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High-quality SIAION ceramics are essential for advanced engineering
applications owing to their outstanding mechanical, thermal, and chemical
properties. Furthermore, tailored SiIAION compositions have shown
significant potential in electronic substrates and sensor technologies. In
this study, Y,Os-doped SIiAION ceramics were synthesized via a
conventional solid-state reaction method. The influence of sintering
temperature on the physical properties of the ceramics was systematically
investigated using X-ray diffraction, scanning electron microscopy, and
fracture toughness measurements (Kic). Results revealed that increasing
the sintering temperature from 1450°C to 1650°C led to a notable
improvement in material densification, with bulk density increasing from
221+0.1g/em® to 2.66+0.1 g/lem®. Concurrently, open porosity
decreased from 11.07+0.20% to 7.95+0.20%, and water absorption
reduced from 4.99+0.20% to 2.99 +0.20%. These findings confirm the
effective synthesis of high-quality Y,O3-doped SIAION ceramics with
enhanced physical properties, underscoring their suitability for high-
performance applications.
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Pha tap Y203
G6m SiAION
G6m SizNg

Vi chu trac

Nhiét d6 thiéu két

G6m SiAION chét luong cao rat quan trong doi véi cac ung dung k¥
thuat tién tién nho céac tinh chat co hoc, nhiét va hoéa hoc dic biét cua
chung. Ngoai ra, cac thanh phan SiAION di bién tinh cho phép tmg dung
trong cac linh vire khac nhau nhu dién tir va cong nghé cam bién. O day,
gbm SiAION pha tap Y20z duoc ché tao bang phuong phap phan tng
pha rin thong thuong. Bai bao da nghién ciru anh huong ciia nhiét do
thiéu két dén cac tinh chat vat 1y cia gdm SiAION pha tap Y203 bang
phuong phap XRD, SEM va phép do hé sb Kic. Nghién ciru nay chi ra
rang khi nhiét d6 thiéu két tang tir 1450 °C d&én 1650 °C, mat do vat liéu
tang tir 2,21 + 0,1 g/cm? dén 2,66 + 0,1 g/cm? va d6 xp giam tir 11,07 +
0,20 % xudng 7,95 * 0,20 %. Ngoai ra, kha ning hip thy nudc giam tir
4,99 + 0,20 % xudng 2,99 + 0,20 % khi nhiét do thiéu két tang tir 1450
°C dén 1650 °C. Két qua ctia nghién ctru chimg minh sy tong hop thanh
cong gdm SiAION chét lwgng cao cho céc g dung tién tién.
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1. Introduction

SiAION ceramics, a solid solution derived from SisN4, have gained considerable attention due to
their exceptional mechanical strength, thermal stability, and chemical resistance [1], [2]. These
properties make them highly suitable for demanding applications such as cutting tools, engine
components, and protective coatings [3]. The synthesis route and processing parameters, particularly
the calcination and sintering conditions, play a crucial role in determining the final properties of
SiAION ceramics [4]. Recent studies have explored a range of synthesis strategies and their influence
on SiAlON performance. For example, a-SiAION phosphors doped with Eu?" have been synthesized
at 2050 °C under 0.92 MPa N: for white LED applications [5], while f-SiAION porous ceramics have
been fabricated via self-propagating high-temperature synthesis, reaching reaction temperatures of
up to 1740 °C [6]. Additionally, Ca-a-SiAION fine powders were prepared through a reduction—
nitridation route at 1400-1500°C using an NHs—CH. atmosphere [7]. Advances in sintering
techniques, such as spark plasma sintering, have enabled the fabrication of oxygen-rich SiIAIONs
stabilized with various metal cations at 1500 °C [8]. Densified SIAION ceramics with densities
ranging from 3.17 to 3.92 g/cm?® have also been achieved using nano-sized precursors and spark
plasma sintering. Conventional pressureless sintering at 1800 °C for up to 8 hours under 0.1 MPa N2
has been employed to fabricate B-SiAION ceramics with tailored Y2Os contents [9], though formation
of B-SiAION phases often requires reaction temperatures exceeding 2000 °C [10]. Given the strong
correlation between sintering temperature and SiAION properties, systematic investigations are
necessary to optimize processing parameters and improve material performance [11]. One-step gas
pressure sintering at 1900 °C has been used to synthesize Eu-doped Ca-a-SiAION phosphors [7],
[12] - [13] while Nd-doped SiAION ceramics have been fabricated via hot-press sintering at 1700 °C
[14]. Moreover, the addition of rare earth additives such as Sm has been reported to reduce the phase
formation temperature of B-SiAION ceramics, with SmFs promoting densification and phase
evolution at temperatures > 1700 °C, yielding a maximum density of 2.6604 g/cm® [15].
Traditionally, the synthesis of SiIAION ceramics demands high sintering temperatures (> 1800 °C),
resulting in significant energy consumption and elevated processing costs. Therefore, strategies such
as incorporating additives (e.g., Y20s) or employing advanced precursors are being explored to
improve processing efficiency and enhance the resulting properties [16]. Additive-assisted sintering
affects phase composition, particle morphology, and densification behavior, all of which directly
influence the mechanical and thermal performance of the final ceramics.

In this context, the present study investigates the effect of sintering temperature on the physical
properties of Y20s-doped SiAION ceramics. The ceramics were synthesized using a conventional
solid-state reaction method, with the objective of optimizing processing conditions to enhance
densification, reduce porosity, and improve overall material performance.

2. Experiment

High-purity raw materials were used for the synthesis of SiAION ceramics. The starting
powders included silicon nitride (SisNa, 98% purity, sourced from Vietnam), aluminum oxide
(Al20s, 98% purity, Vietnam), silicon dioxide (SiO2, 99.99% purity, 175-225 m#/g surface area,
Sigma-Aldrich, Product No. 381276), and yttrium oxide (Y203, 99.99% purity, Wako Pure
Chemical Industries, Japan). The preparation procedure for SIAION ceramics is schematically
illustrated in Figure 1a.

The ceramic composition consisted of 90 wt% SisNa, 0.49 wt% AlOs, 8.51 wt% Y203, and 1
wt% SiO:, and the corresponding sample was designated as IA8Y1S_O. In a typical synthesis, the
oxide precursors were weighed, mixed, and milled using a planetary ball mill (Fritsch Pulverisette,
Germany). The milling was carried out at 130 revolutions per minute (rpm) for 2 hours using SizNa4
grinding media balls (¢: 5 mm), with a ball-to-powder weight ratio of 15:2. A solution of 5%
polyvinyl alcohol (PVA) in dehydrated ethanol was used as a dispersant and binder during the
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milling process. Following milling, the slurry was dried using a rotary evaporator to obtain
homogeneously mixed powder. The dried powders were then uniaxially pressed into cylindrical
pellets of 20 mm diameter and 20 mm height under a pressure of 200 MPa using a hydraulic press.
The green compacts were subsequently machined into specimens with dimensions of 20 mm
diameter x 10 mm height. The sintering shrinkage behavior of the samples was evaluated using a
high-temperature dilatometer (Linseis STA PT 1600, Germany) at a heating rate of 10 °C/min
under a flowing nitrogen atmosphere (100 mL/min).

SiaNy \[ ALO: ] [ Y203 ] $i0;

1650

(b)
(a) -, S 1550
l* Crushmg =
£ 1000
ﬂ Pressed @
S 800
g
=
g 150

\'_l/- Sintered
SiAION sample o 2z 4 8 0 13 14 15 16 21
Time, h

Figure 1. Diagram of processes and thermal treatment of SIAION ceramic samples: a) diagram of
processes; and b) thermal treatment

Sintering was performed at various temperatures (1450, 1500, 1550, 1600, and 1650 °C) for a
total duration of 21 hours in a horizontal tube furnace (Gas Pressure Sintering, GPS, V-HEAT,
Vietnam) under a nitrogen atmosphere at pressures ranging from 0.1 to 2.0 MPa. The furnace was
heated at a rate of 3 °C/min, with a holding time of 5 hours at the target sintering temperature.
During gas pressure sintering, the samples were placed in a graphite crucible (¢100 mm internal
diameter) coated with boron nitride (BN, 99%, China Abrasive Import & Export Corp., China) to
prevent contamination and facilitate clean sintering. Details of the thermal processing steps are
depicted in Figure 1b.

After cooling to room temperature, the phase composition and crystalline structure of the
sintered samples were analyzed using X-ray powder diffraction (XRD; Bruker, Germany) with
CuKa radiation (A=0.154 nm). Microstructural characterization was performed using scanning
electron microscopy (SEM; Hitachi S-4800) to assess grain morphology, densification behavior,
and phase distribution.

Bulk density and water absorption of the sintered ceramics were measured at 25 °C using the
Archimedes method in accordance with the Vietnamese standard TCVN 6530-3:2016 [17]. Vickers
hardness was determined following ASTM C1327 standards. Fracture toughness was evaluated
based on surface crack lengths induced by Vickers indentation under a 3 kg load. Three
indentations were made along the tensile axis at the center of the polished specimen surface,
producing radial cracks with a total length of approximately 10 mm [18]. Elastic modulus testing
was conducted using a mechanical testing setup (Kammrath & Weiss GmbH, Germany) mounted
on an optical microscope stage (Model M11, Nikon Corporation, Japan). The fracture toughness
was calculated using the Lihara equation, which correlates indentation-induced crack lengths with
material toughness:

ENY2 /. p
Ky = 0.018 (E) (C3 /2) (1)
Where: E is the elastic modulus, GPa; Hv is hardness, GPa; P is the compression pressure in N;
c is 1/2 crack length (in mm).
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3. Results and Discussion

The crystal structures and phase composition of the synthesized samples were investigated
using X-ray diffraction (XRD). The XRD pattern of the IA8Y1S_O sample sintered at 1650 °C is
presented in Figure 2. The diffraction peaks clearly indicate the presence of two primary phases:
a-SiAION and B-SiAION. In addition, minor impurity phases such as a-SizNa, B-SizNa4, Y203-SiOz,
and 2Y20;-Al-Os were also detected. These results are in good agreement with previous reports on
the synthesis of advanced SiAION ceramics [19]- [20]. Notably, a-SiAION, B-SiAION, and a-
SisNa phases have also been reported in SIAION samples sintered at 1800 °C [21]. It has been
documented that granular f-SiAION begins to form at approximately 1550 °C and reaches near-
complete formation at 1600 °C [22]. In this study, the formation of secondary phases is likely
attributed to the high chemical reactivity of Y20s, which interacts with SiO- and Al>Os to produce
Y203-Si02 and 2Y20;:-Al=0s phases.
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Figure 2. XRD patterns of the 1A8Y1S_O sample sintered at 1650 °C

A\""'F .. " « '..‘

Figure 3. SEM images of the 1A8Y1S_O sample sintered at 1650 °C

The microstructural characteristics of the 1A8Y1S O sample sintered at 1650 °C were
examined using scanning electron microscopy (SEM), as shown in Figure 3. The low-
magnification SEM image (Figure 3a) reveals a homogeneous microstructure consisting of fine
grains predominantly in the sub-micron to several micron size range. The grains exhibit a well-
defined morphology with distinct and sharp grain boundaries, suggesting effective phase
development and crystallization during sintering. Consistent with the XRD results, some darker
regions observed in the microstructure may correspond to residual secondary phases or localized
impurity accumulation. Additionally, the presence of a few pores and voids is evident, which could
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potentially affect the mechanical performance of the material, particularly its strength and fracture
toughness. At higher magnification (Figure 3b), the SEM image provides a more detailed view of
the grain morphology and distribution. While many grains exhibit well-defined boundaries, some
regions display irregular grain shapes and less uniform densification. The visibility of small voids
and darker inclusions becomes more pronounced at this scale, indicating areas of residual porosity
or secondary phase formation. These microstructural features are likely to influence the overall
mechanical strength, fracture resistance, and thermal stability of the SiAION ceramic [23].

Processing temperature plays a critical role in influencing phase formation and the physical
properties of SIAION ceramics. As the sintering temperature increases, crystallization and phase
transformation processes are enhanced, promoting densification and reducing porosity, which in
turn improve the mechanical strength and durability of the ceramic material. In this study, the
physical properties - specifically bulk density, porosity, and water absorption - of the synthesized
SiAION ceramics were systematically investigated as a function of sintering temperature. Figure 4
illustrates the temperature dependence of bulk density and porosity for samples sintered between
1450 °C and 1650 °C. A clear trend is observed: bulk density increases significantly from 2.21
+0.10 g/cm® to 2.66+ 0.10 g/cm?® as the sintering temperature rises. This densification behavior is
primarily attributed to enhanced atomic diffusion at elevated temperatures, which facilitates
stronger interparticle bonding and reduces pore volume. Additionally, grain rearrangement and
volumetric shrinkage during sintering contribute to further minimization of porosity. The elevated
temperatures also promote the removal of residual gases and transient liquid phases, thereby
improving the overall compactness and structural integrity of the ceramics.
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Figure 4. Effect of sintering temperatures on the bulk  Figure 5. Effect of sintering temperatures on the
density of the SIAION ceramics porosity of the SIAION ceramics

In contrast to the trend observed in bulk density, the porosity of the SIAION ceramics decreases
markedly with increasing sintering temperature, as shown in Figure 5. Specifically, porosity
decreases from 11.07 +0.20% to 7.95 + 0.20% as the sintering temperature increases from 1450 °C
to 1650 °C. This reduction in porosity is primarily attributed to enhanced densification processes
at elevated temperatures. Higher sintering temperatures intensify atomic diffusion, facilitating
stronger interparticle bonding and the closure of voids. Moreover, grain growth and rearrangement
during sintering contribute to a more compact microstructure, further reducing the amount of open
pore space. Elevated temperatures also promote the elimination of residual gases and transient
liquid phases, which otherwise contribute to porosity. The combined effect of these thermally
activated processes leads to a significant improvement in the ceramic's structural integrity and
overall material performance.

The Liquid Phase Sintering (LPS) method facilitates particle bonding through the formation of
a transient liquid phase during the sintering process. This liquid phase enhances atomic diffusion,
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promotes recrystallization via a dissolution—precipitation mechanism, and effectively fills
interparticle voids. The main stages of LPS include: (i) heating to the sintering temperature, during
which a portion of the fluxing agents (e.g., Y20s and SiO:) melts to form a liquid phase; (ii)
dissolution and recrystallization of SiAION particles from the liquid; and (iii) cooling, leading to
the stabilization of the microstructure.

The bulk density and porosity of SIAION ceramics have a direct influence on the material's water
absorption. The water absorption values for samples sintered at 1450 °C, 1500 °C, 1550 °C, 1600 °C,
and 1650°C are 4.99+0.20%, 3.64+0.20%, 3.16+£0.20%, 3.03+0.20%, and 2.99+0.20%,
respectively. A clear decreasing trend is observed with increasing sintering temperature. This
reduction in water absorption is attributed to enhanced densification and reduced open porosity at
higher temperatures, as corroborated by the corresponding increase in bulk density. The decrease in
interconnected pores limits water ingress, thereby improving the material’s structural performance.
Additionally, the Vickers hardness and fracture toughness (Kic) of the sintered SiAION ceramics are
summarized in Table 1. These mechanical properties further reflect the influence of sintering
temperature on microstructural evolution and densification behavior.

Table 1. Effect of sintering temperatures on the hardness and fracture toughness of the SIAION ceramics
Temperature, °C

Properties

1450 1500 1550 1600 1650
Hardness, GPa 8.3%0.2 9.7+0.2 10.8+0.2 11.0+0.2 114+0.2
Kic, MPa.m'? 44+0.2 46+0.2 52%0.2 59+0.2 6.2+0.2

The hardness of the ceramic is strongly correlated with its density. As the density increases, the
hardness also tends to improve. This trend is consistent with the observed changes in bulk density,
apparent porosity, and water absorption of the samples, indicating that higher densification
contributes to enhanced mechanical properties.

4. Conclusion

In conclusion, advanced Y20s-doped SiAION ceramics were successfully synthesized using a
conventional solid-state reaction method. The effect of sintering temperature on the microstructure
and properties of these ceramics was systematically investigated. This approach allows for better
control over the formation of both a-SiAION and B-SiAION phases. Additional phases, such as
Y:205-Si0: and 2Y-0s-AlOs, were identified in specific compositions. As the sintering temperature
increased from 1450 °C to 1650 °C under a nitrogen atmosphere, the bulk density of the SIAION
ceramics increased, while both porosity and water absorption decreased. The highest values of bulk
density (2.66+0.10 g/cm?), the lowest water absorption (2.99+0.20%), and minimal porosity
(7.95+0.20%) were observed at 1650 °C. Compared to traditional oxide powder mixing methods,
this sintering approach reduced the required sintering temperature, resulting in enhanced material
density (higher bulk density, lower porosity, and water absorption) and improved mechanical strength
(higher hardness). The successful results of this research open up the direction of application in
molten metal casting technology in the field of manufacturing automobile and motorbike parts.
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