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Abstract

SiAION is a ceramic alloy (solid solution of Si;N4-Al,O3) which is discovered in the early 1970s. Since then, SIAION ceramics
have been used for structural applications due to its excellent fracture toughness and strength, outstanding chemical stability, and
wear resistance. However, this material has also an enormous potential for functional applications. In this study, the effects of co-
dopants on the IR transmittance of «-SiAION ceramics were investigated. Compositions were designed by using two different
cation combinations (Dy>*-La®*) and (Y**-La’"). Starting powder mixtures were sintered by means of spark plasma sintering
(SPS) technique. Microstructure and phase characterization of the samples was carried out by scanning electron microscope
(SEM) and X-ray diffraction (XRD), respectively. The infrared transmission of x-SiAION ceramics was measured by Fourier
transform infrared spectroscopy (FTIR) in the range of 2000~7000 cm ™. The results were discussed according to the relationship
between density, phase composition, microstructure, and optical properties.
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Introduction

SiAION is a kind of ceramic alloy (the solid solution of silicon
nitride) which is produced by a combination of four elements
(silicon (Si), aluminum (Al), oxygen (O), and nitrogen (N)).
As a result of substitution for Si by Al with a corresponding
atomic replacement of N by O, SiAION has superior proper-
ties than Si3Ny such as high strength (even at high tempera-
tures), good thermal shock resistance, and exceptional resis-
tance to corrosion. SiAION has two well-known phases, «-
and (3-SiAION, based on the structure of «- and (3-SizNy4
respectively. Furthermore, it is possible to fabricate ceramic
materials with significantly improved fracture strength and
toughness by a combination of hard & and tough 3 phase
SiAION [1]. So, SiAION ceramics have been widely used
for extremely harsh structural applications since the 1970s.
The general formula of «-SiAION is My—Sij2—msmAlms
2OnN16-n Where M is one or more metal ionic, alkali, or rare
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earth. During the formation of «-SiAION, Al substitution for
Si is accompanied by interstitial M filling. Due to this reason,
in comparison with (3-SiAION, additive oxides cause a re-
duced amount of grain boundary phase in «x-SiAION ce-
ramics. The solubility of an additive cation in x-SiAION tends
to decrease with an increase in its size. Previous studies reveal
that smaller interstitial cations promote the formation of
single-phase &-SiAION [2]. Lanthanum oxide (La,0O3) was
used as a sintering aid to produce Si;N4 and SiAION ceramics
[3, 4]. Even though lanthanum is the largest rare-earth cation,
it has been reported that coupling lanthanum with calcium or
ytterbium can promote the formation of «-SiAION phase [4].

In addition to the stabilization of x-SiAION phase, additive
oxides were used to improve densification behavior and tailor
final morphology of SiAION ceramics. Even though o-
SiAION grains tend to form in equiaxed morphology, some
published studies show that elongated «x-SiAION grains can
form where the amount of transient liquid is high and the
viscosity of the liquid is low [5]. Huang et al. observed elon-
gated grain formation in x-SiAION ceramics co-doped with
Li-Y and Ca-Y [6]. Shen et al. also found that rare-earth in-
terstitial cations with an atomic weight such as Nd and Sm
promoted the formation of elongated «-SiAION grains [7].
Wei et al. tailored «-SiAION final morphology and mechan-
ical properties by co-doping with Yb and Lu. According to
their results, Yb-x-SiAION possessed equiaxed grains, while
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Table 1 Codes of sintered

samples, sintering conditions, and Sample Heating rate Cooling rate ~ Applied Sintering Holding Density
resulting densities code (°C/min) (°C/min) pressure temperature time (s) (g/em?)
(MPa) ()
Dy/La2010 100 300 50 1600 75 3.54
Y/La2010 100 300 50 1600 75 3.40

elongated and equiaxed grains co-existed in Lu-x-SiAION.
So, Yb/Lu-o-SiAION ceramics with enhanced hardness and
toughness were obtained [1].

In recent years, it has been noticed by many researchers
that x-SiAION ceramics could be an alternative to available
transparent ceramics used in the compulsory application areas.
«-SiAION ceramics with improved IR transmittance might
potentially be used as high-temperature IR windows, plasma
panels (PDPs), protective armors, infrared (IR) heat seeking
devices for missile guidance systems, and IR night vision.
Due to this reason, serious attention was taken to improve
the IR transmittance of SIAION ceramics without losing its
superior mechanical properties.

IR and visible light transmission through a polycrystalline
ceramic have been determined by the theoretical maximum
transmission restrictions of the material as well as the amount
of reflection on both surfaces, diffuse scattering (at pores,
second phases as pores or microstructural components with
different refractive index), and birefringent scattering (espe-
cially important for optically anisotropic structures) [8, 9]. In
order to produce highly transparent SiAION ceramics, the
starting composition should be designed in a single-phase re-
gion and furthermore, full densification must be provided to
eliminate diffuse scattering. Equiaxed grain morphology helps
to improve the transmission by reducing scattering and ab-
sorption in the polycrystalline ceramics from the inhomoge-
neity and anisotropy of grains [1]. It is relatively easier to
produce x-SiAION ceramics with equiaxed grain morphology

and less amount of grain boundary phase than (3-SiAION, so
in previous studies, mainly «-SiAION phase was chosen to
fabricate translucent SIAION ceramics. Karunatne et al. re-
ported that they could produce semi-transparent and rare-
earth doped «-SiAION ceramics with a thickness of 100 um
[10]. Jones et al. have carried out studies on the optical prop-
erties of Lu-x-SiAION ceramics [11]. Over the following
years, the same researchers reported that translucent o/f3-
SiAION ceramics could be produced by the SPS method
[12]. Shan Yingchun et al. aimed at increasing the transmit-
tance value of translucent Y-o-SiAION ceramics through the
optimization of sintering conditions [13]. Attempts to improve
the transparency of the SiAIONs have occurred by using dif-
ferent sintering techniques such as spark plasma sintering
(SPS), hot isostatic pressing (HIP), hot press (HP), and gas
pressure sintering (GPS) [14—17]. However, in addition to the
sintering technique and sintering conditions, as mentioned
above, «-SiAION phase stabilizer cations from the additive
oxides influence the final morphology and densification be-
havior of SiAION ceramics dramatically. Xiong et al. fabri-
cated 0.5-mm-thick translucent Mg-doped «-SiAION ce-
ramics [18]. Feng et al. fabricated dual Y-Yb-doped o-
SiAION ceramic by hot pressing technique at 1900 °C [19].
In addition to aforesaid dopants, many others such as alkaline
earth cations (Ca®* and Mg®*) or rare earths (Lu®*, Nd**,
Sm**, Tb**, Dy**) have been used as additives and their ef-
fects on the production of transparent «-SiAION ceramics
have been investigated [20-22]. The common output of these

Fig. 1 XRD results of Y/La2010
(green) and Dy/La2010 (blue)
samples
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Fig. 2 Backscattered electron images obtained by scanning electron
microscopy (SEM). a Dy/La2010 and b Y/La2010

studies suggests that compositional design, dopant type, and
additive oxide amount are among the key factors to determine
the morphological futures and the optical properties of -
SiAION ceramics. Furthermore, dopants added in «x-SiAION
structure also serve as the electrovalent balance cations and
the valence shell of doped atoms interacts with the doping
states of a-SiAION, resulting in a change in the optical gap.
Zhong et al. showed that doping of Dy, Y, and Gd atoms into
the o-SiAION can have a significant impact on the optical gap
and electronic structure. Their results indicate that Dy doping,
leading to an increase in the optical gap of «-SiAION from 0.4
to 1.1 eV, improves the transparency in the infrared region
from 1.5 to 4.5 um [23].

However, among all these studies, not much work has been
done on double cation doped translucent SIAION ceramics,
most of them generally focused on composition systems
which include only one type of cation. Additionally, there is
no other study in the literature reporting that La** is used as an
additional additive for the production of translucent Dy- or
Y-a-SiAION ceramics. In this study, it was aimed to investi-
gate the effects of co-doping Dy-La and Y-La on microstruc-
tural evolution and the infrared transmission of x-SiAION
ceramics. Besides, the influences of sintering additives on
densification behavior and fabrication of translucent o-

SiAION ceramics by means of spark plasma sintering tech-
nique have been discussed.

Experimental procedure

Two different cation systems (Dy>*-La**) and (La**-Y**)
were selected to investigate the effects of sintering additives
on the optical properties of x-SiAION ceramics.
Compositions were designed with respect to the general for-
mula of &-SiAION (Mx)Si12-(m+n)yAlm+nOmNi6-n))- For
each cation system, value m and # in the formula were deter-
mined as 2 and 1, respectively. The starting powder mixtures
were prepared by using (UBE-10, 1.6% surface oxide), AIN
(Tokuyama, 1% surface oxide), Dy,O3 (Aldrich Chemical
Co., 99.9% purity), LayO5 (Aldrich Chemical Co., 99.9 puri-
ty), and Y,05 (Aldrich Chemical Co., 99.9% purity) commer-
cial powders. The powder mixtures were ball milled
(Pulverisette 6 Fritsch, Germany) in isopropanol alcohol for
1.5 h at 300 rpm using SizN,4 milling media. The prepared
slurry was dried in a rotary drier after that dry powders were
sieved using a 250-um mesh sieve. The sintering of the sam-
ples was carried out using the spark plasma sintering (SPS)
method (FCT GmbH, Germany). Three grams of powder mix-
ture was put in a graphite-based mold than placed in the SPS
furnace chamber without any other shaping process. During
sintering, all sintering parameters were kept the same in both
compositions and are shown in Table 1. The final densities of
the sintered samples were measured by Archimedes’ method.
The microstructural analysis was carried out by means of a
scanning electron microscope (SEM-Zeiss Supra 50V). EDX
point analysis was carried out by using an Oxford Inca X-Act
EDX detector attached to the SEM device. Infrared transmis-
sions in wavenumber of 2000-7000 cm ™' were measured by
FTIR (Bruker Tensor27). The phase composition of the
sintered samples was analyzed using the X-ray diffraction
method (Rigaku Rint 2200) with Cu K radiation (A =1.540
A) ° from 20°.

Results and discussion

The codes, the sintering conditions, and the measured density
values of the o-SiAION ceramics sintered with SPS technique
are given in Table 1. According to the density measurement
results, the density of both co-dopped «-SiAION ceramic sam-
ples could reach about 98% theoretical density, while sintering
process of SiAION ceramics, oxide additives, and SiO, (the sur-
face oxide of SizN,) forms in a liquid phase by the eutectic
reaction. Due to the reason that double oxide sintering additives
were used in starting composition, fully densification was
achieved with designed spark plasma sintering conditions.
Doped system a small cation (Dy™*) is used for stabilization of
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Fig. 3 The EDX analysis results of the AIN-polytype phase (spectrum 2) and «-SiAlON phase (spectrum 3) on Dy/La2010 sample

the large cation (La**) in o-SiAION structure whereas La** has
an important role in increasing the amount of liquid phase which
helps the densification of sample. In the second system, Y>*-
La*™, Y** has a role to stabilize the a-SiAION phase and keep
La>* cation in its structure. Also, results are in agreement with
these aims (Table 1 and Fig. 1).

The XRD analyses of the sintered samples were carried out
to identify the phase compositions. X-ray diffraction patterns
ofthe Y/La2010 and Dy/La2010 samples are shown in Fig. 1.
The results show that «-SiAION is the major phase in both
samples. Besides the «-SiAIONSs, two characteristic peaks of
AIN-polytype phase were detected. It is well known that the
formation of AIN-polytype phase is very common while fab-
ricating «-SiAION ceramics [24, 25]. During the fabrication
of SiAION ceramics, wetting behavior of the eutectic melt of
M,05-Al,0;-Si0, plays an important role in determining the
reaction pathway. The melt with strong alkaline M element

Table 2 Weight ratios of the elements (%) in the different phase zones

Type of element N (%) O (%) Al(%) Si(%) Dy (%) La(%)

3198 6.63
3372 494

Spectrum 2
Spectrum 3

11.88
2791

35.64 593 8.22
2420 495 428

@ Springer

wets SisN4 more easily than AIN. Therefore, the formation
sequences of «-SiAION and AIN-polytype could be con-
trolled by using modifier ions. Eventually, the phase compo-
sition and microstructure of the x-SiAION and AIN-polytype
could also be influenced by the modifier ion [26-28]. Even
though AIN-polytypes mechanical properties are relatively
lower than «-SiAlON, because of its fiber-like morphology
they have a potential to toughen x-SiAION ceramics [29].

Also, the stability of x-SiAION phase strongly relies on the
ionic size of additive rare-earth cations. Lanthanum with rel-
atively high ionic radius (r..>F = 1.06 A) is not one of the rare-
earth cations which can promote the formation of o-SiAION
by itself [4]. Due to this reason, using second «-SiAION sta-
bilizing rare-earth cation can be helpful to the formation of
100% o-SiAlION ceramics. As shown in Fig. 1, no 3-SiAION
was not observed at XRD analysis results. So, by the aid of
Dy** and Y**, «-SiAION ceramics with a little amount of
AIN-polytype were successfully fabricated.

Backscattered scanning electron microscopy (SEM) im-
ages of the SPS-ed Dy/La2010 and Y/La2010 samples are
shown in Fig. 2(a) and (b), respectively. The first examination
of SEM micrographs confirms the density measurement re-
sults. No porosity was detected on SEM micrographs, so it can
be said that both samples were fully densified. It is clearly
seen that both samples contain three different phases with
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Table 3 Measured transmission ]
percentages at specific sample Sample thickness (mm)
thickness
3 2.6 2 1.5 0.8 0.5 0.3
Transmission (%) of Dy/La2010 - 0% 0% 0% 1.8% 3% 7.79%
Transmission (%) of Y/La2010 - 0.13% 1.7% 2% 2.96% 11.6% 21.489%

different contrasts in the images. AIN-polytype phase with
needle-like morphology has black color due to the reason that
it does not incorporate any additive cation; in other words, its
atomic number is relatively lower. AIN-polytype phase was
marked with number 1 on the SEM images. The samples
contain the equiaxed and little amount of elongated o-
SiAION grains. Because of the incorporation of additive cat-
ions into the x-SiAION crystal structure, x-SiAION grains are
shown as gray colored. The phase shown as white-colored is
the rare-earth cation-rich glassy phase and generally placed in
triple pockets of «-SiAION grains. Also, a high amount of
glassy phase puddles observed between needle-like AIN-
polytype grains. «-SiAION grains and glassy phase marked
with numbers 2 and 3 on SEM images respectively.

The EDX point analysis was carried out to determine the
elemental distribution difference between the observed
needle-like dark grains and equiaxed gray grains. The results
were shown in Fig. 3. Needle-like AIN-polytype phase (spec-
trum 2) includes more amount of Al and a lower amount of
additive cation than a-SiAlON phase (spectrum 3). It is ob-
served that 35.64% at. Si exists at spectrum point 3, and on the
other hand, only 24% at. Si found at spectrum point 2. That
shows that «-SiAION phase is richer than AIN-polytype
phase with regard to the amount of Si element. In Table 2,
the weighted percentages of the elements in the analyzed re-
gions were given. The results indicate that «-SiAION phase

reached the Al solubility limit for the composition of m =2,
n =1, so the formation of AIN-polytypoids was observed.

Sintered sample thicknesses were reduced for infrared
transmission measurements by means of rough ceramic grind-
ing and surface polishing up to 0.3 mm. Because a certain
relationship exists between transmission and thickness of ma-
terial which is known as Beer-Lambert Law (Eq. 1), FTIR
measurements were carried out between 1000 and
7000 cm ' wavenumber region at different sample thickness
multiple times for each sample.

The general Beer-Lambert law is usually written as in Eq.
1, where A is the measured absorbance, ¢ is the wavelength-
dependent absorptivity coefficient (also known as molar ab-
sorptivity), b is the cell-path length, and c¢ is the analyte con-
centration.

A =c¢ebc (1)

In terms of transmittance (T), which is defined as T'=1/ lo,
where / is the light intensity after it passes through the sample,
and /o is the initial light intensity. The relation between A and
Tis:

A = —logT = —log(I/lo) (2)

Linear attenuation coefficient ;= oC usually expressed in
units of cm ' and it is a function of wavelength.

Fig. 4 Comparison of FTIR 40 1
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Fig. 5 Comparison of FTIR
results of Dy/La2010 sample for 12 -
different thickness: a—blue, ~
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where m is the path length of the sample. As the definition of
law, the intensity of light decreases exponentially with depth in
the material. According to the results shown in Table 3, trans-
mission through the samples increased by reduction of sample
thickness which is consistent with Beer-Lambert Law.

The FTIR graphs of the Y/La2010 and Dy/La2010 samples
were shown in Figs. 4 and 5, respectively. An additional ab-
sorption peak in the Dy** doped sample (Dy/La2010) was
determined at 3540 cm™" which belongs to the electron trans-
mission of 6H;s5, — 6H;1» [23]. Due to this reason, this ab-
sorption peak was not observed FTIR graph of Y/La2010
sample. It is notable that at every sample thickness IR trans-
mission of Y/La2010 was performed better than Dy/La2010.
Furthermore, the infrared transmission percent of the
YLa2010 sample was found as three times higher than that
of Dy/La2010 (for 0.3-mm sample thickness). In our previous
works, we reported that the primary parameters that deter-
mined the optical properties of x-SiAION ceramics are den-
sity, microstructural homogeneity, phase variety, and grain
size/shape [17, 30]. Additive cations have a strong influence
on these properties of SiAION ceramics and therefore indi-
rectly affect the transmission performance at IR and visible
wavelength. In addition, since the additive cations can enter
the a-SiAION crystal structure, they change the electronic and
optical gap. So, the choice of dopants plays a decisive role in
«-SiAION ceramics transmission. The variation of the refrac-
tive index of AIN-polytype, «-SiAION, and glassy phase in
the multi-component SiAION structure cause reduction in

@ Springer
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transmission. According to the SEM micrographs, the amount
of glassy phase and its distribution in the Y/La2010 sample is
relatively lower and homogeneous than that of Dy/La2010.
This observation indicates that for co-doped x-SiAION ce-
ramics, which is La**-Y>* cation system promotes incorpora-
tion higher amount of additive cations into the x-SiAION
structure. This behavior results in the reduction of the glassy
phase and provides microstructural homogeneity, so it im-
proves the infrared transmission of «-SiAION. Dy/La2010
also includes more amount of elongated and coarser «-
SiAION grains (Fig. 2(a), point 2) than Y/La2010; this forma-
tion might be another reason of relatively lower transmission
value of Dy/La2010 than Y/La2010.

Few studies in the literature reported the optical properties of
co-doped o-SiAION ceramics. It has been published that Dy/
Y-o-SiAION ceramics could reach 50-65% IR transmission by
optimization of sintering parameters or applying heat treatment
after the sintering stage to tailor microstructure [31, 32]. Joshi
et al. fabricated 100-pum-thick Mg/Eu-o/3-SiAION ceramics
with more than 60% transmission in the range between 200
and 1000 nm [33]. In this study, co-dopped x-SiAION ceramics
with Dy/La and Y/La could not reach the same amount of IR
transmission due to the microstructural inhomogeneity, phase
variety, and elongated grain morphology. However, the existence
of elongated grains and AIN-polytypes might be useful for some
applications which require improved mechanical properties be-
sides IR transmission. Co-doping «-SiAION ceramics with Dy/
La and Y/La cation systems may not give the best IR transmis-
sion performance but have a potential for further studies to obtain
IR-translucent «-SiAION ceramics with relatively high fracture
strength and toughness.
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Conclusions

In this study, translucent co-dopped Dy/La-SiAION and Y/
La-SiAION ceramics successfully fabricated by using spark
plasma sintering technique. Both of the samples contain main-
ly «-SiAION phase with a little amount of AIN-polytype.
Although a cation with a large ionic radius such as lanthanum
was used, no phase transformation from x-SiAION to (3-
SiAION occurred. When compared with Dy**/La** system,
coupling La** with Y** were provide better support for the
incorporation of cations into the structure and, so the reduction
of the glassy phase. Due to the existence of the lower amount
of glassy phase and, elongated «-SiAION grains in Y/La-o-
SiAION sample, this sample was showed three times higher
infrared transmission than that of Dy/La-x-SiAION. The re-
sults showed that the presence of secondary phases such as
AlIN-polytype and glassy phase affects the optical properties
of a-SiAION ceramics negatively. Therefore, it is showed that
by selecting the correct additive cation combination, it is pos-
sible to produce x-SiAION ceramics with high optical and
infrared transmittance.
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