
each specimen. The results for untreated, heat treated, and acid
treated (15% HT and 487 HF) specimens are given in Table 3.

D. Optical Microscopy

Ceramographic polishing procedures consisted of grinding on 220,
30, 15 and 6 micron metal bonded diamond wheels. This was followed by
vibratory polishing* using slurries of 6, 1, and 1/4 micron diamond
particles. The polished samples were observed in reflected light by
interference~contrast microscopyev

E. Mechanical Testing

Specimens for high temperature mechanical testing were of parallel-
piped shape with a length to width ratio of 2:1 and dimensions of
approximately .3" x .3" x .6". The specimen sides were polished on 220,

30, 15, and 6 micron metal bonded diamond wheels. The ends were

*
FMC Corp., Syntyron Div., Homer City, PA.

°}*I\I()mursky Differential Interference-Constant Microscopy, Zeiss Ultraphot
II, Metallograph, Carl Zeiss, W. Germany.
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polished with a series of emery papers using a jig designed to keep them
flat, parallel, and perpendicular to the loading axis. All stress-strain
data was obtained in compression using an Instrcn** testing machine with
‘a constant strain rate (based on the original sample height) of ~1.4 x
lO”S/sece Specimens were heated in a furnace with MoSiZ elements to
1200°C, followed by a stabilization period of ~40 minutes. The specimen
temperature was taken with the thermocouple touching the Lucalox button
upon which the specimen stood. A schematic diagram of the specimen
arrangement in the furnace is given in Fig. 1. Reported stresses are
base& on the original cross-sectional area. As~received, heat treated,
heat and acid treated, and acid but non-heat treated specimens were
tested. The stress-strain curves are shown in Figs. 2-8.

Room temperature modulus of rupture (3 point bending) tests were
also made on non-heat treated and heat treated samples. Specimens were
tested with "as cut" (diamond saw blade) surfaces and dimensions were

approximately 4" x .5” x .5". The crosshead speed was .05"/min. The

results are tabulated in Table 4.

&N
Instron Engineering Corp., Quincy, MA.
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III. RESULTS AND DISCUSSION

A, High Temperature Stress—Strain Behavior

1. Comparison of -As-Received and Heat Treated Samples

Except in the case of #3, the ultimate engineering stress (UES)
either increases (#'s 2, 4, 5, 6, 7) or remains virtually the same (#1)
after heat treatment (Table 5). Specimens 4 and 5 illustrate several
reasons for this increased strength. From the top micrographs of Figs.
9 and 10, it can bé seen that the heat treated samples are more homo-
geneous on a macroscoplc scale. High tempeiature refiring has led to
further elimination of interfaces between clay binder (which develops
a mullite/glass microstructure upon clay decomposition) and grog grains
(which already have a well-developed mullite/glass microstructure).
Continuity is facilitated by the fact that the grog and binder have simi-
lar compositions since both have clay bases. By comparing the bottom
photos in Figs. 9 and 10, it can be seen that the effect of heat treat-
ment on a microscopic level has been growth of mullite crystals. The
large, acicular mullite crystals are non-deformable compared to the
glassy phase which, at the test temperature of 1200°C, will deform under
load relatively easily and flow viscously. The mullite needles will
interact during compression deformation, thus increasing the stress re-
guired to deform the overall specimen. An increased stress for defor-
mation would also result if the mullite needles would gond to each othey
forming a rigid framework.

Despite the microstructure similarities between #'s 4 and 5, they
have widely different strength values. A larger amount of glass phase

in #4 1s indicated by the shape of the stress-strain curves (Fig. 5)
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which 3uggest viscous flow behavior after ~27 engineering strain. An
examination of Figs. 9B and 10B (bottom microg;aphs) also indicates

that #4 does have more glass phase, or less mullite, than #5. Tle higher
;alkali content (1.92 wt%Z vs. 1.1 wt%Z - Table 1) for #4 may be responsible

6-9

for some of these effects. It has been shown that additions of Na,0

2
promote increased glass content and lower open porosities in alumino-
silicate bodies. In addition, higher temperature firings often promote

these effec:‘cs.,()m9 Finally, the additional Na,0 in #4 may also contribute

2
to its decreased strength by reducing the viscosity of the glass phase.
Improved strength upon heat treating specimens #'s 2, 6 and 7 can
also be explained by increased binder/grog reaction and/or the growth‘
of mullite crystals. The top micrographs in Figs. 11 and 12 show the
former effect for specimens #6 and #7. However, continuity is achieved
to a lesser degree than for #4 and #5 (Figs. 9 and 10) since grog
grain and binder were not as close in composition (Table 1). Higher
magnification (bottom) photos in Fig. 11 illustrate the non-uniform
microstructure of specimen #6 persists even after heat treatment. The
poor strength of #2 is explained by the inhomogeneous structure 1llus-
trated in Fig. 134 (top). Four principal condensed phases = o~alumina,
mullite, a-cristobalite, glass - are present. The use of two types of
grain and the low firing temperature (1400°C) are responsible for the
as-recelved structure. Despite heat treatment, large "bauxite" (alumina)
particles, surrounded by mullite/glass areas, persist as seen in Fig. 13
(bottom photos). .

Upon heat treatment, #1 shows negligible changes in density, open

porosity, x-ray diffraction pattern, and microstructure (Fig. 14).
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Consequently, the strength remains virtually the same. The low strehgth
values vesult from the large amount of porosity as shown in Fig. 14.
Contact between particles are also weakened by the presence of pockets of
glass and alumina.

Number 3 is the only specimen in which the heat treated sample
had a significantly lower strength than the non-~heat tre;ted sample.
The x~ray, density, and porosity determinations show almost no differen-
ces between the two samples. Figure 15 (bottom micrographs), however,
indicates an increase, upon heat treatmentglin the size of the pores in
the critical matrix area between alumina particles. This increased
defect size could weaken the refractory's framework and decrease its
load~bearing capability.

2. Comparisca of Acid Treated and Non-Acid Treated Samples

Acid treated specimens were always significantly weaker than their
non~acid treated counterparts. The key reaction due to the treatment
that was anticipated was

SiOz(s) + HF(aq) = SiFé(g)1 + HZO(aq)
The corresponding loss of silica is indicated in Figs. 16 and 17. The
figures show that the weight loss of the samples due to acid treatment
is related to their initial silica content. (It should be noted that
#2 untreated, the only point deviating significantly in these plots,
had such a weak strueture that large particlés became detached from the
framework during acid treatment resulting in the high weight loss value.
Number 2 untreated was the only sample which lost its integrity upon 157%
HUT acid treatment to a degree where the density determination and

mechanical test could not be performed. All other samples changed linear
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dimensions by .0015" - .5% - or less).

In Figs. 18 and 19, it is shown that, before acid treatment, there
.18 no meaningful relationship between % open porosity and initial wtZ
SiO2 content. After acid treatment, there is g direct relationship.
Figures 20 and 21 show that there is a general downward trend in bulk
density with increasing weight percentage Si02 content. This is expected

since 81i0,, as glass or cristobalite, has a lower density than mullite

23
or corundum. After acid treatment, though, this trend has been greatly
accelerated. Table 3 also illustrates the expected increase in aéparent
density upon acid treatment and resultant silica loss. The percentage

decrease in bulk density between acid and non-~acid treated specimens is

also shown to be directly related to initial SiO, content in Fig. 22,

2

The value used in each plot for the initial wt7Z SiO2 content is that
determined by x-ray fluorescent analysis* (Table 1). Figure 23 shows the
leaching out of glass updn acid treatment and penetration which leaves

a mullite framework. The weight loss, open porosity, bulk density, and

% decrease in bulk density are directly related to this process. Loss

in strength after acid treatment, however, is not directly related to
initial silica content as shown by comparison of Tables 1 and 5. Speci-~
men #3 heat treated, with 11% silica, lost only 5 wt% after acid treat-

ment, and its ultimate engineering stress (UES) after acid treatment was

537% of the heat treated specimen. Specimen {4 heat treated, with 51%

8

*
Performed by Kaiser Center for Technology, Plcasanton, CA.
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silica, lost 28 wt% after acid treatment and the UES aftef acid
treatment was 65% of the heat treated specimen. The results Indicate
that the importance of acld corresion in regards to strength is not
simply related to the leaching of the glass phase and its consequence
of reducing the load-bearing area; there appears to be some variable

attack on the refractory framework as well.

3. Comparison of Heat/Acid and Acid Treated Samplgs

As shown in Table 5, the ratio of UES values for the acid to non-
acid treated samples is generally greater f&r the heat treated specimens
than for the non-heat treated specimens. As expected, the weight loss
(Figs. 16 and 17), open porosity (Figs. 18 and 19), and percentage de-
crease in bulk density (Fig. 22) data show that the heat treated samples
are less subject to acid attack.

A number of factors can contribute to this increased resistance.
Heat treatment causes the growth and crystallization of mullite crystals.
The rate of solution of mullite in HF has been shown to decrease with
increasing size of crystalsloe Heat treated specimens alsco have less
open porosity so that less surface area is exposed to the acid attack.
Finally, the more homogeneous heat treated specimens would be expected
to be less subject to attack at the critical grog/binder interfaces.

B. Room Temperature Modulus of Rupture

Figures 24 and 25 show plots of room temperature modulus of rupture
versus % opén porosity for non-heat treated and heat treated samples,
respectively. This correlation is the only one that showed a reasonable
monotonic trend with the modulus of rupture. The results indicate that

the strength at low temperatures of these large grain, multiphase

a
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materials with complex microstructures appears to be more dependent on
the surface defect structure rather than on thg properties of the parti-
cular phases. The correlation is better for the heat treated samples.
JThis may be due to the elimination of large defects by refiring to the
same high temperature. This fact may be represented by the value for
the non-heat treated specimen #2 which is ‘the most deviant in Fig. 24
(value for 17.6 open porosity). This specimen tended to crumble after
acid treatment indicating that reactions in the matrix phase had not
been too extensive because of the low firing temperature (1400°C): On

the same basis, the scatter in values can be attributed to variations

in defects due to variations in the nature of the microstructures.
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Iv. CONCLUSION

Correlatlons were made between the microstructure of commercial
alumiro-silicate refractories, containing mullite as a principal phase,
and (1) the high temperature (1200°C) mechanical strength in compression
loading and (2) the room temperature modulus of rupture. The effect of
heat treatment and hydrofluoric acid treatment on microstructure and
strength were also investigated.

High temperature strength in compression loading improved upon heat
treatment due to (a) the development of a mére homogeneous macro- and
micro-structure and/or (b) the growth of mullite crystals occurring in the
glass phase. With respect to (a), homogeneity occurs more readily when
the clay binder and grog are of nearly the same composition. Other im-
portant factors that should be considered are the clay binder/grog ratio
and the size of the grog particles.

Treatment by aqueous hydrofluoric acid solution reduces the strength
by leaching out. glass phase (increasing porosity) and by variable attack
on the refractory framework. Resistance to acid attack may be improved
with héat treatment due to (1) growth of mullite crystals, (2) reduction
in open porosity, and (3) more homogencous samples.

Low temperature strength (modulus of rupture) seems to be more
dependent on the defect structure (particularly surface defects) than

on the nature, amount, and distribution of the various phases.



Table 1. Compositions of Refractory Test Specimens.

%
Oxide Analysis Starting Materials
Specimen
No. A1203 8102 Fe203 Ca0 | MgO § Alk T102 Grain Bond Firin§
Temp., °C

1 71.0 21.8 1 1.91 0.10y 0.531) 1.71 | 4.71 fused kaolinitic bauxite clay ~1600

2 69.7 23.4 1.64 0.12! 0.291 1.58 4.36 bauxite, calcined flint clay clay ~1400

3. 85.1 11.0 0.22 0.17] 0.12¢ 1.03 0.03 tabular alumina reactive SiOZ ~1510

4. 43.2 51.0 ] 0.82 0.21) 0.23] 1.92 2.65 calcined flint clay clay ~1565

5. 47 .4 48.2 ) 1.07 0.08} 0.15) 1.11 1 2.87 calcined kaolin clay -~1565

6. 58.2 35.3 1 1.35 0.137 0.40) 1.44 3.69 calcined bauxitic kaolin clay ~1510 ;
ot

7. 70.5 23.0 1.02 0.14} 0.271 1.48 4.49 calcined bauxitic kaolin clay ~1580 ¥

xX—-ray fluorescence performed by Kaiser Center for Technology, Pleasanton, CA.
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Table 2. X-ray Diffraction Results

Specimen . k Phases
No. Treatment Detected Intensity
mullite - = = = = = = - strong
Nene 0=AL, 0, - = = = = = = - weak
1 273
mullite - = = = - = =« = strong
Heat
0~81,04 = = = = = =« = - yesk
273 :
mullite « « « = « = = - strong
None amAleB aaaaaaaa strong
9 g-~cristobalite~ - - - = strong
mullite = = = = = = = = strong
Heat aaA1203. »»»»»»»» medium
o~cristobalite- - - -~ - not detected
None mullite = = = = = = « = medium
a~A1203 wwwwwwww strong
3 mullite = = = = = = = = medium
Heat (x==-A1203 - = == === = strong
mullite = = = = = = - = strong
None
g-Al, O, = = = = = = = = weak
4 2°3
mullite - = = = - = « - strong
Heat ~AL 0, = = = = = = = = weak
Rl A
mullite = =« = =« = = = = strong
None a~A1203 mmmmmmmm weak
5 g-cristobalite- - - -~ - strong
mallite = ~ = = & = — = strong
Heat @3A1203 ======== Weak
g~cristobalite~ -« « — - ‘medium
mullite - = = = = = = = strong
None
0-AL 0, - - = = = = = = weak
6 273
Hoat mullite - - - « = = = - , strong
ca a=AL. O, = = = = = = - - weak
273
mullite =« « = = = « = = strong
None
0=Al, 0, - « = = = = o - weak
7 273 ,
Heat mullite - « « = = = =« = strong
at =AL0, - = - = - = - - weak

273
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Table 3. Physical Properties of Refractory Test Specimens As-Received
and After 24 hy Acid Treatment.

Specimen o Bulk Density  Apparent
No. Treatment % Wt. Loss (g/cn3) Density % Open
(g/em3)  Porosity

1 None 2.46 3.05 19.4
Heat 2.49 3.06 18.4

Acid¥* " 8.0 2.33 3.16 26.1
Heat/Acid 7.4 2.36 3.19 26.0

2 None 2,62 3.17 17.6
Heat, 2.44 3.10 21.2

Acid” 30.4 nd nd nd
Heat/Acid 10.9 2.35 3.19 26.3

3 None " 3.05 3.45 11.5
Heat 3.04 3.45 11.7

Acid 5.1 2.93 3.67 20.2
Heat/Acid 3.6 2.97 3.65 18.7
Acid™ 20.4 2.75 3.69 25.6
Heat/Acid 13.3 2.83 3.65 22.5

4 None 2.38 2.59 7.9
Heat, 2.36 2.43 3.1

Acid . 35.2 1.59 3.02 47.4
Heat/Acid 28.0 1.73 2.79 38.0

5 None 2.37 2.75 13.8
Heat, 2.50 2.59 3.7

Acid % 34.8 1.57 3.09 49.1
Heat/Acid 23.6 1.93 2,96 34.8

Acid** 83.3 nd nd nd
Heat/Acid™™ 53.3 1.19 3.15 62.2

6 None 2.51 2.92 13.8
Heat,, 2.57 2.90 11.4

Acid * 20.9 2.00 3.16 36.5
Heat/Acid 15.4 2.24 3.16 29.2

7 None- 2,58 o 2.99 13.8
Heat, 2.58 3.00 14.0

Acid . 7.3 2.41 3,15 23.6
Heat/Acid 5.6 2.47 3.16, 21.8

&
15% HF aqueous solution for 24 hours.

k&
487% HF aqueous solution for 24 hours.
nd = not determined.
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Table 4. Room Temperature Modulus of Rupture.

- Specimen Treatment Mean(psi) Standard
No. : Deviation(psi)

1 None 2190 210
Heat 2590 270
2 None 990 110
Heat 2290 430
3 None 4050 390
Heat 4070 350

4 None 4600 600 .
Heat 6670 630
5 None 4490 380
Heat 7050 680
6 None ‘ 3400 290
Heat 5270 450
7 None 3480 440

Heat 4020 450
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Table 5. Ultimate Engineering Stress.

Specimen No. Treatment Ult. Eng. v UES Acid
Stress {(psi) UES Non-Acid
1 None 4360
.33
%
Acid 1420
Heat 3930
% ' 42
Heat/Acid 1630
2 None, 2130
Acid nd
Heat 4490
N .68 .
Heat/Acid 3060
3 None 10600
. .57
Acid 6080
Heat 8000
.57
4 None 3310
& .36
Acid 1190
Heat 5200
" .65
Heat/Acid 3380
5 None 6820
N .24
Acid 1640
Heat © 12790
" b
Heat/Acid 5580
6 None 3820
% . 36
Acid 1380
, Heat 11180
s .70
Heat/Acid 7830
7 None 1900
X .62
Acid 1181
Heat . 6690 49
Heat/Acid 3290

%157 UF aqueous solution for 24 hours.
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Fig. 1. Specimen arrangement in furnace for stress-strain testing.
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heat treated specimens and for specimens heat treated and exposed to
15% HF aqueous solution for 24 hrs.

! I ] [
TREATMENT
& HEAT
40— @ HEAT/ACID (I5% HF)
]
>
-
9] e
% 30 -
a
EE -
2
a 20
O L A
st
A
L H
10— o
S oa
0 | ﬂ 1 | |
0] 0 20 30 40 20 60
INITIAL WEIGHT % SiO,

Fig. 19. Correlation of % open pores with initial weight % SiOy for XBL769-751l

mggm



3.2

E E | | %
< TREATMENT
3.0 ————— —
4 < NONE
¥ ACID (15% HF)
i 2'@——. e
18]
5
-
Z.
%)
o 22 -
X
ot
-y —
2 2.0 —
1.8 —
4 | | ! E |
0 10 20 30 40 50 60
INITIAL WEIGHT % SiO;
XBL769-73!13
Fig. 20. Correlation of bulk density with initial weight % 510, for

specimens as~received and after exposure to 15% HF aqueous solution for

24 hrs.

;ég‘m



3.2 a T i a T
30 N TREATMENT
T L A HEAT n
B HEAT/ACID (I5% HF)

2.8 —
"
o 2.6 A A -
>
> L |
>

]

a8 22 -
>
) |
2 20 .

|.8— —_

1.6 — —

e 10 20 30 40 50 60
INITIAL WEIGHT % Sﬁ@z
XBL769-7 514

Fig. 21. Correlation of bulk density with initial weight % S§i0y for
heat treated specimens and for specimens heat treated and exposed to
15% H¥ aqueous solution for 24 hrs.

“88.‘5



£
O

I ! !
TREATMENT

V  ACID (15% HF)
HEAT/ACID (15 % HF)

o x100)

% DECREASE IN BULK DENSITY (p@“pf/p

O

(&}
T

&
l
4

&)
l

E |

10 20 30 40
INITIAL WEIGHT % SiO,

O

Fig. 22. Correlation of 7 decrease in bulk density with initial weight Z

5102 after exposure to 15% HF aqueous solution for 24 hrs for as-received
and heat-treated specimens.

30

60

XBL769-73I0

@68‘3



wly()

s,
s

9620

37610

]

XB

nosuTe

p:8
i

<

e e

4
i

/ 5

b
i

o

3




8 I x I E z
—50
-
o
= 61—
N —40
o
Lot
g -
O —
e . © —302
- o
24 5,
& e s 5
i
ST —20 2
ek
o
) O
OS2
=
—1G
- O
0 t & i | z 1 | | 1 ﬂ | 0

O 2 4 6 8 o 12 4 16 18 20 22 24
OPEN POROSITY (%)

XBlL 768-7483
Fig. 24. Correlation of room temperature modulus of rupture with % open pores
for as~received specimens.



| | I | |
. o)
"
O
©Q 6l—
= — 40
w
L o
L
g =
—30
EZ 41— O o) zg\
= Mo
5 S
% B —20 .2
> 0
3 .
o 2
—10
0 | | | & | | z | a L Jo
0 2 4 8 10 i2 14 16 18 20 22 24

OPEN POROSITY (%)

Fig. 25. Correlation of room temperature modulus of rupture with 7 open pores

for heat—~treated specimens.

XBLT768-7482

—Z{7m



St

V. PART B, INTRODUCTION

The A1203m8i02 system is probably the most important in ceramic

technology due to the abundance and widespread use of alumina, sllica
and aluminosilicate minerals. Mullite, the only intermediate compound
stable at high temperatures and normal pressures, is. a commonly occur-
ring phase in refractories, whitewares, and porcelains. Refractories

containing a high percentage of mullite are useful at high temperatures

because of mullite’s refractoriness,llnlS volume stabilitysll high

11,14-20 11,19

low thermal expansion, and its re-

11,21,22 11,23-27
creep,

mechanical strength,

1,28 and

sistance to spalling, abrasion,l
corrosion by acid slags.

Despite technological importance, limited information is available
on the correlatiou of major processing variables with the final micro-
structure of fired bodies containing mullite as a principal phase.
Correlations of these microstructures with physical properties, such as
strength, are also limited. Recent studies,30m33 with single crystal
and high purity, high density polycrystalline mullite, have shown that
only a fraction of mullite's potential capabilities, in regards to
mechanical strength, creep resistance, and acid corrosion resistance,
are achieved in normal processing.

In Part B of this thesis, several important processing parameters
were varied in the sdntering of mullite bodies in order to investigate
thelr effect on the final microstructure and the high temperatbre
(1200°C) stress—strain behavior (in compression loadipg) of the fired

compact. Correlations between microsgtructure and stress-strain behavior

were made, However, because of the complexities involved, results were
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sometimes difficult to‘interpret in an vnambiguous fashion. The nature
of the starting powders, pressing conditions, impurities, intentlonal
additions, and the sintering time, temperature, and atmosphere muy all
— have profound influence upon sintering kinetics and the properties of

the fired compact.,
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VI. LITERATURE SURVEY
A.  Processing

The production of mullite bodies depends on the alumina/silica
'ratio, the degree of mixing achieved, the firing time and temperature,
and the presence of fluxes. Mullite is usually prepared by thermally
decomposing naturally occurring aluminosilicates such as clay and
sillimanite minerals. These materials may be mixed with some form of
alumina in order to avoid excessive amounts of siliceous-phase.34m37
Mechanical mixtures of various kinds of A1263 and SiO2 are commonly
sintered in high temperature kilns in order to achieve more complete
reactions and higher purity. Mechanical mixtures of t~quartz, silicic
acid, B-cristobalite, or fused silica with a-alumina, diaspore (HAlOz)S

36,38-43

gibbsite (Al(OH)B) or AlF, have been reported. These raw mater-

3
ials may also be electrofused and cast. The effect of various mineral-
izing agents on the formation of mullite has been studied extensive-

6~9,44~55
Ve

1 A detailed discussion of the commercial methods of mullite

preparation is given by GrofcsikeSl
In recent years, increasing interest has developed in the

preparation and use of highly pure and highly reactive ceramic oxide
powders. In the methods of synthetic mullite preparation described
previously, alumina and silica are not mixed on a molecular scale and,
consequently, long diffusion paths and long diffusion times result in
incomplete reaction despite high firing temperatures. 1In additién,
high temperatures result in a large-grained material. In order to

achieve better composition control, complete reaction, and a fine~

grained powder, a number of chemical preparation techniques have been
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utilized to form mullite. McAtee and Milligan56 formed mullite at
temperatures above 1100°C using a coprecipitated mixture prepared from
aluminum nitrate with ammonium hydroxide, sodium metasilicate and an
excess of HCl. Grofesik and Vag057 formed mullite at 950°C by treating
a mixture coprecipitated from ethyl orthosilicate and aluminum sulfate
solution by ammonium hydroxide. Roy58 improved this method of precipi-
tation of SiO2 by addition of HC1 to the ethyl orthosilicate. Other
coprecipitated gel processes involve the use of aluminum and silicon

chlorides5 60

and ethylatese6l Bidet and Jouenne62 prepared a water
suspension of amorphous alumina and silica gels which yielded mullite
at 960°C. Ghate63 synthesized mullite by controlled gelling of a mix-
ture of colloidal water suspensions of Y-alumina and amorphous silica
which was subsequently fired above 1400°C. Mazdiyasni and Brown3l pre-
pared mullite by hydrolytic decomposition of mixed metal alkoxides.
Williams et a1¢64 have formed mullite by reactively sputtéring aluminum
and silicon; Thermal decomposition of methylsiloxaluminum compounds
has also been used to prepare mullite,65

While the above methods have the potentlal advantages of achieving
complete reaction and yielding a powder of high purity and fine particle
slze, several disadvantages may exist depending on which method is used:
(1) large quantities of organic materials may have to be handled for
small yields of mullite, (2) special handling is required with toxic

2

chemicals such as SiCl methanol, and NO, fumes which are evolved

4’ 2
during firing, (3) raw materials must be carefully standardized in order
to achieve close composition control resulting in time consuming and un-

economical procedures, and (4) high purity chemical materials are expensive.



B. Mechanical Properties

Although there is an abundance of information on the mechanical
properties of rvefractories containing mullite as a principal phase,
Istudies on high purity, high density mullite are 1imited in number and
scope.

Fenstermacher and Humme166 sintered ball milled mixtures of
relatively pure alumina (KC-14, Kaiser Aluminum and Chemical, Inc.) and
silica (Potter's flint, Pennsylvania Pulverizing Co.) with 1 wtZ MgO
addiﬁions, Compositions of 2A1203°Sio2 and.3A1203°ZSiO2 were sintered
at 1650°C and 1710°C, rvespectively in a gas fired kiln (firing time
unspecified). The apparent porosities were 7.1% and 10.9%7 for 3:2 and
2:1 compositions, respectively. ZX-ray diffraction and petrographic
examination indicated the presence of "free'" corundum in the 2:1 mix-
ture. The room temperature modulus of rupture was determined to be
~15000 psi for both bodies. 1In the temperature range 800°C to 1000°C,
the strength increased to about 17000 psi. The strength decreased
after 1000°C, but more éignificantly for the 3:2 mixture.

PentyBO vacuum hot pressed to near theoretical density and
approximately one.micron grain size high purity mullite powder formed

by Ghate's gel technique. The elastic modulus was determined by the

fe

composite oscillator technique and a value of Eo 32.5 % 106 was

determined. Four-point bending tests determined & creep activation
energy of 167 kecal/mole and found the stress exponent to vary from 1.1
at 1460°C to 1.4 at 1512°C. The room temperature strength, in four point

bending, of mullite of ~1U grain size and near theoretical density was

in the range 32000 to 38000 psi. This was iIncreased to 50000 psi with
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gas flame polishing. At 1200°C, a strength of 35000 psi was maintained.
Mazdiyasni's alkoxy derived mullite powder, vacuum hot pressed to
near theoretical density with a grain size of ~5y, yielded similar resul-

t5631’32

EO was determined to be 32.0 x 106 psi and the activation
energy for creep was determined to be 164 kcal/mole. The stress ex-—
ponent of 1.0 indicated the creep process was controlled by a diffusion-
al mechanism, i.e. either Coble (grain boundary) or Nabarro-Herring
(lattice). The room temperature strength in four-point bending was
39000 psi. Dokko and Pask33 studied the stgéss~strain and creep behavior
of Mazdiyasni's mullite specimens in compression loading at 1400°C and
1500°C. The activation energy for creep was determined to be ~170
kcal/mole. A stress exponent of 1.0 and a grain size dependence of 2.0
indicated that the Nabarro-Herring diffusional mechanism was operative.
In additions intrusion and extrusion of grains on the surface of both
stress-strain and creep specimens indicated the occurrence of grain
boundary sliding. This was not taken as an indication of glass phase

on the grain boundaries, but as an accomodation mechanism which accom-
panies diffusional deformation processes. These investigators also
studied a mullite single crystal which showed no detectable plastic
strain under a stress of.7000O psi at 1400°C for 200 hrs. On the basis
of the high strength of the single crystal and the diffusion mechanism
for creep of the polycrystalline mullite, they concluded that disloca-

s

tions, if present, were not mobile under these conditions,
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VII. EXPERIMENTAL

A. Raw Materials

v % .
The raw materials used in this study were Alcoa A-14 (o~alumina),
%k
Ottawa silica flour+ (a—-quartz), and Englehard ASP 900 kaolin. The

manufacturer's typical chemical analysis is given in Table 1.

Table 1. Chemical Analysis of Raw Materials

Wt% of A-14 Silica Flour ASP 900
Constituent ’

A1203 99.6 .06 37.29
SiO2 .12 99.8 45.34
Fe203 .03 .02 .61
NazO .04 <35
Ti,O2 . 013 1.54
Cal .01 .25
Mg0 .01 .22
10T .2 : .09 13.38

B. Furnaces
Compacts were gintered in three different types of furnaces: (1)
a gas-fired kiln described in Part A, (2) two electrically heated

(MoSi2 elements) quench-type furnaces, and (3) an electrically heated

:

%*
Alcoa Aluminum Co. of America, Bauxite, AR.
+Ottawa S5ilica Co., Ottawa, IL.

%k
?Englehard Minerals and Chemical Corp., Edison NJI.



w50~

furnace* with tantalum elements. The gas-fired Remmey furnace was
fired to 1700°C under the schedule described in Part A and to 1725°C by
an additional 3-1/2 hours of firing upon reaching 1700°C. Unless noted
otherwise, in furnaces (2) and (3), samples were brought to temperature
relatively fast (~90 minutes), held at temperature for various times,
and cooled in ~90 minutes. The lower temperature MoSiz element (1700°C
Kanthal+ Super) furnace is shown in Fig. 1. Thé higher temperature
MoSi2 element (1800°C Kanthal Super 33) furnace was similar but
PE6ZRh~Pt30%Rh thermocouples were used. Thé Brew furnace temperature was
controlled through a W5%Re-W26%Re thermocouple. For furnaces (2) and
(3), the temperature was monitored and controlled by a Speedomax-H
Recorder Series 60 Controller%* A Trendtrak Programable Controller**
was also used with the Brew furnace. The atmospheré was ailr for the
quench-type furnaces and a vacuum of ~1Om6 torr for the tantalum heating
element furnace.
C. Processing

Powders were milled for 10 hours in a porcelain ball mill with high
density, cylindrical alumina grinding media and isopropyl alcohol as the
liquid media. This was done in order to: (1) break-up agglomerates and
(2) achieve intimate particle mixing when two powders were used. The

powders milled were: (1) 100% ASP 900 kaolin, (2) 71.8 wt% A-14 alumina/

28.2 wt% silica flour mixture, (3) 45.9 wt% A-14 alumina/54.1 wit¥ silica

*
Richard D. Brew and Co., Concord, NH.
TKanthal Corp., Bethel, CT.

Kk
Leeds and Northrup Co., Philadelphia, PA.
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flour mixture, (4) 55.9 wt¥% ASP 900 kaolin/é44.1 wt¥% A-14 alumina mixture
and (5) 46.6. wt% ASP 900 kaolin/53.4 wt?% A-14 alumina mixture. Mixtures
(2) and (4) are of the compgsition of stoichiometric mullite (3A1203°
23102) and mixture (3) has the composition of metakaolin (A1,0 °ZSiOZ)°

273

After milling, the slurries were magnetically stirred while being dried
at ~90°C. After screening through a 100 mesh sieve, the powders were
mixed with a polyvinyl alcohol (PVA) solution for 3 hours in a plastic
container with teflon cylinders. Approximately 3/4 wt?Z PVA was used.
The mixtures were dried, screened, and compécted in a 1-1/2" steel die
under a uniaxial pressure of ~7000 psi.

Compacts were pre-fired to 1000°C in a Hevi-Duty furﬁacee* Firing
schedules for each powder mixture are described below:
(1) * 100% kaolin compacts were fired with the Remmey 1700°C and 1725°C
schedules. A 1725°C sample was also refired to ~1715°C for 150 hours
in the quench-type furnace. Another compact was fired to ~1600°C in
the quench-type furnace at an average rate of ~3°/min.
(2) 45.9 wt% alumina/54.1 wt% silica compacts were fired with the
Remmey 1700°C and 1725°C schedules.
(3) 71.8 wt% alumina/28.2 wi% silica compacts were also fired with the
Remmey 1700°C and 1725°C schedules. A 1725°C sample was refired at
1725°C for 12 hours in the Brew furnace. A portion of this refired
sample was annealed at ~1600°C for 100 hours in the quench~type furnace.
(4) 55.9 wt% kaolin/44.1 wt¥% alumina compacts were fired with the

Remmey 1725°C schedule and at ~1725°C for 12 hours in the Brew furnace.

%
Hevi-~Duty Heating Equipment Co., Watertown, WI.
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(5) 46.6 wt% kaolin/53.4 wtZ alumina compact was fired at ~1725°C for
12 hours in the Brew furnace.

The rest of‘thé processing involved the use of a mullite powder
formed from the reaction of A~14 alumina and silica flour. The 71.8 wtZ
A-14 alumina/28.2 wit% silica flour mixture was poured loosely into a
platinum crucible and heated to ~1570°C for 48 hours. A sample was
easily detached from the sintered, but porous, mass and was then ground,
screened through a 325 mesh sieve, and x-rayed. If any small o-alumina
peaks remained in the diffraction pattern, ghe material was refired until
no such peaks were detected. The sintered mass was then broken up into
small chunks with an alumina mortar and pestle. This was followed by
~10 minutes of grinding in a mechanically operated alumina mortar and
pestle,* This powder was used to study the effects of several pro-
cessing variables on the final sintered microstructure and the stress-
strain beha&ior,

(1) Grinding

A Sweco** vibratory mill was used for additional grinding. 1In
contrast to milling in thekporcelain ball mill described earlier, Sweco
grinding was intended to accomplish comminution rather than the mixing
and/or the breaking of weakly agglomerated materials. Isopropyl alco-
hol was used as the liquid media. Two different charges of grinding

media were used.

(a) Alumina/Flint Grinding Media

The mullite powder was ground for 8, 24, 72 snd 144 hours with a

*Pulverisette, Alfred Fritsch Co., Germany.
**Sweco, Inc., Los Angeles, CA.
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combination of high dénsity alumina cylinders and flint pebbles. The
mullite/alcohol siurry was dried, screened through a 100 mesh sieve,
~and calcined at 800°C for 1 hour. The powder particle size, morphology,
and surface area weve characterized by the Fisher Sub Sieve Sizer*
(Fig. 2); scanning electron microscopy+ (Fig. 3), and the Stfohlein
Area Meter** (Fig. 4). The Strohlein is a one point BET method with
nitrogen as the adsorption gas. The powders were then compacted in a
one inch diameter steel die under a uniaxial pressure of ~15000 psi.
The variation in green bulk density with grinding time is given in Fig.
5. Large pores, due to inhomogeneous packing of the powder particles,
are seen in Fig. 3. The compacts were fired under three conditions:
(1) at ~1570°C for 24 hours in the quench-type furnace, (2) to ~1725°C
in the Remmey gas-fired furnace, and (3) at ~1725°C for 12 hrs in the
Brew furnace under a 1036 torr wvacuum.

(b) Alumina Grinding Media

The mullite powder was ground for 5, 8, 24, 72 and 144 hours with
high density alumina cylinders. The powders were dried, screened, cal-
cined, and compacted as described above. The powder particle size,
morphology, surface area, and inhomogeneous packing of powders, were
characterized in the same way (Figs. 6-8). Figure 9 shows the green
density versus grinding time relationship. The powders were fired under

1

condition (3) described above.

*Fisher Scientific Co., Pittsburg, PA.
TAMR 1000, Advanced Metals Research Co., Bedford, MA.
*%Strohlein & Co., Dusseldorf, W. Germany.
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(2) Processing of 5 hr Ground Mullite

{a) Green Density

Mullite powder, ground for 5 hours in the Sweco mill with alumina
cylinders as described in Section 1 (b), was compacted under uniaxial
pressures varying from 100 psi to 30000 psi. The compacts were fired
in the quench-type furnace at 1710°C forv4 and 8 hours.

{(b) Firing Time and Atmosphere

5 hr- ground mullite was compacted under 15000 psi and fired in:
(1) the quench~type furnace at ~1710°C for 4, 8, 12, 24, and 100 gours
and (2) the Brew furnace at ~1710°C for 4, 8, and 100 hrs under a 10g6
torr vacuum.

{(¢) Alumina/Silica Additions

Silica flour, screened through a 325 mesh sieve, was added to 5
hr ground mullite powder in two different proportions: .15/1.00 and
.30/1.00. Each mixture was placed in a plastic container with teflon
cylinders and_isopropyl alcohol and mixed for 3 hrs. The slurry was
then dried, screened, and calcined as described previously. The
péwders were compacted under 15000 psi and fired for 8 hrs at ~1710°C
in the quench~type furnace. The same processing was followed with A-14
alumina additions. In addition, the compacts with A-14 alumina addi-
tions were fired for 8 hrs at ~1710°C in the Brew furnace under an
~10”6 torr vacuum.

D. Characterization of Fired Compacts

Due to mullite decomposition under low partial pressures of oxygen,

vacuum (~10m6 torr) fired specimens developed a porous A1203 surface

layer. This layer was ground off before the fired compact was characterized.

s



(1) Mechanical Testing

High temperature (1200°C) stress-strain testing under compression
loading was described in Part A (Commercial Refractories). The speci-
men dimensions were reduced to.l" x .1" x .3" and the strain rate was
slightly lower (~1.0 x lOmS/sec}° All other testing conditions were
identical.

(2) Microscopy

Ceramographic polishing procedures have already been described in
Part A. Samples were observed by scanning électron microscopy and in
reflected light by interference-contrast microscopy. A light etch with
diluted hydrofluoric acid solution and/or a thin (~ZOOZ) goid coating
was sometimes needed to bring out features viewed in the optical micro-
scope. Polished samples viewed by SEM weré thermally etched (~20 min
at 1550°C in air) in order to make the grain boundaries visible. Both
polished and fracture surface samples were coated with a thin (~2002)
gold 1ayer; An EDAX* (Energy Dispersive Analysis by X-rays) attachment
was available for semi-quantitative determination of phase compositions.

(3) Density Determination

Bulk density, apparent density, and open porosity were determined
by the displacement method utilizing wvacuum treatment and distilled
water as the soaking liquid. A minimum of two determinations were made

'

for each sample.

*North American Philips Corp., Curryview, IL. s
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(4) Electron Beam Microprobe Analysis

Weight percentage profiles of Al and 510, in various

0

273 2

3 I3 3 **
microstructures were determined by electron beam microprobe analysis,
A description of the microprobe, operating conditions, specimen prepara-

tion, and computer analysis of the data are given by Draper67 of this

laboratory.

**Model 400-5, Materials Analysis Co., Palo Alto, CA.
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VIYII. RESULTS AND DISCUSSION

A. Sintered Kaolin Specimens

The stress~strain curves for sintered kaolin specimens at 1200°C
are shown in Fig. 10. Despite a downward trend in bulk density values,
the ultimate engineering stress (UES) increases with increasing heat

treatment (See Table 2).

Table 2. Physical Properties of Kaolin Specimens.

Heat Treatment | Bulk Density(g/cmg) Open Porosity (%) ﬁES(psi)‘
1600°C 2,62 -3 7900
1700°¢C 2,55 oh 10300
1725°C 2.51 3.5 11000

1725°C + 150 hr not determined not determined 17700

refive at 1715°C

The observed mechanical properties may be explained by viewing
the photomicrographs in Fig. 11 and by recalling the behavior of the
commercial refractory specimens Nos. 4 and 5 in Part A. The micrographs
show: (1) a large amount glass phase (gray color) which accounts for
the low UES'values and for the viscous flow region of the stress-strain
curves and (2) an increase in the size of the mullite crystals (white
color) upon increasing heat treatment which accounts for the increasing
strength values. Aé noted in Part A, larger mullite needles interact
more strongly during compression deformation, thus increasing the stress

required to deform the overall specimen. °
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B. Reaction Sintered A-14/Silica Flour Specimens of Metakaolin
Composition.

Figure 12 shows the stress~strain curves for specimens of reaction
; sintered 45.9 wit% A-14/54.1 wt? silica flour compacts. As in the case
of the kaolin specimens, the strength increases upon additional heat
treatment, despite a bulk density decrease (Table 3 and Figs. 13A and B)
due to mullite crystal growth (Figs. 13C %nd D). The change in morphol~

ogy, from globular to acicular, also contributes to interaction among

the mullite crystals.

Table 3. Physical Properties of A-14/Silica Flour (45.9 wt%Z/54.1 wt?)

Specimens.
Heat Treatment Bulk Density(g/cm3) Open Porosity(%)  UES(psi)
1700°C 2.55 0 5600
1725°C 2.18 o2 8000

The large spherical closed pores in the low mégnification micrographs
of Fig. 13 may be caused by entrapment of‘gasese The presence of a
significant amount of a viscous glass ph3883 in combination with the
fast heating rate used, may lead to a rapid closing of open pores (Table
3) and, consequently, pockets of entrapped air. In accordance with this
explanation, increased pore size upon increased firing temperature would
be due to increased entrapped gas pressures built up at higher tempera-

tures. . e
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C. Reaction Sintered ASP900 Kaolin/A~14 Alumina Specimens.

The stress-strain curves for reaction sintered kaolin/alumina
specimens are given in Fig. 14. Bulk density, open porosity, and UES

values are given in Table 4 and microgravhs are shown in Fig. 15.

Table 4. Physical Properties of ASP900 Kaolin/A-14 Alumina Specimens.

P ; Bulk Density Open UES
Composition Heat Treatment (g/cmS) | Porosity (psi)
55.9 wt%/44.1 wt%  1725°C(Remmey) 3.01 .8 -+ 43600
55,9 wtl/44.1 wt%  1725°C for 12 hrs 3.00 1.6 41800
(Brew)
46.6 wt%/53.4 wt%  1725°C for 12 hrs 3.05 1.4 44800
(Brew)

The strength of the Remmey fired specimen is considerably greater
than that of the kaolin (Section A) and the A~14/silica flour (Section
B) specimens fired under identical conditions. This is explained by
the much smaller amount of glass present in this sample. However, the

presence of a small u~A120 peak in the x-ray diffraction pattern is

3

indicative of incomplete reaction and the presence of glass phase. The
high impurity content of the ASPY900 kaolin (Table 1) shifts the com-
position away from the stoichiometric values listed. The consequence of

impurities such as Na,O, FGZO K,0, etc., is the formation of a signi-

2 3° 2

ficant amount of glass phase.

Glass phase (dark gray color) is seen directly in the large-grained

T

vacuum fired specimen of “stolchiometric" mullite composition. Figures

16A and 15D ave micrographs before and after thermal etching. These
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glass pockets limit the strength by ﬁeducing the total area of strong
mullite grain to ggain contacts and increase the possibility of grain
boundary sliding. The catastropic failure of the vacuum fired specimen
with 207 excess alumina at ~2.17%7 engineering strain is an indication

of less glass phase being present. It should also be noted that the
intergranular pockets, from which glass has been etched Qut (Figs. 15D
and 15F) are much smaller in Fig. 15F. These observations are explained
by increased mullite formation due té the presence of excess alumina
which c¢an react with siliceous phase. Whilé a decrease in glass phase
would be expected to increase the strength, the presence of excess
alumina may be detrimental to mechanical properties. The strength and
elastic properties of composite  materials have been postulated to be

a function of: (1) the elastic properties of the component8968m7o

. . 2
(2) the thermal expansion coefficients of the components,68’69’7l’7
(3) the degree of interfacial bonding between components,73 (4) the
. . . . 68,70,74
volume fraction and the particle size of the dispersed phase.

The theory concerning stresses established about a particle in an
isotropic matrix due to differences in coefficients of expansion has

72 . 71 . . ;

been worked out by Weyl = and Selsing. As in the case of alumina in
a mullite matrix, when the coefficient of expansion, 0, for the particle
(ap) is greater than o for the matrix (0m), circumferential cracking
around the particles has been observed. Figure 16B shows such an effect.
Clearly, interfacial bonding between the components is nonexistant at
room temperature. EDAX spectra for the mullite matrix and alumina par-

ticle are shown overlapped in Fig. 16C. The peaks farthest to the right

are due to the gold coating on the sample. The middle peak (Si) is only
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larger than background for the mullite'matrix (lined spectra). The Al
peak (far left) is largest for the alumina particle (dotted spectra).

' The effect of the thermal expansion coefficient differences is to in-
troduce cracks larger than inherent Griffith flaws., It would be expec-
ted that the reduction in strength as a result of this situation would
be more severe at room temperature where the mullite/alumina composite
behaves more like an ideal brittle material. However, some reduction
is not unlikely at 1200°C where the behavior is semi~brittle.

In addition to thermal expansion effects, stress magnification
occurs near the alumina particles in the presence of an applied stress
due to differences in elastic properties of mullite and alumina. A
weakening effect is generally not observed until second phase particles
reach a certain critical size (the Griffith flaw will lie in the area of
stress magnification only when large particles are present). Once again,
this effect of strength reduction should be more seriocus at low tempera-
ture where the mechanical behavior is more ideally brittle.

Another important factor70 that may limit the strength of the
vacuum fired specimens is the large, non-uniformly distributed pores
(Figs. 15C and 15E). This will result in areas whevre the stress con-
centration field is very large and, consequently, flaws located near
pores will be entirely within this field.

D. Reaction Sintered 71.8 wt¥% A-14 Alumina/28.2 wt% Silica Flour
Samples

Compacts formed from the 71.8 wtZ alumina/28.2 wt% silica mixture
were reaction sintered with the Remmey (air) 1700°C and 1725°C schedules.

A portion of the 1725°C samples was refired in the Brew (vacuum) furnace
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at 1725°C for 12 hrs. Stress-strain curves for these samples are pre-
sented in Fig. 17 and microstructural features are shown in Fig. 18.

~ Bulk density, open porosity, and UES values are given in Table 5.

Table 5. Physical Properties of 71.8 wt%Z A-14 Alumina/28.2 wt?% Silica
Flour Samples.

. ° . )
Heat Treatment Bulk Density pen Porosity

o UES i
(g/cm3) *) (psi)
1700°C(Remmey) 2,22 18.1 25400
1725°C(Remmey) 2.60 16.6 706100
1725°C(Remmey) + 3.09 . .5 92200
1725°C, 12 hrs

(Brew)

The increasing strength with increasing heat treatment is largely
attributed to the decreasing amounts of porosity. The effect of in-
creasing grain size can not be determined at this point, although grain
growth has forced glass phase, present in small amounts due to incom-
plete reaction, into angular pockets (Fig. 19B). This isolation of
glass in pockets is expected to be benefiéial for high temperature mech-
anlcal strength compared to the 1700°C sample in which glass phase dis-—
tribution is apparently more film-like (Fig. 19A). Figures 19C and D
show the fracture mode in the latter specimen is primarily intergranular
while a transgranular failure occurs in the former specimen. These
observations indicate that grain boundary strengthening may be occur-
ring due to the glass phase isolation in pockets.

A second specimen of the vacuum refired sample'was cut and polished

for mechanical testing and, prior to the compression test, was annealed
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at 1600°C in air for 100 hours. The stress-strain curve, presented in
Fig. 17, shows a significant increase in the ultimate engineering

stress value (from 92200 psi to 112500 psi). Dimensional measurements
of the annealed sample indicated negligible densification (less than
1/3% linear change). The microstructure for a vacuum refired sample
which was subsequently annealed at 1600°C for 100 hours, polished, and
thermally etched surprisingly indicates (Fig. 20B) no grain size in-
~crease from the vacuum fired sample (Fig. 20A). Therefore, the strength
increase cannot be attributed to density Qf grain size changes. One
explanation is the "healing' of surface damage introduced in the sawing,
grinding, and polishing of the test specimen. This has been observed in

studies on sapphire,75’76

Another possibility is some type of strength-
ening at the grain boundaries.

Although it is not necessarily related to grain boundary
strengthening, differences in grain boundaries before and after anneal-
ing are observed in Fig. 20. In contrast to specimens fired in air and
thermally etched in air, vacuum fired specimens form ridges on the grain
boundaries upon etching in air. This was also observed in the kaolin/
alumina specimens (Figs. 15D and F) and will be seen in all other vacuum
sintered samples discussed in this thesis. After extended annealing
(as opposed to short thermal etching times), the grain boundaries have
returned to the ridgeless appearance of specimens oviginally air fired.
The ridges indicate a positive volume change at the grain boundaries.

One possible explanation is the existence of multivalent impurity

catlons which segregate at the grain boundaries during vacuum firing.
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Upon etching in air, oxidation (such as 2Fe + 1/202+F8203) might result
in a volume increase. However, since the amount of impurities is small
(Table 1), another éxplanation is more likely. Farlier studies77’78
’have indicated that mullite decomposes under low partial pressures of
oxygen according to: 3A1203°ZSiOZ(S)%BAlZO3(S) + 2510(g) + Oz(g)s
Decomposition at the surface, with resultant loss of two volatile species,
should cause a significant weight loss in vacuum firing. This is con-
firmed in a plot of weight loss versus firing time which is given in Fig.
21 for air(quench furnace) and 1O~6 torr vacuum (Brew furnace) 5 hr-
ground mullite powder sintered samples. Figure 21A shows the existance
of a porous surface layer (top half) which EDAX confirms to be alumina.
(The peaks in the EDAX display (Fig. 21B) represent, from left to right,
Al, Si, and Au. The dotted spectra, which contains all peaks signifi-
cantly above background, is from the matrix while the lined spectra,
containing only Al and Au significantly above the background, is from

the porous layer). However, grain boundary ridges are observed in
polished samples from the interior of the fired specimen. After the
closing of pores, decomposition products can not be removed except
through slow bulk diffusion. Therefore, the ridges suggest an oxygen
deficiency and silicon monoxide excess at the grain boundaries. Upon

annealing in air, oxidation of silicon monoxide (251040, = ZSiOZ) would

2

result In the volume increase observed at the grain boundaries.

E. Results with Mullite Powder Derived from Reaction of 71.8 wt% A-14
Alumina/28.2 wt?% Silica Flour Mixture.

1. Grinding with Alumina and Flint

Mullite, derived from the reaction of A-14 alumina and silica flour,
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was wet (isopropyl alcochol) ground in a Sweco mill with alumina and
flint grinding media for 8, 24, 72, and 144 hrs. The compacts were
sintered: (1) in air at ~1570°C for 24 hrs in a quench-type furnace,
(2) in air to ~1725°C in the Remmey furnace, and (3) in vacuum at ~1725°C
for 12 hrs in the Brew furnace.

Stress~strain curves for specimens sintered under condition
1(~1570°C, 24 hrs in air) are shown in Fig. 22. Bulk density, open
porosity, and UES values are given in Table 6. Micrographs illustrating

porosity and grain size differences are shown in Figs. 23 and 24.

Table 6. Physical Properties of Ground Mullite Sintered at 1570°C
for 24 Hours.

e e . . Bulk Open : .
Grinding Time(hrs) Density Porosity (%) UES(psi)
8 2.29 26.9 25400
24 2.59 15.9 : 37600
72 2.79 10.1 32800
144 3.05 .1 30800

The increasingly more gradual manner in which the stress decreases,
after exceeding the UES, with increasing grinding time is indicative of
increasing amounts of glass phase. This increase in glass is due to
silica pick~up from ball milling with £lint grinding pebbles. Since
Fig. 24 shows that the grain size increases only slightly with increas=-
ing grinding time, the observed strength values appargntly represent a
trade off between decreasing porosity (Table 6 and Fig. 23) and increas-~

ing glass phase. The 24 hr-ground powder sinters to a higher bulk
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density (2.59 g/cmg) than the 8 hr- ground powder (2.29 g/cmg) leading
to a higher UES value (37600 psi > 25400 psi). The 72 hr- ground powder
sinters to an even higher density (2.78 g/cmg) but its UES value (32800
psi) is lower than the 24~ hr ground specimen due to the larger amount
of silica pick-up when grinding for 72 hrs. The enhanced sintering with
increasing grinding time may be due to oné or both of the following:
(1) decreasing particle size (increasing surface area) and (2) increas-—
ing liquid phase.
Stress—strain curves for specimens sin&ered under condition 2 (to
1725°C in air). are shown in Fig. 25. Bulk density, open porosity, and

UES values are given in Table 7.

Table 7. Physical Properties of GroundMullite Sintered to 1725°C in Air.

e e Bulk Density Open
Grinding Time(hrs) (g/cm3) Porosity (%) UES (psi)
8 3.03 o2 79600
24 3.03 o3 75400
72 3.03 . oA 64700
144 2.98 b ‘ 54600

Figure 26 shows the grain size of the various specimens increases only
slightly with grinding time. 1In addition, Fig. 27 d4llustrates that the
pore size and total'porosity remains approximately same (although the
144 hr specimen appears to have a slightly larger pore size and total
porosity than the others). Consequentlys the decreaéﬁ in strength with

increasing grinding time must be due to the increasing glass phase (from
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silica pick-up due to grinding with flint pebbles). The flow regions
beginning at 3-47 engineering strain in Fig. 25 are also attributed to
the presence of glass phase.

An important comparison should be made between specimens sintered
from the 144 hr- ground powder under conditions 1 and 2. Starting with
the same powder and sintevring to approximately the same bulk density
(3.05 g/cm3 to 2.98 g/cm39 regspectively) widely different UES values
(30800 psi to 54600 psi, respectively) were obtained. In explaining
this strength difference, one must consider'the distribution of the
second phase(s). In this case, the soft (at a test temperature of
1200°C), deformable phase is of primary interest. Whether the glass
phase exists as a film around the mullite crystals or is in isclated
pockets within a {ramework formed by strong crystal-crystal (grain-
grain) contacts of mullite will be critical in determining the high temp-
erature mechanical behavior. By comparing the heavily etched micrographs
in Fig. 28 for 144 hr- ground samples fired under conditions 1 and 2, it
is seen that the distribution of glass phase was more "film-like" in
condition 1 and more "pocket-like". in condition 2. Since there are more
strong mullite grain-grain contacts in condition 2, the strength is
greater. The higher firing temperature in condition 2 has promoted grain
growth. As often observed with mullite, this growth is anilsotropic
leading to a more elongated character of the grains. This type of growth
appears to have a beneficial effect on strength by forcing the glass
phase into angular pockets. .

Stress-strain curves for specimens sintered under condition 3
(at 1725°C, 12 hrs in vacuum) are shown in Fig. 29, Bulk density, open

porosity, and UES values are given in Table 8.
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Table 8. Physical Properties of Ground Mullite Sintered at 1725°C for
12 hrs. in Vacuum.

Bulk Open

Grinding-Time (hrs) Pensity(g/cm’) Porosity (%) UES (psi)
8 3.12 .3 82700
24 3.12 b 79000
~
72 3.10 .6 66100
144 3.09 o5 56400

The results are very similar to those obtained under condition 2. As
shown in Figs. 30 and 31, the final porosity and grain size remain
approximately the same, irregardless of grinding time, which indicates,
as before, that the decrease in strength upon increasing grinding is
due to silica pick-up from the flint grinding pebbles. In comparison to
firing condition 2, UES values for specimens fired under condition 3 are
slightly higher which is apparently due to their higher bulk density
(Tables 7 and 8) and lower total porosity (Figs. 27 and 30). The lower
density for condition 2 might be explained by entrapped air in the pores.
The large spherical pores are reminiscent of those obtained in the 45.9
wt? A-14 alumina/54.1 wt% silica flour specimens. As noted in discuss-—
ing the latter specimens, the presence of glass phase and a fast heating
rate could result in a rapid closiung of pores and entrapment of gases.
Figure 32 consists of micrographs of fracture surfaces of compres-—
sion tested samples. Figures 32A and B are the condition (1) 8 hr-
and 144 hr- ground speciﬁens, respectively, and Figs. 32C and D are the con~
dition (3) 8 hr and 144 hr- ground specimens respectively. In all cases,

fracture is intergranular. Another point of Interest 1s grain morphology.
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Despite the shorter firing time for condition (3), 12 hrs less than con-
dition (1), the higher firing temperature (1725°C vs. 1570°C) for condi-
tion (3) provides an explanation for the devélopment of an elongated grain
lcharacter in the 8 hr ground sample. Grain boundary velocity, V, is
generally represented by the eqﬁation V = MP where P is the driving

force and M is the mobility. Assuming that the activation energy for =
movement of a random grain boundary is equal to the grain boundary self-
diffusion in that substance, the mobility increases exponentially with
temperature according to (Ref. 79):

M= M exp(me/RT)

where Qb is the apparent activation energy for grain growth kinetics,

R and T have their usual significance, and MO is a constant. It is also
noted that the 144 hr- ground specimen for each firing schedule shows a
more elongated characte? than the respective 8 hr- ground specimen.

This may be explained as a kinetic phenomenon also. The lower green
density with increasing grinding time (Figs. 3 and 5) tells us that

more bridging and agglomeration effects are present in these compacts.
It is supposed that these agglomerated areas sinter to high density very
quickly due to: (1) the highly active nature (large surface area) of
the 144 hr- ground powder and (2) the high firing temperature. Conse-
quently, with pores eliminated in these high density areas, grain growth
(which is anisotropic) can occur more readily. This would also explain
why graln sizes are nearly the same despite the fact that the 144 hr
ground powder had a particle size that was initially 1/3 the size of

the 8 hr ground powder. However, the increasing amount of glass phase

may also be responsible for the enhanced rate of development of
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elongated grains when comparing 8 hr- and 144 hr- ground specimens
fired under identical conditions. Several researchers attribute the
63, 80

formation of elongated grains in mullite to the presence of liquid.

The driving force, P, for grain boundéry movement has been givenSl by:

where P1 and PZ are the two principal radii of curvature and ¢ is the
interfacial energy of the gréin boundary. It has been suggested82 that
anisotropic grain growth is due to surface energy anisotropy which is
manifested in the presence of the liquid phase. Evidence which supports
the importance of liquid phase are the observations of changes in grain
boundary curvature (which changes the driving force). Large grains are

frequently tabular when liquid phase is present.

2. Grinding with Alumina Only

Mullite, derived from the reaction of A-14 alumina and silica flour,
was also wet ground in a Sweco mill with alumina grinding media only for
times of 5, 8, 24, 72, and 144 hours. The compacts were sintered under
condition 3 (at ~1725°C for 12 hrs in vacuum). The stress—strain cur-
ves obtained from these specimens are given in Fig. 33. The values for

bulk density, open porosity, and UES are listed in Table 9.
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Table 9. Physical Properties of Ground Mullite Sintered at 1725°C for
12 hrs in Vacuum.

Bulk Density

’ Grinding Time(hrs) (g/cm3) »Open Porosity (%) UES (psi)
5 3.12 6 91500
8 3.12 .8 81500
24 3.15 .9 75300
72 3.10 . .8 70300
144 ‘ 3.09 ' 1.0 54400

Figures 34 and 35 show that porosity, grain size, and second phase
(alumina particles - Fig. 34E) increase with increasing grinding time.
The decrease in strength upon increasing grinding time can be partially
attributed to the increasing porosity. In addition, the possible detri-
mental effect on mechanical properties of increasing amounts of second
phase alumina particles (from pick-up due to alumina grinding media)
has been discussed in depth in the section on kaolin/alumina samples.
The effect of grain size on strength is uncertain. The absence of vis-
cous flow regions which were seen in Figs. 22, 25, 29, is due to the
small‘gmount of glass phase present since flint grinding pebbles were
not used. Angular pockets, from which glass phase has been etched
(Fig. 35), indicates that a small amount of glass phase still persists.
The reasons for increasing porosity and increasing grain size
with increasing grinding time are nét entirely clear. 1In regards to
porosity, as discussed earlier, large alumina particles cause clrcum-—

ferential cracking due to a thermal expansion coefficient which is



larger than the mullite matrix. Smaller alumina particles may be a
source of pore nucleation if their radius of curvature 1s larger than

. . 82
the smallest radius formed by the geometric assembly of particles.
e . . . . 84
This effect of inclusions was demonstrated by Siegle and Pranatis.
Their work indicated that vacancies which diffused from the neck region
were absorbed at the inclusions and, therefore, did not reach the bound-
aries at which their absorption would have caused shrinkage as is nor-
mally observed (without inclusions). Therefore, the presence of alumina

particles in the vacuum~fired specimens may not only decrease the mech-

anical strength but also adversely affect the sintering kinetics and
final sintered density.

As far as the increasing grain growth is concerned, the earlier
sintering description is still valid (whereby agglomerated areas in
long grinding time - high surface ares - samples sinter very quickly to
form high density, pore-free regions surrounded by rings of large pores).
This description accounted for the fact that the grain size (Figs. 26
and 31) of the 144 hr- ground specimen is slightly larger than the 8
hr~ ground specimen despite the fact that the former sample had an
initial particle size of ~1/3 that of the latter sample. Due to in-
creased grain growth rates, the process iIs accelerated in this series
(alumina grinding media only) so that the 144 hr- ground sample has a
much larger grain size than the 8 hr-ground sample (Fig. 35). In fact,
exaggerated grain groﬁth is observed In this series. This increased
grain growth rate is illustrated by the larger grain size of "alumina

ground" samples (Fig. 35) when compared to "alumina and flint ground"



samples (Fig. 31) of same respective grinding times. Both series were
fired under identical conditions ( 1725°C for 12 hrs in a 10“6 tory
vacuum). Apparently, glass phase restricts the rate of grain growth in
vacuunm~-fired samples.

3. Results with 5 hr—~ Ground Mullite

Mullite, derived from the reaction of A-14 alumina and silica flour
(71.8 wt%/28@2 wt?%) and wet ground inkthe Sweco mill for 5 hours with
alumina grinding media, was used to study the effect of several process~-
ing variables.

(a) Firing Time and Firing Atmosphere

The mullite powder was compacted under a pressure of 15000 psi and
sintered at 1715°C in: (1) air (quench furnace) for times of 4, 8, 12,
24, and 100 hours and (2) 10m6 torr vacuum {Brew furnace) for times
of 4, 8, and 100 hours. The stress—strain curves for condition (1) are
~given in Fig. 36. The bulk density, open porosity, and UES values are
listed in Table 10. Two compression tests were run for each specimen

in order to demonstrate the reproducibility of the results.

Table 10. Physical Properties of Air Fired 5 hr- Ground Mullite.

Bulk Density

Firing Time(hrs) (g/cm3) Open Porosity(%) UES(psi)
4 2.94 1 caoo0
8 3.01 1 oeo00
12 3.04 .1 g?ggg
24 3.05 o2 81800

81000
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Table 10. Physical Properties of Air Fired 5 hr- Ground Mullite (Cont.)

Firing Time (hrs) Bulk Densz.ty

(g/cm3) Open'Porosity(%) UES (psi)
81700
100 3.05 ~0 80900

Low magﬁification porosity micrographsband high magnification grain size
and morphology micrographs are given in Figs. 37 and 38, respectively.
The increase in strength with increasing firing time for the 4, 8, and 12
hr specimens is explained by increased densification (Table 10) since
other considerations, such as grain size and morphology (Fig. 38) and
pore size (Fig. 37), show almost no change. The drop in strength

for the 24 hr fired specimen is accompanied by slight, but significant,
changes in these considerations (Figs. 37 and 38) while the density

(or total porosity) shows almost no change (Table 10). Another important
change for the 24 hr fired specimen is the region of the stress-strain
curve after ~3.5% engineering strain which shows a viscous flow behavior
at an engineering stress of 3000-4000 psi. These observations regarding
the mechanical behavior (reduced strength and viscous flow region) may be
explained by the increased grain size. The consequence of reducing the
grain boundary areé is to increase the thickness of glass phase arcas
(films and/or pockets) between grains. This assumes further reaction,
between alumina and .glass, to form mullite, is negligible. Pore size
increase and grain morphology change, which are only slight after a 24

hr fire, are also assumed to have little effect. In the 100 hr fired
spécimen, the viscous flow region does not occur and the strength shows

almost no decrease from the 24 hr fired specimen. The disappearance
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of the flow region may be explained by the entrapment of glass into
isolated pockets (Fig. 39A) due to the (anisotropic) exaggerated grain
growth. The coinciding effects of a larger pore size, larger grain size,
and relativély large isolated glass pockets makes it impossible to explain
the strength value relative to the other values in this series. However,
several interesting aspects of this samplé are noted. Pore growth - not
merely the elimination of small pores which increases the average pore
size ~ occurs. Judging from the lack of entrapped pores within grains,
grain boundaries are apparently unable to sweep past pores during sinter-
ing. Consequently, small pores coalesce during grain growth. The 100 hr
specimen was also used to illustrate again the contention that the angu-
lar (often triangular) pockets between grains once contained glass phase
that has been eliminated during thermal etching to bring out the grain
boundaries (see Figs. 39A and B). Further evidence is provided by mi-
croprobe data (Fig. 40). With the 4 hr fired specimen, the grain size is
small and, consequently, the glass pockets between graing are small.
Since the electron beam of the microprobe is ~1 micron in diameter (and
the volume affected is on the order of 6-7 cubic microns)s‘itiwould be
very unlikely that a glass pocket would be directly focused upon. Con-
sequently, due to averaging effects, there is relatively little scatter
in composition as one scans across the specimen. For the 100 hr fired
specimen, the larger glass pockets result in a greater chance of more
directly focusing upon a glass area. Consequently, we see occaslonal
sharp'composition shifts toward higher silica contents,

The stress-strain curves for condition 2(4, 8, and 100 hrs at

~1715°C in vacuum) are shown in Fig. 41. Bulk density, open porosity,



76—

and UES values are presented in Table 11 and microstructures are shown

in Fig. 42.

Table 11. Physical Properties of Vacuum Fired 5 hr- Ground Mullite

Bulk Density Open Porosity(%) UES (psi)

Firing Time(hrs) (a/cmd)
4 3.08 .3 89800
8 3.13 . .3 91600
100 3.14 - ~.0 92300

The most striking‘observation is the small change in strength with the
long firing time. However, the increasing strength with increasing
sintering time correlates well with the increasing bulk density. The
higher densities of the vacuum fired specimens when compared with those
sintered in air (Tables 10 and 11 and Figs. 37 and 42) may also be re-
sponsible for the higher strength of the former specimens. The Increas-
ing grain size with sintering time (Figs. 42B, D, and F) does not seem
to have much effect on mechanicdl properties of vacuum fired samples.,
Although there is some preferential growth of elongated grains, the ex-
aggerated growth in the 100 hr specimen primarily retains the blocky
character (Fig. 42F) of the grains in the 4 hr (Fig. 42B) and 8 hr (Fig.
42D) samples. This observation supports those who contend that glass
phase 1is necessary for growth of elongated mullite grains. In vacuum,
enchanced volatilization of free silica (as glass) before the pores
close would explain the reduced amount of glass ?ﬁase present. The

decreased glass content might be another explanation for the increased
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strength of vacuum fired specimens when compared to the air fired specl-
men. Small amountsof glass phase are still present in these vacuum
fired specimens, however, as indicated by angular pockets between grains.

(b) Green Density Effect

The mullite powder was compacted uniaxially under various pressures
from 100-30000 psi and sintered in air (Quench furnace) at ~1710°C for
4 and 8 hrs. Stress-strain curves are plotted in Figs. 43 and 44 fox
4 and 8 hrs sintering times, respectively. Green bulk density, compac-
tion pressure, final bulk density, final open porosity, and UES values

are given in Table 12.

Table 12. Physical Properties of 5 hr- Ground Mullite Specimens
Showine Effect of Green Density.

2 gzmpaction Green Bulk Final Bulk Open
Pressure(psi) Density(g/cm3) Density(g/cm3) Porosity () UES{psi)
100 1.37 2.81 6.1 75800
2500 1.59 2.91 9 79300
15000 | 1.82 © 2,94 .1 84800,84000
30000 1.94 2.99 2 86600
8 hr
100 1.38 2.83 .1 80300
500 1.53 2.93 .1 -
2500 1.61 2,95 .1 84500
5000 1.68 2.97 .1 86300
10000 1.76 2.99 10 -
15000 1.82 3.01 .1 87000,86800

30000 1.93 3.03 .1 -
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For both sintering times, the effect of increasing green density is
increasing strength. Since the graiun size and grain morphology (Fig. 45
_for 4 hr- sintering time, Fig. 46 for 8 hr- sintering time) remain approx-
imately constant, irregardless of green density, increased strength is
due to increasing density.

4. Intentional Additions of Silica and Alumina to 5 hr- Ground Mullite

A~14 alumina and silica flour were intentional additives to 5 hr—
ground mullite. Both were added in two proportions: .15/1.00 and .30/
1.00 by weight. The silica-rich compacits were sintered at ~1710°C for
8‘hrs in air (quench furnace) while alumina-rich compacts were sintered
at ~1710°C for 8 hrs in air (quench furﬁace) and 10u6 torr vacuum (Brew
furnace). While the additions did alter the green bulk density (from
1.66 g/cm3 for 30% excess silica to 1.90 g/cm3 for 307 excess alumina),
the variation of % of theoretical density is small. Assuming pure
mullite, corundum, and g-quartz and assuming theoretical densities of
3.19, 3.97, and 2.65 g/cm39 respectively, the % of theoretical density
has the range of 56.0%+1.5.

The stress-strain curves for sintered silica-rich compacts are
given in Fig. 47. The undoped (100% 5 hr— ground mullite) sample, sin-
tered under identical conditions, is included for comparison. The bulk
density, open porosity, and UES values are listed in Table 13 and micro-

structures are shown in Fig, 48.
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Table 13. Physical Properties of Sintered Compacts of 5 hr-Ground
Mullite with Silica Flour Additions.

Specimen Bulk Density(g/cmg) Open Porosity(%) UES (psi)
undoped 3.01 1 86800,87000
157 excess
SiO2 2.74 ~0 51200
30% excess \
SiO2 2.57 ~0 27600

The change in the shape of the stress-strain curves, from catostrophic
failure to an increasing flow character, is indicative of the presence

of increasing amounts of glass phase. Figures 48 D and F show this
second phase and the siliceous nature is confirmed by EDAX. The decreas-
ing area of mullite-mullite grain contacts is largely responsible for the
strength decrease, though the increased pore size and total porosity
(particularly for the 157 excess silica specimen - Fig. 48C - compared

to the undoped specimen - Fig. 48A) would also have some effect. Once
again, it is postulated that the 1érge, rounded pores occur due to en-
trapped air. The pores close rapidly (Table 13) due to the fast heat-
ing rate and large amount of glass phase. One other point of interest

is the increasing grain size, despite identical firing conditions, with
increasing glass phalse° This effect for air fired compacts is the oppo-
site of that éncountered in vacuum firing where decreased amounts of
glass phase seems to promote grain growth (compare Fike 31 of Section

F.1 and Fig. 35 of Section E.2). Another example supporting this idea
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is the comparison of samples fired under condition 2 (to ~1725°C in air)
and condition 3 ( at ~1725°C for 12 hrs in vacuum) in Sectlon E.1.
Figures 26 and 31 show the alr-fired samples have the same or slightly
larger, grain size despite the 12 hrs at temperature (~1725°C) for the
vacuum-fired samples. These samples, particularly those ground for 144
hrs, have a significant amount of glass phase from grinding with flint
‘pebblesa

The stress-strain curves for sintered alumina-rich compacts are
given in Fig. 49. The undoped (100% 5 hr- éround mullite) samples, sin-
tered under identical air and vacuum conditions, are included for com-
parison. The bulk density, open porosity, and UES values are listed

in Table 14.

Table 14. Physical Properties of Sintered Compacts of 5 Hour- Ground
Mullite with Additions of A-14 Alumina.

Specimen Bulk Density(g/cm3) Open Porosity(%) UES (psi)
Undoped (air) 3.01 .1 86800, 87000
157 excess Alzog(air) 2.94 2.0 104900,100800
30% excess Alzos(air) 2.84 10.6 89000,88700
Undoped (vacuum) 3.13 -3 91600
15% excess AlZOB(vacuum) 3.13 ~0 85000,83700
30% excess A1203(vacuum) 3.17 ~0 86200,85400

The air fired specimen will be discussed first. Figures 50 A, C,
and E 1llustrate that grain size remains approximately the same despite
the change in alumina content. Figures 51 A, C, and [ and Table 14 show

the increasing total porosity with increasing alumina content. While



g

the presence of excess alumina adversely affects the final density
achieved, the mechanical strength increases significantly for the 15%
excess A1203 sample and increases slightly for the more porous 307 ex-
cess A1203 sample. This may be explained by Fig. 52. The large glassy
area in the center of Fig. 52A is an atypical feature for small-grained
samples, It was dincluded in order to further support the contention

that a small, but significant, amount of glass phase is always present

(due to incomplete reaction and impure starting materials) in the mul-
lite samples discuséed in this thesis. The circled areas in Fig. 524
are, however, a typical feature. Figure 52B show that the addition of
15% excess alumina has almost completely eliminated these areas of weak
mullite grain-grain contacts. The 307 excess alumina accomplishes the
same effect, but further reduction in density lowers the strength from
the value for 157 excess alumina sample. The circled areas are too
small to be analyzed by microprobe or EDAX, but it is speculated that
they are glass pockets. Excess alumina can react with glass phase to
produce mullite. Due to strong mullite grain-grain comtacts, a com-
pression strength over 100,000 psi at 1200°C is achieved despite a den-
sity only ~90% of theoretical. Clearly, the presence of second phase
is critical in determining the high temperature mechanical strength of
mullite. Another critical point is the fact that alumina particles
form good interfacial bonds with the mullite matrix in air firing.
Vacuum fired specimen with excess alumina (see Figs. 16B, 35D, 50F)
show circumferential cracking which 1s not detected in air fired sam-
ples. Perhaps, bonding in air firing is facilitated by a glass phase

layer which may volatilize in vacuum firing. Further evidence
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supporting the belief of stronger grain-grain contacts of the specimens
with excess alumiﬁa is the fracture surfaces of compression tested spec-
imens. The undoped sample shows primarily intergranular fracture (Fig.
53A) while the sample with excess alumina has a fracture mode which is
primarily transgranular, (Fig. 53B).

The vacuum fired results are more difficult to interpret. Figures
51B, D, and F show the usual effect of increasing povosity with increas-
ing amounts of alumina (It should be remembered that the values in Table
14 are bulk densities and the true densitiés are actually decreasing
since the theoretical density of alumina is greater than that of mul-
lite). T1If we temporarily neglect grain size effects (Figs. 50B, D, and
F), based on our earlier experience of vacuum fired specimens (Section
E.3.(a), Figs. 41, 42), one might expect a decreasing strength with in-
creasing alumina content (due to the resultant increasing porosity and
the poor interfacial bonding between alumina particles and the mullite
matrix). However, the order of decreasing strength is: undoped, 30%
excess alumina, 15% excess alumina. Apparently, either there is some
grain size effect (with increasing grain size being detrimental to
strength) or the excess alumina haé another, as yet undetermined, effect.
The large grain size of the 15% excess alumina sample is not surprising
in view of the other results with vacuum fired specimens (Section E.2,
Fig. 35). 1In contrast to air fired samples (Fig. 48), smaller amounts
of glass phase in vacuum fired specimens result in the promotion of
grain growth. In the 157 excess alumina sample, the absence of angular
pockets between grains (Fig. 53C) indicates negligible glass phase

which results in a tremendous rate of grain growth (and entrapped pores).
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1t ds also noted that the grain morphology is primarily blocky in character
which further supports the contention that glass phase promotes elongated
grain growth. The reason for velatively small grain size of the 30%
'v@xcess alumina specimen is not entirely clear, but is ?robably related

to the larger amount of porosity. The dispersion of a second phase
(including pores) has been observed to impede grain boundary movement.
For a grain boundary to move past an inclusion, new grain boundary, equal
in area to the cross—sectional area of the inclusion, must be formed.
Zener8S postulated that during normal grain growth, the average grain
size, D, is given by D®d/f where d is the inclusion diameter and { is the
volume fraction of inclusions.

5. Effect of Annealing

Two other samples were subjected to the sare annealing treatment as
described in Section D on reaction-sintered 71.8 wtZ alumina/28.2 wt¥
silica samples. A 5 hr- ground mullite sample, sintered at ~1710°C for
8 hrs in vacuum, showed similar behavior upon annealing (at ~1600°C for
100 hrs in air) to the latter saﬁplee Linear dimensional change was not
detected. The grain size (Figs. 54A and B) remained the same, although
the grain boundary ridges disappeared after annealing. Therefore, the
observed increase in UES values (Table 15) is explained by (1) "healing"
of surface damage from the sawing, grinding, and polishing to prepare
‘the test specimen and/or (2) some, as yet undetermined, grain boundary
streﬁgthening mechanism.

The other sample subjected to annealing was the 5 hr- ground mullite
with 30% excess alumina sample which was originally fired at ~1710°C for

8 hrs in air. The increase in ULS value is given in Table 15. A



-84

slgnificant 1% linear shrinkage and a grain size increase (Figs. 54C and

D) complicates interpretation of the results.,

Table 15. Ultimate Engineering Stress Before and After Annealing

Sample Treatment . UES (psi)
5 hr- ground mullite 8 hrs, 1710°C in vacuum v 91600
5 hr- ground mullite 8 hrs, 1710°C in 102600
vacuum & anneal

5 hr~ ground mullite + 8 hrs, 1710°C din air 88700,89000
30% excess Al.0O

273
5 hr- ground mullite + 8 hrs, 1710°C in 98800
30% excess Al,0 air & anneal

273
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IX. SUMMARY AND CONCLUSION

The effect of selected processing vaviables on final microstructure
.and high temperature (1200°C) stress-straln behavior (in compression

loading) of sintered mullite bodies was studied. Attempts to correlate
the microstructure with stress-strain behavior were made,

The presence of second phase appearedvto be the most critical factor
in determining the high temperature mechanical strength. Naturally,
this is partially a function of the difference in mechanical properties
of the single phase materials. For example, siliceous glass phasé is
extremely détrimental to the high temperature mechanical strength of
mullite bodies because the soft, deformable glass will flow viscously
at the test tempervature. However, second phase may also affect the
mechanical properties by altering the sintering behavior and, therefore,
altering microstructural features such as grain size, grain morphology,
total porosity, and pore size. For example, in air firing, siliceous
phase apparently promotes grain growth and, in vacuum firing, its ab-
sence appears to promote grain growth. Excess alumina also affected the
nature of grains because it could react with excess Siléceous glass to
form mullite. Both glass and alumina phases also produced changes in
the amount and size of pores in the final microstructure.

The effect of grain size and morphology on mechanical properties
is closely related té the fact that not only the amount but also the
distribution of second phase is an dmportant concern regarding the
high temperature strength. Apparently, grain growth fs anisotropic in
the presence of siliceous liquid phase which leads to the isoclation of

the glass into "pockets". This distribution appears to be beneficial
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for the high temperature sprength; Although the effect of the grain
size on mechanical properties was not studied inéependently of the
second phase, available evidence indicates that there is only a weak
dependence in this system. This is possibly a reflection of the absence
of mobile dislocations in mullite tested at 1200°C.

The influence of second phase on microstructure and strength is,
in turn, strongly dependent on firing atmosphere. An example of this
was already described concerning grain growth in the presence of
siliceous liquid phase. In other cases, Vaéuum sintering resulted in
poor bonding between alumina particles and the mullite matrix while air
sintered compacts showed good bonding and improved strength. Densifi-
cation kinetics and grain growth kinetics are dependent upon the sin-
tering atmosphere cince phase composition and distribution and inter-
facial energies are affected by the atmosphere. A literature survey
did not reveal any other observations of ridges at grain boundaries
such as those encountered in this study for mullite samples sintered in
a vacuum atmosphere. The significance of this is that if previous
investigators were not cognizant of subtle changes in the nature of the
grain boundaries which may drastically affect the sintering behavior of
mullite, then they may have been unaware that such changes (e.g. in
composition, in valence) would make phase equilibria in the A1203@8i02
system very sensitive to atmosphere. A systematic study of the effect
of firing atmosphere on the sintering behavior of mullite might provide
valuable information in explaining the contradictory rgsults obtained
over the last half century by investigators studying the Al 0,-5i0

273 2

phase relationships.
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sintered at ~1710°C in air for 4 hrs.
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Stress—strain behavior in compression at 1200°C for
5 hr.-ground mullite compacts of various green densities
sintered at ~1710°C in air for 8 hrs.
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Fig. 47. Stress-strain behavior in compression at 1200°C for
compacts, with various amounts of excess silica, sintered
at ~1710°C for 8 hrs in air.



@ KT I ="
emhe @
LAUNUUEEE RIS B

- v @,

3

3

4



[ i L 3 &

=145~
120 ! ; [ I [ T [ e [ ] T
—800
Z g
f 15% EXCESS Al,03
gBl . (AIR FIRED) 700
I00}— g
~———UNDOPED
30 \ (VACUUM FIRED)
- ~30% EXCESS Al,0s
(AIR FIRED)
-~ UNDOPED —600
(AIR FIRED)
85 T 30 % EXCESS AlO
80— (VACUUM FIRED)
TT15% EXCESS AlyO3
= (VACLéUM FIRED)
w
: 80 L4 | —{500
= 30 4.0 5.0
R L
w
AN
o
‘,_.
W
© 60—
z 400
L
Led
tel
=
S —
Q
L
—1300
—200
—I00
S L OO T Y WA SN N R B L 0
2 4 6 8 - 10 12 14
ENGINEERING STRAIN (%)
XBL 7610 -7616

49. Stress-—strain behavior in compression at 1200°C
for compacts, with various amounts of excess alumina,
sintered at ~1710°C for 8 hrs in alr and vacuum.
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