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The influence of annealing treatments at temperatures of
900°C up to 1630°C on the microstructure of a
3Al,05-2Si0, mullite that contains a small amount of alkali
(<3 wt%) has been studied. Annealing treatments of a base
mullite material at the sintering temperature (1630°C) and
at two temperatures lower (900°C) and higher (1200°C)
than the lowest invariant points of the SiO—Al,O;Na0
system have been performed. Microstructures have been
characterized by using scanning and transmission electron
microscopy. Special attention has been given to grain-
boundary characteristics—particularly the amount, com-
position, and distribution of the remaining glasses. Aging of
this material at high temperature leads to a redistribution
of the microstructure toward an equilibrium that involves
the dissolution of the mullite grains, formation of a liquid
phase, and liquid-phase grain growth. As the aging tem-
perature increases, liquid-phase grain growth progressively
overcomes the effect of the dissolution of mullite and a
bimodal microstructure with an increasing number of
large, tabular grains develops.

I. Introduction

URING the last decades, much attention has been given to
mullite as a high-temperature engineering material; con-
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(average diameter of 0.,8m) obtained from natural raw ma-
terials. These powders had )a (0.18 wt%), KO (0.017
wit%), and CaO (0.082 wt%) as the main impurities. The start-
ing powders were isostatically pressed (200 MPa) into blocks
(10 mm x 40 mm x 65 mm). The base material (MBO) was
prepared by sintering at 1630°C for 4 h; the other three mate-
rials were prepared from MBO by using annealing treatments at
900°C for 48 h (MB-900), 1200°C for 48 h (MB-1200), and
1630°C for 24 h (MB-1630). The heating and cooling rates
were always 5°C/min. To determine the relative amount of
impurities in the remaining glass present in the different ma-
terials, three samples of each material (Bard 4 mm x 50
mm), machined from the sintered blocks, were etched with acid
(38 vol% HF (45%), 36 vol% HCI, 24 vol% O for 10 min)
and the residue of the obtained solution after drying was chemi-
cally analyzed. The adequacy of etching was tested by ensuring
that the relative amounts of impurities in the residue were not
dependent on the number of etched samples; also, the absolute
amounts of impurities in the residues (0.0011 + 0.0001 g) had
to be the same for the four materials and lower than the abso-
lute amount of impurities in the three bars (0.0025 g) calculated
from their mass and the chemical analysis of the starting
powder.

Microstructure of the samples was examined on polished and
thermally etched surfaces (1500°C for 1 h) by scanning elec-

sequently, several methods to obtain highly reactive, homoge-tron microscopy (SEM) (Model 820 Jsm, JEOL, Tokyo, Ja-
neous, and pure mullite powders have been develdpegven pan). Image analysis (Model ATMTM-VIDS V, Synoptics,
the purest mullite powders obtained from natural raw materials Cambridge, U.K.) of the SEM micrographs was used for the
always contain small quantities of alkaline and alkaline-earth quantitative analysis of the microstructure, using at least 215
oxides that may form liquids at rather low temperatures (e.g., grains for each material. Grain size was assumed to be the
[11000°C for NaO®). Most of the applications of ceramic ma- equivalent diameter of the particle areas; shape facknaére
terials imply temperatures well above these temperatures; con-calculated ag = 4wSL? (Sis the area of the grain, which is
sequently, microstructural modifications of the materials dur- considered to be a perfect circle, ahds the perimeter). For
ing use might be expected. both parameters, confidence intervals (Cls) at 95% of the av-
In the present work, the influence of annealing treatments on erage were calculated (G +t(s/n)¥/2, wheret = 1.96,sis the
the microstructure of a 340,-2Si0, mullite material that con- standard deviation, and is the number of measurements).
tains small amounts (<0.3 wt%) of alkaline impurities has been Transmission electron microscopy (TEM) (Model 1200 EX
studied. The selected annealing temperatures have been choseREM/STEM, JEOL) was also performed on specimens pre-
based on the invariant points of the JOa-Al,O;—SiO, system. pared by wafering, mechanical thinning, and dimpling, fol-
lowed by argon-ion million (4.5 kV, 1 mA, 15°) and carbon
1. coating.
Four mullite materials, with densities in the range of 3.03 +
0.03 g/cn¥, were prepared from 3A0;-2SiO, mullite powders

Experimental Procedure

Figure 1 shows SEM micrographs of polished and thermally
etched surfaces of the studied materials. Figure 2 shows mullite
grain-size distributions for the four materials. Figure 3 show
F-distributions for the base material (MB0O) and the material
treated at the highest temperature (MB-1630). Average param-
eters of the distributions are summarized in Table I.

The grain-size distributions of MBO, MB-900, and MB-1200
show similar features with a large number of grains (98%—99%
of the total) included in a main distribution. Aging MBO at

Results and Discussion
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Fig. 1. SEM micrographs of polished and thermally etched (1500°C for 1 h) surfaces of the studied materials ((a) MBO, (b) MB-900, (c) MB-1200,
and (d) MB-1630).

900° and 1200°C leads to a shift of the maximum of the main  The mass losses of the three bars due to etching were 0.28,
grain-size distribution toward smaller sizes (0.6—Qu& for 0.16, 0.17, and 0.24 wt% for MBO, MB-900, MB-1200, and
MBO and 0.4—-0.6pm for MB-900 and MB-1200) and the  MB-1630, respectively, and the amounts of impurities Q&
number of grains smaller than Ouén is lower in MBO (37%) K,0 + CaO) in the extracted powders were much larger than
than in MB-900 (51.5%) and MB-1200 (59.1%). Also, the that of the average composition (0.28 wt%) for all the materials
relative number and size of the largest grains diminish (for (7.6, 11.4, 10.0, and 8.9 wt% for MBO, MB-900, MB-1200, and
MBO, 1.8% of the total, 3.4-3.am; for MB-900, 0.6% of the MB-1630, respectively). The expected compositions of the re-
total, 2—2.4pm; for MB-1200, 0.9% of the total, 2—-2.8m). maining glasses can be approximated by the compositions de-
Therefore, the average grain size decreases with annealing atluced from the phase equilibrium diagram of the,®a
900° and 1200°C. When annealing is performed at 1630°C, the Al ,O—SiO, systen® In this system, the average composition
average grain size increases; however, the main grain-size dis-of the starting powder might be located at two compatibility
tribution for MB-1630 (75% of the total number of grains) is triangles: silica—mullite—albite, which has an invariant point at
also located at smaller sizes (0.1-@wth) than in MBO. The 1050°C, or mullite—alumina—albite, which has an invariant
microstructure of this material is clearly bimodal, with a sec- point at 1104°C. These invariant points might be lower for the
ondary distribution (25% of the total grains) that ranges up to composition of the materials studied here, because more than
7 pm. three components are present. The relative amounts £ ha
F-distributions for MBO and MB-900 were fairly similar.  the liquids that correspond to these invariant points @&
For the other two materials treated at higher temperatures (MB- wt%. According to this diagram, the amount of J@ain the
1200 and MB-1630), thé&-distributions become broader, the liquids decreases and the total amount of liquid increases as the
average values decreased (see Table I) and the number ofreatment temperature increases. The aged materials (MB-900,
grains with lowerF values (<0.6) increased with annealing MB-1200, and MB-1630) follow these theoretical trends if the
treatments (13%, 12%, 18%, and 27% of the total number of mass loss by chemical etching is considered to be related to the
grains for MBO, MB-900, MB-1200, and MB-1630, respec- total amount of glass in the material. For MB-900, the relative
tively), which indicated that tabular mullite grains are devel- amount of impurities in the extracted powder practically coin-
oped during aging, as observed in SEM micrographs (Fig. 1). cides with that of the theoretical invariant liquid, and this
This process was extreme in MB-1630, as shown in Fig. 3. The amount decreases as the temperature of the thermal aging in-
microstructural development observed via SEM can be ex- creases (MB-1200, MB-1630).
plained by considering the evolution of the intergranular re-  The evolution of remaining glass in the annealed materials is
maining glass in these four materials. also apparent from TEM micrographs (Fig. 4) in which the
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Fig. 2. Mullite grain-size distributions for (a) MBO, (b) MB-900, (c) MB-1200, and (d) MB-1630.

distribution of the areas filled by the remaining glasses is ets 70-300 nm in size are observed at triple points in this
clearly observed; energy-dispersive X-ray (EDX) analysis material (Fig. 4(a)) and the total amount of remaining glass is
showed that the impurities were concentrated in these areasmuch more perceptible in the annealed mullites. In MB-900,
The high effectiveness of etching on MBO cannot only be due glassy pockets of 40—160 nm appear at practically every triple
to remaining glass extraction, because only some glassy pock-point (Fig. 4(b)). In MB-1200, the amorphous phase is more
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Fig. 3. Mullite grain shape-factorR) distributions for (a) MBO and (b) MB-1630.
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Table I. Characteristics of Grain-Size and Shape-Factor the remaining glass as mullite grain size increased, as observed
(F) Distributions of the Studied Materials in high-alumina ceramicHowever, at least in MB-900 and
Grain-size distribution {m) Grain F-distribution MB-1200, redistribution of the residual glass due to grain
95% 95% growth cannot be responsible for the apparent increase of re-
Material Average confidence interval  Average confidence interval sidual glass, because the grain sizes of these materials and,
consequently, the total grain-boundary area are lower than for
MEPQOO %Z;i %%3 %7712 %%11 MBO. Therefore, the glass amount in MBO must be lower than
MB-1200  0.59 0.03 0.68 0.01 that in the annealed materials, and the large effectiveness of
MB-1630  1.29 0.03 0.66 0.01 chemical etching on MBO should be related to the partial dis-

solution of the mullite grains.

The smaller grain sizes in MB-900 and MB-1200 and the
shifting of the main grain-size distribution in MB-1630 toward
evenly distributed, filling both triple points (pockets 40-250 lower values (Figs. 1 and 2) can be explained by the dissolution
nm in size) and spaces up to 40 nm wide and more tham1 of the outer parts of the mullite grains at grain boundaries
long between elongated mullite crystals (Fig. 4(c)). This mi- during thermal aging, as it occurs during liquid-phase sinter-
crostructural development is extreme in MB-1630, a material ing.° Moreover, this dissolution justifies the observed increase
in which mullite crystals are practically embedded in a glassy in remaining glass with thermal aging. The surface tension and
matrix (Fig. 4(d)). Even though, under the experimental TEM viscosity of intergranular melts in heterogeneous systems may
conditions used in this work, glass was only observed at triple- be changed by the dissolution of the solid phase in the melt,
grain junctions in the non-annealed material, a thin boundary which leads to the occurrence of highly stressed regions. These
film could be present at least between high-angle contact regions, in turn, change the mass-transport conditions, and sec-
grains, as reported by Kleele¢al.” for sol-gel mullites. These  ondary effects that are associated with grain growth, which is
authors described intergranular glass thin foils (1 nm) that be- favored by the presence of porosity or impurities, octtft.
come enlarged glass pockets, because of the redistribution ofUnder these conditions, abnormal grain growth or secondary

Fig. 4. TEM diffuse dark-field images of (a) MBO, (b) MB-900, (c) MB-1200, and (d) MB-1630; the bright contrast corresponds to the amorphous
phase, and the remaining glass is marked by the arrows.
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