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Free surfaces of 2:1 mullite (2AL0,.-Si0,) specimens decom-
posed with the evolution of Si® and O, when they were heated
at high temperatures under low partial pressures of Q.; this
reaction was analyzed thermodynamically. In addition,
bubbles were observed at internal interfaces between mullite
and fysed-SiO. diffusion couples. These bubbles, when formed
at 1 atm ambient pressure between 1650° and 1800°C, resulted
from reaction of Si particles and residual SiO.-rich glass in
the fused cast mullite.

I. Introduction

URING an investigation of diffusion kinetics in the ALOs-

Si0, system,® bubbles were observed at the interfaces

in fused Si0»2:1 mullite (2AL0:Si0.) couples annealed in

static He or in air at high temperatures. Since care had been

taken to avoid entrapping He at couple interfaces and since

no such phenomenon was observed with sapphire-SiO. couples,

it was surmised that a reaction which involved the mullite and

yielded an insoluble volatile product having a pressure greater

than that of the surrounding atmosphere was occurring at the
interface of the fused SiO.-mullite couple.

Several workers have studied the decomposition of mullite.
Skola,” using X-ray analysis and optical microscopy, reported
that pure synthetic mullite decomposed partially when it was
heated between graphite plates in a carbon resistance furnace
at 1700°C; =5 wt% corundum was detected after 4 h. Wright
and Wolff® discovered that mullite bricks were severely
attacked by reducing agents above 1370°C in a natural-gas
cracking plant; in the zone of greatest attack, the bricks were
covered with porous corundum. These workers concluded
that SiO., free or combined in the mullite, was reduced to SiO
by carbon deposited from the cracked methane.

The objective of the present study was to determine the
nature of the observed reaction from both experimental and
thermodynamic points of view.

II.

Specimens were cut from a fused cast ingot of mullite pre-
pared by an arc fusion process,’ annealed in air at 1200°C
for 24 h, polished to optical smoothness, and washed in ethyl
alcohol. Ceramographic (reflected light) examination showed
crystalline grains surrounded by a continuous glassy phase
and some bright spots (Fig. 1). X-ray diffraction analysis
using CuKe radiation identified only mullite; electron micro-
probe analysis of the crystalline phase showed an average of
75.8+1 wt% ALO,. These analyses and the nature of the
mullite formation' indicate that the mullite was of the 2:1 type.

A stereo binocular microscope focused below the surface
plane clearly revealed that the bright spots were black
particles throughout the specimen (Fig. 2) which were re-
duced considerably in amount by additional heating in air at
1700°C for 48 h. Such particles could be C, SiC, or Si; an
electron microprobe examination and their solubility in a
solution of HF and HNO, indicated that the particles in these
specimens were Si.

Mullite, fused SiO.*-mullite couples, and fused SiO.-sapphire
couples were heated in a Ta resistance furnace in static Het
at 0.7 atm (10" atm) from 1650° to 1800°C in 50° inter-
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Fig. 1. Microstructure of mullite observed using reflected

light. White spots are Si particles intersecting polished

surface.

vals for 0.5, 1, 3, 6, and 12 h. Several couples were heated
in air at 1650° and 1700°C in a furnace with Kanthal Super
33 elements." Fused SiO-mullite couples containing the
mullite which had been further annealed at 1700°C were also
heated in He at 1 atm at 1750°C for 48 h. Temperature was
controlled by thermocouples of W5Re-W26Re in He and
Pt6Rh—Pt30Rh in air; the variance was *3° at 1650°C.

Since all specimens were heated in open crucibles, the
equilibrium O. pressure above them was determined by the
furnace atmosphere. In air, the Po, was 10~% atm; in He, it
was determined by the Ta heating element. The oxidation of
Ta (Ref. 4) is represented by

ZTa(s) +S./202(g)2T3205(S) (1)

Thermodynamic data for the test temperatures are given in
Table I.

III, Results and Discussion

(1) Mullite Specimen Surfaces

X-ray diffraction analysis of the surfaces of mullite spec-
imens heated in He showed that increasing amounts of «-Al:Os
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Fig. 2. Microstructure of mullite annealed at 1200°C ob-

served with stereo binocular microscope. Black features
are Si particles within the specimen.

formed, with a corresponding decrease in mullite, with in-
creasing time at a given temperature and with increasing
temperature at a given time. An example of the change in
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Table I. Thermodynamic Data for Eq. (1)
Temp. (°C) AG®° (kcal/mol) Log Po,
1650 —297.890 —13.59
1700 —293.318 —13.04
1750 —288.769 —~12.52
1800 —284.226 —12.03

surface appearance with time is shown in Fig. 3; examination
of the specimen heated for 12 h at 1750°C in He revealed
only a-ALO, (Fig. 3(C)), whereas a specimen heated in air
at 1650°C for 11 days (Fig. 3(D)) contained no a-AlOs.

Equilibrium constants of possible reactions were evaluated
at 1650°C. In agreement with experimental observations,
only the reactions with «-ALOs; as a product were favorable.
Decomposition of mullite by direct vaporization of molecular
Si0. was excluded because such a reaction would occur in
both He and air, The following step reactions were thus
considered to represent the decomposition:

3ALO:2S10:(5) =3ALO0 (s) +2510(g) +0:(g)  (2)
25i0(g) +0.(g) =2Si0:(g) 3)

The AG® values for Eq. (2) were calculated using thermo-
dynamic data for 3:2 mullite because data for 2:1 mullite are
not available. The free energy of formation of thermo-
dynamically metastable 2:1 mullite,’ however, should be less
negative than that of the stable 3:2 compound. The standard

Fig. 3. Microstructure of mullite pieces which were (4) unfirgd, (B) fired in He at
1750°C for 30 min, (C) fired in He at 1750°C for 12 h, and (D) fired in air at 1650°C
for 11 days.
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Table II. Thermodynamic Data for Eq. (2)
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Table III. Thermodynamic Data for Eq. (3)

Temp. (°C) AG® (kcal/mol) Log [ (Ps10)?Po,] Temp. (°C) AG® (keal/mol) Log [(Ps10,)%/ (Psi0)*(Po,)1
1650 153.812 ~17.50 N 1650 ~29.455 3.36
1700 148.355 ~16.50 1700 —97.623 3.08
1750 142775 —15.45 1750 —25.794 2.79
1800 137.197 ~14.55 1800 ~23.963 2.53

Gibbs free energies for reactions (2) and (3) are given by
Eqgs. (4) and (5):

AG°=—RT In [(Psi0)’(Po,) 1 4)
om _RT I i) 5
AG®=—RT In (Psi())z(Poz) ( )

and values calculated from available data® are listed in Tables
II and III.

The conditions for dissociation of mullite can be determined
from Eqgs. (4) and (5) and Tables II and III. As an example,
in air at 1650°C at equilibrium, Psio is 107" atm and Psio,
107" atm. In He at 1650°C in the presence of Ta at equi-
librium, Po, and Ps;o are 107%® and 10" atm, respectively,
whereas Psio, remains 107" atm. The first step of the re-
action, represented by Eq. (2), thus controls the dissociation
of mullite. In air, Psio near the specimen must reach 10-**
atm immediately to prevent dissociation. In He, however,
the equilibrium SiO partial pressure, 10™* atm, was not
attained, and the mullite continued to decompose.

(2) Fused SiO,-Mullite Interfaces

The formation of bubbles at the interfaces of the:fused SiO.-
mullite couples depended on the generation of “a® pressure. of
gaseous products greater than the atmospheric pressure, i.e.
0.7 or 1 atm. The decomposition of mullite just described
thus cannot cause the observed bubbles since. the total cal-
culated equilibrium pressure of the gaseous products of the
decomposition (Eq. (2)) varied from 8X10° to 11.4X10°®
atm at 1650° to 1800°C. Although the actual equilibrium
Psio and Po, were probably somewhat higher than the cal-
culated values because of the presence of 2:1 mullite instead
of the 3:2 compound, it is unlikely that the total SiO and O,
pressure exceeded 0.7 or 1 atm. "

The Si particles in these mullite specimens must then
participate in gas-forming reactions that result in high gas
pressures at the interfaces of the couples. This premise is
supported by the appearance of smaller bubbles at the inter-
face of a couple containing mullite annealed at 1700°C com-
pared with those in a couple containing mullite annealed at
1200°C (Fig. 4). The Si particles would be expected to react
with either the Si0. in the mullite or that in the glassy layer
surrounding the mullite grains. Reaction with the glassy layer
is more favorable; the reaction with a glass containing only
Si0. is represented by:

Si(1) +5i0.(1)=25i0(g) (6)

The equilibrium pressure of the gaseous product increases
from 0.37 to 1.29 atm at 1650° to 1800°C. A similar calcula-
tion of the pressure of the gaseous products for the correspond-
ing reaction of Si with mullite indicates an increase from
3.24%10”° to 6.02x10° atm. Since ALQO; is in solution in
the liquid phase of the mullite specimen and since this phase
is in equilibrium with the mullite,' continued reaction with
the Si particles should cause precipitation of mullite; the AG®
for the reaction would then be expected to be smaller and the
gaseous-product pressure greater at a given temperature.
Thus, this reaction provides the needed pressure to nucleate
bubbles at the fused SiO,-mullite diffusion-couple interfaces.

If the particles had consisted of C or SiC and if the reaction
had proceeded fast enough, the total pressure of the gaseous
products of their reaction with SiO, glass would have increased
from 0.74 to 3.40 atm and from 0.32 to 1.06 atm, respectively,
at 1650° to 1800°C. Thus, these reactions could also have
provided the needed pressure to nucleate the bubbles observed
at the couple interface,

Fig. 4. Bubbles at fused SiO:;-mullite interface at 1750°C in 1 atm He, using mullite (4) annealed at 1200°C for 24 h and

(B) annealed further at 1700°C for 48 h,
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IV. Conclusions

At low partial pressures of O. and at high temperatures,
2:1 mullite (2Al.0.-Si0.) decomposes with the evolution of
Si0 and O.. Bubbles form at a mullite-fused SiO. interface
because the pressure of the gaseous products of reaction of
SiO.-rich glass and Si particles present in this mullite specimen
exceeds the ambient pressure. The additional presence of C
or SiC would also contribute to the increase in gaseous prod-
ucts and pressures. At =1 atm ambient pressure, the de-
composition of mullite alone cannot provide sufficient gaseous-
product pressure to nucleate bubbles.
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Computation of Residual Stresses in
Quenched AlO,

W. R. BUESSEM* and R. M. GRUVER
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A method of computing the residual stress profile in quenched
ALO, rods was developed. For these calculations, certain
material parameters must be determined. Thus, strain rate
was measured as a function of stress for 96% ALO, at 1300°
to 1500°C, and the heat-transfer rates of cylindrical samples
quenched in several media were determined. Using calculated
temperature distributions and measured strain rates, plastic
strains were computed for the entire quenching period, and
these strains were converted to a profile of residual room-
temperature stresses. The substantial increases in flexural
strength observed in ALQ, after it is quenched (thermally
conditioned) are considered to originate in the residual com-
pressive surface layers.

I. Introduction

EVERAL workers' have strengthened polycrystalline ALO;
S considerably by quenching it in fluid media. The result-
ing increases in tensile and flexural strength can be ascribed
in most cases to residual compressive stresses in the surface.
In the present work, computation of these stresses was at-
tempted to determine if they are of the correct order of mag-
nitude and to correlate their magnitude and distribution with
the material properties and the parameters of the quenching
process.

Basically, strengthening of Al:O, by quenching is analogous
to strengthening of glass by tempering. It appears that tem-
pering of ALQ, should be the simpler process, since AlL:O; is
crystalline and does not change structurally during the critical
period, as glass does. However, “transient plastic creep,”
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which will be discussed in Section I1(1), introduces an element
of structural change which is neither completely understood
nor easily accounted for.

II. Procedure

(1) Plasticity

At high temperatures, small-grained polycrystalline ALO.
exhibits a linear plasticity (vacancy creep) which is described
by the Nabarro-Herring® equation. Under a uniaxial normal
stress, o, the normal strain rate, £, is given by

1

é
where 7 is the viscosity.*

For the 96% ALO,' used in the present investigation, the
proportionality factor, 1/(34), was determined by (1) com-
pressive-strain-rate measurements on cylinders 15 in. in di-
ameter and 14 in. high, (2) deflection-rate measurements
using three-point bending of rods 14 in. in diameter, and (3)
tensile-strain-rate measurements on rods 4 in. in diameter.
The deflection and tensile tests gave consistent values, but the
compression measurements gave lower results which were
ascribed to the friction between the graphite cylinders trans-
mitting the pressure and the sample; the latter measurements
were thus discarded.

The steady-state strain rate measured in the present ex-
periments agrees well with that determined by Warshaw and
Norton* for AlQ, of the same grain size (10 ym) in the fem-
perature range (=1500°C) covered in both investigations.
Present measurements were extended to 1400° and 1300°C,
but the slope of the plot of In ¢ vs 1/T was unchanged.

When the linear part of the creep-rate-vs-time curve (steady-
state creep) is extrapolated to zero time, a positive strain is
obtained.® This strain is quite large; it exceeds the elastic
strain by several orders of magnitude and must be considered
plastic. This “transient creep” is important because it pre-
vents crazing of the surface up to severe quenching rates and
increases the deformation rate by a factor. As a first ap-





