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ABSTRACT

Frits are utilized in various high-temperature and structural applications due to their
exceptional properties. However, most frits are fabricated via solid-state reactions, which
require high sintering temperatures and extended time to achieve homogeneity. Therefore, this
study investigates the phase transition in the Al,O3 -Y>03 -SiO: frit using sol-gel method, which
enables lower synthesis temperature and achieves higher purity. The energy dispersive X-ray
spectroscopy (EDX) results confirm the successful fabrication of Al:Oz -Y>03 -SiO: frits. The
effect of the sintering conditions on the phase transition was studied. The X-ray diffraction
patterns revealed that the frit remained completely amorphous up to 1000 °C. Although the
crystalline phases Y,0325i0;, Y:03-Si0,, and a-Al;O3 begin to appear around 1100 °C, the
overall degree of crystallinity increases with temperature, indicating a gradual transformation
from an amorphous to a more crystalline structure. A fully crystallized structure of the Al;O; -
Y>0; -SiO; frit is observed at 1400 °C. The differential thermal analysis (TGA) results confirm
the glass transition, crystallization and eutectic temperature of the Al;Oz -Y>0;3 -SiO; frit. The
optimized sintering condition was determined to be 1400 °C for 5 hours.

Keywords: Y203 -Al2Os -SiOz; Frit; Ceramics; SiAION.
1. INTRODUCTION

The Yttria-Alumina-Silica (Al2O3 -Y203 -Si03) ternary oxide system is widely used in high-
performance applications. It plays a key role in the development of materials such as glass-
ceramics, refractories, sintering additives, and SiAION ceramics [1]. Among these, SiAION
ceramics stand out as some of the most advanced materials used in industry today. These
ceramics demonstrate outstanding resistance to corrosion in molten metal environments, leading
to an extended service life of approximately 12 to 18 months. As a result, SIAION-based
materials are favored for extreme working conditions involving high temperatures and aggressive
molten metals [2].

Due to high production costs, SIAION ceramics are manufactured by only a few companies,
predominantly in Japan, the United States, the United Kingdom, and China.. Japan leads global
production with a 60% share, followed by the US at 30%, while Europe and China each
contribute about 5% [3]. Despite their advantages, the high cost limits widespread adoption,
prompting the use of less efficient, more economical alternatives.

A noteworthy component of SiIAION ceramic is the use of 1A6Y3S frit (Al,Os3 -Y203 -Si0y)
as an effective sintering additive [4]. This additive reduces sintering temperatures while
enhancing the mechanical properties of the ceramics. Various synthesis methods have been used
for producing 1A6Y3S frit, including sol-gel Pechini, sol-gel, co-precipitation, hydrothermal
techniques, combustion combined with microwave processing, peptization of oxalate gels, acid
acetate-based gels, and melting routes [5]. Among these, the melting method remains prevalent
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due to its practicality for large-scale production. Typically, Y.0s, Al,Os, and SiO, oxides are
employed as precursors.

Although sol-gel and co-precipitation techniques are well established in material science,
their application to the synthesis of advanced ceramic additives remains limited. These methods
offer several advantages: lower synthesis temperatures (typically below 1000 °C), precise control
of phase composition, nanoscale homogeneity, and tailored particle size distribution [6—10].

This study investigates the combination of sol-gel and co-precipitation approaches to produce
a homogeneous oxide mixture. Melting and rapid quenching in water were subsequently applied
to enhance uniformity and reduce the melting temperature of the 1A6Y3S frit. Additionally, the
effects of synthesis conditions on the structural and physical properties of the frit are
systematically analyzed.

2. EXPERIMENTAL

2.1. Synthesis process of Al,O; -Y203 -SiO; frits

The SiO, precursor was prepared via the sol-gel method. Initially, an aqueous Na,SiOs
solution was stirred continuously and heated to 80 °C. A 0.5 M HCI solution was then added
dropwise under constant stirring until the pH reached 9—10. Continuous agitation throughout the
acid addition ensured homogeneity in gel formation. The resulting gel was dried at 90 °C until
complete solvent evaporation occurred. The dried material was subsequently washed multiple
times with ethanol and deionized water to remove soluble by-products and then ground to yield
fine SiO, powder.

The AlO; and Y203 powders were synthesized via a coprecipitation technique. Equimolar (1
M) aqueous solutions of AI(NO3);-9H>O and Y(NOs)3-6H,O were prepared and thoroughly
mixed. Aqueous ammonia was added dropwise as the precipitating agent until the solution pH
stabilized between 8.1 and 8.3. The resulting suspension was aged under mild agitation at 80 °C
for 30 minutes to allow complete precipitation and maturation of the hydroxide phases. The
precipitates were then collected via vacuum filtration, washed repeatedly with ethanol and
deionized water to remove residual ions, and dried at 100 °C. The dried powders were manually
ground using an agate mortar and subsequently calcined at an appropriate temperature to convert
the hydroxides into their respective oxide forms.

The obtained Al,Os, Y203, and SiO, powders were weighed according to predetermined
molar ratios (table 1) and dispersed in isopropanol. The resulting suspension was subjected to
planetary ball milling for 30 minutes to ensure fine and homogeneous mixing. The mixture was
then dried at ~100 °C to remove the solvent. The dry powder blend was transferred to a platinum
crucible and placed within an alumina ceramic support boat, then introduced into a high-
temperature furnace for melting. Melting was conducted at 1000 °C, 1100 °C, 1200 °C, 1300 °C,
and 1400 °C with a controlled heating rate of 10 °C min'. Upon reaching the target temperature,
the samples were rapidly quenched in water to obtain glassy frit fragments. These fragments,
typically several millimeters in size, were milled in ethanol using a planetary ball mill until a
particle size of less than 5 um was achieved.

Table 1. Composition of 1A6Y3S frit in terms of oxides and corresponding melting temperature.

Composition, wt%
No | Name Sample - Method
Al Os Y203 Si0;
1 0 1A6Y3S 10.8 60.5 28.7 Sol-gel

2 o 1A6Y3S M 10.8 60.5 28.7 Mixed oxides

2.2. Materials characterization
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The thermal properties of the 1A6Y3S frit, including the glass transition temperature (Tg) and
the crystallization peak temperature (T.), were determined using Differential Thermal Analysis
(DTA) performed on a Linseis STA PT 2400 thermal analyzer (Germany). Phase identification
and crystallographic structure were analyzed by X-ray Powder Diffraction (XRD) using a Bruker
diffractometer (Germany).

The morphological characteristics of the 1A6Y3S particles were examined by Scanning
Electron Microscopy (SEM) utilizing a HITACHI S-4800 microscope (Japan). Hardness
measurements were carried out using a ZwickRoell hardness testing machine (Germany). For each
sample, five indentations were made under a load of 50 g applied for 10 seconds, and the average
value was reported as the representative hardness. The bulk density and porosity of the samples
were measured using a helium gas pycnometer (AccuPyc 11 1340, Micromeritics, USA), following
the standard procedure outlined in TCVN 6530-3:2016. For each specimen, ten independent
measurements were conducted, and the average was taken as the final reported value.

3. RESULTS AND DISCUSSION

3.1. Investigation of the phase transition temperature and crystallization temperature of
the ALO3; -Y,03 — SiO,

The phase transition temperature and crystallization temperature of the 1A6Y3S frit (Al,Os -
Y203 -Si0;) were investigated using differential thermal analysis (DTA). The results are
presented in figure 1 and table 2.
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Figure 1. Differential Thermal Analysis (DTA) of the synthesized 1A6Y3S frits from:
(a) Sol-gel; (b) Mixed oxides.
Table 2. DTA analysis results of 146Y3S frit.

No Sample T, (°C) Te1 (°C) Tez (°C) T (°C)
1 1A6Y3S 976 1263 1403 1452
2 1A6Y3S M 1102 1447 1563 1593

The glass transition temperature T, of the 1A6Y3S sample was determined to be 976 °C. A
marked melting behavior was observed in the temperature range of approximately 1300—
1400 °C. Differential thermal analysis revealed two distinct crystallization peaks, with the first
(Tc1) occurring at 1263 °C and the second (T.,) at approximately 1403 °C. Additionally, a
eutectic reaction was detected at about 1452 °C.

When compared with the 1A6Y3S M sample synthesized via the conventional oxide-mixing
method, the sol-gel/co-precipitation-derived 1A6Y3S sample exhibited lower characteristic
temperatures (Tg, Tci, Te2, Te). This reduction in thermal transition points can be attributed to the
nature of the raw materials and synthesis process. Specifically, the sol-gel and co-precipitation
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techniques produced amorphous oxides with a highly homogeneous microstructure and nanoscale
particle sizes. Such structural characteristics enhance reactivity and reduce the thermal stability of
the glass network, leading to lower melting and crystallization temperatures compared to the oxide-
mixed sample, which contained larger and more crystalline precursor particles.

3.2. Effect of melting temperature on the phase composition of the Al,O3 -Y,03 -SiO;

To investigate the influence of melting temperature on the phase composition of the 1A6Y3S
frit, oxide mixtures were subjected to heat treatment at 1000 °C, 1100 °C, 1200 °C, 1300 °C, and
1400 °C for 0.5 hours. The resulting frits were rapidly quenched and subsequently analyzed to
determine their phase constitution. X-ray diffraction (XRD) analysis was employed to identify
crystalline phases present in the samples and to evaluate the evolution of crystallinity as a
function of temperature.
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Figure 2. XRD patterns of 146Y3S frit fired for 0.5 hours at (a) 1000 °C,
(b) 1100 °C, (c) 1200 °C, (d) 1300 °C, and (e) 1400 °C.

As illustrated in figure 2, X-ray diffraction (XRD) analysis revealed no discernible diffraction
peaks at temperatures below 1000 °C, confirming the retention of a fully amorphous structure
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without crystalline phase formation. Initial crystallization of yttrium disilicate (YDS,
Y»03.2S10,) was observed at 1100 °C, evidenced by a low-intensity diffraction peak centered at
20 = 29.4°. Upon heating to 1200 °C, the YDS phase exhibited enhanced crystallinity, as
indicated by a pronounced increase in peak intensity at 20 = 29.4°, accompanied by the
emergence of a secondary weak peak at 20 = 27.4°. Concurrently, the yttrium silicate (YS,
Y»05.5i0;) phase began to nucleate, marked by two low-intensity peaks at 26 = 29.4° and 30.9°.

Progressive phase evolution was observed at 1300 °C. The YDS phase developed additional
diffraction features at 20 = 19.3°, 32.6°, 39.6° and 44.1°. Furthermore, the intensities of existing
YDS peaks at 20 = 27.6° and 29.4° increased significantly. The YS phase concurrently formed
new peaks at 20 =23.1°, 26.1°, and 42.1°, while existing YS peaks at 29.4° and 30.9° intensified.

At 1400 °C, the YDS phase (JCPDS No. 21-1457 [11]) displayed further structural
maturation, with new peaks emerging at 20 = 47.7° and 58.1°. Peak intensities across the YDS
profile exhibited substantial enhancement: 19.1°, 27.6°, 29.4°, 32.6°, 39.6°, 44.1°, and 47.7°.
Similarly, the YS phase (JCPDS No. 21-1458 [12]) demonstrated progressive crystallization,
manifesting new peaks at 20 = 16.1°, 52.8°, and 61.0°, alongside intensified peaks at 23.1°,
26.1°,29.4°,30.9°, and 42.1°.

The sequential formation of crystalline phases followed the order Y»03.2S510; — Y203.S10,,
consistent with the lower melting point of SiO, (1710 °C [13]) relative to Y.O3 (2425 °C [14]).
The preferential formation of Y»03.2Si0; is attributed to the higher SiO, content, which acts as a
fluxing agent, facilitating lower-temperature crystallization kinetics. Notably, peak intensities
stabilized above 1300 °C, with maximum crystallinity achieved between 1300-1400 °C,
corroborating differential thermal analysis (DTA) data. Consequently, 1400 °C was identified as
the optimal synthesis temperature for the 1A6Y3S frit.

To evaluate melting temperature effects on phase composition, oxide mixtures were
processed at 1500 °C and 1600 °C (denoted as 1A6Y3S M). Subsequent XRD analysis
confirmed the retention of YDS and YS phases, with no observable polymorphic transitions or
secondary phase formation.
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Figure 3. XRD patterns of 1A6Y3S M frit fired for 0.5 hours at: (a) 1500 °C, (b) 1600 °C.

As demonstrated in figure 3, frit 1A6Y3S M synthesized via conventional solid-state mixing
of Al2O3, Y203 and SiO» oxides exhibited a melting temperature approximately 200 °C higher
than that of samples prepared via sol-gel synthesis. XRD analysis of the traditionally processed
sample sintered at 1500 °C (0.5 h) revealed residual a-Al,O3 (JCPDS No. 46-1212), identified by
diffraction peaks at 20 = 35.2°, 43.5°, and 57.7° with weak intensities. Notably, this method
exhibited inferior phase formation control compared to sol-gel synthesis, as evidenced by the
emergence of non-indexed diffraction features at 26 = 13.1°, 20.9°, and 39.6°.

Elevating the sintering temperature to 1600 °C (0.5 h) for the traditionally synthesized
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1A6Y3S M resulted in the complete dissolution of a-AlO;, though the melting temperature
disparity (~200 °C relative to sol-gel-derived samples) persisted. Despite the absence of a-Al>Os,
phase complexity remained unresolved, with unidentified peaks observed at 26 = 14.9°, 20.9°,
36.4°, 49.7°, and 56.2°. These findings underscore the challenges associated with phase
regulation in conventional solid-state synthesis, which contrasts sharply with the enhanced
homogeneity and phase purity achieved via sol-gel methods.

3.3. Effect of melting time on the structure of 1A6Y3S frit

In addition to the melting temperature, the duration of the melting process significantly
influences the structural characteristics of the material. To investigate the effect of melting time
on phase composition, 1A6Y3S frit samples were subjected to thermal treatment at 1400 °C for
periods of 5 and 10 hours. The resulting crystalline structures of the samples corresponding to
each duration are presented in figure 4.
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Figure 4. XRD patterns of the 146Y3S frit melted at 1400 °C for (a) 5 h and (b) 10 h.

Upon melting at 1400 °C for 10 hours, the peak intensities associated with the Yttrium
Disilicate (Y203.2S10,) crystalline phase (JCPDS No. 21-1457) at 26 values of 19.1°, 27.6°,
29.4°,32.6°,39.6°, 44.1°, 47.7°, and 58.1°.

Simultaneously, the formation of the Yttrium Silicate (Y205.Si0,) phase (JCPDS No. 21-
1458) progressed, as evidenced by the appearance of a new diffraction peak at 20 = 14.9°,
Furthermore, the intensities of existing peaks at 26 = 16.1°, 23.1°, 26.1°, 29.4°, 30.9°, 42.1°,
52.8°, and 61.0° were enhanced.

X-ray diffraction (XRD) analysis clearly indicates that the peak intensities corresponding to
both Yttrium Disilicate (Y203.2S10,) and Yttrium Silicate (Y.03.Si0,) phases are significantly
higher in the sample subjected to a 10-hour melting duration compared to the sample melted for
5 hours. This suggests an enhancement in crystallinity with prolonged melting time.

Additionally, morphological changes in the 1A6Y3S samples as a function of melting
duration (0.5, 5, and 10 hours) were examined using Scanning Electron Microscopy (SEM), as
shown in figure 5.

e R,

(a) - (b) (©
Figure 5. SEM image of 146Y3S frit melted at 1400 °C for 0.5 (a), 5 (b) and 10 hours (c).
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The results indicate that the 1A6Y3S sample melted at 1400 °C for 10 hours exhibits a higher
degree of crystallization and a more uniform distribution of crystalline phases compared to
samples treated for 0.5 and 5 hours. A fine particle microstructure was observed in both the 5-
hour and 10-hour samples, which is consistent with the increased crystallinity. This refined
microstructure is believed to contribute to the emergence of secondary crystallization peaks
observed in the Differential Thermal Analysis (DTA) of the 1A6Y3S frit.

The combined interpretation of Scanning Electron Microscopy (SEM) images and X-ray
Diffraction (XRD) patterns confirms that the crystalline structure of the sample primarily
consists of Yttrium Disilicate (Y203.2Si0;) and Yttrium Silicate (Y203.Si0;) phases.
Furthermore, the elemental composition and spatial distribution within the 1A6Y3S frit subjected
to a 5-hour melting duration were analyzed using Energy-Dispersive X-ray (EDX) Mapping, as
shown in figure 6.

AlKal SiKal Y Ka
Figure 6. EDX Mapping of the frits melted for 5 hours: 146Y3S at 1400 °C.

EDX mapping analysis of the 1A6Y3S frit melted at 1400°C for 5 hours revealed a
homogeneous distribution of the constituent elements Al, Si, Y, and O throughout the sample.

O Kal

Furthermore, comparative analysis of the XRD patterns and SEM micrographs indicated
minimal structural differences between the samples held at 1400 °C for 5 and 10 hours. Based on
the combined results from XRD, SEM, and EDX mapping, a holding time of 5 hours was
determined to be optimal, providing sufficient crystallinity and elemental homogeneity without
necessitating extended thermal treatment.

3.4. Physical and thermal properties of 1A6Y3S and 1A6Y3S_M frits

1A6Y3S and 1A6Y3S M frits were studied using different quantitative tools to determine
their physical properties such as density, hardness and porosity.

Table 3. Mechanical and physical properties of 1A6Y3S and 146Y3S M frits.

Mechanical Physical properties
No | Sample ) - -
properties: Hardness (HV)| Density (g/cm?) | Porosity(%)
1 1A6Y3S 886.7 3.23 0.11
2 |1A6Y3S M 853.6 3.20 0.14

The analysis of the physical and mechanical properties, as summarized in table 3, shows that
the 1A6Y3S frit exhibits the highest bulk density, measured at 3.23 g/cm?®. In comparison, the
1A6Y3S M sample, synthesized via the sol-gel method, displays a slightly lower bulk density of
3.20 g/em®. This reduction is attributed to the predominantly amorphous nature of oxides
produced through the sol-gel process, which facilitates lower melting temperatures and improved
dispersion of particles.

The data also indicate a trend in porosity, increasing from 0.11% in 1A6Y3S to 0.14% in
1A6Y3S M. This inverse relationship between porosity and particle agglomeration can be
explained by the degree of densification; higher density typically corresponds to increased
compaction, thereby reducing the volume of voids within the material.
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Similarly, hardness values follow a trend correlating with density. The 1A6Y3S M sample
exhibits a Vickers hardness of 853.6 HV, while the 1A6Y3S sample demonstrates a higher
hardness of 886.7 HV. This increase in hardness with density is consistent with enhanced
structural compactness, which improves the material's resistance to deformation.

These findings suggest that the 1A6Y3S frit, particularly that synthesized through the sol-gel
method, possesses superior thermal stability, mechanical integrity, and microstructural
uniformity, making it a promising candidate for high-performance ceramic applications.

4. CONCLUSIONS

The 1A6Y3S frit synthesized via the combined sol-gel and co-precipitation method
demonstrated superior characteristics compared to the frit produced by conventional solid-state
mixing of oxides. This method resulted in a lower phase transition temperature, more controlled
phase composition, and improved physical and mechanical properties.

Optimal synthesis conditions for the 1A6Y3S frit were identified as a melting temperature of
1400 °C with a holding time of 5 hours. Under these conditions, the frit exhibited a Vickers
hardness of 886.7 HV, a bulk density of 3.23 g/cm?, and a low porosity of 0.11%. Thermal analysis
indicated that the frit remained fully amorphous up to approximately 1000 °C, with significant
crystallization occurring between 1300 and 1400 °C. Above 1300 °C, the predominant crystalline
phases formed were Yttrium Disilicate (Y203.2S10,) and Yttrium Silicate (Y205.S10»).
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TOM TAT

Qua trinh hinh thanh pha khi tong hop frit ALOs - Y;0s - SiO2
bang phwong phap sol- gel va dong ket tia

Frit dwoc tmg dung nhiéu trong nganh cong nghiép do cdc dic tinh dic biét ciia
chiing. Tuy nhién, hau hét cdc frit dwoc ché tao tir cac nguyén liéu la oxit, doi hoi nhiét do
thiéu két cao va thoi gian kéo dai de dat dwoc do dong nhat. Trong nghién ciru nay, qud
trinh hinh thanh va phat men pha khi tong hop frit Al>0s -Y>03 -Si0; bang phuwong phap
sol- gel chi can nhiét do tong hop thip va do tinh khiét cao. Két qua phé nhiéu xa tia X dd
xdc nhdn rang frit Al;0s -Y>03 -SiO; duoc ché tao thanh cong bang phuwong phap sol-gel.
Cac anh huong cua diéu kién thiéu két dén qud trinh chuyen pha trong vdt liéu dwoc
nghién cuu. Cdc mau frit AL,O3 -Y>0;3 -SiO; cho thdy cdu triic hoan toan vé dinh hinh ¢
nhiét do gan 1000 °C. Theo ham cua nhiét do, cac pha tinh thé Y>03.28i0,, Y-05.5i0: va
a-ALO; xudt hién ¢ khoang 1100 °C, 1200 °C va 1300 °C. Pha tinh thé hoan chinh cua frit
ALO; -Y,0; -Si0; dwge quan sat thay & 1400 °C. Cdc két qud phdn tich nhiét vi sai xdc
nhdn nhiét do chuyén thuy tinh, nhiét do dinh két tinh va nhiét do eutectic cia frit AL;Os -
Y>0s -SiO-. Bén canh dé, diéu kién thiéu két t6i wu cua frit Al;O3 -Y>03 -SiO; dwoc dé xudt
0 1400°C va 5 gio.

Tir khoa: Y203 -ALOs -SiO; Frit; Gém k¥ thuat SiAION.
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