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Abstract: Boron carbide (B4C) is a highly strong covalent ceramic material with a
low surface diffusion coefficient, making it extremely difficult to consolidate at low
temperature. Therefore, the development of effective sintering additives that enable

low-temperature, high-density consolidation, while maintaining excellent mechanical



properties, remains a critical challenge for scalable application of B4C. In this study,
Y3S12C2 was employed as a novel sintering additive to enhance the densification and
mechanical performance of B4C ceramics, for the first time. B4C ceramics containing
0-10 wt.% Y3S12C2 were fabricated using spark plasma sintering (SPS) technique at
temperature ranging from 1700 °C to 1900 °C. The effects of Y3Si2C> sintering additive
content and sintering temperature on the densification behavior, microstructure, and
mechanical properties of the B4C ceramics were systematically investigated. The results
indicate that Y3Si2C» facilitates the densification of B4C ceramics via an in-situ reactive
liquid-phase sintering mechanism. The formation of Y-rich liquid phase significantly
enhances particle rearrangement and mass transport, while the in-situ generated YB4
phase pins grain boundaries and suppress abnormal grain growth. As a result, the
mechanical properties of the B4C ceramics were significantly improved. Optimal
comprehensive mechanical properties were achieved at 1800 °C with 8 wt.% Y 3S12C,
yielding a Vickers hardness of 31.4 GPa, and a flexural strength of 694.0 MPa. This
work paves the way for rare earth silicon carbide as a novel sintering additive of B4C
ceramics to enhance the densification and mechanical performance for extreme
environment applications.
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1 Introduction

Boron carbide (B4C) is a highly promising engineering material characterized by
high hardness (>30 GPa), low density (2.52 g-cm3), and a high melting point (2450 °C)
[1, 2]. B4C is widely used in abrasives and grinding media, as well as in the fabrication
of lightweight, high-strength military components such as body armor, ballistic inserts,
and armor plates [3-5]. Owing to its large neutron absorption cross-section, B4C also
serves as an effective absorber and shielding material for advanced nuclear reactors [6-
8]. However, B4C is a strong covalent ceramic with high covalent B-B and B-C bonds
result in a low self-diffusion coefficient, sluggish grain boundary migration, and a
correspondingly high sintering temperature requirement [9, 10]. Furthermore, excellent
mechanical properties are a prerequisite for the engineering application of B4C ceramics.
Therefore, simultaneously lowering the sintering temperature while improving the
mechanical properties remains a key challenge to expanding the practical application
value of B4C ceramics.

Currently, pressure-assisted sintering techniques and/or the addition of sintering
additives are widely employed to enhance the densification and mechanical properties
of B4C ceramics. Spark Plasma Sintering (SPS) is an advanced sintering technique that
combines uniaxial pressure with high-intensity pulsed direct current [11]. It enables
rapid densification of bulk materials via the Joule heating effect and has been
extensively employed in the fabrication of boron carbide ceramics [12-15]. Grippi et al

[15]. investigated the influence of sintering parameters on the relative density and



microstructure of additive-free B4C ceramics. They achieved a density of 2.06 g-m
and a relative density of 81.7% at 1800 °C under an applied pressure of 60 MPa.
Moshtaghioun et al. [16] fabricated monolithic B4C ceramics by SPSusing B4C starting
powder with an average particle size of 500 nm. Under sintering conditions of 1800 °C
and 75 MPa, B4C ceramics with a relative density of 99.2%, a Vickers hardness (HV 2)
of 29 + 2 GPa, and a fracture toughness of 2.0 = 0.1 MPa-m'’? were successfully
achieved.

Although SPS technology can produce relatively dense B4C ceramics, the
densification of pure B4C generally requires relatively severe conditions, including high
temperatures and large applied pressures. The introduction of sintering additives not only
lowers the required sintering temperature, but can also significantly enhance the
mechanical properties of the material [17, 18]. Commonly used sintering additives for
B4C ceramics include nonmetallic elements (C [19], Si [20]), metallic elements (Al [21],
Fe [22]), metal oxides (ZrO2 [23], Y203 [24], La203 [25]), silicides (ZrSi2 [26]), carbides
(SiC [27]), and borides (TiB2 [28]). According to their sintering mechanisms, these
additives can be categorized as liquid-phase or solid-state sintering aids. While liquid-
phase additives are effective in reducing sintering temperature and refining the grain
structure, residual intergranular phases may adversely affect hardness. In contrast, B4C
ceramics prepared via solid-state sintering typically exhibit superior intrinsic properties,
but are susceptible to strength degradation due to grain coarsening [29]. Therefore, a

combined strategy incorporating both liquid-phase and solid-state sintering effects is



considered optimal for achieving high-performance B4C ceramics.

Y3Si2C2 (yttrium silicon carbide) is a typical rare-earth silicon carbide (RE3Si2C2),
characterized by a unique layered structure and a relatively low melting point of
approximately 1590 °C, which is below the conventional sintering temperature of B4C
ceramics [30-32]. This enables the formation of a liquid phase during sintering, thereby
facilitating atomic diffusion and enhancing densification. Furthermore, Y3Si2C: exhibits
a strong affinity for oxygen, which facilitates the removal of surface oxide layers on B4C
particle, thereby improving interparticle contact and accelerating mass transport. Owing
to these advantages, Y3S12C2 has been successfully used in the sintering of various
covalently bonded ceramics, such as SiC [33] and Si3N4 [30]. In addition, at elevated
temperatures, Y3S12C2 could react with the B4C matrix to form carbides as well as borides
and reinforced phases, contributing to enhanced mechanical properties. Nevertheless,
despite these promising characteristics, the application of Y3Si2Cz in B4C ceramics
remains largely unexplored.

In the present study, dense B4C ceramics were prepared by spark plasma sintering.
The effects of Y3Si2C2 content and sintering temperature on phase composition and
microstructure evolution of B4C ceramics were systematically investigated, and their
influence on mechanical and thermoelectric properties was analyzed. In addition, the
liquid-phase sintering mechanisms associated with Y3Si2Cz were elucidated, together

with the in-situ reaction products formed during the sintering process.



2 Experimental procedures

B4C powder (99%, Dso = 0.97 um, Xuancheng Jingrui New Materials Co., Ltd.,
China), YH2 powder (99.5%, average particle size 75.0 um, Hunan Institute of Rare-
Earth Metals, China), B-SiC powder (99.5%, average particle size 0.5 pm, Qinhuangdao
Yinuo Advanced Materials, China), and Y3S12C2 (Dso=1.96 pm, homemade) were used
as raw materials for the experiments.

Y3Si2C2 sintering additive was synthesized via solid-state reaction in our lab. YH2
and B-SiC were mixed in a stoichiometric ratio, placed in a vacuum graphite furnace,
and sintered at 1300 °C for 5 hours under an argon atmosphere. After grinding in a
planetary ball mill for 8 hours, Y3Si2C2 powder with an average particle size of 1.956
pm was obtained. B4C and Y3Si12C2 powders were wet-blended at ratios of X wt.%
Y3S12C2/B4C (X =0,2,4, 6, 8, 10). The blended powders were mixed for 4 hours using
ethanol as the dispersing medium and silicon carbide balls as the milling media. The
dried powder mixture was sieved through a 200-mesh screen and subsequently loaded
into graphite crucibles with a diameter of 20 mm. Sintering was carried out at 1700 °C
using an HPD25 spark plasma sintering (SPS) system (FCT GmbH, Germany). The
heating/cooling rate was 50 °C/min, with a dwell time of 30 min at 1700 °C under an
applied pressure of S0 MPa. The samples produced at this temperature were denoted as
17-X, where X represents the Y3Si2C2 additive content (0, 2, 4, 6, 8, 10 wt.%). For the
samples containing 8 wt.% additive, additional sintering experiments were conducted

at temperatures of 1800 °C and 1900 °C, resulting in samples designated as 18-8 and



19-8, respectively. Under otherwise identical processing conditions, B4C powder was
also consolidated in a graphite die with an inner diameter of 42 mm using SPS. The
sintered bodies were subsequently ground and cut into rectangular bars with dimensions
of 3 x 4 x 30 mm? for three-point bending tests. In addition, to understand the in-situ
reaction proccess among B4C and Y3Si2C2 as well as the possible oxides, such as Y205,
Si02, and B203, the 10 wt.% Y3S12C2/B4C powder was sintered at temperatures ranging
from 800 to 1600 °C with heating/cooling rate of 50 °C/min, while without dwelling
time under an applied pressure of 50 MPa.

The apparent density of the samples was measured using the Archimedes method.
Phase analysis of the starting powders and B4C ceramics was performed by X-ray
diffraction (XRD, D8 Advance, Bruker AXS, Germany). Microstructural
characterisation was carried out using scanning electron microscopy (SEM, Regulus
8230, Hitachi, Japan). Further phase identification was performed by transmission
electron microscopy (TEM, Talos F200x, Thermo Fisher Scientific, USA) on thin
lamellae prepared by focused ion beam milling (FIB, Auriga, Carl Zeiss, USA). Prior
to microscopic observation, the specimens were electrochemically etched in a 2 mol-L-
I' KOH solution at an applied voltage of 0.3 V. Statistical grain size analysis was
conducted by measuring at least 100 grains from SEM images using Nanomeasure
software.

Thermal diffusivity (@) and specific heat capacity (Cp) at room temperature were

measured using a laser flash apparatus (LFA467, Netzsch-Gerdtebau GmbH, Germany).



The thermal conductivity (k) was subsequently calculated according to k= ap-Cp,
where p is the measured apparent density. Electrical resistivity was determined using a
four-point probe system (Model 280DI, Four Dimensions, USA), and the corresponding
electrical conductivity was obtained as the reciprocal of the resistivity.

Vickers hardness was measured using an automatic hardness tester (Buehler
Wilson VH3300, USA) under an applied load of 20 N with a dwell time of 10 s.
Mechanical testing of rectangular samples (3 x 4 x 30 mm?3) was conducted using a
universal testing machine (Zwick Roell Z250AF) with a span of 20 mm and a crosshead
speed of 0.5 mm/min.

3 Results and discussion
3.1 Microstructure and phase composition of powders

Fig. 1 shows the XRD patterns and microstructural features of the B4C powder,
the as-synthesized Y3Si2Cz powder, and their mixed powder. The major diffraction
peaks of the raw B4C powder are consistent with the standard PDF card (#00-035-0798,
B4C). An additional peak observed at 20 = 28° corresponds to boric acid (H3BOs,
PDF#00-033-0596) (Fig. 1(a)). This is primarily due to the tendency of B4C particle
surfaces to adsorb oxygen, leading to the formation of B203. Owing to its high
hygroscopic nature, B2Os3 readily reacts with atmospheric moisture to form boric acid
[34]. The B4C powder exhibited a uniform polyhedral morphology with an average
particle size of 0.97 um (Fig. 1(b)).

For the as-synthesized Y3Si2C2 powder, the dominant diffraction peaks can be



indexed to the Y3Si2Cz phase (PDF#00-051-0835), accompanied by minor peaks
corresponding to Y203 (PDF#04-010-3289) (Fig. 1(a)). The presence of a small amount
of Y203 is mainly attributed to the high chemical reactivity of YH2, which readily
adsorbs oxygen. Complete exclusion of air and moisture during processing is
challenging, leading to partial oxidation of YH2 to yttrium oxide. This observation is
consistent with previously reported results [35, 36]. The Y3Si2C2 powder showed a
layered morphology with a mean particle size of 1.96 um (Fig. 1(c)).

The XRD patterns of the mixed powders can be fully indexed to B4C, Y3Si2C2 and
Y203, with no additional phases detected (Fig. 1(a)). This indicates that no significant
solid-state reactions occurred during powder processing. As shown in Fig. 1(d), the

constituent powders were homogeneously distributed, confirming effective mixing.
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Fig.1 (a) XRD patterns of the B4C, Y3Si2C> and mixed 8 wt.% Y3Si2C2/B4C powders;



SEM image of (b) B4C powder, (c¢) Y3S12C2 powder, (d) 8 wt.% Y 3S12C2/B4C mixture.

3.2 Apparent density and relative density of the as-obtained B4C ceramics

Fig. 2 illustrates the apparent and relative densities of B4C ceramics with various
contents of Y3S12C> additive sintered at 1700 °C, as well as the specimens containing 8
wt.% Y3Si2C2 (8 wt.% Y3Si2C2/B4C) sintered at temperatures between 1700 °C and
1900 °C. At the sintering temperature of 1700 °C, the relative density of the B4C
ceramics significantly increased from 82.14% to 95.56% as the Y3Si2Cz content
increased from 0 wt.% to 10 wt.%. This indicates that the addition of Y3SiC:
remarkably promoted the densification of B4C ceramics. However, a further increase in
the Y3Si2C2 additive content to 12 wt.% resulted in a reduction in relative density to
89.1%, accompanied by the increased porosity within the ceramic matrix. Notably, the
relative densities of the samples containing 8 wt.% and 10 wt.% were comparable
(95.52% and 95.56%, respectively), suggesting that 10 wt.% represents the optimal or
saturation level for Y3Si2C2 addition. Accordingly, compositions with Y3Si2C2 contents
in the range of 0 - 10 wt.% were selected for subsequent investigation.

In addition, the relative density of the 8 wt.% Y3Si2C2/B4C initially increased and
subsequently decreased as the sintering temperature increased from 1700 °C to 1900 °C,
reaching a maximum value of 98.13% at 1800 °C before declining to 97.39% at 1900 °C.
This behavior may be attributed to an increase in residual porosity resulting from the

evaporation of the liquid phase formed at elevated temperatures.
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Fig. 2 Apparent and relative densities of B4C ceramics: (a) containing various
amounts of Y3S12C> additive, (b) containing 8 wt.% Y3Si2C additive and sintered at
different temperatures.
3.3 Microstructure and phase compositions of the as-obtained B4C ceramics

Fig. 3 and Fig. 4 present the phase compositions and microstructural
characteristics of B4C ceramics containing different contents of Y3Si2C: sintered at
1700 °C, as well as the 8 wt.% Y3S12C2/B4C ceramics sintered at temperatures between
1700 °C and 1900 °C, respectively. At the sintering temperature of 1700 °C, only
diffraction peaks corresponding to B4C were detected for the monolithic B4C ceramics,
with no evidence of H3BOj3 impurity phase (Fig. 3(a)). This confirms that the H3BO3
present in the raw B4C powder was completely dehydrated and volatilized during high-

temperature sintering.
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Fig. 3 XRD patterns of B4C ceramics: (a) with varying Y 3Si2Cz additive content, (b)
with 8 wt.% Y3S12C2 additive and sintered at different temperatures.

With the incorporation of the Y3SixCs sintering additive, additional diffraction
peaks corresponding to YB4, SiC, Y203, and Y2Si207 were detected (Fig. 3(a)), with
their intensities increasing progressively with increasing Y3Si2C2 content. Notably, no
diffraction peaks associated with Y3Si2C2 were detected, indicating that Y3SiC:
undergoes chemical transformation during the sintering process (Fig. 3(a)).

As the sintering temperature was increased from 1700 °C to 1900 °C, these Y-
containing phases, along with SiC, remained present without the formation of additional
phases (Fig. 3(b)). This suggests that phase evolution was primarily governed by

reactions involving Y3Si2Cz, and that increasing the sintering temperature did not alter

the fundamental reaction pathways.



As shown in Fig. 4(a-f)), the apparent pores in the B4C ceramics decreased
significantly with increasing Y3Si2C> content. This trend is consistent with the
corresponding increase in relative density, indicating that Y3Si2C: effectively promotes
the densification of B4C ceramics. The enhanced densification can be primarily
attributed to the formation of Y-rich liquid phase, together with solid YB4 and other
reaction-derived phases generated via multistage reactions of Y3Si2Cz during the
sintering process. The Y-rich liquid phase not only facilitates particle rearrangement
and enhances diffusion kinetics, but also synergistically fills intergranular voids. This
significantly increases the relative density of the B4C ceramics and enables
densification at reduced sintering temperatures.

Furthermore, the introduction of the secondary phase constituents effectively
suppresses grain growth, reducing the average grain size from 1.10 pm for monolithic
B4C (0 wt.%) to 0.99 um for the sample containing 10 wt.% Y 3S12C2 (Fig. 4(i-n)).When
the sintering temperature was increased from 1700 °C to 1900 °C, a small amount of
residual porosity was still observed in the 8 wt.% Y3S12C2/B4C ceramics (Fig. 4(e) and
4(g-h)), which can be attributed to the volatilization of Y-rich liquid phase at elevated
temperatures. At the same time, higher sintering temperatures promoted grain
coarsening. The average grain sizes of the samples sintered at 1700 °C, 1800 °C, and
1900°C were 0.99 + 0.02 um, 1.20 + 0.04 pm, and 1.50 + 0.02 um, respectively (Fig.

4(m) and 4(o-p)).
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Fig. 4 SEM images of the microstructures and the grain size distribution of Bs4C
ceramics: (a) and (i) 17-0, (b) and (j) 17-2, (c¢) and (k) 17-4, (d) and (1) 17-6, (e) and (m)
17-8, (f) and (n) 17-10, (g) and (o) 18-8, (h) and (p) 19-8.

The phase composition and interfacial characteristics of the 8 wt.% Y3Si2C2/B4C
ceramics sintered at 1800 °C (sample 18-8) were further investigated by TEM, SAED
and EDS. The corresponding results are shown in Fig. (5)-(9) and summarized in Table
1. Based on combined EDS and SAED analysis, multiple phases were identified within
the representative region shown in Fig. 5(a). Point 1 was identified as SiC, for which
an interplanar spacing of d = 0.253 nm measured along the [202] direction
corresponds to the SiC (111) plane (PDF#04-010-5699, Fig. 6(b)). Point 2 exhibits a

lattice-fringe spacing of d = 0.257 nm along the [812] direction, consistent with the B4C



(104) plane (PDF#00-035-0798, Fig. 6(c)), confirming that this region corresponds to
the B4C matrix. Points 3 and 4 were identified as Y -containing phases. Specifically,
point 3 shows an interplanar spacing of d = 0.395 nm along the [110] direction,
corresponding to the YB4 (001) plane (PDF#04-004-8617, Fig. 7(b)), while point 4
exhibits a spacing of d = 0.841 nm along the [020] direction, consistent with the Y203
(001) plane (PDF#04-001-8726, Fig. 8(b)). The SAED results are consistent with the
XRD analysis.

The Y2Si207 phase was not detected in the region shown in Fig. 5(a), possibly due
to its low volume fraction and the limited sampling area of the FIB-prepared specimen.
The secondary-phase particles were tightly bonded to the B4C matrix, with no obvious
interfacial defects, elemental segregation, or residual porosity, indicating the formation
of stable and well-integrated phase interfaces.

In addition, HAADF-EDS elemental mapping (Fig. 9(a-f)) reveals a narrow, band-
like Y -enriched region, an approximate width of 4.3 nm, located between adjacent B4C
grains. The B, C, Si, and O elements were uniformly distributed within the matrix,
whereas Y exhibited pronounced local enrichment, indicating distinct Y segregation at
specific regions. When combined with the XRD results, these observations indicate that
Y3Si2C2 reacts at elevated temperatures, leading to the formation of a Y -rich liquid
phase. Under uniaxial compressive stress during sintering, the Y-rich liquid phase
preferentially diffuses along grain boundaries, forming rapid diffusion pathways that

promote atomic rearrangement and mass transport within the B4C matrix. This process



accelerates grain boundary migration and effectively reduces the required sintering
temperature.

The rapid cooling process promotes the precipitation and solidification of residual
Y-rich liquid phases at grain boundaries, forming Y -enriched interfacial zones.
Previous studies have reported similar Y segregation behavior at B4C grain boundaries
[37]. Such segregation modifies the local chemical composition of the grain boundaries
and reduces interfacial bonding strength. The weakened interface strength promotes the

occurrence of intergranular fracture mechanisms during crack propagation.

Fig. 5 (a) HAADF image of the 18-8 sample; elemental distribution maps showing (b)
B-rich region, (c) C-rich region, (d) Y-rich region, (e) Si-rich region, and (f) O-rich

region.

Tablel EDS elemental compositions obtained from points 1-4 in Fig. 5(a)

Composition in atomic % Probable phase

B C Y Si O

NO.




1 0.00 27.01 0.20 69.94 2.84 Si-C
2 50.22 43.33 0.19 1.48 4.78 B-C
3 4.80 0.20 91.01 0.00 3.99 Y-B
4 0.00 3.16 40.40 4.74 51.70 Y-O, Y-Si-O
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Fig. 6 (a) Enlarged view of region I as indicated in Fig. 4(a), (b) HRTEM image

corresponding to Point 1 (SiC), (c) HRTEM image of Point 2 (B4C).
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Fig.9 (a) Enlarged view of region IV as indicated in Fig. 4(a), (b) B-rich region, (c)
C-rich region, (d) Y-rich region, (e) Si-rich region, (f) O-rich region.
3.4 Thermal conductivity and electrical conductivity

Room temperature thermal conductivity and electrical conductivity of BsC
ceramics with varying Y3Si2C2 sintering-additive contents (sintered at 1700 °C) and at
different sintering temperatures for 8 wt.% Y3S12C2/B4C are summarized in Table 2.
The thermal conductivity of the B4C ceramics increased with the increasing Y3SiCz
content, with the 17-10 sample exhibiting the highest value of 21.9 W-m!-K-,
representing a 56.75% improvement over that of monolithic B4C (14.0 W-m™'-K-!). This
enhancement is mainly attributed to the improved densification caused by the Y 3SiCz
sintering additive, which forms a liquid phase during sintering and fills intergranular
pores, thereby reducing phonon scattering associated with porosity [38]. Additionally,

the decomposition of Y3Si2C» generates cubic B-SiC phase, which possesses a high



theoretical thermal conductivity ofup to 490 W-m!-K-!1[39], further contributing to the
overall thermal conductivity. The interfaces between the secondary phase particles and
the B4C matrix are clean, with no obvious impurity segregation or residual porosity,
minimizing interfacial phonon scattering. Furthermore, as the sintering temperature of
8 wt.% Y3S12C2/B4C ceramics increased from 1700 °C to 1900 °C, the average grain
size increased from 0.99 um to 1.50 um. This grain coarsening further reduces phonon
scattering at grain boundaries, promoting a continuous increase in thermal conductivity
from 19.4 W-mr!-K-! (1700 °C) to 20.4 W-m™!-K-! (1900 °C).

The electrical conductivity of monolithic B4C ceramics was 1.7 S-cm™!'. As the
Y3Si2C2 content increases, the conductivity of the ceramics gradually increases;
reaching 3.0 S-cm! at a 10 wt.% Y3Si2Ca addition. This enhancement is primarily
attributed to increased relative density, grain boundary refinement, and the formation
of the highly conductive YB4 phase (3.3 x 10* S.cm’! [40]). Furthermore, as the
sintering temperature increased from 1700 °C to 1900 °C, the electrical conductivity of
the 8 wt.% Y3Si2C2/B4C ceramics increased from 2.9 S-cm! to 3.4 S-cm!. While grain
growth at higher temperatures reduces electron scattering and lowers electrical
resistance, the overall improvement in electrical conductivity remained moderate due
to the limited extent of microstructural changes.

Table 2 Apparent density, relative density, and physical properties of B4C samples
sintered with varying Y3Si2C2 content and the 8 wt.% Y3S12C2/B4C sintered at different

temperatures.



Electrical

Sample Density Relative Thermal conductivity o
conductivity
(°C/wt.%) (g-em?) Density (%) (W-m!-K)

(S:em™)

17-0 2.07 82.14 14.0+0.01 1.7£0.14
17-2 2.19 85.55 16.1+£0.04 2.2+0.05
17-4 2.36 90.77 17.8+0.05 2.620.11
17-6 243 92.05 17.1£0.02 2.9£0.05
17-8 2.56 95.52 19.4+0.06 2.9+£0.03
17-10 2.61 95.96 21.940.12 3.0+0.06
18-8 2.63 98.13 20.3+0.16 3.0+0.07
19-8 2.61 97.39 20.4+0.16 3.4+0.03

3.5 Mechanical properties

Fig. 10 shows the Vickers hardness of B4C ceramics sintered with varying Y3SCz
contents at 1700 °C, and at different sintering temperatures for the samples containing
8 wt.% Y3Si2C2. The results indicated that, for the specimens sintered at 1700 °C, the
Vickers hardness initially increased and then decreased with increasing Y 3Si2C2 content.
The 17-8 sample exhibited the highest hardness value of 30.7 GPa, which is
approximately three times greater than that of monolithic B4C ceramics (11.3 GPa).
This significant improvement is attributed to the enhanced relative density, refined grain
size, and improved grain boundary purity. However, with a further increase in Y3SC2
content to 10 wt.%, the hardness slightly decreased to 30.3 GPa, which is associated
with the formation of a higher fraction of secondary phases with relatively low hardness
[41]. Moreover, the Vickers hardness of 8 wt.% Y3Si2C2/B4C ceramics sintered at
1700 °C, 1800 °C, and 1900 °C was 30.7 GPa, 31.4 GPa, and 29.9 GPa, respectively.
The reduction in hardness observed at 1900 °C is mainly attributed to excessive grain

growth, which adversely affects the mechanical properties [42].
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Fig.10. Vickers Hardness of B4C ceramics with varying amounts of Y3S12C: additive,
and B4C with 8 wt.% Y3Si2C: sintered at different temperatures

Fig. 11 shows the flexural strength of B4C ceramics with varying Y 3Si2C2 contents
sintered at 1700 °C, as well as those samples containing 8 wt.% Y 3Si2C2 sintered at
different temperatures. As the Y3Si2C2 content increased from 0 wt.% to 8 wt.%, the
flexural strength of the B4C ceramics increased markedly from 362.5 MPa to 585.5
MPa, corresponding to an improvement of 61.52%. This enhancement is primarily
attributed to the progressive reduction in porosity and the accompanying grain
refinement achieved during sintering at 1700 °C with increasing additions of Y3SCa
(Fig. (4)-(5)). According to the Hall-Petch relationship [43], both the increased relative
density and the grain refinement contribute to the observed improvement of the flexural
properties. However, when the content of the secondary phases with relatively low
mechanical strength exceeds a critical level, the overall mechanical performance begins
to deteriorate. Consequently, upon increasing the Y3Si2Cz content to 10 wt.%, the

flexural strength of the B4C ceramic slightly decreased to 568.5 MPa.



It was further investigated that the flexural strength of 8 wt.% Y3Si2C2/B4C
initially increased and subsequently decreased with increasing sintering temperatures,
reaching the values of 585.5 MPa, 694.0 MP and 427.0 MPa at 1700 °C, 1800 °C and
1900 °C, respectively. Due to the difficulty in achieving full densification of B4C,
obtaining high flexural strength at lower sintering temperatures is challenging. However,
the maximum flexural strength of 694.0 MPa observed for the sample sintered at
1800 °C is comparable to several high-performance B4C -based composites reported in
the literature (Fig. 13), particularly considering its relatively low sintering temperature.
The enhancement in strength with increasing temperature is primarily attributed to
improved densification, while the subsequent reduction in strength is mainly caused by
the detrimental effect of grain coarsening. As the sintering temperature increased, the
grain size of 8 wt.% Y3S12C2/B4C ceramics gradually increased, with particularly severe
grain growth occurring at 1900 °C, which led to a pronounced reduction in flexural

strength at this temperature [44].
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Fig.11  Flexural strength of B4C ceramics with varying amounts of Y3Si2C> additive



and B4C ceramics with 8 wt.% Y3S12Cz sintered at different temperatures.

Fig. 12 shows the fracture surface morphology of the investigated ceramics. The
fracture surface of monolithic B4C was relatively smooth, whereas the incorporation of
Y3Si2Cz asasintering additive preserved the overall smoothness with locally roughened
features. As a result, the fracture mechanism shifts from predominantly transgranular
fracture in monolithic B4C ceramics to a mixed transgranular-intergranular fracture
mode in X wt.% Y3Si2C2/B4C ceramics. The transgranular fracture enhances energy
dissipation during crack propagation, thereby improving the flexural strength, while the

intergranular fracture is beneficial for enhancing fracture toughness [45].

Fig. 12 SEM images of the fracture surfaces of B4C ceramics with different Y3SiCs
contents and B4C ceramics with 8 wt.% Y3S12Cz sintered at different temperatures: (a)

17-0, (b) 17-2, (c) 17-4, (d) 17-6, (¢) 17-8, () 17-10, (g) 18-8, (h) 19-8.
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Fig. 13 The flexural strength of B4C ceramics sintered with 8 wt.% Y3Si2C> additive
at different temperatures (the work presented herein), and their comparison with earlier
studies on B4C ceramics sintered with various additives[46-53].
3.6 Discussion of sintering mechanism

In order to reveal the sintering mechanism and the interface reaction among B4C,
Y3S12C2, and the possible oxides of Y203, SiO2, and B203 in the system, the 10 wt. %
Y3S12C2/B4C was additionally sintered at temperatures ranging from 800 °C to 1600 °C.
Fig. 14 illustrates the X-ray diffraction (XRD) patterns and the corresponding phase
evolution of the samples sintered at different temperatures. At800 °C, the characteristic
diffraction peaks of B4C and Y3Si2C2 were predominantly observed, indicating that the
Y3S12C2 additive remains crystallographically stable and does not undergo reaction at
this temperature.

Upon increasing the sintering temperature to 1000 °C, the diffraction peaks
associated with Y3S12Cz vanished completely, accompanied by the emergence of peaks

corresponding to Y2SiOs (yttrium silicate). Given that the melting and decomposition



temperature of Y3Si2Cz (~ 1590 °C [32]) is significantly higher than the applied
temperature, this transformation is attributed to oxidative decomposition rather than
thermal decomposition. Due to its strong oxygen affinity [30], Y3Si2Cz is inferred to
scavenge oxygen from B203 and H2O(generated via H3BO3 decomposition (Equation
(1) [54]), leading to the formation of Y2SiOs (Equation (2)) [31]. In addition, Y2SiOs
phase was also detected when the Y3S12C2 coating oxidation in both ambient air and
wetoxygen [31]. On the other hand, the strong oxygen-gettering ability of Y3Si2C2 could
purify the oxide film on the surface of boron carbide, thereby promoting its sintering,
which observed in SizN4 ceramics sintered with RE3Si>C» additives [30, 55, 56].

Given that B4C exhibits strong reducing properties at high temperatures, it reacts
with oxygen-containing substances to undergo reduction reactions. As the sintering
temperature is further increased to 1200 °C, a new diffraction peak corresponding to
the YB4 phase was detected, while Y2SiOs remained present. This indicates that
elevated temperatures facilitate solid-state reactions between yttrium-containing
species (e.g., Y2S10s) and the B4C matrix, leading to the formation of YB4 (Equation
(3)). However, the persistence of Y2SiOs suggests that the reaction is not yet complete.
The formation of the thermodynamically stable YB4 phase, which preferentially
nucleates at grain boundaries, can contribute to the inhibition of grain growth.

At higher temperatures of 1400-1600 °C, diffraction peaks of YsBSi2O13 (yttrium
borosilicate) were detected, whereas the Y2SiOs peaks disappeared. This suggests that

at these temperatures, Y2SiOs reacts with oxide species, such as B2O3 and Y203, to form



Y5sBSi2013(Equation (4))[57]. Considering that YsBSi2O13 undergoes vitrification
between 300 °C and 1200 °C and exhibits melting behavior at ~ 1000 °C [58], it can be
inferred that YsBS12013 forms a Y-B-Si-O quaternary liquid phase at elevated
temperatures. The presence of this liquid phase enhances mass transport, facilitating
particle rearrangement and diffusion, thereby promoting densification.

Due to the rapid crystallization kinetics of YsBS12013 from the glassy state [58],
the majority of this phase exists in crystalline form and is therefore detectable by XRD,
while a minor fraction remains as an amorphous phase within the microstructure. The
Yttrium-rich regions observed in Fig. 9 provide further evidence of liquid-phase
sintering and the retention of residual liquid phases. As the sintering temperature
continues to increase, the Y-B-Si-O liquid phase further reacts with the B4C matrix.
During this process, silicon-containing species are reduced by carbon to form SiC,
while thermodynamically stable phases, such as YB4, Y203, and SiC, are
simultaneously generated. These reaction products contribute to pore filling and
enhanced densification. On the other hand, a eutectic liquid phase could be formed in
the Y203-S102 system at high temperature of ~ 1700 °C [59], which could enhanced
mass transport and improved the consolidation of the B4C.

In summary, the sintering mechanism of B4C ceramics with Y3Si2C> as a sintering
additive can be described by two primary pathways: (i) an in-situ reaction mechanism
involving the Y2SiOs intermediate within the Y-Si-B-O quaternary system, and (ii)

liquid-phase sintering associated with the formation of a Y-Si-B-O quaternary liquid-



phase and Y-Si-O liquid phase, as illustrated in Fig. 15.
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Fig. 14 XRD patterns of 10 wt.% Y3S12C2/B4C at different temperatures.
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Fig. 15 Reaction mechanism involved in the sintering of B4C ceramics using Y3SCa
as a sintering additive.
Conclusion

In this study, dense B4C ceramics were successfully fabricated by spark plasma
sintering (SPS) using novel sintering additive of Y3S12C». Ata sintering temperature of
1700 °C, a systematic investigation of Y3Si2Cz content revealed that an addition of 8
wt.% resulted in the highest hardness and flexural strength, reaching 30.7 GPa and
585.5 MPa, respectively. Therefore, this was identified as the optimal additive
concentration. Subsequently, B4C ceramics containing 8 wt.% Y3Si2C2 were further
sintered in the temperature range of 1700-1900 °C. The optimum overall mechanical
performance was achieved at 1800 °C, where the hardness, and flexural strength
reached 31.4 GPa, and 694 MPa, respectively. These improvements are primarily
attributed to the strong oxygen affinity of Y3Si2C> and the multistage reaction
mechanisms it induces. Initially, Y3Si2C> adsorbs oxygen to form an in-situ Y2SiOs
intermediate phase. This intermediate phase reacts with the B4C matrix to generate the
Y B4 strengthening phase and simultaneously interacts with oxides to form a Y-Si-B-O

quaternary liquid phase. In addition, a eutectic liquid phase could be formed in the



Y203-Si02 system at high temperature. Under applied sintering pressure, the yttrium-
rich liquid phase infiltrates grain boundaries, effectively promoting particle
rearrangement and mass transport. Furthermore, the in situ-generated YBas phase
contributes to densification while inhibitting excessive grain growth. Overall, Y3S1C>
is demonstrated to be an effective sintering additive, which significantly enhances both

the densification and mechanical properties of B4C ceramics.
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