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Abstract 

Duplex Y-, Yb- and Nd-doped rw-p-sialon ceramics 
were fabricated from starting powder compositions 
within the two-phase (Y’-13’ area. The microstruc- 
tures contained high aspect ratio (3-sialon grains 
homogeneously distributed in an a-sialon matrix 
and only smaller volume fractions of intergranular 
phases. The morphology of the intergranular 
regions was determined by the overall chemistry and 
the doping element. The P’/cx’+~’ weight ratio as 
well as the (Y and p-sialon substitution levels were 
dependent upon the (3~’ stabilizing cation. Sialons 
with an P’/oL’+~’ weight ratio of around 0.5 had a 
favourable combination of high hardness, HV,,, 
around 21 GPa, and indentation fracture toughness, 
5.0-5.5 MPa m”‘. The toughness of these duplex 
sialons was however reduced to below 4 MPa rn”’ 
after long-term heat treatment at 1450°C. The (x1 
stabilizing elements Y an’d Yb resulted in a-sialon 
structures which were stable during heat treatment 
at 1450°C while the Nd (Y’ structures decomposed 
into Al-substituted melilite, Nd2Si,A10,N,, p-sialon 
and the 21 R sialon polytype at this temperature. 
The results imply that duplex a-p-sialons stabilized 
by Y and Yb have a high potential as engineering 
ceramics. 0 1997 Elsevier Science Limited. 

1 Introduction 

Ceramics based on Si,N, have a high potential for 
structural applications at both low and high tem- 
peratures due to their inherently good mechanical, 
chemical and thermal properties. Fabrication of 
dense materials requires a sintering additive 
which, in general, is a metal oxide. The sintering 
process is also promoted by the addition of 

*To whom correspondence should be addressed. 

Al,O,/AlN together with a metal oxide. This com- 
bination of additives lowers the eutectic tempera- 
ture of the system and thereby the required 
sintering temperature. /3-sialon (p’), Sis_,Al,OZNs_,, 
generally forms when Al,O, and AIN are added, 
and p-sialon ceramics are easily pressureless 
sintered at 1700-1750°C with additions of yttria 
or rare earth element oxides.rm3 These additives 
promote growth of elongated P-crystals which 
results in a high fracture toughness. The hardness 
(HV,,) of the resulting /3-sialon ceramic is, how- 
ever, moderate, around 14-15 GPa. The inherent 
hardness of P-Si,N, (around 17 GPa) is not 
reached because of the presence of a significant 
volume fraction of intergranular crystalline and/or 
amorphous phases in the microstructure.3.4 

The cY-sialon ceramics, on the other hand, show 
excellent hardness (around 22 GPa) and have 
attracted attention also because they offer a pos- 
sibility of reducing the amount of residual glass.’ 
a-sialon (a’) has an overall composition R,Silt 
(,,+,,A1,+,0,N,6.,; a-sialon is not only adapting 
MO (as the psialon), but also incorporates the R 
metal ion into its structure.“’ The interstitial sites 
in the a-S&N4 structure set an upper limit to 
the radius of the R ion; cations larger than 0.1 nm 
(e.g. Ce3+, La3’) are not accepted, whereas Y and 
rare earth elements YbNd with ionic radii in the 
range 0.087-0.099 nm are known to stabilize 
the a’-structure. 

a-Sialon may be retained to room temperature 
by quenching from temperatures in the range 
1750-l 800°C. The long-term stability at interme- 
diate temperatures of some of the a-sialons has, 
however, come into doubt. A slower cooling rate, 
as well as a post-densification heat treatment at 
temperatures between 1300 and 1600°C, results in 
a transformation of (Y- to p-sialon.‘O*” This process 
is reversible; the cY’-phase is again formed when 
re-heating to high temperatures.” Studies have 
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recently been done on the stability of pure 
a-sialons doped with Sm, Nd, Yb and Dy.‘*-*’ 
The smaller rare earth cations like Yb3+ and Dy3+ 
result in an a-sialon phase which appears stable 
at all temperatures and for long periods of time. 
a-Sialon stabilized at high temperatures by the 
larger rare earth cations Sm3+ and Nd3+ were 
found to decompose at temperatures below 
1650°C. The mechanisms behind this process are 
still not fully understood. One contributing factor 
may be that these larger rare earth cations tend to 
form very stable Al-substituted melilite phases, 
R2Si3__~-Al.u03+sN4__~, (called R-M’ below) at tem- 
peratures around 1400-15OO”C, and, when heat 
treated at slightly higher temperatures, 1500- 
1650°C a new phase, JEM, RAI(Si6_~Al,)(N,o__0,) 
forms.‘5,2’ 

4AIN 

(4 

Si,N, n=l S n=2 p’ 4/3(AIN:AI,O,) 

The a-sialon has a two-dimensional solid solu- 
tion range in the Si3N4-Al,O,.AlN-RN.3AlN 
plane in the Janecke prism describing the particu- 
lar R-Si-AI-O-N system. This plane intersects the 
basal plane of the prism along the p-sialon solid 
solution line (following the Si,N,-Al,O,.AlN join) 
and the a-sialon is separated from the p-sialon by 
an (~‘$3’ two-phase area, see Fig. 1. 

It has been shown that compositions along the 
tie line P-Si3N,R203.9AlN, which passes through 
the two-phase kp’la-sialon area, give a possibil- 
ity to adjust toughness and hardness of the so- 
formed duplex cY+sialon ceramic.22-24 In-situ 
reinforced Y-doped crc-p-sialon ceramics with a 
P-phase content of around 60% had a fracture 
toughness of 6 MPa ml” and a flexural strength 
of 1100 and 800 MPa at 25 and 14OO”C, 
respectively.23 

(b) 

RN:3AIN 

Fig. 1. A schematic illustration (a) of the Janecke prism of an 
R-S-Al-O-N system and (b) the plane containing the (Y- and 
/3-sialon solid solutions. This plane has the corners S&N,, 
1 = AlN.Al,O, and 2 = RN.3AlN. The Si,N,Y20,.9AlN 
compositional line in (b) passes the cu-sialon area where point 
A represents the a-sialon composition aimed at by the 
starting powder mixtures. The compositions of the prepared 

starting powder mixtures fall along the line A-B. 

The two-phase a-p-sialon field is thus of great 
interest, particularly since Y and rare earth ele- 
ments promote growth of elongated, high aspect 
ratio p-sialon crystals. Duplex a-/3 ceramics may 
thus be designed to have a microstructure consist- 
ing of well-distributed P’-crystals in an a-sialon 
matrix. Carefully adjusted overall compositions 
would also result in a minimum volume fraction 
of intergranular phases.24 

and chemistry of residual intergranular phases 
were characterized and related to mechanical 
properties. 

2 Experimental 

2.1 Sialon ceramics 
This paper describes preparation and properties The overall compositions of the prepared starting 

of duplex a+sialon ceramics. Materials formed powder mixtures corresponded to single-phase 
in the (Y’IP’ area in the Y-Si-Al-O-N system are a-sialon and duplex cl-p-sialon ceramics with diff- 
compared with duplex sialons formed in two erent p’lcr’+p’ weight ratios. The composition of 
R-Si-AI-O-N systems, where R = Yb and Nd. the a-sialon phase (A in Fig. l(b)) was equivalent 
These R elements were chosen because they repre- to Ro.4Si,o.2Al,.,00.6N15.4, where R = Y, Yb and 
sent the size end members of rare earth cations Nd. The p-sialon phase was equivalent to the 
known to stabilize the a’-phase. The long-term composition Si5.4A10.600.6N7.4 (B in Fig. 1 (b)). 
high-temperature stability of the different duplex Powder mixtures with P/a+P-sialon weight ratios 
c+sialon ceramics was of special interest since of 0, 0.3, O-5 and 0.7 were prepared, see Table 1. 
this might limit their use as structural ceram- These overall compositions fall along the line A-B 
ics at elevated temperatures. Phase and micro- indicated in Fig. l(b), and would thus result in 
structural development and the volume fraction sialon ceramics with a minimum volume fraction 
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of intergranular phases if complete reaction takes 
place during densification. 

Starting powder mixtures were prepared with 
corrections for the small amounts of oxygen 
present in the S&N4 (U’be, SN-ElO) and AlN 
(H. C. Starck, Berlin, grade A) raw materials cor- 
responding to 2.7 wt% SiOZ and 1.9 wt% Al,O,, 
respectively. The metal oxide starting powders, 
A&O, (Alcoa, grade AlGSG), Y,03 (H. C. Starck, 
Berlin, grade Finest) and R20, (99.9%, Johnson 
Matthey Chemicals Ltd), were calcined at 1000°C 
for 2 h before use. The powder mixtures were 
milled in water-free propanol for 24 h in a plastic 
jar using sialon milling media. Pellets of dried 
powders, compacted in a steel die, were hot-pressed 
in BN-coated graphite dies under protective nitro- 
gen atmosphere in a graphite resistance furnace at 
1800°C (32 MPa pressure, holding time 2 h). The 
cooling rate from the densification temperature 
was 50°C min. The density of the sintered speci- 
mens was measured by Archimedes’ principle. 

2.2 Heat treatment 
The a-sialon ceramics were heat treated at 1300, 
1450, 1550, 1650 and 1751D”C for 24 h. These heat 
treatments were carried out in order to establish 
the structural stability of the Y-, Yb- and Nd- 
doped a-sialon phases at different temperatures, 
and to identify the temperature where a possible 
‘decomposition’ would be most pronounced. Long- 
term stability tests of the cY-@-sialon ceramics with 
an (Y’ to p’ ratio of aroun.d 1: 1 were carried out at 
1450°C for 1, 10 and 30 days. The duplex sialons 
were first held at 1750°C for 30 min in order to 
equilibrate and then quenched to the final heat 
treatment temperature at a rate of about 
400°C min. The samples were subsequently 
quenched to room temperature after heat treat- 
ment. All heat treatments were carried out with 
the specimens embedded in a powder mixture of 
S&N,, AlN and BN in a (carbon crucible placed in 
a graphite furnace with nitrogen atmosphere. 

2.3 Characterization 
The phase compositions and substitution levels 
after sintering and heat treatment were determined 
by X-ray powder diffractometry (XRD) using a 
Guinier-Hagg focusing camera as described in Refs 
15, 16 and 25-27. The integrated intensities of the 
following reflections were used in estimating the 
relative crystalline phase contents: (102) and (210) 
of the cu-sialon, (101) and (210) of the p-sialon 
and (211) of the R-M’ plhase. The presence of the 
21R polytype was indicated by reflections at 2.69 
A (equivalent to the (0021) spacing) and 2.64 A 
(equivalent to the (101) spacing) in the X-ray 
diffractogram. 

Hardness (HV,,) and indentation fracture 
toughness (K,,) at room temperature were deter- 
mined in a Vickers diamond indenter with a 98 N 
(10 kg) load. The fracture toughness was eval- 
uated according to the method of Anstis et al. 
using a constant value of 300 GPa for Young’s 
modulus.28 

The general microstructures were characterized 
by scanning electron microscopy (SEM) (JEOL 
JSM 820 equipped with a Link AN 10 000 EDX 
system) of polished surfaces using back scattered 
electrons for imaging. The microstructures of the 
duplex Nd- and Yb-stabilized sialons fabricated 
from starting powder compositions corresponding 
to an P’/(Y’+ p’ weight ratio of 0.5 were character- 
ized in detail by analytical transmission electron 
microscopy (TEM) (Philips CM200 SuperTwin 
FEG equipped with a Link ISIS EDX system). 
The fine-scale microstructure of this duplex Yb- 
stabilized sialon was characterized also after heat 
treatment at 1450°C. The SEM and TEM samples 
were coated with a thin evaporated carbon film in 
order to avoid charging under the electron beam. 

3 Results and Discussion 

3.1 Phase analysis 

3.1.1 As-sin tered sialon ceramics 
Phase compositions and unit cell dimensions after 
hot-pressing are given in Table 1. The Y- and Yb- 
doped a-sialons showed reflections from (Y’ only, 
whereas the Nd-doped a-sialon also contained a 
minor amount of Nd-melilite, see Table 1. All 
duplex o-P-sialon ceramics, including the Nd-sta- 
bilized microstructures, did not contain any sec- 
ondary crystalline phases according to XRD. 
However, there were significant deviations from 
the p’l,‘+p’ weight ratios aimed at by the starting 
powder compositions, particularly at the higher 

P’ contents, see Table 1 and Fig. 2. The 
results show that the P’/(Y’+~’ ratios as well as the 
x and z values of the duplex sialons were dependent 
upon the a! stabilizing cation, see diagrams in 
Figs 2 and 3. 

The unit cell dimensions of the a-phase in the 
duplex Yb- and Nd-stabilized sialons were shifted 
towards smaller values. This implies chemical 
compositions corresponding to lower x values 
than in the a-sialon materials, see Table 1 and 
Fig. 3. The LY’ phases in the Nd-stabilized sialons 
had the lowest x values despite the significantly 
reduced (Y’ content in these materials, see Figs 2 and 
3. The Yb-stabilized duplex sialons had the high- 
est (Y’ contents, and the Yb-doped a-sialon struc- 
tures did also have the highest x values. This 
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Table 1. Phase compositions, measured densities and observed lattice parameters after densification of the different starting 
powder compositions 

Starting Phase composition a-sialon 
powder ci’ P’ M’ a, (W % (nm) 

aa (nm) p-sialonC, (nm) 

Y P’Ia’+P’: 
0 
0.3 
0.5 
0.7 

Yb P’la’ffi’: 
0 
0.3 
0.5 
0.7 

Nd P’Ia’+P’: 
0 
0.3 
0.5 
0.7 

100 
82 
52 
18 

I 0.7801 0.568 1 
i 0.7797 0.5678 
/ 0.7801 0.568 1 
I 0.7799 0.5682 

! I 
0.7620 0,292 1 

3,285 
3.265 
3.219 
3.220 

/ 
18 
48 
82 

0.7622 0.2922 
0.7621 0.292 1 

100 
87 
57 
20 

I 0.7803 0.5682 
1 0.7798 0.5676 
/ 0.7799 0.5678 
I 0.7800 0.5682 

3,462 
3.393 
3.372 
3,251 

I 
0.7623 0.2$23 
0.7624 0.2924 

13 
43 
80 0.7623 0.2922 

96 I 4 0.7806 0.5682 
62 38 I 0.7801 0.5676 
38 62 / 0.7797 0.5674 

8 92 I 0.7795 0.5676 

0.2418 
0.2918 
0.2919 

/ 
0.7620 
0.7618 
0.7620 

3,376 
3.325 
3.274 
3.240 

indicates that the duplex sialons formed with 
Nd,O, had either a larger volume fraction of inter- 
granular glass containing the (Y’ stabilizing cation, 
or that the cation concentration in the intergranular 
regions was significantly higher than in the Yb- 
doped sialons. The x value of Y-doped (Y’ did not 
change in any significant way when /3-sialon was 
incorporated into the microstructure. However, the 
reduction in a-sialon content during densification 
of the starting powder mixture with a composition 
corresponding to an P’la’+P’ ratio of 0.7 indicates 
that this material had an increased volume frac- 
tion of an Y-rich intergranular glass, see Fig. 2. 

The local substitution levels of the (Y’ and p’ 
phases in the Nd and Yb duplex sialons formed 
from starting powder compositions corresponding 

to an /?/cy+P-sialon weight ratio of 0.5 were deter- 
mined by fine probe EDX analysis in the 
FEGTEM. These measurements showed that 
there was a significant spread in the x values of 
the two (Y’ phases. The Nd-stabilized &-structure 
showed substitution levels ranging from x = 0.23 
up to x = 0.45. The solid solution range of the 
Yb-stabilized a’-structure was shifted to smaller x 
values; substitution levels in the range x = 0.13 to 
x = 0.35 were measured. These x values deviate 
significantly from the values determined by XRD. 
It should, however, be pointed out that the XRD 
measurements give mean values for a certain vol- 
ume in the microstructure and that microanalysis 
in the TEM will show fine-scale local equilibria in 
the system. 
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Fig. 3. a-Sialon x values and psialon z values in a and duplex 
cY-fi-sialons determined by XRD. 
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Fig. 2. ,Wa+@Sialon ratios of the duplex sialons determined 
by XRD as function of the /?‘la’+/Y weight ratio of the start- 

ing powder mixture and the stabilizing oxide. 
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The z values of the /j’ phase in the duplex 
sialons determined by XRD also deviated from 
the attempted 0.60. Nd2013 resulted in the lowest 
z values, around 0.5, while Yb,O, resulted in z 
values larger than 0.60. The lower z values of the 
P’-phase in the duplex sia’lons formed with Nd203 
would be in accordance with the significantly 
increased j3’ contents in these materials, see Figs 2 
and 3. Yb,O, resulted in a lower p’ content except 
when the P/a+P-sialon weight ratio aimed at by 
the starting powder mixture was increased to 0.7. 
This behaviour is also in good agreement with the 
observed z values. However, the local z values 
determined by EDX in the FEGTEM showed 
almost the same spread in p’ substitution level in 
the Nd- and Yb-stabilized duplex sialons formed 
from starting powder compositions corresponding 
to an P’/(Y’+/~’ weight ratio of 0.5.~. Values in the 
range 0.36 to 0.79 and 0.35 to 0.72 were measured 
in the Nd- and Yb-stabilized materials, respec- 
tively. 

XRD indicated that the lowest mean substitu- 
tion level in the a-sialon ceramics was obtained by 
stabilization with Y, see Fig. 3. This was also the 
case when the p’lcJ+p’ weight ratio of the start- 
ing powder composition was 0.3. The phase com- 
positions and substitution levels of the Y-stabilized 
duplex sialons were, however, in between the values 
obtained with the Nd- and Yb-stabilization when 
the p’ content was increased, see Figs 2 and 3. 

Thus, the results imply that the duplex sialon 
starting powder compositions result in equilibrium 
phase compositions consisting of cy’, p’ and a 
residual glassy phase. The Yb-stabilized duplex 
sialon formed from a starting powder composition 
corresponding to a p’lcy’+p’ weight ratio of 0.5 
did also contain smaller amounts of a secondary 
crystalline phase as discussed in Section 3.2.1. 
below. The results show that the (Y’ and p’ substi- 
tution levels and the equilibrium composition and 
volume fraction of the glass are dependent upon 
the starting powder composition as well as the 
(Y’ stabilizing cation. However, more fine-scale 
analytical work is required in order to establish 
local substitution levels and phase equilibria in 
these sialon systems. 

3.1.2 Heat treated sialon ceramics 
Heat treatment of the Y-stabilized a-sialon mate- 
rial at temperatures in the range 1300-1750°C did 
not have any obvious effect on phase composition 
and substitution level. 

The most critical temperature for heat treatment 
of the Yb- and Nd-stabilized a-sialon materials 
seemed to be at around 145O”C, where the Nd-M’ 
phase, Nd&_,AlxO,+,N,,, and trace amounts of 
Yb-garnet, Yb3A15012, formed, see Fig. 4. The for- 

E al 
E 
8 

50. 

f 
f 25. 

---_a__----~--~-__~______n 
0 
1300 1400 1500 1600 1700 1800 

Temperature (‘C) 

Fig. 4. The phase contents of the Y-, Yb- and Nd-doped 
a-sialon ceramics after heat treatment at different tempera- 
tures for one day (24 h). Note the increaSed formation of 

melilite and garnet phases at around 1450°C. 

mation of these phases was accompanied by a 
reduction in the (Y’ content and the formation of 
p’. Traces of Nd-M’ were observed after heat 
treatment at 155O”C, while the phase contents of 
the Yb-doped a-sialon appeared unaffected. 

The Nd-M’ and Yb-garnet did not form during 
heat treatment at 1300°C. This temperature is 
below the eutectic temperatures of these systems 
which implies that the presence of a liquid phase 
is an aid in the decomposition of the a-sialon by 
providing an effective diffusion path. It also 
appears that the driving force for decomposition 
is largest at around 1450°C. A similar type of 
behaviour has been demonstrated by Mandal et 
al *lo heat-treatment at 1450°C resulted in exten- 
siie phase changes in a number of rare-earth- 
doped a-p-sialons. 

The phase contents of the heat-treated Y-doped 
c+sialon after different times at 1450°C is shown 
in Fig. 5(a). The results show a slowly decreasing 
(Y’ content and a simultaneously increasing p’ 
content with time at temperature. Some Y-M’ 
formed during the first 10 days, but the amount 
did not increase with a prolonged heat treatment 
time. This might be interpreted as the early 
devitrification of residual liquid phase to Y-M’. 
This process may also require some additional Y 
and Al which would be provided by the sialon 
phases. The a-sialon x value was slightly reduced 
during the M’ formation but remained unchanged 
after that, whereas the p-sialon z value showed a 
continuous decrease during heat treatment for up 
to 30 days, see Figs 6(a) and (b), respectively. The 
lower Al-O substitution level of the p’ which 
formed during prolonged heat treatment and the 
constant Y-M’ content indicates that either 
the composition of the Y-M’ changed or that the 
liquid/glass became more cation-rich. 
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The phase changes of the Yb-doped c;u+-sialon 
during heat treatment at 1450°C are shown in 
Fig. 5(b). An Yb-garnet phase formed in smaller 
amounts during the first 10 days, and the overall 
reaction pattern is similar to the Y-doped material. 
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Fig. 5. The phase contents of the (a) Y-, (b) Yb- and (c) Nd- 
doped duplex sialons after heat treatment at 1450°C for 
extended periods of time. The sialons were fabricated from a 
starting powder composition corresponding to a /3’Ia’+fi’ 

weight ratio of 0.5. 

However, the P’/(Y’+/~’ ratio did not change as 
much as in the Y-doped duplex sialon, and only 
smaller shifts between the two sialon phases 
were observed after 10 days. The substitution 
levels in the LY’ and @’ structures determined by 
EDX in the TEM were in the same range as prior 
to heat treatment. 

There was a pronounced transformation of (Y’ 
to p’, Al-substituted M’ and smaller amounts of 
the 21R sialon polytype in the Nd-doped duplex 
a-p-sialon during prolonged time of heat treat- 
ment at 145O”C, see Figs 5(c) and 7. a-Sialon 
could not be detected by XRD after 30 days at 
1450°C. The z value of the p-sialon was initially 
shifted to a lower value when the major part of 
the (Y’ phase decomposed, but was after that stabi- 
lized at a constant value, see Fig. 6(b). 

The Nd-M’ phase, Nd,Si,__~A1,03+_~N4_.U, had x = 
1.0 which represents the highest possible Al substi- 
tution in Nd-M’.29*30 The Al content of the 
M’-phase was determined by comparison of the 
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Fig. 6. (a) Aialon x value and (b) p-sialon z value after heat 
treatment at 1450°C for extended periods of time. The sialons 
were fabricated from a starting powder composition cor- 

responding to a P’Ia’+P weight ratio of 0.5. 
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Fig. 7. Part of recorded X-ray diffractograms showing phase 
changes during heat treatment of the Nd-stabilized duplex 
sialon. Reflections from the 21R sialon polytype were 
observed after prolonged time at temperature. The Nd- 
stabilized sialon was fabricated from a starting powder 
composition corresponding to a /3’Io’+fi’ weight ratio of 0.5. 

tetragonal unit cell observed by XRD (a = 0.7758 
nm and c = 0.5050 nm) with data on unit cell shift 
with composition (x value) given earlier.29,30 This 
composition was also confirmed by EDX point 
analysis in the SEM. As expected, JEM phase, 
NdA1(Si,,Al,)(N,o_,O,), was not observed after 
heat treatment at 1450°C; this phase forms pre- 
dominantly at temperatures in the range 1550 to 
1650°C.‘5,2’ The presence of the 21R sialon poly- 
type was not easily determined in short-term 
heat-treated samples because of severe peak over- 
lap. However, the increasing volume fraction with 
time at temperature could be established by com- 
parison of XRD traces as illustrated in Fig. 7. 

3.1.3 Reactions involving the a-sialon phase 

The results from the heat treatments imply that 
the reactions involving the a-sialon phase are 
dependent on the (Y’ stab:ilizing cation and, hence, 
the volume fraction and stability of secondary 
phases. Two, in principle, different reactions might 
take place; adjustment of the (Y’ composition 
within the a-sialon phase field, and a decomposi- 
tion of the (Y’ into other phases. 

The XRD results from. the heat-treated duplex 
a--p microstructures formed with Y203 and Yb203 
suggested that an adjustment of the cu-sialon 
composition was the dominant reaction at 
1450°C. This would provide elements required for 
the formation of the secondary crystalline phase 
(melilite and garnet in the case of Y and Yb, 
respectively). An adjustment of the (Y’ composi- 
tion within the two-dimensional phase field may 
take place according to the reaction: 

(Y’~ + liquid + (Y’~ + M’ or garnet 

where (Y’~ is an (Y sialon which has a lower x value 
than (Y’,, i.e. the a-sialon composition moves 
towards the edge of the solid solution area. 
p-Sialon as well as N-rich phases like the 21R 
polytype may also form in this reaction. 

When the (Y’ composition has reached the edge 
of the a-sialon phase field, the amount of a-sialon 
may decrease through decomposition. This does 
not necessarily mean that the al-phase is unstable 
in itself; the overall chemistry will determine the 
equilibrium phase composition. The presence of 
larger volumes of liquid/glass might contribute 
to an altered a’//3 ratio and a variation in the 
(Y- and p-sialon substitution levels at elevated tem- 
peratures.‘0~“~3’ 

Sialons formed with Nd203 behaved in a signifi- 
cantly different way; the dominant reaction at 
temperatures around 1450°C seemed to be a 
decomposition of the Nd-stabilized a’-structure. 
The precipitation of Nd-M’ as well as the forma- 
tion of /I-sialon and the 21R sialon polytype 
continued during prolonged heat treatment. A 
decomposition of a-sialon with the assistance of a 
liquid phase might take place in the following way: 

CY’ + liquid + p’ + M’ + 21R 

It cannot be excluded that the a’-phase might 
decompose directly without the aid of a liquid. 
However, solid state reactions would be extremely 
slow due to the poor self-diffusivity in these sialon 
structures. 

The high-temperature behaviour of the duplex 
a-p-sialons formed with Nd203 was similar to that 
of Sm-doped a-/3-sialons.24 Both Sm3+ and Nd3’ 
have fairly large cation sizes, 0.096 nm and 0.099 
nm, respectively, which might, indirectly, con- 
tribute to the observed instability of the a’-struc- 
ture. It has been shown that larger rare earth 
cations form very stable melilite phases with 
extended Al substitution.29,30 Thus, there is a 
‘competition’ between the cy sialon and the R-M’ 
phase for the rare earth element and nitrogen at 
temperatures around 1450°C. 

3.2 General microstructures 

3.2.1 As-sintered sialon ceramics 
SEM of carefully polished cross-sections showed 
that all compositions reached full density during 
hot-pressing. The microstructures of the duplex 
cu+sialons consisted of a large number of needle- 
shaped p’ grains in an a-sialon matrix. The gen- 
eral microstructures of the duplex a-p-sialons 
fabricated from starting powder mixtures with 
compositions corresponding to p’lcy’+p’ weight 
ratios of 0.3 and 0.5 are shown in Fig. 8 for the 
three different oxide additives. The dark areas in 
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these images are the p-sialon grains and the lighter 
grey areas the a-sialon matrix. The images suggest 
that the choice of rare earth metal oxide affects 
the p-sialon grain size distribution. The liquid 
phase sintering medium that formed when Nd,OJ 
was added seemed to promote p’ grain growth, 
while the addition of Yb,O, resulted in a more 
finely dispersed p’ phase. The p’ grain size in the 
a-p-sialons fabricated with Y,O, was slightly 
coarser than in the duplex sialons fabricated with 
Yb,O,, see Fig. 8. 

The bright contrasts in the SEM images in 
Fig. 8 represent the intergranular regions, and it 
can be seen that only smaller volume fractions of 

secondary phases are present in the microstructures. 
The intergranular volume fraction seemed to be 
further reduced when the P’/(Y’+~ weight ratio 
aimed at by the starting powder composition was 
increased from 0.3 to 0.5. This may be explained 
by the presence of two sialon phases with extended 
solid solutions and the resulting ability to locally 
accommodate smaller variations in chemistry. 

A number of the (Y’ grains in the duplex sialons 
showed the type of core/shell structure which has 
previously been observed in (Y and duplex (Y-P- 
sialons stabilized by Dy and Sm,‘4,‘4 see Fig. 9. 
The cores were shown by electron diffraction and 
EDX to be either pure cr-Si3N4 or p’, while the 

(4 (b) 

(4 

Fig. 8. The general microstructures of duplex sialons stabilized by Nd, Y or Yb fabricated from starting powder compositions 
corresponding to p’la’+p’ weight ratios of 0.3 and 0.5. (a) Nd, 0.3; (b) Nd, 0.5; (c) Y, 0.3; (d) Y, 0.5; (e) Yb, 0.3; (f) Yb, 0.5. 



shells always contained the CX’ stabilizing cation. 
This shows that a’, in addition to homogeneous 
nucleation in a supersaturated liquid, may nucle- 
ate and grow on only partially dissolved a-Si3N, 
particles from the starting powder mixture as well 
as on p’ nuclei. 

3.2.2 Heat-treated sialon ceramics 

The extensive transformation of LY’ to p’ and M’ 
during heat treatment of the Nd-stabilized duplex 
sialon at 1450°C was clearly revealed in the 
SEM, Fig. 10(a). The initially prismatic p’ grain 
morphology could not be distinguished after 10 
days at the heat-treatment temperature. The 
microstructures of the duplex sialons fabricated 
with Y20, and Yb,O, underwent coarsening dur- 
ing heat treatment, see Figs 8 and 10. Elongated 
p’ grains were, however, still present after 10 days 

at 1450°C. The limited M’ and garnet formation 
in these microstructures at 1450°C was clearly 
demonstrated also in the SEM, Fig. 10. 

3.3 Intergranular microstructure of duplex 
a+sialons 

3.3.1 As-sintered Yb and NC/ sialon ceramics 

The microstructures of the Yb and Nd duplex Q-P- 
sialons formed with a starting powder mixture 

(4 

-----_.%.~~.._.. 
i sialon &=I 

Fig. 9. (a) cu-Salon grain (arrowed) with a core/shell structure 
in the Yb-stabilized duplex sialon formed with a starting 
powder composition corresponding to a p’lcy’+p weight 
ratio of 0.5. (b) High resolution TEM image of the o/p-sialon 
grain boundary marked in (a) indicating a film thickness of 

around I .6 nm. 

(c) 

Fig. 10. The general microstructures of duplex sialons stabilized 
by (a) Nd. (b) Y and (c) Yb after heat treatment at 1450°C 
for IO days. The sialons were fabricated from a starting 
powder composition corresponding to a p’/cu’+p’ weight 

ratio of 0.5. 
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corresponding to an /~‘I(Y’+/?’ weight ratio of 0.5, 
contained a continuous intergranular network of 
residual glass. The thickness of the amorphous 
grain boundary films was in the range 1.5 to 
2.5 nm, and the films were rich in Al and the CX’ 
stabilizing cation, see Figs 9 and 11-14. 

The grain boundary films merged into glassy 
pockets at multi-grain junctions in the duplex Nd- 
stabilized sialon, Figs 12 and 13. The composition 
of these pockets seemed to be dependent upon the 
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Fig. 11. EDX concentration profiles across c~‘ljl’ grain 
boundaries in the (a) Yb- and (b) Nd-stabilized duplex 
sialons formed with a starting powder composition corre- 
sponding to a @‘/cY’+/~’ weight ratio of 0.5. High resolution 
TEM images of the boundaries are shown in Figs 9(b) and 

13, respectively. 

Fig. 12. The continuous intergranular glassy phase (arrowed) 
in the Nd-stabilized duplex sialon formed with a starting 
powder composition corresponding to a p’/&+p weight 
ratio of 0.5. (a) TEM bright field image. (b) TEM centred 

dark field image formed from diffuse scattered electrons. 

I Nd alfa sialon i(x=O.30: 

[beta sialon (2=0_43) 

Fig. 13. High resolution TEM image of an LY’/~’ boundary 
indicating a film thickness of 2.4 nm in the Nd-stabilized 
duplex sialon formed with a starting powder composition 

corresponding to a /?‘I(Y’+~’ weight ratio of 0.5. 
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structure and substitutron level of the adjacent 
sialon grains; glassy pockets surrounded by p’ 
grains had a significantly higher Nd/Si cation ratio 
than pockets facing (Y’ grains. The Al/S1 cation 
ratio of the glass could not be correlated to the 
structure of the surrounding sialon grains. 

Also extremely small (I 5 nm) pockets at multi- 
grain junctions in the Yb-stabilized duplex sialon 
contained a secondary crystalline phase, Fig. 14. 
Full crystallization of the pockets had, however, 
not been obtained; thin glassy films separated the 
Yb-, Al- and Si-rich crystalline phase from adja- 
cent sialon grains. The volume fraction of this 
secondary crystalline phase was obviously too low 
for detection by XRD, and a complete structure 
determination has not yet been carried out. How- 
ever, EDX analysis in the FEGTEM showed 
cation compositions close to that of B-phase, 
R,SiAIOSN. B-phases are stable at small rare 
earth cation radii, and form at temperatures in 
the range 950 to 1 100°C.“2 This suggests that 
the crystalline intergranular phase present in the 

Fig. 14. Pocket containing a crystalline Yb-. Al- and Si-rich 
phase separated from surrounding sialon grains by thin films 
of residual glass in the duplex Yb-sialon formed with a starting 
powder composition corresponding to a p’/cu’+p’ weight ratio 
of 0.5. Glassy films (arrowed) were present also at sialon grain 
boundaries. (a) TEM bright field image. (b) TEM centred 

dark field image formed from diffuse scattered electrons. 

microstructure of the duplex sialon stabilized 
by Yb formed through crystallization of glass 
pockets during cooling from the densification tem- 
perature. 

The size of the pockets at multi-grain junctions 
varied within the microstructures, but there was 
no obvious size difference between the Nd- and 
Yb-stabilized duplex sialons. 

3.3.2 Heat-treated Yb a-p sialon 
The secondary crystalline phase in the Yb-stabi- 
lized duplex sialon with an p’la’fp’ weight ratio 
of around 0.5 was present as smaller grains after 
heat treatment at 1450°C see Fig. 15. The YWAl 
atomic ratios of the analysed grains were close to 
that of the Yb, Al-garnet, 3Yb20,.5A1,03, which 
is consistent with the XRD results. This implies 
that the secondary crystalline phase present in the 
as-sintered material had been dissolved, and that 
the intergranular liquid present at 1450°C pro- 
vided an effective diffusion path and thereby 
enabled grain growth of the secondary crystalline 
phase. Thin intergranular films of residual glass 
were present throughout the microstructure 
also after heat treatment. Formation of glassy 
pockets at multi-grain junctions was, however, not 
observed, see Fig. 15. 

3.4 Mechanical properties 
Vickers hardness (HV,,) and indentation fracture 
toughness (I$-) of the (Y and duplex a-p-sialons 
are summarized in Fig. 16. It can be seen that the 
presence of /3-sialon in an cu-sialon matrix resulted 
in a good combination of mechanical properties 
when the starting powder mixture had a composi- 
tion corresponding to a /3’Ia’+p’ weight ratio of 
0.5. 

The hardness showed only minor changes with 
increasing p-sialon contents up to around 50 wt%, 
while higher /3-sialon contents caused a gradual 
decrease in hardness. This reflects the lower 
hardness of the /3-sialon which is around 17 GPa. 
The highest indentation fracture toughness was 
obtained when Yb?O, was used as the stabilizing 
oxide in a duplex a-p-sialon with an p’ld!+p’ 
weight ratio of around 0.4, see Fig. 16(b). 

The results thus imply that the optimum combi- 
nation of structure and properties is obtained with 
an P’/(Y’+~’ weight ratio of around 0.5. These 
duplex cy-p sialon ceramics would have a high 
hardness (HV,, around 21 GPa) and a high tough- 
ness (K,, around 555.5 MPa ml”). This is similar 
to some observations on previously characterized 
duplex sialons.‘4*22m’4 

The mechanical properties of the duplex (Y-P- 
sialons after heat treatment at 1450°C are summa- 
rized in Fig. 17. The hardness of the Nd-doped 
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duplex sialon was significantly reduced during the 
first 10 days of heat treatment while the Y- and 
Yb-doped sialons showed only a smaller reduction 
in hardness after the early stages of heat treat- 
ment. The observed effect of heat treatment upon 
hardness could be predicted from the phase 

Falk et al. 

contents shown in Fig. 5. The measured hardness 
is dependent upon the volume fractions and hard- 
ness of the constituent phases; the presence of (Y’ 
(which has a hardness of around 22 GPa) con- 
tributes to a high hardness.4 The Nd-doped duplex 
sialon transformed into p-sialon and Nd-M’ with 

Fig. 15. The intergranular microstructure of the duplex Yb-sialon formed with a starting powder composition corresponding to a 
P’/cY’+/?’ weight ratio of 0.5 after heat treatment at 1450°C. Thin intergranular films of residual glass, arrowed in (b), were pre- 
sent throughout the microstructure. (a) TEM bright field image and (b) centred dark field image formed from diffuse scattered 

electrons. Grains of Yb, Al-garnet are arrowed in (c). 
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Fig. 16. (a) Vickers hardness (HV,,) and (b) indentation fracture toughness (I&) as functions of observed p-sialon content. 
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Fig. 17. (a) Vickers hardness (HV,,) and (b) indentation 
fracture toughness (K,,) as function of observed p-sialon con- 
tent after heat treatment at 1450°C for extended periods of 
time. The sialons were fabricated from a starting powder 
composition corresponding to a P’/cY’+~’ weight ratio of 0.5. 

time at 1450°C which accounts for the observed 
reduction in hardness. 

The indentation fracture toughness was strongly 
reduced after heat treatment for 10 days, also for 
the Y- and Yb-stabilized duplex sialons, see Fig. 17. 
This could possibly be explained by the altered p- 
sialon morphology; the initially fibrous micro- 
structure would promote high fracture toughness. 
Prolonged heat treatment at 1450°C did not cause 
any significant further reduction in toughness. 

4 Conclusions 

1. Dense, duplex a-p-sialon ceramics with only 
smaller volume fractions of intergranular 
phases can be prepared using Y or the rare 
earth elements Yb and Nd as the (Y’ stabiliz- 
ing element. 

2. 

3. 

4. 

6. 

The microstructure of the intergranular 
regions is dependent upon the a-sialon stabi- 
lizing element. 
The p’l&+p’ weight ratio as well as the (Y- 
and p-sialon substitution levels are depen- 
dent upon the cr’ stabilizing element. 
Y and Yb gives an cw-sialon phase which is 
stable during long-term heat treatment at 
1450°C. Nd gives a less stable a-sialon result- 
ing in the formation of melilite, Nd&_, 
A1,03+,N6, (x = l), p-sialon and the 21R 
sialon polytype during prolonged heat treat- 
ment at 1450°C. 
Duplex c+sialon ceramics with an P’Ia’+P’ 
weight ratio of around 0.5 have high room 
temperature hardness (HVlo around 21 GPa) 
and indentation fracture toughness (5.0-5.5 
MPa ml’*). 
Y or Yb as the stabilizing element in the 
duplex cy-&sialons seem to be good choices, 
but Yb203 is, however, considerably more 
expensive than Y203. Nd203 does not give a 
duplex microstructure that is stable at high 
temperatures. 
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