
Chapter 2
Preparation of Nanosize
Silicon-Nitride-Based Ceramics
and Their Superplasticity

2.1 Introduction

Silicon-nitride-based ceramics have been widely studied, largely in response to the
desire to manufacture internal combustion engines entirely from ceramics.
Programs attempting to realize a ceramic engine have achieved only partial success,
but the associated research has led to a comprehensive understanding of Si3N4

ceramics. Si3N4-based components now have a wide range of industrial applica-
tions owing to their unique combination of excellent mechanical properties and
good corrosion and thermal shock resistance [1]. However, their good mechanical
properties greatly increase the cost of manufacturing complex components from
them. The application of superplastic deformation is attracting considerable interest
as a novel method for the net-shape fabrication of Si3N4 components.

The superplasticity of Si3N4-based ceramics was first reported by Wakai et al. for
a Si3N4/SiC nanocomposite in the early 1990s [2]. Tensile elongation of up to 150 %
was achieved at a strain rate of 4 × 10−4 s−1 at 1600 °C. Since then, numerous silicon
nitride ceramics have been demonstrated to exhibit superplastic behavior under
different stress and temperature conditions [3–6].

In the development of superplastic ceramics, high ductility and a high defor-
mation rate are the primary objectives. Practical considerations further require that
these properties should be achieved at the lowest temperature possible. The
requirement of a high deformation rate and a low deformation temperature lies in
the constitutive equation of superplastic flow, which can be expressed in the fol-
lowing form:

_e ¼ A � r
n

dp
� exp �Q

RT

� �
; ð2:1Þ
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where _e is the strain rate, σ is the flow stress, A is a temperature-dependent,
diffusion-related coefficient, n and p are the stress and grain-size exponents
respectively, d is the grain size, Q is the activation energy, and RT is the gas
constant multiplied by the absolute temperature. For superplastic ceramics, n and
p are typically between 1 and 3. Therefore, a high deformation rate and a low
deformation temperature can be achieved by the following steps:

(i) Increasing the grain boundary diffusivity, which can be achieved by intro-
ducing a transient liquid phase or a more viscous liquid phase [5, 6]. Chen and
coworkers used the transient-phase approach to prepare sialon materials, that
exhibited excellent superplasticity due to enhanced grain boundary sliding in
the large transient liquid phase [5, 6].

(ii) Reducing the grain size. Nano-sized Si3N4 ceramics are expected to exhibit
good superplasticity, which is very important for the cost-effective
near-net-shape forming of complex ceramic components. Kim et al. reported
high-strain-rate superplasticity in a nano-sized composite of zirconia, alumina,
and spinel with a large tensile elongation of 1050 % at a strain rate of
0.4 s−1 [7].

Nanomaterials have been a fast-growing field of research in the past 30 years. In
the beginning, metals were mainly investigated. Later, a large amount of research
was conducted on nanoceramic materials [8]. In addition to excellent superplasticity
[2, 7], increased hardness, bending strength, Weibull modulus, and abrasive wear
resistance have also been observed in these nanoceramics [9].

Many studies have also been carried out to fabricate Si3N4-based ceramics with
even finer grains. However, dense Si3N4-based nanoceramics are very difficult to
prepare. The first Si3N4 ceramic with nanosize grains was reported in 1995 by
Nishimura et al. [10]. Fine homogeneous β-Si3N4 powder with an average particle
size of 280 nm was used as the starting powder. To prevent the abnormal grain
growth of β-Si3N4, spark plasma sintering (SPS) has been applied. In the SPS
process, raw powders in a carbon die are pressed uniaxially and a direct current (d.c.)
pulse voltage is applied. At an early stage of the procedure, the powders are heated
by spark discharge between the particles. The carbon die is also heated by a d.c.
pulse voltage so that the powder is heated from both inside and outside. Therefore,
SPS provides very rapid heating (higher than 300 °C/min) in a very short time
(within minutes) to enable the full densification of powder materials [11]. By
applying SPS, grain growth can be suppressed to a large degree. A homogeneous
microstructure with an average grain size of about 200–300 nm was obtained by
Nishimura et al. [10] after sintering at 1600 °C for 7 min, as shown in Fig. 2.1.

Comparing the particle size of the starting powder and the Si3N4 grains in the
sintered body, it is concluded that SPS can prevent rapid grain coarsening during
the sintering process. Thus, to achieve nano-sized Si3N4 ceramics with a grain
diameter of less than 100 nm, a nano-sized silicon nitride starting powder is
necessary.

However, nano-size Si3N4 powders generally exist in an amorphous form. Li
et al. have studied the densification of nano-sized amorphous Si3N4 powders
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without additives under ultrahigh pressure (1.0–5.0 GPa) [12]. These nanopowders
could be pressed to a high density (87 %), even at room temperature, under
ultrahigh pressure; however, rapid grain growth occurred during the crystallization,
leading to a grain size (>160 nm) almost one order of magnitude greater than the
starting particulate diameter (about 18 nm), indicating that it is impossible to obtain
nano-sized Si3N4 ceramics using amorphous Si3N4 starting powders.

High-energy mechanical milling can be used to synthesize a variety of equi-
librium and nonequilibrium alloy phases [13], in which the processing of a
solid-state powder involves repeated welding, fracturing, and rewelding of the
powder particles. Compared with conventional milling, high-energy mechanical
milling is superior in terms of producing bulk quantities of nanocrystalline materials
using simple equipment at room temperature [14]. Thus, it is expected to be used to
decrease the particle size of starting Si3N4 powders.

2.2 Preparation of Dense Nano-Sized Si3N4 Ceramics

2.2.1 Si3N4 Ceramics

A submicrometer β-Si3N4 powder (NP500 grade, Denki Kagaku Kogyo Co.,
Tokyo, Japan) with an average particle size of 0.2 μm was selected as the starting
powder. The sintering additives were 5 mol% Y2O3 (99.9 % pure, Shin-etsu
Chemical Co., Tokyo, Japan) and 2 mol% Al2O3 (99.9 % pure, Sumitomo
Chemical Co., Tokyo, Japan). All powders were mixed in ethanol using Si3N4 balls
for 4 h. The as-received powder mixture, denoted as P0, was then mechanically
milled at a high energy using silicon nitride balls of 5 mm diameter and a silicon
nitride pot of 350 ml volume. The ball-to-powder weight ratio was 20:1, the milling
speed was 475 rpm, and the milling time was 4 h. The powder mixture obtained is
denoted as P2.

Fig. 2.1 Microstructure of
Si3N4 nanoceramic fabricated
by SPS at 1600 °C for 7 min
with sintering additives of
5 wt% Y2O3 + 2 wt%
MgO [10]
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The XRD patterns of the P0 and P2 powders are shown in Fig. 2.2. After
high-energy mechanical milling, the peaks of the starting powders and the sintering
additives were significantly weakened (Si3N4) or disappeared completely (Y2O3

and Al2O3), and a highly diffuse background structure could be seen, indicating that
most of the P2 powder was transformed into an amorphous state. The residual
β-Si3N4 peaks were greatly broadened, suggesting significant refinement of the
particle size of crystalline β-Si3N4. The corresponding TEM image, selected-area
diffraction pattern (SADP), and HRTEM image of the P2 powder (Fig. 2.3) confirm
the amorphization of the starting powder and the sintering additives and the exis-
tence of nano-sized Si3N4 particles with a diameter of about 10 nm.

Unlike the powder obtained from laser chemical vapor precipitation [12], the
nanocrystalline powder features many agglomerated particles with a diameter of
100–200 nm. Each agglomerate consists of many nanocrystalline β-Si3N4 particles.
This unique property of the high-energy mechanically milled powder helps sup-
press rapid grain growth during sintering, as shown later.

As mentioned before, to prevent the nanosize particles in the powder from
growing rapidly into large grains during ordinary sintering owing to the very high
driving force, the nanopowder precursor was subjected to SPS. The shrinkage curves
of the P0 and P2 powders sintered at 1600 °C for 5 min are plotted in Fig. 2.4. The
onset of liquid phase formation and densification for P0 occurs at about 1350 °C
(corresponding to the formation of the ternary eutectic phase at 1345 °C in the
SiO2–Al2O3–Y2O3 system). Although the onset shrinkage temperature is slightly
higher for P2, the shrinkage increases abruptly at about 1550 °C. The observed
maximal shrinkage rates (−d(ΔL/L0)/dt) were calculated to be 0.08 and 0.004 s

−1 for
P2 and P0, respectively, indicating the very rapid densification of P2.
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Fig. 2.2 XRD patterns of P0
and P2 powders
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Figure 2.5 shows the effect of the sintering temperature on the bulk density of P0
and P2 for the same holding time of 5 min. The P2 powder is completely densified
at a sintering temperature of 1600 °C, which is about 150 °C lower than that for the
as-received P0 powder.

The microstructure for P2 after sintering (1600 °C, 5 min) is shown in Fig. 2.6.
Note the very fine grains with a size of about 68 nm and the narrow grain size
distribution. The XRD pattern shows that the sintered Si3N4 nanoceramic consists
of 100 % β-Si3N4.

Fig. 2.3 Morphology of P2 powder: a TEM image, b SADP, c HRTEM image, in which
nanocrystalline β-Si3N4 particles are indicated by dashed lines
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The densification of Si3N4 ceramics is described on the basis of the liquid-phase
sintering mechanism formulated by Kingery [15]: (i) particle rearrangement due to
liquid-phase formation, in which the extent of densification mainly depends on the
particle size and shape and the amount of the liquid phase and its viscosity;
(ii) solution-diffusion-precipitation which initiates the solution of materials at
contact points between particles and a center-to-center approach accompanied by
grain growth; and (iii) a coalescence stage, in which minor densification through
grain coarsening occurs.

As mentioned above, the liquid phase plays an important role in both the den-
sification and grain growth of Si3N4 ceramics. Here, as a result of high-energy
mechanical milling, the sintering additives in P2 react with Si3N4 to form a large
quantity of a nitrogen-rich amorphous Y–Al–Si–O–N phase containing supersatu-
rated Si3N4 [16]. Upon heating, the amorphous phase in P2 softens and melts,
whereas eutectic liquid-phase Y–Al–Si–O starts to form in P0. Because the vis-
cosity of oxynitride glass increases significantly with increasing nitrogen content
[16], the onset shrinkage temperature of P2 is slightly higher than that of P0
(Fig. 2.4). Compared with P0, however, P2 contains a larger amount of the liquid
phase and much finer β-Si3N4 particles, meaning that P2 can be densified more
rapidly than P0 during its rearrangement, i.e., the first stage of densification, with
the assistance of applied pressure. In addition, rapid heating makes it possible to
densify nearly all the powder precursor before precipitation ends or the
solution-diffusion-precipitation process starts.

The liquid phase in P2 is a nonequilibrium alloy phase of supersaturated Si3N4

[16]. At high temperatures, β-Si3N4 crystals precipitate from the liquid phase with a
very high driving force, and the uniform dispersion of Si3N4 nanoparticles in the
liquid phase favors homogeneous precipitation. Following precipitation, grain
growth starts. The achievement of nano-sized grains in dense Si3N4 ceramics is
attributed to the following factors. First, grain coarsening is suppressed by crystal
impingement due to the homogeneously dispersed Si3N4 crystals and the high
density achieved before grain growth occurs. Second, the β-phase is used as the
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Fig. 2.5 Effect of sintering
temperature on density of
sintered P0 and P2 powders
for the same holding time of
5 min
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starting powder, thus avoiding the α→ β phase transformation and leading to a low
driving force for grain growth, third, the high sinterability of high-energy
mechanically milled powders decreases the sintering temperature significantly
and shortens the holding time. Finally, the high viscosity of the nitrogen-rich liquid
phase suppresses grain coarsening in P2. On the basis of the above observations, the
final grain size in dense Si3N4 nanoceramics is expected to depend on the number
and size of nanocrystalline β-Si3N4 particles dispersed in the milled powders. Finer
Si3N4 nanoceramics are anticipated if the number of nanocrystalline β-Si3N4 par-
ticles is increased and their size is decreased by optimizing the milling parameters.

In conclusion, dense nano-sized Si3N4 ceramics were successfully prepared via
high-energy mechanical milling and subsequent SPS. In the following sections, the
proposed method will be applied to prepare nano-sized Si3N4-based ceramics.

Fig. 2.6 Microstructure of P2
powder after sintering at
1600 °C for 5 min: a etched
polished surface, b fracture
surface
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2.2.2 Sialon Ceramics

Sialon ceramics have better high-temperature properties and higher hardness than
Si3N4 ceramics because of the smaller amount of the intergranular glassy phase
[17]. β-Sialons, which were the first of the sialon family to be developed, are
formed by substituting up to two-thirds of the Si in β-Si3N4 with Al while ensuring
valency compensation by replacing an equivalent concentration of N with O to
obtain a range of β-sialons, Si6-zAlzOzN8-z, with 0 < z < 4.2. Since the difference
between the bond lengths of Si–N and Al–O is small (0.174 nm for Si–N and
0.175 nm for Al–O), the lattice strain is also small and the amount of replacement
has a wide range [17].

A starting mixture with the nominal composition Si5AlON7 (z = 1) was mixed in
ethanol using silicon nitride balls for 4 h. The as-received powder mixture (denoted
as BP0), with a mass of about 6.2 g, was then subjected to high-energy mechanical
milling with the same milling parameters as mentioned above. The amorphization
of the starting powders during mechanical milling also occurred and milled pow-
ders (denoted as BP2) with a similar structure were obtained.

The as-received powders (BP0) and milled powders (BP2) were subjected to
SPS at different temperatures with the same holding time of 5 min. As can be seen
in Fig. 2.7, the BP2 powder is nearly completely densified at 1550 °C, while the
BP0 powder almost reaches its theoretical density at 1650 °C. The densification
temperature for BP2 is about 100 °C lower than that for the as-received BP0
powder.

Figure 2.8 shows the β-sialon content and the calculated z-value for samples of
BP0 and BP2 after sintering at different temperatures, as calculated from the XRD
patterns. Only β-Si3N4 and β-sialon peaks were detected in the XRD patterns for all
samples. The β-sialon content of all the samples of BP2 is 100 %, while it is low in
samples of BP0, indicating that high-energy mechanical milling promotes the phase
transformation by the amorphization of the starting powders. The calculated
z-values of β-sialon for samples taken from BP2 are always 1 as designed
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(the oxidation of starting powders during milling was avoided), whereas those for
samples taken from BP0 are much higher than 1, indicating that the β-sialon grains
that initially formed are richer in Al and O than the overall composition, which is in
good agreement with results reported in the literature [18], although α-Si3N4

powder was used as the starting powder in [18]. As can also be seen from Fig. 2.8,
the β-sialon content and the calculated z-value for the samples taken from BP0
approach equilibrium with increasing temperature.

Figures 2.9 and 2.10 show the fracture surfaces of dense ceramics sintered at
different temperatures obtained from the BP2 and BP0 powders, respectively.
Densification at lower temperatures and the existence of nanocrystalline Si3N4 after
milling, as for the BP2 specimens, can also influence the grain size of the final dense
ceramics. The BP0 powder produces coarse equiaxed grains with an average size of
about 1 μm, while the BP2 powder leads to homogeneously dispersed fine equiaxed
grains with an average size of about 50 nm (1550 °C) and 60 nm (1600 °C). It is
concluded that the proposed method is effective for fabricating β-sialon
nanoceramics.

Many researchers have studied the densification and phase transformation of
β-sialon ceramics from the starting powders of Si3N4, AlN, and Al2O3 [18, 19].
Transient liquid-phase sintering (similar to the liquid-phase sintering mechanism
formulated by Kingery) is generally used to describe the process, which is con-
sidered to proceed in three (partly overlapping) stages:

Stage 1: Particle rearrangement immediately following the formation of the liquid
phase.
Stage 2: A solution-diffusion-reprecipitation process, which involves the solution of
materials at the contact points between particles and a center-to-center approach.
This stage also involves the solution of small grains and reprecipitation on large
grains, so it is accompanied by grain growth. As the densification proceeds, most of
the liquid phase is incorporated into the newly formed sialon grains.
Stage 3: A coalescence stage, in which minor densification through grain coars-
ening occurs.
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Fig. 2.9 Fracture surfaces of
BP2 powder after sintering at
different temperatures for
5 min: a 1550 °C, b 1600 °C,
c 1650 °C
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The formation of the liquid phase in the BP0 powder is based on the reactions
among Al2O3, SiO2, and the small amounts of AlN and Si3N4, where SiO2 is
unavoidably present at the surface of each Si3N4 particle. Because of the small
amount of sintering additives added and the low reaction rate, the amount of the
transient liquid phase is small. In the BP2 powders, as a result of the high-energy
mechanical milling, the powders are almost completely mixed and form an amor-
phous Al–Si–O–N phase, which facilitates the formation of the transient liquid
phase and further accelerates the densification process.

Because the amorphous phase in BP2 is far from the conditions for thermody-
namic equilibrium, the first stage of densification (particle rearrangement) is
accompanied by the rapid precipitation of β-sialon grains. The β-sialon grains
precipitate from the liquid phase during the densification of BP2 with a very high
driving force, which leads to isotropic grain growth [20]. The large number of
uniformly dispersed β-Si3N4 nanoparticles in the liquid phase can act as seeds,
favor uniform precipitation, and limit the growth of each grain, leading to equiaxed
nanosize β-sialon grains.

The amount of particle rearrangement depends on the particle size and shape as
well as the amount and viscosity of the liquid phase. The precipitation of β-sialon
from BP2 during SPS is delayed at a higher temperature owing to the high heating
rate, for which smaller grains and a larger amount of the liquid phase are available
to promote rapid rearrangement. This result is in good agreement with that for the
sintering of α-sialon [21], for which nearly full densification is achieved through
rearrangement within 2 min.

The large particle size and the small amount of the liquid phase in BP0 make it
impossible for it to be fully densified at the same temperature as BP2. Furthermore,
a shape-accommodating solution-diffusion-reprecipitation process is necessary for
the complete densification of BP0, while it is not necessary for the milled powder
because grain precipitation accompanies the densification [22].

Fig. 2.10 Fracture surface of
BP0 powder after sintering at
1700 °C for 5 min
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After the formation of the liquid phase during the sintering of the BP0 powder
resulting in better wettability, AlN initially traps the oxide melt to prevent Si3N4

dissolution. The preferential dissolution of AlN increases the concentration of Al in
the melt, triggering the transient precipitation of supersaturated β-sialon [18]. With
the dissolution of Si3N4 grains and the precipitation of β-sialon, the Al concen-
tration is decreased. Thus, the initially formed β-sialon grains are richer in Al and O
than the overall composition. The solution-diffusion-reprecipitation process is
time-consuming, so a longer time is required for complete transformation. In
contrast, the formation of β-sialon grains from BP2 is based on the rapid precipi-
tation of a homogeneous nonequilibrium amorphous phase, so the obtained β-sialon
grains always have the designed composition (z * 1) and the phase transformation
is rapid.

The full densification of BP2 was achieved in the rearrangement process, so
the coarsening (solution-diffusion-reprecipitation) stage was mostly avoided. For the
as-received BP0, the formation of β-sialon grains is based on the solution-
diffusion-reprecipitation process; most β-sialon grains grow from large β-Si3N4

grains [23], resulting in a coarse microstructure. Note that the ceramic obtained from
BP0 (1700 °C, 5 min) is composed of only about 40 wt% β-sialon; the small grains in
Fig. 2.10 appear to be unreacted β-Si3N4, so the grains would be larger if 100 wt% β-
sialon was formed.

α-Sialon (RexSi12-(m+n)Al(m+n)OnN16-n) ceramics are very attractive for industrial
applications where high hardness, wear durability, and oxidation resistance are
needed, especially at high temperatures [17]. The proposed method can also be used
to prepare nano-sized α-sialon ceramics. Figure 2.11 shows the fracture surface of a
dense nano-sized α-sialon ceramic (m = 1.35, n = 0.675).

Fig. 2.11 Fracture surface of
nano-sized α-sialon ceramic
fabricated by spark plasma
sintering at 1550 °C for 5 min
in nitrogen atmosphere
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2.3 Preparation of Dense Nanoscale Si3N4/Nanoscale C
Metastable Composites

Si3N4 ceramics have many tribological applications, which are sometimes in a state
of nonlubricated sliding contact. However, the sliding contact of Si3N4–Si3N4

self-mated tribopairs under dry conditions often has a high friction coefficient and
high wear rate [24]. Many researchers have reported self-lubricating Si3N4 com-
posites that include carbon, boron nitride, and molybdenum [25, 26]. Among these
materials, carbon possesses one of the strongest solid lubricating functions. Hyuga
et al. reported that the friction coefficient of a Si3N4/carbon fiber composite was
around 30 % of that of a monolithic Si3N4 ceramic [26]. However, the fracture
strength decreased significantly from 950 to 550 MPa when only 1 wt% carbon
fiber was added [27], because large carbon fibers acted as sites where fracture
originated. Thus, it is very important to decrease the grain size of the added carbon.

On the other hand, nanocomposite materials containing two distinct phases of a
material, in which one or both phases are present with nanometer dimensions, have
recently attracted considerable interest, because the properties of these materials
often differ from those of composites in which the components have large
dimensions. Since Niihara proposed the concept of nanocomposite ceramics [28],
many researchers have shown that nanocomposites can exhibit improved
mechanical properties. Soft and weak materials have also been used as dispersoids.
It was reported that the mechanical properties of Si3N4 ceramics are improved by
nanosize soft and weak ceramic dispersoids such as h-BN. For example, 5 vol%
BN/Si3N4 nanocomposites exhibited improved strength despite a decrease in
Young’s modulus upon the addition of soft h-BN [29]. Thus, the incorporation of
nanosize carbon particles is also expected to improve some mechanical properties,
such as the fracture strength, and contact-damage resistance.

Since a fine carbon powder will easily react with Si3N4, SiO2, and oxide addi-
tives at high temperatures, the addition of carbon to Si3N4 powder is a commonly
used method to incorporate SiC grains into Si3N4 ceramics [30, 31]. It is impossible
to prepare Si3N4/C nanocomposites through conventional methods. Measures must
be taken to prevent reactions occurring between C and the other starting powders.

The starting powders were 90.73 wt% submicrometer β-Si3N4 powder with an
average particle size of 0.5 μm, 7.85 wt% Y2O3, and 1.42 wt% Al2O3. The amount
of carbon with an average particle size of 5 μm was 5 wt% relative to the weight of
the other starting powders. The starting powders were mixed in ethanol using Si3N4

balls for 4 h. The as-received powder mixture (denoted as CP0), with a mass of
about 6.2 g, was then subjected to high-energy mechanical milling with the same
milling parameters as before, except for a longer milling time of 6 h. The amor-
phization of the starting powders during mechanical milling also occurred and
milled powders with a similar internal structure (denoted as CP2) were obtained.

Typical thermal analysis curves for the CP0 and CP2 powders subjected to
heating in flowing air are shown in Fig. 2.12. A large weight loss (>4 wt%) was
observed for the CP0 powders, which was attributed to the oxidation of carbon.
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In contrast, for the CP2 powders, hardly any weight loss was detected, indicating
that most of the carbon particles were embedded in the amorphous phase during the
milling process. The amorphous phase separates the free carbon from the oxygen in
air and prevents their reaction.

The shrinkage curves of the as-received and milled powders are plotted in
Fig. 2.13. After sintering at 1600 °C for 5 min, the as-received powders reached
only 85 % ρth, whereas the milled powders were completely densified with a very
high densification rate. As shown above, the milled powders contain a large amount
of the liquid phase and much finer β-Si3N4 particles. This promotes particle rear-
rangement at a lower temperature with a higher shrinkage rate, enabling full den-
sification to be achieved in a short time. The as-received powders were fully
densified at a higher temperature of 1780 °C with the same holding time of 5 min.

The XRD pattern of the CP2 powders after sintering at 1600 °C for 5 min is shown
in Fig. 2.14a. The only crystalline phase appearing in the composite was β-Si3N4; SiC
and other reaction phases could not be detected. For the ceramic obtained from CP0
powders by sintering at 1780 °C for 5 min (Fig. 2.14b, c), the phase composition was
not uniform throughout the specimen. SiC was formed near the surface of the
specimen, while only β-Si3N4 could be detected in the center region.
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Figure 2.15 shows the Raman spectra of a monoclinic Si3N4 nano-sized ceramic
(Fig. 2.6) and the composite obtained here. The peaks at 1584 and 1350 cm−1 for
the composite are the well-known graphite G band and disorder-induced D band,
respectively [32], confirming the existence of free carbon in the form of partially
amorphous graphite.

The sintered body obtained from the CP2 powders was crushed for TG analysis
using the same method as that for the starting powders; a weight loss of about 2.8 %
was detected, which was attributed to the oxidation of free carbon. Because the
ceramic could not be completely crushed and some carbon grains may have been
dispersed within the Si3N4 grains, the weight loss was lower than the added carbon
content.
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Fig. 2.14 XRD patterns of ceramics obtained by a sintering CP2 powder at 1600 °C for 5 min,
b sintering CP0 powder at 1780 °C for 5 min (inner region), c sintering CP0 powder at 1780 °C for
5 min (outer region)
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Figure 2.16 shows the sintered microstructures obtained from the CP0 powders
(1780 °C, 5 min) and CP2 powders (1600 °C, 5 min). The CP0 powders produce a
nanoscale SiC/microscale Si3N4 composite. The Si3N4 grains in the matrix are
homogeneous and most of them are nearly the same size as the grains in the starting
Si3N4 powder, indicating that SPS is suitable for suppressing grain growth. Newly
formed SiC grains with an average diameter of 90 nm agglomerate and disperse
within the Si3N4 grain boundaries. A nano/nano composite microstructure was
obtained from the CP2 powders. From the microstructure of nanosize Si3N4

ceramics obtained by the same method (Fig. 2.6), it was concluded that the small
grains were carbon, which were homogeneously dispersed in nano-sized Si3N4

grain boundaries. The homogeneous dispersion of carbon in the matrix is important
for maintaining the mechanical properties, because the aggregration of soft carbon
particles causes the deterioration of the mechanical properties. Both Si3N4 and C
have narrow grain size distributions. The average diameters of carbon grains and
silicon nitride grains are 10 and 70 nm, respectively. Although a longer milling time
was used, the diameter of Si3N4 grains in the obtained nano/nano composite was
similar to that in the monolithic Si3N4 nanoceramics, because the carbon decreased
the milling efficiency by acting as a lubricant.

Figure 2.17 shows TEM images of the obtained nano/nano composite.
Figure 2.17a shows a typical nano/nano composite structure, in which nano-sized C
particles are homogeneously dispersed at grain boundaries. As shown in the
high-resolution image in Fig. 2.17b, the fringe spacing of 0.34 nm is typical of
graphite, confirming that the nanograins are carbon. The layer-structured nanoscale
C grains are composed of disordered layers, which existed in the grain boundaries
of the Si3N4 grains. The structure of C shows that it is partially amorphous, which is
consistent with the G band and D band observed in the Raman spectra.

Thermodynamic analysis of the possible reactions in the Si–Y–Al–O–N–C
system has been performed in many studies [33–35]. Many reactions between the
added carbon powder and the other starting powders may occur during sintering:

C(s) + SiO2 (s) ! SiO(g) + CO (g) ð2:2Þ

2C(s) + Al2O3ðs) ! Al2O(g) + 2CO (g) ð2:3Þ

2C(s) + Y2O3ðs) ! Y2O(g) + 2CO (g) ð2:4Þ

3C(s) + Si3N4ðs) ! 3SiC(S) + 2N2 (g) ð2:5Þ

All the reversible reactions proceed to the right only if the gaseous reaction
products (CO, SiO, Al2O, Y2O, N2) can escape simultaneously. It is very difficult for
the gaseous reaction products to move freely by solid-state diffusion. Thus, the
reactions may be suppressed by a high densification rate. In this research, the sin-
tered density of the CP2 powders increased to more than 90 % ρth within 1 min,
changing the ceramics from having open porosity to having closed porosity.
However, this cannot entirely prevent all the reactions from occurring. The CP0
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powders were also almost completely densified within 1 min at a higher sintering
temperature of 1780 °C, whereas the Si3N4/C composite was not obtained at this
high temperature owing to the high reactivity of carbon particles. SiC is formed
through reaction (2.5). There is no carbon or SiC in the inner region and the amount
of the newly formed SiC phase is low, indicating that reactions (2.2)–(2.4) might
occur during sintering, in which some of the free carbon is transformed into volatile
gas and escapes from the specimen. Thus, the achievement of a Si3N4/C nano/nano
composite may also be related to two other reasons: (1) a lower densification tem-
perature, which leads to smaller driving forces for the reactions proceeding to the
right [33]; (2) incorporation of most of the carbon particles into the amorphous phase
during milling, which prevents all the possible gaseous reaction products from
escaping at the beginning. In conclusion, the high densification rate, the incorpo-
ration of carbon particles into the amorphous phase, and the lower sintering tem-
perature prevent all the reactions from occurring, making it possible to prepare a
dense Si3N4/C nano/nano composite.

Fig. 2.16 Fracture surfaces
of composites obtained by
a sintering CP0 powders at
1780 °C for 5 min, b sintering
CP2 powders at 1600 °C for
5 min
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2.4 Superplastic Behavior of Nano-Sized
Silicon Nitride Ceramics

As pointed out at the beginning of this chapter, the reason for preparing nano-sized
Si3N4 ceramics is to achieve superplastic deformation. Thus, the compressive
superplastic behavior of nano-sized Si3N4 ceramics was next investigated. The
microstructure of a Si3N4 nanoceramic exhibiting superplastic deformation is

Fig. 2.17 TEM images of the
nano/nano composite
obtained from CP2 powders:
a low-magnification image,
b HRTEM image indicating
the Si3N4 and C grains
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shown in Fig. 2.6. This nanoceramic has nearly equiaxed grains with a diameter of
68 nm.

The deformation of specimens was assessed by uniaxial compression testing, in
which compression was applied perpendicular to the direction of SPS. The speci-
mens had a cross-sectional area of 3 mm by 2.5 mm and a height of 5 mm. They
were placed between two SiC spacers that were coated with BN to reduce friction.
Constant-crosshead-displacement-rate tests were conducted for most of the speci-
mens under a nitrogen atmosphere with a pressure of 0.1 MPa in a furnace with a
tungsten heating element. Each specimen was heated up to the test temperature at a
rate of 15 °C/min then the test temperature was maintained for 10 min to remove the
thermal expansion of the machine system. The displacements of the specimens
during deformation were corrected by considering the displacements generated by
the elastic deformation of the machine system during loading, which were measured
at each temperature in advance. The stress was calculated using the cross-sectional
area, assuming that the volume of the specimen was constant during deformation.
A limited number of experiments were preformed under constant stress. To ensure
constant stress, the load was increased at displacement intervals of 0.05 mm.

2.4.1 Deformation Behavior

Compression tests were carried out at temperatures ranging from 1450 to 1600 °C
and at strain rates ranging from 6 × 10−6 to 1 × 10−3 s−1. A typical set of stress
versus strain curves obtained during compression are shown in Fig. 2.18. After the
initial transient, principally accounted by the elastic response of the specimen, the
stress increased linearly with the strain. The increase in stress was attributed mainly
to the increase in the strain rate due to the decrease in the specimen height during
the deformation tests, as will be discussed later.

To determine the stress exponent, the true stress was plotted against the strain
rate on a logarithmic scale for different temperatures. The true stress under the
initial strain rate was defined as the intersection of two lines extrapolated to the
elastic and plastic strain regions of the stress-strain diagram. Figure 2.19 illustrates
the variation in the strain rate with the true stress for specimens tested at different
temperatures. The stress exponent n decreases from *2 at low stresses to *1 at
high stresses. The trend of n hardly changes with the temperature, except that the
transition stress from the region with n * 2 to the region with n * 1 is reduced
with increasing temperature.

The nano-sized ceramics were also deformed under constant stress. Figure 2.20
shows the deformation curves at 1500 °C under constant stresses of 15 and 50 MPa.
The strain-time response of the two specimens includes a small initial elastic
deformation upon loading and then an apparent steady-state period up to a strain of
0.45. The strain rates of 9.3 × 10−5 s−1 at 50 MPa and 1.8 × 10−5 s−1 at 15 MPa are
in good agreement with the values obtained by constant-displacement-rate tests, as
shown in Fig. 2.19.
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The temperature dependence of the superplastic flow was determined by acti-
vation energy analysis. The activation energy for superplasticity was obtained from
an Arrhenius plot of the strain rate versus the reciprocal of the absolute temperature
at a constant flow stress, which is shown in Fig. 2.21. The activation energy
is *852.8 kJ/mol for the n * 2 region at a stress of 10 MPa and 571.8 kJ/mol for
the n * 1 region at a stress of 100 MPa. The value for the n * 1 region is in the
range of the activation energies previously reported for Si3N4 ceramics with Y2O3/
Al2O3 as sintering additives [36, 37], while the value for the n * 2 region is
somewhat higher than those previously reported.

The transitions of both the stress exponent and the activation energy indicate that
the deformation mechanism changes with decreasing stress. Thus, the deformation
mechanism should be determined separately for the high-stress region and
low-stress region from the stress exponent and activation energy, respectively,
combined with the microstructural evolution. Actually, given the essential com-
plexity of polycrystalline systems, no single deformation mechanism may com-
pletely account for the total deformation; several mechanisms are likely to be
simultaneously involved. Only the dominant mechanism will be discussed later.
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Fig. 2.18 Typical
stress-strain curves obtained
during compression for
nano-sized Si3N4 ceramics:
a at 1500 °C under different
initial strain rates, b under an
initial strain rate of 1× 10−4 s−1

at different temperatures
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2.4.2 Microstructural Characterization

In all cases, no significant cavitation damage was observed after the compression
test, regardless of the temperature, stress, strain rate, and total strain.

Figure 2.22 shows SEM images of specimens deformed at 1500 °C with a strain
of 0.45 under initial strain rates of 3 × 10−5 s−1 and 10−4 s−1. The surfaces are
perpendicular to the deformation direction. By comparison with the surfaces of the
as-received nanoceramics, it is apparent that concurrent grain growth occurs during
the deformation tests. Some equiaxed grains are transformed into rodlike grains
during deformation. Under a strain rate of 3 × 10−5 s−1, the grain diameter increases
to 145 nm with an average aspect ratio of 3.5, while under strain rate of 10−4 s−1,
the grain diameter increases to 89 nm with an average aspect ratio of 3.1. The grain
growth is more significant at the lower strain rate, indicating that the testing time
has a greater influence on dynamic grain growth than stress.

An important characteristic of the deformed material is the development of a
preferential orientation of β-Si3N4 grains. Phase analysis of the surfaces perpen-
dicular to the deformation direction was carried out using XRD before and after
superplastic deformation with a strain of 0.45. The obtained XRD patterns are
shown in Fig. 2.23a–c. The XRD pattern of the pulverized state of the as-received
ceramic is also shown in Fig. 2.23d. Only β-Si3N4 peaks could be detected for all
specimens, indicating that the crystallization of grain boundary glassy phase did not
occur during the sintering process or deformation tests. Although nearly equiaxed
grains were observed in the undeformed ceramic, a slight preferential orientation
also developed in the initial undeformed ceramic. The intensity of the (101) and
(201) peaks was markedly weakened after deformation, indicating that the elon-
gated β-Si3N4 grains are significantly preferentially aligned perpendicular to the
direction of superplastic deformation. The extent of texturing is nearly independent
of the strain rate.

2.4.3 Deformation Mechanism

2.4.3.1 Deformation at High Stresses

In most cases, accommodated grain boundary sliding makes the dominant contri-
bution to the total compressive deformation of the superplastic flow for fine-grained
Si3N4 ceramics. This deformation mechanism also appears to operate in nano-sized
Si3N4 ceramics at high stresses, although the slight grain growth and elongation of
β-Si3N4 grains occur during the deformation tests.

An accommodation process at triple points is necessary for polycrystalline
materials to be deformed continuously without fracture. It is obvious that the
accommodation process here is the solution-precipitation process because of the
slight grain growth and elongation of β-Si3N4 grains. Thus, the rate of grain
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boundary sliding is controlled by the rate of the solution-precipitation process. The
solution-precipitation process in fine-grained ceramics can be controlled by either
an interface reaction or by diffusion in the liquid. Lange et al. reported that Si3N4

materials with a small amount of the glassy phase had a stress exponent n of unity,
corresponding to diffusional creep [38]. From previous studies on the plastic
deformation of Y2O3/Al2O3-doped silicon nitride [36, 37], it also appears that in the
domain where accommodated grain boundary sliding is the main factor controlling
the strain rate, the solution-precipitation mechanism must be controlled by the
diffusion of matter through the glass rather than by the transfer of atoms across the
glass/crystal interface [37]. Furthermore, the present experimental activation energy
of 571.8 kJ/mol, which corresponds to that for the diffusion of nitrogen ions
through the grain boundary glassy phase [36], is similar to other values reported for
the deformation of Y2O3/Al2O3-doped silicon nitride materials for the grain
boundary sliding mechanism accommodated by a diffusion-controlled
solution-precipitation process [36, 37].

Fig. 2.22 SEM images of
specimens after deformation
at 1500 °C with a strain of
0.45 under initial strain rates
of a 3 × 10−5 s−1, b 10−4 s−1
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The stress exponent of unity and the activation energy of 571.8 kJ/mol are thus
consistent with the conclusion that grain boundary sliding accommodated by a
diffusion-controlled solution-precipitation process is involved in the deformation of
nano-sized Si3N4 ceramics at high stresses.

2.4.3.2 Deformation at Low Stresses

At low stresses, the data indicate a region with n * 2 and an activation energy of
*852.8 kJ/mol. Usually, a large value of the stress exponent for Si3N4 ceramics is
attributed to cavitation [39, 40]. A stress exponent of 2.0 has been reported when
studying the creep properties of Si3N4-based ceramics [36, 41]. These properties
were interpreted using the model proposed by Evans and Rana for materials with a
continuous grain boundary phase [42], in which cavities are formed by the viscous
flow of the boundary phase in the presence of both an external stress and boundary
sliding displacement. Only a low strain can be achieved prior to rupture. In our
study, even after a large strain of 1.6 (a reduction in height from 5 to 1 mm), no
cracks or large pores could be seen in the polished surface. Thus, the model of
cavitation creep is not applicable to the superplasticity of nano-sized Si3N4 ceramics.

The significant grain growth that occurred in the nano-sized Si3N4 ceramics
during deformation tests at lower stresses is clearly the result of the solution-
precipitation process. Wakai proposed a “step model” for the solution-precipitation
process [43], where different rate-controlling processes yield different stress
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Fig. 2.23 XRD patterns of
nanoceramics for surfaces
perpendicular to the
deformation direction:
a before deformation, b after
deformation under a strain
rate of 3 × 10−5 s−1, c after
deformation under a strain
rate of 10−4 s−1, d pulverized
state
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exponents. The fundamental hypothesis of his step model is that the solution and
precipitation reactions take place at line defects at the grain boundaries, particularly
at kinks in the steps formed at grain boundaries. The solution and precipitation of a
crystalline material at a step cause its movement, and consequently strain. If the
initial density of steps is very low, the two-dimensional nucleation of surface steps
occurs, the step density depends on the applied stress, and a stress exponent of n ≥ 2
can be obtained. On the basis of this mechanism, it is necessary to overcome an
energy barrier to form nuclei, the relatively high activation energy should be
estimated, which is in good agreement with the higher value that we obtained. The
above analysis strongly indicates that the deformation mechanism at low stresses is
controlled by the interface-reaction-controlled solution-precipitation process with
two-dimensional nucleation.

2.4.3.3 Comparison with Previous Studies

Although many superplastic Si3N4-based ceramics have been reported previously,
here we show the first direct experimental evidence for a transition involving a
decrease in stress from n* 1 to n* 2, which can be attributed to nano-sized Si3N4

grains.
On the basis of the step model [43], the transition stress σ* between two regions is

proportional to δDL/d, where δ is the thickness of the liquid film, DL is the diffusion
coefficient in the liquid phase, and d is the grain diameter. σ* decreases with
increasing grain size. When the initial grain size is too large, σ* is too small and only
diffusion-controlled deformation can be observed experimentally. As summarized in
a recent review [3], the compressive creep of Si3N4 ceramics with a grain size larger
than 200 nm is mostly characterized by a stress exponent of around 1, indicating a
diffusion-controlled mechanism. High stress exponents are related to microstructural
damage that develops during deformation tests, leading to a very low strain.

2.4.3.4 Characteristics of Flow Curve Under Constant Strain Rate

The instantaneous strain rate depends on the strain in the case of deformation at a
constant crosshead speed:

_ee ¼ _e0 expðeÞ; ð2:6Þ

where _ee is the strain rate for compression strain ε and _e0 is the initial strain rate.
This equation gives the compensation required for the change in the strain rate
generated by the change in height of the specimen during deformation.

Using Eqs. 2.1 and 2.6, the stress under a constant (initial) strain rate σcε can be
described as
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rce ¼ re � _e0
_ee

� �1
n

¼ re � expð� e
n
Þ; ð2:7Þ

where σε is the observed flow stress at strain ε.
Using n = 2 (low-stress region) and n = 1 (high-stress region) for the com-

pensation, we can obtain the flow curves under a constant (initial) strain rate. Most
of the corrected curves show near steady-state deformation. Figure 2.24 shows
typical corrected stress-strain curves for the compression of nano-sized Si3N4

ceramics at 1500 °C under strain rates of 3 × 10−5 s−1 and 10−4 s−1.
As can be seen, a nearly constant flow stress was maintained over a large range of

strains after the elastic deformation region, suggesting well-defined steady-state
deformation. The steady-state deformation was also confirmed by the deformation
test under constant stress, as shown in Fig. 2.20. This differs from other reported
superplastic Si3N4 ceramics, where pronounced strain hardening was apparently
observed when dynamic grain growth occurred during the deformation test. This
difference can be attributed to the strongly textured elongated grains developed in
our study. In addition to the variation of the chemical potential of Si3N4 in the liquid
phase induced by the external stress, the different interfacial energy between the
crystallographic planes of Si3N4 grains increases the driving force for deformation
[44] when the texture develops. For elongated grains with an aspect ratio of λ, if the
applied stress is normal to the elongated grain axis, the creep rate is accelerated by a
factor of (1 + λ) [45]. Thus, the increase in shear stress due to grain growth can be
compensated by textured elongated β-Si3N4 grains. Under a constant strain rate, it is
possible to express the stress by the following constitutive relation:

r / dp

ð1þ kÞ : ð2:8Þ
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Fig. 2.24 Typical corrected
stress-strain curves during the
compression of nano-sized
Si3N4 ceramics at 1500 °C
under strain rates of
3 × 10−5 s−1 and 10−4 s−1
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From Eq. 2.8 and Fig. 2.23, it is concluded that p * 1.1 under a strain rate of
3 × 10−5 s−1 and that p * 2.6 under a strain rate of 10−4 s−1. The “p” is a grain-size
exponent. Although the grain size exponents for the two regions have not been
precisely determined owing to the difficulties in accurately measuring the grain size
and texture, the obtained values qualitatively confirm our proposed deformation
mechanism.

The classical microstructural requirements for superplasticity in ceramics are fine
grains and an equiaxed grain morphology, and most importantly, the microstructure
must also be stable because strain hardening often arises from grain growth during a
deformation test. From the obtained results, when the grain growth is sufficiently
anisotropic to develop texture, it does not influence the steady-state deformation.
These well-aligned grains can also produce a fiber-strengthening effect and toughen
deformed materials [46].

2.4.3.5 Microstructural Characterization

The elongated Si3N4 grains tended to become aligned with their length direction
perpendicular to the compressive stress axis, resulting in the development of texture
in Si3N4 ceramics. The strong texture is assumed to arise from either preferential
grain growth or the grain rotation mechanism [47]. In this work, the extent of
texturing is nearly independent of the strain rate, although they have different
microstructures. It appears that the texture-development mechanisms are different
for ceramics deformed under different strain rates (stresses).

At high stresses, grain boundary sliding makes the dominant contribution to the
total deformation of the superplastic flow in nano-sized ceramics. When a com-
pressive stress was applied to the as-received ceramics, the grains rotated over each
other via grain boundary sliding and the β-Si3N4 grains became oriented with their
c-axes perpendicular to the stress direction. Simultaneously, oriented β-Si3N4 grains
in the deformed material grew anisotropically through the diffusion-controlled
solution-precipitation process. Thus, the strong texture in the deformed material
under high stresses is attributed predominantly to grain rotation via grain boundary
sliding and, to a lesser extent, preferential grain growth. At low stresses, the
solution-precipitation process makes the dominant contribution to the total defor-
mation. The strong texture is attributed predominantly to the preferential growth of
grains aligned perpendicular to the deformation direction and to the solution of
grains aligned parallel to the deformation direction.

2.5 Conclusion

(1) High-energy mechanical milling followed by spark plasma sintering was
proved to be an effective technique for fabricating nano-sized Si3N4-based
ceramics and even some metastable Si3N4 composites.
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(2) Mechanical milling transformed most of the starting powder mixture into an
amorphous phase, leading to the homogeneous mixing of the starting powders
at the atomic scale. A large amount of nano-crystalline β-Si3N4 particles were
embedded homogeneously in the non-equilibrium amorphous phase.

(3) The main densification mechanism for the milled powders is particle rear-
rangement and the phase formation is based on precipitation from the
homogeneous amorphous phase on nano-β-Si3N4 particles. Rapid sintering of
the milled powders at a low temperature can prevent abnormal grain growth,
leading to dense nano-sized ceramics.

(4) Investigation of the rate-controlling deformation mechanisms of nano-sized
Si3N4 ceramics showed that the deformation can be rationalized in terms of
two sequential mechanisms. At low stresses, deformation occurred by an
interface-controlled solution-precipitation process with two-dimensional
nucleation, whereas at high stresses, deformation was controlled by a grain
boundary sliding process accommodated by diffusion-controlled
solution-precipitation. The strong texture formed during superplastic defor-
mation can compensate the strain-hardening effect arising from concurrent
grain growth, leading to near steady-state deformation.
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