u

) <

The University of Osaka
Institutional Knowledge Archive

Title Cold sintering of silicon nitride using surface-
amorphous silica

Author (s) 2?0 Yeongjun; Minehira, Masaya; Cho, Sunghun et

Journal of Alloys and Compounds. 2025, 1045, p.

Citation 184716

Version Type|VoR

URL https://hdl. handle.net/11094/103522

This article is licensed under a Creative
rights Commons Attribution-NonCommercial 4.0
International License.

Note

The University of Osaka Institutional Knowledge Archive : OUKA

https://ir. library. osaka-u. ac. jp/

The University of Osaka



Journal of Alloys and Compounds 1045 (2025) 184716

Contents lists available at ScienceDirect

JOURNAL OF

ALLOYS AND
COMPOUNDS

Journal of Alloys and Compounds

journal homepage: www.elsevier.com/locate/jalcom

ELSEVIER

L))

Check for

Cold sintering of silicon nitride using surface-amorphous silica | e

Yeongjun Seo* ©®, Masaya Minehira “, Sunghun Cho*“, Tomoyo Goto b Yoshifumi Kondo ?,
Do Hyung Han ", Tohru Sekino

2 SANKEN, The University of Osaka, 8-1 Mihogaoka, Ibaraki, Osaka 567-0047, Japan
b Graduate School of Science and Technology, Nara Institute of Science and Technology (NAIST), 8916-5 Takayama-cho, Ikoma, Nara 630-0192, Japan

ARTICLE INFO ABSTRACT

Keywords:

Cold sintering process
Mechanochemical reaction
Silicon nitride

Silica

Low-temperature sintering

This study demonstrated the densification of silicon nitride (SizN4) via cold sintering using amorphous silica
(SiOy) as the bonding phase. Amorphous SiO5 was incorporated onto the surfaces of SizN4 particles using a
mechanochemical reaction via planetary ball milling with ultrapure water at room temperature. Increasing the
SiO, content on the SisNy4 particle surfaces improved the relative density of the cold-sintered SizN4 samples,
achieving a maximum value of 78.4 % at 160 °C and 500 MPa. Additionally, the addition of 5 wt% SiO5
nanoparticles to the SisN4 powders before milling further increased the surface SiO, content, which enhanced the
dissolution—reprecipitation of SiO; at the SizNy interfaces and increased the relative density to 86.2 %. The cold-
sintered SizN4 samples exhibited improved mechanical properties with longer milling durations, achieving a
Vickers hardness of 2.53 + 0.09 GPa, biaxial flexural strength of 169.4 + 12.3 MPa, and Young’s modulus of
113.1 + 1.5 GPa. This approach enables the low-temperature densification of ceramic materials that are
otherwise difficult to dissolve by incorporating soluble phases. This energy-efficient method holds promise for
the development of novel ceramic processes with a low environmental impact.

1. Introduction

Silicon nitride (SigN4) ceramics are widely used as structural mate-
rials because of their excellent mechanical properties, which include a
high toughness, thermal shock resistance, high strength, wear resis-
tance, high-temperature mechanical strength, corrosion resistance, and
electrical insulation [1-3]. They have two types of crystal structures: a
low-temperature stable a-phase (trigonal) and high-temperature stable
B-phase (hexagonal) [4]. During the liquid-phase-sintering process, a
phase transition from the a-phase to the f-phase occurs in a temperature
range of approximately 1400-1600 °C [1,5], accompanied by particle
dissolution and reprecipitation. This transition leads to the growth of
elongated B-phase rod-like crystals, which form a complex network of
interlocking grains, thereby resulting in excellent mechanical and
thermal properties [1-3]. Owing to these properties, Si3N4 ceramics are
widely used in engineering applications such as gas turbines, bearings,
and automotive engine components [6-8].

Despite their excellent properties, SisN4 ceramics encounter signifi-
cant sintering challenges because of the high sintering temperatures
required. Unlike oxide-based ceramics with ionic bonding, a-SisN4 has
strong covalent Si-N bonds, resulting in a low diffusion coefficient at

* Corresponding authors.

high temperatures [9]. In addition, the surface silica (SiO,) impurities in
Si3N4 ceramics volatilize as SiO (g) at high temperatures, repeatedly
evaporating and condensing, thereby hampering densification [10].
This hinders the atomic diffusion, which increases the sintering tem-
perature of SigN4. To overcome these problems, liquid-phase-assisted
hot-press [11] and gas-pressure [12,13] sintering have been used with
various sintering aids such as Y203, Al;03, and MgO [11-15]. However,
the sintering temperature of SigN4 ceramics is at least 1500 °C, resulting
in a significant environmental impact and energy consumption. There-
fore, it is essential to develop new sintering processes that fundamen-
tally reduce the sintering temperature.

The cold sintering process (CSP) has recently emerged as a sintering
technique for densifying inorganic particles at remarkably low temper-
atures (below 300 °C) [16-18]. The primary driving force behind the
CSP is the transient liquid phase, which facilitates a unique densification
mechanism. In the CSP, the base particles are mixed with a solvent and
then compressed and heated, which differs significantly from traditional
high-temperature techniques. This process promotes particle rear-
rangement and enhanced particle-to-particle contact. Simultaneously,
the solvent partially dissolves the surface atoms or ions of the inorganic
particles at their contact points. These dissolved species then migrate
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through the liquid phase owing to the chemical potential gradient and
reprecipitate on the surfaces of other particles. This dis-
solution-reprecipitation process is crucial for the CSP because it pro-
motes solid-state bonding between particles. Consequently, the voids
and pores are filled, leading to the effective densification of the material.
However, the CSP has the limitation that it is difficult to densify ceramic
materials that are hardly soluble in solvents or hydrothermal environ-
ments [16]. For these materials, a bonding phase that dissolves rela-
tively easily in solvents has been used to enable CSP densification.
Yamaguchi et al. [19] fabricated SiC/SiOy ceramics with a relative
density of 80 % via the CSP at 200 °C using SiC particles with amorphous
SiOy layers formed via heat treatment at 1100 °C. Similarly, Induja and
Sebastian [20] fabricated Al,03/NaCl composites with a relative density
of 96 % via the CSP at 120 °C based on the dissolution-reprecipitation of
NaCl. With regard to SigN4, previous research has explored the fabri-
cation of cold-sintered SisN4@SiO2/PEEK core-shell composites in
which the SiO, bonding phase was prepared via the Stober method using
tetraethyl orthosilicate[21,22]. These studies highlighted the critical
role of the bonding phase in enabling the cold sintering of ceramic
materials that are otherwise difficult to densify solely via the dis-
solution-reprecipitation of the base material.

Mechanochemical grinding methods have been widely used as
effective approaches for producing amorphous layers on the surfaces or
interfaces of diverse materials [23-25]. In particular, the high-energy
ball milling of silicon-containing precursors, such as SigN4 or silicon
powder, can induce the formation of amorphous SiO;. In the presence of
an oxidizing agent (e.g., Op, H0, or air), surface oxidation and tri-
bochemical reactions lead to the in-situ formation of an amorphous SiO»
layer [25-27]. This surface oxide not only modifies the interparticle
bonding characteristics but also serves as a reactive phase in subsequent
processes, such as the CSP. Accordingly, the mechanochemical forma-
tion of SiO, provides a scalable strategy for tailoring the surface
chemistry and enabling low-temperature densification while avoiding
conventional thermal oxidation and complex wet-chemical synthesis
routes such as the Stober method.

In this study, a mechanochemical reaction was employed to form a
SiO layer on the surfaces of SigNy4 particles by planetary ball milling in
ultrapure water, offering a simple and effective strategy for achieving
the low-temperature densification of SigN4 via the CSP. Unlike con-
ventional high-temperature sintering, where the native SiO2 on SizN4
surfaces tends to decompose and hinder densification [10], in this case,
the native oxide plays a favorable role in the mechanochemical process
by promoting the further growth of the SiO; layer. In addition to the
SiO layer formation, the milling process can reduce the SigN4 particle
size, which enhances the densification by increasing the surface energy.
To further improve the densification by increasing the amount of the
bonding phase, SiO» nanoparticles were introduced prior to planetary
ball milling, complementing the surface oxide layer formed via mech-
anochemical reactions. To this end, various milling times were
employed as key parameters to control the SisN4 particle size and
thickness of the SiO, surface layer. An NaOH solution was selected for
use with the CSP because of its ability to effectively dissolve the amor-
phous SiO, phase, facilitating the dissolution-reprecipitation mecha-
nism. The correlation between SiO5 formation via mechanochemical
reactions and the densification behavior was thoroughly investigated.
Furthermore, the microstructural, structural, and mechanical properties
of the cold-sintered samples were comprehensively determined.

2. Material and methods

2.1. Formation of SiOy on the surfaces of the SisN4 particles
Commercially available a-SisN4 powder (SN-E10, Ube corporation,

Tokyo, Japan) was ball-milled in a planetary ball mill (Pulverisette-7,

Fritsch GmbH, Idar-Oberstein, Germany) using ultrapure water as the
liquid medium to promote SiOy formation. Milling was performed in a
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tungsten carbide (WC) jar using WC balls at a ball-to-powder ratio of
10:1, with the mill operated at 300 rpm for different durations (1, 3, 5,
and 10 h). After planetary ball milling, the powders were separated from
the ultrapure water using an evaporator and dried overnight in an oven.
The pure SigN4 powder was referred to as pure SN, and the SigN4 powder
samples milled for 1, 3, 5, and 10 h were denoted as SN_BM1h,
SN_BM3h, SN_BM5h, and SN_BM10h, respectively. To further increase
the amount of SiO, on the surfaces of the SigN4 particles, 5 wt% amor-
phous SiO5 nanoparticles (Sigma-Aldrich, Saint Louis, USA) were added
to SigN4 powder samples, which were then ball-milled under the same
conditions for 1, 3, 5, and 10 h, and labeled as SN/5Si0O,_ BM1h, SN/
58102 BM3h, SN/5Si02_BM5h, and SN/5Si02_BM10h, respectively.

2.2. Cold sintering of the pure and ball-milled SisN4 powders

For densification using the CSP, each powder sample (pure SN,
SN_BM, and SN/5SiO, BM) was thoroughly mixed with a 10 wt%,
10 mol/L NaOH solution using a mortar and pestle. Subsequently, each
mixture was placed in a mold with a diameter of 12 mm and heated at
160 °C under a uniaxial pressure of 500 MPa for 1 h using a ring heater
(Sansho Industry Co., Ltd., Osaka, Japan) and uniaxial press (Newton
Press, NT-100H, NPa System Co., Ltd., Saitama, Japan). For comparison,
SN_BM10h was mixed with 5 wt% SiO nanoparticles using a mortar and
pestle, and subsequently densified using the same CSP conditions. After
cooling the mold to room temperature, the applied pressure was slowly
released to avoid crack generation, and the densified pellets were
carefully removed from the mold. Subsequently, all of the cold-sintered
samples were dried in an oven to remove excess moisture.

2.3. Characterization

The pure SN, SN_BM, and SN/5SiO, BM powders were observed
using field-emission scanning electron microscopy (FE-SEM; SU9000,
Hitachi High-Tech Corp., Tokyo, Japan) equipped with an energy-
dispersive X-ray (EDX) detector at an accelerating voltage of 30 kV.
The SiO; formation in each powder sample was examined using X-ray
diffraction (XRD; D8 Advance, Bruker AXS GmbH, Karlsruhe, Germany)
with a Cu Ka radiation source (1 = 1.54178 1°\) at 40 kV and 40 mA, along
with Fourier-transform infrared spectroscopy (FT-IR; FT/IR-6600,
JASCO Corp., Tokyo, Japan). X-ray photoelectron spectroscopy (XPS;
JPS9010MX, JEOL Ltd., Tokyo, Japan) was used to determine the
thickness [dxps (nm)] of SiO2 on the surfaces of each powder sample.
Based on the XPS results, the dxps value was calculated from the Si 2p
oxide-to-nitride peak ratio using Eq. (1)[28]:

I I$
EITQ+ 1) )

dXPS = Jln <
where 1 is the mean escape depth of electrons during photoemission; Ip
and Iy denote the measured intensities for O 1 s and N 1 s, respectively;
and I?) and I?, are the theoretical intensities for pure SisN4 and SiO,,
respectively. The %’ ratio reported by Peuckert and Geril is 1.03 [28], and
the value of 1 was set to 1.99 nm. Transmission electron microscopy
(TEM; JEM-ARM200F, JEOL Ltd., Tokyo, Japan) equipped with EDX
detector was used to observe the surface SiO5 phase on the SigN4 par-
ticles. In addition, the average particle sizes of pure SN and SN_BM were
determined using dynamic light scattering (Zetasizer Nano ZS, Malvern
Instruments Ltd., Malvern, UK). The bulk densities of the cold-sintered
samples were determined using the Archimedes method with absolute
ethanol (EtOH, 99.5 %, FUJIFILM Wako Pure Chemical Corp., Osaka,
Japan) as the liquid medium. The true densities were measured using a
helium gas pycnometer (Accupyc II 1340, Micromeritics Inc., GA, USA)
and used to calculate the relative densities. The fracture surfaces of the
cold-sintered samples were observed using FE-SEM. The mechanical
properties of the cold-sintered SN/5SiO2 samples were evaluated. A
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Vickers hardness tester (FV-310e; Future-Tech Corp., Kanagawa, Japan)
was used to measure the Vickers hardness of each of the cold-sintered
samples by applying a load of 9.8 N for 15s. The biaxial flexural
strengths of the cold-sintered samples were evaluated using the
piston-on-three-ball method. The measurements were conducted using a
universal testing machine (AGX-10kNVD, Shimadzu Corp., Kyoto,
Japan) equipped with a 5 kN load cell operating at a crosshead speed of
0.5 mm/min. Cold-sintered samples with a diameter of 12 mm were
supported by three equidistant balls arranged at 120° intervals along a
supporting circle, whereas a piston applied a load centrally on the
opposite surface. The Young’s modulus was determined using the ul-
trasonic pulse-echo technique, which involves measuring the ultrasonic
velocity using a digital storage oscilloscope (DSOX3052T, Keysight,
Tokyo, Japan) and an ultrasonic pulser/receiver (Model 5072, PANA-
METRICS, MA, USA). Each sample was subjected to six measurements
for each property, and the mean values were recorded.

3. Results and discussion
3.1. Formation of SiO on SisN4 particles via planetary ball milling

After planetary ball-milling the SigN4 powder samples with ultrapure
water for different durations, the obtained powders were observed using
FE-SEM (Fig. 1). Compared to the pure SN powder (Fig. 1(a)), the SN_BM
powders exhibited smaller particle sizes as the milling time increased
(Fig. 1(b)-(e)). Specifically, as shown in Fig. 1(f), the average particle
size of the pure SN was determined to be 677.6 + 62.3 nm, which
drastically decreased to 375.6 +37.9nm after milling for 3h
(SN_BM3h). The size further decreased to 277.6 + 38.9 nm after 10 h of
milling (SN_BM10h), or less than half of its original value. However,
longer milling times may cause contamination of the powder owing to
the wear of the milling balls and jar. To verify this, SEM-EDX mapping
analysis was performed on the powders as a function of the milling time
(Fig. S1). As a result, tungsten (W) was detected in addition to the
original constituents, which was attributed to the wear of the milling
media (WC). The elemental composition results based on the SEM-EDX
analysis revealed that the W content increased with the milling time,
reaching 1.9, 2.3, 3.0, and 4.8 mass% after 1, 3, 5, and 10 h of milling,
respectively.

Journal of Alloys and Compounds 1045 (2025) 184716

XRD and FT-IR analyses were conducted to detect the SiO5 formation
(Fig. 2). As shown in Fig. 2(a), all of the samples only exhibited peaks
corresponding to crystalline a-SigN4 (PDF no. 00-041-0360), with no
peaks related to W or its compounds detected. However, for the SN_BM
powders, broad hump patterns were observed in the 26 range of 10—60°
(Fig. 2(b)) with increasing milling time, which is a characteristic of
amorphous SiO5[29,30]. In addition, as shown in Fig. 2(c) and (d), with
an increase in the milling time, peaks corresponding to the —OH groups
owing to the use of ultrapure water as the milling medium were
observed at 3368 and 1638 cm™!, while a peak corresponding to the
Si-O bond appeared at 1095 cm ™}, suggesting the increased formation of
SiO in the SN_BM powders [21,31]. This oxidation was attributed to the
mechanochemical reaction of SigN4 with HoO. During the planetary ball
milling, the friction and wear of the SisN4 particles initially resulted in a
high wear rate, but the water eventually produced a strong lubrication
effect, thereby forming a SiO layer. The possible chemical reaction is
shown in Eq. (2)[26,27].

Si3Ny + 6Ho0 — 3Si0, + 4NHs1 )

XPS and TEM analyses were conducted to further investigate the SiOy
content on the surfaces of the SigN,4 particles (Figs. 3 and 4, respec-
tively). As shown in Fig. 3(a)-(e), the XPS Si 2p spectra of the pure SN
and SN_BM powders were deconvoluted into three peaks at 101.7,
103.1, and 103.7 eV, corresponding to the Si-N, O-Si-N, and Si-O groups,
respectively [32-34]. Increases in both the Si-O and O-Si-N peak areas,
which were associated with the SiO, formation, were observed with
increasing milling time.

To enable a quantitative comparison, the area ratios of Si-O (%) and
dxps (nm) were calculated from the devolution spectra and intensities of
the O 1 s and N 1 s peaks in the wide-scan XPS profiles (Fig. 3(f)) and
plotted against the milling time (Fig. 3(g)). The pure SN powder parti-
cles had a native SiO, phase on their surfaces, with the Si-O peak ratio
and dxps determined to be 6.6 % and 1.1 nm, respectively. However,
after planetary ball milling, both values increased with the milling time,
suggesting that the reaction shown in Eq. (2) proceeded progressively.
SN_BM10h exhibited the highest values, with a Si-O peak ratio of 11.4 %
and dxps value of 1.6 nm.

Because the dxps values were calculated under the assumption that
SiO2 was formed as a layer on the surfaces of the SisNy4 particles, the

Average particle size (nm)

200 4

Milling time (h)

Fig. 1. SEM images of (a) pure SN, (b) SN_BM1h, (c) SN_BM3h, (d) SN_.BM5h, and (e) SN_.BM10h. (f) Average particle sizes of pure SN and SN_BM powders.
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Fig. 2. (a) XRD patterns in the range of 20 = 10-80°, (b) magnified XRD patterns at 20 = 10-60°, (c) FT-IR spectra in the range of 4000-400 cm™ , and (d) magnified

FT-IR spectra at 1800-800 cm™ for the pure SN and SN_BM powders.

surfaces of the pure SN and SN_BM10h particles were directly observed
using high-resolution TEM (HR-TEM) (Fig. 4). Disordered amorphous
SiO, was observed on the particle surfaces of both powders. The pure SN
exhibited a thin SiO; layer of 0.6-0.8 nm (Fig. 4(a)), whereas SN_BM10h
showed a thicker SiO, layer of 1.8-2.0 nm (Fig. 4(b)), which closely
matched the value estimated from the XPS and dxps calculation results.
In addition, for the SiO layer in SN_BM10h, its selected area fast Fourier
transform (FFT) pattern revealed its amorphous state, exhibiting a
typical hollow pattern of amorphous materials (Fig. S2(a)-(c)). To
further investigate the amorphous SiOz layer, a TEM-EDX line analysis
was conducted (Fig. S3(a)—(c)). In the EDX line analysis across the SiOy
layer, both O and N signals were detected in the amorphous SiO, layer
region, and the O peak intensity was higher than that of N (Fig. S3(b)).
Considering this together with the XPS results, it was confirmed that the
amorphous layer mainly consisted of Si-O bonds derived from the sur-
face oxidation of SizN4. In addition, the peak variation behavior of N was
similar to that of Si in the line profile (Figs. S3(b) and (c)); therefore, it
was attributed to the interfacial N originating from the SigN4 particles
rather than being incorporated within the amorphous layer itself. This
suggests that oxygen diffused into the surface region of SigN4 particles
during the mechanochemical reaction, forming O-Si-N bonds at the
interface between the amorphous SiO; layer and the SisNy4 particles. This
observation was consistent with the following mechanism [26]. During
planetary ball milling with ultrapure water, the SisN4 surface could
become defective, promoting the inward diffusion of oxidizing species
(H20/05/0H) and interfacial hydrolysis/oxidation, which formed an

oxynitride (O-Si-N) interfacial layer and Si-OH groups. Subsequently,
the continued condensation of the Si-OH groups produced an outer
Si-O-Si layer. With longer milling times, the Si-O-Si layer grew thicker;
thus, the surface layer was mainly composed of amorphous silica.
Overall, the oxygen content increased toward the outer surface of SigNg,
indicating that the composition gradually transitioned to Si-O
dominance.

These results suggest that planetary ball milling with ultrapure water
(mechanochemical reaction) is a suitable method for SiO, formation on
the surfaces of on SigN4 particle surfaces. This surface modification was
expected to facilitate improved densification during the subsequent CSP.

3.2. Densification of pure and ball-milled SigN4 powders via CSP

To confirm the effect of the SiO, formation on the densification of
SigN4 powders via the CSP, the microstructures and relative densities of
the cold-sintered pure SN and SN_BM samples were compared (Fig. 5).
As shown in Fig. 5(a), the cold-sintered pure SN sample consisted of
isolated particles without interparticle connections, exhibiting a
morphology similar to that of the initial powder. However, under the
same CSP conditions, the cold-sintered SN_BM samples exhibited
significantly denser microstructures (Fig. 5(b)-(e)). In particular, with
increasing milling time, interparticle connections became more evident
on the fracture surfaces compared with those of the cold-sintered pure
SN sample. This microstructural densification with increasing milling
time was also consistent with the relative density results (Fig. 5(f)). After
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ratio and dxps values of the pure SN and SN_BM powders as a function of the milling time.

the CSP, the pure SN powder was densified to 62.8 % of the theoretical
density. In contrast, the relative density of the cold-sintered SN_.BM1h
sample increased to 69.8 %. Furthermore, increasing the milling time
enhanced the densification, with the SN_BM10h sample reaching a
maximum relative density of 78.4 %. This improvement in the densifi-
cation could be attributed to the increased formation of SiO,. Notably,
the trend for dxps to increase with the milling time (Fig. 3(g)) closely
corresponded to the trend for the relative density (Fig. 5(f)), which
provides strong evidence that the formation of surface SiO, plays a
significant role in the densification of SisN4 during the CSP. In addition,
although the W contamination increased with the milling time, the
relative density also increased. This suggests that such a small amount of
contamination has little influence on the densification behavior under
the present CSP conditions.

Considering the possible densification mechanism based on these
results, it is assumed that SiOo, rather than SigN4, predominantly un-
derwent dissolution-reprecipitation reactions under the CSP conditions.

Several studies have reported the successful densification of various
silicate-based materials via the CSP. Most of these studies employed
NaOH solutions, which are highly effective in dissolving silicate mate-
rials, to promote the depolymerization and condensation reactions of
the silicate networks, as shown in Eqs. (3) and (4), respectively [35-37].

3
4

Furthermore, the silicate materials remained amorphous even after
the CSP, despite the incorporation of Na* into the silicate networks.
Thus, it can be inferred that the surface amorphous SiO5 on the SigNy
particles underwent the above reactions, leading to reprecipitation,
which effectively bridged the SisNy particles during densification.

=Si—0—Si= + NaOH — =Si—O—Na" + =Si—OH

=Si—OH + =Si—OH — =Si—0-Si= + H,01
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3.3. Enhanced densification through the addition of SiO2 nanoparticles

Although the SisN4 powders were densified by the CSP through the
formation of amorphous SiO5 during the mechanochemical reaction in
the planetary milling step, further densification was required. The
presence of numerous pores and voids in the cold-sintered SN_.BM10h
sample suggested that additional bonding phases may be necessary to
enhance the densification of SisN4. However, achieving a greater
amount of amorphous SiOy during the milling step requires harsher
conditions than those already applied, which may further increase the
risk of contamination from the milling jar and balls, owing to the
extremely high energy input. Therefore, to address this issue, 5 wt%
amorphous SiO, nanoparticles were added to the SigN4 powder prior to
planetary milling, with the aim of enhancing the SiO, formation on the
surfaces of the SizNy particles during milling. After milling, the amount

of SiO, formed in the SN/5Si05_BM powder was evaluated as a function
of the milling time using TEM and XPS (Figs. 6 and 7, respectively). As
shown in Fig. 6, the added SiO3 nanoparticles were observed between
the SigN4 particles, regardless of the milling time. In particular,
compared with the SN.BM10h powder (Figs. S2(a) and (b)), the SN/
5S8i02 BM10h powder clearly exhibited SiOy nanoparticles uniformly
dispersed within the interparticle regions of the SigN4 particles (Figs. S2
(d) and (e)). Despite the presence of residual SiOy nanoparticles, an
increase in milling time led to the formation of more SiO5 on the surfaces
of the SigNy particles, resulting in a thicker SiO; layer (inset HR-TEM
images in Fig. 6), which was consistent with the results presented in
the previous section. Interestingly, compared to the SN_BM10h sample,
the SN/5Si05_BM10h sample exhibited an almost three-fold thicker SiOy
layer (approximately 6 nm) on its surface under the same milling time,
as shown in the inset HR-TEM image in Fig. 6(d). This suggests that the
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Fig. 6. TEM images of (a) SN/5Si0,_BM1h, (b) SN/5Si0, BM3h, (c) SN/5Si0,_BM5h, and (d) SN/5Si0, BM10h, with the insets showing HR-TEM images at a higher

magnification.

added SiO, nanoparticles served as additional precursors for the for-
mation of SiOy on the surfaces during the milling step via a mechano-
chemical reaction. In addition, this surface SiO; layer was observed to be
disordered amorphous SiO; (Fig. S2(f)), while the residual nanoparticles
remained amorphous (Fig. S2(g) and (h)), exhibiting typical hollow FFT
patterns. Furthermore, as shown in Fig. S3(d)—(f), SN/5Si02_BM10h also
exhibited a TEM-EDX line analysis result similar to that of SN_BM10h,
where the O peak was more intense than N, suggesting that the amor-
phous layer was mainly silica-rich with minor O-Si-N bonding near the
SizNy4 interface.

Fig. 7 presents XPS analysis results for the SN/5SiO2_BM samples.
The spectrum was deconvoluted into three peaks, and the Si-O peak area
ratio was calculated using the method described above. The dxps
calculation method (Eq. (1)) assumed that all of the SiO, was present as
a uniform surface layer. However, in these samples, the added SiO,
nanoparticles not only facilitated the formation of a SiO, surface layer,
but also remained distributed within the interparticle regions of the
Si3gNy particles. Therefore, the dxps values were not calculated for these
samples. Consistent with the previous results, an increase in the milling
time led to a gradual increase in the area of the Si-O peak (Fig. 7(a)-(d)).

As shown in Fig. 7(e), for the SN/5Si02_BM1h sample, the Si-O peak area
ratio was determined to be 13.7 %, which was higher than that of
SN_BM10h (11.4 %). Additionally, the Si-O peak area ratio further
increased with the milling time, reaching 25.8 % after 10 h of planetary
ball milling (SN/5SiO2_BM10h). For the SN_BM samples, the Si-O peak
area ratio increased from 7.2 % to 11.4 % when the planetary ball
milling was increased from 1 h to 10 h (Fig. 3(g)). In contrast, the SN/
5S8i02 BM sample exhibited a 12.1 % increase over the same milling
period. Although the absolute peak area was naturally larger owing to
the addition of 5 wt% SiO, nanoparticles, the considerable increase
during the same period further supported the idea that the addition of
SiO4 nanoparticles promoted the formation of a SiO layer on the sur-
faces of the SigN4 particles through the mechanochemical reaction.
The SN/5Si02 BM powder was densified under the same CSP con-
ditions (Fig. 8). As shown in Fig. 8(a), the relative density increased with
the milling time. The cold-sintered SN/5SiO5 BM1h sample exhibited a
relative density of 72.0 %, which was higher than that of the cold-
sintered SN_BM1h sample, and after milling for 10 h, the relative den-
sity increased to 86.2 %, which was approximately 10 % higher than
that of the cold-sintered SN_BM10h sample. These values were
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significantly higher than those of the cold-sintered pure SN and SN_BM shown in Fig. 8(b)-(e), the fracture surfaces of the cold-sintered

samples. Thus, the addition of 5 wt% SiO2 nanoparticles accelerated the SN/5Si02_BM samples exhibited a denser microstructure than those of
dissolution-reprecipitation mechanism of amorphous SiO;, which the cold-sintered pure SN and SN_BM samples. Although some pores
increased the densification of the SigN4 particles during the CSP. remained across the entire fracture surface, the cold-sintered

Furthermore, the relative density achieved in this study was higher than SN/5Si02_ BM10h sample exhibited a partially highly densified region
those reported in previous cold-sintering studies on SigN4[21,22]. As (highlighted in the high-magnification image in Fig. 8(e)), indicating a
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particle-to-particle connection with almost no vacant spaces. To further
investigate the effect of adding 5 wt% SiO9 during planetary ball mill-
ing, the SN_BM10h powder was mixed with 5 wt% SiO, nanoparticles
and cold-sintered under the same conditions. This simply mixed powder
achieved a relative density of 80.6 %, which was approximately 6 %
lower than that of the cold-sintered SN/5SiO5 BM10h sample, despite
using the same milling time. In addition, compared with the fracture
surface of the cold-sintered SN/5SiO2_BM10h, the cold-sintered simply
mixed powder exhibited more pores and vacant areas (Fig. 8(f)). These
findings suggest that incorporating SiO, nanoparticles during the mill-
ing process is more effective in enhancing densification, likely because
of the surface SiO; phases and their uniform distribution among the
particles.

To investigate the SigN4/SiO; interfaces, the cross-sectional micro-
structure of the cold-sintered SN/5Si0O5 BM10h sample was examined
using HR-TEM (Fig. 9(a)). The results confirmed that the spaces between
the SigNy4 particles were filled with the SiO, phase, which acted as a
bonding phase and contributed to the densification. As shown in Fig. 9
(b), this SiO, phase exhibited a disordered amorphous state, indicating
that the amorphous SiO, layer on the SigN4 surface remained as an
amorphous bonding phase even after the CSP. Furthermore, the results
inferred that both the surface SiO, and residual SiO, nanoparticles
participated in depolymerization-condensation during the CSP, result-
ing in the formation of a bonding phase between the SisN4 particles.
Overall, this microstructural feature resembled the grain and grain
boundary phases of Si3Ny4 ceramics, which are typically observed during
liquid-phase sintering at high temperatures. Thus, the effective use of
the amorphous SiO; bonding phase enabled the achievement of a rela-
tive density of 86.2 % at a significantly low temperature of 160 °C.
Furthermore, this demonstrated the application of the CSP densification
mechanism to SizsNy4 particles, which are typically challenging for sol-
vents to break down.

3.4. Phase analysis and mechanical properties of cold-sintered SN/
58i0, BM samples

The phase structures of the cold-sintered SN/5Si02_BM samples were
analyzed using XRD (Fig. 10(a)). All of the cold-sintered samples
exhibited crystalline peaks corresponding to «a-SisN4s (PDF no.
00-041-0360), indicating that the phase consisted entirely of the a
phase as a result of the low sintering temperature (160 °C).

To investigate the densification behavior and associated mechanical
properties, the Vickers hardness, biaxial flexural strength, and Young’s
modulus of the cold-sintered SN/5Si02_BM samples were measured and
plotted with respect to the milling time (Fig. 10(b)-(d)). All of the
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mechanical properties improved almost linearly with increasing milling
time. In particular, the Vickers hardness increased from 1.47

+ 0.07-2.53 + 0.09 GPa as the milling time increased from 1 to 10 h. In
addition to the Vickers hardness, the biaxial flexural strength increased
from 91.2 4+ 13.8-169.4 + 12.3 MPa, while the Young’s modulus
increased from 57.3 4+ 2.2-113.1 + 1.5 GPa over the same period.
Because almost no changes in the crystal structure were observed in the
XRD patterns (Fig. 10(a)), the increase was attributed to enhanced
densification resulting from the increased formation of amorphous SiOy
layers on the Si3N4 particle surfaces with increasing milling time.
Although these values did not reach those typically attained by con-
ventional high-temperature sintering methods [11-15,38,39], the
Vickers hardness observed in the present work was significantly higher
than those of previously reported cold-sintered SisN4-based composites
[21], likely owing to the improved densification achieved in this study.
These results suggest that the mechanochemical approach is an effective
strategy for generating a SiO; bonding phase, thereby facilitating the
densification of otherwise insoluble materials such as SizNy4 via the CSP.
Additionally, the enhanced microstructural connectivity and mechani-
cal strength achieved at the remarkably low sintering temperature of
160 °C demonstrated the feasibility of this energy-efficient densification
method and highlighted its potential for future applications.

4. Conclusions

To densify SigN4 powder using the CSP, an amorphous SiO; layer was
effectively introduced onto the surface of the SizN4 particles through a
mechanochemical reaction induced by planetary ball milling at room
temperature with ultrapure water. The incorporated amorphous SiO2
acted as a bonding phase, enabling the densification of SigN4 to a
maximum relative density of 78.4 % at a significantly lower temperature
of 160 °C. Furthermore, the addition of 5 wt% SiO» nanoparticles prior
to the planetary ball milling of the SisN4 powder enhanced the densifi-
cation by promoting the formation of a bonding phase to connect the
SigNy particles, achieving the highest relative density of 86.2 % at the
same temperature. With an increase in the milling time, denser micro-
structures with fewer pores were observed on the fractured surfaces. The
mechanical properties also improved with increases in the milling time
and densification, reaching maximum values of 2.53 + 0.09 GPa for the
Vickers hardness, 169.4 + 12.3 MPa for the biaxial flexural strength,
and 113.1 + 1.5 GPa for Young’s modulus. These results demonstrated a
novel low-temperature sintering strategy for densifying solution-
insoluble SizN4 powders by utilizing a mechanochemical reaction to
form a soluble bonding phase in the CSP, suggesting its potential
applicability to other solution-insoluble ceramic systems.

Fig. 9. HR-TEM image of (a) the cold-sintered SN/5Si0, BM10h sample and (b) a high-magnification view of the amorphous SiO, bonding phase.
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