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Abstract

Ca-a-Sialon (CaxSi12-(m+n)Alm+nOnN16-n,) cera-
mics with extensive compositions on the line of
Si3N4±CaO:3AlN (where m=2n) ranged from
x=0.3 up to x=2.0 were fabricated by hot-pressing.
An exploration for Ca-a-Sialon involving reaction
sequences, phase compositions, cell dimensions,
microstructure and mechanical properties was car-
ried out in the present work. # 1999 Elsevier Sci-
ence Limited. All rights reserved

Keywords: sialon, microstructure-®nal, mechanical
properties, hot pressing, transformation.

1 Introduction

�-Sialon (abbreviated as �0), iso-structure with �-
Si3N4, contains two large isolated interstices where
some large metal ions can be accommodated.1 The
general formula of �-Sialon is represented as
MxSi12-(m+n)Alm+nOnN16-n with x� 2 and the ele-
ments M which have been reported to form � are
Li, Ca, Mg, Y and most of the lanthanide ele-
ments. In comparison with �-Sialon (�0, Si6-zAl-

zOzN8-z), �' possesses high hardness because its
structure consists of longer stacking sequence of
ABCD and �0 has a stacking sequence of AB.2 But
more important, a0 provides the possibility to pro-
duce liquid-free (at least liquid-less) ceramics
because the most of sintering additives, such as
Y2O3 (Ln2O3), CaO and MgO can be adopted by
�-Si3N4 structure, thus reducing the liquid phase
remaining at the grain boundary. Therefore, �
ceramics attracts researchers more attentions. In the
last decades, the work on �0 ceramics has mainly
focused on Y- and Ln-�-Sialon.3,4 In these systems
excellent mechanical properties Ð high hardness

and reasonably high ¯exure strength have been
achieved in �0-�0 multi-phase ceramics. However, in
recent years, the Ln-� especially using those light
rare earth elements (Nd and Sm) as modi®er cations
has been found to be unstable. During heat treat-
ment in the temperature range of 1300±1500�C, the
�0 formed during sintering would transform into
�0.5±7 This problem puzzles research scientists
because this characteristic of �0 restricts its appli-
cation at high temperatures. Therefore, the
mechanism of �0!�0 phase transformation (or
called decomposition of �0) has been widely stu-
died. It seems there exist several e�ects to promote
phase transformation and a lot of uncertainty still
remains. In order to avoid this problem, Ca-�0 is a
good candidate. In comparison with other �0, Ca-�0

can accommodate the largest concentration of the
modi®er cation (xmax=1.4 for Ca-�0 and 0.6 to 1.0
for Ln from Nd to Yb).3,8 The larger solubility of
Ca2+ in the �0 structure has the bene®t of making
clean grain boundaries because the Ca2+ in the
liquid phase can be mostly exhausted. From the
economic point of view, the advantage of Ca-�0 is
also obvious. The low quality of Si3N4 powder
with CaO as impurity can be used and the chemical
agent of CaO is much cheaper than Ln2O3. How-
ever, the study on Ca-�-sialon is relatively scarce.
Based on the reason mentioned above, it is
required to explore this potential Ca-�-sialon cera-
mics. The present work was carried out as an
exploration for Ca-�-sialon involving reaction
sequences, phase compositions, cell dimensions,
microstructures and mechanical properties.

2 Experimental

The nominal compositions located on the join line
Si3N4±CaO:3AlN (with a special formula of
CaxSi12-xAl3xOxN16-x, i.e. x=m/2= n) with x=
0.3 to 2.0 were explored in the present work. The x
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values were selected to be 0.3, 0.6, 1.0, 1.2, 1.4, 1.6,
1.8 and 2 (named as C30, C60. . .C200). The starting
powders used were Si3N4 (UBE-10, Japan,
2wt%O), AlN (1.3wt%O) and CaCO3 (99.0%).
The mixtures were milled for 1.5 h in an agate
mortar under absolute alcohol. Powders were dried
and then hot-pressed (20MPa) at 1700±1750�C for
1 h in a graphite-resistant furnace under a ¯owing
nitrogen of 1 atmosphere. Before reaching the
holding temperature, the powder mixture was ®rstly
kept at 1150�C for 0.5 h to complete the decom-
position of CaCO3. For the studies on reaction
sequences, the composition with x value of 1 and
the temperature range 1500±1750�C were selected.
The holding time at the temperatures selected was
1 h. The bulk densities of the samples were measured
by the Archimedes principle. Phase assemblages
were characterized by X-ray di�raction using a
Guinier-HaÈ gg camera with Cu K�1 radiation and
Si as an internal standard. The measurement of X-
ray ®lm and re®nement of lattice parameters were
completed by a computer-linked line scanner (LS-
18) system9 and SCANPI, PIRUM10 programs.
The semi-quantitative estimation of the crystalline
phases of samples was based on the calibration
curves obtained from appropriate powder mixtures
of every two phases. An X-ray di�ractometer was
also used for identifying the preferred orientation
of �0 grains in the hot-pressed samples. The Ca
content in the �0 grains was determined from ele-
ment analysis using a SEM (KYKY 2000, China).
The microstructure observation was performed
under a JEM 200CX ATEM and JEM 2010CX
HREM transmission electron microscope. Both
SEM and TEM are equipped with energy dis-
persive spectrometer (Oxford/LINK ISIS 3.00).
Hardness and indentation fracture toughness were
measured by using a Vickers diamond indenter
under a load of 100N.

3 Results and Discussion

3.1 Formation of Ca-�-sialon and densi®cation
Figure 1 shows the formation of Ca-�-sialon
(x=1). For this particular composition, the for-
mation of �0 is nearly completed at 1600�C. Below
this temperature (i.e. at 1500�C), unreacted �-Si3N4

and AlN still remain and an intermediate product,
gehlenite (2CaO.Al2O3

.SiO2), occurs. With tem-
perature increasing, �-Si3N4, AlN and gehlenite
disappear and small amount of 21R occurs. The
presence of intermediate phase, gehlenite, is in
agreement with the references.11,12 The bulk den-
sities and the phase assemblages of the composi-
tions with x value from 0.3 to 2.0 (C30. . .200) are
summarized in Table 1. As indicated, the density of

samples increases with increasing the sintering
temperature, but the increment diminishes with
increasing x value of the compositions. The com-
positions with x value higher than 1 can be fully
densi®ed at 1700�C. However, at that temperature
the compositions with low x value still contain
unreacted �-Si3N4. The densi®cation of Si3N4-
based ceramics mainly depends on the liquid phase
produced by the surface SiO2 on Si3N4 powder and
the oxide additives. The �0 formation is also
through dissolve and precipitation which in turn
requires a certain amount of liquid phase. With
increasing x value i.e. more CaO added, the com-
position is towards the liquid-rich side. Therefore,
with the increasing of x value, the compositions
becomes more easy to be densi®ed. With the com-
positions shifting towards the terminal point
CaO:3AlN (i.e. high x value), �0 diminishes and
AlN-polytypoids (or AlN) appear and gradually
increase. This variation in phase compositions is in
agreement with our previous work on the phase
diagram of the Si3N4±CaO±AlN system.8 The
composition with x=0.3 is located at the lowest
limit of the �0 solubility region below which there is
a two phases region Ð �0-�0 (or �-Si3N4). There-
fore, the appearance of �0 in the sintered composi-
tion (x=0.3) is expected because some of the CaO
is exhausted by the formation of the liquid phase
and the actual quantity of Ca2+ entering into �0 is
less than 0.3. The top limit of Ca-�-sialon on the
line Si3N4±CaO:3AlN is at x=1.4, beyond which
there is a multi-phase regionÐ�-sialon, liquid and
AlN-polytypoids or AlN. Recently, Hewett et al.13

®gured out the phase diagram of the Ca-�-sia-
lon plane, i.e. the Si3N4±4/3(AlN:Al2O3)±1/2
(Ca3N2):3AlN system (Fig. 2). As indicated in
Fig. 2, on the right side of the �0 region, there exist
many very narrow compatibility triangles, each of
which contains three phasesÐ�0, one type of AlN-
polytypoids (15R, 12H, 21R. . .) or AlN and liquid
phase. When oxygen content in �0 compositions

Fig. 1. Reaction sequences of Ca-�-sialon (x=1.0).
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decreases, the AlN-polytypoid, which is compatible
with �0, is also towards oxygen-less. The oxygen
content in AlN-polytypoids decreases in sequence
of 15R (SiAl4O2N4), 12H (SiAl5O2N5), 21R
(SiAl6O2N6). . . until AlN. Actually, the composi-
tions made by Si3N4, CaO and AlN as starting
materials cannot be exactly located on the Si3N4±
CaO:3AlN line, because the oxygen existing on
the surface of the Si3N4 (2wt%O) and AlN
(1.3wt%O) powder cannot be compensated with-
out using Ca3N2 as starting material. The actual
compositions slightly shift towards oxygen-rich and
this composition line crosses the compatibility trian-
gles involving 21R, 27R, and AlN. Based on this
phase diagram, the appearance of 21R and AlN in
sequence in the samples with the compositions

beyond the top boundary of the �0 can be
understood.

3.2 Cell dimensions of Ca-a-sialon
The cell dimensions of �0 hot pressed at 1700 and
1750�C were determined and are listed in Table 2.
Obviously, for the same composition of Ca-�-
sialon, no di�erence in cell dimensions between
1700 and 1750�C was observed. It has been known
that the liquid phase exhausts Ca+2 and makes the
actual Ca+2 content in the �0 lower than the nominal

Table 1. Density and phase present of Ca-�0 samples hot-pressed

Sample no. Density (g/cm3) Phase presentb

1700�C/1 h 1750�C/1 h 1700�C/1 ha 1750�C/1 h

C30 2.86 3.02 a0 s; a w; b0 vw a0 s; b0 mw; � vw
C60 3.07 3.17 a0 s; � w a0 s; a tr.
C100 3.19 3.21 a0 s; 21R vw �0 s; 21R vw
C140 3.21 3.21 a0 s; 21R w a0 s; 21R mw
C160 Ð** Ð Ð a0 s; 21R mw
C180 Ð Ð Ð a0 s; AlN m; 21R w
C200 Ð Ð �0 s; AlN ms; 21R w Ð

aTaken from X-ray di�ractometer.
bS = Strong.
M = Medium.
W = Weak.
**Not measured.

Fig. 2. (a) Representation of �-sialon plane in the Ca±Si±Al±
O±N system and (b) phase relationships in Ca-�-sialon plane
(the dash line crossing the �0 region represents the join line of
Si3N4±CaO:3AlN and the dots on the line have no relation-

ships with the present work).13

Fig. 3. Cell dimensions versus nominal �-sialon compositions:
(a) a axis; (b) c axis.
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compositions. In order to know how much the
Ca+2 content enters �0 structure, the present work
determined the Ca+2 content in �0 grains by
EDAX. As indicated in Table 2, the actual content
of Ca+2 in �0 grains is less than the nominal one.
In the composition range of x=0.3±1.4, the actual
Ca+2 level in �0 is around 70% of the added
amount, i.e. with 30% of Ca+2 remaining in the
glassy phase. The cell dimensions of �0 versus the
nominal x value indicate that with the increasing x
value, the increment of cell dimensions becomes
sluggish (see Fig. 3). There exists a critical point at
around x=1.4 which changes the slopes of the
lines. When the x value exceeds 1.4, more Ca+2

remains in the glassy phase of the sample. By using
the determined x values instead of the nominal x
values as variation, both the ao and co values can
keep within the straight lines, as shown in Fig. 4.
Based on the established lines, the cell dimensions
of ao=7.9142AÊ , co=5.7465AÊ observed in compo-
sition C200 corresponds to an actual x value of
around 1.0. That means only 50% of Ca+2 enter-
ing into �0 structure for that composition. The
expansion of cell dimensions in �0 is mainly caused
by the substitution of Si-N by Al-N and the varia-
tions with m and n were ®rstly reported by Hamp-
shire et al.1 as following:

�ao �A
ÿ � � 0�045 m� 0�009 n �1�

�co �A
ÿ � � 0�04 m� 0�008 n �2�

In these early equations, the cell dimensions have
no relationships with the modi®er cation. Actually,
the expansion of �0 structure does have relevance
with the species of the cation and recently the
revisions for Y-,14 Ln-15 and Ca-�-sialons11 have
been reported. According to Hintzen et al.,11 the
variations in Ca-�-sialon's cell dimensions obey the
following equations:

ao �A
ÿ � � 7�749� 0�0023 n� 0�0673 m �3�

co �A
ÿ � � 5�632ÿ 0�0054 n� 0�0550 m �4�

Obviously, for the same substitutions, eqns (3) and
(4) give bigger cell dimensions than the Hamp-
shire's equations. For comparison with the present
data, the lines representing Hintzen and Hamp-
shire's equations for the special compositions on
the line of Si3N4-(CaO:3AlN (CaxSi12-xAl3xOx

N16-x, x=1/2m= n) were also put together. It is
obvious that the present data are more close to
the Hintzen equations, but keep slightly higher

Table 2. Lattice parameters of Ca-�0 with nominal and determined x value by EDX

X value Hot-pressed at 1700�C Hot-pressed at 1750�C

Nom.c EDXb a(AÊ) c(AÊ) V(AÊ3) a(AÊ) c(AÊ) V(AÊ3)

0.3 Ða 7.7932(6) 5.6652(8) 297.97 7.7910(8) 5.6609(10) 297.58
0.6 0.4 7.8163(7) 5.6796(9) 300.50 7.8185(13) 5.6752(8) 300.44
1.0 0.7 7.8584(7) 5.7098(7) 305.37 7.8532(7) 5.7185(6) 305.42
1.2 0.76 7.8633(5) 5.7201(6) 306.30 Ð Ð Ð
1.4 0.9 7.8914(5) 5.7356(6) 309.32 7.8886(6) 5.7345(6) 309.05
1.6 Ð 7.8945(6) 5.7373(9) 309.68 Ð Ð Ð
1.8 Ð 7.8995(6) 5.7409(6) 310.25 Ð Ð Ð
2.0 Ð 7.9142(3) 5.7465(4) 311.70 Ð Ð Ð

aNot measured.
bObtained from the specimens hot-pressed at 1700�C
cNominal x value.

Fig. 4. Cell dimensions versus actual �-sialon compositions:
(a) a axis; (b) c axis.
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slopes. The expansions of cell dimensions observed
in the present work can be ®gured out as

�ao � 0�156x �5�
�co � 0�115x �6�

The corresponding expansions transformed from
[eqns (1±4)] are �ao � 0�099 x; �co � 0�088 x and
�ao � 0�1369x;�co � 0�1046x, respectively. Based
on the present results and the Hintzen's work,
Ca+2 entering �0 structure will cause bigger
expansions than the other elements and the actual
Ca+2 content in the �0 is less than estimated by
using Hampshire's equations. It is found by the
present work that the Ca+2 content remaining in
the glassy phase of �0 material is around 30%. This

Fig. 5. TEM micrographs of the composition C60 hot-pressed
at 1750�C: (a) general view of the structure; (b) showing elon-

gated grains in some areas.

Fig. 6. TEM micrographs of the composition C140 hot-
pressed at 1750�C: (a) general view of the structure; (b) show-

ing elongated grains in some areas.

Fig. 7. EDAX spectra of the elongated grains: (a) as shown in
Fig. 5(b); (b) as shown in Fig. 6(b).

Characteristics of Ca-a-sialon 557



might damage the high temperature performance
of the material.

3.3 Microstructure and mechanical properties
It has been known that �0 grains are easy to
develop into aciculate and therefore, its fracture
toughness is relatively high. On the other hand, �0

exhibits equiaxed morphology with low fracture
toughness. However, the new results13,16±19 indi-
cated that �0 can develop into aciculate morphology
under suitable conditions. The Stockholm work16,17

indicated that in the Ln±Si±Al±O±N system, the
liquid phase promotes the formation of elongated
�0. Chen et al.18 reported that the elongated Ln-
�-sialon grains are more easy to occur by using �-
Si3N4 as starting materials (normally �-Si3N4 as

starting materials). In the Ca±Al±Si±O±N system,
Wang et al.19 ®rst observed the preferred orienta-
tion of �0 grains in hot-pressing samples and
recently Hewett et al.13 also reported the occur-
rence of elongated Ca-�-sialon grains. In the pre-
sent work, the elongated �0 grains were observed as
well. As indicated in Figs 5(a) and (b), the micro-
structure of the composition C60 is composed of
small equiaxed �0 grains with some elongated larger
�0 grains. The small equiaxed grains are generally
less than 1�m and the elongated ones can develop
into 2�m in length. However, with the composi-
tions shifting to the end member of CaO:3AlN, the
�0 grains becomes larger and more elongated grains
occur. As indicated in Fig. 6, the �0 grains in the
composition C140 are larger than in the composition

Fig. 8. Part X-ray di�raction patterns of the compositions (a) C30, (b) C60, (c) C100 and (d) C140 showing the preferred
orientation of �-sialon.
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C60 and the content of the elongated �0 grains in
C140 is also higher. In order to dispel the doubt
that the elongated grains are 21R, which normally
has ®ber-like morphology, the elongated grains
were identi®ed by EDAX (see Fig. 7). As shown in
Fig. 7, they are all Ca-�-sialon containing increas-
ing Ca when the compositions shifted to high x
value. The elongated �0 grains will give preferred
orientation under hot-pressing. As expected, the
preferred orientation in the present work was
observed. Figure 8 shows the part X-ray di�raction
patterns of the compositions C30, C60, C100, C140
taking from the specimen surface normal to the
pressing direction. The normal X-ray di�raction
peaks (210) and (102) of �-Si3N4 or �

0 have similar
intensity.20 However, as indicated, in all the sam-
ples the di�raction intensity of (210) peak is higher
than the one of (102). These di�raction patterns
show the strong evidence for the preferred orienta-
tion of the elongated �0 grains. Based on the
observations under TEM, it was found that the
amount of elongated �0 grains increases with the
compositions shifting to the end member of
CaO:3AlN (high x value). However, as seen in
Fig. 8, the XRD intensity ratios of (210) to (102)
become smaller when the compositions shift
towards high x value. This is caused by the over-
lapped XRD peak of 21R, which occurs in the
compositions with high x value (see Table 1). The
strongest X-ray di�raction peak (101) of 21R
occurs at 2�=33.99� and this is just overlapped
with the XRD peak (102) of �0 and thus makes the
peak at 34� stronger. The existence of 21R was
also observed under TEM, as represented in Fig. 9.
Based on our present work and the other work,13,19

it can be drawn that in the Ca-�-sialon system the
occurrence of elongated �0 grains has stronger ten-
dency than in the other systems.
The fracture toughness and hardness of the

compositions hot-pressed at 1750�C are listed in
Table 3. As indicated, the toughness increases with
the compositions shifting towards high x value,
which contain more elongated �0 and 21R. It has
been known that 21R normally exhibits ®ber-like
morphology. Therefore, the elongated �0 grains
and 21R are of bene®t to the fracture toughness
enhancement. However, the hardness goes oppo-
sitely. This can be attributed to the liquid phase
and 21R. With the composition shifting to high x
value, the amount of both 21R and liquid phase
increases and thus causes the hardness decrement.
The relatively lower hardness of composition C30
is related with the incomplete reaction and lower
density. The compositions with x value around
0.6±1 have the best combination of fracture
toughness and hardness. Therefore, the best way to
increase the fracture toughness is not through

increasing liquid phase, which will sacri®ce the
other properties. It is believed that to properly
optimize processing in order tomake slow nucleation
of �0 grains would be the best way. For Ca-�-sialon,
it seems to be more feasible than for Ln-�-sialon. If
using �-Si3N4 as starting materials, the cost of both
the starting powder and the processing (which
needs gas pressure sintering at 1950�C) is much
higher than the conventional price. Therefore, in
many aspects Ð thermal stability, cost and micro-
structure control, Ca-�-sialon is a promising �0

materials and more work is worthy to be carried on.

4 Conclusions

Ca-�-sialon (CaxSi12-(m+n)Alm+nOnN16-n, x=m/
2=n) with elongated � grains was fabricated by
hot pressing. Although Ca-�-sialon has a rather
wide solubility region, but along the m=2n line,
the single phased �-sialon was observed to be
restricted on x around 0.6. 21R-polytypoid occurs
in the samples when x is more than 1 and its con-
tent becomes higher when the composition shifts to
higher x value. Based on the results of cell dimen-
sion and EDAX determination for Ca-�-sialon, a
revised relationship between cell dimensions and

Fig. 9. TEM micrograph of 21R in the composition C140.
The corresponding electron di�raction micrograph along [100]

direction of 21R is shown on the top left corner.

Table 3. Mechanical properties of Ca-�0 hot pressed at 1750
C/1 h

Sample
No.

Phases
present

Hv10 K1c

(MPa.m1/2)

C30 �0 s; �0 mw; � w 1886 4.4
C60 �0 s; � tr. 1975 5.1
C100 �0 s; 21R vw 1815 5.6
C140 �0 s; 21R w 1767 5.5
C160 �0 s; 21R mw 1638 5.6
C180 �0 s; AlN m; 21R w 1550 5.8
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compositions was suggested, which indicates that
Ca+2 entering �-sialon structure will cause a bigger
expansion than the other elements. When x is less
than 1.4, about 70% of Ca+2 in nominal compo-
sition enters �0 structure with the remainder in
grain boundary of the material. With the composi-
tions shifting towards high x value, the elongated
�-sialon grains and 21R increase and the fracture
toughness increases as well, but the hardness
decreases. The best combination of the fracture
toughness (5.1±5.6MPa.(m1/2) and the hardness
(1975±1815Hv10

) occurs in the compositions with x
value of 0.6 to 1.0.
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