Letters on Materials 10 (2), 2020 pp. 158-163 www.lettersonmaterials.com

https://doi.org/10.22226/2410-3535-2020-2-158-163 PACS: 42.70.-a, 61.66.Fn

Recent advances in transparent/translucent polycrystalline
Sialon ceramics
B. Joshi', G. Gyawali, S. W. Lee
"joshibhupen@gmail.com
Department of Fusion Science and Technology, Sun Moon University, Chungnam 336-708, Republic of Korea

The transparent polycrystalline ceramics have acquired an interest in different fields such as transparent armor windows, cutting
tools, IR windows, wear and scratch resistant parts (watches, bearings, and displays), and synthetic opals and rubies. In recent
years, the transparent ceramics are applied in lasers and high power solid state lighting as a luminescent material. Different
types of transparent polycrystalline ceramics were reported for different applications. However, there are few transparent
ceramics that can withstand the aggressive environment. Recently, some studies on optical properties of Sialon ceramics
show that the Sialon ceramics would be suitable for the optical applications. Sialon ceramics are known for their excellent
mechanical and thermal properties and applied as a structural ceramics. The Sialon ceramics have all those potentials that can
overcome the mechanical and thermal limitations of existing transparent ceramics where a very high grade of transparency is
not required. The reported Sialon ceramics are IR transparent and visibly translucent. The translucent Sialon ceramics can be
applied as a phosphor ceramic plate (PCP) for high power solid state lighting (SSL). However, the fabrication and production
processes are costly due to the high temperature synthesis and complex processing techniques. In this short review, we will
discuss the recent trend, processing techniques, properties, applications, and prospects of transparent Sialon ceramics.
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ITocnenmHme HOCTVKEHNA B 00/IacTH
NPO3PAYHON/ IOTYIIPO3PAYHON NOTMKPUCTAINIECKON
CIAJIOHOBOY KepaMUKU
I>xomm B.7, Tapanu I, JIu C. B.

DaxynbTeT GU3NUKYU U TEXHOTIOTUHU TEPMOSIIEPHOTO CUHTe3a, YHUBepcuteT CoHMyH, UxoHaH, 336 - 708, Peciybnmka Kopest

VIHTepec K IpO3pavyHONl IOMMKPUCTA/UINIECKO KepaMUKe MOABJIAETCS B Pas/IMYHBIX 00/IacTAX, TAaKUX KaK IIPO3padyHbIe
OpOHMpPOBaHHBIE OKHA, PEXXYIIJie MHCTPYMEHTBI, MH(paKpacHble OKHA, I3HOCOCTOJKYE U CTOVIKIE K IIapalyHaM JeTan (Jachl,
HOJLIMITHYKY Y JUCIIEN), @ TAKXKe CMHTeTUYeCKIe OIIaIbl M pyOVHBL B oc/ienHme roppl mpo3padHas KepaMuKa IpUMeHAeTCs
B JIa3epaX U BBICOKOMOIIIHOM TBEPHOTEIbHOM OCBEI€eHUM B KayecTBe JTIOMMHECIIEHTHOIO Marepuana. PasnnyHble THUIBI
IIPO3PaYHOI IOIVKPUCTA/UINYIECKO KepaMIKYL OBbUIN OIVICAHBI [JIA Pas/IMYHbIX IpuMeHeHmil. OTHAKO Majio IPO3pavyHON
KepaMMKH, CIIOCOOHOJ IIPOTUBOCTOATD arpeccUBHOI cpefie. B mocieHee BpeMs HEKOTOpPbIe MCCTIEHOBAHNA OITUYECKUX
CBOJICTB CHAJIOHOBOJM KE€paMUKM II0OKa3bIBAIOT, YTO CHMAJOHOBAasA KepaMMKa IOAXONUT JJiA ONTUYECKUX IPUMEHEHUI.
CnanoHoBas KepaMyKa M3BeCTHA CBOVIMU IIPEBOCXONHBIMI MeXaHIYEeCKVIMI U TEPMUYECKIIMI CBOVMICTBAMM ¥ IPUMEHAETCS
B KayecTBe KOHCTPYKIMOHHON KepaMyky. CruajioHOBasi KepaMyKa 06afiaeT BCeMM TeMM BO3MOXKHOCTAMY, KOTOPbIe MOTYT
IIPEOIOIeTh MeXaHMYeCKyle M TepPMIYecKyie OTpaHIYeHNA CYLIeCTBYIOMINX IIPO3PaYHbIX KepaMUK, [T KOTOPBIX He TpeOyeTcs
OYeHb BBICOKUII YPOBeHb IIpo3payHocTy. CrajoHOBasA KepaMuKa IIpo3pavHa It MHPPaKpaCHOIO M3TyYeHNUA M BU3YaIbHO
npospauHa. [Torynpospadnas cuaioHoBast KepaMyKa MOXKeT IPUMEHATbCA B KadecTBe pocOpHO-KepaMITdecKoll ITaCTHHBI
(OKII) mra momuoro tBepporenbHoro ocsemenys (TTO). OpHako mporeccel M3TOTOBICHUA M IPOU3BOJCTBA ABJIAIOTCA
TOPOrOCTOAIIVMMY M3-332 BBICOKOTEMIIEPAaTYPHOTO CUHTe3a JM CIIOKHBIX TEeXHOIOIMil 06paboTku. B aTom kparkoM o630pe
MBI 00CYUM IOCIefHIe TeHACHLINY, MeTOAbl 00pabOTKY, CBOJICTBA, 06/IAaCTU MIPUMEHEHUA M IepPCHEeKTUBBI IPO3PavHOI
CUAJIOHOBOI KEPAMUKIL.

KnroueBblie c1oBa: CriaIoOHOBAs KepaMliKa, ClI€KaHHE, ¢)M3M‘I€CKI/I€ CBOJICTBA, IIpO3pavHOCTD, IIIOMI/IHOCI)Opr.
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1. Background

High performance materials are of demand in different
sectors such as energy (electrical and electronics),
environment, medicals (bio-implants), high temperatures
(insulators and sensors), optical, and aerospace [1,2].
In the past, the ceramics were limited to white wares but
recently, ceramics found applications in above mentioned
fields due to their excellent thermal, mechanical, and optical
properties. Traditionally, the glasses are known to be a good
optical material and used extensively from household to
advanced applications. However, new optical materials are
required to fulfill the need of advancing technology where
glasses are not applicable. Even though the single crystals
were introduced as advanced optical materials, but their
higher cost and complex production techniques made the
material unaffordable. As compared to single crystals, the
polycrystalline transparent ceramics are cheaper and show
similar mechanical, chemical and thermal stability as well as
can be produced in complex shapes and are not size limited.
Polycrystalline ceramics having partial or total transparency
had great value in different types of applications.

Recently, many types of transparent ceramics were
developed and used commercially in different fields. Some of
the known transparent ceramics are AL, O,, AION, YAG, rare
earth oxides (Re,0,), and Spinel (MgALO,) [2-5]. Most of
these transparent ceramics are oxide and having ionic bonding
with a cubic crystal structure. These transparent materials
are becoming more and more important for applications in
which materials are subject to extremely high mechanical
and thermal stress. However, there is always a need for new
optical materials with excellent thermal and mechanical
properties. Sialon ceramics are least studied material in the
field of optics despite their excellent mechanical and thermal
properties.

2. Sialon ceramics

Si,N, exists in two structural modifications: trigonal a-Si,N,
and hexagonal -Si,N,, both of which are built up of Si(N,)
tetrahedral with space groups P3,c and P6,/m, respectively.
In 1971, Oyama and Kamagaito discovered the solid solution
in B-Si,N, based on substitution of Al-O for Si-N in B-Si,N,
and named as p-Sialon [6]. Similarly, Jack et al. [7] in 1976
discovered the a-Sialon. a-Sialon and B-Sialon are the two
common phases studied widely, which are isostructure to
a-Si,N, phase and -Si,N,, respectively [7-8]. The partial
substitution of Si and N with Aland O, respectively in $-Si,N,,
gives B-Sialon structure. The insertion of metal cation in
interstitial sites of a-Si,N, structure gives a-Sialon with
partial substitution of Si and N with Al and O, respectively
having a formula of M**Si,, ~ Al O N ., wherex=m/v
and M is one of the metal cations (Li*, Mg**, Ca** and most
of the lanthanide ions (Ln**)) [8]. Similarly, the B-Sialon is
represented as 3-Si. Al O N, , where the value of z ranges
from 0<z>4. Even though the a-Sialon has more complex
crystal structure and composition than -Sialon, the a-Sialon
shows more potential in the field of optics.

The a-Si,N, structure is considered to be closely related to
that of 3-Si,N,, consisting of alternate basal layers of B-Si,N,

L

and a mirror image of $-Si,N,. As a result, there are two large
interstitial sites at 2/3, 1/3, 3/8 and 1/3, 2/3, 7/8 in a-Si,N,.
These sites can be occupied by metal cations having an ionic
radius smaller than 0.1 nm. The value of m and n is taken to
synthesize the a-Sialon ceramics according to the following
formula [8]:

%(IZ—m—n)Si3N4 + %(4m+3)AlN+ (zﬂ) Me,O, +
\%

O N

m+n"n> "16-n’

1
+g (2n-m)ALO, > oa-M,, Si, . Al

where v is the valency of M and electroneutrality requires
x=m/v. Here, x<2 and m(Al-N), n(Al-O) replace (m+n) (Si-N)
in each unit cell of Si,N,.

The unit cell parameters change very small with the
substitution of Al-O bonds for Si-N bonds in the p-Sialon
structure, because the bond lengths of Si-N (1.74 A) and Al-O
(1.75 A) are very similar; whereas the substitution of AI-N
bonds for Si-N bonds in a-Sialon results in a considerable
unit cell size expansion, due to the bond length difference
between AI-N (1.87 A) and Si-N (1.74 A).

Sialon ceramics are sintered with sintering additives
forming liquid phase at high temperature that allows
densification through diffusion-solution-reprecipitation [8,9].
The precursor Si,N, has covalent bonding and does not melt at
high temperature but dissociates into Si and N. Therefore, to
get fully densified Sialon ceramics, the metal oxide additives
suchas MgO, Y,0,, CaO, Ln,0,, and Al,O, with common AIN
are added and sintered at a high temperature above 1800°C.
The problem associated with the liquid phase sintering is the
formation of glassy phases at the grain boundaries. Therefore,
careful composition design is made with considering the
content of SiO, and AL O, on the surface of Si,N, and AIN,
respectively, to minimize the grain boundary phase.

Fig. 1 shows the prevailing trend for the fabrication
process of Sialon ceramics. Generally, the powders are mixed
by the conventional balling process. At first the wet ball
milling is applied where powders are mixed in ethanol with
high purity silicon nitride balls for 24 h, and then after the
powders are dried in the oven for 12 h. The dried powders
are dry milled with silicon nitride balls for 12 h. The hot press

Powder Mixing

Experimental
Procedure for

Mechanical Properties
Hardness, Toughness &Strength

the Fabrication
of Transparent

Sialon ;
Ceramics

‘ ﬁl)\.mmml Wheel _%

Sample —
Grinding

Hot Press Sintering

Thermal conductivity &
Coefficient of thermal expansion

Microstructures & Phases
XRD, SEM & TEM

UV/Vis Spectrophotometer, FTIR,
Fluorescence Spectrophotometer
& Raman spectroscopy

Characterization and Analysis Polishing

Fig. 1. (Color online) Schematic diagram showing the experimental
procedure for the fabrication of transparent Sialon ceramics.
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sintering technique is generally used to sinter the silicon
nitride based ceramics. The h-BN is coated on the surface of
the inner parts of graphite mold, die, and punch to occlude
the carbon diffusion from the graphite. The high sintering
temperature of 1700 -1950°C is used with a uniaxial pressure
of 30 MPa in the presence of nitrogen gas [10-12].

3. Transparent/translucent Sialon ceramics

In general, the transparent materials are those which can
show undistorted clear image through it. However, in
scientific definition, the material should exhibit high real
inline transmission to be transparent [13]. Most of the
transparent ceramics are cubic lattices and transparent
regardless of their thickness. Being hexagonal crystal
structure, the Sialon ceramics show birefringence and
optical properties are not good as cubic crystal system
ceramics. However, the optical properties can be enhanced
by tailoring the grain size and structure in hexagonal
systems, as reported for polycrystalline alumina [14]. The
Sialon ceramics with high relative density and sub-micron
grain size show higher transparency. High pressure sintering
techniques can be applied to sinter the Sialon ceramics such
as spark plasma sintering (SPS), hot press (HP), and hot
isostatic pressing (HIP) to eliminate pores and to get higher
relative density near to 100%.

In 1982, the first translucent B-Sialon was reported [15].
After that, in the early 2000s, some works were published on
transparent/translucent polycrystalline a-Sialon ceramics,
and most of them are listed with mechanical and optical
properties in Table 1. Kuang et al. [16] reported the Sialon
ceramics fabricated with the composition of Si,N,, MgO and
AIN, excluding Al O,. Fig. 2a shows the phase diagram of
Sialon ceramics sintered around 1750°C showing stability
region of a-Sialon and B-Sialon phases [16]. The translucent
Mg-stabilized a/B-Sialon having a composition of 88 wt.% of
a-Si,N,, 9 wt.% of AIN and 3 wt.% of MgO was reported [17].
The additive alumina can be excluded where the value of
m=2n. Surprisingly, the duplex a/p-Sialon also shows good
transparency in the NIR region even with B-Sialon phase.
The polyhedral a and B-Sialon grains with tight grain

MgO

a+B+AIN
SisNy 20 40 60 80
m%
a

boundaries with less intergranular phase show transparency
in the Sialon system. Altering the ratio of a to B phase can
give the desired physical properties for different applications.
The duplex a/p-Sialon ceramics show excellent hardness and
fracture toughness [11,18]. Introducing the small amount of
additives (Ln,O,) up to 1 wt.% significantly enhances the duplex
a-Sialon phase as high as 97% by volume and transparency
but the light transmission was decreased as compared to
duplex o/p-Sialon [18]. The results show that the addition of
Ln,O, gives a higher glassy phase with thick grain boundaries,
which eventually degrades the optical transmission.
To achieve higher light transmission, a higher a-Sialon phase
with thin grain boundaries and less glassy phase should be
present. Joshi et al. [12] fabricated the IR transparent Sialon
with the higher transmission of 78% in the NIR region.

The Sialon ceramics are generally fabricated with alumina
with other metal oxides as shown in phase diagram in
Fig. 2b [8]. In contrast to Mg-a/p-Sialon, the alumina and
other stabilizing cations (Ln**) addition give a higher a-Sialon
phase with higher transparency. Jones et al. [10] reported the
transparency as high as 70% in the visible region with Lu’**
doped a-Sialon ceramics having a composition of m=n=1.1.
This system gives single phase a-Sialon and equiaxed grain
morphology with tight grain boundaries. Most of the rare
earth cations absorb the UV and visible lights, but Lu*+ has no
color center and only acts as a stabilizing cation in a-Sialon.
Before this study, Karunaratne et al. [19] and Mandal et al. [9]
reported the translucent Sialon ceramics, but the transmission
of the materials were not reported. The translucent a-Sialon
reported by Su et al. [20] had transparency of 65.2% in NIR
and 58.5% in the visible region with 20 GPa hardness and
5.1 MPa. m'”? fracture toughness.

Liu et al. [21] compared the optical properties of
Y-a-Sialon (m=mn=1) sintered with hot press sintering and
spark plasma sintering (SPS), and found that hot press
sintered sample shows high transmission than spark plasma
sintered sample. The dark colored sample was obtained with
SPS and may be due to some carbon diffusion. Also, the grain
growth was observed in spark plasma sintered sample and
concludes that small grains with tight grain boundaries can
enhance the light transmission visible region.

Me;, AN,
2

AIN

Sio,

Fig. 2. Schematic phase diagrams showing the stability region for a-Sialon and p-Sialon. Ternary system without alumina [16] (a), and

Janecke prism for Sialon system with alumina [8] (b).
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4. Functional transparent/translucent
Sialon ceramics

Functionalizing the transparent ceramics as a luminescent
material can have broad applications in the field of
scintillators, lasers, lighting, etc. due to their excellent
mechanical and thermal properties as well as chemical
stability [22]. The conventional phosphors for solid state
lighting (SSL) are powder mixed with resin, and their
stability is in question for a long run of the chip due to their
poor thermal conductivity. Therefore, the dissipation of heat
from the LED chip is important to retain the color and life
of wLED [23]. Remote phosphors such as glass phosphors
are also not adequate for high brightness SSL due to their
poor mechanical and thermal properties. The timeline
of phosphors and transparent phosphors with luminous
efficacy is given in Fig. 3 [24 - 31].

To overcome the limitations of powder and glass
phosphors, the transparent polycrystalline YAG: Ce phosphor
ceramic plate (PCP) was reported [27]. However, the thermal
conductivity is low to be applied in high brightness SSL.
To enhance the thermal conductivity, ALO,-YAG:
Ce composite PCP was reported with high thermal
conductivity of 18.5 Wm™K™" [29]. The Sialon PCP may
overcome the above mentioned limitations that limit the
other PCPs for extreme high brightness lighting. The a-Sialon
ceramics has thermal conductivity around 12-19 Wm™'K"},

which makes the material appropriate for extreme high
brightness lighting [11, 32].

Although Sialon phosphor powder was reported decades
ago [33], the reports on transparent/translucent Sialon PCP
are few and new to the PCP field. In 2015, the first Sialon
PCP for white lighting was reported [28]. The reported PCP
was Mg stabilized a-Sialon: Eu** having wide excitation
spectrum from UV to blue light, and broad emission from
green to orange makes it suitable for white light application.
The transparency was around 50% at 800 nm for 0.1 mm
thickness. The main activator used was Eu*', having a

122 /W 58.75 Im/W

44.4 lm/W

88.5 Im/W °
74 Im/W. CanlsiN,; ey DSialon: Eu’t
®cp) 1]
ALO;-YAG: Ce

(PCP) [30]
Composite (PCP) [29]
80 Im/W Mg-a/p-Sialon: Eu*

YAG: ce  (PCP)I28]
25.9 Im/W (PCP) [27]
@ PIG (YAG: Ce
10 Im/W phosphor) [26]
5‘)98 Ca-a-Sialon:
Eu powder

phosphor for
WLED [25]

YAG: Ce
Powder
phosphor
for wLED
[24]

Fig. 3. Progress in lighting with blue light coupled yellow phosphor
[24-31].

Table 1. Optical and mechanical properties of transparent/translucent Sialon ceramics.

Transmittance % (thickness) Excitation Emission Fracture
. . . Hardness
Sialon Ceramics Vis =800 nm wavelength wavelength (GPa) toughness Ref.
NIR=2500 nm (nm) (nm) (MPa.m'?)

B-Sialon 40% at 4500 nm (0.65 mm) [15]
Y-a/p-Sialon 34% NIR (0.5 mm) 19.46 4.97 [34]
Lu-a-Sialon 72% Vis (0.5 mm) 19.27+£0.76 2.55+0.11 [10]
Dy- a-Sialon 65% NIR (1.0 mm) 20.0 5.10 [20]

Dy, Y-a-Sialon 64% NIR (0.5 mm) [35]
Gd-a-Sialon 65% NIR (0.7 mm) [36]
Mg-a/f-Sialon 66% NIR (0.5 mm) 21.4+0.3 6.7+0.1 [17]
(Y, Yb)-a-Sialon 72% NIR (1.0 mm) 20.5+0.2 40+03 (37]
(Sc, Lu)-a-Sialon 60% NIR (0.5 mm) 20.4 52 [38]
Li-a-Sialon 57% NIR (0.5 mm) 20.1£0.2 3.0£0.1 [39]
Mg, Y-a/B-Sialon 65% NIR (0.5 mm) [40]
La, Mg-a/p-Sialon 47% NIR (0.5 mm) 20.2+0.2 4.840.2 [41]
Mg-a/B-Sialon: Ba** 78% NIR (0.5 mm) 214 54 [12]
Mg-a/B-Sialon: Eu?* 50% Vis (0.1 mm) 450 570 20.93+0.71 5.12£0.30 (28]
Mg-a/B-Sialon: Gd** 30% Vis (0.15 mm) 280 470 19.40+0.23 5.14+0.60 [42]
Mg-a/B-Sialon: Pr** 35% Vis (0.15 mm) 270 618 19.16+0.58 5.20+0.30 [42]
(Mg,Yb)-a-Sialon 35% Vis (0.15 mm) 460 550 [43]
Mg, Er-a-Sialon 40% Vis (0.1 mm) 980 550 [44]
(Er, Yb)-a-Sialon 60% Vis (0.2 mm) 980 550 20.45+0.18 5.44+0.25 [45]
Er-a-Sialon 30% Vis (0.8 mm) 980 1530 [46]
(Ho, Er)-a-Sialon 30% Vis (0.5 mm) 980 660 20.54 5.59 [47]

. . 678 (Vis)
(Tm, Er)-a-Sialon 40% Vis (0.2 mm) 980 803 (NIR) [48]
B-Sialon: Eu** 5% Vis (0.1 mm) 460 552 [31]
Gd-a-Sialon: Eu?* 45% Vis (0.1 mm) 460 590 [31]
Gd-a-Sialon: Pr** 50% Vis (0.1 mm) 460 510, 640 [31]
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4f-5d transition that gives broad emission centered at yellow
region (570 nm) when excited by blue light (460 nm).
The other lanthanide such as Yb*, Pr**, and Gd* doped
Mg-a-Sialon with luminescence properties were also reported
and listed in Table 1.

The translucent -Sialon: Eu** PCP was also reported with
greenish-yellow luminescence fabricated at high temperature
(1900°C) [31]. The same composition as [-Sialon: Eu®,
when sintered at low temperature (1700°C) shows orange
luminescence with a/p composite phase as well as other
unknown phases [31]. The large cationic size of Eu** cannot
stabilize a-Sialon structure completely, and composite phases
appeared at low temperature, and at a higher temperature,
more stable B-Sialon phase was obtained. The co-doping
of small cations (<0.1 nm) like Gd** along Eu** can well
stabilize the a-Sialon structure, and dominant a-Sialon phase
with higher transparency around 50% at 800 nm for 0.1 mm
thickness was reported [31].

Transparency is one of the parameters for the phosphor
plates, but total transparency is not necessary. The scattering
centers in plate type phosphor would enhance the luminous
efficacy according to Kim and Tang [49,50]. The scattering
centers due to pores and secondary phase act as scattering
centers, and these scattering centers help to absorb more
incident light by the phosphor particles.

The upconversion luminescence properties in transparent
Sialon ceramics were also reported and given in Table 1.
Joshi et al. [44] reported the first upconversion luminescence
for translucent (Mg, Er)-a-Sialon with green luminescence
and IR downconversion luminescence at 1530 nm as excited
by 980 nm laser. IR luminescence at 1530 nm is essential
in the field of telecommunication for signal amplification.
Later on, Bin et al. [45] reported the highly transparent
(Er, Yb)-a-Sialon Sialon ceramics with 60% transparency at
800 nm for 0.2 mm thickness. In a later system, the MgO was
excluded, and alumina was included to increase the content
of sensitizer and activator to enhance the upconversion
luminescence and also transparency. After that, more works
were carried on upconversion luminescence with other
lanthanides (Ho’*and Tm’*) [47,48]. The transparency in
the NIR region was reported as high as 80% and shows NIR
downconversion luminescence; therefore the transparent
Sialon can be a suitable IR laser transparent ceramics [47].
The 2 pm wavelength range is called “eye-safe”. Laser systems
that operate in the “eye-safe” wavelength range have great
market potential, especially in free space and medical
applications where eye safety is very important. The Sialon
ceramics are high temperature material and are stable at very
high temperature, and this upconverting transparent Sialon
ceramics can be used as optical temperature sensing.

5. Conclusions and future perspectives

So far, very few works are carried out on transparent Sialon
ceramics regarding other polycrystalline transparent
ceramics. The complex composition, tedious fabrication
process, high temperature and pressure synthesis and not a
cheap material regarding glass makes the material difficult
to apply in general commercial applications. However,
for advanced, high temperature, and harsh environment

applications, the transparent Sialon ceramics can be a
potential material to be studied further. For the optical
properties, the a-Sialon phase is the crucial phase that has
to be studied well concerning crystal structure, synthesis
technology, stabilizing cations, grain boundaries, and glassy
phases.

Recent advances in sintering technology and
characterization tools offer efficient fabrication of transparent
materials and understanding the material properties
in-depth for further modifications in materials. Recently, the
transparent nanoceramics with higher transparency almost
80% in the visible region were fabricated by a pressureless
glass crystallization method using a CO, laser for heating
the levitated samples [51,52]. This method is an alternative
to time-consuming, expensive, and extreme pressure applied
sintering methods. In the future, if transparent Sialon
ceramics are fabricated with nano-size grains, the optical
properties as well as mechanical properties can be enhanced.
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