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Pressureless Sintering of Si;N, Ceramic Using AIN and

Rare-Earth Oxides

Zhen-Kun Huang, Anatoly Rosenflanz,” and I-Wei Chen”

Materials Science and Engineering, University of Michigan, Ann Arbor, Michigan 48109-2136

Using intermediate, liquid-forming compositions in the
(Y,La),0,—AlIN system as additives, fully dense Si,N, ceram-
ics with high strength at high temperature have been
obtained by pressureless sintering. The ceramics contain
rod-shaped B-Si;N, with M’ or K’ solid solutions as grain-
boundary phases. The strength of these ceramics is 1150
MPa at 1200°C, and the room-temperature toughness is
maintained at }7 MPa-m*2. Phase relations that are perti-
nent to the new additive compositions are delineated to
rationalize their beneficial effects on sinterability and
mechanical properties.

. Introduction

INTERING Of Si;N, ceramics generally relies upon the liquid

that forms from the native oxide layer of Si;N, powders and
the oxide sintering additives. The resultant ceramics can
achieve high strength and high toughness at room temperature,
provided a high density is reached and a network of elongated
B-Si;N, (or its solid solution, i.e., 3-SiAION) is developed.*™
For a given sintering condition, e.g., temperature, atmosphere,
and time, the liquid composition has a direct influence on the
kinetics of densification and grain shape development. Low-
melting liquid is desirable in this regard. On the other hand,
because a residual glassy phase always remains in the grain
boundaries in Si,N, ceramics after sintering, a loss of strength
is experienced at temperatures above the glass softening point.
Identification of sintering aids that simultaneously lead to supe-
rior sinterability, a well-developed B-Si,N, network, and a
refractory grain-boundary phase of a minimum amount has
proved to be challenging.

An early approach to the above problem utilizes transient
liquid-phase sintering. For example, by adding Al,O, and AIN
to Si;N,, it is possible to form a liquid in the transient stage
during sintering, with the overall composition lying along the
B-SIAION line, Si,_,Al,O,N;_,.* Although the phase diagram
indicates that no liquid should remain after sintering is com-
plete and equilibrium is reached, in practice a grain-boundary
glass remains in this system. Moreover, because B-SiAION is
structurally weaker and softer than B-Si;N,, the resultant
ceramic has inferior mechanical properties. Generally, the
incorporation of Al,O, as a sintering aid has been found to be
deleterious to high-temperature strength.>® This presumably is
because of the relatively low eutectic temperature of SiO, and
Al,Q,, in combination with many other oxides.”

In recent years, two alternative approaches have been devel-
oped to incorporate sintering aids into silicon nitrides with
the purpose of improved high-temperature strength. The first
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approach focuses on the Si;N,—R,0O, binary, where R,0, is any
rare-earth oxide (or Y,0,) used singly or severally.®** After sin-
tering, this composition forms B-Si;N, and some refractory rare-
earth silicon oxynitrides (e.g., melilite (M-phase) R,Si;O;N,,
wollastonite (K-phase) RSiO,N, apatite (H-phase Rs(SiO,);N,
or rare-earth silicates, e.g., R,Si,0, and R,SiO.®), which tend to
exhibit higher strength at high temperatures. The sinterability
of this formulation, however, is poor, and hot pressing or hot
isostatic pressing is usually required to effect densification.®**
Also, because the B-Si;N, network of elongated grains is less
well-developed because of the more refractory liquid, the room-
temperature toughness of these ceramics also is lower. The
second approach focuses on the Si;N,—R,0,:9AIN binary. This
composition forms a mixture of B-Si;N, (or B-SiAION) and
«-SIAION. The rare-earth cations mostly are stuffed in the
interstices in the «-Si;N, solid solution (e.g., «-SiAION) and
removed from grain boundaries; therefore, the ceramics of this
composition have very little residual glassy phase and have
achieved a strength of 1000 MPa at 1400°C.*>*2 The sinterabil-
ity of these ceramics, however, also is poor, and hot pressing or
gas-pressure sintering is required to form dense ceramics.’*™®
Also, there has been some recent concern of the dissolution
of a-SiAION over a long period of time at an intermediate
temperature.***® This, in turn, releases rare-earth cations and
Al,O, at the grain boundary and deteriorates properties.

We have reexamined the latter two sintering aid formula-
tions, being aware of the phase relations, and have concluded
that other more-promising formulations exist within the R,0,—
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Fig. 1. Liquid region in Y,0,~AIN system.
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AIN family. Figure 1 shows the phase diagram of Y,0,~AIN to
illustrate the point.® The two formulations described above
correspond to either a region of a very high melting point, as in
the case of pure R,0,, or a region where decomposition into a
gaseous phase is favored, as in the case of R,0;:9AIN. How-
ever, there are many intermediate compositions in this system
that form a liquid above 1730°C.* Very similar phase diagrams
are valid for many other R,0,~AIN systems.” For example,
Nd,O,—AIN has a eutectic temperature of 1660°C, and we
expect the eutectic temperature to be somewhat lower when a
combination of rare-earth oxides are used in conjunction with
AIN. Because of the excellent high-temperature strength of
Si;N, ceramics sintered using either R,O; or R,0;:9AIN addi-
tives, and the liquid-rich feature of the intermediate composi-
tions between these two additives, we have decided to explore
these intermediate compositions for pressureless sintering of
Si;N, in the present study.

1. Experimental Procedure

Compositions of 80 wt% Si;N, and 20 wt% sintering aids,
formulated on the Y,0,-La,0,—AIN ternary, were chosen for
this study. In particular, we focused on the two compositions
2R,0;:AlIN and R,0O;:AIN shown in Fig. 1, with R,0, being a
combination of Y,0, and La,0,. The experimental procedure
for starting materials and processing methods were similar to
those described in our previous paper® and are briefly outlined
below.

Powder mixtures were attrition milled in isopropy! alcohol
for 2 h using Si;N, milling media and teflon-coated containers.
After they were milled, the powder mixtures were dried, sifted,
isostatically pressed under 300 MPa, and then placed in a BN—
Si;N, mixed-powder-bed in a graphite crucible with a threaded
cap. Pressureless sintering was conducted in a graphite furnace
backfilled with 1 atm nitrogen gas at 1800°C for 3 h. Hot-
pressing runs under 25 MPa at 1780°C for 1 h also were used to
provide a reference to pressureless sintering. Some samples
after sintering were further annealed at 1400°C for 15 h to
crystallize the liquid phase.

Densified specimens were ground to remove 0.5 mm from
the surfaces before density measurement and phase analysis.
Density was measured by the Archimedean method using
water, and the phase analysis was performed using X-ray dif-
fraction (XRD). For lattice parameter determination, coarse
silicon powders were used as an internal standard. Microstruc-
tural examination was performed in a scanning electron micro-
scope (SEM) using polished specimens etched by plasma.

Bend bars with 1 mm X 3 mm X 20 mm dimensions were
obtained from densified specimens. The surfaces of the speci-
mens were finely ground along the long axis, then polished
using a 6 wm diamond paste to obtain a good finish. For
strength measurements, tests were conducted in nitrogen gas
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using a tungsten-mesh resistance furnace in a three-point bend-
ing configuration with a total span between outer supports at
13 mm. Vickers indentation at 10 kg was used to obtain hard-
ness and to compute toughness from indentation cracking.?

I1l.  Results and Discussion

(1) Sinterability and Additive Compositions

To verify that the intermediate compositions in the liquid-
rich region are better sintering aids, the five formulations
marked in Fig. 1 with different R,0,:AIN ratios have been
investigated. Shown in Table | are sintered densities compared
with hot-pressed densities, for the case where R,0, is com-
prised of (Y,sLa,,),0, for the five formulations ranging from
pure R,0; to R,0,:9AIN. The three intermediate compositions
of 2R,0;:AIN, R,0;:AlN, and R,0;:2AIN have much superior
sinterability.

We also have determined whether good sinterability can be
achieved by varying the relative fraction of Y,0, and La,0,
with no AIN. As shown in Table II, the sintered densities
are always lower than the hot-pressed densities. However, the
intermediate formulation of (Y,,La,s),0; also is superior to
other rare-earth oxide combinations.

The best combinations of oxides for the 2R,0;:AIN and
R,0,:AIN formulations are similarly determined from Table I1I.
Highest relative densities are obtained at (Y,4La,,),0, for both
formulations, with the combination of 2(Y,zLa,,),05:AIN
especially outstanding because of its very low weight loss.

These density data are summarized graphically in Fig. 2 in
terms of the composition of the three sintering additives, Y,0;,
La,0,, and AIN. An extensive region, enclosed by a curved
line, is delineated, within which the relative density exceeds
98%. This region has intermediate compositions of Y,0,,
La,0,, and AIN. Also marked in Fig. 2 are the values of the
total volume percent of the additive phases. The Y,0,—AIN
side tends to have a higher volume fraction of additives at the
same 20 wt%.

(2) Phase Assemblages

Phase assemblages have been analyzed and the results are
summarized in Table IV. In all cases, B-Si;N, is the dominant
phase. We can detect very little difference between XRD reflec-
tions for this phase and those for the reference, pure Si;N,. If
we assign the XRD peaks to Si,_,Al,O,Ng_, (B-SiAION), our
best estimate is that x = 0.2. The type of the dominant second
phase, on the other hand, systematically varies with the additive
composition. The systematic trend is best determined by
inspection of the data of the annealed samples, which have
more-developed phase assemblages. As the rare-earth oxide
composition changes from Y,O,-rich to La,O,-rich, the domi-
nant second phase changes from M’ melilite solid solution

Table I.  Sinterability of Si;N, (80 wt%o) with Different (Y,4La,,),0;:AIN Ratios’
(YosLao,),05:AlN ratio
Property 1:0 2:1 11 1:2 1:9
Sintered density (Mg/m?) 3.294 3.477 3.443 3.407 3.160
Hot-pressed density (Mg/m?) 3.467 3.475 3.450 3.417 3.317
Density ratio (%) 95.0 100 99.8 99.7 95.3

"Sintered at 1800°C for 3 h and hot pressed at 1780°C for 1 h.

Table Il.  Sinterability of Si;N, with 20 wt%o (Y, La),0, Additives'
Yila Additive Weight loss Density (Mg/m?®)
molar ratio Wt% vol% (Wt%) Hot pressed Sintered Ratio (%)
80:20 20 12.9 25 3.467 3.294 95.0
60:40 20 12.3 1.8 3.505 3.397 96.9
40:60 20 11.7 2.2 3.494 3.459 99.0
20:80 20 11.3 14 3.510 3.369 96.0

fSintered at 1800°C for 3 h and hot pressed at 1780°C for 1 h.
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Table 111.  Sinterability of Si;N, with 20 wt% 2(Y,La),0O,: AIN Additives and
(Y,La),0,:AIN Additives'

Yila Additive Weight loss Density (Mg/m?)
molar ratio wt% vol% (Wt%) Hot pressed Sintered Ratio (%)
2(Y,La),0,:AIN
100:0 20 14.2 2.1 3.459 3.294 95.2
90:10 20 13.8 2.9 3.468 3.392 97.8
80:20 20 135 0.3 3.475 3.477 100.0
60:40 20 12.9 11 3.483 3.461 994
40:60 20 12.3 2.1 3.488 3.449 98.9
20:80 20 11.8 3.0 3.508 3.401 96.9
0:100 20 114 55 3.531 3.279 92.9
(Y,La),04:AIN
80:20 20 14.0 1.3 3.450 3.443 99.8
60:40 20 13.4 1.3 3.455 3.438 99.5
40:60 20 12.8 2.0 3.489 3.454 99.0
20:80 20 12.3 3.7 3.494 3.214 92.0
"Sintered at 1800°C for 3 h and hot pressed at 1780°C for 1 h.
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Fig. 2. Density map for Si;N, in terms of sintering additives (20 wt%). Area where a relative density reaches no less than 98% is delineated.

Numbers next to the filled squares are vol% of additives.

(R,Si,_ALO,, (N, ,), to K’ solid solution (R,Si,_,ALO,.,N,_,),
to 1:2 phase (La,0,-2Si;N,).

Lattice parameters of some of the dominant second phases
have been determined to probe the extent of alloying in these
solid solutions. These data also are listed in Table IV. In
the absence of AIN, the melilite solid solution formed with
(Yoslag,),0; additive has been identified as (Y5180 2,),Si3N,O;4
using the interpolation formula reported by us® for rare-earth-
containing melilite. Thus, the relative amount of yttrium and
lanthanum in the solid solution is essentially similar to that of
the overall formulation. In the absence of La,0,, the melilite
solid solution formed with 2Y,0,:AIN additive has been identi-
fied as Y,Si, Al,,0,,N,¢, or x = 0.4, again using the interpo-
lation formula. Thus, the extent of Al-O solution in this case is
less than the maximum solubility that has been determined to
be x = 0.6 for M'(Y).2® This implies that the liquid formed in
the present series of Si;N, is not yet saturated with Al,O,.
Assuming x = 0.4, we also have determined the composition
of the melilite solid solution formed with 2(Y,sLa,,),0,:AIN
to be (YogsLa015),S1,6Al0,0454N56. Thus, the Y:La ratio in this
melilite probably also is similar to that of the overall composi-
tion. Lastly, comparing melilite solid solutions formed with
2(Y,5Lla,,),05:AIN and (Y,5la,,),05:AIN additives, we find

larger lattice parameters for the latter sintering conditions. The
assumption that the rare-earth content is the same in both meli-
lite solid solutions implies a higher x or Al-O content in the M’
formed with (Y, gla,,),04:AIN additives. This is consistent
with the higher amount of aluminum in the additives with a
R,0,:AIN formulation than with a 2R,0,:AIN formulation.
Overall, phase assemblages are only slightly changed by
annealing, with the main difference being a more prominent
presence of the second phases after annealing. An interesting
observation has been made with the 2(Y,4La,,),05:AIN and
2(Y,.4La06),04:AIN additives: in both cases, XRD of the sin-
tered ceramics contain only B-Si,N, reflections and a broad
hump from 26 = 28° to 26 = 33°, indicating the presence of a
substantial amount of glass but no crystalline second phase.
The hump disappears after annealing; M’, K', or 1:2 phase are
found instead. Very similar observations also have been made
for the other two sintering-aid formulations of R,0,:AIN and
R,0,, where R is Y ¢La,, or Y,,La.s. Although the XRD of
the sintered ceramics shows a broad hump from 26 = 28° to
260 = 33° and only B-Si;N, reflections are seen, crystallization
during annealing brings about M’ and K’ phases. Thus, the
intermediate rare-earth oxide compositions apparently favor
liquid formation and suppress crystallization. Lastly, it is a
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Table IV. Phase Assemblages of Si,N, (80 wt%o) with Various Additives'

Phase assemblages*

Y:La Lattice parameters,
molar ratio B M’ K’ 1:2 M (A) Conditions
(Y,La),0,

80:20 S ms 7.647(4), 4.941(2)° Sintered

60:40 S Sintered
S S Annealed

40:60 S Sintered
S S Annealed

20:80 S m Sintered

2(Y,La),0,:AIN

100:0 S ms 7.614(3),4.922(2); x = 0.47 Sintered
S ms Annealed

80:20 S ms 7.643(3), 4.942(2); x = 0.4 Sintered
S ms 7.666(6), 4.956(4) Annealed

60:40 S Sintered
S ms m Annealed

40:60 S Sintered
S S w Annealed

20:80 S mw Sintered
S ms Annealed

0:100 S ms Sintered

(Y,La),0,:AIN

80:20 S ms 7.655(4), 4.947(2) Sintered
S S 7.662(6), 4.953(4) Annealed

60:40 S Sintered
S ms Annealed

40:60 S Sintered
S ms Annealed

20:80 S m Sintered

"Sintered at 1800°C for 3 h and annealed at 1400°C for 15 h. *XRD intensity: s > ms > m > mw > W. ¥(Y75La02,),Si;03N,. ™,Si, Al 4054Nyg, X =

0 4 ii(YOESLaD 15)ZS|2 SAIG 4034N36 X= 0

general observation that the lattice parameters of M’ solid solu-
tion increase slightly after annealing. This previously has been
reported by us in a study of Si;N,/M’(R) and can be attributed
to the further incorporation of Al-O into the solid solution.?*

(3) Sinterability and Phase Relations

We already have emphasized, by referring to Fig. 1, the
significance of liquid phase in the improved sinterability of
Si;N, with 2R,0,:AIN and R,O,:AlIN additives. By graphically
summarizing the data in Table 1V in the compositional triangle
of Y,0,-La,0,~AIN, as shown in Fig. 3, we can compare it
with Fig. 2 to further elucidate the pertinence of phase relations
to sinterability of Si;N,. The compositions outside the high-
density region delineated in Fig. 2 can be grouped into three
types: pure oxides, 1:2 phase region, and gas-forming AIN-rich
corner. According to Mitomo et al.* La,0,-Si;N, has a
eutectic near 1600°C at about 3La,0;:Si;N,. A similar liquid-
forming region also has been found in Y,0,-Si;N, binary at a
higher temperature, 1720°C.* Thus, the relatively poor sinter-
ability of Y,O, additive is due to the higher melting temperature
of the Y,0,-Si;N, liquid. In the case of pure La,0, and other
lanthanum-rich additive compositions, we can similarly attrib-
ute their relatively poor sinterability to the high melting
points of the 1:2 phase, which, according to Mitomo et al.,*
is >2000°C. In contrast, M'(Y) solid solution has an intermedi-
ate melting point of ~1750°C, and probably a lower melting
point for M’(Y,La) solid solution. Likewise, the intermediate
compositions in Fig. 3 have a large liquid-forming region at
1800°C and, only after low-temperature annealing, form K'.
Thus, under the sintering conditions used in the present study,
1800°C with 1 atm nitrogen gas, we expect copious liquid to
form and to maintain for all the additives that have composi-
tions within the high-density region shown in Fig. 2.

Although the above discussion mostly is based on the R,0,—
AIN binary, consideration of the R,0,—~AIN-Si,;N, ternary and
surface oxides is not expected to fundamentally alter the basic
picture. A recent study of solid—liquid reaction in the Si;N,—
AIN-Y,0, system under 1 MPa of nitrogen gas has established
a ternary eutectic temperature of 1650°C,* which is ~80°C
lower than the eutectic temperature of the Y,0,~AIN binary.

Because surface oxides also are involved in the powders of
the latter study, the above temperature is representative of our
experimental conditions as well. The eutectic temperature of
SiO,—Al,0,-Y,0, is much lower. However, the amount of the
liquid phase formed is too small to cause sufficient sintering,
as we previously have demonstrated in a series of Kinetic
studies.?®? Thus, it seems certain that it is the high-temperature
eutectics in R,0,~AIN and in R,0,~AIN-Si;N,, which bear
the same feature, that are most pertinent to sinterability of
these ceramics.

Analysis of compatibility relations manifest in the phase
assemblages listed in Table 1V further allows us to construct
Fig. 4, which outlines major phases in the La-Y-Si-O-N sys-
tem.# Three phases—M’(Y,La) and K'(Y,La) solid solutions,
as well as 1:2—are compatible with B-Si;N,. The pyramid
formed by joining the Si;N, apex and the M’(Y,La)/K'(Y,La)
base is especially noteworthy in that all compositions therein
appear readily sinterable with a small addition of AIN. In the
present study, the amount of AIN ranges from 1.3 to 5.0 wt%
(some substitution of Al-O for Si-N throughout the pyramid is
likely in the presence of AIN sintering aid). As shown below,
the mechanical properties of these Si,N, ceramics are generally
quite promising.

(4) Microstructure and Mechanical Properties

Experiments on the mechanical properties were conducted to
assess their merits as structural materials. Test specimens were
selected from three composition groups investigated and
included essentially all the high-density ceramics. The test
results on sintered ceramics are summarized in Table V, includ-
ing strength (at room temperature and 1200°C), hardness, and
toughness (at room temperature). For sintered samples that had
a strength at 1200°C <600 MPa, annealing also was conducted,
and the 1200°C strength subsequently was measured again.

The results are briefly discussed below.

(A) Hardness. Hardness values are typical of Si;N,
ceramics, and they increase with a higher AIN:R,O, ratio and a
higher Y,0,:La,0, ratio. This is reasonable because the bond
strength of the three additives follows the sequence of AIN >
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Table V. Mechanical Properties for Selected Specimens of Si;N, wih Various Additives'

Bend strength (MPa)

1200°C
Room Hardness, Toughness,
Y:La ratio temperature Sintered Annealed H, (GPa) K, (MPa-m?)
(Y,La),0,
60:40 800 380 14.3 7.7
40:60 780 410 490 14.2 75
2(Y,La),04:AIN
80:20 890 0 15.3 6.8
60:40 910 590 590 15.2 5.6
40:60 790 530 615 145 6.0
20:80 610 740 12.4 7.0
(Y,La),0;:AIN
80:20 950 650 16.4 7.8
40:60 710 560 460 15.4 6.2

'Sintered at 1800°C for 3 h and annealed at 1400°C for 15 h.

Y,0, > La,0,. The relatively low hardness of 2(Y,,La,5),05:
AIN is probably due to a lower density (97%) for the specimen.

(B) Toughness: Typical toughness is ~7.0 MPa-m*2
Microstructural examination of ceramics sintered with all three
groups of additives shows a network of elongated, rod-shaped
grains of B-Si;N,. Typical micrographs are shown in Fig. 5 for
a Si;N, sintered with 2(Y,sLa,,),05:AlIN sintering aids. Such a
microstructure is known to impart high toughness via grain
bridging and pullout in the crack wake.?®? This microstructure

also is similar to those of other high-toughness Si;N, reported
in the literature.

(C) Strength at Room Temperature and 1200°C:  Strength
at room temperature mostly is flaw controlled and should corre-
late with the sintered density. For the three ceramics that had
the highest strengths, 950 MPa with (Y zLa,,),05:AlIN sinter-
ing aid, 890 MPa with 2(Y,,La,,),05:AIN sintering aid, and
910 MPa with 2(Y,¢La,.),05:AIN sintering aid, the densities
are all >99%. Strength at high temperature is mostly governed
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Fig. 5. SEM micrographs for Si,N, with 2(Y,sLa,,),05:AIN additives: (a) as sintered and (b) after annealing.

by the softening temperature of the grain-boundary phase. In
this series of ceramics, a strength of 1150 MPa at 1200°C has
been achieved using 2(Y,sLa,,),05:AIN as additive. For those
ceramics that have a relatively low strength (<600 MPa) at
1200°C, annealing proves effective in improving the strength.
This is especially so with intermediate Y,0,:La,0, composi-
tions, which, as noted previously, tend to retain the liquid phase
after sintering.

The temperature dependence of strength was investigated
using the ceramic sintered with 2(Y,.La,,),05:AIN aid.
Figure 6 shows that strength decreases initially with tempera-
ture before increasing to a maximum at 1200°C, followed by a
steep fall at 1400°C. Such behavior has been reported in the past
for both Si;N,*3" and other ceramics®-* that contain elongated
grains and a significant amount of glassy grain-boundary
phases. The peak strength temperature is rationalized to corre-
spond to the onset of the glass softening upon which pullout
of grains becomes commonplace while the frictional work
remains substantial 2>

IV. Conclusions

Pressureless sintering of fully dense Si;N, ceramics, of high
strength at high temperature and high toughness at room tem-
perature, is possible using liquid-rich Y,0,-La,0,~AIN addi-
tives of an intermediate composition. The overall compositions
are located in the Si;N,—M’(Y,La)/K'(Y,La) pyramid in the
Janecke prism of the La-Y-Si—-O-N system, with only some
small addition of AIN. The terminal Y,0,, La,0,, and AIN-rich
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Fig. 6. Strength of Si;N, with 2(Y,sLa,,),0,:AIN additive.

compositons are not desirable sintering aids because of high
liquidus temperature (Y,0,-Si;N,), compound formation
(La,0,- 2Si;N,), and gas formation, respectively.

Sintered ceramics contain essentially B-Si,N, and a glass
that crystallizes into M’(Y,La) or K'(Y,La) solid solutions. A
network of elongated, rod-shaped Si;N, grain forms, resulting
in high toughness at room temperature. The softening points
of the grain-boundary phases probably lie around 1200°C.
Strengths of 900 MPa at room temperature and 600-1150 MPa
at 1200°C have been achieved in these ceramics.
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