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Abstract

Lu2Si2O7–Si3N4 and Lu4Si2O7N2–Si3N4 composition ceramics were hot-pressed sintered. Microstructure was characterized by using
scanning electron microscope and quantitative image analysis. The Lu2Si2O7–Si3N4 composition showed a fine-grained microstructure with
average grain diameter size of 0.27�m, whereas the grains of Lu4Si2O7N2–Si3N4 composition were coarser with an average grain diameter
of 0.48�m. On the other hand, fracture toughness of the two compositions was evaluated by means of Vickers indentation crack size
measurements. Fracture toughness of Lu4Si2O7N2–Si3N4 composition was greater than that of Lu2Si2O7–Si3N4 composition. The greater
fracture toughness for Lu4Si2O7N2–Si3N4 composition was predominantly caused by increase in grain size and volume fraction of needle-like
Si3N4 grains compared with Lu2Si2O7–Si3N4 composition.
© 2003 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

A new type of silicon nitride (Si3N4) ceramic sintered
with Lu2O3 additive developed recently has shown sig-
nificant improvements in the high-temperature properties,
including strength, creep resistance, and resistance to ox-
idation, compared with the existing Si3N4 ceramics with
other additives (e.g. MgO, Al2O3, Sm2O3, Er2O3, Y2O3,
Yb2O3, etc.) [1–8]. The most noticeable properties of the
Lu2O3-doped Si3N4 ceramic are its excellent creep resis-
tance and oxidation resistance at high temperatures[7,8],
which have never been achieved by the Si3N4 ceramics with
other additives[2–4]. This has made further development
and study of the Si3N4 ceramics with Lu2O3 additives an
important topic of interest.

On the other hand, one of the major limitation for assur-
ing the reliability and lifetime of such ceramic materials
is their relatively low fracture toughness/resistance[9,10].
Studies have been reported that the fracture toughness was
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considerably improved when the sintered Si3N4 ceramic ma-
terial was formed a composite-like microstructure, i.e. large
elongated�-Si3N4 grains were embedded in a fine-grained
�-Si3N4 microstructure[11–14]. The toughening mecha-
nisms include crack deflection, grain pullout, elastic bridg-
ing, and frictional grain bridging[11–14]. Furthermore,
their contribution to increase fracture toughness of Si3N4
ceramics is not the same, depending on microstructure,
grain diameter size/distribution, and intergranular phase
and test environments. For example, the crack deflection is
favored above the glass transition temperature of the amor-
phous grain-boundary phase and larger diameter grains, the
grain pullout is favored for smaller diameter grains and/or
high temperature; conversely the elastic bridging is favored
for larger diameter grains, while the frictional grain bridg-
ing mechanism is operated only when crack deflection and
grain pullout occur. Although the advantages of the new
type of ceramic material in high-temperature oxidizing en-
vironments have recently been reported[5–8], its fracture
toughness/resistance and correlation to microstructure and
grain-boundary phase are little known. Therefore, data are
required on fracture toughness for this material and the
effects of microstructure and grain-boundary phase need to
be understood.
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In the present study, three series of Si3N4 compositions
containing Lu2O3 additive were fabricated. Microstruc-
ture was characterized using scanning electron microscope
(SEM) and grain diameter was quantitatively analyzed.
Fracture toughness was estimated by means of Vick-
ers indentation crack size measurements, and correlation
to the microstructure and the grain-boundary phases is
discussed.

2. Experimental procedure

2.1. Material fabrication

Three series of Si3N4 compositions were investigated,
one in which the molar ratios of oxides correspond to
Lu2Si2O7 (SiO2:Lu2O3 = 2:1), and other two in which they
correspond to Lu4Si2O7N2 (SiO2:Lu2O3 = 1:4). The two
Lu4Si2O7N2–Si3N4 compositions were prepared to evalu-
ate effect of amount of Lu2O3 on fracture toughness. The
detailed compositions of the present materials are shown in
Table 1. The starting powders were�-rich Si3N4 (SN-E10,
UBE Industries, Tokyo, Japan), SiO2 (99.9% purity, High
Purity Chemicals Co., Ltd., Saitama, Japan), Lu2O3 (99.9%
purity, Shinetsu Chemical Co., Ltd., Tokyo, Japan). A mix-
ture of Lu2O3 and SiO2 was added to Si3N4, and then the
powder batches were mixed in ethanol for 2 h using a Si3N4
ball mill, and subsequently dried in a rotation evaporator.
The dried powder was die-pressed into a rectangular-shaped
samples, 80 mm× 45 mm× 13 mm, at room temperature
under 20 MPa. The samples were placed in a BN-coated
graphite die and sintered for 1 h at 1950◦C under a pressure
of 20 MPa, in a dry N2 atmosphere of∼1 MPa, using a gas
pressure sintering furnace (FVPHR-R-10, FRET-40, Fuji
Electric Co., Ltd., Tokyo, Japan). Based on results obtained
during processing of Si3N4 in the Si3N4–SiO2–Yb2O3
and Si3N4–Lu2O3 systems[5,15], the following sintering
schedule was chosen:

(1) The samples were heated to 800◦C at 20◦C/min under
a 1× 10−3 Torr vacuum.

(2) At 800◦C a dry N2 atmosphere flowed through the fur-
nace in which the pressure of N2 atmosphere maintained
at level of 0.925 MPa.

(3) The samples were then heated to 1200◦C at 20◦C/min
and subsequently to the final sintered temperature of

Table 1
Compositions, densities, Young modulus, shear modulus, and Poisson’s ratio of the hot-pressed Si3N4 ceramics with Lu2O3 additives

Material Compositions (mol%) Density Young’s modulus
E (GPa)

Shear modulus
G (GPa)

Poisson’s
ratio ν

Si3N4 SiO2 Lu2O3 g/m3 % total density

Lu2Si2O7–Si3N4 94 4 2 3.29 100 329 130 0.27
Lu4Si2O7N2–Si3N4(S) 94 1.2 4.8 3.47 100 334 131 0.27
Lu4Si2O7N2–Si3N4(L) 85 3 12 3.88 100 322 126 0.27

1950◦C at 10◦C/min, and were hot-pressed at 1950◦C
for 1 h under a pressure of 20 MPa.

(4) Following densification, the samples were cooled in the
furnace to room temperature within 2 h.

The density,ρ, of the sintered Si3N4 was evaluated
by the Archimedes method. The elastic moduli of the
hot-pressed Si3N4 were determined using ultrasonic equip-
ment. The details of the measurement were reported else-
where[16,17]. The densities,ρ, Young’s modulus,E, shear
modulus,G, and Poisson’s ratio,ν, for each sintered ce-
ramic are also summarized inTable 1. X-ray diffraction
of as-received Si3N4 materials exhibited the presence of
a major crystalline�-Si3N4 phase, together with major
Lu2Si2O7 secondary phases for Lu2Si2O7–Si3N4 composi-
tion and Lu4Si2O7N2 for Lu4Si2O7N2–Si3N4 composition.
Transmission electron microscope (TEM) observations
confirmed a thin residual amorphous film at two-grain
boundaries for the studied materials[18]. In addition,
completely crystallized triple grain-junction pockets were
observed for the Lu2Si2O7–Si3N4 composition but for
the Lu4Si2O7N2–Si3N4 composition these pockets were
partially crystallized[18]. Hereafter, three hot-pressed sin-
tered Si3N4 ceramics are denoted as Lu2Si2O7–Si3N4,
Lu4Si2O7N2–Si3N4(S), and Lu4Si2O7N2–Si3N4(L), re-
spectively.

2.2. Microstructure observation and quantitative analysis

The hot-pressed Si3N4 materials were cut, and the cut
surface was polished with a diamond paste up to 0.5�m,
and the surface of the polished specimens was etched by
a CF4 plasma containing 7.8% O2. The morphology of the
Si3N4 microstructure was observed by SEM. These micro-
graphs were then used for quantitative analysis using an im-
age processing system (LUZEX III, Nireko Co., Ltd., Tokyo,
Japan). Minimums of 600 grains were analyzed for each
material.

2.3. Fracture toughness evaluation

The fracture toughness,KIC, of hot-pressed Si3N4 ce-
ramics was determined using Vickers indentation crack size
measurements of polished surface. The indentation tests
were performed on the polished surface of the specimens by
loading with a Vickers indenter (AVK-A, Akashi, Co., Ltd.,
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Yokohama, Japan) for 20 s in air at room temperature. The
corresponding diagonal of the indentation and crack sizes
were measured using an optical microscope attached to the
indenter. Three indentation loads of 98, 196, and 294 N were
used, and five indents were made at each indentation load.

The fracture toughness,KIC, was calculated using the fol-
lowing relation[19]:

KIC = 0.016

(
E

Hν

)1/2 (
P

c3/2

)
, (1)

whereE is the Young’s modulus (GPa),Hν is the hardness
(GPa),P is the indentation load (N), andc is the crack length
(�m). The hardness,Hν, was calculated from,

Hν = 1854.4

(
P

b2

)
, (2)

whereb is the diagonal of the indentation (�m). The crack
propagation behavior was observed using SEM.

3. Results

3.1. Microstructural characterization

Fig. 1shows SEM micrographs of the typical microstruc-
ture of the hot-pressed Si3N4 ceramics with Lu2O3 addi-
tives. The general microstructures of the three compositions
are similar in morphology. They showed a fine-grained mi-
crostructure in which large needle-like�-Si3N4 grains were
embedded. The formation of large needle-like�-Si3N4
grains is attributed to abnormal grain growth as a conse-
quence of local inhomogeneity in the distribution of liquid
phase[20]. In the Lu2Si2O7–Si3N4, a number of the fine
grains were observed and the average Si3N4 grain size was
0.27�m in diameter. In both the Lu4Si2O7N2–Si3N4(S)
and the Lu4Si2O7N2–Si3N4(L), however, the Si3N4 grains
were coarser compared with the Lu2Si2O7–Si3N4, and their
average diameters were 0.48 and 0.49�m, respectively.

The grain diameter distributions and the aspect ratio
distributions of the hot-pressed Lu2O3-containing Si3N4
ceramics are shown inFig. 2. The Lu2Si2O7–Si3N4 is dis-
tinct from the Lu4Si2O7N2–Si3N4 in the grain diameter
distributions. The Lu2Si2O7–Si3N4 showed a broad grain
diameter size distribution (Fig. 2a). On the contrary, the
Lu4Si2O7N2–Si3N4(S) and Lu4Si2O7N2–Si3N4(L) exhib-
ited a bimodal grain diameter size distribution (Fig. 2b
and c). However, the bimodal aspect ratio distribution is
not observed for the three compositions (Fig. 2d–f). Al-
though the average aspect ratio of the Lu2Si2O7–Si3N4 is
larger than that of the Lu4Si2O7N2–Si3N4, the aspect ra-
tio of Lu4Si2O7N2–Si3N4(L) is nearly the same as that of
Lu4Si2O7N2–Si3N4(S) (Table 2). In addition, the volume
fraction of large needle-like grains with the aspect ratio
l/d > 4 and lengthl > 2�m, which has been confirmed
having a significant effect on fracture toughness[11], was

Fig. 1. SEM images of polished and plasma-etched surfaces of mi-
crostructures for the hot-pressed Si3N4 ceramics with Lu2O3 ad-
ditives; (a) Lu2Si2O7–Si3N4, (b) Lu4Si2O7N2–Si3N4(S), and (c)
Lu4Si2O7N2–Si3N4(L).

also determined during the procedure of quantitative anal-
ysis of microstructure for each material. The obtained
results are followed as: 1.7% for the Lu2Si2O7–Si3N4,
2.3% for the Lu4Si2O7N2–Si3N4(S), and 3.3% for the
Lu4Si2O7N2–Si3N4(L). This indicated that volume fraction
of needle-like�-Si3N4 grains depended strongly on both
the grain boundary and amount of additive.
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Fig. 2. The histograms of the grain-section diameter and aspect ratio for the hot-pressed Si3N4 ceramics with Lu2O3 additives; (a) and (d) Lu2Si2O7–Si3N4,
(b) and (e) Lu4Si2O7N2–Si3N4(S), and (c) and (f) Lu4Si2O7N2–Si3N4(L).

3.2. Fracture toughness

Fracture toughness,KIC, estimated by Vickers inden-
tation crack size measurements for each composition
is presented inTable 3. The fracture toughness values
for each material vary slightly with increasing applied
loads. Typically, for the specimens of coarser grain size
(Lu4Si2O7N2–Si3N4(S) and Lu4Si2O7N2–Si3N4(L)) the

Table 2
Average grain diameter size, aspect ratio and volume fraction of large
needle-like grains (l/d > 4, l > 2�m) for the hot-pressed Si3N4 ceramics
with Lu2O3 additives

Materials Average grain
diameterd
(�m)

Average
aspect
ratio l/d

vol.% of needle-like
grains with l/d > 4
and l > 2 m

Lu2Si2O7–Si3N4 0.27 2.1 1.7
LU4Si2O7N2–Si3N4(S) 0.48 1.7 2.3
LU4Si2O7N2–Si3N4(L) 0.49 1.8 3.3

Table 3
Fracture toughness of the hot-pressed Si3N4 ceramics with Lu2O3 addi-
tives

Material Indentation
load P (N)

Fracture toughness
KIC (MPa m1/2)

Lu2Si2O7–Si3N4 98 4.92± 0.14
196 4.67± 0.11
294 4.84± 0.13

Average values 4.81± 0.13

Lu4Si2O7N2–Si3N4(S) 98 5.45± 0.15
196 5.61± 0.18
294 5.82± 0.19

Average values 5.63± 0.18

Lu4Si2O7N2–Si3N4(L) 98 5.98± 0.20
196 6.25± 0.21
294 6.38± 0.31

Average values 6.21± 0.21
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Fig. 3. Plot of the fracture toughness as a function of average grain
diameter size,d, for the hot-pressed Si3N4 ceramics with Lu2O3 additives.

fracture toughness increased with applied load. This sug-
gests that the Lu4Si2O7N2–Si3N4(S) and Lu4Si2O7N2–Si3-
N4(L) showed a tendency of higher fracture resistance
compared with the Lu2Si2O7–Si3N4. Among the stud-
ied materials, the Lu2Si2O7–Si3N4 showed the lowest
fracture toughness value of 4.81 MPa m1/2, and the
Lu4Si2O7N2–Si3N4(L) had the highest fracture tough-
ness of 6.21 MPa m1/2. The fracture toughness of the
Lu4Si2O7N2–Si3N4(S) was determined to be 5.63 MPa m1/2.

Plot of fracture toughness as a function of average grain
diameter size is shown inFig. 3. The fracture toughness
increased gradually with increasing the grain diameter size to
0.48�m and it increased sharply from there once increasing
the grain diameter. Furthermore, plot of fracture toughness
as a function of the volume fraction of needle-like grains
for the three compositions is shown inFig. 4. It is found
that the fracture toughness depends strongly on the volume

Fig. 5. An example of crack propagation behavior of the hot-pressed Si3N4 ceramics with Lu2O3 additives (Lu4Si2O7N2–Si3N4(S)).
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Fig. 4. Plot of the fracture toughness as a function of volume fraction
of the large elongated Si3N4 grains with aspect ratiol/d > 4 and length
l > 2�m.

fraction of needle-like grains. This finding indicated that
although the needle-like grains present in the microstructure
of the studied materials are not a substantial phase in terms
of the volume that they occupy, they dominated the fracture
toughness of the materials.

The crack propagation behavior of three compositions
was observed under SEM imaging on Vickers indentation
cracks in several plasma-etched samples, an example of
which is shown inFig. 5. The predominantly intergranular
crack path is observed for the three composition ceramics.
This indicates that the crack deflection occurred at the grain
boundaries, resulting in the observed Si3N4 grain pullout. In
addition, the elastic bridging and frictional grains bridging
were also observed accompanying with the Si3N4 grains
pullout. These crack propagation behaviors were observed
for each material. This suggests that the similar toughening
mechanisms operated in the studied materials.
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4. Discussion

The distinguishable difference in measured fracture
toughness for the three compositions revealed that the frac-
ture toughness was correlated to both the grain-boundary
phase composition and amount of additive (Tables 1 and 3),
as a result of the different microstructural characterizations,
including the grain diameter size, distribution, and mor-
phology (Figs. 1 and 2) [11–14]. On the other hand, SEM
observation of crack introduced by a Vickers indentation on
the polished surface exhibited nearly the same crack propa-
gation behavior for the studied materials (Fig. 5). This im-
plies that the predominantly fracture toughening mechanism
is the same for these materials. However, this mechanism
contribution to increasing fracture toughness was different,
dependent on the microstructural characterizations. Studies
have been reported that the fracture toughness of Si3N4
ceramic containing large elongated grains was directly re-
lated to the large elongated grains[11–14]. In general, the
increases in both the size and volume fraction of elongated
grains produced a larger contribution from both frictional
bridging and pullout[11–14]. In particular, the presence of
needle-like grains (aspect ratio,l/d > 4, length,l > 2�m)
in ceramic is very effective for increasing fracture toughness
[11].

In the present study, the fracture toughness of the
Lu4Si2O7N2–Si3N4(L), although its average grain diam-
eter size (d = 0.49�m) is nearly the same to that of
the Lu4Si2O7N2–Si3N4(S) (d = 0.48�m), is significantly
larger than that of the Lu4Si2O7N2–Si3N4(S) (Tables 2
and 3). This is attributed to the larger volume fraction
of the needle-like grains (Fig. 4). This was consistent
with the results on fracture toughness for the Si3N4 with
Y2O3–Al2O3 additives reported in previous study[11].
Increase in fracture toughness of 30% has been reported
for this Si3N4, resulting from the presence of approxi-
mately 34% of needle-like grains[11]. In addition, it is
also found that the increase of fracture toughness caused by
the volume fraction of needle-like grains in magnitude was
correlated to grain-boundary phase. Fracture toughness of
the Lu4Si2O7N2–Si3N4(S) increases by∼17% compared
with the Lu2Si2O7–Si3N4, the corresponding increase in
the volume fraction of needle-like grains is∼35%. On the
contrary, although the increase in the volume fraction of
needle-like grains in the Lu4Si2O7N2–Si3N4(L) is ∼43%
compared with the Lu4Si2O7N2–Si3N4(S), the correspond-
ing increase in fracture toughness is only∼10%. This
comparison indicated that the increase of fracture tough-
ness was not only dependent on the volume fraction of
needle-like grains, but also depended on grain-boundary
phase. An early study has been reported that enhancing
interfacial debonding between the grains, which was found
to be correlated to grain-boundary phase, should result in
high fracture toughness[12].

In the studied materials, the triple grain-junction pock-
ets were completely crystallized for the Lu2Si2O7–Si3N4,

whereas these pockets were partially crystallized for the
Lu4Si2O7N2–Si3N4 [18]. The difference in crystallization
behavior suggests that the residual radial tensile stresses
produced were larger in the Lu2Si2O7–Si3N4 than in the
Lu4Si2O7N2–Si3N4, because the stresses result from a re-
duction of the volume during the crystallization and from
the thermal expansion mismatch between the Si3N4 and
grain-boundary phase[21]. In addition, the intergranular
glass film was thinner for the Lu2Si2O7–Si3N4 (0.4–0.6 nm)
than for the Lu4Si2O7N2–Si3N4 (1.0–1.5 nm)[18]. The pres-
ence of the amorphous film at two-grain junctions promotes
interface debonding[13]. Thus, based on the previous re-
sults reported and the knowledge of the interfacial debond-
ing [22,23], it can be concluded that the lower residual in-
ternal stresses and thicker glass film promote the interfacial
debonding between�-Si3N4 grains. This implies that inter-
facial debonding was enhanced in the Lu4Si2O7N2–Si3N4
compared with the Lu2Si2O7–Si3N4. Therefore, it is reason-
able to conclude theoretically that the greater fracture tough-
ness in the Lu4Si2O7N2–Si3N4 than the Lu2Si2O7–Si3N4
results partially from contribution of interfacial debonding
although the magnitude of this effect is not well known.

5. Summary

(1) Lu2Si2O7–Si3N4 showed fine-grained microstructure in
which the elongated grains were embedded. The aver-
age grain diameter size and aspect ratio were 0.27�m
and 2.1, respectively, and the volume fraction of large
needle-like�-Si3N4 grains (l > 2�m, l/d > 4) was
proximately 1.7%.

(2) Microstructures of the Lu4Si2O7N2–Si3N4 were found
to consist of coarse grains and needle-like grains. The
bimodal grain diameter size distribution was observed
for the two compositions. Average grain diameter size
and aspect ratio were found to be slightly dependent on
amount of additive, withd = 0.48�m and l/d = 1.7
for Lu4Si2O7N2– Si3N4(S) andd = 0.49�m andl/d =
1.8 for Lu4Si2- O7N2–Si3N4(L). The volume fraction
of needle-like�-Si3N4 grains (l > 2�m, l/d > 4) was
greater than that of Lu2Si2O7–Si3N4 and increased with
amount of additive.

(3) Fracture toughness of the Lu2Si2O7–Si3N4 was
determined to be 4.81 MPa m1/2, and the frac-
ture toughness of the Lu4Si2O7N2–Si3N4(S) and
Lu4Si2O7N2–Si3N4(L) was equal to be 5.63 and
6.21 MPa m1/2, respectively. This greater fracture
toughness for the Lu4Si2O7N2–Si3N4 was attributed
to large grain size, increase of volume fraction of
needle-like grains and enhancing interface debond-
ing, compared to the Lu2Si2O7–Si3N4. In partic-
ular, increase of volume fraction of needle-like
grains caused predominantly increase in fracture
toughness.
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