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Silicon-nitride ceramic substrates exhibit high thermal conductivity, 
high electrical insulation, high mechanical strength, low expansion. 
The Cu-clad ceramic substrate is the key material for the encapsulation 
of insulated gate bipolar transistor modules. In this review, we divide 
the research of high thermal conductivity silicon nitride ceramics into 
four stages: 1) exploration of thermal conductivity with different 
sintering additives; 2) using the anisotropy of silicon nitride grains to 
improve the thermal conductivity, through the addition of silicon nitride 
grain seeds combined with tape casting technology, sintered to obtain a 
thermal conductivity of 155 W/(m·K) silicon nitride, and with the 
development of the strong magnetic field alignment technology in the 
later stage, the thermal conductivity can be increased to 176 W/(m·K); 
3) using sintered of reaction-bonded silicon nitride technology to 
improve thermal conductivity, thermal conductivity can be increased to 
about 180 W/(m·K); 4) the application of high thermal conductivity 
silicon nitride ceramic substrate. Finally, future preparation methods 
and applications of high thermal conductivity silicon nitride ceramics 
are envisioned.
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1. Introduction
With third-generation semiconductors, SiC, GaN, etc., 

gradually replacing traditional Si semiconductors, the 
power electronics industry, aerospace, automotive, and 
other fields in the application of electronic energy devices 
are faced with the challenge of high current and high-
power density (Okumura, 2006). For example, the insu-
lated gate bipolar transistor (IGBT) structure shown in 
Fig. 1 (Wang et al., 2014a) presents a cross-section of a 
conventional indirect liquid cooling system and a newly 
developed direct liquid cooling system. The new IGBT 
module has a copper base plate with pin fins, and coolant 
flows directly into the pin fin area. In conventional and new 
IGBT modules, the insulating substrate material is an indis-
pensable part of the module design. With the continuous 
updating and modernization of the module design, the 
thickness of the required substrate material is also signifi-
cantly reduced. Therefore, the ceramic substrate must be 

equipped with excellent mechanical and thermal conduc-
tivity. Al2O3 ceramics have poor thermal conductivity 
(20 W/(m·K)) (Tiwari and Feng, 2024). AlN ceramics have 
poor thermal shock resistance, fracture toughness, and 
other properties. The increase in the number of cycles is 
prone to microcracks at the interface, resulting in circuit 
detachment, thus seriously affecting the service life of the 
device. Therefore, traditional Al2O3 and AlN ceramic sub-
strates have difficulty meeting the requirements for use 
(Zhao et al., 2024).

Silicon nitride (Si3N4) was discovered in the 19th cen-
tury, and researchers first investigated the synthesis of 
Si3N4 powders using methods such as direct synthesis and 
carbothermal reduction (Moulson, 1979; Riley, 2000). Due 
to their excellent high-temperature mechanical properties, 
β-Si3N4 ceramics received widespread attention in the mid-
20th century. As a typical structural ceramic material, Si3N4 
ceramics have high flexural strength (up to 1.4 GPa), frac-
ture toughness (up to 12.4 MPa·m1/2) (Imamura et al., 
2000), thermal shock resistance, good abrasion resistance, 
high Weibull modulus (20–50), high-temperature strength 
(70–80 % of the room-temperature strength at 1450 °C) 
(Krause Jr et al., 2001), and low thermal expansion coeffi-
cient (10–6 /K), which can be used as automotive engine 
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parts, heat exchangers, pump seal parts, ball bearings, cut-
ting tools, and ceramic armor (Ogata et al., 2004).

However, the thermal conductivity of Si3N4 ceramics is 
usually below 70 W/(m·K) (Matovic et al., 2004). If Si3N4 
ceramics have both excellent thermal conductivity and 
mechanical properties, Si3N4 would undoubtedly be an at-
tractive substrate material for high-power electronic device 
applications. In recent years, numerous researchers have 
been captivated by the prospect of enhancing thermal con-
ductivity of Si3N4 ceramics using diverse methods. In this 
review, the crystal structure, material microstructural char-
acteristics, and thermal conductivity research progress of 
Si3N4 ceramics are reviewed comprehensively. The main 
factors affecting the thermal conductivity of Si3N4 ceramics 
include lattice defects, grain-boundary film composition 
and thickness, purity and type of raw materials, grain size 
and distribution, sintering method, and sintering additive 
types and content.

2. The properties of Si3N4 ceramics
Si3N4 has two main crystal structures under ambient 

conditions, i.e., trigonal α-Si3N4 (space group: P31/c) and 
hexagonal β-Si3N4 (space group: P63/m). The crystal struc-
ture α-Si3N4 and β-Si3N4 are shown in Fig. 2 (Legut et al., 
2014). Both α and β phases are characterized by planar 
structures parallel to the basal plane. The Si–N layers in the 
β phase are stacked along the c-axis in an alternate se-
quence …ABABAB…, whereas in the α phase, the se-
quence becomes …ABCDABCD…, where the CD layers 

are related to the AB layers by a c-glide plane. Thus, the 
c-axis of the α phase (unit cell containing 28 atoms) is ap-
proximately twice that of the β phase (unit cell containing 
14 atoms). In addition, the α phase can accommodate rela-
tively large impurity ions because it contains interstices 
between the distorted layers. The lattice of α-Si3N4 can in-
corporate a variable amount of oxygen ions, which can ex-
ist both as a surface oxide-rich layer. The oxygen content 
(ranging from 0.90 % to 1.48 %) changes the composition 
of α-Si3N4 and thus affects the unit cell dimensions of this 
phase (Niihara and Hirai, 1977).

Due to the small sintering driving force, Si3N4 ceramics 
cannot be densified by solid-phase sintering (Tanaka et al., 
1987). Therefore, sintering additives are necessary, which 
can change into liquid phases at high sintering tempera-
tures. Through the dissolution-precipitation, dense Si3N4 
ceramics are prepared with grain growth and pore diffusion 
(Abe, 1990). The type and content of the liquid phase sig-
nificantly affect the performance of Si3N4 ceramics. The liq
uid phase formed by sintering aids in the high-temperature  
stage can be uniformly distributed among the ceramic  
particles by capillary forces, which promotes the sintering 
of Si3N4 ceramics. α-Si3N4 undergoes crystalline transfor-
mation and Ostwald ripening process (Kingery, 1959; 
Kingery and Narasimhan, 1959; Zhu and Sakka, 2008).

The researchers, by comparing the parameters of Si3N4 
and SiC with respect to thermal conductivity (see Table 1), 
concluded that both intrinsic defects reduce the thermal 
conductivity of Si3N4 ceramics by reducing the mean free 
range of the phonons, and therefore the phonons have a 
larger range of freedom in larger sizes of β-Si3N4 crystals, 
and it was shown that when the number of atoms n = 14, 
the room-temperature intrinsic thermal conductivity of 
Si3N4 ceramics is about 200 W/(m·K), and the room- 
temperature intrinsic thermal conductivity of Si3N4 ceram-
ics is about 320 W/(m·K) when the atomic number n = 7 
(Haggerty and Lightfoot, 1995).

The main preparation methods are hot-pressure sintering 
(HPs), gas-pressure sintering (GPs), sintered reaction- 
bonded silicon nitride (SRBSN), and pressureless sintering 
(PLs). By adopting SRBSN and heat-treating the samples 
for 60 h at 1900 °C with nitrogen pressure (1 MPa), the 
thermal conductivity was increased to 177 W/(m·K). As 
reported by (Hirao et al., 2017), the sintered Si3N4 ceramic 
with the highest thermal conductivity—approximately 
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Fig. 1  Comparison of conventional IGBT module and new IGBT mod-
ule. Adapted with permission from Ref. (Wang et al., 2014a). Copyright 
2014, Elsevier.

Fig. 2  Crystal structures of α-Si3N4 (left) and β-Si3N4 (right) viewed 
along the c-axis. The N and Si atoms are indicated by yellow and blue 
balls, respectively. (Original work by the authors.)
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180 W/(m·K) using the same technique—exhibited the 
bending strength and fracture toughness of 600 MPa and 
11 MPa·m1/2, respectively (Zhou et al., 2011). Fig. 3 shows 
that there is no obvious secondary phase between Si3N4 
grains of high thermal conductivity Si3N4 ceramics, the 
size distribution of the grains is more uniform, and no ab-
normally grown grains are observed.

3.	 Research progress of Si3N4 ceramics about 
thermal conductivity

The evolution of Si3N4 ceramics’ increased conductivity 
is shown in Fig. 4 (Watari, 2014). There are basically sev-
eral steps to the rise in thermal conductivity: 1) search for 
effective sintering aids for Si3N4 ceramics (including 
non-oxide sintering additives), development of high-purity 
fine powder, development of densification technology; 2) 
controlling sintering atmosphere and development of grain 
orientation; 3) selection of high-purity silicon powder raw 
materials. Meanwhile, throughout the research and devel-
opment process, with the update of new equipment as well 
as sintering technology, the researchers also proposed some 
unique research ideas, including in situ lattice purification, 
strong magnetic field orientation, and hot-pressure flow 
sintering technology.

3.1 Effects of the sintering additives
Concerning optimization of Si3N4 raw material powders 

and selection of efficient sintering aids, the researchers de-
veloped a thermal decomposition method of imide for the 
preparation of high-purity and high-sintering-activity 
α-Si3N4 powders, which greatly lowered the sintering tem-
perature and strongly improved the thermal conductivity of 
Si3N4 ceramics (Yamada, 1993). Researchers have also 
carried out a lot of work on the selection of sintering  
additives. For instance, Si3N4 ceramics prepared using 
MgO as an additive exhibited a thermal conductivity of 
30 W/(m·K) (Tsukuma et al., 1981). Under the same condi-
tions, hot-press sintered Si3N4 ceramics reached a maxi-
mum thermal diffusivity of 0.2 cm²/s at 3 wt% MgO 
(Ziegler and Hasselman, 1981).

The thermal conductivities of Si3N4 ceramics obtained 
using Al2O3, Y2O3–Al2O3, Y2O3 as sintering additives are 
16, 27 and 72 W/(m·K), respectively, indicating that Al2O3 
has an important influence on the sintering temperature of 
α-Si3N4 powders, and that the sintering temperature of 
α-Si3N4 powders is greatly reduced, indicating that Al2O3 is 
unfavorable for thermal conductivity, while the use of Y2O3 
is beneficial for obtaining high thermal conductivity 
(Watari et al., 1989).

As mentioned above, in 1995, Haggerty indicated that 
the room-temperature intrinsic thermal conductivity of 

Table 1  Summary of parameters controlling the thermal conductivities of SiC and Si3N4 (Haggerty et al., 1989).

Parameters SiC Si3N4

Debye temperature (θD) 807 °C 867 °C

Intermediate temperature (1/3θD) 87 °C 151 °C

Low temperature (1/6θD) –93 °C –60 °C

Gruneisen constant (γ) 0.76 0.72

Atoms per primitive cell (n) 2 28

Average atomic volume (δ3)(cm3) ~1.04 × 10–23 ~1.04 × 10–23

Average atomic mass (M)(g/mol) 20.05 20.00

30μm

Fig. 3  Fractured surface of SRBSN with high thermal conductivity of 
180 W/(m·K) and high fracture toughness of 11 MPa·m1/2 (Hirao et al., 
2017). Reprinted with permission from J-STAGE “open access”.
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Si3N4 ceramics is approximately 320 W/(m·K). The re-
searchers then combined high thermal conductivity silicon 
carbide and aluminum nitride ceramics with sintering 
technology to further optimize the thermal conductivity of 
Si3N4 ceramics. The thermal conductivity was enhanced to 
more than 100 W/(m·K) by increasing the sintering tem-
perature and prolonging the holding time to promote the 
full growth and development of the grains in the liquid 
phase through the dissolution-precipitation process. For 
example, the Si3N4 ceramics with a thermal conductivity of 
120 W/(m·K) were obtained by holding at 2000 °C for 4 h 
with Y2O3–Nd2O3 as sintering additives (Hirosaki et al., 
1996). The thermal conductivity increased with the sinter-
ing temperature because of the decrease in the number of 
two-grain junctions due to grain growth. Considering the 
thermal conductivity of SiO2-based glass, the thermal con-
ductivity of the intergranular phases is much lower than 
that of Si3N4, ranging from 0.1 to 0.7 W/(m·K) (Ohashi et 
al., 1995). Thus, Si3N4. ceramics can be treated as a two-
phase material composed of Si3N4 grains with high κ and 
intergranular phases with low κ. The thermal conductivity 
of two-phase materials depends on their individual thermal 
conductivity and the configuration of the two phases: paral-
lel, dispersed, or serial.

Dense Si3N4 ceramics with high thermal conductivity 
were prepared by sintering α-Si3N4 powder compacts under 
gas pressure (1 MPa) at 1900 °C while utilizing only 
Yb2O3 as a sintering additive (Zhu et al., 2010b). The ef-
fects of Yb2O3 content, sample packing condition, and sin-
tering time on the density, microstructure, and thermal 
conductivity were investigated. Plotting the density against 
the Yb2O3 content revealed a distinctive “N” shape, with 
almost full densification below and beyond the local mini-
mum at 3 mol% Yb2O3. During sintering, the sample inter-
acts with the reduced atmosphere and thus usually exhibits 
either a porous or dense outer surface layer, depending on 
the processing parameters. Once the phase transformation 
is completed, further densification is due to the combina-
tion of Ostwald ripening and coalescence via the solution–
precipitation process. Moreover, the embedded condition 
did not affect the density when Yb2O3 addition was 
⩾5 mol% but it significantly increased at <5 mol%. The 
embedded conditions allowed the samples with 1–2 mol% 
Yb2O3 to achieve relative densities of >95 % after 12 h of 
holding. The sintered sample under embedded conditions 
leads to more complete densification and a decrease in 
thermal conductivity from 119 to 94 W/(m·K) upon 
1 mol% Yb2O3 addition.

Non-oxide sintering additives can effectively remove 
SiO2 from the surface of α-Si3N4 powders. Si3N4 ceramics 
with a thermal conductivity of 140 W/(m·K) using Yb2O3–
MgSiN2 as a sintering additive were prepared (Hayashi et 
al., 2001b), and the specimen was sintered at 1950 °C for 
48 h, while the thermal conductivity of the sample with 

Yb2O3–MgO added as an additive was only 122 W/(m·K) 
under the same sintering conditions. Then, a large number 
of literature reports focused on the optimization of sinter-
ing additives, including the selection of compounds with 
free oxygen content, like MgSiN2, MgF2, and YF3. For in-
stance, in contrast to Y2O3, the Y2Si4N6C sintering additive 
was able to both introduce nitrogen and remove more SiO2 
impurities during the formation of the liquid secondary 
phase (Li et al., 2018). As a result, the addition of Y2Si4N6C 
increased the N/O atomic ratio in the secondary phase, 
which was advantageous for obtaining larger elongated 
grains, decreased lattice oxygen content, increased Si3N4–
Si3N4 contiguity, and a more devitrified grain-boundary 
phase in the sintered Si3N4 sample. Because of these fea-
tures, the thermal conductivity of Si3N4 ceramic was sig-
nificantly increased by ~30.4 % from 92 to 120 W/(m·K) 
after the use of Y2Si4N6C instead of Y2O3 as a sintering 
additive. The binary non-oxide ZrSi2–MgSiN2 as sintering 
additives (Wang et al., 2020b), which increased the N/O 
ratio in the liquid phase, delayed densification, and pre-
vented oxygen incorporation. By replacing oxide additives 
with non-oxide additives, native SiO2 was eliminated, and 
a nitrogen-rich liquid was created. This led to the produc-
tion of pure Si3N4 grains, decreased glassy phase, and im-
proved Si3N4–Si3N4 contiguity. Ultimately, a thermal 
conductivity of 117.3 W/(m·K) was achieved. Table 2 
summarizes the thermal conductivities of the prepared 
Si3N4 ceramics with the non-oxide sintering additives. 
When the sample was sintered at 1900 °C for 12 h, no 
matter what kind of sintering additives were used, the ther-
mal conductivity results could only be increased to about 
120 W/(m·K). It was therefore necessary to extend the 
holding time to further improve the thermal conductivity of 
the Si3N4 ceramics.

3.2	Enhancing thermal conductivity by exploiting 
grain anisotropy

During the sintering of Si3N4 ceramics, there are two 
stages: α–β Si3N4 phase transformation and β-Si3N4 grain 
growth. The α–β phase transformation facilitates the 
growth of large elongated grains, resulting in a typical bi-
modal microstructure composed of large elongated grains 
embedded in a small-grained matrix (Becher et al., 2008; 
Kitayama et al., 1998a, 1998b, 2006; Suematsu et al., 
2005). The fine β-Si3N4 grains would lead to increased 
grain-boundary interface and influence the properties of 
Si3N4 ceramics, thereby the phonon mean free path de-
creases and suppresses thermal conductivity (Feng and 
Ruan, 2014). The properties of Si3N4 ceramics can be im-
proved by modulating their microstructure, generally the 
grain size distribution, secondary-phase composition and 
the β Si3N4 grain orientation or texture. An increase in the 
fraction of large elongated grains also results in numerous 
grain impingements. These impingements often reduce the 
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grain diameter locally, forming notch-like features that can 
reduce the strength of the reinforced grain.

In the late 1990s, researchers chose the tape casting 
(TCA) and extrusion alignment (EA) processes for the 
preparation of the green body with β-Si3N4 seed, and the 
samples were sintered by gas pressure (GPs), hot pressure 
(HPs), or hot isostatic pressing (HIPs) technology (Duan et 
al., 2017). As shown in Fig. 5(a), by extruding via a die 
with the desired shape (such as square or circle) in an extru-
sion machine, rod-like β-Si3N4 seed particles can be 
aligned unidirectionally. The tape casting technology can 
also quickly prepare large-area ceramic films with high 
production efficiency, good product consistency, stable 
performance, and easy to realize continuous and automated 
preparation (Gutiérrez and Moreno, 2000; Zhang et al., 
2006). Additionally, it is an effective method for creating a 
green body with oriented anisotropic ceramic particles, 
which results in the creation of textured ceramics, as sche-
matically illustrated in Fig. 5(b). β-Si3N4 seed particles that 
are rod-like and have a unidirectional orientation can form 
a green body through tape casting. Similar to EA, a slurry 

containing β-Si3N4 seeds should be thoroughly combined, 
usually using ball milling with nylon balls.

Using the microstructural characteristics of Si3N4 ceram-
ics, researchers have prepared anisotropic Si3N4 ceramics 
to improve thermal conductivity (Becher et al., 1998; Sun 
et al., 1998). Because of the long columnar morphology of 
β-Si3N4, it is possible to obtain the optimum value of ther-
mal conductivity in a certain direction by orienting the 
grains. For example, (Hirao et al., 1996) added β-Si3N4 
seeds by tape casting, and the thermal conductivities in 
parallel and perpendicular to the direction of casting were 
121 and 66 W/(m·K), respectively, after holding at 1900 °C 
for 66 h. As reported by (Watari et al., 1999), the Si3N4 ce-
ramics with highly anisotropic were successfully prepared 
by tape casting of raw α-Si3N4 powders with β-Si3N4 grain 
seed particles and Y2O3 as a sintering additive, followed by 
hot isostatic pressing at a temperature of 2500 °C for 2 h 
under a nitrogen gas pressure of 200 MPa. In Fig. 6, large 
and elongated grains with a diameter of approximately 
10 mm and a length of approximately 200 mm comprise 
the microstructure of Si3N4 ceramic. These grains were 

Table 2  Comparison of thermal conductivity results of Si3N4 ceramics with non-oxide sintering additives (1: GPs; 2: SRBSN; 3: RSMF-GPs; 4: HPs-
GPs).

Reference Sintering additive Sintered method Sintering condition κ/W/(m·K)

(Hayashi et al., 2001b) Yb2O3:MgSiN2 = 2:5 mol% 1 1900 °C, 48 h 140

(Zhu et al., 2006a) Y2O3:MgSiN2 = 2:5 mol% 1 1900 °C, 12 h 117

(Zhu et al., 2006b) Y2O3:MgSiN2 = 2:5 mol% 2 1900 °C, 12 h 121

(Zhu et al., 2007b) Y2O3:MgSiN2 = 2:5 mol% 2 1900 °C, 12 h 119

(Zhou et al., 2008) Y2O3:MgSiN2 = 2:5 mol% 2 1900 °C, 24 h 133

(Wang et al., 2014b) LaF3:MgO = 5:3 wt.% 1 1900 °C, 3 h 97

(Zhu et al., 2014) Y2O3:MgSiN2 = 2:5 mol% 3 1900 °C, 12 h 176

(Hu et al., 2016) Y2O3:MgF2 = 5:4 wt.% 1 1850 °C, 3 h 82

(Lee et al., 2016) YbF3:MgSiN2 = 2:5 mol% 4 1850 °C, 3 h 101

(Liang et al., 2016) YF3:MgO = 3:3 wt.% 4 1850 °C, 3 h 75

(Li et al., 2018) Y2Si4N6C:MgO = 2:5 mol% 1 1900 °C, 12 h 120

(Wang et al., 2019) ZrSi2:MgO = 3:4 mol% 1 1900 °C, 12 h 113

(Wang et al., 2020a) YH2:MgO = 3:1.5 wt.% 1 1900 °C, 12 h 123

(Wang et al., 2020b) ZrSi2:MgSiN2 = 3:4 mol% 1 1900 °C, 12 h 117

(Zhang et al., 2020) Y2O3:MgSiN2 = 3:7 mol% 1 1900 °C, 8 h 117

(Hu et al., 2021) Y2O3:MgSiN2 = 3:5 mol% 1 1890 °C, 3 h 91.9

(Liao et al., 2021) YF3:MgF2 = 6:3 mol% 1 1750 °C, 2 h 69

(Wang et al., 2021) ZrH2:MgO = 3:1.5 wt.% 1 1900 °C, 12 h 116

(Fu et al., 2022) Gd2O3:MgSiN2 = 2:2 mol% 1 1900 °C, 12 h 124

(Huang et al., 2022) Y2Si4N6C:MgO = 2:5 mol% 1 1900 °C, 12 h 111.8

(Liu et al., 2023) Y2O3:MgSiN2 = 1:5 wt.% 1 1900 °C, 12 h 106.7
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heavily oriented toward tape casting. At ambient tempera-
ture, the thermal conductivity in this direction was 155 W/
(m·K).

Until now, the only way to produce textured and untex-
tured Si3N4 with thermal conductivities above 120 W/
(m·K) was through an intricate procedure that involved 
prolonged sintering and annealing at elevated tempera-
tures. However, their expensive fabrication costs and poor 
dependability make them unsuitable for commercial use. 
The development of superconducting magnet technologies 
has led to the use of strong magnetic fields (≥10 T) that al-
low the crystallographic orientation of ceramic crystals 
through colloidal processing. Texture development in 
Si3N4 by strong magnetic field alignment (SMFA) using 
slip casting of α-Si3N4 raw powder (SN-E10) and pressure-
less sintering (Zhu et al., 2008). Fig. 7 shows the micro-
structures of β-Si3N4 slip cast in a static magnetic field of 
12 T (left) and Si3N4 consolidated in a rotating magnetic 
field (right) (Sakka, 2019). They also obtained highly c- 
axis-textured Si3N4 with a thermal anisotropy of 55 % by 
seeded slip casting in a rotating strong magnetic field 
(RSMF), β-Si3N4 grain has an intrinsic thermal anisotropy 
of up to 62 % (Zhu et al., 2010a). Fabricating textured 
Si3N4 with the c-axis parallel to the thickness direction was 
made possible by the RSMF technology. By using RSMF 
technology to slip cast α-Si3N4 raw powder with β-Si3N4 
seeds and Y2O3–MgSiN2 as sintering additives, Zhu et al. 
(2014) proposed a novel method for creating textured Si3N4 
with a high thermal conductivity of 176 W/(m·K) along the 
grain alignment direction. This was followed by gas- 
pressure sintering at 1900 °C for 12 h.

High-resolution thermos-reflectance microscopy mea-
surements were performed at five frequencies on rod-
shaped Si3N4 grains in ceramic (Li et al., 1999). The heat 
diffusion model takes account of the coating and coating/
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Fig. 5  Schematic illustration of producing Si3N4 green body with ori-
ented rodlike β-Si3N4 seeds by (a) EA and (b) TCA techniques. (Original 
work by the authors.)
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substrate resistance. Fig. 8(a) shows a schematic of the 
thermal microscope. The heating laser was a semiconduc-
tor laser. With a frequency of 1 MHz, a round form of 8 um 
in diameter, a wavelength of 808 nm, and a maximum out-
put power of 150 mW, the heating laser was sinusoidally 
modulated. The probe laser, which was coaxially aligned 
with the heating laser, had a diameter of 3 um, a wave-
length of 658 nm, and an output power of 35 mW. The 
thermal microscope and chamber were maintained at 
24 + 1 °C. The specimen surface was polished to a mirror 
finish and then coated with a molybdenum film (100 + 5 nm 
thick) in an Ar gas atmosphere at a pressure of 6 Pa at room 
temperature.

The temperature modulation of the surface was detected 
as a reflectance signal by the probe laser, which allowed the 
measurement of the phase lag, or the interval between the 
periodic heating and the reflectance signal. As a result, the 
absorbed heat in the molybdenum film diffuses into the 
specimen, and the local temperature at the heated surface 

changes proportionately with the sinusoidal heating. The 
thermal coefficient of the sample was estimated using the 
measured phase lag and calibration curves derived from 
standard materials such as SiC, AlN, Si, and Pyrex. With 
matching conductivities of 69 and 180 W/(m·K), the pri-
mary diffusivities obtained in individual grains are 
0.32 cm2·s–1 along the a-axis and 0.84 cm2·s–1 along the 
c-axis. It is discovered that the thermal anisotropy inside 
individual Si3N4 grains is intrinsic and unrelated to their 
elongated shape.

In the same year, the textured Si3N4 was obtained by 
extrusion with β-Si3N4 whiskers, followed by gas-pressure 
sintering at 1900 °C for 4 h and subsequent annealing at 
2200 °C for 16 h at a nitrogen pressure of 30 MPa 
(Akimune et al., 1999). This textured Si3N4 exhibited the 
highest thermal conductivity of 162 W/(m·K) along the 
grain alignment direction. The crystal structure was ana-
lyzed using Raman spectroscopy to determine whether 
micro-stacking faults in the β-Si3N4 phase were caused by 
structural flaws in the Si3N4 grains. Using this method, the 
existence or lack of a 514–520 cm–1 peak indicates the ex-
istence or non-existence of stacking defects of this type. In 
orientation-controlled Si3N4, a large grain diameter and 
high thermal conductivity can be achieved only in the 
β-Si3N4 phase. In contrast, even though the heat treatment 
process was carried out at the same temperature, the grain 
diameter was smaller and stacking defects appeared in the 
β-Si3N4 phase of gas-pressure hot-pressed Si3N4. It was 
discovered that phonon-impurity scattering, which is 
caused by structural flaws in the crystal grains, decreases 
heat conductivity. This suggests that to achieve high heat 
conductivity, structural flaws in the grains must be re-
moved. According to the study, structural investigations 
using Raman spectroscopy may be a useful method for 
identifying these types of flaws.

3.3	Effects of grain lattice defects and 
microstructure

The main reasons affecting the thermal conductivity of 
Si3N4 ceramics were analyzed from the viewpoint of ce-
ramic microstructure (Kitayama et al., 1999b). The thermal 
conductivity of β-Si3N4 is predicted to decrease rapidly as 
the grain-boundary film thickness increases within a few 
tenths of a nanometer and to initially increase steeply with 
increased grain size before reaching nearly constant values, 
according to calculations based on a basic modified 
Wiener’s model for thermal conductivity of a composite 
material. The “average” thickness of the grain-boundary 
film was significantly higher than the equilibrium thickness 
due to the faceted structure of the β-Si3N4 crystal. The re-
sults show that the thermal conductivity of β-Si3N4 cannot 
be increased by grain growth alone, both in theory and in 
practice.

According to Fig. 9(a), when the mean grain size is 
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Fig. 8  (a) Schematic diagram of thermos-reflectance microscopy (Lee 
et al., 2008), reprinted with permission from J-STAGE “open access”. 
(b) Contour lines of the phase of the thermos-reflectance signal on very 
large β-Si3N4 grain. Strong heat flow is observed along the c-axis of 
β-Si3N4 grain. Adapted with permission from Ref. (Li et al., 1999). 
Copyright 1999, Elsevier.
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plotted on a logarithmic scale, a good straight line can be 
drawn for the plots of the experimental data, suggesting an 
apparent exponential dependence of thermal conductivity 
on the mean grain size. And Fig. 9(b) illustrates that the 
thickness of the grain-boundary coating, which varies 
within a few tenths of a nanometer, considerably affects the 
thermal conductivity of β-Si3N4. This study also demon-
strates how the arrangement of anisotropic β-grains, which 
alter the quantity of thin films per unit thickness, can lead 
to anisotropic thermal conductivity. This study clarified the 
connection between β-Si3N4 thermal conductivity and 
other microstructural elements, showing that grain growth 
by itself cannot increase the material’s thermal conductiv-
ity over a set of critical grain sizes.

With respect to β-Si3N4, several crystal defects were 
identified in the grains. Thus, dense β-Si3N4 with different 
Y2O3/SiO2 additive ratios were obtained by hot pressing, 
sintering, and annealing. The grain-boundary phase com-

position dictates the lattice oxygen content of β-Si3N4 
(Kitayama et al., 2000). Using the hot-gas extraction ap-
proach, they were able to determine the oxygen content of 
Si3N4 crystal lattices and discovered that, depending on the 
additive compositions, the oxygen content of Si3N4 grains 
ranges from 0.158 to 0.258 weight percent. When both 
Y20N4Si12O48 and Y2Si3N4O3 are present in the grain- 
boundary phase, the lattice oxygen concentration is the 
lowest. The grain-boundary phase increases when excess 
Y2O3 is added, but the lattice oxygen concentration does 
not decrease. Therefore, based on the quantity of oxygen 
impurities in the Si3N4 raw powder, an ideal Y2O3 addition 
amount is found to provide the maximum κ value in 
β-Si3N4. Additionally, they discovered nitrogen vacancies, 
which bind to dissolved oxygen atoms, using electron spin 
resonance (ESR) to assess the concentration of vacancies in 
the Si3N4 grains. For example, during sintering, the impu-
rity oxygen takes the place of nitrogen atoms in the crystal 
lattice to form the oxygen occupancy (

N
O


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), which leads to 
the creation of silicon vacancies ( 4

Si
V


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) due to the charge 
equilibrium, and according to the above mention of the ef-
fect of defects on phonon scattering, it can be seen that 
lattice defects significantly reduce the mean free range of 
phonons.

By analyzing the Si3N4 grains in a sintered specimen 
with a conductivity value of 100 W/(m·K) (Yokota and 
Ibukiyama, 2003), they found that the grains consistently 
contained about 200 ppm Al by weight. The raw powders 
were the source of the Al contamination. Aluminum and 
dissolved oxygen constitute a single type of point defect. In 
2002, the energy transfer in α- and β-Si3N4 single crystals 
was simulated using a molecular dynamics approach. Us-
ing the simulation data, the Green-Kubo formulation was 
applied to calculate the thermal conductivity of the single 
crystals. As a function of temperature, it is known that the 
thermal conductivities of α-Si3N4 crystals along the a and c 
axes are 105 and 225 W/(m·K), respectively; and the ther-
mal conductivities of β-Si3N4 crystals along the a and c 
axes are 170 and 450 W/(m·K), respectively, and the re-
sults of the data indicate that the Si3N4 crystals have a 
higher thermal conductivity, which is suitable for the 
preparation of high-permeability Si3N4 ceramics. The re-
sults show that Si3N4 crystals have high thermal conductiv-
ity, which lays a theoretical foundation for the preparation 
of high thermal conductivity Si3N4 ceramics and provides a 
theoretical basis for the improvement of the thermal con-
ductivity of Si3N4 ceramics (Hirosaki et al., 2002). In 
Fig. 10, the data demonstrate a definite tendency for ther-
mal conductivity to increase with decreasing lattice oxygen 
content, regardless of the sintering additives and sintering 
techniques. Even though the manufactured Si3N4’s lattice 
oxygen concentrations were similar, their thermal conduc-
tivities may differ depending on the sintering additives and 
techniques used. This was brought about by a few  
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Fig. 9  (a) Relationship between mean grain sizes and thermal conduc-
tivities of β-Si3N4 sintered bodies; (b) Effect of grain-boundary thick-
ness on thermal conductivity of β-Si3N4 for d = 1 mm, l = 5 mm (R = 5), 
and x = 6 %. Adapted with permission from Ref. (Kitayama et al., 
1999b). Copyright 1999, John Wiley & Sons.
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microstructural elements (grain size, grain boundary phase, 
grain orientation, etc.) (Hayashi et al., 2001a; Hirao et al., 
2001; Kitayama et al., 2000; Yokota and Ibukiyama, 2003; 
Zhou et al., 2011, 2015).

However, as illustrated in Fig. 11, these effects paled in 
comparison with the impact of the lattice oxygen content 
on thermal conductivity. The β-Si3N4 ceramics were sin-
tered with various rare-earth (RE = La, Nd, Gd, Y, Yb, and 
Sc) oxides (Kitayama et al., 2001). The mean grain size 
increased while the lattice oxygen content decreased; 
hence, the thermal conductivity increased with the decreas-
ing ionic radius of the rare-earth element. Fig. 11 shows the 
relationship between the ionic radii of rare-earth oxide ad-
ditives and lattice oxygen contents of β-Si3N4. The results 
from a sample sintered with La2O3 at 1850 °C for 4 h are 
not included in this figure because it contains a consider-
able amount of the α-phase, which has an oxygen content 
of roughly 0.83 weight percent. The oxygen content in the 
A crystal lattice approaches a constant value below the de-
creasing ionic radii of La, Nd, and Gd. As the rare-earth 
element’s ionic radius decreases, the mean grain size in-
creases and the lattice oxygen concentration decreases, in-
creasing the thermal conductivity (diffusivity).

It is well known that the phase transformation and Ost-
wald ripening of Si3N4 proceed via solution–reprecipitation 
in the liquid phase that is formed at high temperature by the 
reaction between sintering additives, Si3N4, and SiO2 de-
rived from the oxygen impurity of the raw powder. It is true 
that the viscosity and wetting behavior of the liquid phase 
affect the kinetics of these processes. However, the interfa-
cial reaction rate between the prismatic facet of the β-Si3N4 
crystal and the liquid phase is the most important factor 
affecting the performance of this material (Kitayama et al., 
1999a). It was shown that when the ionic radius of the rare- 
earth element decreases, the grain development of β-Si3N4 

changes from being interfacial reaction controlled to diffu-
sion controlled. Subsequently, the activation energy of the 
interfacial reaction was observed to decrease linearly with 
decreasing ionic radius. This explains why the mean grain 
size (mean grain width) grows with decreasing ionic radius 
of rare-earth ions and why the phase change rate of a sam-
ple sintered with La2O3, the largest among rare-earth ions, 
is particularly sluggish.

For each of the five sintering additive types, the high- 
angle annular dark-field scanning transmission electron 
microscopy (HAADF-STEM) images in Fig. 12 show a 
contact between the intergranular phase and a Si3N4 matrix 
grain (Ziegler et al., 2004). The images verify that the inter-
face with the intergranular phase, namely, with open hex-
agonal rings, is where the Si3N4 crystal structure finishes 
(Ziegler et al., 2003). The Z-contrast in the images—which 
makes heavier atoms appear brighter—proves that heavy 
atoms are attached. The heavy components do, in fact, 
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Fig. 11  Relationship between thermal (a) conductivities (the “para” 
and “perp” specimens of β-Si3N4 sintered bodies.), (b) lattice oxygen 
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segregate to the intergranular phase, as confirmed by con-
current large-area EELS measurements on these contacts. 
As a result, the heavy atoms and their atomic locations are 
in fact related to the brilliant spots shown in the images. 
For all the rare-earth elements (La, Sm, Er, Yb, and Lu) 
studied here, the atomic attachment at such interfaces var-
ies. The Si3N4 matrix grain and La atoms do not appear to 
be connected in any particular or regular way in the STEM 
images of the sample containing La.

Although La atoms are present in the intergranular 
phase, they do not align into atomic columns that enhance 
contrast (Shibata et al., 2004). Moreover, at this magnifica-
tion, no lateral atomic ordering can be observed. Prior 
studies have demonstrated the presence of spots with high 
and low concentrations of La atoms along the intergranular 
phase, indicating fluctuations in the La atom distribution. 
Because of their considerable separation, regions with high 
La concentration cannot be linked to a specific atomic site 
along the interface. Simultaneous theoretical calculations 
aimed at identifying particular atomic locations are benefi-
cial. Nevertheless, consistent with the current findings,  
unassisted STEM images do not clearly show a periodic 
atomic site for La atom attachment.

3.4 Sintering of reaction-bonded Si3N4
The maximum achievable thermal conductivity of Si3N4 

ceramics is limited because even the highest quality com-
mercial powder for Si3N4 starting powders has more than 
1 wt% oxygen present in the lattice and on the surface. 
Using a starting powder with less oxygen will increase the 
upper limit to a greater extent. Inspired by this notion, the 
researcher proposed the preparation of high thermal con-
ductivity Si3N4 using the well-known reaction-bonded sili-
con nitride (SRBSN technique), which fabricates Si3N4 
ceramics from a Si starting powder rather than a Si3N4 
powder (Zhu et al., 2006b).

In consideration of the fact that Si powders containing 
much less oxygen and metallic impurities than Si3N4 pow-
ders are commercially available due to the advancement of 
the modern semiconductor industry. This approach in-
volves two processing steps. To nitride and transform it 
into a porous Si3N4 compact, a Si compact made of Si 
powder and sintering additives is first heated to a tempera-
ture close to the melting point of Si (1414 °C) in a nitrogen 
atmosphere. Subsequently, the nitrided compact was heated 
to an elevated temperature below the Si3N4 breakdown 
temperature. This process facilitates the densification of 
porous Si3N4, resulting in the formation of dense Si3N4 ce-
ramics. Compared to the sintering of Si3N4 (SSN) method, 
Si raw powders are typically less expensive than Si3N4 raw 
powders, which is why the SRBSN method has long been 
recognized as an affordable processing method for creating 
Si3N4 ceramics. Nonetheless, the reason for employing the 
SRBSN technique to create Si3N4 ceramics with good ther-
mal conductivity was that it allowed Si powders with less 
oxygen than even premium Si3N4 powders to be used as the 
initial ingredients. Controlling the oxygen level of the 
post-sintered Si3N4 is advantageous because the entire 
process, from nitridation to post-sintering, can be carried 
out continuously without exposing the compacts to air.

Zhou et al. obtained the highest thermal conductivity of 
177 W/(m·K) for Si3N4 by nitriding combined with 
SRBSN at 1900 °C for 60 h and cooling at a rate of 0.2 K/
min using a raw material of high-purity Si with low oxygen 
content. Since the purity of silicon powder (e.g., oxygen 
content, metal impurities, etc.) is much higher than that of 
Si3N4 powder, the lattice defects of Si3N4 ceramics pre-
pared using SRBSN are reduced accordingly. As shown in 
Fig. 13(a), the reduction in grain boundary content sub-
stantially reduced the scattering of phonons at the grain 
boundary locations, thus increasing the thermal conductiv-
ity of the material. Combined with the compositional anal-
ysis (Fig. 13(b)), the Y, Mg, and O elements introduced by 
the sintering aids were mainly distributed at the thinner 
grain boundary locations. Si3N4 with a high thermal con-
ductivity of about 180 W/(m·K), a bending strength of 
600 MPa, and a high fracture toughness of 11 MPa·m1/2 has 
been developed by this method (Hirao et al., 2017).
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Fig. 12  The matrix grain is oriented along the [0001] zone axis in the 
STEM images of La-, Sm-, Er-, Yb-, and Lu-doped Si3N4, allowing the 
open Si3N4 crystal structure to be clearly seen at the atomic level, with 
its prismatic plane facing the amorphous intergranular phase. Adapted 
with permission from Ref. (Ziegler et al., 2004). Copyright © 2004, The 
American Association for the Advancement of Science.
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Zhou altered the nitriding conditions by increasing the 
reducing atmosphere in the reaction zone and increasing 
the heating rate. This resulted in a greater β:α-Si3N4 ratio, 
which could contribute to increased thermal conductivity. 
This assumption is based on the fact that numerous studies 
conducted since the 1970s have demonstrated that α-Si3N4 
can accommodate varying amounts of oxygen in its lattice 
(Wang et al., 1996). However, until Kitayama et al.’s mea-
surement in 1999, there was no information available re-
garding the oxygen dissolution in β-Si3N4, which showed 
that the oxygen dissolved in a β-Si3N4 crystal lattice is 
significantly less than the values reported for most α-Si3N4. 
This implies that when a reaction-bonded Si3N4 (RBSN) is 
formed by nitriding Si, a subsequent β-Si3N4 crystal may 
accommodate a lower amount of lattice oxygen than a re-
sultant α-Si3N4 crystal. If this is the case, then steps should 
be taken to improve the β phase’s production during nitri-
dation to lower the overall lattice oxygen concentration and 
raise the prepared SRBSN material’s thermal conductivity.

Based on the above research, our group adjusted the ni-
tridation technology. The Si compacts were nitrided in a 
graphite tube furnace with a mixed gas (N2:H2 = 95:5) at 
1400 °C for 2 h and then further heated to 1450 °C for 6 h. 
As expected, the phase content ratios β/(α + β) of almost all 
samples exceeded 90 % (Fig. 14(a)). The ratios were usu-
ally lower than 15 % as the Si compacts were usually ni-
trided at 1400 °C for 8 h in our previous experiments. This 
result is attributed to the formation of the α-Si3N4 phase, 
which was favored at a reaction temperature below the 
melting point of silicon. As shown in Fig. 14(b), when 
Er2O3–MgO was used as the sintering aid, a large number 
of rod-like crystals appeared in the cross-sectional micro-
structure of the nitrided samples, which is consistent with 
the result of the ratio of β/(α + β) in Fig. 14(a). Meanwhile, 
it can be seen that the liquid phase of the sintering aid phase 
is initially formed inside the nitrided samples in Fig. 14(b), 
but the distribution is not homogeneous, and defects such 
as pores will be left behind during the subsequent sintering 
process, which will result in a decrease in the thermal con-

ductivity of the material and the Weibull modulus in the 
mechanical properties becomes lower.

According to Table 3, it also can be seen when the sam-
ple was sintered at 1900 °C for 12 h, the thermal conductiv-
ity results still increased to about 120 W/(m·K). However,  
silicon powder is derived from the crystalline silicon for 
photovoltaic modules, which has a greater yield and lower 
cost, so SRBSN technology has a greater advantage in the 
preparation of high thermal conductivity Si3N4 ceramics. 
However, the technology is still faced with the following 
difficulties:
1)	 Due to the very high flatness of the green bodies, the 

nitrogen pressure distribution seriously affects the dif-
fusion rate of nitrogen on the surface of silicon parti-
cles, and it is very easy for the phenomenon of nitriding 
insufficiency to occur. The residual silicon reduces the 
thermal conductivity and mechanical properties of 
Si3N4 ceramics.

2)	 Silicon powder cast film is a nearly two-dimensional 
planar material, and it is necessary to control the ni-
trided bodies in the α/β-Si3N4 ratio and other unifor-
mity properties to avoid deformation, cracking, and 
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Fig. 13  (a) HAADF-STEM image showing the boundary between two 
adjacent Si3N4 grains; (b) Compositional line profiles across the grain 
boundary shown in (a). Adapted with permission from Ref. (Zhou et al., 
2011). Copyright 2011, John Wiley and Sons.
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other defects caused by inconsistent shrinkage rates 
during the sintering process.

3)	 The silicon powder cast film nitriding time is long, and 
some of the added sintering additives will have a cer-
tain volatile loss, which in turn affects the density of the 
sintered body.

3.5 New routines for improving thermal 
conductivity

At the present stage, research to improve the thermal 
conductivity of Si3N4 mainly focused on the selection of 
oxygen-free sintering additives and the choice of SRBSN 
process technology, but it can be seen from the above re-
search progress that the ceramic thermal conductivity is 
almost stagnant under the same preparation conditions for 
120 W/(m·K). Considering the important influence of lat-
tice oxygen defects on the performance of the Si3N4 ceram-
ics, the researchers further conducted research into the 
elimination of lattice oxygen.

The researchers examined how the thermal conductivity 
of β-Si3N4 ceramics was affected by the embedding condi-
tions (Zhu et al., 2006a). It was discovered that although 
the embedment affected the weight loss, crystalline second-
ary phase, and microstructure, it did not influence densifi-
cation. The heat conductivity increased regardless of 
particle size and increased linearly with weight reduction. 
The weight loss is suppressed, and the thermal conductivity 
is lowered because of the full embedment and the greater 
number of sintered samples. The thermal conductivity in-
creased significantly from 96 to 117 W/(m·K) under ideal 
conditions. the elimination of lattice oxygen is the cause of 
the increased thermal conductivity:

Si3N4(s) + 3SiO2(l) = 6SiO(g) + 2N2(g)

Then, in 2019, Li added a small amount of carbon to the 

Si3N4. During the first-step sintering, the carbothermal re-
duction process significantly reduced the oxygen content 
and increased the N/O ratio of the intergranular secondary 
phase, resulting in the precipitation of Yb2Si4O7N2 crystal-
line phase, higher β-Si3N4 content and larger rod-like 
β-Si3N4 grains in the semi-finished Si3N4 sample. Due to 
the further carbothermal reduction of the oxynitride sec-
ondary phase following the second-step sintering, the final 
dense Si3N4 product exhibited tighter Si3N4–Si3N4 inter-
faces, coarser elongated grains, lower lattice oxygen con-
tent, and a more devitrified intergranular phase. As a result, 
the use of carbon allowed the thermal conductivity of Si3N4 
ceramic to improve significantly from 102 to 128 W/(m·K),  
or roughly 25.5 %.

The Si3N4 exhibiting enhanced thermal conductivity and 
flexural strength was sintered by hot-pressing flowing sin-
tering (HPFS) method (Fig. 15) (Li et al., 2024). As the 
strain increased from 67 % to 167 %, the mean grain diam-
eter of Si3N4 with MgSiN2 as an additive increased by 
49 %, reaching 1.36 ± 0.6 µm. The addition of MgSiN2–
Y2O3 resulted in a significantly stronger texturing degree 
and smaller grain diameter in Si3N4 compared to the incor-
poration of MgSiN2 alone. The thermal conductivity of 
Si3N4 with added MgSiN2–Y2O3 increased to 109.1 W/(m·K)  
in the flow direction, and the flexural strength reached a 
maximum value of 1250.8 ± 39 MPa in the hot-pressing 
direction. The increase in flexural strength was due to the 

Before sintering

(b)(a)

After sintering Hot pressing sintering

Top surface

Flow direction

Side surface Flow surface

Fig. 15  (a) The comparison diagram of the sample before and after 
sintering; (b) The one-dimensional flowing sintered sample (Li et al., 
2024). Copyright 2024, John Wiley & Sons.

Table 3  Comparison of thermal conductivity of the SRBSNs.

Reference Sintering additive Nitriding condition Sintering condition κ/W/(m·K)

(Zhu et al., 2006b) Y2O3:MgSiN2 = 2:5 mol% 1400 °C, 8 h 1900 °C, 12 h 121

(Zhu et al., 2007a) Y2O3:MgSiN2 = 2:5 mol% 1400 °C, 8 h 1900 °C, 24 h 133

(Zhu et al., 2007b) Y2O3:MgSiN2 = 2:5 mol% 1400 °C, 8 h 1900 °C, 12 h 119

(Zhou et al., 2008) Y2O3:MgO = 2:5 mol% 1400 °C, 8 h 1900 °C, 24 h 133

(Zhou et al., 2011) Y2O3:MgO = 2:5 mol% 1400 °C, 4 h 1900 °C, 120 h 177

(Kusano et al., 2013) Y2O3:MgSiN2 = 2:5 mol% 1400 °C, 8 h 1900 °C, 6 h 82

(Golla et al., 2014) Y2O3:MgO = 3.5:1.5 wt.% 1450 °C, 2.5 h 1950 °C, 3 h 89.6

(Kusano et al., 2014) Y2O3:MgSiN2 = 2:5 mol% 1400 °C, 8 h 1900 °C, 6 h 91.9

(Kim et al., 2017) Y2O3:Sc2O3 = 1:3 mol% 1450 °C 1900 °C, 12 h 116.9

(Li et al., 2017) Y2O3:MgO = 2:5 mol% 1400 °C, 6 h 1900 °C, 12 h 121

(Duan et al., 2020) Er2O3:MgO = 2:5 mol% 1450 °C, 6 h 1900 °C, 2 h 90
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reduction in internal defects in the material as a result of 
extrusion deformation. In addition, texturing also de-
creased collisions during grain growth, which prevented 
the generation of clusters of large grains.

Low-temperature liquid-phase sintering is an effective 
method for reducing the preparation cost of Si3N4 ceram-
ics. Several sintering additives have been reported in liter-
ature, e.g. LiYO2 (Lee, 2010; Matovic et al., 2004), FeSi2 
(Wang et al., 2017), Li-exchanged zeolite (Matovic and 
Boskovic, 2004), magnesia and ceria (Yang et al., 1998) 
and cordierite (Park et al., 2012). Pressureless sintering 
(PLs) is currently a common method for preparing non- 
oxide ceramics, including SiC, AlN, etc., which can be 
sintered on shaped and large ceramics with high efficiency. 
Si3N4 ceramics can also be prepared via pressureless sinter-
ing using appropriate low-temperature sintering additives. 
By using ZrO2, MgO, Y2O3 sintering additives system, 
sintered at 1835 °C for 4 h, the fracture toughness and 
thermal conductivity were 7.0 ± 0.5 MPa·m1/2 and 66.5 W/
(m·K), respectively (Guo et al., 2016). To prepare dense 
Si3N4 ceramics, high sintering additive contents were 
needed for effective sintering; thus, the resulting thermal 
conductivity was too low to satisfy the requirements. Now-
adays, choosing suitable additives with low charging con-
tent is a possible way to improve thermal properties 
through pressureless sintering. Our previous work showed 
that with the addition of TiO2–MgO as sintering additives, 
the samples exhibited high mechanical properties; the flex-
ural strength reached 668 MPa after 2 h of sintering at 
1750 °C, and the thermal conductivity was 55 W/(m·K) 
with 10 wt% sintering additives and further increased to 
60 W/(m·K) after 8 h of annealing at 1600 °C (Duan et al., 
2018). The impurity phases formed by sintering additives 

significantly influence the properties of Si3N4 ceramics se-
riously (Kusano et al., 2014; Kusano et al., 2013). The an-
nealing treatment has a clear influence on the microstructure, 
thermal, and mechanical properties of the sintered Si3N4 
ceramic (Chen et al., 2020). In particular, the grain size, 
distribution of the impurity phases, and surface microstruc-
ture all changed obviously (Yoshida et al., 2011; Zhang et 
al., 2020). Therefore, to realize the low-temperature sinter-
ing of high-performance silicon nitride ceramics, sintering 
additives with low-temperature eutectic points with SiO2 
are selected, which can produce a sufficient liquid phase at 
low temperature to promote densification; at the same time, 
other components are added to regulate the microstructure 
of the silicon nitride ceramics. The results of the low- 
temperature sintering study are compared in Table 4.

4. Conclusion and outlook
Before 1995, Si3N4 ceramics were almost applied as 

structural ceramics because its theoretical thermal conduc-
tivity was considered to reach 170 and 450 W/(m·K). The 
thermal conductivity of Si3N4 ceramics began to soar, and 
researchers not only adjusted the sintering additives but 
also took advantage of the anisotropic characteristics of the 
Si3N4 grains to increase the thermal conductivity to about 
150 W/(m·K). Since 1999 to 2001, Kitayama successively 
proposed two major factors affecting Si3N4 ceramics, 
namely, the structure and lattice oxygen defects, to improve 
the thermal conductivity of Si3N4 ceramics to clarify the 
research ideas, so the new oxygen-free sintering additives 
as well as the rapid development of the SRBSN tech
nology, the thermal conductivity has been reached about  
180 W/(m·K). In recent years, the study of the thermal 
conductivity of Si3N4 has focused on the above two  

Table 4  Comparison of thermal conductivity results of PLs (5: PLs; 6: HPs; 7: SRBSN-PLs).

Reference Sintering additive Sintered 
method

Sintering condition κ/W/(m·K)

(Matovic et al., 2004) LiYO2 = 5 wt% 5 1650 °C, 8 h 38

(Wasanapiaenpong et al., 2006) SiO2:MgO:Y2O3 = 3:3:5 wt% 5 1650 °C, 2 h 34

(Jiang et al., 2011) MgSiN2 = 4.76 wt% 6 1750 °C, 12 h 129

(Kaidash et al., 2014) Al2O3:Y2O3:ZrO2 = 2:5:5 wt% 5 1750 °C, 2 h 25

(Guo et al., 2016) ZrO2:MgO:Y2O3 = 7.4:4.4:3.5 wt% 7 1835 °C, 4 h 66.5

(Duan et al., 2018) MgO:TiO2 = 5:5 wt% 5 1780 °C, 2 h–1600 °C, 8 h 60

(Duan et al., 2019) TiO2:Y2O3:MgO = 4:3:2 wt% 5 1810 °C, 4 h–1550 °C, 6 h 74

(Lu et al., 2020) MgO:Y2O3 = 3:6 wt% 5 1800 °C, 4 h 71.5

(Kong et al., 2021) MgO:Y2O3 = 3:3 wt% 5 1800 °C, 6 h 75.6

(Luo et al., 2021) MgO:LiF = 7:3 wt% 5 1620 °C, 3 h 47.6

(Kumar et al., 2022) Y2O3 + MgO + ZrO2 = 11 wt% 5 1650 °C, 1 h 50

(Duan et al., 2023) TiO2:Y2O3:MgO = 1:2:5 mol% 5 1800 °C, 2 h–1700 °C, 2 h 68.5
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aspects, and the thermal conductivity level has not been 
further studied. At the same time, researchers began to de-
velop Si3N4 ceramics with high thermal conductivity and 
high strength Si3N4 ceramics through rapid preparation to 
realize their application value.

With the rapid development of the new energy-based 
automobile industry, the thermal conductivity of Si3N4 ce-
ramics is also increasing, while the preparation technology 
is also being updated. At present, Si3N4 ceramic substrates 
are currently used in new energy electric vehicles and other 
fields. The main high thermal conductivity Si3N4 ceramic 
substrate preparation manufacturers, including Japan’s 
Toshiba, Maruwa, and other companies, use Si3N4 powder 
as raw material to obtain a thermal conductivity of Si3N4 
ceramic substrate greater than 85 W/(m·K), and at the same 
time have excellent mechanical properties, such as the 
Maruwa products of thermal conductivity and flexural 
strength of 90 W/(m·K) and 800 MPa, respectively. While 
the JFC combined with the reaction of the heavy sintering 
of Si3N4 ceramic substrate, the material exhibits higher 
thermal conductivity and mechanical properties to meet the 
future demand for higher applications. The material exhib-
its higher thermal conductivity and mechanical properties, 
which can meet the demands of higher applications in the 
future.

A new generation of Si3N4 ceramic substrates with high 
thermal conductivity has been developed up to 120 W/(m·K).  
The products from different companies were obtained, and 
the cross-surface microstructures were characterized by 
scanning electron microscopy (SEM; Magellan 400, FEI 
Co., Hillsboro, OR, USA). The comparison of the material 
microstructure can be seen in Fig. 16, the sample with 
higher thermal conductivity (120 W/(m·K)) has a larger 
grain size, so in the cycling process is more prone to crack-
ing phenomenon, and then insulation breakdown, so how to 
ensure that there is no abnormally large grains within the 
material under the conditions of the rapid increase in the 
thermal conductivity of Si3N4 ceramics, is still the product 
breakthroughs of the key lies. According to the factors af-
fecting the thermal conductivity, improving the lattice pu-
rity is almost the only choice. The main means include 
improving the purity of raw materials and auxiliary materi-
als, extending the holding time, changing the sintering at-
mosphere, and so on. Regarding raw material impurity 
content including metal impurities and oxygen content, 
etc., powder speed treatment is the main way to reduce the 
impurity content, such as HF solution can effectively re-
duce Fe, Cr, and O impurities, HNO3 solution can remove 
Ca impurity, a mixture of the two solutions can effectively 
reduce Al impurity, but in the process of the production of 
reagents, it will bring a certain amount of environmental 
problems. When selecting high-purity silicon powder as 
raw materials, it is necessary to solve the problems men-
tioned in Section 3.4. In the selection of auxiliary materi-

als, an oxygen-free sintering additive should be selected. In 
addition, the control of debonding and sintering atmo-
sphere is an important way to reduce impurities within, for 
example, in the selection of silicon powder as raw materi-
als, the selection of N2:H2 mixture gas can effectively re-
move the SiO2 film on the surface of the silicon powder. 
The reaction mechanism mainly includes the following: 1) 
H2 removes the SiO2 film on the surface of Si, increasing 
the nitridation rate; 2) N2 chemisorbed on the surface of Si 
particles, promoting the generation of Si3N4 nuclei at the 
initial stage; 3) the reactants (Si and N2) diffuse on the 
surface of the nuclei to promote the nitridation reaction, 

Fig. 16  SEM photographs of the fracture surfaces of Si3N4 samples 
prepared with different thermal conductivities: (a) Hitachi  
(120 W/(m·K)); (b) Maruwa (85 W/(m·K)); (c) PL sample. (Original work 
by the authors.)
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gradually generating a Si3N4 layer; 4) when the thickness 
of the generated Si3N4 layer gradually increases, the reac-
tion rate gradually decreases, and the reaction rate is deter-
mined by the gas diffusion rate (Chang et al., 2000; 
Jennings, 1983).

The thermal conductivity of Si3N4 ceramics prepared by 
atmospheric pressure sintering at this stage is low and 
cannot meet the index requirements of products at this 
stage. Pressureless sintering remains a potential process 
route for the future development of high thermal conduc-
tivity Si3N4 ceramic substrates. First, the lower temperature 
of atmospheric pressure sintering can reduce energy con-
sumption and can reduce the dependence on high-end sin-
tering equipment and reduce preparation costs. In view of 
the problem of the low thermal conductivity of pressureless 
sintered Si3N4 ceramics, the improvement pathway can 
choose to adopt SRBSN technology, as well as select an 
oxygen-free sintering additive system, and the need to re-
duce the content of sintering additives. Meanwhile, the 
grain size of pressureless sintered Si3N4 ceramics tends to 
be small (in Fig. 16(c)), so the thermal conductivity can be 
improved by adding suitable high-purity β-Si3N4 as a grain 
seed.

In our group, high-performance Si3N4 ceramic was pre-
pared first for TiO2, Y2O3, and MgO as pressureless sinter-
ing additives. Si3N4 ceramic with a relative density of 
99.6 % and a flexural strength of 785 ± 23.3 MPa could be 
obtained using 3 mol% TiO2 and sintered at 1800 °C for 
2 h (Duan et al., 2023). In the present study, TiO2 was se-
lected as a low-temperature sintering additive. According 
to the grain size of the sample sintered with TiO2, there are 
three possible routes of grain growth on the surface during 
the annealing process. First, when the existed β-Si3N4 
grains with the exposed c-direction on the surface can serve 
as grain seeds, they only grow along the original directions 
(slop or perpendicular to the surface). Moreover, the 
growth of a- and b-directions is limited because of the ste-
ric hindrance effect. Second, when the existing grains nu-
cleus (radius of Si3N4 grains larger than critical radius) in 
or surrounded by the liquid phases, they preferentially ori-
ent to the c-axis and perpendicular to the surface of the 
annealed sample. Third, heterogeneous nucleation occurs 
as Ti atoms in the liquid phase during the heating treatment 
process. Thus, the nucleation energy decreases, the critical 
radius of the nucleus decreases, the nucleation ratio and 
nucleation number increase, and the grain size becomes 
finer. Therefore, to prepare high-performance Si3N4 ceram-
ics by low-temperature sintering, sintering additives with 
low-temperature eutectic points with SiO2 are selected, 
which can produce a sufficient liquid phase at low tempera-
ture to promote densification; at the same time, other com-
ponents are added to regulate the microstructure of the 
Si3N4 ceramics.
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