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Subsolidus Phase Relationships in Part of the System
Si,ALLY/N,O: The System Si;N,-AIN-YN-AI,0;-Y,0;

Wei-Ying Sun,*** Tseng-Ying Tien** and Tung-Sheng Yen*"
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The subsolidus phase relationships in the system Si,ALY/N,O
were determined. Thirty-nine compatibility tetrahedra were
established in the region Si;N,-AIN-Al,0;-Y,;0;. The sub-
solidus phase relationships in the region Si;N,-AIN-YN-
Y:0; have also been studied. Only one compound,
2YN:Si;N,, was confirmed in the binary system Si;N,-YN.
The solubility limits of the a'-SiAION on the Si;N -
YN:3AIN join were determined to range from m = 1.3 to
m = 2.4 in the formula Y,,3Si;..Al,N. No quinary com-
pound was found. Seven compatibility tetrahedra were es-
tablished in the region Si;N,-AIN-YN-Y;0;. [Key words:
phases, silicon, aluminum, yttrium, nitrogen.]

1. Introduction

T 18 known that metal oxide additives are needed to aid

densification of silicon nitride ceramics. During sintering,
the metal oxide additives and silicon nitride form a eutectic
melt which aids densification. The liquid composition affects
the microstructure development and, hence, the properties of
silicon nitride ceramics. The additives also determine the na-
ture of the grain-boundary phases which affect the properties
of the silicon nitride ceramics.
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Yitrium oxide and aluminum oxide are two of the most
commonly used additives for densifying silicon nitride by
either hot-pressing or pressureless sintering. Phase relation-
ships in the system Si;N,-SiO;~AIN-Al,O;-YN-Y,0; and
their subsystems are of special interest because many of the
commercial silicon nitride ceramics are found in these sys-
tems. The systems SizN;-SiO,-AIN-Al,0;' and Si;N,-
SiO,-Y,04? have been studied in detail. The subsolidus phase
relationships in part of the system Si;Ny—SiO,-AIN-A1,O;-
YN-Y,0; have also been studied in this laboratory. We re-
ported the subsolidus compatibility relationships in the space
bounded by the components Si;N,—B-SiAION--Al;03-SiO,
and Y,0;. Figure 1 reflects thosc data, as well as new
information about the subsolidus relationships in the quasi-
quaternary system containing the compounds SizN,-AIN-
Al,03-Y,0;. This part of the subsystem includes the AIN
polytypoids® and «'-SiAION” solid solutions which may be of
importance for developing useful materials for technical ap-
plications. Some of the literature data® published since our last
paper are also presented.

Most of the early work in the system Si,ALLY/N,O has been
restricted to the region bounded by Si;N;—S-SiAION-
Al,0;-Si0, and Y,0s5, which does not include the solid solu-
tion a'-SIAION. Huang et al. reported thc a'-SIAION
formation in the system Si;Ny—AIN-Y,0; and Si;N,-AIN-
rare-earth oxide.® The systems Si;N,-AIN-YN and Si;N,-
YN :3AIN-Al,O;: AIN have also been studied by these
authors.® In recent years, with the emergence of a'-SiAION,
information in the nitrogen-rich part of the system Si,Al,
Y/N,O became necessary, The present paper completes the
phase studies in the entire system Si,ALY/N,O.

II. Experimental Procedure

The starting powders used were a-Si;Ny (LC12, Herman C.
Starck, Goslar, FRG), AIN (Grade A, Herman C. Starck),

Y203

o'-sialon plane

Fig. 1. Representation of Y-SiAION system showing phases occurring in the region bound by SisNs, Y03, Al:O;, and AN, and Si-Al-O-N

behavior diagram at 1700°C.



2754

Journal of the American Ceramic Society — Sun et al.

Vol. 74, No. 11

Table I. Compositions Studied in the System Si;N,—AIN-Y,0;
Composition (wt%) Firing conditions

SigNg* AIN' Al O Y.0, T(C% Time (h) Phases present
66.20 26.22 5.24 2.34 1850 1 a', B, 27R, 21R, 2H?
62.65 25.95 8.33 3.07 1800 1 B, o, 12H
56.46 29.96 9.49 4.09 1800 1 o', B, 12H
46.96 41.00 9.69 2.34 1850 1 a', 2IR, 27R, B', 12H
46.94 43.99 6.73 2.34 1800 1 o', B, 27R, 2H?
46.15 38.70 12.09 3.06 1800 1 o', 12H, B’, 21R
43.71 21.45 18.19 16.16 1575 1 12H, YAG, a', B’
41.87 19.81 24.00 14.31 1600 1 YAG, 8, 12H
30.08 21.06 34.56 14.30 1600 1 B, 15R, YAG
26.66 35.67 21.03 16.63 1575 1 YAG, 12H, o', 21R
26.24 30.55 28.91 14.30 1600 1 YAG, 15R, B’
23.86 40.16 18.63 17.35 1575 1 YAG, 21R, 12H, M
22.53 43.48 16.65 17.35 1600 1 M, 21R, 27R
19.50 50.28 12.87 17.34 1600 1 M, 27R
18.55 34.41 11.05 35.99 1700 1 M, Jss, 27R, 21R
17.22 37.72 9.07 35.99 1700 1 M, Jss, 2H?

14.20 44.52 531 35.98 1700 1 M, Jss, AIN, 2H?
13.46 17.96 54.29 14.28 1600 1 YAG, 15R, AlLO;
13.37 16.61 18.48 51.54 1600 1 YAG, M, Jss, 21R
13.19 23.12 0 63.69 1700 2 Jss, AIN

9.68 3741 33.87 19.04 1650 1 YAG, 12H, 15R

8.35 25.93 51.44 14.27 1650 1 15R, YAG, Al,O;

7.67 4212 31.18 19.03 1650 1 YAG, 12H

6.37 46.63 27.97 19.02 1650 1 YAG, 21R, 27R

6.37 46.63 19.79 27.21 1650 1 YAG, AIN, 27R

547 50.80 24.71 19.03 1600 1 YAG, 27R, 2H?

547 50.80 16.53 27.20 1600 1 YAG, AIN, 27R

5.34 33.00 26.98 34.67 1750 1 YAG, 2H®

5.32 28.50 51.91 14.27 1650 1 YAG, 15R, Al>O;

3.72 31.99 50.00 14.27 1650 1 YAG, Al,O;, 15R, 12H

2.65 59.51 18.82 19.02 1650 1 YAG, 2H?, AIN

2.65 59.51 10.64 27.20 1650 1 AIN, YAG, Jss

1.53 41.75 42.46 14.27 1650 1 YAG, AIN, 21R, Al,O3;

*Containing 2 wt% O. "Containing 1.3 wt% O.

a-AlL O3, and Y,0;. The oxygen content of the nitride pow-
ders was taken into account in computing the compositions.
In the first part of the present paper, the compositions inves-
tigated were restricted to the region Si;N,, AIN, Al,O;, and
Y>0;. The compositions studied are listed in Table I. In the
later part of this paper, experimental resuits in the region in-
cluding compound YN are reported. The compound YN used
in this study was prepared in this laboratory.

Compositions without the compound YN were mixed in an
alumina jar using 2-propanol in a planetary mill for 30 min.
Mixtures were dried and pressed into disks 10 mm in diame-
ter and were then isostatically pressed under a pressure

of 300 MPa. All of the specimens were fired in a graphite-
resistant furnace under static nitrogen of one atmospheric
pressure for 1 h. The temperatures varied from 1550° to
1850°C. It was assumed that subsolidus equilibrium was at-
tained when unreacted a-Si;N, was no longer detected and no
apparent liquid phase could be observed (i.e., no sintering
occurred). Only specimens having less than 2% weight loss
after firing were used for the data analysis. The phases
present were identificd by X-ray diffraction.

For compositions containing YN, batch mixtures without
YN were first ground under 2-propanol in an agate mortar
and pestle. The mixtures were dried and YN powder was

Table II. Compositions Studied in the System Si;N,~AIN-YN-Y,0;
Composition (wt%]) Firing conditions
SiyNy* AINT YN? Y,0; AlLO; T (C°) Time (h) Phases present®
82.00 12.68 5.31 1800 2 a',’ B-Si;N,
77.87 12.04 10.08 1800 2 a'**
67.15 32.85 1800 2 Y,SisNg, B-SisNy, M
61.70 21.13 17.17 1800 2 "™ Y,Si;Ng, AIN
57.68 42.32 1800 2 Y:Si3Ng, M, B-Si;N,
47.61 52.39 1800 2 Y,S5i3Ne, M
40.53 59.47 1800 2 Y>Si;Ng, M, J
25.42 74.58 1800 2 Y,Si3Ng, Y205, YN
16.51 52.86 29.00 1.64 1700 2 Y,0s:, Y,Si3Nq, YN
14.42 46.16 37.99 1.43 1700 2 Y:0;, Y,Si3Nq, YN
13.61 5.89 44.38 32.46 3.66 1800 2 Y>03, Y2Si3Ng, YN, AIN
11.71 5.07 38.18 41.89 3.15 1700 2 Y,0s3, Y2Si5Ng, YN
8.05 15.28 44.28 32.39 1850 2 Y203, YN, Y;0;N AIN, Y>Si3Ng
7.51 44.10 48.38 1800 2 Y-0;, Y,0;N, Y,Si;Ng, YN
5.94 65.37 28.69 1800 2 Y,0:, YN, Y;05N, Y,Si3N,
5.79 20.31 55.25 18.65 1800 2 YN, Y>0s, AIN, Y;0;3N, Y,;Si3N,
2752 34.56 37.92 1900 1 YN, Y,0s;, AIN
21.29 20.05 58.66 1900 1 Y>0;, YN, Y;0;N, AIN

*Containing 2.0 wi% O;&‘(Comaining 1.4 wt% O. *Containing 9 wt”j{ C. *Residual carbon was not listed; M is melilite; J is J phase; a’ is a'-SiAION. 'a = 7.810 &,

¢ = 5.681 A. *u = 7.82] .

Le=35.693A; " = 7.863 A, ¢ = 5.731
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Table III. Subsolidus Compatibility Tetrahedra in Si;N,;—AIN-A1,0:-Y,0;*

AlLO3 —~Bg—15R—YAG

Al,O;—15R'—12H' —YAG

AlLO; —21R' —AIN—YAG

12H—12H'—21R—21R' —YAG

27R—27R' —2H*—2H" —YAG

2iR'—27R’'—AIN—YAG

21R—27R—-YAG —Jss

2H*—AIN—YAG —Jss

AIN—YAM—J—Y,0;

B2s—15R—12H—YAG

Bu—a —12H—YAG

a —21R—310—Bs

CY’—Bg——Z’]R—“BZ
'—Bs—2H’—B,

a —Bz——A]N—S]3N4

o' —21R—-YAG —M

a' —27R—2H°—M

M—21R—YAG — JssM—21R—27R—Jss

M—27R—2H°%—Jss

M—AIN—Jss—]

AlLO; —15R—15R' —YAG
AlLO;—12H' —21R' —~YAG
15R—15R' —12H—12H' —YAG
21R—21R'—27R—27R'—YAG
2H—2H” —AIN—YAG

27R’' —2H% —AIN—YAG
27R—2H°—YAG — Jss
AIN—YAG —Jss—YAM
Beo—PB2s —1SR—YAG
Bas—Buw—12H—YAG

a' —12H— 21R—B 10

o' —21R—Bys—27R
a'—27R—pBs—2H?

o' —2H’—B,—AIN

a’' —12H—21R—YAG

a’' —21R—27R—M

a' —2H—AIN—M
M—2IR—27R—Jss
M—2H*—AIN—Jss

*YAM is 2Y,0; - AL, O3; J is 2Y505 - Si;N2O; Iss is 2Y,0; - Al,O3-Y,05 - SiaN,O; M is Si3Ny - Y,05; 15R, 12H, 21R, 27R, 2H” are Si-rich terminals of AIN
polytypoids; 15R’, 12H', 21R’, 27R’, 2H® are Al-rich terminals of AIN polytypoids.

then added, using a dry box under flowing nitrogen with an
agate mortar and pestle. The samples were compacted and
fired at 1700° to 1900°C for 2 h under a static nitrogen atmos-
phere in a graphite-resistant furnace, which was vacuum-
pumped to 30 mtorr (1 torr ~ 1.33 x 10? Pa) before heating.
Each experimental run from sample preparation to X-ray
analysis was made on the same day in order to prevent hy-
drolysis. Table II lists the starting compositions, firing condi-
tions, and the resulting phases. The solubility limits of the

YN

single-phase «'-SiAION solid solution were determined by
the unit cell dimensions, based on the revised equations
a = 7.752 + 0.045m + 0.0097 and ¢ = 5.620 + 0.048m +
0.0097 (Ym/3Si127(m+n)A1m+nonN]()vn-9

The YN powder was prepared by using Y,O; and carbon
black as starting materials in a thermoreduction reaction, as
indicated by the equation

Y,0; + 3C + Ny(g) = 2YN + 3CO 1)

Y203

H (Apatite)=Y 10(SiO4)6N2

K (Wollastonite)=Y S102N

M (Melilite)=Y2Si303N4

J (Wohlerite}=Y4Si207N2
Iss=Y4Si20TN2-Y4AI209 S.S.
YAM=Y4A1209
YAG=Y3AI5012

Y25i05

Y251207

SiO2

3A1203.28i02

AIN

YAG

A203

Fig. 2. YAG is compatible with all polytypoid phases, AIN and Al,O; forming twelve compatibility tetrahedra: YAG—B4-15R-Al;05;
YAG-15R-A1,03; YAG-15R-12H; YAG-12H-21R; YAG-21R-27R; YAG-2T7R-2H8; YAG-2H56-AIN; YAG-2H5-AIN-27R; YAG-27R~
AIN-21R; YAG-21R-AIN-AL,O3; YAG-21R-Al,0;3-12H, and YAG-12H-Al,0:-15R.
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The mixtures of Y-O; with excess carbon black (Y,0;:C =
4:1 in weight ratio) were reacted in a graphite-resistant fur-
nace under flowing nitrogen at 1900° to 1920°C for 4 h. The
furnace was evacuated to 30 X 10~ torr beforc heating to the
reaction temperaturce (1000° to 1200°C). The control of oxygen
partial pressurc is a critical condition for the success of the
preparation of YN. YN prepared under the above conditions
contained residual carbon (about 9 wt%), a small amount of
Y,0s, and/or YC,. High temperatures favored the formation
of YC.,. If less carbon (lower than 15 wt%) was used, YC, was
produced. The reaction could not be completed at tempera-
tures below 1850°C. Freshly prepared YN powder was kept in
a desiccator under vacuum where the YN is stable for 2 to
3 weeks with respect to hydrolysis.

II1. Results and Discussion

() The System Si;Ny~AIN-A1,0,-Y,0;

Thirty-thrce compositions were studied in the region
bounded by Si;N;—AIN-A1,O;-Y,0; to establish the compat-
ibility tetrahedra. The binary tic lines established were based
on the results listed in Table 1. No new phase was found in the
composition region explored. Based on these results and some
of the litcrature data,’ 39 compatible tetrahedra were estab-
lished in this part of the system (Table I11I).

As indicated in this table, tie lines exist between the com-
pound 3Y,0: - 5A1,0; (YAG) and all of the AIN polytypoids.
a’-SiAION was found to be compatible with B'-SiAION.
Compatible triangles were formed between the Si-rich termi-
nal compositions of AIN polytypoids and o’ and B'-SiAlONs;
i.e., all of the compatibility triangles on the SizN,-AIN--
Al,O; plane coexisted with cither YAG or «'-SiAION, form-
ing 23 tetrahedra. These rcsults demonstrated that
B'-SIAION coexists with all of the AIN polytypoids (from 15R

YN
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to 2H?), as seen in Fig. 1. The figure shows the region studied
in this part of our work and also gives a recently revised Si-
Al-O-N behavior diagram by Slasor.”” Our work did not deter-
mine the exact B'-SiAION compositions which are in
equilibrium with different AIN polytypoids. A very small in-
crease in the cell dimensions of B'-SiAIONs occurs with the
increase of the SiO, content and was found in all of the 8'-
SiAlONs which are in equilibrium with the AIN polytypoids.
Between the two regions (YAG-containing and «’-contain-
ing), there exist 16 compatibility tetrahedra. In this region,
melilite (Si;Ny- Y>0;) and Iss (2Y,0;- AL O:-2Y,0;-Si,N,O
solid solutions) appearcd. Both melilite and Jss (close to the
intermediate composition) were in equilibrium with the Si-
rich points of 21R, 27R, 2H°, and AIN. AIN coexisted with
the entire single-phasc region of Jss. YAG-AIN polytypoids
and a'-B’ two-phasc regions are graphically represented in
Figs. 2 to 4. In the present work, a'-SiAION is considered as a
point composition. Detailed phase relationships involving «'-
SiAION are being determined and will be published separately.

(2) The System Si;N,~AIN-YN

Thompson reported that three compounds exist in the bi-
nary system SizN,~YN." The compositions of these com-
pounds are 6YN:Si;Ny, 2YN:Si3N,, and YN:Si;N,. The
singic-phase nitride containing «'-SiAION was reported to
exist at m = 1.8 to m = 3.4 (Y,5Sin-.AlL,Njs)." However,
Slasor reported that the single-phase nitride «’'-SiAION oc-
curred at m = 1.0.% In the present work, only one binary com-
pound, 2YN:Si;N,, was confirmed. The X-ray diffraction
pattern of this compound is given in Table 1V* (not published

SFor Table 1V, order ACSD-209 from Data Depository Service, The Amer-
ican Ceramic Society, 757 Brooksedge Plaza Drive, Westerville, OH 43081-
6136.

Y203

H (Apatte)=Y10(SiC4)6N2

K (Wollastonite)=YSiO2N

M (Melilite)=Y2Si303N4

J (Wohlerite)=Y4S1207N2
Jss=Y4Si207N2-Y4A1209 S.S.
YAM=Y4AR0S
YAG=Y3AI5012

- - - Si02

3A1203.28i02

2H5 27R 21R 12H 15R

a'-sialon plane

AIN

Al2O3:AIN

Fig. 3. «'-SiAlON is compatible with polytypoids (from 2H3 to 12H), AIN and g’ forming eight compatibility tetrahedra: a'~12H-21R-810;
o' -21R-B10-8; a'-21R-B8-27R; a'-B8-2TR-B5; a'-27R-B5-2H8; a'-B5-2Hé-B2; o' ~2H8-B2-AIN and o'-B2-AIN-Si;N,.
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Y203

H (Apatite)=Y10(SiO4)6N2

K (Wollastonite)}=YSiO2N

M (Melilite)=Y28i303N4

T (Wohlerite)=Y4Si207N2
Jss=Y4S207N2-Y4A1209 S.S.
YAM=Y4A209
YAG=Y3AI5012

Y2Si05

Si02

3Ai203.25i02

Al203

AIN

Al203

Fig. 4. Compatibility tetrahedron «'-B10-12H-YAG.

with this paper) and agrees with the X-ray pattern reported
by Thompson for compound 6 YN :Si;N,.* The homogencous
range of the «'-SiAION was determined to extend from

= 1.3 to 2.4, with unit cell dimensions of a = 7.810 A,
¢ =5681A,anda = 7.863 A,c = 5.731 A, respectively. The
differences in compositions in our work and in Thompson’s
report probably can be attributed to the purity of the YN
powder. YN is very sensitive to moisture in the atmosphere,
and extreme precautions should be taken during the cxperi-
ment. The X-ray diffraction lines of 2YN:Si;N, and
Y N:Si;N, reported by Thompson were probably a mixture of

J= Y4Si207N2

M= Y25303N4 Y203

melilite (Y,Si;O3Ny), J phase (2Y,05:Si;N,0), and other
oxygen-containing phases. The oxidation of mixtures YN and
Si; N, will give melilite, J phase, and even Y,0s, as indicated
in Table II.

(3) The System Si3N4—AIN—YN-Y203

Y;0;5N has been reported to be a single-phase composition
existing in the binary system Y,O:-YN.* Compound Y;0;N
has been obtained in our laboratory, but it was found to be
difficult to complete the reaction forming Y;O;N. All of the
compositions in the compatibility tetrahedra YN-Y;O;N-

Y303N YN

AIN

SiO2
Fig. 5.

Si3N4

Subsolidus phase relationships in the region bounded by SizNa4, AIN, YN, and Y,O;.
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Y-Si3sNg—AIN and Y;0:N-Y,Si;Ng~-AIN-Y,0; contained
small amounts of Y,Oi, YN, and Y;O;N. Therefore, the tie
lines Y;O;N-Y,Si;N¢ and Y;O:N-AIN are represented by
dashed lines in Fig. 5. It is also possible that compound
Y;0;N has a lower temperature stability limit. No quinary
compound was observed in this region. Y,Si;Nj is an impor-
tant compound which coexisted with all phases occurring in
the system. Seven compatibility tetrahedra arc formed in this
region:

AIN—YN—Y;0;N—Y,8i3N,

AIN—Y;0;N—Y,8i:N,—Y,0;

AlN—YzO‘(—J phase—stigN(,

AIN—1J phase —melilite —Y,Si;N,

AIN—melilite—Y,Si;Ny—a'(m = 2.4)

Melilitc—Y,Si;Ny—a'(m = 1.3 t0 2.4)

Melilite —Y,Si3Ng—a'(m = 1.3)—B-Si; Ny
Y,Si;N,, was formed at relatively low temperatures (~1700°C).
Like YN, it is also very sensitive to moisture. All bulk sam-
ples fired containing YN or Y,Si;N,; became powder after
aging in the air overnight or after a few days.

IV. Summary

The subsolidus phase relationships in the system Si,Al,
Y/N,O were determined. Thirty-nine compatibility tetra-
hedra had becen established in the region SizN;—AIN-A1,O;-
Y,0;. The subsolidus phase relationships in the region Si;N,—
AIN-YN-Y,0; were also studicd. Freshly prepared YN
powder was used as the starting material. Only one com-
pound, 2YN:Si;N,, was confirmed in the binary system
SizNys-YN. The solubility limits of the a'-SiAION on the
Si;N4-Y N :3AIN join were determined to range fromm = 1.3

Vol. 74, No. 11

to m = 2.4 in the formula Y,,551;:_,,Al,Nj,. No quinary
compound was found. Seven compatibility tetrahedra were
cstablished in the region Si;N,~AIN-YN-Y,O;.

Sixty-eight compatibility tetrahedra were established in the
system Si,ALY/N,O: thirty-nine in the region bounded by
Si;N,;-Si0,-AIN-Al,O;-Y,0;, seven in the region bounded
by Si;N,-AIN-YN-Y,O;, and twenty-two (previously re-
ported?) in region SizN,—B4—Al,03-Si0; and Y,0;.
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