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Abstract

Porous Si3N4 ceramics were fabricated by liquid-phase sintering with a Yb2O3 sintering additive, and the microstructure and
mechanical properties of the ceramics were investigated, as a function of porosity. Low densification was achieved using a lower
Yb2O3 additive content. Fibrous b-Si3N4 grains developed in the porous microstructure, and the grain morphology and size were

affected by different sintering conditions. A high porosity, �40–60%, with b-Si3N4 grain development, was obtained by adjusting
the additive content. Superior mechanical properties, as well as strain tolerance, were obtained for porous ceramics with a micro-
structure of fine, fibrous grains of a bimodal size distribution.
# 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Porous ceramic materials have many industrial appli-
cations as filtering materials, including uses as high-
temperature gas filters, separation membranes, and cat-
alyst supports. For such applications, a high porosity
(typically >40%) of channels, with a well-controlled
pore size distribution, is required. On the other hand,
porous ceramic materials with a tailored microstructure
are considered high-performance structural materials
because of such unique properties as light weight, good
strain tolerance, damage tolerance, and thermal shock
resistance.1�7 Some authors, for example, have reported
that porous silicon nitrides with elongated fibrous
b-Si3N4 grains that are one-directionally aligned show a
high fracture energy, �500 J/m2, as well as a high
strength, >1 GPa, and a low Young’s modulus, �240
GPa.5,7

Silicon nitride ceramics possess superior mechanical
properties at both room temperature and high tem-
perature. Thus, porous Si3N4 also has some potential
for use as an engineering material, and some processes
have been developed to produce the porous Si3N4

ceramics.7�9 Sintering powder compacts to a fixed
degree of densification, a process called partial sinter-
ing,10,11 is generally used to fabricate porous ceramic
materials composed of oxides. Because of the good sin-
terability of these materials, the density is adjusted by
the heating characteristics, such as temperature and
holding time. The sintering of Si3N4 ceramics is difficult,
because of strong covalent bonding between silicon and
nitrogen atoms, so that sintering additives are necessary
for consolidating Si3N4 ceramics by liquid-phase sinter-
ing. On the other hand, the difficulty of sintering Si3N4

ceramics makes it possible to control densification
(porosity) easily by adjusting the additives and the sin-
tering process. By adjusting the characteristics of the
sintering additive, such as the type and amount, porous
Si3N4 ceramics can be obtained by the same sintering
process used to obtain dense Si3N4 ceramics. Thus, a
fibrous Si3N4 microstructure can be developed during
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sintering, and excellent mechanical properties can be
obtained,6 compared with those of porous oxide cera-
mics obtained by partial sintering.
In the present study, we fabricated Si3N4 ceramics of

various porosities using a Yb2O3 sintering additive and
investigated the microstructures and mechanical prop-
erties of those ceramics, as a function of porosity. A
usual liquid-phase sintering technique, with the usual
powder compaction, was used to make the fabrication
process simple and cost-effective.
The sintering additive, Yb2O3, is known to lead to

crystalline Yb4Si2O7N2 formation at grain boundaries
or triple junctions, even with no post heat treat-
ment,12,13 which presumably enhances the high-tem-
perature mechanical properties of Si3N4 ceramics. The
addition of Yb2O3 also is known to accelerate the
fibrous grain growth of b-Si3N4,

14 a result that is
advantageous for the strengthening effects of grain
bridging and pullout. Furthermore, because of the high
melting point of Yb2O3 and the high viscosity of Yb2O3-
related glass, this additive is unsuitable for the densifi-
cation of Si3N4, a characteristic that is, conversely,
beneficial for the fabrication of porous Si3N4.

2. Experimental procedure

2.1. Materials

The raw materials used for the present study were
commercial, high a-content Si3N4 powder (SN-E10,
UBE Industries, Ltd., Tokyo, Japan; >95.5% a ratio,
1.3 wt.% oxygen, 0.55 mm particle size). Various con-
tents (1–7.5 wt.%) of Yb2O3 (99.9% purity, High Purity
Chemical Co., Tokyo, Japan) were used as a sintering
additive. The mixture was wet-milled in methanol for 24
h, using high-purity Si3N4 grinding media. After the
powder mixture had been dried using an evaporator, it
was sieved to a particle size <500 mm. The resulting
powder mixtures were uniaxially pressed, at 20 MPa,
into rectangular bars measuring 64�6.5�5 mm. The
relative densities of the green bodies were �42–45% of
theoretical density. The pressed green compacts were
placed in a BN-coated graphite case and sintered in a
graphite resistance furnace (Model No. FVPHP-R-5,
Fujidempa Kogyo Co., Ltd., Osaka, Japan), at various
temperatures between 1600 and 1850 �C, under a nitro-
gen-gas pressure of 0.6 MPa. The heating rate was
10–20 �C/min, and holding times were 2 h.

2.2. Microstructural characterization and mechanical test

The bulk density and porosity of the sintered samples
were measured by the Archimedes displacement
method, using distilled water. The theoretical density
was calculated by the rule of mixtures. The samples

were machined into 40–50�4�3 mm test bars for flex-
ural-strength measurements, at room temperature,
according to JIS R1601. All surfaces were finish-ground
with an 800-grit diamond wheel. The tensile edges were
beveled to reduce the effect of edge cracks. The samples
were loaded to failure in a three-point bend fixture (with
a span of 30 mm), on a testing machine (Model No.
Autograph AG-10TC, Shimadzu Corp., Kyoto, Japan),
at a cross-head speed of 0.5 mm/min. Young’s modulus
was measured by the pulse echo method. The strength
and Young’s modulus data were the average of six
measurements. The failure strain was equal to the flex-
ural strength divided by the Young’s modulus.
Crystalline phases were identified by X-ray dif-

fractometry (XRD; Model No. RINT 2000, Rigaku
Co., Ltd., Tokyo, Japan), using CuKa radiation at 40
kV and 100 mA. The pore size distribution of the por-
ous ceramic was determined by mercury porosimetry
(Autopore II 9220, Shimadzu Corp., Kyoto, Japan).
The microstructure was characterized by scanning elec-
tron microscopy (SEM; Model No. S-5000, Hitachi Co.,
Ltd., Tokyo, Japan). The fracture surfaces of the bend-
ing test, coated with gold, were used for SEM observa-
tion. Grain width and length were measured for the
individual grains from the SEM photos of the fracture
surfaces. Due to the high porosity, the grain width was
three-dimensionally visible. More than 500 grains were
measured statistically for each sample, and relationship
between grain area fraction and corresponding grain
width were plotted to represent the grain distribution.

3. Results and discussion

3.1. Densification

Variations in the relative density with additive con-
tents and sintering temperature are shown in Fig. 1.

Fig. 1. Variations in density of porous Si3N4 ceramic as a function of

additive contents and sintering temperature.
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With an increase in additive contents, the density
increased at first, but decreased at an additive content as
high as 7.5 wt.%. At 1600 �C, the densities of the sin-
tered samples were almost the same as that of the green
body, indicating that no densification had occurred.
Increasing the sintering temperature promoted densifi-
cation. However, sintering at 1850 �C led to a substantial
decrease in density. For all of the samples, the density
was in the range 42–62% of the theoretical value.
Increasing the sintering time had little effect on density.
Usually, the densification of Si3N4 with Y2O3–Al2O3

or Yb2O3–Al2O3 sintering additives starts at �1400–
1500 �C, and >90% relative density is achieved for a
sample with a high additive content.15,16 The additives
react with SiO2 on the surface of the Si3N4 grains to
produce a glass or crystalline phase. When Yb2O3 alone
is used as a sintering additive, a very thin boundary
layer forms at the grain boundaries, and crystalline
Yb4Si2O7N2 forms at the triple junctions. This crystal-
line phase has a high melting point; thus, densification is
inhibited, compared to the situation with Y2O3–Al2O3

additives.
As a result, hardly any densification occurred at

1600 �C for the present samples with 1–7.5 wt.%
Yb2O3, and increasing the sintering temperature did not
result in complete densification. Compared with the
nearly full densification of the samples with Y2O3–
Al2O3 additives, a density as low as �60% of the theo-
retical value was obtained with addition of Yb2O3, even
for the sample sintered at 1800 �C.

Increasing the additive content also enhanced the
densification, as expected, a result that could be mainly
attributed to particle rearrangement. On the other hand,
increasing the Yb2O3 content to 7.5 wt.% led to a
decrease in density. Park et al. [14] indicated that coarse,
elongated Si3N4 grains developed with 8 wt.% Yb2O3

addition. On the contrary, only fine Si3N4 grains existed
with 4 wt.% Yb2O3 addition. Our previous research

15,16

revealed that phase transformation and grain growth
delay densification, because of the impingement of the
fibrous grains. In this present study, the development of
b-Si3N4 grains is thought to be the main reason for the
decrease in the density of the sample with 7.5 wt.%
Yb2O3 addition, a theory discussed in the next section.

3.2. Phase transformation and microstructure

The microstructures of the resultant Si3N4 porous
ceramics after sintering at different temperatures are
shown in Fig. 2. The microstructure of the sample sin-
tered at 1600 �C consisted of fine, equiaxed grains only.
The average grain size was almost the same as that of
the starting powder, indicating minimal phase transfor-
mation, which can also be confirmed by XRD analysis
as only a-Si3N4 peaks were identified. Because the den-
sity after sintering exhibited little change, compared with
that of the green compact, complete sintering was not
achieved at this temperature. Increasing the sintering
temperature caused the formation and development of
b-Si3N4 grains, indicating enhanced phase transformation

Fig. 2. SEM photographs of porous Si3N4 ceramic with 5 wt.% Yb2O3 sintered at (a) 1600
�C, (b) 1700 �C, (c) 1800 �C and (d) 1850 �C, respectively.
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and grain growth. When the sample was sintered at
1700 �C, very fine, fibrous b-Si3N4 grains were obtained,
and medium-sized grains appeared at 1800 �C. When
the sintering temperature was increased to 1850 �C,
coarse grains dominated. As a side note, the aspect ratio
of fibrous Si3N4 grains depends on the interfacial energy
anisotropy between the longitudinal and the transverse
surfaces.17

Fig. 3 shows the microstructures of samples with dif-
ferent contents of Yb2O3 additive, after sintering at
1700 �C for 2 h. The top 10 grains with largest width
and their area was measured, and their average value
and area fraction were shown in Table 1. The sample
with 1 wt.% Yb2O3 consisted of fine Si3N4 grains only
and low fraction of the largest grains. However,
increasing the Yb2O3 content resulted in the formation
of large, elongated Si3N4 grains in the fine matrix, as

shown in Fig. 3(b)–(d) and Table 1. This phenomenon is
consistent with the results of Park et al.14 which showed
that the microstructures of the samples with a Yb2O3

content >8 wt.% and those with <8 wt.% Yb2O3 were
quite different. Large, elongated Si3N4 grains appeared
when the Yb2O3 content was >8 wt.%, because of the
large amounts of liquid phase. In the present study,
super-large, elongated Si3N4 grains also formed, and
their number increased with an increase in additive
content, even when the samples were sintered at 1700 �C.
The existence of the super-large grains in the Si3N4

ceramics is explained by the additive characteristics,
such as the amount and nature of the liquid phase.18

Compared to Y2O3, a lanthanide oxide shows a ten-
dency to form high-aspect-ratio b-Si3N4. As shown in
Fig. 1, the addition of 7.5 wt.% Yb2O3 always decreases
the density, as compared with the sample with 5 wt.%
Yb2O3. This decrease occurs because the formation of
more large, elongated Si3N4 grains decreases the den-
sity, due to the impingement of fibrous grains. This
impingement effect also causes decreased density as the
sintering temperature increases.15

Relation between grain area and corresponding grain
width was plotted in Fig. 4. It can be seen that sample
sintered at 1850 �C have a coarse grain width. With
decreasing in sintering temperature, grain width was
prone to becoming fine. Another microstructural fea-
ture for the samples sintered at 1700 �C is that some
large, elongated Si3N4 grains developed in the fine Si3N4

Fig. 3. SEM photographs of porous Si3N4 ceramic doped with (a) 1 wt.%, (b) 2.5 wt.%, (c) 5 wt.% and (d) 7.5 wt.% Yb2O3, respectively. The

samples were sintered at 1700 �C.

Table 1

Average grain size and area fraction of top 10 largest grain of porous

Si3N4 ceramic doped with various Yb2O3 content in Fig. 3. The sam-

ples were sintered at 1700 �C

Sample

number

Yb2O3

content (wt.%)

Relative

density (TD%)

Average

width (mm)
Area

fraction (%)

1 1.0 43.6 0.48 6.8

2 2.5 49.3 0.79 8.6

3 5.0 56.6 0.90 11.4

4 7.5 53.3 0.87 12.8

374 J.-F. Yang et al. / Journal of the European Ceramic Society 23 (2003) 371–378



matrix with increasing additive content, as discussed in
the previous section and shown in Fig. 4. This type of
microstructure is referred to as in situ reinforcement in
ceramics and substantially improves the mechanical
properties of Si3N4 ceramics. Fig. 5 shows the pore size

distribution of the porous Si3N4 ceramic with 5 wt.%
Yb2O3 sintered at 1700 and 1800 �C. Very fine pores
with average sizes of 0.3 and 0.5 mm were obtained in
the samples sintered at 1700 and 1800 �C, respectively.
The XRD patterns of Yb2O3-doped Si3N4 porous

ceramics sintered at 1700 and 1800 �C are shown in
Fig. 6. The main phase in the samples was b-Si3N4,
although some a-Si3N4 still remained on certain occa-
sions. The secondary phase was Yb4Si2O7N2 alone,

Fig. 4. Grain width distribution of porous Si3N4 ceramics with 5

wt.% Yb2O3. The specimens were sintered at 1700 �C, 1800 �C and

1850 �C, respectively.

Fig. 5. Pore size distribution of porous Si3N4 ceramics with 5 wt.%

Yb2O3. The specimens were sintered at 1700
�C and 1800 �C, respectively.

Fig. 6. X-ray diffraction patterns of Si3N4 porous ceramic sintered at

(A) 1700 �C, (B) 1800 �C with the Yb2O3 content of (a) 1.0 wt.%, (b)

2.5 wt.%, (c) 5 wt.%, and (d) 7.5 wt.%. (&) b-Si3N4, (*) a-Si3N4 and

(~) Yb4Si2O7N2.
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formed by the reaction between Yb2O3 and SiO2 on the
surface of the Si3N4 particles, and some Si3N4. At a
sintering temperature of 1700 �C, the sample with 1
wt.% Yb2O3 was composed of b-Si3N4, with very small
amount of a-Si3N4 and secondary phase [Fig. 6(A)(a)],
implying an almost complete a-b phase transformation.
Increasing the Yb2O3 content led to an increase of the
secondary phase, as expected, and the a-Si3N4 appeared
at the same time [Fig. 6(A)(b)–(d)]. The remaining
a-Si3N4 also was observed by SEM, as shown in Fig. 2,
where some small, equiaxed grains are clearly visible.
The same tendency also occurred for the samples sin-
tered at 1800 �C, as shown in Fig. 6(B). The difference is
that the intensity of the a-Si3N4 peak decreased at a
high sintering temperature for those samples.
Delayed phase transformation is contradictory to the

enhancement of grain growth, because the two pro-
cesses are closely correlated. Grain growth is accelerated
by a–b phase transformation.19 Phase transformation
and grain growth in Si3N4 ceramics are enhanced by
solution-reprecipitation, which is controlled by either
the diffusion of silicon and nitrogen ions through the
boundary phase or their reaction (solution-reprecipitation)
at the interface between the boundary and the matrix.20

Thus, phase transformation should be enhanced by
Yb2O3 addition. Moreover, some authors also report
many more large, elongated grains at the outside region
of the sample than at the inner region when 4.0 wt.%
Yb2O3 is used and the sample is prepared by gas-pres-
sure sintering.21 Yb2O3 evaporation in the outer region
is more serious, which causes a decrease in Yb2O3 con-
tent and enhances grain growth.
Three possible reasons explain the incomplete a–b

phase transformation with increased Yb2O3 addition.
First, the viscosity of the glass phase becomes high,
because of the lack of Al2O3 addition. This increased
viscosity makes the phase transformation diffusion-
controlled, rather than interfacial-reaction-controlled.
Furthermore, diffusion is delayed when the additive
content increases. Second, Yb2O3 will react with SiO2

and Si3N4 to form Yb4Si2O7N2 crystal:
14

4Yb2O3 þ SiO2 þ Si3N4 ¼ 2Yb4Si2O7N2

The formation of crystallized Yb4Si2O7N2 requires a
Yb2O3:SiO2 molar ratio of 4:1, which is �80:3 by
weight. Thus, little of the SiO2 in the Si3N4 powder is
consumed, and the remaining Yb2O3 and SiO2 reacts
with the Si3N4 to form a Si–N–Yb–O glass phase.
Therefore, increasing the Yb2O3 content resulted in the
increasing of Yb4Si2O7N2 content,

14 with a decreasing
of the Si–N–Yb–O glass phase. As a result, the phase
transformation is somewhat insufficient, because of the
decreased glass phase. Third, the solubility of lanthanide
ions in the Si3N4 is different for a- than for b-crystals;22

that is, lanthanide ions can dissolve into the a-Si3N4

matrix, but not into the b-Si3N4. Thus, the solutions of
lanthanide ions enhance the Si–N bond and impede the
phase transformation of a-Si3N4 to b-Si3N4. The
delayed a–b transformation probably makes a positive
contribution to the high-temperature properties of the
Si3N4 ceramics.

3.3. Mechanical properties

The flexural-strength values of the samples are shown
in Fig. 7, as a function of additive content and sintering
temperature. The strength increases with additive con-
tent and sintering temperature. An increase in density
basically contributes to the strength; however, other
factors also affect the strength of the samples, as shown
below.
Flexural strength, as a function of porosity, is shown

in Fig. 8, in which the two solid lines represent the

Fig. 7. Flexural strength as a function of Yb2O3 content for Si3N4

porous ceramic prepared under different sintering conditions.

Fig. 8. Relationship between flexural strength and porosity for Si3N4

porous ceramic.
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region of strength distribution. Clearly, the flexural
strength decreases as porosity increases. As shown in
Fig. 8, the flexural strength of the samples sintered at a
relatively low temperature, 1700 �C, is located near the
upper limit, indicating a high strength level. Changing
the sintering conditions and additive contents causes
different strength values, with the same porosity.
Fibrous b-Si3N4 grains are known to enhance the

flexural strength of Si3N4 porous ceramics,
6 most likely

because the fibrous b-Si3N4 grains are beneficial for
strengthening by grain bridging and pullout. When the
present sample was sintered at 1600 �C, at which little
phase transformation occurred, the flexural strength

was very low. Usually, phase transformation starts in
the temperature range 1600–1650 �C, and grain growth
starts at the same time. Of course, increasing the sinter-
ing temperature would accelerate the development of
large, elongated grains. In the present study, high
strength was obtained for the samples sintered at
1700 �C, which indicates that fine-sized, fibrous Si3N4

grains, rather than coarse grains, favor high strength in
porous Si3N4 ceramics.
Strength is governed by weakest link statistics, and it

is the largest pores with their pronounced internal stress
concentration that determines the strength.23,24 SEM
fractography of fracture origins of the samples with 5
wt.% Yb2O3 are shown in Fig. 9 for sintering at (a)
1700 �C and (b) 1800 �C. It can be seen that there were
no apparent fracture origins for the samples sintered at
1700 �C [Fig. 9(a)], however, fracture origins with size
of �50 mm could be detected for the samples sintered at
1800 �C [Fig. 9(b)], which resulted in the low strength.
The defect was formed by the agglomerate of the pore
and glass phase during the sintering.
The average width of Si3N4 grain, Young’s modulus,

and calculated strain-to-failure, together with the den-
sity and flexural strength, for some selected samples are
listed in Table 2. In general, Young’s modulus decreases
with decreasing density, becoming as low as �70 GPa
for samples with �50% of theoretical density. The
Si3N4 with 5 wt.% Yb2O3 sintered at 1700 �C (sample 2
in Table 2) has a high strength, up to 370 MPa, and a
low Young’s modulus, as low as 73 GPa, resulting in a
strain-to-failure of 5�10�3.
Usually, dense Si3N4 ceramics have a strength of 800–

900 MPa and a Young’s modulus of 310 GPa, and the
strain-to-failure is �2.5�10�3 to 3�10�3. Thus, sample
2 in Table 2 has a strain-to-failure twice as high as that
of dense Si3N4. At the same time, the increase in the
average width of grain decreases the strength; as a
result, the strain-to-failure decreases correspondingly.
Moreover, the strength of the sample with 2.5 wt.%
Yb2O3 sintered at 1700 �C is lower than that sintered at
1800 �C, because of the low density. However, a high
strain-to-failure is obtained at 1700 �C, because of the
significant decrease in Young’s modulus.

Fig. 9. SEM photographs of fracture surfaces for the samples with 5

wt.% Yb2O3: (a) small pores in sample sintered at 1700 �C and (b)

large pores in sample sintered at 1800 �C.

Table 2

Relative density, average width of grain, flexural strength, Young’s modulus and strain-to-failure of selected porous Si3N4 ceramic

Sample

number

Yb2O3

content

(wt.%)

Sintering

conditions

Relative

density

(TD%)

Average width

of grain

(mm)

Flexural

strength

(MPa)

Young’s

modulus

(GPa)

Strain to

failure

(�10�3)

1 5 1600 �C, 2 45.9 38�3.7

2 5 1700 �C, 2 56.6 0.26 371�33 73.4 5.06

3 5 1800 �C, 2 62.0 0.37 320�50 102.5 3.12

4 5 1850 �C, 2 53.6 0.47 183�48 70.6 2.59

5 2.5 1700 �C, 2 49.3 0.22 182�25 47.1 3.86

6 2.5 1800 �C, 2 56.8 0.35 259�47 87.5 2.96
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4. Conclusions

1. Si3N4 ceramics with one type of Yb2O3 additive
showed low sinterability. In the temperature
range 1600–1850 �C, porous Si3N4 ceramics, with
40–60% porosity, were obtained.

2. The microstructure of the sample with a high
Yb2O3 content exhibited many large, elongated
b-Si3N4 grains. However, phase transformation
was impeded because of the formation of crys-
talline Yb4Si2O7N2 and the dissolution of ytter-
bium ions. Moreover, a high sintering
temperature accelerated the development of
coarse, elongated b-Si3N4 grains.

3. Excellent mechanical properties were obtained
by optimizing the sintering conditions and addi-
tive content. For the microstructure with fine,
fibrous b-Si3N4 grains and fine pore, high flex-
ural strength and strain to fracture were
obtained.
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