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Y0.67Si9Al3ON15 and Dy0.4Y0.3Si8.85Al3.15O1.05N14.95 ceramics were prepared by Spark Plasma
Sintering (SPS) with and without heat treatment at 1700◦C for 7 h or 17 h, and their optical
transmittance were investigated over the wavenumber range 4000–1500 cm−1. The results
showed that the assemblages of the SPS-ed samples consisted of single crystallized
α-sialon phase in both compositions. EDS analysis indicated that α-sialon was mainly
stabilized by Dy3+ in the multi-cation (Dy,Y)-α-sialon composition. The SPS-ed specimens
showed relatively high optical transmission properties, and the maximum transmittance
reached around 65% at 2800 cm−1 for 0.5 mm thick specimens of both compositions. The
7 h heat treatment caused the formation of small amount of melilite phase, resulting in
non-uniform microstructure and decrease in optical transmittance. Extended heat treatment
for 17 h led to more homogenous microstructure and increased the transmittance to some
extent. Less melilite was formed in the multi-cation (Dy,Y)-α-sialon composition than in the
single cation Y-α-sialon after heat treatment, and the transmittance of (Dy,Y)-α-sialon was
also higher than that of Y-α-sialon. C© 2004 Kluwer Academic Publishers

1. Introduction
α-sialon (abbreviated as α′), a solid solution of
α-Si3N4, has a general composition expressed as
Mx Si12-(m+n)Al(m+n)OnN16-n [1], where M represents
Li, Ca, Mg, Y and some lanthanide elements [2–4].
In comparison to Si3N4, α′ material offers advantage
of easier fabrication because of the lower viscosity of
the M-Si-Al-O-N liquid phase formed during sinter-
ing. Another advantage of α′ is the ability to reduce
the amount of residual glassy phase as the α′ phase can
incorporate the stabilizing element into its structure to-
gether with the substitution of Al and O for part of Si
and N. Furthermore, α′ exhibits higher hardness and
better thermal shock resistance than β-sialon.

Although there are only a limited number of stud-
ies on the optical properties of sialon ceramics [5–
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7], α′ with high optical transparency attracts our at-
tention. It is considered that the application field of
sialon ceramics would be broadened, for example used
in optical window and missile dome at high temper-
ature or under severe conditions, if they can be pre-
pared with high optical transparency. The present work
focused on Y-α′ and multi-cation (Dy,Y)-α′ systems
and studied the effects of stabilizer in the compositions
and different thermal treatment time with fixed tem-
perature on the optical transmission of α′ ceramics at
wavenumbers 4000–1500 cm−1. All samples were pre-
pared by spark plasma sintering (SPS), a rapid consol-
idation technique, to ensure high density. Subsequent
heat treatment was performed on these samples and its
influence on the optical properties of α′ ceramics was
studied.
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2. Experimental
Two compositions, Y0.67Si9Al3ON15 and
Dy0.4Y0.3Si8.85Al3.15O1.05N14.95,(named as Y67
and Dy4Y3 respectively) used in this study lie on the
Si3N4-9AlN:Y2O3 (m = 2n) tie line of the α′ plane in
the system of M-Si-Al-O-N (M = Y or Dy/Y) accord-
ing to the formula of Rm/3Si12-(m+n)Alm+nOnN16-n .

Starting powders of α-Si3N4 (SN-10, UBE Indus-
tries, Japan, 1.3 wt%O), AlN (Wuxi Chemical Plant,
China, 1.3 wt%O), Dy2O3 (99.9%, Yaolong Chemical
Plant, China) and Y2O3 (99.99%, Yaolong Chemical
Plant, China) were milled in absolute alcohol for 24 h
in a plastic jar, using sialon milling media, and then
dried under an infrared lamp. The oxygen content on
the surface of Si3N4 and AlN was not taken into ac-
count when calculating the starting compositions. This
is because the compositions consisted of α-Si3N4, AlN
and Dy2O3/Y2O3 with the different molecular ratios,
and the compensation of oxygen content is difficult to
be made without Al2O3 as the starting material, imply-
ing that these two compositions would be shifted to-
wards the side of oxygen rich. Pellets of dried powders
were sintered under nitrogen atmosphere in a Dr. Sinter
1050 Spark Plasma Sintering (SPS) apparatus (Sumit-
omo Coal Co. Ltd., Japan). Compacts were placed be-
tween two carbon rams in a cylindrical carbon die with
an inner diameter of 20 mm. The pellets were heated at
a rate of 100◦C/min under 50 MPa between the rams.
The temperature during SPS was measured by infrared
thermometer, which is similar to the method of temper-
ature measurement used in hot pressing. The shrinkage
and shrinkage rate of specimen were recorded by mon-
itoring the displacement of the rams. When no sample
shrinkage was detected, the temperature was held con-
stant for 75 s before the power was shut off. Heat treat-
ment was carried out at 1700◦C for 7 and 17 h respec-
tively in a graphite resistance furnace under protective
nitrogen atmosphere.

Bulk densities of specimens were measured by the
Archimedes principle. Phase assemblages were deter-
mined by XRD using a Guinier-Hägg camera with Cu
Kα1 radiation and Si as an internal standard. The mea-
surement of X-ray film and refinement of lattice param-
eters were completed by a computer-linked line scan-
ner (LS-18) [8] system and the program PIRUM [9].
Microstructure observation of the specimens was per-
formed under a field emission Scanning Electronic Mi-
croscope (Jeol JSE-6700F) equipped with an energy

T ABL E I Bulk densities, phase assemblages of specimens and cell dimensions of α′ phase

Phase assemblageb Unit cell dimensions
Starting
composition

Sintering
procedurea

Bulk density
(g/cm3) α′ M a (Å) c (Å) V (Å3)

Y67 SPS 3.37 s 7.840(1) 5.718(1) 304.35
SPS+HT 7 h 3.38 s w 7.830(1) 5.711(1) 303.23
SPS+HT 17 h 3.39 s w 7.830(1) 5.710(1) 303.12

Dy4Y3 SPS 3.55 s 7.843(1) 5.721(1) 304.80
SPS+HT 7 h 3.56 s vw 7.836(1) 5.717(1) 304.04
SPS+HT 17 h 3.57 s tr 7.836(1) 5.716(1) 303.92

aSPS = Spark plasma sintering, HT = Heat treatment at 1700◦C.
bα′ = α-sialon, M = melilite, s = strong, w = weak, vw = very weak, tr = trace.

dispersive X-ray spectrometer (EDS) (Oxford/LINK
ISIS 3.00). Optical transmissions at wavenumbers
4000–1500 cm−1 (2.5–6.6 µm) were measured by FT-
IR (NICOLET NEXUS).

3. Results and discussion
The sintering temperatures for obtaining densified Y67
and Dy4Y3 were 1600◦C. The direct experiment and
numerical simulation have shown that in the condition
applied in SPS experiment the temperature inside the
die is higher than what measured by the pyrometer,
such a difference is about 100◦C [10, 11]. By count-
ing in this difference the temperature required for SPS
appears lower than what required by, for instance, con-
ventional hot pressing. The enhanced densification in
SPS has been ascribed to the non-equilibrium nature
of the process [12]. Bulk densities of SPS-ed Y67 and
Dy4Y3 are 3.37 and 3.55 g/cm3 respectively. The 7 and
17 h heat treatment did not induce a significant change
in the bulk densities of the specimens, as listed in
Table I. Single α′ phase was obtained for both compo-
sitions by SPS with a holding time of only 75 s, as con-
firmed by the XRD analysis. Heat treatment at 1700◦C
for 7 h led to the formation of a small amount of a
second crystalline melilite phase in both compositions,
although the melilite content was higher in Y67 than in
Dy4Y3. Extending the heat treatment time to 17 h did
not increase the amount of melilite phase in Y67, and
decreased the melilite content in Dy4Y3. Table I also
lists the cell dimensions of α′ phase for both SPS-ed
and heat treated samples. The lattice parameters of α′
phase in SPS-ed Dy4Y3 is larger than that in SPS-ed
Y67, which is attributed to the slightly higher x value
in the composition of Dy4Y3 than that in Y67, and the
larger ionic radius of Dy3+ than Y3+. According to the
empirical equations for the unit cell dimension of α′ in
the Y-containing α′ [13], the lattice parameters a and c
corresponding to m = 2.0 (n = 1.0) would be about
7.851 and 5.725 Å respectively, which are just little
larger than the values of a(7.840 Å) and c(5.718 Å) of
Y67 measured based on XRD film data (see Table I). On
the other hand, the measured lattice parameters a and
c correspond to m ∼ 1.97 and n ∼ 0.94 respectively
[13], thus implying the effect of the shift of composition
from the intended one resulted from the oxygen content
of the starting powders on the presence of a substan-
tial amount of residual grain boundary phase could be
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Figure 1 SEM micrographs by back-scattering mode of: (a) SPS-ed Y67 specimen and (b) SPS-ed Dy4Y3 specimen.

ignored. The cell dimensions of the α′ phase decreased
in both Y67 and Dy4Y3 samples after heat treatment
for 7 h. However, the decrease in unit cell dimensions of
the α′ phase was larger in Y67 than in Dy4Y3, imply-
ing more cations entered into the grain boundary phase
from the α′ phase in Y67, thus crystallizing with con-
stituents in the glass as melilite phase. When the heat
treatment time was increased from 7 to 17 h, the cell
dimensions of α′ phase in each sample were constant
within the range of deviation.

The micrographs in back-scattering mode of SPS-ed
Y67 and Dy4Y3 specimens are shown in Fig. 1. It is ob-
served that α′ grains around the size of 0.4–0.8 µm are
homogeneously distributed in the SPS-ed Y67 sample
and a very small amount of grain boundary glassy phase
can be seen by the white area in the micrograph because
of enrichment of Y. In contrast, the size distribution of

Figure 2 SEM micrographs by back-scattering mode of: (a) SPS-ed Dy4Y3 specimen after heat treatment at 1700◦C for 7 h, (b) EDS pattern of α′,
(c) EDS pattern of melilite phase and (d) EDS pattern of AlN-polytypoids.

α′ grains in Dy4Y3 sample is less uniform and a larger
amount of intergranular glassy phase can be found in
Dy4Y3 compared to Y67. Fig. 2a is the micrograph
of Dy4Y3 after 7 h heat treatment in back scattering
mode. The difference in SEM images of Dy4Y3 before
and after heat treatment is obvious, as shown in Fig. 1b
and Fig. 2a respectively. The gray colored phase was
more uniformly distributed after heat treatment. The
white colored phase could have been formed due to the
intergranular accumulation of heavy atoms, such as Dy
and Y, and subsequent crystallization. The XRD analy-
sis indicated the gray regions in the figure to be mainly
composed of α′ and the white regions to be grain bound-
ary melilite phase and intergranular glassy phase. Some
dark regions with elongated shape were also observed
in the micrograph, which may result from another
crystallized phase. However, its identity could not be
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determined by XRD because of its low phase content.
EDS was used to analyze the elemental distribution of
the gray, white and dark regions in the SEM micro-
graph. The EDS patterns in Fig. 2b and c are consistent
with the elemental distribution of α′ and melilite phases
respectively. The EDS spectrum obtained from one of
the darker areas, is close to the AlN-polytypoids phase,
if Dy3+ can be excluded. The solubility of Mg2+ and
Sr2+in AlN-polytypoids phase has been reported [14],
but there has been no literature on Dy3+incorporated
AlN-polytypoids. Further work regarding the analysis
of this phase is needed. It is noted that only Dy3+, not
Y3+, was detected in the gray region of the SEM image,
as shown in EDS pattern of Dy4Y3 sample in Fig. 2b.
The selective solubility of cations in multi-cation α′ has
been reported, in which one cation, having high solu-
bility in the α′ structure, would dominant in stabilizing
the α′ phase and another one with low solubility mainly
remained in the grain boundary [15–18]. It is not the
case for the present situation, however, as Dy3+ has
similar solubility and ionic radius to that of Y3+. The
reason for this result is unclear. On the other hand, both
Dy3+ and Y3+ were present in the melilite phase, as
confirmed by EDS on the white region of the SEM im-
age. Fig. 3 show the SEM micrograph of Dy4Y3 after
being heat treated for 17 h and the corresponding EDS
patterns taken from the gray, white and dark regions of
the SEM image. No significant change was observed in
the SEM images by extending the heat treatment time
from 7 to 17 h, except that the white area was increased,
probably due to the diffusion of heavy atoms with ex-
tended holding at high temperature. On the other hand,
both Dy3+and Y3+ contents in melilite and Dy3+ con-

Figure 3 SEM micrographs by back-scattering mode of: (a) SPS-ed Dy4Y3 specimens after heat treatment at 1700◦C for 17 h, (b) EDS pattern of
α′, (c) EDS pattern of melilite phase and (d) EDS pattern of AlN-polytypoids.

TABLE I I The maximum values of optical transmission of SPS-ed
α-sialon specimens with and without heat treatment

Maximum of optical transmission (%)

Sample SPS-ed Heat treat-ed for 7 h Heat treat-ed for 17 h

Y67 66 47 56
Dy4Y3 64 56 66

tent in AlN-polytypoids phase were slightly decreased
according to EDS results, while the elemental analysis
of α′, including the result of absence of Y3+ in α′ grains,
was similar to that following the 7 h heat treatment.

SEM micrographs in secondary electron mode were
also taken on etched Y67 samples in order to better un-
derstand the α′ grain growth during heat treatment, as
shown in Fig. 4. The grain size of α′ in SPSed Y67 was
0.4–0.8 µm (see Fig. 4a). Following a 7 h heat treat-
ment, the size distribution of α′ grains became inhomo-
geneous; equi-axed and elongated grains co-existed in
the specimen, with the size of some of them being less
than 0.5 µm, while some being larger than 2.0 µm (see
Fig. 4b). The 17 h heat-treated specimen exhibited a
more homogeneous size distribution of α′ grains, with
mostly equi-axed morphology and larger than 1.0 µm
grain size (see Fig. 4c).

Fig. 5 show the optical transmittance curves (4000–
1500 cm−1) of SPS-ed Dy4Y3 and Y67 specimens with
0.50 mm thickness and heat treated for 7 and 17 h
respectively. The maximum optical transmittances of
SPS-ed Dy4Y3 and Y67 with and without heat treat-
ment are listed in Table II. Before heat treatment, the
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Figure 4 Micrographs of: (a) SPS-ed Y67 specimen, (b) SPS-ed Y67 + heat treatment for 7 h and (c) SPS-ed Y67 + heat treatment for 17 h.

Figure 5 Optical transmittance of Dy4Y3 and Y67 specimens (0.5 mm in thickness): (a) SPS-ed, (b) after 7 h heat treatment and (c) after 17 h heat
treatment.

maximum value of transmittance of SPS-ed Dy4Y3 was
about 64%, and SPS-ed Y67 had a slightly higher opti-
cal transmittance at 66%. There is an absorption peak at
about 3540 cm−1 on the transmittance curve of Dy4Y3
that corresponds to the 6H15/2 →6H11/2 electron tran-
sition of Dy3+. A 7 h heat treatment caused a decrease

in optical transmittance for both samples, as shown
in Fig. 5b, and the maximum optical transmittance of
Dy4Y3 (56%) was higher than that of Y67 (47%). With
17 h heat treatment, the optical transmittance of both
samples increased, to 66 and 56% for Dy4Y3 and Y67
respectively (see Fig. 5c)).
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It is well known that the main factors affecting opti-
cal transmittance of polycrystalline ceramics are den-
sity, phase assemblage, microstructure and uniformity
of the material [19]. There was no appreciable change
in the bulk densities of SPS-ed samples with and with-
out heat treatment (see Table I), suggesting that the
density is not a very important factor to influence the
optical transmission of samples in the present work. As
mentioned above, there are some differences in SEM
images between Dy4Y3 and Y67 after SPS, although
both samples consisted of single α′ phase. More grain
boundary glassy phase was observed in Dy4Y3 than in
Y67. The fact that the optical transmittances of SPS-ed
Dy4Y3 and Y67 samples were similar implies that the
constituents of the grain boundary phase did not seem to
affect the optical transmission for the specimens with-
out heat treatment. After heat treatment for 7 h, the
crystalline melilite phase formed in both samples, and
the content was higher in Y67 than in Dy4Y3. This may
result in a change in refractive index of the intergran-
ular phase because of both the formation of melilite
and the change in the constituents of the grain bound-
ary in the samples. The 7 h heat treatment also pro-
duced the bimodal microstructure as shown in Fig. 4b,
in which some α′ grains grew as a result of some smaller
grains being consumed, thus resulting in the inhomoge-
neous distribution of grains sizes. The decrease in opti-
cal transmittance is therefore attributed to the formation
of melilite phase and inhomogeneous microstructure in
the materials.

As the heat treatment time prolonged to 17 h, the
amount of melilite phase in Y67 was unchanged, but
most α′ grains developed an equi-axed morphology and
the distribution of grain size became more homoge-
neous than that following the 7 h heat treatment. The
increased optical transmittance of Y67 from 47 to 56%
when heat treated for 17 h is attributed to the im-
proved microstructure and slightly increased density.
The transmittance of Dy4Y3 was consistently higher
than that of Y67 under both heat treatment conditions.
This may be related to the rare earth ion distribution in
α′ grains and intergranular phase, as Dy3+ were mainly
incorporated into α′ structure, while all Y3+ existed in
the melilite and intergranular phase. The contribution
of decreased amount of melilite in Dy4Y3 after 17 h
heat treatment to the increased transmittance is also
noted.

4. Conclusions
Fully densified specimens consisting of single
crystalline α-sialon phase could be obtained by
spark plasma sintering with Y0.67Si9Al3ON15 and
Dy0.4Y0.3Si8.85Al3.15O1.05N14.95 compositions. The
SPS-ed samples had relatively high optical trans-
mission properties, and the maximum transmittance
for 0.50 mm thick samples reached about 65% in
4000–1500 cm−1 wave numbers. After heat treat-
ment for 7 h, the optical transmittances of both
samples decreased. However, the transmittance of
Dy0.4Y0.3Si8.85Al3.15O1.05N14.95 was increased to the
same level as before treatment by the extending
the heat treatment time to 17 h. The transmittance

of Y0.67Si9Al3ON15 was lower than its counterpart
Dy0.4Y0.3Si8.85Al3.15O1.05N14.95 under the same heat
treatment condition.

In α-sialon systems, the distribution of size and shape
of α-sialon grains, amount and constituents of grain
boundary glassy phase, and the second crystallized
phase, are key factors affecting the optical transmis-
sion of samples. Better optical transmission properties
can be obtained from materials with homogeneous mi-
crostructure and grains with equi-axed α-sialon grain
morphology.

The results reveal that α-sialon ceramics with high
transmittance at infrared wavelengths could be as a
promising infrared window material used at high tem-
perature or under severe conditions, combined with its
excellent mechanical properties.
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