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SUMMARY

Concurrent with the recent engineering efforts in developing advanced ceramics such
as S13Ng and SiC for structural components of high temperature heat engines, “SiA1ON"
ceramics have also become candidates for consideration. The acronym "S1AlON" was ori-
ginally given to new compositions derived from silicon nitrides and oxyritrides by si-
multanecus replacement of silicon and nitrogen by aluminum and oxygen. Other metal
atoms M such as Be, Mg, Li, and Ga can be incorporated, and the term has become a gen-
eric onre applied to 513Ny based material's. In this review, the state-of-the-art of
“SiAlONs" 18 examined., The review includes work on phase relations, crystal structure,
synthecis, fabrication, and properties of various S1AlONs. The essential features of
compositions, fabrication methods, and microstructure are reviewed., High temperature
flexure strength, creep, fracture toughness, oxidation, and thermal shock resistance are
discussed, These data are compared to those for some currently produced silicon nitride
ce.amics to assess the potential of SiAlON materials for use in advanced gas turbine en-
gines.

INTRODUCTLON

Materials currently being evaluated for structural components of high temperature
heat engines include SijNg, SiC, and a cglass of materials called SiAILONS. The term
"SiAlON" was adopted to designate any composition containing the elements Si-Al-0-N as
major constituents e.g. A'-S1AIlON (ref. 1,2,3), O'-S1AlON (ref. 4), 15R-S1ALlON (ref, 4j
etc, However, most frequently, the term SiAlON refets to S-Si3N4 solid solution called
8'=SiAlON. SiAlON compounds can be made by a high temperature reaction between silicon
nitride or oxynitride and alumina in which simultaneous replacement of silicon and ni-
trogen by aluminum and oxygen occurs, Other metal atoms M such as Be, Mg, Li (ref. 5)
and Ga (ref. 6) can also be incorporated and the term has thus become a generic one ap-
plied to Si-M-0-N based materials. Among various S1AlON materials, (-S1AlON has been
of great interest because it was claimed to have a low thermal expansion (ref, 2,6),
good high temperature modulus of rupture and good oxidation resistance (ref, 7). It was
also reported that the £'-SiAlON could be fabricated to high densi.y by conventional
sintering terhniques (ref. 2). These reported properties indicate that B'=S1AlON cer-
amics might pe candidates for high temperature applications, and therefore, have gener-
ated considerable interest., In this paper, the state-of-the-art of SiIAION is examinea.
The paper reviews work on phase equilibria, structure, fabricetion and properties,

Based on this review, the potential of SiAlON materials for use in advanced gas turbines
will be examined.

PHASE EQUILIBRIA AND STRUCTURE

The existence of A'-S51AlON in the system SijNg - Al 03 was first reported by Oyama
and Kemigaito /‘ref. 1) in Japan and by Jack and Wilson (ref. 2) in England. Subseguent
studies by the same workers reported a solid solution (£'-S1A1ON) forming region in
the systems SijNy - 5103 - Alp03 (ref. 5) and SijNg - AIN - Al 0; (ref. 3). Detailed
compatibility and phase equilibria studies were reported by Gauckler et. al (ref. 8) and
Jack (ref, 4) in the system Sleg = AIN - 5107 - Al203 and their diagrams are shown in
Figs. 1 and 2, Jack (ref. 4) refers to his diagram (Fig. 2) as an "Idealized Behavior
Diagram™ rather than an equilibrium diagram since it combines data obtained from speci-
mens hot pressed at temperatures ranging from 1550 to 2000 C. Most of the data, how-
ever, were obtained at 1775 C. On the other hand, the diagram by Gauckler et.al (ref.
8) is an isothermal section at 1760 C (Fig. l). According te both Jack and Gauckler,
the #'-SiAlON region extends from the SijNg4 corner in the direction ot AIN.Al 03
along a line representing a constant metal/non-metal (M/X) ratio of 3:4 and can there-
fore, be described by the empiricul formula Sig., Aly O, Ng., with x=0 to 4.2.

In the oxygen rich part of the diagram, mullite and x-pgase S1AION (formula

Si4Al140]11N2) were observed. In the AlN-rich part of the system, five new phases

were identified (ref, B) in the region between #'-SiAlON and AIN. The phases called X2,
X4, X5, X6, and X7 are shown in Fig. 1 and are located along lines of constant metal:
non-metal ratios, These were later identified by Jack (Fig. 2) as AIN polytypes
(ref.4). The diagrams proposed by Jack and Gauckler et. al. are quite similar except
that the locations of AIN polytypes are slightly different., Work by Layden (ref, 9) es-
tablished the liquidus isotherms (Fig. 3) in part of the system lying between 510,-

rich corner of the diagram and X-phase.

B'=SiAlON has a #A-silicon nitride structure which extends along the 3IM/4X line but
the sizes of the tetrahedra and hence also the unit-cell dimensions, increase as alumin:
um and oxygen replace silicon and nitrogen (ref. 8). Silicon oxynitride O0'-5S1A10N
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(ref. 4) extends along the 2M/3¥ (metal/non-metal) iine with the Si;N;O-type struct-
ure and larger unit-cell dimensions, The structure of X-pnase, also designated as
*Oyama-Phase" (ref. 4) and “"J-phase” (ref.4) has been interpreted in terms of several
different unit cells. Drew and Lewis (ref. 10) proposed a triclinic structure, while
Gugel (ref, 11) proposed and orthorhombic lattice, Most recently, the unit cell has
been determined to be monoclinic (ref.d).

Single phase #'-SiAlON forming regions in other systems such as Si;Ng - AlgOg -
Ioil104. S13Ng -Alio; - Li130 and Si13Ng - Al 03 - MQO were reported by Jack (ref. 3),
while Oyama (ref. &) reported a £'-forming region in the system 513Ny - Al03 -
Ga03. Extensive ternary solid solutions were found to exist in all of these sys-
tems. Detailed ghasc equilibria in the system SijNg - 8§10, - ..i"‘ - BeU were
reported by Huseby et. al (ref. 12) and are shown in Fig. i. A large solubility of
Be8i04 in #-813Ng and of BeO in BeSiN, was found to occur in this system,

The solid solubility of BepS8i04 in §-8Si3Nyg decreases with increasing temper-

ature from 19 mold at 1770 € to 11.5 lnli ‘02810‘ at 1880 C. There are other

single-phase materials in this system and all have moderate solubilities along lines of

gotlnito metal:non-metal (M/X) ratics and small solubilities perpendicular to these
ines.

In the svstem Si13Ng - $103 = AIN - Al 03 - BejN; - BeO, Gauchler (ref., 13) found

that the single-phase solid solution with £-5i;Ng4 structure was restricted to the
Tlanc connecting the points SijNg,Bez5104, BeAl 04 and Alu:nleA. This is shown

n Fig. 5a, These four points are co-planar in the guaternary diagram. All composition
points on this plane have a constant metal to non-metal ratio of 3:4, The plane of 3:4
is shown in Fig. 5b. A large area of single phase region with the £-5i3Ng struct-
ure is located on this plane. No single-phase solid solution was found either above or
below this plane.

In the quasiternary system SiiNg - AIN - Be N; shown in Fig. 6, Gauckler et,
al (ref, 13) found a complete |olid solubility exists from AIN “o BeSiN;. The lattice
parameters in this solid solution with a wurtzite structure increase linearly with in-
creasing Al concentration. =

FABRICATION
A. Hot Pressing

Hot pressing has been found to be the easiest technique for fabricating theoreti-
cally dense, fine-grained bodies with high strength in covalent materials such as
SijNg and SiC. Consequently, most early work on phase equilibria, structure, and
property evaluation was conducted on F£'SiAlONs fabricated by hot pressing. Table I
lists starting materials for various £'-SIAION formulations and their hot pressing
parameters. In most of the investigations, various material combinations listed in
Table 1 were hot pressed at temperatures where simultaneous chemical reaction and dens-
ification were taking place under applied pressure. Mg0 was commonly used as an addi-
tive to promote densification. The most effective 10t pressing temperature range was
1650-1750 C. Time at temperature varied in these investigations, but generally ranged
from approximately 30 minutes to 2 hours. Heating the compacts was accomplished by in-
duction or resistance heating of graphite or S$iC. The reaction of carbon with the com-
pact was minimized by using a BN liner or container,

The experimental studies shown in Table I illustrate the varied nature of investi-
gations in hot pressed F£'-SiAlONe, Characterization of the hot pressed materials has
included phase equilibria, structure, and cnemistry which have been discussed in the
preceeding sections. Strength, creep, thermal and oxidatinn behavior will be discussed
in following sections,

B. Pressureless Sintering

Pressureless sintering when compared to hot pressing has the advantage of shape cap-
ability and high volume production of small as well as large components. The expense of
machining prevents hot pressing from being a cost effective process for many appli-
cations, As a result, much effort has been devoted to fabrication by pressureless sin-
tering. Table Il shows a list of pressureless sinteriny studies conducted with various
material combinations with and without additives., Sintering was conducted at about one
atmosphere of nitrogen to produce bodies with densities as high as -98% thecretical,

The most effective sintering temperature regime and time period were 1770-1760 C for 2 -
4 hours respectively, although a much broader range cf temperature and time was used by
different investigators,

Jack (ref. 2) reported that a Slgu‘ and Alz03 mixture could be fabricated to
dense single phase FA'SiAlON bodies by pressureless sintering. However, other work
(ref. 11) indicated that the resulting SiAlON contained other phases. Morgan (ref. 24)
predicted in a presentation cited by Layden (ref, 9) that single phase A'=81A10N com=-
positions having stoichiometries given by the formula $i3.4Al,OxNj-x would not

sinter, Layden (ref. 9) also reported that as a pure phase F'SIAION could not be sin-
tered to high final density. However, #' bodies formulated from starting materials
that form some liquid at the sintering temperatures could be sintered to high density.
For example, Layden introduced the term "transient liquid phase sintering” or TLP. In
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this process, SiAlON bodies of composikion Si}.thl_ﬁo .6W2, 4 were formulated

from two prercacted compositions, one of which'was X pﬁase which melts in the neighbor-
hoed of 1700 €. The gecond composition was 2alculated from the lever rule ko yield sin-
gle phase §'-SiA1ON when reacted with a predetermined amount of the X-phase at temper-
atureg above 1700 C. The “transient liquid phase sintering" was confirmed by Gauckler
et, al (ref. 25) during sintering of p2'-51AION compositions ugilizing as gtarking ma-
terials only AIN and 5103 and no additives, Gauckleret., al concluded that different
Bintering kipetien wonld be expected for different sets of starting matercials e.qg.
5izNg, AlN, 5i0p powders or SizNg, AlLN, ﬂlzﬂg powders of $i0z and AlLN ’
powders because of different reaction mechanisms {ref, 25}, The formation of ligquid fa-
cilitates deonsification and chemical reaction, prew and Lewis (ref. 10} aleo observed
the Formation of liquid phase during sinktering of SiyNg and Alp03 mixtuzes,

Recently, Arias (ref. 26) determined the cffect of oxygen to nitrogen ratlio (0/N) on
the pressureless sinterability of SiAlONs of formula Sip 5eAlg, 50yNgug, 667
{where y varied from 0,57 to 1.92). Utkillzing otarting mnhar?ala 13Ny, Alﬁ, and
§i02 plus a pmall amount of AlpO3 from the grinding medid but no additxve, a maxi-
mum density of about 98% of theoretical mecurred in the O/N ratia range between 0,2 and.
0,3. It is very likely, that liquid fotrmed in various phase fields acecording to the be-
havior diagram shown in Fig., 2 and promoted depsification in all composlitions as Yy var-
ied from 0.57 to 1.92, C ’

In contrast to sintering by forming liquid within the system itself, additives which .

provide a liquid phase at the sintering temperatures are commonly used for densifying
Si4N4 baged ceramics, FPor example, Fig. 7 shows typical densification beohavior of
ﬂ'-S?AlDN (sis,4A10,500,6N3,6) 8% A function of temperature {cef., 31}. The

starting materials used wete SijNg, AIN, and Al;03 with 6 and 3 molt of addi-

tivea [Y503-5i03). The Y303 to 5102 molar ratio was copstant at 1:2. Sin-

tering was promoted by a liquid formed by an initial reaction between Y303, Si0»

and Ala0y. In any case whether a liquid formed by the Eoreign additives or during
sintering of bodies formulated with major constituents such that some liquid s Eformed
at the sintering temperature, a grain boundary glassy phase {5 vetdained in the sintered
body. It will be scepn later that this glassy phase has a conkrelling influence on the
high temperature properties of the sintered body (rvef.9).

DENSITY AND MICROSTRUCTURE

8*-8iAlON compositions have heen fabricated to essentially theoretical dongity by
hot pressing, while pressurcless sintering hag resulted in maximum densities close to
98% of theoretical, (ref., 30, 31). The density values of hot pressed #'-S5iAlONs have
varied from 3,09 to 3,16 g/cc (ref. 17) depending on the location along the
8'~homogeneity line (Fig. 2,3). The density of other phases has been Found to be 3.05
g/cc for X-phase (ref. 18) and 3.08 gs/co for 15R polytype phase (ref. 18),

In general, the microstruckures of both hot pressed and sinterad materials consisted
of |8'-51AlON as the predominant phase with some isolaked pornaity and mekallic looking
phase in & uniform {#' matriz, In Some cases isolated gqrains of X-phage and 15R poly-
type phases were algso identiffed (ref. 10}. Typical grhin siszes of the hot pressed com-
positions were Eound to vary between 0.2 = 2 um (ref, 10} while the gtain size range
0.15 - 5.0 um was observed in pressureless sintered compositions (ref. 3lj, The grain
morphology in both sintered and hot pressed matctials was chatacteristic of the presence
of a liquid phase duting densification.  This liquid phase was reotained in inter-
crystalline spaces during coaling Ezom the hot pressing (ref. 1Y) or sintering temper-
ature {ref. 31) and formed a glassy phase at the grain boundaties.

PROPERTIES

Moat of the mechanical properkies reported in thie literature are for R&°'~5iAlON in
the system Si - Al'~- O =~ N, while other gystems e.g. &I, Be/N, O; Si, Al Be/N,0 etc.,
have been examined primarily with rvespect to solid solubility, phase relationshipa, and
structure. Because of their similar structures, the physteal and mechanical propecties
of A'-5IALON ond 4&=-5iy¥4 are also similar. In this ceview, tho properties of
various 0'=-SiAlON compositions in the system Si-Al-0-N are discussed,

.Mbdulus of Rupture

Arrel {ref. 7) reported the room temperature modulus of rupture {3-point MOR} of a
hot pressed = 8'-5iAlON to be as high as B25 MPa. #e also reported the strength of sin-
tered HA'-SiAlON Lo be 330 MPa. The compositions or formulations of neither material
were defiped, Other workeérs have reported the MOR of hot pressed and sintered ]
B'-5iAlONs where the formulations or compositions are defined te varying degrees, ‘These
are summarized in Table III. In Table IXI, average values ak ruom temparature and at
1370 C are given for various . #'-8iAlONs maje from diffekent Stacting materials. . Tha
highest room temperature strength of hok pressed #'=5iAl0N bodies was Found to by 648

" MPa (ref. 17), while the highest strength obtained in pressureless sintered bodies was
483 MPa {ref. 31) .. At 1370 ¢, the highest MOR for sintered materials was 375 MPa (ref,

29} . Only one value 240 (ref, 18) MPa is listed for a hot pressed R'~SiAlON at 1370 C.
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Where data are available over a range of temperatures, the strength of sintered
8'-5{plnNs is compared with the strepgth of silicon nitride currently produced in USA.
This is shown in Fig., B, A8 can be Been, the room temperature skrength of sintered
8'-5iAlON compares favorably with room temperature strength of sintered Siang., oOn
the other hand, the room temperature strengths of sintered A'-SiAlON are considerably
lower than the room temperature strepgth of hot pressed Sijng (NC-132).

At high temperagﬁéq (1370 C}, the Btrength of mintered A'~5IAlON is equivalent to or
higher thaw the strength of sintered Si3Ng but lower than the strength of hot press-
ed 8ijNy (NC=133), - :

The room temperatyre strength is controlled by residual porosity, surface flaws,
forelgn inclusions eté,, in the body, while the high temperature strength is controlled
by the grain bounda:ry phases retained in the body during ceoling from the sinteting tem-
perature. The grain boundary phase softens ot h¥gh temperatures thus leading to slow
crack growth and subsequent loss in strength. Fig., 9 shows an example of such typical
slow crack growth fallure {V-shaped area) in the fracture surfaces of a 1380 C MOR bar -
of A2'SIALON sintered with 6 mold (Y03 - 5102} additive. Since the intended use
of 51iAION has largely been for high temperature, high performance applications similar
ko those boing attempted with Si3zN4 and §iC, improvement In strength at high temper-
ature is desirable, : .

Criep

Limited creep data are avajlable on A'-5iAlONs as compared with modulus of rupture
data., Arrol (ref. 7) determined the creep behavior of several hot pressed SiAlONs, and
compared the data with hot pressed s5isNg (HS-110) and {H5-130), hot pressed SiC and
reaction bonded SiaNy. These are shown in Fig. 10, As can be seen, ereep in the
S1AlONs can vary depengéing on compesition from a high value similar to that of HS-11l0 to
a value as low as that of hot presgsed §iC, Lumby et. -al {ref. 33} compared the creep
data of a pressureless sintered SiAlON with the data for various silicon based ceramics
which are shown in Fig. 11, The sintered 5iAlON has a creep rate lower thair that of hot
presged Si3Ng (HS5-130), reaction bonded-S5ijN4 or Refel SiC but slightly higher
than that of hot pressed §iC. Lumby further observed a strong dependence of creep be-
havior on ALN concentration, Creep after 20 hours at 1227 € and 77 MN/m? Jdecreased
from 0.275% strain.for a B'-5iAlON composition contained 7,75 wt® ALN down to 0.06%
strain for a composition which contained 11,25% AIN (ref. L7}. :

According to. lLayden {ref, 9), three point flexural creep tests [w argon of TLP sin-
tered S%AlON gave a steady stake creep rate of 3.1 x 10”9 hr *1 at a stress level of
82 MN/mé at 1400 C, This value was below the compressional creep rate of hot gresaed
§i38, under these conditions which has been reported (ref, 36) to be 5.4 x 10-
he=l, Layden also determined t?ut khe ereep rate of the Y03 containing &8
SiAlON bodies was about 6 x 10°2 he-l at 1370 © and a stress level of. 69 MN/mZ
which. was comparable to that of commercial hot pressed SigNg (HS-130) at the same
stress and temperature. He observed that creep behavior was controlled by the prop-
erties of the grain boundary phases, For example, #'SiAlON compositions containing

" 2r0p additives exhibited slow crack growth during testing due to rapid flow of the

grain boundary phases at stresoes as low as §9 MN/m? at 1370 €, on the other hand,
8'-5iAlON containing Y203 exhibited higher refractoriness of the grain boundary

" phases. Therefore, no slow crack growth oceurred durlng testing to 345 MN/m2 at 1370
(5] N

C and the spécimens failed by fasr fracture ,

Fragture Toughness

Practure toughness (Krn) values reported in the literature for various 5iAlON com-

- positions are listed in Table IV. Genesally, the values are lower than those of hot

pressed 5i3Ng. For example, Wills et, al {ref, 137} found the fracture_toughness

values varying between 1,32 apd 2,65 -MN/m=3/2 am compared with 6 MN/m=3/2 for -~
(Hs-lBOL hot- pressed Sijlg. Wills also suggested that the presence of X - phase

ghould be kept at very low levels and preferably be elimipated completely to improve the
fracture toughness in 8iAlONs, Similazly, Gauckler et. al (ref. 18) reported lower
fracture toughriess valles (Table 1V],:  However, Lumby et. al {ref., 33) observed a high
Eracture toughness value {6.0 MN/m~3/2) for a pressureless sintered SIALON similar to
{H5=130) hot pressed SiiNg as well as hot pressed SIAlON, measuted by the same o
technigue (ref, 33), He also determined the variation of fracture toughness with tem-
perature for both hot pressed and sintered SiAlONs which is shown in Fig.l2, Lumby sug-
gested that the incérease in fracture toughness at higher temperatureés was assoclated
with the viscous deformation of the grain houndary phase, The variation in Krp values
shown in Table IV could probably be attributed to variation with SiAlON compoesition and.
E?brication_techniques as. well as variation with the fracture toughness measuring tech-.
nique, - : : S : :

Oxidation
Oxidation resistance is one of the key properties that must be satisfied by a mater-
ial in order to be candidate for high temperature applications. Jack {tvef. 2} and Arrol
{ref. 7) reported thakt khe oxidation resistance of B'-5iAl0Ns is better than that of
hot pressed SijNy (HS-130). Layden (ref. 9} latet confirmed this in his evaluation
of oxidation behavicr of TLP sintered SiAION compositions. He observed that the oxi-
dation rake of TLP Siy 4Al), 60),¢N2,4 was an order of magnitude léss than that
of (HS-130) hot pressed Sijf4 at 1480 C (ref. 38). Layden {ref. 23} also made an ex-
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tensive ntudy on the oxidation behavior of B8Y~SiAlON compositions pressureless sintered
with various additives such as Ce0y, Y203, ZrOp, Y303~ 2rO2 . These are
shown in parabolic plots in Fig, 13 {ref, 23, 39}, Ce0p doped material had the high~
est weight gaipn while TLP material (without any additive) had the lowest weight gain
followed by 2t0; doped SIiAlON (Fig, 13). Both TLP apd 2r0y doped SiAlONS had much
higher oxidation resistance than that of hot pressed §iiN4 (H§-130). Similarly,

putta (ref. 31} and Arias (ref, 30) reported a higher oxidation resistance in

8'-5iAl0Ns doped with ¥203-5107 and Y303 respectively, as compared with

H5-130, Very recently, Atias (ref, 32) determined the oxidation resistance of SiAlON-C
(8i2,55A1p, 6%0,72N3,.52) to be even higher than that of TLP and 2r0z doped
siAlONs, This is shown in Flg, 14. The oxidation behavior of several 5iAlONs is com-
pared with those of hot pressed silicon nitride (H5-130) produced commercially, All the
sintered S5iAlONs showed better oxidation resistance than hot pressed HS-130, This hot
pressed Si3zNg had@ the highest welght gain, while SiAlON - C {ref. 32} had the lowest
weight gain followed by TLP SiAlON {ref. 9). The nxidagiog}rage co§stant for SiAlON - C

.3 =10 q2/emd =) as compgted with 2.67 x 10~ cm® hr=l for

gtzpfegaég 51354/§ﬁd 1?56 Y 10'8 gg/cm4 hc=1l for TLP §inlON, indicating
that SiAlON compesitions can be produced with excellent oxidation resistance as compared
with this hot pressed Si3Ng., However, these sjihtered SiAlONs such as SIAlON - C and ’
TLF SiAlON have poor room temperature strength as compared with hot pressed §iiNg,
For these materials to be accepted for turbine applications, further coemposition devel-
opment 1s necessary to combine good oxidation behavior and good mechanical properties.

Thermal Expansion

Jack lref. 2) reported the linear thermal ccefficient of expansion of B'-5iAloON
{Si3Alz 6704N4) to be 2.7 x 10~6c~1l which was less than that of B8-5i3Ng
(3.5 x io~eg- Y gn the other hand, Guuckler et, al (ref. 1B8) reported an average
value of 3.4 x 10-9¢~l ywhich was in good agreement with the value for pure
B8-513N4. Gauckler obscrved an almost linear decrease of the tharmal expansion co-
efficient with increasing Al concentration for the 5ig.yAlyOuNg-y SIAION which
is shown {n Flg. 15.

. Wills et. al (ref. 37) reported linear thermal expansion of three sintered SiAloN
compostions. The expansion of the two compositions $ij 94Al), gg01,06M6,94 and
S14AL202Ng was identical (3 x 10-6 ¢-1) but the third composition g' + X
showed greater expansion (3.3 x 10-6 €=1) pecause of ¥ - phase {ref. 37). However,
collective data clearly indicated that the thermal expansion coefficients of B'~SIiALON

compostions and of B-51i3N4 are quite similar,
Thermal Shock ' '

Water quench thermal shock resistance (ATgwx} of several SiAlONs determined by var-
ious investigators are listed in Table V along with data for othet silicon based cer-
amics for comparison. The collective ATg wvalues for B'-5iAlONs are comparable to
those of various silicon carbide ceramics and reaction bonded silicon nitride. However,
the values are considerably lower than that of hot pressed silicon nitride (Table V).
Gauckler suggested that the poor thermal shock behavior of the A'-SiAlON desplte its
lower coefficient of thermal expansion was caused by the low thermal conductivity and
poor fracture toughness of the material.

CONCLUDING REMARKS

The present review has shown that sirnce the discovery &f SiAlONS, a number of in-
vestigations have been made of their phase equilibria, structure, fabricatien and prop-
erties. SiAlONs can be prepared by several chemical routes,  Fully dense bodies can be
produced by hot pressing, while a final density -9B% of theoretical can be achieved by
pressureless sintering, Both room temperature and high temperature strengths of sin-
tered B'-5iAlONs are equivalent to or higher than the strengths of sintered silicon ni-
trides but lower than the strength of hot pressed silicon nitride (NC-132), On the
other hand, many SiAlON compositions have higher oxidation resistance than those of hot
pressed silicon nitrides, and therefore, have a better chance of longer survival in an
oxidizing environment. However, the most significant lack in the eurrent state of the
art of SiAl1ON is that no SLAlON composition has yet been developed which exhibits good
low temperature strength as well as good oxidation resistance, Indeed some of the
SiAlONs that have exhibited the best oxidation resistance have also had low strength at
high temperature. O©nly a few of the SiAlONs identified to date hold promise for high
temperature use in gas turbines, Because of their low strength at lower temperature, -it
is not likely that sintered SiAlONs nor sintered silicop nitride will be used for inte-
grally bladed turbine wheels., Such wheels are highly stressed in the lower temperature
region of the hub., To date hot pressed SiiN4 has been the favored material, Haow-
ever, S5{AlON materials have the advantage of pressureless sintering to high density and
thereby have the potential for providing low cost net shape components to intricate ge-

-ometry without expensive machining,

*¥'e - eritical quenching-temperature difference required to initiate therma
stress fracture: (see ref. 41 for more deétailed explanation). . ) -
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resent, a more likely use for sintered 5iAlONs in the turbine is for stater

vanes wEich run hotter, and at lower Btresses than turbine blades or disks. For those
&1A10Ns that have potential for use in gas turbines, much work remains to be done to
characterize them in the depth required for such an applicatian.

It is to be hoped that improvement in mechanical properties can be achieved in com-

bination with good oxidakion resistance by chooeing proper chemical formulations. Work
to date indicates that such a combination can be best achieved at low Al203 concen-
trationas, However, to select an optimum composition, a clear understanding of the phase
equilibria of the particular system is cssential.
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10.
11.
12,
13.
4.
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16,

17,
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19.

20,
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TABLE T. « FABRICATION OF SLALONs BY HOT PRESSING
Starting materials | Addivives | Temper- Time, {Pressure, | Noture of fnvestipation | Rafer-
: ature, min MN/mé ence
c
313Nh, A1203,L£2003 (a) 1750 2g 29 Salid solubility 3
SiBNA’ AL,04 1700 ] (a) Formation, structure
= and thermal expansion 2
813N4, AIN, A1203 1730 30 25 Solid solubilicy 3
SLBN 3 anoa,Alzog 1730-1800 | 20-180 25 Solid solubility and 5
thermal expansion
513"4'-A12°3’ AN, 1760 1 60-2300 30 Phase equilibrla and 7
$10 comptability relation
2
SLBNA' AIN, Alzoa,- 1500-2000 (a) (a) Phase equilibria, com- 8
510, S1,N,0 patibilicy and strue-
_ 272 ture :
Si&”&’ A1.20J 1700 60 15 Microstructure and 10
phase analysis
SijNQ’ Aiéos 1700 30 (a) Phase anolysis 11
513N4’ BGBNZ,BQO, 1765-1880 | 60-120 28 - Phase equilibria 12
5102
siJNh’ Al.,o3 _ y 1650-1850 | 6-60 25 Sintering, grain growth 14
- : and phagse equilibria
513N4’ Alzo3 Mg0 1750-1850 v 30-240 28 Fabrication, modulus of 15
rupture and thermal
propertics
513N s A1203 51, Al, Mg0,]1500-2000 | 1-1440 28 Processing and proper- 16
AIN, 5i0,, ties
: Kaolin ~ _ : .
SiBN&' AIN, SiO2 Mgo 1750 60 20 Fabrication, -chemistry 17
. : and creep .
SiB”&’ A1203,A1N, Me0 1760 (a) (a) Physicnl, mechanical 18
sio and thermal proper-
2 . ties
SiBNA’ AIN, 5102 MgO 1800 60 15 Formation, miecrostrus- 19
. : : : o . ture characterization
'SisN&, Alzo3 (a) 1500-1700 | 120 5.5-27.5| Effects of pressure and 20
temperature on sin- :
' . : . : E toring
SLBNQ, AN, A1203 (a) 1600-1860 | 5-60 3.5-22 Modulus of rupture, 21
: v ‘diclectric properties’
ond rain erosion
SLSNQ’ AIN, A1203 Mgd 1700-1870 | 30-120 |13.8-34.5| Electrieal resistivity 22
: ' and comptabilicy with
] W and Mo
5#3N4, AIZOS (a) 1200-1700 | 120 - 27.6 Hot pressing and micro- 23
structure characteri-
zation
2Not reported,
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TABLE 1V, - FRACTURE TOUGHNESS (K, ) OF SLAION MATERIALS

e 0 gl i e, .

Starting materials Banic formula Fabrication | Fracture |Refers
me thod toughness | ence
el ]
/"
SIA. ll,ﬁ, . Hot -pressed 1=2 4]
Siyh,. MR, 810, Hy ot 8% Mgy [Serrrtened | - & i
Il,l.. Mg II’I. (W8=130) Hot pressed 6.0 n
ﬂ,l;. AlN, IIG' (Mgo) - Sintered 5.0 n
lt,l.. AN, AI,O’ il‘llM Sintered 2.2-27 »
N - Sintered 1.2 »
*sot reported.

TARLE ¥, - WATER GUENCH THERMAL SHOCK RES ISTANCES (.T¢) oF

TLALON, S1.N, end SIC CERAMICS

Material Basic formula Te Refer-
ence
Aot=pressed SLALON Shy 250g 15%. 787523 nn 18
Sintered SIAION "a.t“o.l"o.o"s.o «A0-80 M
Sintered SIALON - sl 3 ]
Reaction sintered §iC sic M 0
Hot pressed SiC Sic 415 &0
Reaction sintered !l‘t‘ !I,I‘ L0 &0
Mot pressed ll)l‘ L1 l.i 750 1]
®yor reported.
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Figure 1. - Isothermal secticn
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Si0; of the system Si-Al-0-N al 17600 C (ref. 5?’
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Figure 6. - The systems Si-Al-Be-N at 1780° C (ref. 13).
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Figure 7. - Density of sintered p' - SIAION for 1 hour at

different temperatures (ref. 31).
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SINTERED SIAION /

HOT PRESSED SIAION

\

e RIS S S
N0 A0 60 R0 oo

Fiqure 11, - Comparison of creep (4-pt. bend) behavior of TEMPERATURE, °C
Ty D S Figure 12, - Variation of fracture toughness with tem-
* Composition not defined. perature for hot-pressed and sintered SIAIONs (ref, 33),
: 24

x = 0.55) ¢2.5Co02 o

2
2
s 0,55 +5Ce0,
18
> = 0.55) #5(0. 82r07+0.2Y,04
".u 16 — //
8 *
7] /
Ly // == 0.30) +5Y,0,
Sl< 12 s/
P {x + 0. 30 +2. 500, 75210, -~
§ W0 +0.25Y,09) -
£ 8 et “HS-130
o
: . 5 (REF, 38
— .
6 i
| 27N 058 050, 9260240, 10y
| . (x = 0.55) +5(0. 9252700, 075Y 504

. 0 5 0 15 0 B 0 3

compositions (Siy., ALO,Ns_ ) after Layden iref. 2 and Ashbrook

; Figure 13, - Weight gain in air at 1400° C (2550° F) of various SIAION
: iret, 39,
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Figure 15. - Linear coefficient of ther mal ex-
pansion between 25° and 1000° C for B' -
Sig-yAlyO4Ng_, SIAION (after Gauckler,
re?. 18).
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