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bstract

sing 0.5 wt.% La2O3 as a sintering additive, Mg-doped sialon composite with the maximum infrared transmittance of 50% was fabricated by
ot pressing at 1800 ◦C. The addition of La2O3 significantly promotes the densification process of Mg-doped sialon and the anisotropic growth

1/2
f �-sialon grains. As a result, the sintered material exhibits high hardness (20.2 GPa), fracture toughness (4.8 MPa m ) and flexural strength
664 MPa). Furthermore, the nano-sized glassy phases concentrated at triple junctions have no obviously negative impact on infrared translucency
f Mg-doped sialon.
rown Copyright © 2011 Published by Elsevier Ltd. All rights reserved.
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. Introduction

Sialons are Si3N4-based solid solutions, where silicon and
itrogen are partially replaced by aluminum and oxygen.1 They
xist in two polymorphic forms, � and �, with the same hexag-
nal crystals but different stacking sequences along c axes.1

ompared with �-sialon, �-sialon can still accommodate stabi-
izing cations M into its structure, where M is Li+, Mg2+, Ca2+,
r one of most rare earth cations, thus providing an excellent
pportunity to prepare fully dense �-sialon or �/�-sialon ceram-
cs with a reduced amount of grain-boundary phase by transient
iquid sintering.2

In the past decades, sialon ceramics have been exten-
ively investigated for structural engineering applications due
o their excellent mechanical, thermal and chemical properties.1

ecently, optical translucency of sialon ceramics has attracted
2–10
ntensive interest. It is generally assumed that full den-

ification and little residual grain-boundary phase should be
imultaneously satisfied for achieving high transmittance in
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ialon.2,6,11 Based on the point of view, considerable efforts
ave been made to reduce the amount of grain-boundary phase
s far as possible in fully dense sialon ceramics.2,4,6–8,10,12 To
ate, various single-phase �-sialon ceramics doped with single
r dual cations, including Li+, Gd3+, Dy3+, Y3+, Lu3+, Y3+/Yb3+,
a2+/Nd3+, etc.,2,6–8,10,12 have been fabricated with high trans-
ission, especially in the ranges of near and middle infrared
avelength. In addition, translucent �-sialon ceramics rein-

orced by elongated �-sialon and/or AlN polytypoid grains such
s Y-�/�-sialon were developed.5 As mentioned above, Mg2+

an also be incorporated into the �-sialon lattice. In most cases,
owever, the densification of Mg-stabilized sialon is extremely
ifficult by conventional sintering methods like hot pressing due
o the absence of high-temperature liquid.13,14 The fully dense

g-stabilized sialon with high transmittance was only obtained
y spark plasma sintering at 1850 ◦C so far.15

On the other hand, owing to low viscosity of La-containing
iquid, La2O3 has been widely used as a sintering additive to
ensify �-sialon ceramics.13,16,17 Moreover, La2O3 can also

romote the development of elongated grains, resulting in the
mprovement of fracture toughness.17,18 However, the research
y Kuang et al. indicated that La3+ could not be absorbed into the
nterstitial sites of �-sialon when combined with Mg2+ although
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very small amount of La3+ have been observed in Ca2+- or
b3+-doped �-sialon grains.2,13 This means that addition of
a2O3 would readily yield residual grain-boundary phase in
g-doped sialon after sintering, and thereby deteriorate its opti-

al properties. However, some literatures have indicated that
he light scattering in composite could be negligible when the
ize of grain or other phase is far smaller than the wavelength
f incident light.19,20 For example, Beall et al. suggested that
ransparent two-phase glass-ceramic could be prepared when
he size of the crystallites was smaller than 0.1 �m.19 Jiang
t al. reported that Y2O3–MgO nanocomposite possessed high
nfrared transmittance above 80% in the wavelength range of
–7 �m although there was a large difference in the refractive
ndices between Y2O3 and MgO.20 Hence, we believe that it is
ossible to achieve high translucency in Mg-doped sialon with
a2O3 as a densification aid if residual intergranular phase is
ainly concentrated on nanometer scale at triple pockets. In

his work, the authors report that translucent Mg-stabilized �/�-
ialon composite was fabricated by hot pressing with 0.5 wt.%
a2O3 as a sintering additive. The influence of La2O3 on phase
omposition, microstructure, optical, and mechanical proper-
ies is investigated as well. The present study is expected to
ive a new approach to obtain the sialon ceramics with a good
ombination of optical and mechanical properties by adding an
ppropriate amount of sintering aids.

. Experimental procedure

The composition investigated here was located on
he �-sialon plane and represented by the formula

gm/2Si12−(m+n)Alm+nOnN16−n with m = 0.8, and n = 1.0.
tarting powders of �-Si3N4 (E-10, Ube Industries, Japan),
lN (F grade, Tokuyama Co., Japan), Al2O3 (AKP-50,
umitomo Chemical, Japan) and MgO (Shanghai chemical,
hanghai, China) were used. The residual oxygen in �-Si3N4
nd AlN was taken into account. 0.5 wt.% La2O3 (Shanghai
hemical, Shanghai, China) of the weight of mixture was
dded to reach complete densification. The powder mix-
ure was ball milled in absolute alcohol for 24 h with
i3N4 milling media, and then dried at 70 ◦C in a rotary
vaporator.

20 g of the mixed powders was hot pressed in a graphite
esistance furnace at 1800 ◦C for 1 h under a 0.1 MPa nitro-

en atmosphere, with a uniaxial pressure of 30 MPa. A heating
ate of 8 ◦C/min was applied between 1400 ◦C and 1800 ◦C.
fter sintering, the sample was naturally cooled inside the

urnace. For comparison, the sample without La2O3 was also

3

t

able 1
ensity, phase assemblage, �-sialon lattice parameter and mechanical properties of M

ample Density (g/cm3) Phase assemblage Lattice parameter of �-sia

a (Å) c (Å)

08 2.96 �′/vs, 12H′/w, �′/vw – –
08L 3.21 �′/vs, 12H′/w, �′/w 7.7920 (8) 5.6576 (1)

′, �-sialon; �′, �-sialon; vs, very strong; w, weak; vw, very weak; HV, hardness; KIC
ig. 1. SEM micrograph of fracture surface of the sample with 0.5 wt.% La2O3.

nvestigated under identical conditions. The samples without
nd with La2O3 were named as M08 and M08L, respectively.

The as-sintered samples were ground and then polished
n both surfaces. Densities of the samples were measured
ccording to Archimedes principle. Phase assemblage was
dentified by X-ray diffractometry (XRD; Model D/MAX-
BX, Rigaku Co., Tokyo, Japan) with CuK� radiation. Lattice
arameters were determined by XRD using Si as an inter-
al standard. The actual solubility x of Mg2+ in �-sialon
gxSi12−(m+n)Alm+nOnN16−n was calculated following the for-
ula reported by Cai et al.21 Microstructure was characterized

y scanning electron microscopy (SEM; S-3400, Hitachi,
apan). Selected area electron diffraction (SAED) was con-
ucted under transmission electronic microscopy (TEM; Model
010F, JEOL, Tokyo, Japan). High resolution transmission elec-
ron microscopy (HRTEM) and high-angle annular dark-field
canning transmission electron microscopy (HAADF-STEM,

odel TECNAI G2 F20, FEI Co., Eindhoven, Netherlands)
ttached with energy dispersive X-ray spectroscopy (EDS)
ere used to observe grain boundaries. Infrared transmittance
as investigated using Fourier transform infrared spectrometer

FTIR; ThermoNicolet Nexus, Waltham, MA). Flexural strength
as measured on bars (3 mm × 4 mm × 36 mm) using a three-
oint bend fixture with a span of 30 mm at room temperature.
ickers hardness and indentation fracture toughness were deter-
ined at room temperature under a load of 10 kg for 15 s.
. Results and discussion

Bulk densities, phase assemblages and lattice parameters of
he sintered samples are listed in Table 1. After sintered, the

g-doped sialon.

lon HV (GPa) KIC (MPa m1/2) Flexural strength (MPa)

xactual

– – – –
∼0.34 20.2 ± 0.2 4.8 ± 0.2 664 ± 16

, fracture toughness.
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08L sample reached full densification (3.21 g/cm3), while the
ensity of the sample without La2O3 was only 2.96 g/cm3. This
hows that the addition of La2O3 could efficiently promote the
ensification process of Mg-doped sialon. The XRD results indi-
ate that �-sialon was formed as the main crystalline phase
oexisting with minor amounts of AlN polytypoid and �-sialon
n both samples. It should be noted, moreover, that the amount
f �-sialon was increased as La2O3 was added. The calculated x
alue of �-sialon in M08L is 0.34, which is less than the nominal
ne of 0.4. This implies that some Mg2+ cation may be dissolved
nto AlN polytypoid and/or left at the intergranular phase since
-sialon is not able to accommodate any stabilizing cations.

SEM micrograph of fractured surface of the M08L sample is
ndicated in Fig. 1. As shown, a small proportion of elongated
-sialon and AlN polytypoid grains are dispersed in the dense
atrix of approximately equiaxed �-sialon grains. Occasionally,
ne elongated �-sialon grains with high aspect ratio can also
e observed. TEM image of the M08L sample is illustrated in
ig. 2(a), where the fine elongated grains with approximately
.2 �m in width and 1 �m in length are identified as 12H by
AED. The corresponding EDS spectrum (Fig. 2(b)) further

ndicates that the AlN polytypoid consists of Mg besides Al, Si,
and N and then is denoted as 12H′ in terms of the literature.13

n addition, the EDS pattern of �-sialon is given in Fig. 2(c), in
hich there is no signal for La, suggesting that La was hardly

ncorporated into the matrix. Fig. 3(a) shows STEM image of
he M08L sample. It can be seen that the bright La-rich phases
ith a size of <50 nm primarily concentrate at some triple grain

unctions since larger average atomic number results in brighter
ontrast. The EDS result (see Fig. 3(b)) demonstrates that the La-

ich phase consists of La, Mg, Si, Al, O and N. According to the
iterature,13,17 the La-rich phase is believed to be glassy rather
han crystalline. However, there is no or little glassy phase at the

t
s
a

Fig. 2. (a) TEM micrograph of the sample with 0.5 wt.% La2O3 and the inset b
eramic Society 32 (2012) 931–935 933

ost interfaces between grains, as further described by HRTEM
mage (Fig. 3(c)). Similar microstructure was also observed in
c/Lu-doped �-sialon with an excess of 2 wt.% Sc2O3/Lu2O3.11

In general, penetration of liquid to grain boundaries is deter-
ined by the ratio of the solid–solid interfacial energy γss to

olid–liquid interfacial energy γsl and the corresponding dihe-
ral angle Ψ .22 Isolated liquid phases are formed and partially
enetrate the triple-grain conjunctions when the Ψ value is more
han 60◦. Kleebe reported that there were clean interfaces at
oom temperature versus wetted grain boundaries at elevated
emperature in the �-sialon (Si5AlON7) ceramic.23 It has been
emonstrated that the dewetting phenomenon was caused by
he increase in solid–liquid interface energy when a slow cool-
ng rate was applied. In the present work, the addition of La2O3
nhances the densification of Mg-doped sialon and anisotropic
rowth of �-sialon. It is believed, therefore, that there may be
he similar wetting–dewetting behavior between grains when the

g0810L sample was cooled on normal condition.
The infrared transmittance curve of M08L sample with

.5 mm in thickness in the wavelength range of 1–5 �m is shown
n Fig. 4(a). The transmittance increases rapidly from ∼20% at
he lowest wavelength of 1 �m to ∼40% at 2 �m. In the range
f 2.3–4.5 �m, the sample keeps high transmittance above 45%
nd the maximum value reaches 50% at ∼3.7 �m. Beyond the
avelength of 4.5 �m, the transmittance drastically decreases

nd the cutoff is ∼5 �m. The optical photograph of a polished
lice with a square of 12 mm × 12 mm is shown in Fig. 4(b),
here the underlying text is moderately visible.
In addition to good infrared optical properties, the obtained

omposite also possesses high hardness (20.2 GPa), frac-

ure toughness (4.8 MPa m1/2) and room-temperature flexural
trength (664 MPa), as listed in Table 1. The improved strength
nd toughness are undoubtedly attributed to high density and the

eing SAED pattern of 12H′; EDS patterns of (b) 12H′ and (c) �-sialon.
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Fig. 3. (a) STEM micrograph, (b) EDS pattern of La-rich phase at trip

ormation of fine elongated �-sialon grains. Additionally, the
omposite is expected to show good high-temperature strength
nd oxidation resistance due to neat grain-boundary interface.
he high-temperature properties are currently under investiga-

ion.
Among all �-sialons, the densification of Mg system is con-

idered to be the most difficult because the highly refractory
g-containing phase deprives the compact of the sintering

iquid.13,14 In this work, the Mg-doped sialon achieved satis-
ed densification after adding only 0.5 wt.% La2O3. Compared
ith other rare earth-containing liquid, La-containing oxyni-

ride liquid has the lowest viscosity and the highest solubility
f N due to the lowest field strength of La3+.17 Consequently,
t is proposed that the densification and phase transformation

f Mg-doped sialon are significantly promoted via the solution-
eprecipitation mechanism in the presence of a larger amount
f low-viscosity La-containing liquid phase during sintering.

p
p
p

Fig. 4. (a) Optical transmittance curve and (b) appearan
ckets and (c) lattice fringe image of the sample with 0.5 wt.% La2O3.

he increased amount of liquid could partly result from the
issolution of more metal cations like Mg2+ and nitrogen ions
nto La-containing liquid (see Fig. 3(b)). Since the addition of
a2O3 results in the dissolution of some Mg2+ cations into

he La-containing grain-boundary phase, the reduced amount
f stabilizer in the crystalline phases gives rise to the for-
ation of more �-sialon. As a result of a larger amount of

ow-viscosity La-containing liquid, the anisotropic growth of
-sialon is greatly promoted. When the sample was naturally
ooled inside the furnace, the liquid phase at the two-grain junc-
ions would migrate toward the triple-grain junctions due to the
ncrease of solid–liquid interface energy, as mentioned above.

The loss of transmission in polycrystalline ceramics com-
only comes from the light scattering centers such as residual
ores, secondary crystalline phases and grain-boundary glassy
hase.2,24 In this study, the influence of pores on the optical
roperties could be neglected because the La2O3-added sample

ce of the La-containing slice of 0.5 mm thickness.
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23. Kleebe HJ, Pezzotti G. Grain boundary wetting dewetting in z = 1 SiAlON
ceramic. J Am Ceram Soc 2002;85(12):3049–53.
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chieved full densification. Due to the refractive indices similar
o �-sialon, �-sialons and other secondary crystalline phases like
lN polytypoid are found not to apparently comprise the optical

ransmittance of translucent Y-�/�-sialon and ScLu-�-sialon,
specially in the infrared region.5,11 So the scattering caused by
-sialon and 12H′ AlN polytypoid should be low in the inves-

igated composite. It is generally thought that grain-boundary
lassy phase in sialon ceramics could seriously deteriorate the
ptical properties.2 However, in the sintered Mg-doped sialon,
he addition of 0.5 wt.% La2O3 only results in a relatively small
mount of residual glassy phase. More importantly, the residual
ntergranular glassy phase mainly exists on nanometer scale at
riple junctions. Hence, in the present work, small amounts of
ano-sized glass has little effect on the middle infrared trans-
ittance according to the proposition that the light scattering

ecreases with decreasing the size of scattering centers.24 But
he glassy phase as well as secondary crystalline phases still
robably gives rise to scattering in the near infrared region to
ome extent, i.e., the wavelengths of less than 2 �m, as illustrated
n Fig. 4(a). Similar observations were reported in the literature
n transparent glass-ceramic and Y2O3–MgO.19,20

. Conclusions

In summary, the addition of 0.5 wt.% La2O3 significantly
romotes the densification process of Mg-doped sialon and the
rowth of elongated �-sialon grains, which result in excellent
echanical properties. In addition, the sample achieves rela-

ively high infrared transmittance. The results indicate that a
mall amount of nano-sized grain-boundary glassy phase has no
bviously negative impact on the middle infrared translucency
f Mg-doped sialon. The capability to prepare sialon ceramics
omposite with a combination of good optical and mechanical
roperties would further widen their applications.
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