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ABSTRACT: The fabrication of Si;N, ceramics typically requires high

temperatures (above 1700 °C) and prolonged sintering time to Y. e “I:N:
achieve densification, resulting in high energy consumption and "t e

increased manufacturing costs. Moreover, reports on the fabrication @ 7 e \
of dense Si;N, ceramics with good mechanical properties under MPa- e 3

level pressure and low temperatures are rare. In this work, we %S OFSiN. O¥0 0AL0

propose a low-temperature rapid spark plasma sintering strategy —
involving the introduction of fine-grained -Si;N, powder with high l F I. '
lattice strain energy as an “additive”. Dense biphasic Si;N, ceramics, ]
predominantly a-Si;N,, were successfully fabricated at a mechanical .

pressure of 200 MPa and a temperature of 1300 °C, achieving a = e = TEM Image and solution-ropreciitation
relative density of 97%. The application of high pressure promoted particle rearrangement and uniform liquid—phase distribution,
providing additional driving forces for sintering. The introduction of B-Si;N, seeds facilitated an in-situ solution-reprecipitation
process, enabling rapid densification with a minimal liquid phase and without significant grain growth, resulting in nanometer-
scale grains. The Si;N, sample prepared at 1350 °C exhibited a desirable combination of high hardness (18.5+0.3 GPa) and fracture
toughness (6.7+0.2 MPa-m'). The results demonstrate that by adjusting the sintering temperature and time, the phase
composition and mechanical properties of the ceramics can be flexibly tailored. This work holds significant potential for industrial
manufacturing and provides valuable insights into low-temperature strategies for ceramic fabrication.
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1 Introduction temperatures and long sintering time to ensure sufficient liquid
phase and to promote particle rearrangement and solution-
reprecipitation mechanisms for increased density [2,16-18].
However, this inevitably leads to grain coarsening and results in
greater energy consumption and time costs. To reduce the
sintering temperature and achieve rapid sintering for fine grains,
one approach is to use ultrafine silicon nitride powder or special
additives such as LiF [19-25], which can achieve densification at
relatively low temperatures; however, these methods are
characterized by instability and environmental issues [26-28].
Another approach is to increase the sintering pressure, achieving

Silicon nitride ceramics, as high-performance structural-functional
integrated ceramics, exhibit high elastic moduli and hardness,
excellent high-temperature stability, and good wear resistance.
Additionally, they possess chemical stability, such as corrosion
resistance, making them indispensable in many critical fields
[1-5]. Enhancing the mechanical properties of silicon nitride
ceramics has been a goal for researchers [6-8]. However, owing to
the strong covalent bonding in silicon nitride, its low self-diffusion
coefficient makes densification difficult under solid-phase
sintering conditions [9-11]. Therefore, sintering additives are

often added during the sintering process to form a liquid phase at ~ rapid densification at low temperatures and fine grains under
high temperatures, thereby achieving densification [12-14]. pressures close to gigapascal or even several gigapascals [29-31].
Although liquid-phase sintering promotes densification, it also However, such high pressures demand stringent requirements for
facilitates grain growth. It is essential to optimize the sintering experimental equipment, making it difficult to produce large-sized
process to avoid grain coarsening. Excessive glass phases can samples, thus limiting their industrial application [28-30].

reduce the strength of ceramics and impact other properties [15]. Spark plasma sintering (SPS) provides an effective strategy to

The sintering process for silicon nitride typically employs high activate the sintering kinetics of challenging materials, including
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nanostructured ~ materials, leading to  comprehensive
improvements in material properties. When SPS is used, hard-to-
sinter oxides, nitrides, and carbides are densified by applying a
pulsed direct current through a graphite mold, resulting in
significant consolidation. Among these materials, Si;N,-based
ceramics with ultrafine or nanosized grains exhibit tremendous
potential for applications in technological and engineering fields
[32]. Controlling grain growth during densification is critical for
fabricating nanocrystalline ceramics. Compared with conventional
sintering methods, SPS enables rapid heating and full densification
at lower temperatures and within shorter time. Moreover, as a
pressure-assisted pulsed direct current (DC) sintering process, SPS
enhances the sintering performance of Si;N, leading to
densification with negligible grain growth and phase
transformation at low temperatures [33,34]. Additionally, studies
have shown that the electric field applied during SPS improves the
wettability of the liquid phase, thereby increasing the degree of
densification during the initial sintering stages [33].

Typically, the addition of B-Si;N, seeds to silicon nitride
ceramics aims to form a self-reinforced microstructure with a
bimodal grain size distribution. These seeds act as nucleation sites
forp-phase silicon nitride during sintering, promoting the a-to-
phase transformation and facilitating the development of
elongated grains in the final microstructure. This microstructural
evolution significantly influences properties such as thermal
conductivity, mechanical strength, and tribological performance
[35]. In the field of low-temperature sintering, Huang et al. [36]
demonstrated the use of B-SisN, seeds (D5, = 3 um, D5, means the
median diameter), -Si;N, whiskers (diameter: 1-3 pm, length:
5-20 pum), and TiC particles as additives to coarse industrial Si;N,
powders. Hot pressing at 1600 °C under 40 MPa for 30 min
produced synergistically reinforced Si;N, ceramic cutting tools
with a relative density of 97%, a Vickers hardness of 16.86 GPa,
and a fracture toughness of 10.67 MPa-m'". Xiong et al. [37] used
rod-like B-Si;N, single-crystal particles (average diameter: 0.53
pm, average length: 4.38 pm) as seeds. Hot pressing at 1700 °C
under a mechanical pressure of 30 MPa resulted in dense silicon
nitride ceramics with a Vickers hardness of 18.7 GPa and a
fracture toughness of 11.2 MPa-m'". Additionally, Lee et al. [38]
employed ultrafine B-Si;N, powder (70 nm) as the sole raw
material for SPS under a mechanical pressure of 50 MPa. Dense
silicon nitride ceramics were achieved at a minimum temperature
of 1550 °C, with an average grain diameter of 49.2 nm, a grain
length of 101.7 nm, a Vickers hardness of 14 GPa, and a fracture
toughness of 3.6 MPa-m'”.

In this work, with conventional Y,0; and Al,O; sintering
additives, B-Si;N, seeds were added as another sintering additive.

This not only did not reduce sintering activity but also achieved
dense silicon nitride ceramics at a minimum temperature of
1300 °C, with a sintering pressure set at 200 MPa. The obtained
silicon nitride ceramics exhibited a maximum hardness of
20205 GPa and a maximum fracture toughness of
6.7£02 MPam"™ The effects of B-Si;N, seeds, sintering
temperature, and holding time on liquid-phase sintering of silicon
nitride were investigated, and the densification mechanism and
phase transformation during the sintering process were
investigated. Compared with previous studies, this work
demonstrated the successful fabrication of dense, large-sized
silicon nitride ceramics with excellent mechanical properties at a
high heating rate (100 °C/min), short holding time (less than
30 min), and low temperature (1300 °C). This approach
significantly reduces production costs, offering considerable value
for both engineering applications and academic research.

2 Experimental

2.1 Powder preparations

The initial powders were mixtures of a-Si;N, (SN-E10, oxygen
content of 1.27 wt%, UBE Industries Ltd.), ALO; and Y,0O;
powders (D5, = 0.5 pum, purity > 99.9%, Sinopharm Chemical
Reagent Co., Ltd., China), and B-Si;N, (D5, = 0.2 um, Qingdao
Alticera Advanced Materials Co., Ltd., China). The starting
composition was fixed at a weight ratio of Si;N, : ALO; : Y,0; =
90 : 6 : 4. The amount of B-Si;N, seeds was 10% by weight with
respect to the Si;N, powder. The powders were mixed by wet ball
milling for 2 h at 300 r/min with Si;N, balls, and ethanol was used
as the mixing medium. Then, the slurry was fully dried and
ground through an 80-mesh sieve.

2.2 SPS

Si;N, ceramics were fabricated with liquid phase sintering by SPS.
Mixed powders (4 g) were charged into a high-purity graphite die
with a diameter of 20 mm surrounded by a porous carbon felt.
The samples were sintered using the SPS method (SPS-725, Fuji
Electronic Industrial Co., Ltd., Japan) at a heating rate of
100 °C/min. The sintering pressure was set to 200 MPa. The
sintering conditions are listed in detail in Table 1.

2.3 Characterizations

An X-ray diffractometer (XRD; D8 Advance, Bruker Co.,
Germany) with Cu-Ka radiation was used to identify the
crystalline phases of the fabricated samples. The morphology of
the samples was observed by a field-emission scanning electron

Table1 Sintering conditions and properties of samples

Sample Sintering temperature (°C) Holding time (min) Relative density (%) a-Si;N, content (%) Hardness (GPa) Fracture toughness (MPa-m'?)

1300-30 1300 30 97
1350-30 1350 30 99
1400-3 1400 3 97
1400-5 1400 5 98
1400-30 1400 30 99
1450-3 1450 3 98
1450-5 1450 5 99
1450-30 1450 30 99
Ref. [39] — — —
Ref. [40] — — —
Ref. [41] — — —
Ref. [42] — — —

89 20.2+0.5 4.1£0.1
88 18.5+£0.3 6.7+0.2
88 18.4+0.2 5.2+0.1
89 18.3£0.3 5.7+0.2
78 18.5+£0.2 43+0.1
88 18.8+0.2 5.9+0.2
82 18.6+0.3 5.9+0.2
33 16.9£0.2 6.4+0.2
99 19.3£0.6 3.2+0.1
93 18.0+0.4 4.8+0.4
92 17.5£0.1 6.1+0.5
0 14.1£0.3 7.0+0.4
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microscope (FESEM; Merlin, Zeiss, Germany). No less than 400
grains were selected from the electron microscope images, and
their grain size values were measured using Image J. The obtained
data were then used to analyze and plot the grain size distribution
of the samples. The hardness of the sample was tested with a load
of 9.8 N for 15 s by a Vickers hardness tester (TH700, Beijing
TIME High Technology Ltd., China). The fracture toughness was
estimated by the indentation method with a load of 49 N for 15 s
by the Vickers hardness tester [43,44]. Each data point for
mechanical properties was measured at least 10 times. The a-Si;N,
content mentioned below refers to the weight percentage of
a-Si;N,, within the total Si;N, phase and was calculated from the
XRD data using the method reported by Gazzara and Messier
[45]. The density of the sintered samples was determined by the
Archimedes method.

3 Results and discussion

3.1 Phase composition

The relative density and a-Si;N, content of the samples are listed
in Table 1. The XRD patterns of the initial powders and the
samples are shown in Fig. 1. Below 1400 °C, the a-phase content
in the silicon nitride ceramic samples is close to 90%, which,
compared with the 94% in the initial raw material, indicates that
no significant phase transformation has occurred. A content of
94% refers to the content of a-Si;N, in the Si;N, powder, not in
the whole powder mixture with sintering aids (ALO; and Y,O3).
This value was calculated from the XRD data to maintain
consistency with the calculation of a content in the sintered bulk
samples. At 1400 °C with holding time of 3 or 5 min, no
significant phase transformation occurs. However, when the
holding time is extended to 30 min, the a-phase in the samples
clearly decreases to 78%, indicating significant a-f phase
transformation. This suggests that at lower temperatures, only a
small amount of high-viscosity liquid phase is formed, and the
viscosity of the liquid is high; accordingly, the phase
transformation via the dissolution-reprecipitation process is
limited [46,47].

3.2 Sample density

Figure 2 shows the displacement of the lower punch during the
holding stage of SPS process, which can be used as a reference for
the shrinkage of samples. All four samples undergo rapid
shrinkage within the first 5 min, followed by a decrease in the
shrinkage speed and complete densification at different time. The
lower the sintering temperature, the longer the time required for
the samples to achieve densification. At higher sintering

temperatures, the samples exhibit greater shrinkage before
entering the holding stage, achieving densification earlier, and
thus exhibit less shrinkage during the holding stage. During the
sintering process of Si;N, ceramics, rapid shrinkage is observed
when the temperature exceeds 1350 °C. At a sintering temperature
of 1450 °C, substantial densification is achieved prior to the
holding stage. Consequently, the additional shrinkage during the
holding stage is significantly reduced compared to that of the
other three samples sintered at lower temperatures. Additionally,
the samples sintered at 1400 and 1450 °C slightly reverse the
movement of the lower punch position after rapid densification,
possibly related to the thermal expansion of the graphite die [48].

The sample sintered at 1300 °C achieves a relative density of
97%. After holding for 30 min, the lower punch still tends to
shrink further, indicating that the densification process is still
going on. At higher sintering temperatures, the samples no longer
shrink, indicating that the maximum density achievable under
these conditions has been reached.

An analysis of samples under different sintering conditions
reveals that sintering temperature has a significant effect on the
sintering process of silicon nitride ceramics [49,50]. Within this
temperature range, an increase of 50 °C can substantially increase
the liquid phase content in the system, thereby promoting the
densification process. Increasing the sintering temperature can
significantly reduce the time required for densification. However,
holding at 1300 °C for 30 min can also achieve a relative density of
97%, which essentially indicates that densification has been
achieved for ceramics.

3.3 Microstructures of raw powders and sintered samples

Figure 3 displays the microstructures of all 8 samples. Figure 3
shows that most of the four samples consist of equiaxed a-Si;N,
grains, with only a small portion of rod-like B-Si;N, grains. The
grain size ranges from 100 to 200 nm, with only a few grains
exceeding 500 nm in size. The reasons why dense silicon nitride
ceramics can be obtained at lower sintering temperatures of
1300-1400 °C than traditional sintering methods (e.g, 1700-
1900 °C) are discussed below.

A schematic diagram of densification mechanism of Si;N,
ceramics is shown in Fig. 4. From the perspective of high sintering
pressure, on one hand, high pressure can crush agglomerates in
the green body, making the pore sizes in the raw powders smaller
than the grain sizes, increasing the dihedral angle and raising the
critical coordination number of pores. Consequently, the number
of grains surrounding the pores decreases than the critical
coordination number, leading to shrinkage of pores [51]. On the
other hand, high pressure can provide an additional driving force
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*p-SigN, hsoao 1 oL o xR o
1450-5
—_ - l" A !I‘ A
3 ; Spasos N ML
o . ©
a8 . s
2 “ bl 2 Naoo-30
(7] . 0
c | Lo c
2 i | | NN . £ haoos
E Alticera-p = A =
.
? . 1400-3 A M A )\ A s A
* . . 1350-30
.
UBE-E10 J\ 1 JM J‘LJIL woso LA ‘)\A JJL A s A
T T T T T T T T T T
15 20 25 30 35 40 45 15 20 25 30 35 40 45

26 (%)

26(°)

Fig.1 XRD patterns of a-Si;N, powder, B-Si;N, powder, and mixed powders and Si;N, samples prepared by SPS at (a) different temperatures and (b) holding time.
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Fig.2 Displacement of lower punch during temperature holding stage. The
displacement was normalized to zero at the beginning of holding stage.

for sintering, accelerating the densification rate. In addition to the
capillary force of the liquid phase, high sintering pressure provides
additional mechanical pressure, further promoting particle
rearrangement [39]. From the perspective of low sintering
temperature, lower temperatures can reduce grain growth, leading
to an increased specific surface area and reduced intergranular
distances. These factors enhance diffusion kinetics by shortening
the diffusion distance [52].

During the liquid-phase sintering of silicon nitride, low-
temperature sintering produces less liquid phase than traditional
sintering methods. According to Table 1, the final a-phase content
in samples 1300-30 and 1350-30 is slightly less than 94%,
indicating that there is no significant phase transformation.
However, significant phase transformation occurred in samples
1400-30 and 1450-30, with the a-phase content substantially
decreasing. This suggests that the solution-reprecipitation
mechanism plays an important role in densification during low-
temperature SPS sintering with [-Si;N, seeds. Thus, the
densification mechanism of low-temperature sintered samples can
be attributed to the coupled interaction of particle rearrangement
and solution-reprecipitation. First, a high sintering pressure
promotes particle rearrangement and facilitates the uniform
distribution of the liquid phase within the body [53], which in
turn promotes the solution-reprecipitation process. The
introduction of fine-grained B-Si;N, seeds with higher lattice
strain energy promotes the solution-reprecipitation process to a

certain extent. The solution-reprecipitation process can then fill
the remaining small pores after particle rearrangement, further
enhancing the densification of samples.

This is also evidenced in the transmission electron microscopy
(TEM) images shown in Fig. 5, where a distinct core-shell
structure can be observed. This indicates that new B-Si;N, has
precipitated on the surface of the seeds through solution and
reprecipitation [35]. This suggests that solution-reprecipitation
can significantly increase the degree of densification during low-
temperature sintering.

3.4 XRD data fitting

Figure 1 shows that the full width at half maximum (FWHM) of
the B-SisN, powder is significantly greater than that of the a-SisN,
powder. This broadening may be caused by grain refinement and
lattice strain [54], as expressed in Eqgs. (1) and (2), where f3 is the
FWHM,; k is a constant, which is taken as 1 here; A is the X-ray
wavelength; D is the grain size; 0 is the diffraction angle; ¢ is the
lattice strain. The contributions of grain refinement and lattice
strain to the broadening effect can be estimated by fitting
according to Eq. (3). By this method (Fig. 6), the lattice strain (¢) is
1.2x107?, and the average grain size (D) is approximately 90 nm.
The presence of nanoparticles and lattice strain in the p-Si;N,
powder may promote sintering. The mechanism can be attributed
primarily to the following two factors: (1) Particle size effect.
Ultrafine particles possess a large specific surface area and reduced
interparticle distances, which enhance the atomic diffusion
efficiency during the sintering process. Compared with larger
particles, ultrafine particles can initiate sintering at lower
temperatures, forming strong bonds. These particles exhibit
higher surface energy and smaller grain sizes, reducing the
required sintering time and temperature, thereby enabling low-
temperature sintering. (2) Contribution of high lattice strain
energy. A high lattice strain energy corresponds to a high density
of structural defects. From a thermodynamic perspective, higher
energy correlates with higher sintering activity, thereby promoting
the sintering process. From a kinetic perspective, a higher density
of structural defects provides additional rapid diffusion pathways,
enhancing diffusion and accelerating mass transfer. Therefore, the
addition of B-Si;N, particles with high lattice strain energy can
effectively reduce the critical sintering temperature and promote
densification at lower temperatures.

k-A
p= D - cosO )
p = 4¢-tanf (2)

Fig.3 SEM images of polished and plasma-etched samples: (a) 1300-30, (b) 1350-30, (c) 1400-30, (d) 1450-30, (e) 1400-3, (f) 1400-5, (g) 1450-3 , and (h) 1450-5.
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Liquid phase

B-Si;N,

Particle rearrangement

TEM image and solution-reprecipitation

Fig.4 Schematic diagram of densification mechanism of Si;N, ceramics.
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Figure 7 shows the morphology ofa-Si;N, powder and -Si;N,
seeds added to the raw material. Moreover, as shown in Fig. 7,
a-Si;N, powder and -Si;N, seeds consist of particles with an
average size of 200 nm and some smaller nanoparticles (50 nm).

200 am 4 20 nm

No nanoparticles were found in the sintered samples, indicating
that the introduction of seeds promoted the dissolution of these
particles in the liquid phase. The relatively large B-Si;N, particles
can act as seeds, promoting phase transformation to some extent.
These combined factors enable the achievement of dense silicon
nitride ceramics at a low temperature of 1300 °C.

3.5 Particle size distributions of samples

The particle size distributions of the samples are shown in Fig. 8.
The average grain size (G,y,) of the samples is labeled in Fig. 8.
The Hillert o, which is the ratio of the standard deviation (X) of
the grain-size distribution to the average grain size (G,,) of the
samples [55], is in the range of 0.38-0.51. As the sintering
temperature increases, the percentage of grains with a size less
than 100 nm gradually decreases, which is consistent with the well-
known effect of higher sintering temperatures promoting grain
coarsening. The grain sizes of all samples are less than 200 nm.
The sample 1300-30 has the smallest average grain size of 147 nm,
followed by 1450-3, with an average grain size of 156 nm, which is
likely due to its shorter holding time. This indicates that to achieve
grain refinement, it is essential to lower the sintering temperature
and shorten the holding time. Since the activation energy for
densification is generally greater than that for grain coarsening,
the high pressure and rapid heating characteristics of SPS can
enable the densification rate to surpass the grain coarsening rate,
thus achieving rapid densification without significant grain
growth.

10 nm:

Fig.5 (a) TEM, (b) BFI, and (c) high-resolution TEM (HRTEM) images of sample 1450-30.

2.1x107°

2.0x107%

1.9x107°

BcosbiA

1.8x107% u

1.7x107° L+ T T T T
043 014 015 016 017 018 019 020

sin6/A
Fig.6 Fitting of broadening effect of XRD peaks of -Si;N, powder. Three
strong peaks, (110), (200), and (210), are used, and instrument broadening is
subtracted.
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3.6 Mechanical properties

The mechanical properties of the samples obtained at different
sintering temperatures and holding time are shown in Fig. 9. A
comparison with other studies is shown in Table 1. The hardness
values of the samples held for 30 min at different temperatures are
above 16.9 GPa, with the highest value reaching 20.2+0.5 GPa.
The fracture toughness values are all above 4.1 MPa-m"?, with the
highest value reaching 6.7£0.2 MPa-m". The hardness values of
the samples obtained at 1450 °C with different holding time are all
above 16.9 GPa, with the highest reaching 18.8+0.2 GPa; the
fracture toughness values are all above 59 MPa-m'", with the
highest reaching 6.4+0.2 MPa-m".

Among all the samples, 1300-30 has the highest hardness
values. Generally, the hardness is influenced by multiple factors,
including relative density, phase composition, and grain size. The
higher hardness of sample 1300-30 should be attributed to its
higher a-Si;N, content (Table 1) and smaller grain size (Fig. 8).
Although the relative density of the sample 1300-30 (97%) is
slightly lower than those of other samples (98%-99%), it is
sufficient to ensure that most open pores have been removed and
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Fig. 8 Grain size distributions of samples (a) 1300-30, (b) 1350-30, (c)1400-3, (d) 1400-5, () 1400-30, (f) 1450-3, (g) 1450-5, and (h) 1450-30. Also listed in histograms
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Fig.7 SEM images of (a) raw a-Si;N, powder and (b) 3-Si;N, powder.
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Fig.9 Mechanical properties of (a) samples at different temperatures for 30 min and (b) samples at different holding time at 1450 °C .

the remaining pores are predominantly isolated closed pores,
which is unlikely to cause a significant decrease in hardness.
Among all the samples, samples 1350-30 exhibit the highest
fracture toughness values. The SEM images of the indentations
and cracks are shown in Fig. 10. The SEM images reveal that
although most samples predominantly consist of equiaxed grains

without the formation of many elongated B-Si;N, grains, the
primary crack propagation mode is intergranular fracture. This
highly tortuous path significantly dissipates the energy associated
with crack propagation. Moreover, frequent crack bifurcations are
evident around the grain boundaries in sample 1350-30 (as shown
in Fig. 10), which further enhances the fracture toughness.

Fig. 10 (a) SEM images of indentations in sample 1350-30 and (b) photo of sample 1350-30 . (c) SEM images of cracks in sample 1350-30.

4 Conclusions

Commercial a-Si;N, was used as the raw material, and p-Si;N,
seeds were added as sintering additives on the basis of
conventional Y,0; and ALO; sintering additives. Dense silicon
nitride ceramics with a relative density of 97% and a-Si;N, content
of 89% were obtained through SPS at a minimum temperature of
1300 °C. This approach employs high pressure to promote particle
rearrangement and introduces ultrafine B-Si;N, seeds to facilitate
solution-reprecipitation, resulting in the fabrication of dense fine-
grained silicon nitride ceramics. During the low-temperature
sintering of silicon nitride, the coupled interaction of particle
rearrangement and solution-reprecipitation effectively increases
the degree of densification. The average grain size is
approximately 150 nm, with sample 1350-30 achieving a hardness
of 18.5+0.3 GPa and a fracture toughness of 6.7+0.2 MPa-m".
This makes the rapid low-temperature preparation of dense
silicon nitride ceramics with controllable phase composition
possible.
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