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Development of SiAION Materials

SECTION I

SUMMARY

The objective of this program was the development of Si3N4 based ceramic
bodies which can be fabricated to complex shapes by conventional forming and
pressureless sintering techniques, and which exhibit properties which make them

suitable for high stress applications in gas turbines at temperatures up to
1370°C (2500°F). Target goals were: flexural strength at 25°C of 520 MPa

(75ksi) and at 1370°Cof 415 MPa (60ksi);creeprate at 1370°Cand 69 MPa

(i0 ksi) on the order of 10-5 hr-l; static air oxidation parabolic rate
constant at 1400°C on the order of 0.01 mg2cm-4hr-I.

Work completed during the first 21 months of this program was presented in

detail in the interim report NASA CR-135290. The earlier work identified the

systems Zr-Si-AI-O-N and Y-Si-AI-O-N, as being promising candidates in terms of

oxidation resistance, and mechanical properties, respectively. However, no

compositions were produced from either system which presented the desired balance

of properties. In the current work, these two systems - particularly the latter -

were examined in greater depth. Solid phase equilibria were explored, and com-

patibility tetrahedra delineated. Property data for bodies from various tetra-

hedra were determined. In the case of the Zr-Si-AI-O-N system, it was concluded

that sinterable B' based ceramic formulations exist only on the "oxide" side of

the 8'homogeniety line. The greatest extent of sinterable formulations lie in the

B'I0_60-X-ZrN tetrahedron. Solidus temperatures appeared to be low in this tetra-

hedron, and samples had little strength or creep resistance at 1370oc. A composi-

tion on the 8'0_10-Zr02 plane (94.6 m/o SI2.TAI.3N3. 7 m/o 5.4 ZrO) also exhibited

unacceptably high creep at 1370°C. If sinterable formulations with acceptably

low creep exist in the Zr-Si-AI-O-N system, they must lie very close to pure
Si3N 4•

The Y-Si-AI-O-N system is more complex than the analogous Zr system. Five 3-phase,

and eleven 4-phase compatibility tetrahedra exist wherein one phase is either

Si3N 4 or Si3_xAlxOxN4_ x solid solution. Property data for compositions from all

of the 3-phase, and two of the 4-phase compatibility tetrahedra were screened

for oxidation and mechanical properties. Oxidation properties at a given tem-

perature are discussed by projecting body compositions (in cation equivalent

percent) onto the relevant isothermal sections of the Y203-AI203 - Si02 phase
diagram. The only sinterable bodies with low oxidation rates at 1400°C (on the

order of 0.01 mg2cm-4hr -I) were compositions whose oxides fell in the primary

1
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phase field of mullite, and which produced scales that were at least 30 volume

percent mullite at 1400°C. These compositions fall in regions of the quinery

system where the solidus temperature is low (perhaps below 1500°C)so that
1370°Cmechanicalpropertiesare poor. No slnterablecompositionwas found that
exhibitedoxidationand mechanicalpropertiesthat would be acceptablefor high

stress applicationsin oxidizingatmospheresat 1370°C. However,bodies were
producedwhich exhibitpropertiesattractivefor stressedapplicationat tempera-
tures of 1300°C and below. One formulation(96.6m/o Si2.614AI.3860.386N3.614+

2.3 m/o Y3AIb012+ 1.0 m/o Si3AI6NI0)produced sampleswhich exhibitedthe
followingproperties:

Property Value

1300°C oxidationrate 0.003 mg2cm-4hr-I

25°C MOR (mean) 518 MPa

1370°C MOR (mean) 340 MPa

o
1370 C, 69 MPa creep 6 x lO -5 hr -I

New systems explored during the final phases of the program were the

Y-Si-Be-O-N system, and various R-Si-O-N and R1-R2-Si-O-N sytems where R

represents a rare earth element. 0nly a limited number of compositions were
studied in the Y-Si-Be-O-N system, but these were sufficient to delineate some

of the compatibility tetrahedra in the quinery system. In general, oxidation

rates for samples from this system were an order of magnitude lower than those

for analogous compositions from the Y-Si-AI-O-N system. However, none of the

compositions investigated exhibited acceptable creep properties.

Of the R-Si-O-N systems that were studied, dense bodies could not be pro-

duced from the yttrium system, probably because the viscous liquid which formed

at sintering temperatures (1750°C) could not wet out the bodies. Theoretically,

dense bodies could be sintered from the cerium, neodymium, and gadolinium-

samarium analog systems, but samples from these systems exhibited excessive rates

of oxidation.

Bodies were produced from the Si3N4-SiO2-Y 2 xCex03 system which exhibited

acceptable oxidation (0.015 mg2cm-4hr -1) and 1370°C strength propertles (400

MPa). XRD (x-ray diffraction) studies of the bodies disclosed them to be non-

equilibrium assemblies with aminor phase constitution of Y2Si207 and glass. The

1370°C creep tests of the material in argon atmosphere initiated the recrystalli-

zation of the minor phase assemblage _o H phase and Y2Si207 with a progressive decrease in1370 °C,

69MPa creep rate to a value of 5 x i0-D hr-1 at the time of rupture, 36 hrsinto the test. The



grain boundary transformation, occurring under stress, is presumed to be
responsible for the low stress rupture life of the sample.

It appears that the systems of the type Si3N4-Si02-Y. Rx0_ have a goodo z-x
potentialforproducingslnterablebodiesfor 1370C application,but development
of heat treating cycles to yield equilibratedbodieswith low internalstresses
is required.
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SECTION II

INTRODUCTION

The gas turbine is considered as a candidate for an alternative engine for

automotive and marine use as well as for power generation. Efficient use of fuel

can be achieved by high turbine operating temperatures and light rotating parts.

These considerations, plus the necessity of using nonstrategic and potentially

inexpensive materials, have led to serious consideration of the use of ceramic

components. Stringent property requirements have limited the ceramic candidates

for rotating parts to Si3N4 and SiC based materials. While hot pressed Si3N 4

would appear to offer the most attractive properties at the present time, the

great expense of machining parts from this material is prohibitive, and alternative

materials are sough which can be formed to near net shape by conventional sintering

process.

The object of this program is the development of a formulation or formulations

for ceramic bodies which can be fabricated to complex shapes by conventional

sintering techniques and which exhibit properties which make them suitable for

highly stressed applications in a gas turbine. Target property goals for the

program are: flexural strength at 25°C of 520 MPa (75 ksi), and at 1370°C of
415 MPa (60 ksi); creep rate at 1370°C and 69 MPa (i0 ksi) on the order of 10-5

hr-I, static air oxidation parabolic rate constant at 1400°C on the order of 0.01

mg2cm-4hr -I.

Materials which were investigated contained over about 90 volume percent

Si3N4 or solid solution having the BSi3N 4 structure. Such solid solutions are
formed by substitution of AI and/or Be for Si, and 0 for N in the Si3N4 structure

(Refs. i through i0). Neither pure Si3N 4 bodies nor B solid solutions can be

sintered to theoretical density (Refs. 3 and 6). Si3N4 based bodies can be sin-

tered by choosing compositions which contain some liquid at the firing temperature.

This can be accomplished by using compositions in the B'-X phase field in the

SiAION systems (Refs. ii and 12), or using "sintering aids" - usually additional

oxide components which promote liquid formation (Refs. 13 through 20). In either

case, the fired bodies contain phases other than BSi3N 4 or B' solid solution

which to a great extent determine the properties of the bodies, particularly

at elevated temperature. The task of identifying acceptable formulations then

becomes one of extensive property testing.

Progress toward this goal during the first twenty one months of this program

was described in an interim report (Ref. 21), the results of which are briefly

summarized below.
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Bodies investigated during the first twenty-one months of the program

were limited to Si3 xAl 0 N4 x formulations to which were added different weight

percentages of various Ws_ntering aids", including AIPO4, GaPOp, ZrOo, ZrC, Cro0_,

TiO2, HfO 2, Y203, La203, Er203, Nd203 and GdSm03. Uniformly d_nse bodies were _ J

obtained only with Zr02, Y203 (and mlxtures of these), and other rare earth oxide

additions. The best mechanical properties obtained up to this point were achieved

with B' compositions with low values of x (about 0.5 and below) with additions of

Y203 • Bodies of composition Si2.7AI.30 -N 7 + 2.5 w/o Y20_ exhibited room tem-
perature flexural strengths up to about'_56"MPa (80,000 psi_. In the absence of

other more deleterious types of flaws, room temperature strength of these bodies

was controlled by the presence of metallic inclusions. Strength at 1370°C was

grain boundary limited and reached about 450 MPa (65 ksi). The creep rate for a
v o

8 Si2"45AI 550 _5N3 45 - 5 w/o Y203 sample at 1370 C and 69 MPa stress was
6xl0-Shr-l. " 8''_90q'samples, however, roved to have hio =,_ _7 _ P gh oxidation rates at
1400_C, (0.3 mg=cm _hr ±), although oxidation was quite slow at 1300°C CO Oo_

" --4 --/. -- " "---
mg cm hr ).

Bodies formulated as 8' + ZrO 2 (and 8' + ZrOp-Y203 mixtures) were found to

exhibit exceptionally low oxidation rates (virtually zero weight gain of 1400°C)

and good room temperature strength. However, the creep rate at 1370°C and

69 MPa stress was on the order of 4xlO-3hr -I, making these formulations unusable
under high stress at that temperature.

A correlation was shown between the oxidation rate of the ceramic bodies and

the minimum liquidus temperatures in the systems containing the oxidation products

For compositions where the minimum ternary eutectic temperature in the system

containing the oxidation products was above the test temperature (i.e., in the

Si02-A1203, and Si02-ZrO2-AI203 systems) thin protective oxide scales developed,

and the static oxidation rates were low. Bodies whose oxidation products fell

in systems with minimum liquidus below test temperature (i.e., Si02-AI203-R203
where R = rare earth), exhibited relatively rapid rates of oxidation.

During the earlier phases of this program, described in Ref. 21, it was

realized that the formulations investigated (8' + foreign oxide) represented a

limited sampling of the possible phase assemblages that could exist in the various

systems considered. However, lack of phase equilibrium data for the relevant

quinery systems (e.g., Y-Si-AI-O-N, Zr-Si-AI-O-N) was deemed an impediment to a

reasonably structured approach to selecting formulations which would yield the

desired properties. During the current phase of this program we have carried out

compatibility studies in the two above named systems to serve as the framework

for understanding and projecting property data. Test samples having compositions

lying in various compatibility tetrahedra in the Y-Si-AI-O-N system were evaluated.

Also, solld-liquid equilibrium in portions of the Si3N4-Y203-Si02 system were

studied in an attempt to formulate sinterable bodies from this system. Although

liquid was present at temperatures at least as low as 1700°C in parts of the system,

5

]



R79-912997-39

this was not effective in producing dense bodies by pressureless sintering.

Attempts to find effective agents to promote densification relative to that in the

Si3N4-Y203-SiO 2 system, without degrading oxidation and/or creep properties too
severely, led to the investigation of bodies in the systems Y-Si-Be-O-N,

Ce-Si-Be-O-N and R-Y-Si-O-N.

In the report which follows, the chronology of the work reported is ignored

in favor of organizing results in terms of systems. Much of the tabular fabrica-

tion and test data will be relegated to appendices wherein the chronological sample

numbering systems is retained. Recent data on test bodies formulated in the

Y-Si-AI-O-N have led to minor revisions of our interpretation of compatible rela-

tions in this system, originally reported in ninth quarterly report (Ref. 22).

These include: i) an expansion of the portion of the system investigated to

include the higher AIN polytypes reported by Gauckler, et al. (Ref. i), Jack

(Ref. 7), and Land, et al. (Ref. 4), 2) assigning the appropriate homogeneity

ranges to the phases X, 15R and O' (Si2N2Oss) rather than treating these as point

compounds as was done for simplicity in Ref. 22, and 3) adding one tie line and

deleting another. These changes necessitated revision of the assumed phase

compositions listed inseveral tables in earlier reports. This accounts for

discrepancies that occur in a few instances between data as it appears here, and

as it was originally presented in the quarterly reports. Also, some data from

four 8'-Y203 samples originally presented in the interim report (Ref. 21) are
recast in terms of the compatibility relationships as they are now understood.

Similar revisions have been made in drawing the Zr-Si-AI-O-N diagram and in

recasting old B'-ZrO 2 data in light of these relationships.

6
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SECTION III

EXPERIMENTAL PROCEDURES

A. Sample Preparation

I. Raw Materials

Several different Si3N4 powders were used during the course of the program.

These were: AME high purity 90 percent e phase -300 mesh powder, KBI high

purity 85 percent _ phase -325 mesh powder, Starck high alpha - IU powder, and
GTE SN-402 amorphous Si3N4. AI203 was Linde A micropolish, and AIN was Atlantic

Equipment Engineers (AEE) ALI06-99.9 percent -325 mesh. Spectrochemical analyses
of impurities in these starting powders, and fast neutron activation analyses for

oxygen in the Si3N4 powders are presented in Table i. Si02 powders used were
-270 mesh silica glass, Apache 0.03 _ 99.99 + purity, or AEE S1239 99.9 -325 mesh.

Other compounds used in formulations are listed in Table 2. Chemical analyses

were not performed on these compounds. Unless otherwise stated in subsequent

text or tables, samples were prepared using the KBI Si3N4 and AEE SiO2.

2. Powder Preparation Techniques

a) Powders for Compatibility Studies

Phase compatibility studies in the Y-Si-AI-O-N and Zr-Si-AI-O-N systems used
the AME Si3N4 powder, Linde A, and -270 mesh silica glass. Initial studies in the

BeO-Y203-Si02 system used Be2SiO4 as a constituent. This was prepared by calcining
a mixture of AEE -325 mesh Si02 and beryllium carbonate. Later formulations used

BeO obtained from the carbonate as a constituent. Mixtures were lightly ground
under acetone in an alumina mortar to a smooth past-like consistency, then allowed
to dry fully.

b) Powders for Test Bar Fabrication

In general, powders for test bar fabrication were prepared in 30 to i00 gram

batches. Constituents were weighed out into wide mouth 16 oz. polyethylene jars

containing a known weight of either high alumina, or reaction sintered Si3N 4
grinding media, and methanol was then added to cover the charges. In some

instances, a measured volume of carbowax-methanol solution was added to the ball

mill charges. The jars were rolled at 75 rpm for a predetermined time (typically

18 hrs), then the charges were transferred to wash bottles and dried by spraying

onto a heated aluminum plate. The wash bottles were kept agitated during the

spraying process, and dried material was frequently scraped from the plate into a

7
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TABLE 2

OXIDE ADDITIVES

AIP04 Rocky Mountain Research 99.99% Purity

ZrO2 Gallard Schlesinger 99.9% Purity

BeO Alfa Inorganics Beryllium Carbonate (Calcined)

Y203
} Molycorpoxalates(calcined)GdSm03

Er203 }

La203 Apache Chemicals Inc. 99.9% Purity

Nd203

Sm203 American Potash Oxalate (calcined)

9
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surrounding tray. The spray dried material was then passed through either a 20

or i00 mesh screen. The grinding media were washed, thoroughly dried, and weighed

after the drying operation, and logs were kept of the media weight. Predic-

tions of the media pick up by the batches were generally factored into the formula-

tions. Exceptions to this practice will be noted where appropriate.

3. Cold Pressing of Green Samples

In general, samples for compatibility studies were pressed into 1.5 cm diameter

pellets in a hardened steel piston die to a final pressure of 120 MPa. Test bars

were pressed to dimensions approximately 0.4 cm x i cm x 15 cm in a steel die.

These were then cut into three or four shorter bars. These were placed in indi-

vidual latex bags which were then evacuated and tied off, and isostatically

pressed to 275 MPa.

4. Calcining

Samples pressed from batches containing carbowax binder were heated in air

from room temperatures to 600°C on a three day linear heating schedule in order

to burn out the binder prior to firing in nitrogen.

5. Firing

Sample pellets for compatibility studies in the Y-Si-AI-O-N and Zr-Si-AI-O-N

systems were loaded into covered boron nitride crucibles and placed in the graphite

susceptor of the vacuum induction unit described in Ref. 21. The furnace chamber
was evacuated to about i00 micron pressure, backfilled with nitrogen, reevacuated,

and finally filled with nitrogen to one atmosphere of pressure. During the final

filling, the heating was started and the furnace brought to the intended tempera-

ture in approximately 15 minutes. The temperature was monitored with a commercial

W-Re sealed thermocouple. Thermocouples°aged with use, and were occasionally

calibrated against the melting point of wollastonite (CaSi03, m.p. 1544°C). Unless

otherwise stated, samples were maintained at the nominal firing temperature for

i hour before cooling to room temperature.

Samples for compatibility studies in the BeO-Y203-Si02 system were fired on

platinum foil in air in a resistance heated furnace using a variety of heating
schedules. Heat treatments will be described later.

In general, test bars were fired in an Astro model I000-3060-FP-12 furnace

equipped with L&N Electromax III controller, and Data Track model 5300 card pro-

grammer. The temperature profile was flat over the region of the furnace which

contained the samples, and temperature was reproducible to within 5°C at about

1700°C. Samples were placed in covered boron nitride crucibles, inside graphite

crucible holders which held the covers in place during evacuation. The furnace
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chamber was evacuated and back filled to atmospheric pressure of nitrogen a total

of three times, then a slow flow of nitrogen maintained in the furnace during
firing. Firing schedules varied and will be presented later.

6. Grinding and PollshinB Test Bars

In general, fired bars were waxed to a metal plate and surface ground to a

uniform thickness. Samples for mechanical test were finished on the tensile

surface through various grits of SiC papers, and some were subsequently polished

with Linde A mlcropolish. The edges of the tensile face were beveled at an angle

of 45° for about 0.025 cm. The surface finish will be specified in subsequent

tables as 240 grit, Line A, etc. Samples for oxidation testing were finished

on all surfaces to the specified finish. Exceptions were samples containing

beryllium, which were tested for oxidation in the as-flred condition, and were

finished by hand to the specified finish for mechanical testing in order to avoid
machine grinding.

B. Sample Evaluation

i. Characterization of Fired Samples

Bulk density, specific gravity, and apparent porosityof sintered specimens

were determined using procedures of ASTM test C373-5. Microstructures were

examined on polished and etched sections of selected test specimens. Phase

identification was made on the basis of XRD (X-ray defraction) and metallographic
evidence.

a. Mechanical Testln_g_

Room temperature testing was performed in four point flexure using inner and

outer spans of 0.95 cm and 1.90 cm, respectively. Cross head speed was 0.05 cm/

min. Tests at 1370°C were performed in three point flexure using a span of 1.9 cm

and a cross head speed of .05 cm/min. Test atmosphere was argon, and the sample

supports and loading nose were tungsten. Fracture surfaces of selected test

specimens were examined in the scanning electron microscope (SEM). Creep testing

was done in three point flexure at 1370°C at a stress level of 69 MPa (i0 ksi).

In some instances, test samples were heated in air at 1370°C for extended

periods of time prior to testing.

b. Oxidation TestinE

In general, samples were placed on platinum foil so fashioned that the samples

were contacted along two lines only. Samples were introduced into a preheated oven

11
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and removed periodically, cooled to room temperature, and the weight recorded.

(In some instances, samples were placed across .05 cm dia platinum wire rails that

were welded to an irridium-rhodium alloy sheet. This practice was discontinued

when it was discovered that rhodium was being transferred to the samples.)

Following the oxidation tests, x-ray diffraction patterns were obtained from

oxidized surfaces, and the samples were photographed. In most instances, the

samples were then mounted in resin, polished to give a cross sectional view of

the oxide scale, and examined metallographically. In selected instances, polished

sections were examined by EDAX R (energy dispersive analysis of X-rays) to ascer-

tain the distribution of elements in the oxide scale.

12
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SECTIONIV

RESULTSAND DISCUSSION

A. The System Zr-Si-AI-0-N

i. Background

The five component system was investigated by treating it as a six component

reciprocal system, based on the end members Si3N4-AIN-"Zr3N4" and Si02-AI203-Zr02,
making up an equilateral prism as shown in Fig. i. The zirconium nltrlde "Zr3N4"
was chosen as an end member to make possible the plotting of this member on

quadrilateral planes in any tetrahedron with Zr at an apex. The compound Zr3N4
has been prepared by Juza, et al. (Ref. 23) and was stated to decompose above 700°C
into 3ZrN+N.

Prior work on some of the binary subsystemsincludesthat of Aramakland Roy
(Re/. 24) and Welch (Ref. 25) on the systemA1203-SI02,Geller and Lang (Ref. 26)
and Buttermanand Foster (Ref. 27) on the system Zr02-Si02,Lejus (Ref. 28)
on the system AIN-AI203,Gilles (Ref. 29) and Claussenet al. (Ref. 30) on the

system ZrN-Zr02. The ternarysubsystemAl203-Si02-Zr02has been investigatedby
Kordyuk and Gul'ko (Ref. 31) and Herold and Smothers (Ref. 32) and, more recently,
by Sorrelland Sorrell (Ref. 33). The compatibilityrelationshipsdrawm in

Ref. 32 defining the compatibilitytriangleAI203-3AI203.2Si02-Zr02.Si02are
at odds with those drawn in Ref. 31 which shows Zr02-Zr02.SI02-3AI203.Si02 co-
existing. Reference 33 confirms the latter assemblage.

Raeet al. (Ref. 20) examinedthe system SI3N4-SI02-"Zr3N4"-Zr02and established
a behaviordiagram at 1700°C shown in Fig. 2. They also reportedone new phase
in the Zr-Si-Ai-0-Nsystem. It was reported to be close to the composition
5AIN.3Zr02with a cubic unit cell approximatelyfour times that of ZrN. They do
do show ZrSi04 as a phase existingat this temperature.

The subsystem SI3N4-SI02-AI203-AI N has been investigated by Gauckler et al.

(Ref. 5), Land et al. (Ref. 4), Jack (Ref. 7) and Layden (Ref. 6). Figure 3

is a reproduction of the behavior diagram for the system presented by Jack

(Ref. 7). There is a basic agreement between the above referenced authors regard-

ing the general aspects of equilibrium between the phases although the compositions

assigned to specific new phases (e.g., X, 15R, etc) vary somewhat, as do the

homogenlety ranges of solid solution phases.

2. Experimental Results

The phase 5 AIN.3Zr02 reported by Rae (Ref. 20) was not confirmed. The only

reaction products between components A1203, AIN, "Zr3N4" and Zr02 that were
[.'
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observedwere the spinelphase solid solutioncenteredaround AI303N and a
cubic phase between ZrN and Zr02. Compatibility was observed Between "Zr3N4"

(ZrN) and A1203) and between ZrN and the spinel phase. Since the spinel phase

is known to he unstable below about 1600oc (Refs. 28, 6) it may be inferred

that th_ observed compatibility with ZrN was metastable at lower temperatures,

and that ZrN-AIN-AI203 form a compatibility triangle below about 1600°C.

Compatibility was established between ZrN and the ternary phases 8', 15R and

X, and between X and Zr02. Topogra_hlcal considerations then necessitated
the compatibility of ZrN and the 2H end member SI3AI6NI0 also. On the

basis of the Si20-Al203-Zr02 diagram as drawn by Sorrell and Sorrell (Ref. 33),

one can infer compatlbillty between Zr02.Si02 and X phase, and between Zr02.Si02

and SI2N20 as well. These Joins, however, were not investigated experimentally.

The above data, along with the relationsshown on Fig. 3 establishthe compati-

bility tetrahedra shown on Fig. 4. Relationships involving the AIN polytypes

are not shown except those involving the 15R (treated here as a point, rather

than a line compound) and the SI3AI6NI0 2H_ end member. A list of the 3 and 4

phase compatibility tetrahedra shown in Fig. 4 which involve 8' solid solutions

as one component is given in Table 3. (Several additional probable 4 phase

tetrahedra involving the 860 end member, not shown on Fig. 4, but presumed

to exist on the basis of Fig. 3 are added in parenthesis.)

It can be seen from Fig. 4 that Zr02 is in equilibrium with 8' only over

the range 8° to Bl0 (i.e., from 0 to i0 e/o AI). At higher aluminum concentra-

tions in the 8' solution, small additions of Zr02 move the composition into

the B'-I5R-ZrN tetrahedron. Of the two B'-Zr02 compositions (ignoring the small

Y203 substitution for Zr02) previously tested in creep at 1370°C (Ref. 21 pp.

90-93), sample 757 formulated as Si2.45AI.550.55N3.45 + 5 w/o Zr02, falls in

the B'-X-ZrN tetrahedron (phase composition 92.3 SI2.54AI.460.46N3.54 + 1.9

SI3AI6012N 2 + 5.8 ZrN) whereas the formulation of sample 822, Si2. 7 AI.30.3N3. 7-
5 w/o Zr02, correctly describes the equilibrium phase assemblage. Both

compositions exhibited high creep rates at 1370°C (4 x 10-3 and 1.7 x 10-3hr -I

respectively) with the 8'-Zr02 composition (822) exhibiting a rate less than half

of that of the 8'-I5R-ZrN composition. Both compositions slntered to near

theoretical density at temperatures around 1750°C. During the current reporting

period compositions in the B'0_25-SI3AI6NI0-ZrN and B'25_60-15R-ZrN tetrahedron

were prepared but the bodies did not slnter at 1750°C. In fact, they expanded
on firing and exhibited large weight losses.

It can be concluded that sinterable B' based ceramic formulations occur

only on the "oxide" side of the 8' homogeneity llne. The greatest extent of

slnterable 8' formulations lle in the 8'I0_60-X-ZrN tetrahedron. Solidus tempera-

tures appear to be low in this tetrahedron, and samples have little strength

and creep resistance at 1370°C. At least some compositions lying on the

17
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TABLE 3

COMPATIBILITYTETRAHEDRAINVOLVING
Si- A1 0 N. SOLID SOLUTIONSIN THE

J-X X X 4--X
Zr-SI-AI-O-NSYSTEM

3 Phase Equilibria 4 PhaseEquilibria

i. 8'(O_lo)-ZrN-Zr02

I

2. 8'(0_10)-O(O_lo)-Zr02

3. 8'I0-0'I0-Zr02-X

4. 8'I0-Zr02-X-ZrN

5. 8' -X-ZrN
(10-60)

6. 8' -ZrN-SI3A16N10(0-25)

7. 8'25-ZrN-Si3AI6NIo-15R

8. 8'(25_60)-ZrN-15R

(9. 8'60-15R-ZrN-8H)

(I0. 8'60-ZrN-8H-AI203)

(ii. 8'60-ZrN-AI203-X)
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8'tn_In_-Zr02plane (and presumablyin the 8'(0_i0)-0'(0_10)-Zr02andkv-_v. - " " r
80_I0-Zr02-Si2N20tetraheara)a-so sinte to theoreticaldensity, but the composi-
tion tested (Si2.7AI.30.3AIN3.7-5w/o Zr02) also exhibitedunacceptablyhigh
creep rate. If sinterableformulationswith acceptablylow creep rates are
to be found in this system,they must have a 8' compositionvery close to that

of pure Si3N4.

B. SystemY-Si-AI-0-N

i. Background

As with the Zr-SI-AI-0-N system described above, this system is best treated

as a six component reciprocal system which can be visualized by replacing the

components "Zr3N4" and Zr306 of Fig. with Y4N4 and Y406 respectively. Before

describing experimental work in the system, the limiting binary, ternary and

quarternary systems will be reviewed.

a) Bi__na___SystemsY203-AI203and Y203-Si0_2

The Y20_-AI203 system has been investigatedby a number of workers (Refs.
34, 35 and 26). Reference 34 shows the congrunetly melting compounds 3Y203-

5A1203 (YAG) and 2Y203.AI203 (YAM) with the latter disproportionating below
about 1000°C. References 35 and 36 do not indicate disproportionation of YAM,

and show the additional AI203.Y203 phase, (YAP), having a narrow temperature

range of stability between about 1830°C and the melting point around 1875°C.

Reference 35 shows incongruentmeltlng of YAP, while Ref. 36 indicates congruent

melting. The system Y203-Si02 (Ref. 37) also contains three compounds, only
two of which are stable at low temperature. These latter two compounds each

exhibit several polymorphic forms; six modifications have been reported for

the compound Y2Si207, and four for Y2Si05. The stability ranges of the various
forms have not been firmly established. The crystal structure of the inter-

mediate compound, Y4Si3012, which is reported to be stable from about 1650°C

to its melting point at 1950°C, is the same as that of Y3AI5012 (¥AG), suggesting

the possibility of a solid solution between them at high temperatures.

b) The Ternary System__Yz_-Alz_-Si0_2

This system has been studied by Bondar and Galakov (Ref. 38) who delineated

the liquidus surface but not the solid phase compatibility. Their diagram has

been redrawn in terms of equivalent percent and is presented as Fig. 5. From

the positionand the directionof falling temperaturesof boundary curves between '

primary crystalfields, one can infer the solid phase compatibilityrelations
at temperatureswhere the compoundsYAI03 and Y4Si3012are stable. Again, from
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the indicated temperatures on boundary curves, it can be inferred that the

lower temperatures of stability of the YAI03 and Y4Si3012 phases are lowered

somewhat in the ternary system suggesting some solid solubility in these

phases. The extensive liquid region at 1600°C is noteworthy, as is the

lowest ternary eutectic temperature of 1350°C. It can be anticipated that

this liquid region would make a substantial incursion into the quinary system

under consideration.

c) The ternar_s_ys__tem YN-AIN-Si3N 4

No information on this system was located.

d) _Th! _ua_te_rn__ary__s_stem Si_4-_i0_2-A_I203-AI__N

This system was discussed earlier and shown as Fig. 3.

e) _Th! _ua_te_rn_ary__s_stemSi3N4__Si_0-_Y203-_YN

Three investigations of this system have been reported (Refs. 20, 39 and 40).

A composite diagram reflecting a consensus view of the system is shown in Fig. 6.

This system will be discussed more fully in Section IVE.

f) T_h! _ua_te_rn_a_z_s_stemAl2_3-_203 -YN-AIN

This system has been investigated by Rae et al. (Ref. 20) and Holmquist

(Ref. 41). Both references agree that the compatibility relations at 1700°C

are:as shown in Fig. 7.

g) _Theiu!n_arzs_y!tim

Raeet al. (Ref. 20) have studied compositions on the (nonternary) planes

AI203-Y203-Si2N20 and Si3N4-AI203-Y203 • On the former plane, they report
solid solution between the "J" or N-YAM phase Y4Si207N 2 (see Fig. 6) and Y4AI209

(YAM), and between "K" or N-e-wollastonite phase YSi02N and YAI03. Other than

these quinary solid solutions, no new crystalline phases were observed in the

system. Phase assemblages found by Rae (Ref. 20) on the plane Si3N4-AI203-Y203

are shown on Fig. 8.

During the course of our studies in the system, Naik and Tien (Ref. 42)

presented the results of their studies of phase compatibility in the volume of

the system bounded by phases 8,AI203-Y203. Our earlier work in this volume

of the system was presented in Ref. 22. The compatibility tetrahedra involving

the 8 solid solution phase assigned by Naik and Tien and by Layden and Holmquist ....

(Ref. 22) are compared in Table 4. These are essentially identical except for
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