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Abstract

Anisotropic silicon nitride with ytterbia additive was successfully fabricated by using a sinter-forging technique. The sinter-forged
specimen had a strongly anisotropic microstructure where rod-like silicon nitride grains preferentially aligned perpendicular to the

forging direction. The specimen exhibited higher strength and higher fracture energy compared to the conventionally hot-pressed
specimen. These superior mechanical properties of the sinter-forged silicon nitride were attributed to grain bridging and pullout
enhanced by grain alignment. At elevated temperatures, softening of the grain boundary glassy phase and melting of the secondary
crystalline phase should lead to degradation of strength and increment of fracture energy.
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1. Introduction

In order to improve strength and fracture toughness
of silicon nitride ceramics, many studies have been con-
ducted to control their microstructures: grain size and
morphology, grain alignment, and boundary
chemistry.1�7 Recently, grain alignment control to make
anisotropic microstructure have been reported as a most
promising technique to achieve, concurrently, both high
strength and high toughness in specific directions. There
are two major routes to fabricate such anisotropic sili-
con nitrides: one is tape-casting and another is forging.
By aligning rod-like silicon nitride grains using a tape-
casting technique with seed particles, Hirao et al.8

obtained high strength of about 1.1 GPa and high frac-
ture toughness of about 11 MPa m1/2 when stress was
applied parallel to, or a crack extended normal to, the
grain alignment. Present authors succeeded in alignment
of rod-like silicon nitride grains by using a superplastic
forging9 or superplastic sinter-forging10 techniques. In
these studies, rod-like silicon nitride grains were aligned

by forging, resulted in strongly anisotropic micro-
structure formation. Strength and fracture toughness of
the forged one were approximately 1.65 GPa and 13
MPa m1/2, respectively, when a stress was applied par-
allel to the alignment (strong direction). Those of the
sinter-forged one, which consisted of smaller grains than
the forged one, were approximately 2.1 GPa and 8 MPa
m1/2, respectively. Even at elevated temperatures, the
anisotropic silicon nitride, fabricated by superplastic
forging,9 showed high strength and fracture energy.11

Overall the temperature range from R.T. to 1300 �C,
strength and fracture energy of the anisotropic one were
1.5–2 and 3.5–8 times higher than those of isotropic
one, respectively. However, containing 5 wt.% Y2O3
and 3 wt.% Al2O3 as sintering additives, the grain
boundary glassy phase was consequently softened and
strength was degraded at high temperatures above
1100 �C. The high temperature mechanical properties
can be improved by choosing sintering additives and
making a refractory grain boundary phase.12�14 It has
been known that ytterbia (Yb2O3) is a most promising
additive for this purpose since it leads to good oxidation
resistance13 and high temperature strength.14

In this study, the authors intend to produce silicon
nitride with aligned rod-like grains by using Yb2O3
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additives and sinter-forging technique. Then, strength
and fracture energy of the fabricated specimen at ele-
vated temperatures up to 1500 �C, as well as at room
temperature, are investigated. Because of its anisotropic
microstructure and controlled grain boundary glassy
phase, the specimen can be expected to show better
mechanical properties than those of the previous study11

at elevated temperatures.

2. Experimental procedures

2.1. Sample fabrication

Referring to previous studies,12�18 a-silicon nitride
powder (E10, Ube Industries. Ltd., Tokyo, Japan), 13
wt.% Yb2O3 (99.99%, 2 mm, Kojundo Chemical
Laboratory, Tokyo, Japan) and 2 wt.% SiO2 (99.9%,
0.8 mm, Kojundo Chemical Laboratory, Tokyo, Japan)
were mixed. This composition ideally forms Si3N4 and
Yb2SiO5 as crystalline phases. The mixed powder was
ball-milled for 50 h in methanol using silicon nitride
balls, then dried and sieved.
Powder was compacted using a steel die, followed by

a cold isostatic pressing (CIP) with a pressure of 98
MPa. Dimensions and relative density of the CIP body
were 40�40�15 mm and about 52%, respectively. The
CIP body was sinter-forged using a graphite die of
45�45 mm in the base and in a graphite resistance fur-
nace. The atmosphere inside the furnace, nitrogen gas
(99.99%) under 0.9 MPa pressure, was maintained
throughout the process. Sinter-forging was conducted at
1900 �C for 3 h, and both heating and cooling rates
were 10 �C min�1. After heating to the desired tem-
perature, mechanical pressure of approximately 30 MPa
was applied for 3 h. For comparison, several specimens
were fabricated by usual hot-pressing at 1900 �C for 3 h
under 30 MPa. Obtained samples were heat-treated at
1400 �C for 24 h to crystallize the glassy phase at triple
points.12 Thereafter, the sinter-forged and hot-pressed
specimens were designated as SF-SN and HP-SN, respec-
tively. Planes normal and parallel to the pressing direction
are designated as top and side planes, respectively.

2.2. Mechanical testing

Densities of fabricated specimens were calculated
dividing weight by dimension. X-ray diffraction analysis
was conducted to identify phases of specimen, as well as
to examine orientation of silicon nitride grains. Speci-
mens of 3�4�45 mm for measuring bending strength
were cut from the sintered body so that the stress face
was perpendicular to the pressing direction. All faces
were finished lengthwise by a 400 grid diamond wheel;
edges were chamfered using an 800 grid diamond whet-
stone. Elastic modulus was measured using four point

bending technique with a strain gauge. Three-point
bending strength was measured with a span of 30 mm
and a displacement rate of 0.5 mm min�1 at room tem-
perature (R.T.), 1200, 1300, 1400, and 1500 �C, in air.
Fracture energy was measured by using chevron-not-

ched beam (CNB) method. This technique was
employed for two reasons. One is that the crack extends
in a stable manner until final failure. Another is that the
crack extends macroscopically by Mode I due to liga-
ment configuration; otherwise a crack tends to deflect
along aligned grains. Details of the employed CNB
specimen geometry and testing procedures were the
same as those of the previous study.19 The CNB speci-
men had dimensions of 4�3�45 mm with regular tri-
angle shaped ligament (edge length was 3 mm). Initial
crack length was 1.4 mm and width of the chevron-
notch was 0.1 mm. Measurement was performed in
three-point bending with a span of 30 mm and a dis-
placement rate of 0.01 mm min�1 at room temperature
(R.T.), 1400 and 1500 �C, in air. To examine the effect
of oxidation, some additional measurements were con-
ducted in nitrogen atmosphere. Fractured surfaces of
CNB specimens were observed by scanning electron
microscopy (SEM).

3. Results and discussion

3.1. Sample fabrication

The SF-SN body is exhibited together with the CIP
body in Fig. 1. The SF-SN body had approximate
dimensions of 45�45�6 mm. No cracking was observed
on the SF-SN surface. Densities of HP-SN and SF-SN
were 3.352 and 3.345 kg m�3, respectively, and they
were about 97% of theoretical density.18 In X-ray dif-
fraction analysis, b-Si3N4 (JCPDS card 33–1160),
Yb2SiO5 (JCPDS 40–0386), and Yb2Si2O7 (JCPDS 25–
1345) were detected in fabricated specimens, as shown
in Fig. 2. The powder mixture was designed to form
Si3N4 and Yb2SiO5 as crystalline phases. However, as a
surface oxidized film (silica film) usually exists on the
silicon nitride powder, some more oxygen should be

Fig. 1. CIP and SF-SN bodies.
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contained in the powder mixture. Thus the crystalline
phases, b-Si3N4, Yb2SiO5, and Yb2Si2O7 were detected
in the actual sintered body.12,17,18 These phases seemed
to form after devitrification of the glassy phase. As can
be understood from a phase diagram20 and micro-
structure observation,21 glassy phase existed at the sin-
ter-forging temperature. The minor crystalline phases,
Yb2SiO5 and Yb2Si2O7, possibly formed, but the
amount of them should be little. This glassy phase
seemed to allow the sinter-forging process without
cracking.
Microstructures of HP-SN and SF-SN, which were

taken from the fractured surfaces of CNB specimens (to
be described later), are shown in Fig. 3. Both of the spe-
cimens mainly consisted of rod-like silicon nitride grains.
Grains of HP-SN align slightly while those of SF-SN do
so strongly and perpendicularly to the pressing direction.

Both microstructures also showed protruding rod-like
grains as well as holes or hollows.
Alignment is revealed more clearly by X-ray diffrac-

tion analysis (Fig. 2). X-ray diffraction analysis has been
widely used to examine silicon nitride anisotropy (grain
alignment);22�29 some analyses discussed its relation to
microstructural change. One typical value indicating
anisotropy is the peak intensity ratio of (101)/(210).24,25

In isotropic silicon nitride, (101) and (210) peaks should
have approximately equal heights; the ratio of (101)/
(210) is 1.06 (JCPDS card 33-1160). On the contrary, as
known in Fig. 2, diffraction patterns from top and side
planes of fabricated specimens were quite different; i.e.,
the (210) peak was remarkably higher in the top plane
and lower in the side plane than the (101) peak. The
(101)/(210) ratios from top planes were 0.33 and 0.05
for HP-SN and SF-SN, respectively. This result indi-
cates that the prismatic plane of the silicon nitride
grains tended to align perpendicularly to the pressing
direction in the fabricated specimens. Anisotropy of
SF-SN was much higher than that of HP-SN. In the
case of hot-pressing, densification and grain growth
occur rather concurrently, resulting in lower anisotropy.
On the contrary, in sinter-forging, rod-like grains are
formed during heating, and grains are aligned during
sinter-forging by mechanical pressure, resulting in
higher anisotropy. In addition, material flow during
sinter-forging processing contributes substantially to
grain alignment. Basal area of SF-SN was approxi-
mately 25% larger than that of the original CIP body.
Thus, material flows perpendicularly to the pressing
direction and rod-like grains naturally tend to align
along the flow.24

Silicon nitrides used in previous studies9,10,22�32 for
obtaining anisotropic microstructures by forging or
superplastic deformation mostly contained alumina as
sintering additives. It has been known that alumina
content leads to a grain boundary glassy phase with a

Fig. 2. X-ray diffraction analysis of HP-SN and SF-SN specimens.

Fig. 3. Fractured surfaces of HP-SN and SF-SN CNB specimens. Pressing directions are vertical; arrow indicates crack propagation directions.

Specimens were fractured at R.T.
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low melting point, which enhances material flow in for-
ging or superplastic deformation, but degrades high
temperature mechanical properties. In this work, by
choosing a suitable condition (i.e., amount and compo-
sition of additives, and sinter-forging temperature), ani-
sotropic silicon nitride was successfully sinter-forged
without alumina. Because of its anisotropic micro-
structure and grain boundary glassy phase without alu-
mina, this specimen can be expected to show better
mechanical properties than those of the previous study11

at higher temperatures. High temperature mechanical
properties of fabricated specimens are reported in the
following section.

3.2. Mechanical testing

Elastic moduli of HP-SN and SF-SN, measured par-
allel to the top plane, were 301.9 and 326.1 GPa, respec-
tively; the modulus of SF-SN was higher than that of
HP-SN. The grain of b-silicon nitride itself has elastic
anisotropy.33 The elastic modulus is 450–540 and 280–310
GPa in directions parallel and perpendicular to the c-axis,
respectively. Since silicon nitride grains were well-aligned
parallel to the top plane in SF-SN, the high elastic mod-
ulus originated from elastic anisotropy of grains.
Fig. 4 shows temperature dependence of strength of

HP-SN and SF-SN with standard deviations. Strength
of SF-SN was 70–120 MPa higher than that of HP-SN
throughout the temperature range of R.T. to 1500 �C.
Due to softening of the grain boundary glassy phase,
strength was degraded at elevated temperatures for both
materials; i.e., SF-SN showed high strength of 1258
MPa at room temperature, gradually decreasing to 666
MPa at 1400 �C, then drastically decreasing to 441 MPa
at 1500 �C. It has been reported that anisotropic silicon
nitrides can show superior strength to isotropic ones at
R.T. as well as at elevated temperatures since effective
operation of grain bridging and pullout by grain

alignment and disappearance of large defects all result
in improved strength.11,34 Similar mechanisms plausibly
act in this case, resulting in higher strength in SF-SN.
In CNB tests, stable crack growth was obtained for

every specimen until completion tests, except for HP-SN
tested at 1400 �C. Load–displacement (L–D) curves for
HP-SN and SF-SN at R.T. and 1500 �C are shown in
Fig. 5. Since the elastic modulus of SF-SN is higher
than that of HP-SN, the initial gradient of the curve for
the former is slightly steeper than that for the latter at
both temperatures. The gradient becomes shallow at
1500 �C due to softening of the grain boundary glassy
phase. Peak load decreased, but the work of fracture
(total energy under the L–D curve) increased at 1500 �C.
Fracture energy, �eff, is defined as

�eff ¼ WWOF=2A; ð1Þ

whereWWOF is the work of fracture and A is the area of
the specimen web portion. Fig. 6 shows fracture ener-
gies of HP-SN and SF-SN calculated from L–D curves
at R.T., 1400 and 1500 �C. Note that the error of this
test was estimated to be 7% at most. Throughout the

Fig. 4. High temperature strength of HP-SN and SF-SN specimens.

Tests were conducted in air.

Fig. 5. L–D diagrams of CNB tests for HP-SN and SF-SN specimens:

(a) R.T., (b) 1500 �C, in air.
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temperature range of R. T. to 1500 �C, SF-SN showed
higher fracture energy than HP-SN. Fracture energy of
SF-SN was strongly affected by temperature; i.e. it
slightly increased from 187 J/m2 at R.T. to 235 J/m2 at
1400 �C, and then steeply rose to 734 J/m2 at 1500 �C.
Though the stable fracture was not attained in HP-SN
at 1400 �C, fracture energy at 1500 �C was substantially
higher than that at R.T., similarly to SF-SN. There is
some possibility that oxidation might affect fracture
behavior, which leads to inflated L–D curves and larger
fracture energies at 1500 �C. To assess this, additional
CNB tests were conducted in a nitrogen atmosphere.
Obtained fracture energies of HP-SN and SF-SN at
1500 �C were 570 and 753 J/m2, respectively, which are
slightly larger than those tested in air, suggesting little
effect of oxidation. Fractured SF-SN surfaces are shown
in Fig. 7. Comparing this surface to that tested at R.T.
[Fig. 3(b)], grain pull-out is largely enhanced at 1500 �C.
Thus, large fracture energies for both materials at high
temperatures are primarily due to enhanced pull-out.
Silicon nitride is toughened primarily by crack wake

toughening mechanisms including grain bridging and
grain pullout.35�37 As revealed in previous stud-
ies,11,34,38 for anisotropic silicon nitrides, a greater
number of rod-like grains are involved with the crack
wake toughening mechanisms, resulting in high fracture
energy. Grain bridging arises, particularly at R.T., from
elastic deformation of rod-like grains that are partially
debonded from the matrix. This toughening continues
until grains are broken at some site within the debonded
part and subsequently broken grain fragments are
pulled-out from the matrix. For these to occur, inter-
facial debonding or partial fracture at the interface is
essential; in grain pullout, at least at R.T., grains are not
completely pulled out, but parts of them are. Protruding
rod-like grains, mostly broken as shown in Fig. 3, sup-
port the above speculation.

In case of fracture at high temperatures, rod-like
grains were almost completely pulled out as shown in
Fig. 7; thus pullout can be considered to play a sub-
stantial role in toughening the material at high tem-
peratures. At high temperatures where the grain
boundary glassy phase is softened, viscoelastic proper-
ties become dominant and pullout presumably occurs
due to failure through the viscous glassy phase rather
than fracture at the interface. When a crack propagated
and opened, rod-like grains of both sides of the crack
were separated from each other without being broken
through failure of viscous glassy phase. Large fracture
energy, particularly at 1500 �C, is presumably attribu-
table to sliding resistance during this pullout. On the
other hand, grain bridging to the extent that the
boundary is rigid enough to allow transmission of high
elastic bridging stress is not likely to occur at high
temperatures.
Fabricated silicon nitride with Yb2O3 additive showed

superior high temperature mechanical properties com-
pared to silicon nitride with Y2O3 and Al2O3 addi-
tives.11 However, with increasing temperature from
1400 to 1500 �C, strength decreased and fracture energy
increased drastically. Cinibulk et al.21 reported that the
melting temperature (eutectic point) of a minor crystal-
line phase, Yb2Si2O7, of silicon nitride doped with 5
vol.% Yb2O3 and 0.5 vol.% Al2O3 was around 1470

�C.
The above drastic changes of mechanical properties are
very likely related to melting of minor crystalline phases.

4. Summary

Anisotropic silicon nitride with ytterbia additive was
successfully fabricated using sinter-forging technique.
The sinter-forged specimen had a strongly anisotropic
microstructure where rod-like silicon nitride grains

Fig. 6. High temperature fracture energies of HP-SN and SF-SN

specimens. Tests were conducted in air.
Fig. 7. Fractured surface of the SF-SN CNB specimen, tested at

1500 �C in a nitrogen atmosphere. Pressing direction is vertical; arrow

indicates crack propagation direction.
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preferentially aligned perpendicular to the forging
direction. The specimen exhibited higher strength and
higher fracture energy compared to the conventionally
hot-pressed specimen. The sinter-forged specimen
showed high strength of 1258 MPa at room tempera-
ture, which gradually decreased to 666 MPa at 1400 �C,
then drastically decreased to 441 MPa at 1500 �C.
Fracture energy exhibited 187 MPa m1/2 at room tem-
perature, which slightly increased to 235 MPa m1/2 at
1400 �C, then radically jumped to 734 MPa m1/2 at
1500 �C. High strength and high fracture energy of sin-
ter-forged silicon nitride were attributed to grain brid-
ging and pullout enhanced by grain alignment. At
elevated temperatures, especially at 1500 �C, softening
of grain boundary glassy phase and melting of second-
ary crystalline phases should lead to drastic changes in
mechanical properties.
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