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Abstract
Si3N4-based ceramic (Si3N4-5wt%Y2O3-3wt%MgO) was obtained from carbothermal-reduction-derived
powder combined with gas pressure sintering. The phase, microstructure, thermal conductivity and
mechanical properties of Si3N4 ceramics were comprehensively analyzed. Dense Si3N4 ceramic with
uniform grain size was obtained after sintering at 1900°C for 7 h under a N2 pressure of 1.2 MPa. The
secondary phase consisted of Y4Si2O7N2 and Y2Si3O3N4 was found to gather around triangular grain
boundaries. The thermal conductivity, flexural strength, hardness and fracture toughness of the Si3N4
ceramics were 95.7 W·m-1·k-1, 715 MPa, 17.2 GPa and 7.2 MPa·m1/2, respectively. The results were
compared with product derived from commercial powder, the improvement of thermal conductivity
(~8.3%) and fracture toughness (~4.3%) demonstrating the superiority of Si3N4 ceramics prepared from
carbothermal-reduction-derived powder.

Highlights
A large fraction area of coarser grains (>1 μm) was obtained in Si3N4 ceramic.
A narrow distribution of β-Si3N4 grain size was observed.
The secondary phase gathered around triangular grain boundaries.
Less secondary phase was due to low oxygen content in raw powder.

1. Introduction
Silicon nitride (Si3N4) ceramic is the key material for high power electronic device packaging, due to its
high flexural strength and thermal conductivity[1–5]. Si3N4 has two common crystallographic
modifications, α-Si3N4 and β-Si3N4, both exhibiting a hexagonal structure[2, 6]. Although Hirosaki et al.[7]
reported that the theoretical thermal conductivity of β-Si3N4 along the a and c axes was 170 W·m− 1·k− 1
and 450 W·m− 1·k− 1. However, metallic impurity[8, 9], secondary phases[10–12] and lattice defects[13–
16] have effects on thermal conductivity in polycrystalline Si3N4. The thermal conductivity of commercial
Si3N4 ceramic substrate is less than 90 W·m− 1·k− 1. Therefore, high quality powder is highly desired to
achieve excellent performance of Si3N4 ceramics.
There are three main methods for preparing Si3N4 powder in the market, including direct nitridation of
silicon[17, 18], silicon-imide decomposition[19–21] and carbothermal reduction-nitridation method[22–
25]. Carbothermal reduction method takes its advantage in large-scale applications due to its abundant
sources of raw materials and low cost. Li et al.[26] used C6H12O6 as carbon source to increase the mixing
uniformity of silica and carbon, which would obtain high-purity α-Si3N4 with flocculent, granular and flake
particle morphologies. Kang et al.[27] increased the α phase from 78–90% by adding 0.02 wt % Si3N4
seeds. In order to promote the nitriding reaction, nano-silica (20 nm) was often chosen as the raw
material[22, 23, 25]. But the molten silica formed at high temperature hinders the process of reaction,
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leading to agglomeration and higher β-Si3N4 content which deteriorate the properties of product. In our
previous work[28], we developed a carbothermal reduction method to synthesize Si3N4 powder, where the
spherical, monodisperse, 0.5 µm SiO2 was selected as raw material. The Si3N4 powders with high α phase
content, low metallic impurity content, regular morphology and good dispersivity were achieved. High
performance of Si3N4 ceramics are expected to be obtained.
In previous studies, Y2O3 and MgO were generally used as sintering additives to prepare high thermal
conductivity of Si3N4 ceramics[15, 29–31]. MgO can react with silica on the surface of Si3N4 particles or
itself and form the liquid phase to promote densification at a low temperature[30, 32]. The rare earth
oxides Y2O3 with high oxygen affinity can inhibit oxygen atoms occupying the substitutional position in
Si3N4 lattice[31, 33, 34]. Zhou et al.[15] reported the highest thermal conductivity 177 W·m− 1·k− 1 of Si3N4
ceramic by SRBSN, holding at 1900°C for 60 h and cooling at a rate of 0.2°C/min. The sintering aids were
Y2O3 and MgO composites. Axial pressure is often applied to assist the sintering, and is commonly
practiced by hot press (HP) and spark plasma sintering (SPS). However, the axial pressure commonly
leads to anisotropy of grain growth where β-Si3N4 is known as rod-like crystals, thus causing anisotropic
properties of Si3N4 ceramic[6, 35, 36]. Kitayama et al.[36] prepared Si3N4 ceramics by hot press sintering
(1800°C, 40 MPa pressure holding for 2 h) and heat treatment (1850°C, 1 MPa pressure holding for 16 h).
It was found that the thermal conductivity parallel and perpendicular to the pressure direction were 72.3
W·m− 1·k− 1 and 94.9 W·m− 1·k− 1, respectively. Many studies also have shown the effect of texturing
behaviors on the anisotropy of properties[37–40]. Moreover, these pressure-assisted methods offer very
limited product geometry and the cost for processing scales up rapidly with product dimension. Gas
pressure sintering is an effective solution to produce parts with complex shapes and isotropic
properties[11, 12, 41–43], with the help of N2 pressure of 1–10 MPa. Therefore, this method takes its
advantages for widely fabricating Si3N4 ceramic substrates.
In this work, Si3N4 ceramic was prepared from carbothermal-reduction-derived powder combined with gas
pressure sintering. 5 wt% Y2O3 and 3 wt% MgO were used as sintering additives. The thermal conductivity
and mechanical properties of Si3N4 ceramics were analyzed. The results were compared with the product
derived from commercial powder.

2. Experimental Procedure
Two types of Si3N4 materials were used for controlled experiments. One was a high-purity and
monodisperse Si3N4 powder synthesized by carbothermal reduction method, named as SN1. The other
was commercial Si3N4 powder (SN-E10; UBE Industries., Ltd., Japan) synthesized by silicon-imide
decomposition method, named as SN2. The carbothermal reduction powder had been reported
elsewhere[28]. SN1 powder was synthesized from C/SiO2 = 3:1 at 1400°C, reaction time of 6 h and
nitrogen flow rate of 800 ml/min. The impurity content of the two Si3N4 powder is showed in Table 1. The
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sintering aids were Y2O3 (purity > 99.99 wt%, Meryer Chemical Technology Co., Ltd., China) and MgO
(purity > 99.99 wt%, Aladdin Industrial Co., Ltd., China).
Table 1
Impurity content of Silicon Nitride powders.
Sample

O (wt%)

Fe (ppm)

Al (ppm)

Ca (ppm)

Cl (ppm)

SN1

0.85

14

23

16

-

SN2

1.23

10

1

<1

< 100

“-”: not detected
The average particle size was measured by the laser scattering method (LMS-30, Seishin Enterprise Co.
Ltd, Japan). The specific surface area of the two Si3N4 powders was analyzed by the BET method
(QUADRASORB SIMP, Quanta chrome Instruments, Florida, America). The relative phase content of
powder was calculated using X-ray techniques, according Eq. (1). The physical properties of the two
Si3N4 powders are shown in Table 2.
Table 2
Physical properties of Silicon Nitride powders.
Sample

α

Specific Surface Area (m2/g)

(wt%)

D 50
(µm)

SN1

༞99

3.74

0.57

SN2

༞95

10.55

0.83

Iα(101) + Iα(201)
α% =
Iα(101) + Iα(201) + Iβ(200) + Iβ(101)

1
The starting powders were mixed according to the mass ratio of Si3N4: Y2O3: MgO = 92:5:3. Mixtures were
homogenized in a plastic bottle at 80 rpm for 10 h with 3 wt% stearic acid as dispersant and ethanol as
solvent. The pulp was dried in vacuum at 80°C for 5 h and sieving through a 100-mesh screen. Powder
mixture was uniaxially pressed in a stainless die and then cold isostatically pressed at 200 MPa for 15
min. The samples were sintered at 1900°C for 7 h under a N2 pressure of 1.2 MPa, in a tungsten crucible
with a high-purity BN plate at the bottom.
The bulk density (ρ) was measured by the Archimedes method. X-ray diffraction (XRD, Rigaku, D/maxRB12) with Cu Ka radiation was used for phase characterization. The powder morphology and ceramic
microstructure were observed using field-emission scanning electron microscope (FE-SEM, ZEISS ULTRA
55), and the surface was coated with gold for 120 s. Oxygen content was measured by a N and O content
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tester (ON-3000). The flexural strength of sintered samples (4 × 3 × 36 mm) was tested by three-point
bending method (Instron, Model 1185, Canton, USA). Fracture toughness was evaluated by single-edge
notched beam method after a V-shaped notch with a crack depth of 2 mm was introduced into the 3 mm
× 36 mm surface. The thermal conductivity of sintered materials was calculated using the formula k =
ρCpα, where ρ, Cp, and α are density, heat capacity, and thermal diffusion coefficient of Si3N4, respectively.
The thermal diffusivity (α) was measured by the laser-flash method (LFA 447, NETZSCH, Germany). The
specific heat capacity (Cp) of all Si3N4 samples was taken as 0.68 J·g− 1·K− 1 in this work.

3. Results And Discussion
Figure 1 shows that pure Si3N4 phases dominate the XRD profile for both two powders and they all have
a high content of α phase. However, the two Si3N4 powders have significant disparity in their morphology,
as shown in Fig. 2. While SN2 sample exhibits typical agglomeration with fine Si3N4 particles (100–200
nm), SN1 sample exhibits Si3N4 particles with improved dispersivity and near spherical shape. The
average particle size is 0.57 µm and 0.83 µm for SN1 and SN2, respectively. The specific surface area
(SSA) of SN1 and SN2 is 3.74 m2/g and 10.55 m2/g, respectively. Therefore, SN2 sample will be expected
to yield better sintering activity, because its larger SSA indicates higher free surface energy, i.e., larger
driven force for sintering[44, 45]. The difference properties of Si3N4 ceramics obtained from SN1 and SN2
powder was introduced in below.
XRD patterns in Fig. 3 show the phase evolution of the two Si3N4 samples at the sintering stage. It shows
that β-Si3N4 completely replaces the α-Si3N4 and secondary phase (Y4Si2O7N2 and Y2Si3O3N4) forms
after gas pressure sintering at 1900°C for 7 h under a N2 pressure of 1.2 MPa. Note that the grain size
and spatial distribution of secondary phase of the two sintered Si3N4 samples are very different, as
shown in Fig. 4. Both Si3N4 ceramics have typical bimodal microstructures with elongated grains
embedded in a matrix of finer grains. Furthermore, Fig. 5 illustrated that the grain diameter distribution of
SN1-5-3 sample was more uniform than SN2-5-3. The median grain diameters (D 50) were 2.4 µm and 1.7
µm for SN1-5-3 and SN2-5-3 samples, respectively. In SN1-5-3 sample, there are a large fraction area of
coarser grains (> 1 µm) and a narrow distribution of grain size. The secondary phase gathers around
triangular grain boundaries. However, some larger elongated grains were detected in SN2-5-3 sample. And
the secondary phases spread over finer grains which are in the majority. Agglomeration and higher
sintering activity of SN2 powder promotes abnormal grain growth. Less secondary phase in the SN1-5-3
sample (7.21 vol%) could be attributed the lower oxygen content in SN1 powder. Moreover, the density of
SN1-5-3 ceramic is slightly lower than that of SN2-5-3, which are 3.18 g·cm− 3 and 3.20 g·cm− 3,
respectively (Table 3).
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Table 3
Bulk density, Oxygen content and Thermal Conductivity of the SN1-5-3 and SN2-5-3 sample.
Sample

Density (g·cm− 3)

Grain-boundary

Oxygen content

Thermal Conductivity

Volume fraction

(wt%)

(W·m− 1·K− 1)

(vol%)
SN1-5-3

3.18

7.21

1.75

95.7

SN2-5-3

3.20

7.57

2.01

88.4

The thermal conductivity of the two sintered samples are 95.7 and 88.4 W·m− 1·k− 1, respectively (Table 3).
Three main factors influence the thermal conductivity of Si3N4 ceramics. Firstly, the thermal conductivity
of the secondary phase is generally low, only 1–10 W·m− 1·k− 1, and the presence of a large amount of the
secondary phase often has harmful effect on the thermal conductivity of Si3N4 ceramic[11, 15, 29, 43].
Wasanapiarnpong et al.[46] showed that thermal conductivity of Si3N4 ceramics increased from 44 to 89
W·m− 1·k− 1 by the decrease in glassy phase after heat-treatment at 2223 K for 8 h under a nitrogen gas
pressure of 1.0 MPa. And the improvement of thermal conductivity (~ 25.5%) was obtained from
carbothermal reduction of oxynitride secondary phase[16]. Therefore, less volume fraction of secondary
phases would increase Si3N4-Si3N4 grains contiguity which are favorable to thermal conductivity. The
grain-boundary volume fraction in SN1-5-3 and SN2-5-3 samples were 7.21 vol% and 7.57 vol%,
respectively. Secondly, grain structure has great influence on thermal conductivity. Kitayama et al.[36]
reported that grain growth alone does not significantly improve the thermal conductivity of β-Si3N4 once
grain size reaches a certain value (~ 1 µm). The proportion of larger grains (> 1 µm) is a key factor in
determining the thermal conductivity of Si3N4 ceramics. The area fraction (AF) of fine grains (d < 1 µm) in
SN1-5-3 and SN2-5-3 samples were 8.3% and 21.5%, respectively, indicating more fine grains observed in
SN2-5-3 sample decrease thermal conductivity. Thirdly, note that the content of oxygen impurity in SN2
powder is higher than SN1. Oxygen would dissolve in the Si3N4 lattice with the formation of Si vacancies
which would reduce the phonon mean free path, and then decrease the thermal conductivity[14, 15, 47].
Besides, the oxygen content of SN1-5-3 and SN2-5-3 samples is 1.75 wt% and 2.01 wt%, respectively
(Table 3). Benefiting from alleviating those unfavorable effects, the thermal conductivity of SN1-5-3
sample is about 8.3% higher than that of SN2-5-3 sample.
Figure 6 gives the flexural strength and hardness of two sintered ceramics. The difference in hardness
between SN1-5-3 and SN2-5-3 was relatively small, which were 17.2 GPa and 16.8 GPa, respectively. A
lower average value of flexural strength was measured for SN1-5-3 (715 MPa) than for SN2-5-3 (753
MPa), due to the absence of extremely large elongated grains[48, 49]. The elongated β-Si3N4 grains grow
to form an interlocking microstructure, leading to high strength and toughness of Si3N4 ceramic. In
addition, the toughness of the SN1-5-3 and SN2-5-3 sample reached 7.2 MPa·m1/2 and 6.9 MPa·m1/2.

4. Conclusion
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In this study, two kinds of Si3N4-based ceramics were prepared by gas pressure sintering: one using
carbothermal-reduction-derived powder and another using commercial powder. Benefiting from less
oxygen and metallic impurity content, carbothermal-reduction-derived powders were sintered to obtain
better thermal conductivity of Si3N4 ceramics. Major finer grains and some larger elongated β-Si3N4
grains were detected in ceramic prepared from commercial powder with high sintering activity. While, a
large fraction area of coarser grains (> 1 µm) achieved from carbothermal reduction powder. As a result,
the thermal conductivity, flexural strength, hardness and toughness of the Si3N4 ceramics were 95.7
W·m− 1·k− 1, 715 MPa, 17.2 GPa and 7.2 MPa·m1/2, respectively. Si3N4 ceramics with high strength and
thermal conductivity could be prepared from carbothermal-reduction-derived powder.
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Figure 1
XRD patterns of two Si3N4 powders.

Figure 2
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SEM images of Si3N4 powders: (a) SN1, (b) SN2.

Figure 3
XRD patterns of the sintered materials.
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Figure 4
SEM images of polished surfaces of (a) SN1-5-3 and (b) SN2-5-3.

Figure 5
Histograms of grain diameter distributions of (a) SN1-5-3 and (b) SN2-5-3.
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Figure 6
Flexural strength and Hardness of the sintered materials.
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