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Reaction Densification of a’-SiAION: 1l, Densification Behavior
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Reaction hot-pressing behavior of a-Si;N,, AL,O;, AIN, and
M,0, powder mixtures (M = Li, Mg, Ca, Y, Nd, Sm, Gd,
Dy, Er, and Yb) forming a’-SiAION has been studied. Five
characteristic temperatures are found to control the densi-
fication behavior of these materials. The densification pro-
ceeded in three major stages. The first two stages were
formation of ternary oxide eutectic and wetting of majority
nitride powder. The third stage involved dissolution/melting
of intermediate phase. Variation from this behavior some-
times occurs due to localization of wetting liquid at AIN,
extremely high melting/dissolution temperature of Mg,Al,-
Si;O,;and Nd and Sm melilite, and secondary precipitation
of Dy-a’-SiAlON. The dominant densification mechanism
was found to be massive particle rearrangement, irrespec-
tive of the wetting and dissolution/melting behavior. The
efficiency of this mechanism is mostly affected by the
amount of available liquid and less by its viscosity. Fully
dense, single-phase ceramics were obtained in all cases
except Mg when hot-pressed at a constant heating rate to
1750°C, and considerably lower temperatures for Li, Ca,
Gd, Dy, Er, and Yb-SiAION when held isothermally.

I. Introduction

INCE the concept of “transient liquid sintering” was intro-

duced, intensive investigations have been done on the
reaction sintering of SiAION in the metal oxide-Si;N,-AIN-
Si0,-AlL0; system.''? Some of the earliest work was carried
out in the MgO-Si,N,-AIN-SiO, system by Lewis er al.'” They
found that a transient phase which formed during the hot-
pressing of «-Si;N, with MgO reacted with o-Si;N, above
1400°C to form B-Si;N, and a vitreous phase.' This reaction
was found to expedite the sintering kinetics. Further, they found
that the sintering kinetics and the reaction pathway of a mixture
of MgO-Si;N,-AIN-SiO, depended on the amount of MgO.>”
The addition of Y,0,, instead of MgO to a Si;N,-AIN-SiO,
mixture resulted in a sample with diphasic B’ SIAION-Y,ALO,,
(YAG) microstructure with improved mechanical properties.*
Boskovic et al. used the concept of transient liquid sintering to
obtain dense B'-SiAION ceramics in the Si;N,-AIN-SiO,-AlL O,
plane.>” In their study, they too found that the sintering kinetics
depended on the composition of starting powder mixtures, even
though the final composition was the same. In these and other
reaction hot-pressing studies, the densification mechanisms
were identified to be either solution-reprecipitation,'™ fast par-
ticle rearrangement,'® Coble creep,'® or grain boundary
sliding.>"

Recently, Hwang and Chen found that reaction hot pressing
of o’- and o’- + B’-Y-SiAION took place in three stages."”
Further, they found that the wetting properties of the Y,0,-
Al,0,-Si0, eutectic melt controlled the densification behavior
of the powder compact. The first stage was identified with the
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formation of the ternary oxide eutectic and YAG. The shrinkage
in this stage was due to the redistribution of liquid in the powder
compact and slight improvement in the packing efficiency. The
second stage was identified with the wetting of AIN particles
and formation of (34, The preferential wetting of AIN by the
ternary oxide melt caused localization of the liquid, leading to
a delaying effect on the second shrinkage step. The third stage
occurred with the dissolution of Si;N, and formation of the final
phase. Massive particle rearrangement was found to be the
dominant densification mechanism. It also caused Al enrich-
ment in the liquid, leading to formation of B4, as a transient
phase. Thus the physical/chemical characteristics of the liquid,
in particular its wetting behavior, and the kinetic pathway of the
intermediate reactions are clearly important factors in reaction
densification of multicomponent systems.

The preceding paper (part I)!* has provided a broad picture of
the wetting behavior of the ternary oxides and reaction path-
ways in the M-SiAION system (M = Li, Ca, Mg, Nd, Sm, Gd,
Dy, Er, and Yb)." Generally, the more basic oxides wet Si;N,,
whereas the more acidic oxides wet AIN. It has also identified
temperatures for the various reactions which can be used to
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Fig. 1. Schematic shrinkage curves when the eutectic melt wets

(a) Si;N,, and (b) AIN first.




. N S L B R,

554 Journal of the American Ceramic Society—Menon and Chen

understand the shrinkage behavior. The reactions identified dur-
ing the reaction densification of a'-SiAION are (1) the eutectic
formation (at temperature 7)), (ii) wetting of a nitride powder
and intermediate phase precipitation (at temperature 7)),
(iii) secondary wetting of the other nitride powder (at tempera-
ture T;), (iv) dissolution of the intermediate phase (at tempera-
ture T,), and (v) precipitation of the final phase, a’-SiAION (at
temperature Ts)."* Figures 1(a) and (b) show the schematic of
expected shrinkage curves when the eutectic melt preferentially
wets Si;N, and AIN, respectively. In these curves, the beginning
of various shrinkage steps are identified with some of the above
characteristic temperatures. Wetting of AIN is shown to lead to
small or no immediate shrinkage in the powder compact
because of the low AIN content of the typical SiAION com-
pact.”?In Fig. 1(b), though, a subsequent shrinkage step occurs
when the majority Si;N, is wetted. Variation of these shrinkage
curves may also be possible. For example, it is known that the
initial precipitation of the intermediate phase usually starts with
partial wetting of the first nitride; i.e., T, could be significantly
lower than the temperature when complete wetting is
achieved." Also, the dissolution of intermediate phase may or
may not precede the precipitation of «’-SiAION; i.e., T, may
or may not be higher than Ts. Indeed T, may even be lower than
T, as shown later.

In this paper, we report the densification behavior during the
reaction hot pressing of a’-SiAION system with metal oxide
additions M,0.. Hot pressing was applied to provide a constant
driving force for densification. The characteristic temperatures
discussed above are identified for various systems using shrink-
age data and information from part I. The role of wetting
behavior of the ternary oxide melt and the formation/dissolution
of intermediate phases in densification is then assessed along
with other kinetic considerations such as amount and viscosity
of the liquid. Some general conclusions are drawn from these
comparisons to further our understanding of reaction densifica-
tion of these complex systems.

II. Experimental Procedure

(1) Composition

The compositions investigated lie on the so-called «'-plane
represented by the formula M, Si15— Al O (16 Spe-
cifically, m = 1.0, n = 1.0 (1010), and m = 1.2 and n = 1.0
(1210) were chosen because they lie inside the single-phase o
region. The compositions studied are listed in Table I and are
the same as reported in part I."

(2) Powder Preparation and Hot Pressing

Details of powder preparation and hot pressing are given in
part 1."* Hot-pressing data reported here were obtained from
runs at a constant heating rate of 15°C/min to 1750°C in most
cases. The temperature when full density is obtained during the
above runs is denoted as T,y Isothermal runs held at some
intermediate temperatures were also performed to approxi-
mately locate the lowest temperature, denoted by T, required
to obtain full density. In addition, densification kinetics were
evaluated during isothermal hold for some systems.

Table I. Compositions Studied (wt%)

Material Additive AlO, AIN Si;N,
Li 1010 2.63 2.99 12.03 82.35
Ca 1010 4.83 2.92 11.76 80.49
Mg 1010 3.52 2.96 11.92 81.60
Y 1010 6.37 2.88 11.57 79.18
Nd 1210 10.88 2.20 12.82 74.10
Sm 1210 11.24 2.19 12.76 73.81
Gd 1210 11.63 2.18 12.70 73.49
Dy 1210 11.93 2.17 12.66 73.24
Er 1210 12.20 2.16 12.62 73.02
Yb 1210 12.52 2.15 12.58 7275
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III. Results

A summary of the densification behavior is given in Tables II
and TIL. Table IT gives the characteristic temperatures, 7,—Ts,
along with the volume shrinkage for the first two steps. Table
III gives the two densification temperatures to reach full den-
sity, T\ and T, as well as the phase assemblages at T.,. The
phase assemblages at T are already given in Table IT of part
1" for most of the systems.

(1) Alkali and Alkaline-Earth Oxides

The systems studied here were M-1010, M being Li, Ca,
and Mg.

(A) LiSystem: The shrinkage of the Li-1010 sample con-
tains three well-defined stages (Fig. 2(a)). The first shrinkage
step occurs at 1030°C accompanied by 5% shrinkage. The
second step occurs at 1225°C, accompanied by 20% shrinkage.
The third step occurs at 1500°C. A fourth step occurs at 1600°C.
Full density is achieved at 1750°C under constant heating rate
and can also be achieved at 1550°C when held over 20 min.

For this system, in which wetting of Si;N, is preferred and is
complete at 1350°C," the characteristic temperatures are T, =
1010°C and T, = 1210°C, corresponding to the formation of
oxide melt, and the wetting of Si;N,, respectively. The third
shrinkage step starting at 1500°C seems to correspond to the
dissolution of the intermediate phase O’ (1550°C, hence at 7).
Since o’ formation was detected above 1420°C (), according
to part I, yet AIN still remained at 1550°C after isothermal
hold but not at 1750°C," the step at 1600°C is possibly related
to wetting and dissolution of AIN (75).

(B) Ca System: Compared to Li-1010, the shrinkage
curve of Ca-1010 has fewer well-separated steps (Fig. 2(b)).
However, on closer examination, three shrinkage steps can be
identified. The first shrinkage step occurs at 1360°C. A second
step is identified around 1410°C, followed by continuous grad-
ual shrinkage. A third step at 1610°C and another at 1660°C
seem to be present. Full density can be achieved at 1750°C
under constant heating rate and also at 1650°C when held for
25 min. Full densification was not possible at 1550°C.

For this system, in which Si,N, is preferentially and com-
pletely wetted at 1450°C, we can identify T, = 1360°C and
T, = 1410°C. They correspond to the formation of eutectic and
wetting of Si;N,, respectively, like the Li system. The third
shrinkage step again appears to be due to the dissolution of O’
(T,). Lastly, since some o’ already has formed at 1550°C (T’s)
and AIN remains at 1650°C after isothermal hold," the step at
1660°C is possibly due to AIN wetting and dissolution (75).

(C) Mg System: Mg-1010 was found to be very difficult
to densify. Under constant heating conditions only 83% dense
samples were obtained at 1850°C. Distinct shrinkage steps can
easily be identified (Fig. 2(c)). One distinct step occurs at
1525°C, although a smaller step at 1350°C seems also discern-
ible. Another distinct step was found at 1630°C. Although a
number of additional shrinkage steps, whose positions were
found to vary from run to run, exist between 1630° and 1850°C,
densification is sluggish. The origin of this sluggish densifica-
tion is the formation of a highly refractory Mg,Al,Si;O; follow-
ing wetting of Si;N,."> This compound does not melt even at
1850°C and it deprives the compact of the sintering liquid.

The characteristic temperatures identified for this system are
as follows: T, = 1350°C corresponding to formation of eutectic
and T, = 1525°C corresponding to Si;N, wetting and formation
of Mg,AlSi;0,,. In addition, the step at 1630°C is very likely
due to AIN wetting, hence T, = 1630°C. The steps at higher
temperatures vary in position, probably because of the hetero-
geneous nature of the very slow reaction of AIN in the presence
of the small amount of liquid. The dissolution temperature of
the intermediate phase is very high (I, > 1850°C) while the
formation temperature of o’ is 1570°C (T’5).

(2) Rare Earths

The shrinkage curves of these materials are shown in
Figs. 3-6 , all hot pressed to 1750°C. Under constant heating
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Table II. Summary of Features of the Shrinkage Curves for Samples Hot Pressed at a Heating Rate of 15°C/min
Volume shrinkage (%)
System T,(°C) T,(°C) T,(°C) T.(°C) Ts(°C) First stage Second stage
Li 1010 1225 1600 1500 1420 8.0 15.0
Ca 1360 1450 1660 1610 1550 5.0 28.0
Mg 1350 1500 1630 >1850 1575 5.0 9.0
Nd 1400 1450 1580 ~1800 1420 4.0 15.0
Sm 1380 1460 1600 ~1800 1420 7.0 17.0
Gd 1370 1500 1620 1700 1575 7.0 10.0
Dy 1360 ~1500 1560 1575/1675 5.0 20
Er 1400 ~1500 1580 1640 1580 4.0 13.0
Yb 1380 ~1500 1560 1640 1560 9.0 10.0
Table III. Lowest Temperature to Reach Full full density at 1575°C. The above behavior is similar to that of

Density under Constant Heating Rate
(T'1000) Or under Isothermal Hold (7,,)

System Ty, at 15°C/min T, time Phase assemblage at T,
Li 1750°C 1550°C,20 min o', O’, AIN
Ca 1750°C 1650°C,25 min o', O’, AIN
Mg  >1850°C >1850°C a’, p-cordierite,* AIN
Nd 1720°C 1720°C, 0 min o', M', AIN
Sm 1750°C 1750°C, 0 min o', M', AIN
Gd 1750°C 1675°C, 30 min ~ M’, o, AIN
Dy >1750°C 1575°C, 35 min o'
Er 1740°C 1575°C,37 min o', B’
Yb 1750°C 1575°C, 40 min o/, B’
*Mg,ALSi;O

rate, densification was reached at 1750°C for four systems,
Nd, Sm, Gd and Yb, whereas Dy-1210 and Er-1210 required
additional holding time at 1750°C to reach full density.

Interestingly, when held at 1570°C for about 40 min, the
heavier rare earths, Dy-, Er-, Yb-containing systems, did reach
full density, but not the lighter rare earths, Nd-, Sm-, and Gd-
containing systems. When hot pressed at 1675°C with a hold
time of 30 min, Gd- and Dy-containing systems reached full
density, whereas Nd- and Sm-containing systems did not. Thus,
very different hot-pressing behavior is evident for these sam-
ples. In the following, we divide these rare earths into three
groups describing our observations separately.

(A) Lighter Rare Earths (Nd, Sm): Shrinkage curves of
these samples are somewhat similar (Figs. 3(a) and (b)). The
first shrinkage step occurs at 1400°C for Nd and 1360°C for
Sm, followed by a second shrinkage step at 1450°-1460°C. A
third shrinkage step is found above 1550°C. However, since this
shrinkage step appears to accelerate again at higher tempera-
tures, the third stage cannot be clearly identified and may occur
at higher temperature for Sm than for Nd.

For this system in which Si;N, is preferentially wetted (com-
plete at 1550°C), we identify 7, = 1400°C and 1360°C for
eutectic melting, and 7, = 1450°C and 1460°C for Si;N, wet-
ting, for Nd and Sm systems, respectively. For melilite dissolu-
tion, T, is probably around 1800°C."* For o’ formation, T’ is as
low as 1420°C according to 1."* The third shrinkage step is
probably due to the dissolution of AIN in the melt, which
according to the wetting experiments, should occur at 1600°C
(T5). As mentioned before, these samples densify easily at
1750°C but not at 1575° or 1675°C. In both cases, the intermedi-
ate phase, M', is retained. Some unreacted AIN also tends to
remain up to 1750°C.

(B) Heavier Rare Earths (Er, Yb): Shrinkage curves of
these samples (Figs. 4(a) and (b)) contain a shrinkage step
around 1400°C. The shrinkage in the Yb-containing sample at
this step is more than that in Er-1210. The next shrinkage step
occurs at around 1580°C and the third step occurs at around
1640°C. As mentioned before, Yb-1210 reaches full density at
1750°C in the schedule of constant heating rate. However, Er-
1210 densifies somewhat slower and requires somewhat higher
temperature. Unlike lighter rare-earth samples, both can reach

Y-containing materials reported by Hwang and Chen."

For this system in which AIN is preferentially wetted (com-
plete at 1550°C), we identify T, = 1400°C, for eutectic forma-
tion, and T, = 1580°C, for Si,N, wetting for both the Er and Yb
systems. Wetting of AIN is probably at a lower temperature
(T, = 1500°C), since the intermediate phase, B, is already
formed at 1575°C (see Table III in part I) and AIN has disap-
peared. However, it does not result in a distinct shrinkage step
(Figs. 4(a) and (b)). Instead, the slow shrinkage duration fol-
lowing 7', is much longer in Er and Yb systems compared to Nd
and Sm systems. This is probably a manifestation of the
delaying effect of AIN wetting, which tends to localize the
oxide melt according to a previous study of Hwang and Chen."
Lastly, B’-SiAION disappears before 1750°C when only o'
remains.” Thus, the third shrinkage step at around 1650°C
could be associated with T,. The formation of a’ begins at
1575°C (T) according to part 1"

(C) Intermediate Rare Earths (Gd, Dy): The two inter-
mediate rare earth systems, Gd-1210 and Dy-1210, have more
complicated shrinkage curves. They can be compared with
those of lighter and heavier rare-earth systems which clarify the
behavior. These are described below.

Essentially Gd-1210 is found to behave similarly to the
lighter rare earths, Nd and Sm systems, with a T, = 1370°C,
T, = 1500°C, and T, = 1620°C shown in Fig. 5(a). As reported
in part I,"> melilite formed in Gd-1210 at intermediate tempera-
ture disappeared before 1750°C. This gives rise to an additional
shrinkage step at around 1700°C (T,) and possibly some fine
feature at 1660°C in the shrinkage curve shown in the Fig. 6(a).
In addition, the dissolution of melilite makes it possible to
densify Gd-1210 at 1675°C to full density, when held for 30
min. Densification at 1750°C is also achieved under constant
heating rate, as in the case for Nd-1210 and Sm-1210, but
without melilite remaining. Formation temperature of o’ is
again at 1575°C (T) according to part 1"

Dy-1210 is found to behave similarly to the heavier rare
earths, Er-1210 and Yb-1210. In this case, T, = 1360°C and
T, = 1560°C as shown in Fig. 5(b). A long delay above T, is
also seen, presumably due to AIN trapping the liquid. Phase
analysis in part I, however, found that the o’ formed at 1575°C
has an unusually strong (200) reflection and that the intermedi-
ate B’ does not exist at 1575°C." Also the densification rate in
the last stage (above 1650°C) is very slow. These unusual fea-
tures are partly due to the high viscosity of Dy containing
Si-Al-O-N melt in the system.'*" In addition we found from
lattice parameters measured of annealed specimens that the
lattice suddenly expands at 1675°C (see Fig. 6). This strongly
suggests a shift of solubility limit, expanding the single o'-
phase region, at above 1650°C. It can cause further precipitation
of o' (T5' = 1675°C) and depletion of Dy from the melt. This
reaction renders the liquid even more viscous, making Dy-1210
the hardest rare-earth SiAION to densify at 1750°C.

(3) Kinetics of Isothermal Shrinkage

Data of isothermal shrinkage as a function of hold time are
plotted in Fig. 7 for the following systems: Ca-1010 at 1550°C,
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Fig. 2. Shrinkage curve for (2) Li-1010, (b) Ca-1010, and (c) Mg-1010 hot pressed at a constant heating rate of 15°C/min, showing the
characteristic temperatures.
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and Nd-1210 and Yb-1210, both at 1575°C. At these tempera-
tures, isothermal hold brought the density to ~90% for
Ca-1010, 80% for Nd-1210, and 100% for Yb-1210. The slopes
of these plots, in logarithm scale, serve as an indicator of the
likely mechanism of densification. Based on Kingery’s model,'®
a dissolution/precipitation process gives rise to a slope of 1/3,
whereas a higher slope is attributed to massive particle
rearrangement in the presence of liquid. In all cases examined,
we found the slope invariably greater than 0.5. Thus, dissolu-
tion/precipitation cannot be the dominant process for densifica-
tion in these materials until very high density.

IV. Discussion

The densification behavior of Si-Al-M-O-N systems is com-
plicated because of the involvement of two nitride powders, the
formation of intermediate phases, and the substantial variation
of melt viscosity and acidity/basicity depending on the M,0,
additive present. In a previous study,” the role of AIN was
investigated in the Si-Al-Y-O-N system in which the oxide melt
preferentially wets AIN. Our previous study further examines a
number of other systems encompassing preferential wetting of
either AIN or Si;N,."”

Although the detailed densification behavior and reaction
and reaction sequences vary, some general trends can be dis-
cerned from a comparison of characteristic temperatures. Along
with our qualitative knowledge of the viscosity of these sys-
tems, a clear picture now emerges as depicted in the following.

(1) Characteristic Temperatures

(A) Formation of Ternary Eutectic Oxide Melt (T,): The
first major shrinkage step is associated with this reaction. The
densification mechanism in this stage is primarily redistribution
of liquid, resulting in a slight improvement in the packing
efficiency of the powder compact. Although the temperature of
this reaction varies, it rarely provides any indication of the
subsequent densification behavior. This is because of the small
amount of oxide liquid formed, estimated to be around 5 vol%
in most cases.'”"® The resultant shrinkage is relatively small, of
the order of 5 vol%, as evident from Table II. Thus, despite a
very low T, of 1010°C in Li-1010, full density is not reached
until 1750°C (T,y), in a constant heating rate schedule or until
1550°C (T,,,) with an isothermal hold. In contrast, T, 1s 1720°C
in Nd-1210 and T, is 1575°C for Er-1210, despite a much
higher T, of 1400°C in both.

(B) Wetting of Nitride Powders and Formation of Interme-
diate Phases (T, and T,): The second major shrinkage step is
associated with the wetting of the majority nitride, Si,N,. If
AIN, the minority nitride, is wetted preferentially, no shrinkage
step is observed at T, and the duration of slow shrinkage after T,
is prolonged until T as shown in Fig. 1(b). This was previously
observed in Y-SiAION® and is now further verified in heavier
rare-earth SiAIONs (M = Dy, Er, and Yb). In these cases, liquid
is thought to be trapped at AIN particles and not spread out, so
that the powder compact is effectively “dry.” On the other hand,
if Si,N, is wetted preferentially, then a gradual but substantial
shrinkage step at T, is always seen, resulting in shrinkage of the
order of 10% or more. In addition, another shrinkage step at T
corresponding to AIN wetting can also be seen, also leading to
substantial shrinkage over time. This is evident in systems
where M = Li, Ca, Mg, Nd, Sm, and Gd. Thus the second
shrinkage step at either T, (if Si;N, wetted first) or 75 @if AIN
wetted first), is always associated with the wetting of majority
nitride powder. From Table II, it can be seen that the shrinkage
at this step is of the order of 10% or more.

(C) Dissolution Melting of Intermediate Phase (T,): Dis-
solution/melting of intermediate phase, when it occurs at lower
temperatures, usually results in a shrinkage step. This is seen in
Li-1010 and Ca-1010 for O’-SiAION dissolution, Gd-1210 for
M’ melting, and Er-1210 and Yb-1210 for B’-SiAION dissolu-
tion. (However, we did not see a distinct shrinkage step ascribed
to B'-SiAION dissolution in Dy-1210, presumably because of
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very sluggish kinetics in this highly viscous system that limit
the amount of B’-SiAlON formed upon T,). In other systems,
where T, is higher, hot pressing under constant heating rate can
reach full density slightly below T,. This is the case of Nd-1210
and Sm-1210, for which M’ melts at around 1800°C* but 7', is
1720° and 1730°C, respectively. In both cases, the dense bodies
obtained still contain M’, as shown in Table II of part 1"
However, if the melting/dissolution temperature is too high, as
in Mg-1010 for Mg,ALSi;O (T, > 1850°C), then full density
cannot be reached even at 1850°C. Thus, the final densification
is often associated with dissolution/melting of intermediate
phase.

The above comparison suggests that T, can place an approxi-
mate lower limit for full densification temperature. Referring to
Table II1, we find T, to lie approximately between T; and T,
when the temperatures are relatively close to each other, e.g.,
within 100°C of each other. This is the case with M = Li, Ca,
Gd, Dy, Er, and Yb. In all of the above systems, the phase
assemblage at T, and full density still contains some intermedi-
ate phases. This implies that some dissolution and melting of
intermediate phase are necessary for full densification, although
full reaction is not required if isothermal hold is applied. On the
other hand, when 7, is much higher than T;, then either
T, = T\ and no distinct third step is seen, as in Nd-1210 and
Sm-1210 of full densification is difficult anyway, as in Mg-
1010. On the other hand, when T and T, are close to each other,
then T, is much less than 7.

It is clear that in order to achieve full densification at rela-
tively low temperature, relatively low temperature for wetting
of second nitride (T;) and dissolution/melting of the intermedi-
ate phase (T,) are required. The latter is required primarily to
resupply the liquid necessary for densification. In the special
case when very little intermediate phase is precipitated and
hence very little liquid is expended, 7, is irrelevant and full
density can be reached essentially at 7. This is illustrated in the
case of Dy-1210 where T, is nearly 200°C lower than T,

(D) Formation of o'-SiAION (Ts): In most cases studied
here, T is found to be at relatively low temperature so that it is
of little consequence in determining the densification tempera-
ture. The only exception is seen in Dy-1210, where formation
of o’-SiAION apparently occurs in two stages, first at above
1500°C but with low solute concentration, then above 1675°C
and with a much higher solute concentration. The secondary o'
precipitation has an important effect of arresting shrinkage, so
that only 90% density is reached even at 1750°C when a con-
stant heating rate is used. As mentioned before, this observation
can be understood by the effect of secondary o’ formation on
the amount of the liquid, and possibly its viscosity as well. This
material must be densified by holding at below T'.

The characteristic temperatures, except T, are expected to
vary with the composition. In fact, T is expected to be indepen-
dent of composition in systems with one eutectic in the M,0 -
ALO,-Si0, system at low nitrogen content. In systems like Ca
or Mg with more than one eutectic in the M,0,-AL,0,-Si0,
system, T, will depend on the initial oxide composition. The
values of T,, T, and T, are dictated by the basicity of the melt
which controls the wetting behavior and hence the formation of
the intermediate phases.'” For example, moving toward the
ALO, corner on the o’-SiAION will decrease the basicity of the
melt, resulting in an increase in the value of T, and a decrease
in the value of T,. The value of T, will depend on the intermedi-
ate phase formed. For example, decreasing the amount of ALO,
is expected to result in formation of intermediate phases with a
higher Si/Al ratio, which will change the value of 7. The value
of T, is also expected to change with composition. Higher
basicity is expected to result in a decrease in the value of 7.

(2) Amount and Viscosity of Liquid

Liquid phase is obviously of central importance for densifi-
cation of M-SiAION. The amount of the liquid in the first
stage upon eutectic melt formation is determined by the phase
diagram."”" The amount of liquid in the tertiary stage is
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affected by the dissolution/melting of the intermediate phase,
and in special cases even by the secondary precipitation of a’-
SiAION. In addition, the distribution of liquid is also relevant,
as in the case of the preferential wetting of AIN. In all circum-
stances, when the amount of liquid is severely reduced because
of precipitation or localization, densification is retarded.

Viscosity of the liquid is also expected to have an effect on
the densification kinetics. This effect, however, is obscured in
most cases by the different characteristic temperatures that vary
widely among various systems. For example, although the den-
sity achieved under constant heating rate decreases in the order
of Nd, Sm, and Gd, reflecting the increasing viscosity in the
same order,'*" at above 1700°C this trend is countered by the
decreasing melting temperature of M’ (T,) in the same order,
resulting in very rapid densification of Gd-1210. (The faster
kinetics of Gd-1210 at 1750°C are also confirmed by the lattice
parameter data of a’-SiAION in Table I of part 1,' where the
cell size of Gd a’-SiAION at 1750°C is seen to be much larger
than that of Nd-1210 and Sm-1210, even though the Gd ion
is smaller.)

Likewise, in heavier rare-earth SiAIONs, although we found
in isothermal hot pressing that the densification time at 1575°C
increases slightly in the order of Dy, Er, and Yb, probably due
to the influence of viscosity, the densification kinetics in con-
stant heating rate do not reflect the same trend, because of
nonmonotonic variation of characteristic temperatures.

V. Conclusions

(1) Reaction densification of M-SiAION occurs in three
stages. The first stage is associated with the formation of the
Si0,-Al,0,-M,0, ternary eutectic (at temperature 7). The sec-
ond stage is associated with the preferential wetting of majority
nitride powder Si;N,. This occurs at T, when Si;N, is wetted
first. If AIN is wetted first, then no shrinkage step is observed at
T, and the densification is delayed until 75, when Si;N, is
wetted finally.

(2) The third stage involves the dissolution/melting of the
intermediate phase (at temperature T,) if T, is low; otherwise a
distinct third stage is not seen while a gradual densification
continues following the second stage. In the extreme case of
very high T, this may result in poor density as in the case of
Mg-1010.

(3) The formation temperature (7) of the final a'-SiAION
phase is not crucial in most cases, unless a sudden secondary
precipitation of a’-SiAION at the later stage (75') drains the
liquid and retards densification. Such material must be densified
at temperatures below T'.

(4) To achieve full densification at relatively low tempera-
ture, a low wetting temperature for the second nitride (7) and
low dissolution/melting temperature of the intermediate phase
(T,) are required.

(5) The dominant process for densification in these materi-
als is massive particle rearrangement, although some dissolu-
tion facilitates full densification by providing the necessary
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liquid. More generally, the amount of liquid is controlled by
the phase diagram, dissolution/melting of intermediate phase,
distribution of liquid, and secondary precipitation of «o'-
SiAION.

(6) The effect of viscosity of liquid is relatively insignifi-
cant compared to that of the amount of liquid for reaction
densification of a'-SiAION.
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