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Abstract

To a powder mixture of an overall a-sialon composition
Ry.4Si,5A41,50,4N 5.4, with R= Nd, Sm, Dy and Yb,
were added extra amounts of powder mixtures, (20%%),
having Si:AL'R and O:N atomic ratios of 2:1:1 and
3:1, respectively. Series of a-rich mixed o/B-sialon
ceramics containing about 20-30 vol% glassy phase
were prepared from these powders by pressureless
sintering at 1750°C. The as-prepared samples were
subsequently heated at 1750°C and then quenched to
room temperature or to 1150, 1300 and 1450°C (with
a cooling rate exceeding 400°/min), and were annealed
at these temperatures for various times. The samples
quenched to room temperature revealed that a-sialon
coexists with B-sialon and a liquid phase at 1750°C.
The post heat-treatment at the lowest temperature
involved a devitrification of the glassy phase and
resulted in mixtures of mainly rare earth oxynitrides
like the U-phase R;Si;Al,0,,N,, wollastonite RSiO.N
or the B-phase Dy,SiAlOsN. Post heat-treatment at
1450°C induced a reaction between residual liquid
and a-phase in the Nd- and Sm-systems and yielded a
mixture of an oxygen- and a nitrogen-rich phase in all
systems. Thus the melilite phase, R,Si; (Al,0;,,N,,,
is formed with all rare earth elements except Yb,
which yields Yb,Si,O,N,. The oxygen-rich phase in the
Nd- and Sm-systems was the aluminate RAIO;,
while in the Dy- and Yb-systems the garnet phase,
R;AL,0,,, was formed. Similar results were obtained
with samples quenched to 1300°C. These findings
suggest that the stability of a-sialon is related to the
type of sintering aid used. The phase assemblage
Sfound in the as-prepared samples is discussed in view
of the findings obtained in the annealing experiments.

1 Introduction

Sialon ceramics containing a- and/or B-sialon as the
main constituents can be prepared by pressureless
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sintering when an excess of sintering aid(s) is
used.'* The observed high toughness of B-sialon
is due to the presence of elongated B-crystals and
an intergranular glassy phase: in tensile stresses,
the cracks will follow tortuous pathways through
the microstructure mainly within the latter
phase.>® However, the hardness of B-sialon ceram-
ics, as well as the use of these materials at very
high temperatures is restricted because of the pres-
ence of substantial amounts of residual glassy
phase(s) in their microstructures.*’ Therefore, the
a-sialon ceramics have attracted more attention
recently, since they show excellent hardness and
offer possibilities of reducing the amount of glassy
phase by incorporating the constituents of sinter-
ing aids into the crystal lattice.”® Post-sintering
heat-treatment has become a frequently used tech-
nique for improving the high-temperature properties
of sialon ceramics, as this procedure introduces a
devitrification of the residual grain-boundary
glassy phase.”!!

a-Sialon, isostructural with «a-Si;N,, has an
overall composition given by the formula R Si5 4
Al,,, O,N.,, where m(Si-N) are replaced by
m(Al-N} and n(Si-N) by n(Al-O). The valence
discrepancy introduced by the former substitution
mechanism is compensated by the metal ion RP",
where m=px.'>"'> The elements R of special inter-
est for engineering a-sialon ceramics intended for
use at high temperatures, are Y and the rare-earth
clements Nd-Yb.'® It has been shown that
monophasic a-sialons samples are formed in a
quite restricted compositional area, which does
not vary extensively with the used R-element but
does increase somewhat with decreasing size of the
rare-earth cations.'*!” Between the a-sialon plane
and the B-sialon phase, Sig .AlLO.Ny_., there is an
area where a-and B-sialon phases coexist. These
composition areas are quite similar in different
R-Si-Al-O-N systems and are of special interest
because, by carefully adjusting overall compositions
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and using a transient liquid phase sintering route,
a new kind of ‘In situ reinforced’ or ‘Self-
reinforced” a—f sialon composite can be prepared,
with only a minimum amount of residual glassy
grain boundary phase."®

Recent results reported by different research
groups have shown, however, that the a-sialon
phase is thermodynamically unstable at lower
temperatures in some R-sialon systems; i.e. in the
presence of an intergranular liquid/glassy phase it
tends to transform to B-sialon and other rare-
earth-rich grain boundary phase(s).'*!*2?' The
instability of the a-sialon at lower temperatures
has been attributed to the smaller rare-earth
cations being able to occupy the large voids pre-
sent in the a-sialon structure at the sintering tem-
perature, but not at lower temperatures.'

Our recent studies concerning the instability of
the a-sialon phase in pure o and duplex oS-
sialon systems have confirmed that ¢ — B trans-
formations exist in different rare-earth doped
sialon systems.”>”?> However, the decomposition
pathway of a-sialon seems to be different in differ-
ent systems, and it can be related to the prepara-
tion conditions used. These studies seem to
indicate that the decomposition pathway depends
on: (i) the size of the R ion; (ii) the composition of
the a-sialon itself; (iii) the amount/ composition of
the liquid present at the sintering temperature; (iv)
the type/ amount of grain-boundary phase(s)
formed during the cooling part of the sintering
cycle, which in turn seems to depend on the cool-
ing rate applied. Thus, in order to obtain an opti-
mised microstructure all these factors need to be
considered.

In this article we will describe the effect of the
crystallization/devitrification of residual liquid/
glassy phase on the thermal stability of the
a-sialon phase in different rare-earth doped sialon
ceramics containing an excess amount of inter-
granular phase(s). For this purpose a series of
a-rich a/B-sialons were prepared, containing an
excess of added sintering aids. These materials
were post heat-treated in different ways. In order
be able to reveal the true phase composition at
elevated temperatures and the thermal stability of
the a-sialon phase at these temperatures, a fur-
nace set-up was used which allowed very rapid
cooling rates. Special attention will be paid to
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studies of the decomposition pathway of the
a-sialon phase.

2 Experimental

a/B-Sialon compacts samples designed to have an
excess of a glassy-phase (220 vol%) were prepared in
the present work. To a powder mixture of the
overall a-sialon composition Ry ,Si;,Al; 500061 5.4,
with R= Nd, Sm, Dy and Yb, were added extra
amounts of powder mixtures (20%) having Si:Al:R
and O:N atomic ratios of 2:1:1 and 3:1, respec-
tively. The designed overall compositions of the
prepared samples (labelled GARO4 below) are
summarised in Table 1.

Specimens were prepared from commercial
Si;NL(UBE, SN-E10), AIN (H.C. Starck-Berlin,
grade A), AL,O, (Alcoa, A16SG), SiO, (99-9%, 325
mesh, Johnson Matthey Chemicals Ltd) and R,0,
(99-9%, Johnson Matthey Chemicals Ltd). The
rare-earth oxide powders were calcined at 1000°C
for 2 h before use. In the preparation of the sam-
ples, corrections were made for the small amounts
of oxygen present in the Si;N, and AIN raw
materials. The starting material mixes were milled
in water-free propanol for 24 h in a plastic jar,
using sialon milling media, and the batch size used
was 50 g. Pellets of dried powders (about 5 g)
were first compacted in a steel die and then
packed with a powder mixture of Si;N,, AIN and
BN and pressureless sintered at 1750°C for 2 h in
a graphite furnace in nitrogen atmosphere. The
obtained samples were cooled to room tempera-
ture inside the furnace and are called as-prepared
samples below.

Selected specimens were subsequently heat-
treated in different ways. Some samples were
placed in a carbon crucible embedded in the same
powder bed as the one used above, and were
re-heated up to 1750°C in a graphite furnace in
nitrogen atmosphere. After 30 min holding time,
the samples were either quenched to room temper-
ature (at a rate of approximately 400°C/min. in
the critical temperature range 1650-1000°C) by
quickly moving them to a cooling chamber
attached to the graphite furnace, or quenched to
1450, 1300, and 1150C, respectively. At these
lower temperatures the samples were held for

Table 1. Overall compositions of the starting materials (in wt%)

Sample no. Nd,0; Sm,0; Dy,0; Yb,0; Si;N, AIN Al,0; Si0,
GANd04 20-64 — - — 62-52 9-22 3-84 3-79
GASm04 — 21-14 — — 62-21 9-14 379 3.72
GADy04 — — 22-08 — 61-56 9-15 3-64 3.57
GAYb04 — — — 22-88 61-04 907 3.54 347
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another 24 h (some samples were post heat-treated
at 1450°C for extended times (up to 10 days)) and
then quenched. The densities of the sintered speci-
mens were measured according to Archimedes’
principle.

The analyses of the crystalline phases present
in the prepared samples were based on their
X-ray powder diffraction records obtained in a
Guinier-Hégg focusing camera with CuK«, radia-
tion and Si as internal standard. The obtained
photographs were evaluated with a computer-
linked SCANPI system,” and the cell parameters
were determined with the program PIRUM.% The
z-value of the p-sialon phase, Siz ALLO.Ng.,
was obtained from the unit cell dimensions of the
samples, using the equations given in Ref. 28.

The phase transformations occurring in a given
composition have been semi-quantitatively evalu-
ated as a function of temperature and time have
been applied. Thus, the a/(a+B) ratio has been
used to monitor the decomposition and formation
of the «- and B-sialon phases, respectively; the
M’/(M’ + A) ratio (M’ = the melilite solid solution
R,Si; A1,O;, N4 . and A-RAIO; with R=Nd, Sm
and Dy) to monitor the formation of the M’ and
A-phases; the M'/(M’" + G) ratio (G= samples of
the garnet composition R;Al;O,, with R=Dy, and
Yb) to monitor the formation of the M'- and G-
phases in the Dy-system and the G/(G+J) ratio
(J=Yb,Si,0,N,) to monitor the formation of the
G- and J-phases in the Yb-system. These ratios
were obtained from the following relations:

al(a+B) = lay / (I + Iipy (1))
M7IM™ + A) = Iy / Uy + L) (1(D))
MY/M" + G) = Iy / Uy + L) (1(€)

GIAGH)) = I/ () + Ly (1(d))

where the integrated intensities /;, of the following
reflections were used: (1) (210) of the a-sialon; (ii)
(210) of the B-sialon; (ii1) (211) of the melilite solid
solution (M’); (iv) (110) of the Nd aluminate,
NdAIO,, (200) of the Sm aluminate, SmAIQ;; (v)
(420) of the garnet; R;Al;O,, with R= Dy, and
Yb; (vi) the peaks with d-values of 3-04 and 2-82
A for the Yb J-phase, Yb,Si,O;N,.

After application of a carbon coating to the
polished surfaces of the produced samples, these
surfaces were examined in a scanning electron
microscope (JEOL JSM 820, equipped with a
Link AN 10000 EDS analyser). For some of the
samples the Si, Al and R contents of the a-sialon
grains and residual grain boundary glassy phase
were determined by EDS analysis, using calibration
curves. The final results reported below are aver-
ages of at least five experimental determinations.

3 Results and Discussion

3.1 Phase analysis of samples quenched from
1750°C to 1150, 1300 and 1450°C, respectively,
and post heat-treated for various times
Crystallization/devitrification of the residual grain-
boundary liquid/glassy phase may be achieved via
two different post heat-treatment processes,
namely, by heat-treatment above the glass transi-
tion temperature (7,) but below the eutectic/liquid
forming temperature of the glass, 7., or by heat-
treatment above 7,. The former process is in fact
applied in conventional glass-ceramic industrial
processes where the glass is devitrified at tempera-
tures above its 7, point but below its softening
temperature T,. In this case the devitrification of
the grain-boundary glass phase proceeds mainly
within this phase, i.e. the main crystalline phases do
not take part in the reactions. However, at tem-
peratures exceeding 7, a liquid is present in the
material, and the crystallization of this liquid
phase by heat-treatment in turn promotes reac-
tions between this phase and the main crystalline
phase(s), and in addition the liquid provides an
effective diffusion pathway for the ions involved.

The liquid forming temperature (7)) in the
R-Al-Si—-O-N system is estimated to be around
1350°C,'> # ! and T, and T, of the glasses with
the highest nitrogen content in these systems have
been reported to be in the ranges 915-950°C and
960-1020°C, respectively.**** Thus, based on these
considerations, three post heat-treatment tempera-
tures have been chosen, namely one above T, but
well below T, (1150°C), one just below T
(1300°C) and one well above T}; (1450°C).

The XRD indications of phases present in
samples quenched from 1750 to 1450°C (with
holding times ranging from 4 to 240 h), 1300
(24 h), 1150°C (24 h) and to room temperature
are given in Table 2. The table also contains
observed unit cell parameters of the hexagonal a-
sialon phase. The observed composition from
EDS measurements of the a-sialon phase (the m, n
and x-values in the formula RSiy; ,.0AlL:,O,Nig.,)
and the Si, Al and R content in the glassy phase in
samples quenched from 1750°C to room tempera-
ture are given in Table 3. The aimed-at and
observed compositions of the «- and B-sialon are
mapped out in Fig. 1. As a-sialon and B-sialon
are in equilibrium with each other, the composi-
tions of the obtained a-sialon are close to phase
boundary, i.e. more oxygen-rich than the aimed-at
composition.

Figures 2 and 3 show the SEM micrographs,
obtained in back-scattered electron mode, of the
samples quenched to room temperature from
1750°C and from 1450°C after annealing for 24 h.
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Table 2. o/(a+p) ratios and the crystalline grain boundary phases in samples post heat-treated under different conditions

GB phase assemblage*

a-sialon unit cell

Sample a/(a+B) .
identification M U B J w A G 2IR  aA)  oA)
GANd04

1750°C quenched 163 — — — — — — — VW 7-814 5694
1150°C/24 h 14-1 — mw — — s — — VW 7-814 5691
1300°C/24 h 0 m — — — — s — VW — —
1450°C/4 h 0 S w — — — m — VW — —
1450°C/24 h 0 s — — — — ms — vw — —
1450°C/120 h 0 m — — — — ] — vw — —
1450°C/240 h 0 mw — — — — s — VW — —
GASmo04

1750°C quenched 527 — — — — — — — — 7-811  5-690
1150°C/24 h 34-8 — w — — mw ms — — 7-810  5:690
1300°C/24 h 279 m — — — — s — — 7-809  5-690
1450°C/4 h 28-8 s VW — — — — — — 7-811  5-689
1450°C/24 h 36 s — — — — — — — — —
1450°C/120 h 0 m — — — — ms — — — —
1450°C/240 h 0 m — — — — ms — — — —
GADy04

1750°C quenched 79-5 ms — — — — — — — 7-807 5688
1150°C/24 h 70-1 m — w — — m — — 7-807  5-687
1300°C/24 h 72-2 m — — — — — s — 7-805  5-687
1450°C/4 h 57-5 ms — — — — — w — 7-805  5-684
1450°C/24 h 47-0 s — — — — — mw — 7-805  5-689
1450°C/120 h 450 m — — — — ms — 7-805  5:690
1450°C/240 h 36-2 m — — — — — ms — 7-807  5-688
GAYb04

1750°C quenched 781 — — — — — — — — 7-804  5-682
1150°C/24 h 61-2 — — — w — ms — — 7-804  5-683
1300°C/24 h 59-8 — — — w — — s — 7-800 5-682
1450°C/4 h 643 — — — w — — s — 7-802  5-681
1450°C/24 h 557 — — — w — — vs — 7-800  5-682
1450°C/120 h 55-1 — — — w — — Vs — 7-801  5-683
1450°C/240 h 57-3 — — — w — — vs — 7-801  5-682

*M ' = the melilite solid solution R,Si; Al O;, N, , with R=Nd, Sm and Dy; U = the U-phase R;Si;Al,0,,N, with R=Nd, and Sm;
B = the B-phase Dy,SiAlO;N: J = the J-phase Yb,S1,0,N,; W = the wollastonite phase RSiO,N with R=Nd. and Sm; A = the
aluminate phase RAIO,, with R=Nd, Sm, Dy, Yb: G, the garnet phase R;Al;O,, with R= Dy, and Yb; 21R = the 2IR polytype

Si.\'Al7~,\‘O3-.\‘N6+A\"

X-ray intensities: s = strong; m = medium; w = weak; vw = very weak.

Table 3. Composition of the a- and grain-boundary glassy phases, as determined by EDS. The compositions of the precursor
powders are also given

Sample a-sialon Glassy phase

m n X Si Al R(at %)
Precursor composition 1-2 0-6 0-4 50 25 25
GANd04 1-38 0-39 0-46 45 20 35
GASm04 1-14 0-82 0-38 41 27 32
GADy04 1-11 0-80 0-37 52 20 28
GAYb04 111 1-19 0-37 24 52 24

The black areas are B-sialon or 21R polytype
grains, the medium grey areas represent a-sialon,
and the bright ones a glass phase and/or crystal-
lized rare-earth-rich intergranular phases. It is
obvious that the samples quenched from 1750°C
predominantly contain elongated B-sialon grains

and equiaxied a-sialon grains surrounded by a
residual glassy phase. An increase of the amount
of the a-sialon and a decrease of the amount of
grain-boundary glassy phase with decreasing ion
radius of the cation size can also be discerned.
Rare-earth-rich crystalline phases, which tend to
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segregate into certain areas (see Fig. 3(e)), are
formed after annealing at 1450°C for 24 h.

Before discussing the crystallization/devitrifica-
tion process of the intergranular liquid/glassy
phase, the following general observations concern-
ing the thermal stability of the a-sialon phase can
be made:

(1) All samples quenched from 1750°C to room
temperature contained «a- and B-sialon grains
and a glassy phase. Additional crystalline
grain-boundary phases were only found in the

n=t B n=2

4/3(AIN:ALO,)

» Designed
1 Nd
28m
3 Dy
4Yb

YN:3AIN

Fig. 1. A schematic illustration of the a-sialon plane in
a Jdnecke prism of R-Si-Al-O-N systems. The location of
the designed a-sialon overall composition and the measured
compositions of formed a- and B-sialon phases are marked.

s #

3

(i)

Nd- and Dy-systems, namely 21 R (in minor
amounts) and melilite, respectively.

The a/(a+B) ratio increases with decreasing
radius of the R ion in samples quenched
from 1750°C to room temperature, ¢.g. in
the order Nd, Sm, Dy and Yb.

(1ii) The thermal stability of the a-phase at

1450°C decreases drastically with increasing
radius of the R ion. In fact, after 240 h post
heat-treatment, no « phase is left in the Nd-
and Sm-systems, and a decrease of the
a/(a+B) ratio with the number of hours of
heat-treatment is seen in the Dy- and Yb-
systems. The main part of the latter
decrease is, however, probably due to the
B-phase being formed during the devitrifica-
tion process (see below and Figs. 3(a—d)).

(iv) The lattice parameters of the a-sialon phase

vary with the R ion used in an expected
manner, but they do not seem to vary with
temperature or duration of the post heat-
treatment within each system, i.c. the com-
position of the a-phase does not vary with
time and temperature of the post heat-treat-
ment. Such a compositional variation has
previously been reported to occur in the Nd-
and Sm-systems implying that the a-phases

Fig. 2. SEM micrographs obtained in back scattered electron mode, illustrating the microstructure of samples quenched from
1750°C: (a) GANAO4; (b) GASmMO4, (c) GAd04, and (d) GAYbO04.
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Fig. 3. SEM micrographs of samples heat-treated at 1450°C for 24 h: (a) GANAO4, (b) GASmMO04; (c) GADy04 and (d) GAYb04.
The low-magnification micrograph of GADy04 shows agglomerates of the formed crystalline grain-boundary phases in (e).

lost R-elements upon prolonged annealing
before they decomposed.”*?* The composi-
tions of the present a-sialon phases are,
however, very close to the borderline of the
a-phase area, as seen in Table 3 and Fig. 1,
which in turn implies that we cannot
expect any compositional variation in the
present systems.

3.1.1 Heat-treatment of Nd-sialons

As mentioned above, the samples in the
Nd-system, which were quenched from 1700°C to
room temperature, contained minor amounts of

the 21R phase, and so did all post heat-treated
samples. The a-phase in this system decomposes
very rapidly at 1450°C. Thus there is no a-phase
left after 4 h post heat-treatment, but melilite
(M), NdAIO; (A) and minor amounts of the
U-phase, R;Si;Al;O,N, are. Prolonged heat-
treatment decomposes the U-phase, and more
and more A-phase is formed; but if the amount of
M’-phase decreases, it decreases at a lower rate
than the A-phase is formed. The decrease in the
M’'(M’+A) ratio with increasing holding times,
illustrated in Fig. 4(a), is thus mainly due to
progressing A-phase formation. For stoichiometric
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Fig. 4. o/(a+p) ratio and grain-boundary phase formation plotted as funtion of the annealing time at 1450°C: (a) GANdO04;
(b) GASmM04; (c) GADy04, and (d) GAYb04.

reasons, B-sialon must also be formed in connec-
tion with these reactions. At 1450°C, the crystal-
lization process in the Nd-system thus seems to
proceed according to the following pathway:

L+a—L,+M +A+U+Bo5A+M +80Q)

where L, and L, are liquids of different compositions
and volume. The final crystallization products besides
B-sialon are one pure oxide (A) and one N-rich
phase (M)

At 1300°C, and after 24 h annealing, there is no
a-sialon phase left, but some M’ -phase and more
A-phase has formed. Simultaneously B-sialon is
formed for the same reasons as above, yielding an
overall devitrification pathway of:

Glass+a>A+M + 8 3)

A quite different phase assembly was observed in
the samples post heat-treated at 1150°C for 24 h.
The devitrification process at this temperature
forms wollastonite, RSiO,N, (abbreviated as
W below) and the U-phase, R;Si;Al;0,,N,, and
because approximately the same a/(at+p) ratio is

found in this sample as in samples quenched from
1750°C to room temperature (see Fig. 3), this
devitrification process does not seem to involve
the a-phase, but follows the pathway:

Glass > W+ U 4)
100
[¢] 1750 °C Quenched
O 1750 °C PLSed
[ ] After 1150 °C, 24h HT
80 ®  After 1300 °C, 24h HT
v After 1450 °C, 24h HT
®
}_;’ 60
©
T 40
S
3
20
0
0.85 0.90 0.95 1.00

Yb Dy Sm  Nd
Cation size (A)

Fig. 5. The o/(a+pP) ratio in samples exposed to different
heat-treatments plotted versus the ion radius of the R-ion.
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3.1.2 Heat-treatment of Sm-sialons

In the Sm-system, samples quenched from 1750 to
1450°C and annealed at the latter temperature for
4 h did contain a-phase, but the a/(a+B) ratio
decreased from 527 to 28.8% while the M’-phase
and minor amounts of the U-phase were simulta-
neously formed. Upon further heat-treatment, the
a-phase and the U-phase were decomposed, and
initially more M’ was formed, but later in the
crystallization process the A-phase formed and the
M’/(M" + A) ratio remained almost constant from
120 h heat-treatment and further on as seen in
Fig. 4(b). As above, B-sialon formed simultane-
ously. The suggested crystallization pathway at
this temperature is thus:

Li+ta->L,+M+U+B->M+A+8 (5

The liquid L, has a different composition and vol-
ume than L,. The final crystallization products are
the same as above for R=Nd, i.e. one oxygen- and
one nitrogen-rich phase.

At 1300°C, and after 24 h post heat-treatment,
the A- and B-phases were formed, but of/(a+p)
ratio was almost the same as after 4 h annealing
at 1450°C. Thus, if the a-phase does decompose,
its decomposition is substantially lower at this
temperature, suggesting the following devitrifica-
tion pathway:

Glass + (0) > M’ + A + 8 (6)

Again, as above, a quite different phase assem-
bly was observed in the samples post heat-treated
at 1150°C for 24 h The devitrification process at
this temperature thus produces the A-, W- and
U-phases. The formation of these phases implies
that the B-sialon phase must also be formed.
Thus, the decrease in the a(a+B) ratio of this
sample, compared with that of samples quenched
to room temperature from 1750°C (see Fig. 5),
might be due to an increasing content of the
B-phase. If this assumption is true, our observations
suggest the following devitrification pathway at
1150°C 1n this system:

Glass > A+W+ U+ )

Post heat-treatment of Sm-sialon compounds
has to some extent been studied previously, and
it can be concluded that our findings are in agree-
ment with previous results.®!?

3.1.3 Heat-treatment of Dy-sialons

It 1s surprising that the M -phase is observed in
samples in the Dy-system quenched from 1750°C
to room temperature. This suggests that the
Dy-M -phase would be thermally more stable
than its Nd- and Sm-counterparts, contrary to the
general opinion that the thermal stability of the

M “phase decreases with decreasing ionic radius of
the R ion. Another possibility would be that the
M -phase present in the as-prepared sample (see
below) for some reason did not dissolve during
the subsequent heat-treatment at 1750°C. Addi-
tional studies to confirm this observation are
needed. Anyhow, the a-phase is thermally more
stable in this system than in the Nd and Sm ones,
as a substantial amount of this phase remains in
the sample after annealing at 1450°C for 240 h. A
comparison of the a/(a+B) ratio in the samples
quenched to room temperature and annealed for
4 h at 1450°C suggests that the a-phase is initially
involved in the crystallization process. The
decrease of the a/(a+p) ratio with increasing hold-
ing times can be explained by the observation that
more f-sialon is formed in conjunction with a
grain boundary phase of garnet composition
Dy;Al;0,,(G), while the amount of the M -phase is
seemingly constant (see Fig. 4(c)). This suggests that
the crystallization process in the Dy-system and in
presence of a liquid initially follows the pathway:

Ly +a->M+G+8 8)

while in the latter part of the crystallization pro-
cess it seems that the dominating reaction is the
formation of the G-phase and that this process
occurs without the a-phase being involved. The
pure oxide phase for Dy is a garnet instead of an
aluminate structure, as observed above for Nd
and Sm. This is in agreement with -earlier
findings.>'?

Samples annealed at 1300°C for 24 h exhibited
almost the same a/(a+pB) ratio and M’ content as
that found in samples quenched to room tempera-
ture, but they contained in addition a substantial
amount of the G-phase. These observations sug-
gest that the a-phase is not involved in the
devitrification process in the glass at 1300°C in the
Dy-system, which proceeds as:

Glass > G + 8 )

The phase assembly observed in the samples post
heat-treated at 1150°C for 24 h is quite different
from that observed at higher temperatures. The
devitrification process at this temperature thus
produces A-phase and minor amounts of a grain
boundary phase of the composition Dy,SiAIOsN (B).
The formation of these phases implies that the
B-sialon phase must also form, and that the decrease
in the o/(a+B) ratio in this sample, compared with
that of samples quenched to room temperature
from 1750°C (see Fig. 5), is most probably due to
an increasing content of the B-phase, suggesting
the following devitrification pathway:

Glass > A+ B+ 8 (10)
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3.1.4 Heat-treatment of Yb-sialons

Yb does not form any M -phase, and the most
stable grain boundary phase in this system is the
G-phase. It is formed in large amounts already
after 4 h annealing at 1450°C, in conjunction with
the B-phase and minor amounts of Yb,Si,O;N,
(J). The variation of the a/(a+B) and G/(G +])
ratios (see Fig. 4(d)) with annealing time indicates
that, if the a-phase is involved in the crystalliza-
tion process, the amount which is decomposed is
very small and that, if so, this decomposition
occurs only in the very beginning of the process.
Furthermore, the rate of crystallization seems to
be faster in this system than in the others, as these
ratios become almost constant after 24 h anneal-
ing. This suggests the following crystallization
pathway:

Li+(e) >G+B8+1] (1

The same pathway seems to be operative at
1300°C, while at 1150°C the devitrification prod-
uct is A-phase instead of the G-phase.

3.1.5 Concluding remarks concerning the
crystallization/devitrification pathway
From these observations it can be concluded:

(i) At least two grain boundary phases are
formed in each system: one nitrogen-rich
and one oxygen-rich. The N-rich melilite
R-Si; A1,O; N, . is formed for all rare
earth eclements, except Yb which forms
J-phase (Yb,Si,O;N,). The observed oxide
was an aluminate (RAIO;) for Sm/Nd and
a garnet (R;Al;0,,) for Dy/Yb.

The phase assembly formed by devitrifica-
tion of the intergranular glass phase at tem-
peratures slightly above the softening
temperature (1150°C) is quite different
from that appearing in samples annealed
slightly below its liquid-forming tempera-
ture (1300°C), which in turn resembles

(i)

that obtained at temperatures above
T,;(1450°C).
(iii) The a-phase is not involved in the devitrifi-

cation taking place at 1150°C.
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(iv) In the Nd- and Sm-systems, the M- and
A-phases are thermodynamically more stable
than the a-phase, i.e. at elevated tempera-
tures (7>1150°C) the a-phase decomposes.
If the a-phase is take part in the reactions
during the crystallization/devitrification
processes in the Dy- and Yb-systems, it
does so in the very beginning of the pro-
cesses and in a limited amount, i.e. the
a-phase seems to be thermodynamically
stable in these systems.

(v)

3.2 Phase analysis of as-prepared samples

The overall composition of the designed sample
corresponded to an 80 vol% a-sialon (of the com-
position GARO4) and a 20 vol% glass content
(with a Si:Al:R ratio equal to 2:1:1 and O:N = 3:1).
This sample after being pressureless-sintered at
1750°C and cooled to room temperature at a
rather slow rate, yielded a/B-sialon ceramics con-
taining about 20-30 vol% glassy phase and differ-
ent kinds of crystalline grain boundary phases.
The phases formed, the lattice parameters of the a-
and B-phases and the a/(a+p) ratio are shown in
Fig. 5 and given in Table 4, respectively.

The phase analysis showed that the Nd sample
did not contain any a-phase, but substantial
amounts of the M -phase and minor amounts of
the U-phase. The a-phase is present in the Sm
sample, but the a/(a+p) ratio is lower than those
found in the Dy- and Yb-samples. In the Sm sam-
ple the M - and U-phases occur as grain boundary
phases, while the M - and B-phases are formed in
the Dy sample. Finally, in the Yb sample the only
intergranular phase is the J-phase.

The observation that extremely small amounts
of a-phase are present in the Nd sample is in agree-
ment with the annealing experiments, which showed
that the a-phase is decomposed in this system. The
U- and B-phases are only formed in the low-
temperature region (1150°C) in the annealing experi-
ments, while the J-phase is formed both at high and
low temperatures. As mentioned above, we always
observed one oxygen-rich and one nitrogen-rich
phase at the end of our annealing experiments.

Table 4. of(a+p) ratio, grain-boundary phase assemblage and unit cell dimensions of a- and B-sialon in as-prepared samples

Samples  Density  a/(a+B) GB* phase assemblage vl B
( g/cm} ) () -
M J B U 2IR*™ a4 o(4) X*** a(4) c(4) ZH**
GANDO04 3-566 0 s — - w w — — — 7-6198 29194 0-53
GASMO04 3-588 37 ms —_ - m — 7-8102 5-6897 0-42 7-6246 29203 0-62
GADY04 3-675 75 m — m — — 7-8070  5-6873 0-39 7-6249 29217 0-65
GAYB04 3-681 69 — mw — — 7-8032  5-6835 0-40 7-6302 29204 0-72

Remarks: *GB, grain boundary; **M, Melilite R,Si; Al .O; N, with R=Nd, Sm and Dy; J, J-phase Yb,Si,O;N,:B, B-phase
Dy,SiAlOsN; U, U-phase R;Si;Al;0;N, with R=Nd, and Sm; ***q-sialon x-value and B-sialon z-value calculated according to

the unit cell dimensions.
X-ray intensities: s, strong; m, medium; w, weak.
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In this connection it is interesting to note that no
oxygen-rich grain-boundary phase is formed in the
as-prepared samples. This observation suggests that
the oxygen-rich phases are not formed as long as the
nitrogen content of the liquid/glass is high, i.e.
nitrogen-rich phases are formed first in the crystal-
lization/devitrification process, and when the oxygen
content of the liquid/glass has become high
enough, the crystallisation of oxygen-rich inter-
granular phases starts. The fact that we do not
observe any oxygen-rich phases in our as-prepared
samples can thus be understood to mean that the
cooling rate was too high to allow a more oxygen-
rich glassy phase to form.

Our observations thus suggest that the crystal-
lization process in as-prepared samples in the
Nd- and Sm-systems follows the pathway:

Li+a>L,+M+U+g (12)
in the Dy-system:
LL+M>M +B+p (13)
and in the Yb-system:
L->J+8 (14)

4 Concluding Remarks

As shown above, a-sialon coexists with B-sialon
and a liquid phase at 1750°C in Nd-, Sm-, Dy and
Yb doped systems, but in the cases of Nd and Sm
the a-phase decomposes at lower temperatures.
This behaviour has also been observed for Nd-
and Sm-a-sialon ceramics containing substantially
smaller amounts of intergranular liquid/glassy
phases.?>** The crystallization/devitrification rate
seems to be much faster, though, when the sam-
ples contain an excess of the liquid/glass phase, in
accordance with earlier indications."” If the
decomposition of the a-phase is only triggered by
the formation of the M -phase, it is difficult to
understand why decomposition does occur in the
Nd- and Sm-systems but not with Dy. The
Dy-M "-phase can accommodate substantially less Al
in its lattice than the Nd- and Sm-M -phases,** and
one may speculate that the decomposition rate of
the a-phase in the Dy-system is retarded because
the formed liquid would otherwise be too Al-rich
(see also below). In this connection it should be
noted that if one could prepare a Nd- or Sm-a-
sialon ceramic without intergranular glass, the a-
phase ought to be stable for stoichiometric rea-
sons, because a very nitrogen-rich liquid/glass
must be formed besides the M "-phase, and thus
seems impossible. The highest observed N-content
in a Sm-glass is slightly above 40 eq%.*

Our findings show that the phase assembly
obtained in as-prepared samples is strongly depen-
dent on: (i) the type of R,0; used as sintering aid;
(ii) the amount and composition of the liquid
phase formed at the sintering temperature; and
(iii) to a greater extent than has previously been
realized, on the cooling rate applied.

If the liquid phase formed is nitrogen-rich, as it
seems to be in our systems, a nitrogen-rich inter-
granular phase is formed before an oxygen-rich
one, because otherwise the liquid would become
too nitrogen-rich. Accordingly, the temperature
dependence of the composition variability of the
liquid/glass vis a vis nitrogen and Al (see above)
must also be considered when preparing an o/-
sialon ceramic with designed grain boundary
phase(s).
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