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A B S T R A C T

Dense and submicron-sized polycrystalline β-Si3N4 bulk samples with average grain size of 263 ± 68 nm have
been synthesized using micron-sized α-Si3N4 powder (2 μm) as the starting material by simultaneously tuning
the pressure and temperature conditions. The measured Vickers hardness HV of the submicron-sized poly-
crystalline β-Si3N4 could reach up to about 20 GPa, approaching the upper limit of the single crystal β-Si3N4. The
measured fracture toughness KIC of the polycrystalline β-Si3N4 has been enhanced from 3.0 to 4.1 MPa m1/2, as
much as 36%, while without sacrificing the hardness. This study demonstrates that using micron-sized powder as
the starting material to synthesize submicron-sized polycrystalline bulks by phase transformation under extreme
pressure conditions is an efficient pathway to break through the old paradigm—the higher the fracture tough-
ness of a material, the lower the hardness.

1. Introduction

Silicon nitride (Si3N4) ceramics are one of the most promising high-
temperature materials for structural and technological applications due
to its high-temperature excellent thermal stability, good corrosion re-
sistance, and superior mechanical properties [1–3]. However, dense β-
Si3N4 bulk materials are very difficult to obtain without high pressure
or sintering additives because of its Si–N strong covalent bonding and
low self-diffusion coefficients [4,5]. In general, there are several con-
ventional methods were used to fabricate β-Si3N4 materials such as hot
pressing [6,7], hot isostatic press sintering (HIP) [8–13], oscillatory
pressure sintering [14,15], spark plasma sintering [16], and microwave
heating sintering [17–21]. Moreover, the densification of β-Si3N4

ceramic materials is usually achieved by liquid-phase sintering with the
aid of oxide additives such as Al2O3, MgO, ZrO2, and Y2O3. However,
the grain-boundary glassy phase resulting from the sintering additives
generally degrades the high-temperature mechanical properties and
oxidation resistance of β-Si3N4 materials, which inhibits their applica-
tions in harsh environments [1,2].

No-additive sintering is another approach to obtain dense β-Si3N4

materials. Homma et al. [9] reported α-Si3N4 powder could be densified
without the use of oxide additives by HIP and obtained the sintered β-

Si3N4 materials with more than 99% relative density. Tanaka et al.
[10,11] demonstrated the feasibility of densifying high-purity α-Si3N4

above 1900 °C by HIP and indicated that the mechanical properties of
the sintered β-Si3N4 bodies were strongly dependent on the impurity
content and sintering condition. They also fabricated a fully dense β-
Si3N4 bulk material with a mean grain size of about 0.7 μm using na-
nosized α-Si3N4 powder (0.1 μm) as a starting material and reported
Vickers hardness of about 19 GPa and indentation fracture toughness of
3.0 MPa m1/2 [12]. Lu et al. [13] sintered amorphous exposed Si3N4

powder (16.7 nm) without any additives at 1950 °C by HIP and ob-
tained extremely dense and high-purity β-Si3N4 sample which has a
great amount of lath-like or needle-like β-Si3N4 grains with a mean size
of 500 nm. The minimum grain size of the pure β-Si3N4 materials ob-
tained so far is about 500 nm because conventional methods for syn-
thesizing fully dense β-Si3N4 materials without additives require sin-
tering temperatures that exceed 1900 °C, this requirement induces β-
Si3N4 grain growth that consequently causes the disappearance of fine
grains (nanostructures and submicron structures) and the degradation
of mechanical properties [9–13,22]. Therefore, it is still a challenge to
synthesize fine-grained polycrystalline β-Si3N4 bulk materials with
good mechanical properties by conventional sintering methods.

Reducing the grain size has been the most widely used approach for
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enhancing hardness and fracture toughness in fine-grained poly-
crystalline bulk materials such as nano- and submicron polycrystalline
diamond and cubic boron nitride [23–28], nanotwinned diamond and
cubic boron nitride [29,30], and submicron polycrystalline tetragonal
ZrO2 and cubic Si3N4 [31,32]. High pressure and high temperature
(HPHT) conditions are necessary for synthesizing fine-grained poly-
crystalline bulk materials because high temperature enhances the nu-
cleation rate, and high pressure facilitates the densification of the re-
sidual porosity and suppresses grain growth by reducing the atomic
diffusion responsible for crystallization [23,28,30]. In the present
study, micron-sized α-Si3N4 starting powder without additives was
sintered by HPHT at a pressure of 5.5 GPa and temperatures ranging of
1600–1900 °C. The phase contents, microstructures, and mechanical
properties of the synthetic polycrystalline β-Si3N4 bulk samples were
studied.

2. Experimental

2.1. Starting material

Micron-sized α-Si3N4 powder with a mean grain size of 2 μm was
used as the starting material (Shanghai Xiangtian Nano Materials Co.,
Ltd, China). The starting powder was dried in a vacuum oven at 200 °C
for 12 h and then pressed into cylindrical green pellets coated by mo-
lybdenum layer of a thickness of 0.076 mm through die-pressing at
500 MPa.

2.2. HPHT sintering

The pressed α-Si3N4 compact samples were sintered in a 6 × 8 MN

large-volume cubic-type multi-anvil apparatus. The schematic diagram
of the high-pressure device in large volume cubic press is shown in
Fig. 1. To operate the cubic press, six WC anvils are fixed on six pistons
and simultaneously pushed by six hydraulic cylinders. The six anvils
define a center cubic cavity, inside of which is the cubic assembly in our
experiments, as shown in Fig. 2. The motion of the six anvils compresses
the cubic assembly, so that the sample chamber pressure continues to
build up in the assembly with a decrease in the volume of the pyr-
ophyllite cube. The treating temperature of the sample chamber was
calibrated by Type C W–Re thermocouples. The pressure was estimated
using the pressure-induced phase transformation of Bi, Tl, and Ba: Bi
has two well-known phase transitions at 2.55 and 7.7 GPa, Tl has one at
3.67 GPa, and Ba has one at 5.5 GPa. The more detailed descriptions of
the pressure and temperature calibration utilized in this research were
presented elsewhere [33,34]. In the HPHT sintering experiments, green
compacts were gradually compressed to 5.5 GPa at ambient tempera-
ture, and then the temperature was stepwise increased with a heating
rate of about 300 °C/min to the desired value. The duration of heating
was 3–15 min. The samples were quenched at a rate of about 200 °C/
min and then slowly decompressed. To facilitate understanding the
high pressure and high temperature experimental process, a schematic
of sintering at 5.5 GPa and 1900 °C for 3 min is shown in Fig. 3.

2.3. Characterization

The grain size distribution of the α-Si3N4 starting powder was de-
termined using a laser particle size analyzer (Microtrac S3000, USA).

Fig. 1. Schematic diagram of the high-pressure device in large volume cubic
press: (a) Pressure medium at the beginning and (b) at the end of the pres-
surizing stroke.

Fig. 2. Schematic diagram of the sample assembly part in high-pressure experiments.

Fig. 3. Schematic of sintering at 5.5 GPa and 1900 °C for 3 min.
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The starting powder was dispersed in water and exposed to ultrasounds
during analysis. The morphology and grain size of the starting powder
and the microstructure of the sintered samples were examined by
scanning electron microscope (SEM, FEI INSPECT F50, USA) and field-
emission transmission electron microscope (TEM, FEI Tecnai G2 F30,
USA). The phase identification and structural characterization of the
starting powder and the recovered sintered samples were performed
using an X-ray diffractometer (XRD, D8 Advance, Germany) utilizing Cu
Kα radiation. The relative amounts of the α- and β-Si3N4 in the sintered
samples were calculated from the equation of the peak intensities of
(210) plane diffractions reported by Gazzara and Messier [35]. Raman
scattering spectra were obtained at room temperature in a confocal
Raman system utilizing a solid-state laser (532 nm, Nd: Yag laser,
HORIBA Jobin Yvon, France). The bulk density of the sintered samples
was measured by the Archimedes method. The sintered specimens were
polished with diamond slurry, and then etched with a mixture of HF
and HNO3 (1:1) at 70 °C. Room temperature ultrasonic measurements
were performed for the bulk samples by a pulse-echo method with an
advanced ultrasonic material characterization system (UMS-100, TE-
CLAB, France). The Vickers hardness of the end-polished samples was
measured using a Vickers hardness tester (FM-ARS 900, Future-Tech,
Japan). The fracture toughness of the same specimens was assessed by
the indentation method with a load of 9.8 N and a dwell time of 15 s.

Fig. 4. (a) Grain size and cumulative size distribution of the α-Si3N4 starting powder. (b) SEM image of the α-Si3N4 powder. (c) Brightfield TEM micrograph of the α-
Si3N4 starting powder.

Table 1
Characteristics of the α-Si3N4 starting material.

α-Si3N4

content (%)
Mean grain
size (μm)

Impurities (wt.%)

C O Fe Cr Al

>95 2 <0.002 <0.27 <0.009 <0.002 <0.1

Fig. 5. XRD patterns of the starting material and the recovered products syn-
thesized at 5.5 GPa and 1600–1900 °C.
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3. Results and discussion

3.1. Micron-sized powder characterization

The grain size distribution of the α-Si3N4 starting powder is shown
in Fig. 4(a). The α-Si3N4 powder displays a multi-modal narrow grain
size distribution, ranging from 0.4 to 10 μm. The major micrometric
population corresponds to the primary grains observed in SEM image
with a size centered at 2 μm [Fig. 4(b)]. The TEM micrograph of the α-
Si3N4 starting powder is presented in Fig. 4(c). Morphology and grain
size are in close agreement with SEM observation. The characteristics of
the starting material are shown in Table 1.

3.2. Phase transformation and microstructure

Fig. 5 shows the XRD patterns of the starting material and the re-
covered samples synthesized at a pressure of 5.5 GPa and temperatures
ranging of 1600–1900 °C for different holding time. As clearly seen
from Fig. 5, the X-ray pattern analysis of the starting material revealed
hexagonal α-Si3N4 as the major phase. Moreover, the phase transfor-
mation from α-Si3N4 to β-Si3N4 was incomplete at temperatures below

1700 °C. Full transformation was not attained even at 1800 °C for 4 min
and was obtained at 1800 °C for 5 min (i.e. no α-Si3N4 phase was de-
tected in the sample). Full transformation also was observed at 1900 °C
for 3 min. In addition, an unknown weak and tiny peak at 2θ = 30.3°
was detected in all sintered samples. Table 2 lists the XRD intensity
ratios of the α- and β-Si3N4 of the recovered polycrystalline β-Si3N4

bulk samples.
Fig. 6 shows the Raman spectra patterns of the starting material and

the recovered samples sintered at 5.5 GPa and 1600–1900 °C. The re-
sults of Raman spectra analysis were in good agreement with the XRD
patterns. Bradley et al. [36] reported that the full transformation from
α-Si3N4 to β-Si3N4 could be observed at 5 GPa and 2000 °C for 6 min
without mineralizer additives. However, full phase transformation from
α-Si3N4 to β-Si3N4 in this study occurred at 1800 °C, which was about
200 °C lower than that of previous research.

Fig. 7 shows TEM images of the polycrystalline β-Si3N4 sample
sintered at 5.5 GPa and 1900 °C for 3 min. Fig. 7(b) and (c) show high-
resolution TEM (HRTEM) images of the sample. It can be seen that
HRTEM images showed clean grain boundaries (i.e. no intergranular
phase, crystalline or glassy, was ever detected), which is characteristic
of no eutectic liquid-phase sintering [13]. HRTEM observation showed
that full phase transformation from α-Si3N4 to β-Si3N4 could be com-
pleted without eutectic liquid phase. Moreover, the temperature of the
full phase transformation is close to the melting point of silicon nitride,
which is about 1900 °C under high pressure [1,18]. Therefore, we
speculated that the molten liquid Si3N4 phase could be formed when the
temperature reached or approached the melting point of α-Si3N4, and
then the β-Si3N4 crystals will be formed by the nucleation-growth me-
chanism of liquid-solid phase transformation. In addition, HPHT con-
ditions can accelerate phase transformation from α-Si3N4 to β-Si3N4

[36].
The well-sintered recovered samples are cylinder-shaped chunks

that are about 11 mm in diameter and 4 mm in height after polishing
(Fig. 8). Fig. 9 shows SEM images of the submicron-sized polycrystal-
line β-Si3N4 bulk specimens synthesized at 1800 °C and 1900 °C under a
pressure of 5.5 GPa. It can be seen that all recovered samples show a
dense microstructure and lacked microcracks, indicating that the β-
Si3N4 crystals were well bonded by the submicron-sized grains. The
microstructures of the samples show equiaxed grains, regular in shape.

The mean grain size of polycrystalline β-Si3N4 bulk samples was
measured from the linear length of grains, and a minimum of 200 grains
were counted for each specimen. Grain size distribution of bulk samples
of full transformation shows a relatively narrow range in submicron size
(Fig. 10). The mean grain sizes of samples produced at 1800 °C for 5, 7,
and 9 min are 268 ± 78, 298 ± 77, and 342 ± 86 nm, respectively,
whereas those of samples produced at 1900 °C for 3, 3.5, and 4 min are
263 ± 68, 272 ± 105, and 352 ± 108 nm, respectively. In this study,
the minimum mean grain size after full transformation is 263 ± 68 nm,
which is much smaller than that reported in previous literatures
[10,16,18,21].

3.3. Mechanical properties

The hardness values reported were the average of 10 different
measurements. The test results show that the hardness decreases with
the loading force increases [Fig. 11(a)], and the HV-F load curve
eventually bends over and levels off at higher loads which have been
extensively documented in many different types of hard and brittle
materials previously [26–30,32,37–39]. This phenomenon may be at-
tributed to the indentation size effect. In the present study, we em-
ployed HV at 4.9 N as a reference value for the polycrystalline β-Si3N4

bulk samples because HV shows an asymptotic value when the load was
4.9 N or higher.

Fig. 11 (b) shows the micrograph of the Vickers indentation of the
submicron-sized polycrystalline β-Si3N4 bulk obtained at 5.5 GPa and
1900 °C for 3.5 min. The size of the Vickers indentation was

Table 2
XRD intensity ratios of α- and β-Si3N4 of the recovered samples as a function of
sintering temperature (T, °C) and holding time (t, min).

T (°C) t (min) β(210)/(β(210)+ α(210))

1600 15 0.88
1700 7 0.94
1800 4 0.82
1800 5 1
1800 7 1
1800 9 1
1900 3 1
1900 3.5 1
1900 4 1

Fig. 6. Raman spectra patterns of the starting material and the samples sintered
at 5.5 GPa and 1600–1900 °C.
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substantially larger (by more than a factor of 20) than the grain size of
the submicron polycrystalline β-Si3N4 sample, indicating the measured
hardness is meaningful and represented the hardness of the submicron
polycrystalline β-Si3N4 bulk rather than the single crystal β-Si3N4 grain

[8]. As the load was increased from 0.49 to 4.9 N, the average hardness
decreased from 24.6 ± 1.0 to 19.9 ± 0.6 GPa, with a maximum
measured hardness of 20.9 GPa under 4.9 N of load. In addition, no
visible microcrack was observed until the load reached up to 4.9 N. In
order to guarantee the credibility of our fracture toughness test, we
measured the fracture toughness of the bulk samples at the load of
9.8 N, which appearance noticeable propagation of microcracks.

Grain size has a very pronounced effect on the hardness and fracture
toughness, especially for polycrystalline bulk materials with grain size
in submicron-sized or nanosized range [40]. Fig. 12 shows that HV as a
function of the grain size of fully transformed submicron-sized poly-
crystalline β-Si3N4 bulk samples. The HV versus grain size curve shows
that the HV increases monotonically as the grain size decreases, which
comply with the Hall-Petch effect [41,42]. Greskovich et al. [8] in-
dicated that the hardness of pure single crystal β-Si3N4 is the upper
limit of the full-density single-phase polycrystalline β-Si3N4 materials.
In this study, the measured hardness of the recovered sample synthe-
sized at 5.5 GPa and 1900 °C for 3 min could reach up to about 20 GPa
which is the upper limit of the single crystal β-Si3N4 [43].

The longitudinal and transverse sound velocities of the submicron-
sized polycrystalline β-Si3N4 bulk samples were measured using a
pulse-echo method. Values for Young's modulus (E), bulk modulus (B),
shear modulus (G), and Poisson's ratio (v) were calculated from the
density of the sintered bulk samples, together with the longitudinal and
transverse velocities of the acoustic waves [44,45]. The fracture

Fig. 7. TEM images of the polycrystalline β-Si3N4 sample sintered at 5.5 GPa and 1900 °C for 3 min. (a) Low-magnification TEM image the sample. (b) and (c)
HRTEM images of the area marked with the green box in (a). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web
version of this article.)

Fig. 8. Optical microscope image of submicron-sized polycrystalline β-Si3N4

bulk samples (about 11 mm in diameter and 4 mm in height).
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Fig. 9. SEM images of the submicron-sized polycrystalline β-Si3N4 bulk samples synthesized at 5.5 GPa and (a) 1800 °C for 5 min, (b)1800 °C for 7 min, (c) 1800 °C
for 9 min, (d) 1900 °C for 3 min, (e) 1900 °C for 3.5 min, and (f) 1900 °C for 4 min.

Fig. 10. Grain size distribution of submicron-sized polycrystalline β-Si3N4 bulk samples obtained at 5.5 GPa and 1800–1900 °C.

Fig. 11. (a) Vickers hardness HV of submicron-sized polycrystalline β-Si3N4 bulk specimens as a function of applied load. (b) HV-F load curve of the sample obtained
at 5.5 GPa and 1900 °C for 3.5 min. Insets present the Vickers indentation under different loads.
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toughness of submicron-sized polycrystalline β-Si3N4 bulk samples
under a load of 9.8 N was calculated on the basis of the following
equation [46,47]:

KIC = ξ (E / HV)1/2 (P / c3/2)

where ξ is a calibration constant of 0.0166 ± 0.004, E is the Young's
modulus (GPa), HV is the hardness (GPa), P is the loading force (N), and
c is the crack length. The crack lengths were measured using optical
microscope after making indentation on the polished samples.

Fig. 13 shows that KIC as a function of the grain size of fully

transformed submicron-sized polycrystalline β-Si3N4 bulk samples. As
can be seen, the measured fracture toughness KIC of the synthesized
submicron-sized polycrystalline β-Si3N4 samples increases greatly, as
much as 55%, as the β-Si3N4 grain size decreases from 377 ± 110 to
263 ± 68 nm, while without sacrificing the hardness. The achieved
highest KIC of 4.1 MPa m1/2 for the polycrystalline β-Si3N4 bulk samples
without additives synthesized at 5.5 GPa and 1900 °C for 3 min is 36%
tougher than the β-Si3N4 compact without additives (KIC~3.0 MPa m1/

2) obtained at 1950 °C for 2 h by HIP [10]. Our data on the fracture
toughness versus the grain size of the polycrystalline β-Si3N4 bulk
samples also show a good fit to the Hall-Petch effect. The above results
provide experimental evidence for the submicron-sized effect on the
fracture toughness of polycrystalline bulk materials.

Table 3 shows our results of the density (ρ), Vickers hardness (HV),
fracture toughness (KIC), Young's modulus (E), bulk modulus (B), shear
modulus (G), and Poisson's ratio (v) of the submicron-sized poly-
crystalline β-Si3N4 bulk samples synthesized at 5.5 GPa and different
temperatures (T) for selected holding time (t).

Fracture mechanics studies have suggested that the morphology and
grain size are the key factors for the process of crack deflection and
propagation [48]. Fig. 14 shows the indentation crack profiles in the
recovered samples. As is clearly seen from this figure that the fracture
mode was predominantly intergranular fracture with obvious crack
deflection, this phenomenon indicating that bonding strength between
adjacent β-Si3N4 grains is weaker than the single crystalline. Tanaka
et al. [12] reported that an indentation fracture toughness of
3.5 ± 0.4 MPa m1/2 for β-Si3N4–20 vol% β-Si3N4 whisker composite
synthesized without sintering additives and observed that the crack cuts
the whisker and predominantly propagates transgranularly, their study
indicated that the whisker did not contribute much to the fracture
toughness. Large grains have a negligible effect on mechanical prop-
erties because toughening mechanisms in β-Si3N4 ceramics depend on
the generation of numerous tortuous crack paths with intergranular
fractures [18,49]. The simultaneous improvement in the hardness and
fracture toughness of the polycrystalline β-Si3N4 bulk ceramics in our
study is intimately related to the ubiquitous submicron-sized micro-
structures. The presence of fine submicron-sized grains introduces extra
hardening as a result of the Hall-Petch effect at the submicron-sized
scale, whereas the propagation of microcracks along densely distributed
grain boundaries enhances fracture toughness [29,30,40]. In our pre-
sent study, as the β-Si3N4 grains become smaller, the effect of restricting
crack propagation increases, thereby toughening the polycrystalline β-
Si3N4 materials.

In many cases, polycrystalline β-Si3N4 bulk materials synthesized by
conventional methods cannot reach to the exceptional hardness and
fracture toughness. The reason is that the nanosized or submicron-sized
α-Si3N4 precursors direct sintering at room pressure unavoidably lead
to the grain growth, which to a large extent degrade the mechanical
properties of polycrystalline β-Si3N4 ceramics. However, in contrast to
conventional methods, our approach overcomes the grain-growth pro-
blem of polycrystalline β-Si3N4 materials. HPHT conditions can facil-
itate the phase transformation from α-Si3N4 to β-Si3N4 and suppress β-
Si3N4 grain growth. The use of micron-sized α-Si3N4 powder without
additives guarantees the formation of a number of clean grain

Fig. 12. HV as a function of the grain size of fully transformed submicron-sized
polycrystalline β-Si3N4 bulk specimens produced at 5.5 GPa and 1800–1900 °C.

Fig. 13. KIC as a function of the grain size of fully transformed submicron-sized
polycrystalline β-Si3N4 bulk samples produced at 5.5 GPa and 1800–1900 °C.

Table 3
List of density (ρ), Vickers hardness (HV), fracture toughness (KIC), Young's modulus (E), bulk modulus (B), shear modulus (G), and Poisson's ratio (v) of submicron-
sized polycrystalline β-Si3N4 bulks obtained at 5.5 GPa and different sintering temperature (T) for selected holding time (t).

T (°C) t (min) ρ (g·cm−3) HV (GPa) KIC (MPa m1/2) E (GPa) B (GPa) G (GPa) v

1800 5 3.111 19.9 ± 0.6 3.6 ± 0.2 281.7 213.6 110.0 0.280
1800 7 3.100 19.4 ± 0.6 3.6 ± 0.4 295.8 215.8 116.3 0.272
1800 9 3.101 19.2 ± 0.7 2.7 ± 0.2 290.7 213.8 114.2 0.273
1900 3 3.107 19.9 ± 0.7 4.1 ± 0.3 292.5 223.1 114.1 0.282
1900 3.5 3.102 19.9 ± 0.6 3.5 ± 0.5 280.9 221.0 109.0 0.288
1900 4 3.089 18.9 ± 0.5 2.6 ± 0.3 290.9 215.0 114.2 0.274
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boundaries, which can enhance the bonding strength of β-Si3N4 grains.
The subtle interplay between extreme pressure, sintering temperature
and holding time allows finer controls in formation of submicron-
structured polycrystalline β-Si3N4 bulk materials. This study demon-
strates that under the optimized HPHT conditions (i.e. 5.5 GPa, 1800 °C
for 5 min, or 1900 °C for 3 min), the submicron-sized polycrystalline β-
Si3N4 bulk materials with superior mechanical properties could be
synthesized using the micron-sized α-Si3N4 powder as the starting
material. This synthetic technique provides an efficient method to de-
sign and develop good quality submicron-sized or nanosized poly-
crystalline bulk ceramics.

4. Conclusions

Our experiments proposed a strategy in preparing submicron-sized
polycrystalline bulk ceramics. The key to synthesize submicron struc-
tures is to choose suitable starting material and appropriate HPHT
conditions. In this study, the well-prepared polycrystalline β-Si3N4 bulk
sample obtained at 5.5 GPa and 1900 °C for 3 min has a mean grain size
of 263 ± 68 nm, and the measured hardness is 19.9 ± 0.7 GPa, which
achieves the upper limit of the single crystal β-Si3N4. Simultaneously
the measured fracture toughness reaches up to 4.1 ± 0.3 MPa m1/2,
which is about 36% tougher than conventional β-Si3N4 compact
without additives . The reduced grain size contributed to the improved
hardness and fracture toughness.
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