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bstract

ense Si3N4/SiC micro/nano-composites with varying grain boundary phase composition were fabricated by hot-pressing under the same conditions.
ix different sintering aids (Lu2O3, Yb2O3, Y2O3, Sm2O3, Nd2O3 and La2O3) were used. The formation of SiC nano-inclusions was achieved by

n situ carbothermal reduction of SiO2 by C during the sintering process. Room temperature, fracture toughness, hardness and strength tended to

ncrease when the cation radius of the rare-earth element used in the oxide additive decreased (i.e. from La3+ to Lu3+). The composite material with
u2O3 sintering additive showed the highest hardness and had reasonably high fracture toughness and strength. The same micro/nano-composite
lso possessed the highest creep resistance in the temperature range from 1250 ◦C to 1400 ◦C and with loads in the range 50–150 MPa.

2010 Elsevier Ltd. All rights reserved.
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. Introduction

Silicon nitride (Si3N4) based ceramics are most often used
s structural components for high-temperature applications. The
igh-temperature properties of Si3N4 based ceramics strongly
epend on the oxide additives used for the densification. The
ddition of the sintering aids form a low-melting point eutectic
iquid with the silica layer present on the surface of start-
ng Si3N4 powder particles at the temperature of densification.
esulting amorphous phase present at the multigrain junctions
nd on the grain boundaries of Si3N4 grains dictates the room
emperature fracture behaviour of ceramics and also softens at
levated temperatures. This softening leads to the deformation
f the ceramic body mainly by grain-boundary sliding. Lot of
tudies were devoted to the detection of the best combination of
intering additives with respect to the mechanical behaviour of

ilicon nitride based ceramics.

Satet et al.1,2 reported the influence of the rare earth
RE)–MgO intergranular phase composition on the room tem-

∗ Corresponding author.
E-mail address: uachlost@savba.sk (S. Lojanová).

c

i
h
T
c
s

955-2219/$ – see front matter © 2010 Elsevier Ltd. All rights reserved.
oi:10.1016/j.jeurceramsoc.2010.03.007
reep

erature properties of Si3N4 ceramics. The room temperature
easurements showed that fracture toughness of this class of

eramics increases with increasing ionic radius of RE3+ and the
our-point bending strength decreases with increasing radius of
E3+. It was found that weaker grain-boundary interface con-
ected with the addition of La3+ results in a higher toughness,
ut in lower strength of the bulk Si3N4 material.

Silicon nitride ceramics sintered with the rare-earth oxide
dditives are also an important class of materials for
igh-temperature applications because they exhibit good high-
emperature strength and thermal shock resistance along with
ood creep resistance, and high resistance to oxidation.3–6 It was
ound that the high-temperature strength of hot-pressed Si3N4
eramic was significantly improved by the addition of Lu2O3
dditive.3,7 Besides the high-temperature resistance, also good
oom temperature properties are required to design material for
ommercial applications in extreme conditions.

Many studies show that the distribution of fine SiC nano-
nclusions in the Si3N4 matrix results in improvement of

ardness and strength of Si3N4/SiC micro/nano-composites.
heir presence at grain boundaries hinders the deformation of the
omposite at the elevated temperatures by the grain-boundary
liding.8–10

mailto:uachlost@savba.sk
dx.doi.org/10.1016/j.jeurceramsoc.2010.03.007
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ture made of silicon carbide with inner and outer span length of
20 mm and 40 mm, respectively. The measurements were carried
out in a creep machine with dead-weight loading system in air
atmosphere at temperature between 1250 ◦C and 1400 ◦C with
outer fiber stresses in the range from 50 MPa to 150 MPa. The
932 S. Lojanová et al. / Journal of the Euro

Therefore both, incorporation of SiC nano-inclusion to the
i3N4 matrix and design of the grain-boundary phase com-
osition can be an effective tool for the tailored room- as
ell as high-temperature behaviour of Si3N4 based ceramic

omposites.
Present paper deals with the processing of Si3N4/SiC

icro/nano-composites doped with various rare-earth oxide sin-
ering additives and the SiC nano-inclusions formed in situ
uring the sintering process. Aim of the paper is the study of
ffect of both SiC inclusions and the chemistry of sintering aids
n the room temperature as well as high-temperature properties
f this class of ceramics because these have not been reported
n the literature yet. This paper tries to find and possibly also
xplain the relationships between the composition of the sin-
ering additives and the mechanical behaviour of bulk ceramic

icro/nano-composites.

. Experimental procedure

The starting mixtures of the set of six Si3N4/SiC micro/nano-
omposites consisted of the following powders: �-Si3N4
grade SN-E10, UBE Industries, Japan), amorphous SiO2
50 m2 g−1, Aerosil OX-50, Degussa, Germany), carbon black
1000 m2 g−1, Cabot) and different rare-earth oxides RE2O3
RE = La, Nd, Sm, Y, Yb, or Lu):Y2O3 (Pacific Industrial
evelopment Corporation), La2O3 (Merck, Germany), Nd2O3

Johnson Matthey GmbH), Sm2O3 (Johnson Matthey GmbH),
b2O3 (Pacific Industrial Development Corporation), Lu2O3

Treibacher Industrie AG). All compositions contained the same
tomic weight fraction of RE element. Amount of SiO2 and

was calculated to achieve 5 vol.% of SiC after in situ car-
othermal reduction process.11 Simultaneously, the set of six
eference monolithic Si3N4 materials with the same composi-
ion of sintering additives but without SiC nano-inclusions were
repared in order to compare the microstructure and mechanical
roperties. The raw materials were homogenized and attrition
illed in isopropanol for 4 h in polyethylene water cooled bin.
he balls and blender were silicon nitride based. The slurries
ere subsequently dried and the powders sieved through 25 �m

ieve. Sieved starting powder was poured into a graphite rect-
ngular die sprayed by thin BN layer from inside. Bulk bodies
f 65 mm × 65 mm × 5 mm were then hot-pressed at 1750 ◦C
ith a load of 30 MPa and 0.15 MPa pressure of nitrogen during
h. Densities were measured by mercury immersion method.
he theoretical density was calculated by the rule of the mix-

ures. Relative densities of all samples were higher than 98% of
heoretical density.

Microstructural characterization was carried out using a scan-
ing electron microscopy (SEM) (EVO-40, Zeiss, Germany).
olished sample surfaces were plasma etched using a 1:1 CF4:O2
as mixture in order to reveal the Si3N4 grains in the microstruc-
ure. Grain diameter (width of the elongated silicon nitride
rains) distribution was evaluated by measuring of at least 2300

rains of each sample. The apparent aspect ratio (AR) of the
i3N4 grains was obtained by the measurements of grain width
nd length visualised on the 2D micrographs taken at the mag-
ification of 20 000.

s
t

s
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The overall structural and chemical characterization of each
pecimen was carried out by conventional and analytical TEM
nvestigation with a JEOL-2010 microscope equipped with an
ltra-thin window for energy-dispersive X-ray spectrometer.

Bulk ceramic samples were ground to the fine powder in
he agate mortar. This powder was used for the identification
f crystalline phases using X-ray diffraction (Co K� radiation,
TOE powder diffraction system, Germany).

Hardness measurements were performed on the polished
ross-sections of the samples by Vickers hardness tester (LECO
V-100, Leco Co., USA), at 9.8 N load. The sample cross-section
erpendicular to the hot-pressing direction was used for Vicker’s
ndentation.

The room temperature bending strength was measured on
he 45 mm × 4 mm × 3 mm rectangular bars cut from the hot-
ressed bodies with tensile face polished to 3 �m finish at the
ross-head speed of 0.5 mm/min and inner/outer span 20/40 mm,
espectively. The tensile face of the bars was always perpendic-
lar to the hot-pressed direction.

The Chevron notch technique was used for fracture tough-
ess determination. Chevron notches with the top angle of
0◦ were introduced into each bar (rectangular cross-section
f 3 mm × 4 mm recommended for fracture toughness test by
STM standard12) using an ultra-thin diamond blade on pre-

ision saw Isomet 5000. The reliability of this approach was
escribed elsewhere.13 A universal testing system Instron 8862
quipped with three point bend test fixtures with span of 16 mm
as used to apply the loading. A cross-head speed of 10 �m/min
as used in all tests to achieve slow crack propagation dur-

ng loading. An inductive extensometer was used for deflection
f measurement and force–deflection curves were recorded.
onitoring of fracture behaviour, mainly crack initiation and

ubsequently propagation during loading was performed by
coustic emission measurement. The fracture toughness values
ere calculated from the maximum force (Fmax) evaluated from

he force–deflection curve and the specimen dimension by the
ollowing equation12:

1c = Fmax

BW1/2Y∗
min

,

here Y∗
min is the minimum of geometrical compliance function

*, B and W are the width and height of specimens, respectively.
Creep tests were performed in four-point bending using a fix-
ample deflection was recorded continuously during the creep
est.

Nitrogen and oxygen content were measured on the powdered
amples by the LECO TC-436 analyser in TU Darmstadt.
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Fig. 1. SEM micrograph of Si3N4 containing (a) La2O3, (b)

. Results and discussion

.1. Microstructural characterization

.1.1. Monolithic Si3N4
The microstructures of the hot-pressed monolithic Si3N4
ased ceramics with different rare-earth oxides are shown in
ig. 1. It is obvious that these samples have a typical bimodal

w
e
g

able 1
rystalline phases in reference materials.

Reference Si3N4 Micro/na

a (�)-Si3N4 SiO2 – (�)-Si3N
d (�)-Si3N4 SiO2 – (�)-Si3N
m (�)-Si3N4 SiO2 Sm10(SiO4)6N2 (�)-Si3N

(�)-Si3N4 SiO2 Y2Si2O7 (�,�)-Si
b (�)-Si3N4 SiO2 ? (�)-Si3N
u (�)-Si3N4 SiO2 Lu2Si2O7 (�,�)-Si
3, (c) Sm2O3, (d) Y2O3 (e) Yb2O3, and (f) Lu2O3 additives.

icrostructure composed of large elongated �-Si3N4 grains
istributed in a fine �-Si3N4 matrix. From the micrographs
Fig. 1), it is obvious that the presence of different rare-earth
lements in the glassy phase surrounding the silicon nitride
rains yields differences in grain growth anisotropy. Samples

ith small RE3+ cations (Yb and Lu) contain larger diameter

longated �-Si3N4 grains surrounded by finer �-Si3N4 matrix
rains typical bimodal distribution (Fig. 1e and f). On the other

no-composite Si3N4/SiC

4 SiO2 SiC Si2N2O –

4 SiO2 SiC Si2N2O –

4 SiO2 SiC Si2N2O Sm10(SiO4)6N2

3N4 SiO2 SiC Si2N2O Y2Si2O7

4 SiO2 SiC Si2N2O Yb2Si2O7

3N4 SiO2 SiC Si2N2O Lu2Si2O7
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ns for the reference monolithic Si3N4 materials.
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Fig. 2. Grain size distribution of Si3N4 grai

and samples with large RE3+ cations (mainly La, but partly
lso Nd and Sm) have not express this bimodal distribution so
arkedly. Grain diameter distributions of all samples are shown

n Fig. 2. Higher frequency of appearance of small diameter
-Si3N4 matrix grains is evident for Y, Yb, and Lu reference
amples. In all these cases the frequency of appearance of grains
ith small diameter (d ≤ 0.08 �m) is high, number of counts of

hese thin grains is ≥300, what is not a case of samples doped
y La, Nd and Sm cations. For samples containing Yb and Lu
ations also a small number of robust Si3N4 grains with the diam-
ter of approx. 1 �m are visible (marked by circles). Apparent
spect ratio as a function of RE3+ radius is not changed markedly
Fig. 3). Generally, the tendency of the mean AR is decreasing

rom Lu cation containing sample to the La cation containing
ample.

The explanation of different microstructural evolution of
eramics with various types of oxide additives can be given by

F
m

ig. 3. Aspect ratio of Si3N4 as the function of the ionic radius for reference
onolithic Si3N4 materials.
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that �-Si N grain growth is preferential in the c-direction,21,22
ig. 4. Volume fraction of grains with AR > 4 for La and Lu reference monolithic
i3N4 materials.

ifferent viscosities of the liquid phase at the temperature of
intering. It was reported that viscosity of the oxynitride glasses
ncreases with increasing cationic field strength (CFS) and thus
ecreasing ionic radius of used RE3+.14–18 Volume fraction of
-Si3N4 grains with AR >4 (needle-like grains) for La (the

argest RE3+) and Lu (the smallest RE3+) of reference mono-
ithic Si3N4 ceramics as the function of the grain diameter is
hown in Fig. 4. This graph reveals that Lu reference sample has
emarkably higher volume fraction of small needle-like �-Si3N4
rains (mean grain diameter <0.2 �m) and slightly higher vol-
me fraction of large needle-like grains (mean grain diameter
0.8 �m) than La sample. An increasing number of small diam-
ter grains with high aspect ratios (Lu sample) are most probably
ue to the higher viscosity of liquid phase during the sintering
emperature. It is supposed that higher viscosity restrains disso-
ution of silicon nitride grains in the melt with a consequence of
ower concentration of ions needed for the precipitation. More-
ver, high melt viscosity hinders the material transport by means
f diffusion through the liquid.

Different growth of the diameter of pre-existing �-Si3N4
rains can be demonstrated by the different tendency of RE ele-
ents to segregate on different grain crystallographic surfaces

f silicon nitride. Shibata and Ziegler19,20 reported that La has
ncreasing preference for adsorption on the prismatic grain sur-
aces (preferred bonding to N), thus impede attachment of Si

o the growing interface, which is necessary step for diametric
rain growth. Larger diameter of needle-like �-Si3N4 grains for
u sample is explained by higher stability of Lu in the glass (pre-

t
a
t

ig. 5. Nitrogen content in monolithic samples before and after HP cycle.

erred bonding to O), whereby do not impede the attachment of
i and N to the prismatic plane.

XRD analysis shows that �- to �-Si3N4 phase transformation
as completed after the HP cycle for all sample compositions.
rystalline phases identified by XRD in the sintered samples are

isted in Table 1. In Y and Lu contained samples the RE disil-
cates were identified, in the case of Sm contained sample the
patite phase Sm10(SiO4)6N2 was detected. Elemental analysis
upports the phase analysis when the nitrogen content of the
ot-pressed Sm contained sample was higher compared to the
tate before hot-pressing. This measurement demonstrates the
igh solubility of nitrogen in the Sm2O3–SiO2 melt at 1750 ◦C
Fig. 5) marked by ellipsis. While in La- and Nd-containing sam-
les the secondary crystalline phases were not detected. If there
ere any present, their content was under the detection limit of
sed XRD equipment. In the case of Yb doped sample, identifi-
ation of observed diffraction peaks, probably corresponding to
he residual grain boundary phase, has failed.

.1.2. Si3N4/SiC micro/nano-composites
Microstructures of six Si3N4/SiC micro/nano-composites

intered with the different rare-earth oxides are shown in Fig. 6.
icrostructures consist of elongated Si3N4 micrograins and

andom distributed SiC nano-inclusions. The globular nano
∼30 nm) SiC inclusions are located intragranularly within the
i3N4 grains; while submicron sized (∼150 nm) SiC inclusions
re located between the Si3N4 grains intergranularly, these are
hown by arrows in Fig. 6. Lower viscosity liquid phase (larger
E elements) tends to form intragranular SiC inclusions whereas
igher viscosity (smaller RE elements) promotes formation of
ntergranular SiC inclusions. Evolution of the microstructure
f Si3N4/SiC micro/nano-composites (Fig. 7) is comparable
o the reference monolithic Si3N4 materials but generally, the

icrostructures are finer; this statement is consistent with the
ssumption that SiC inclusions hindered the grain growth of
ilicon nitride by grain boundary pinning. Based on the fact
3 4
he presence of SiC grains hindered silicon nitride grain growth
lso in this direction and thus influenced an average AR for
he composite materials (Fig. 8) which is slightly lower for
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Fig. 6. SEM micrograph of Si3N4/SiC micro/nano-composites containing (

ll composite samples in comparison to the reference materi-
ls.

Table 1 shows that the grain boundary/multigrain junctions
rystallised in the phases similar to those observed for mono-
ithic materials. Only substantial difference is a presence of
i2N2O in all cases, which means that part of SiO2 react with
i3N4 at the conditions of hot-pressing.

.2. Room temperature mechanical properties

.2.1. Fracture toughness of the monolithic Si3N4

The fracture toughness measured by Chevron notch bending
est of all monolithic samples with different ionic radius of the
E3+ oxide sintering additive is shown in Fig. 9. The toughness
lmost linearly decreases with increasing ionic radius of RE3+.

his tendency is in agreement with the decreasing of the apparent
spect ratio of Si3N4 grains measured on these samples (Fig. 3).

Higher fracture toughness of the samples with smaller RE ele-
ents (Lu, Yb, Y) seems to be a result of the reinforcing effect of

c
t
t
o

O3, (b) Nd2O3, (c) Sm2O3, (d) Y2O3 (e) Yb2O3, and (f) Lu2O3 additives.

he microstructure. Observation of the cracks path (cracks were
nduced using a Vickers indent at a load of 10 kg) in the La3+ and
u3+ containing ceramics showed that crack length of Lu-oxide
ontaining sample is much shorter compared to the La-oxide
ontaining sample (Fig. 10). Higher volume fraction of thin and
hick elongated Si3N4 grains in Lu-oxide containing sample lead
o the higher frequency of the pull-outs and frictional bridges
nd thus to the more effective dissipation of the crack energy by
oughening mechanisms. Šajgalík et al.23 reported that the high-
st toughness was obtained for Si3N4 ceramics containing high
requency of large reinforcing grains (AR > 4) with the grain
iameter >1 �m and/or the high frequency of the small diameter
longated grains (AR > 4). Fig. 4 shows that Lu sample consists
f combination of both microstructural reinforcements.

Linear decrease of the fracture toughness from Lu-oxide

ontaining sample to La-oxide containing sample has an excep-
ion, this is the Sm-oxide containing sample, characterized by
he lowest value of the K1c = 3.6 ± 0.31 MPa m1/2. Apatite-type
f secondary crystalline phase with the general formula of
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with the results of the fracture toughness of bulk Si3N4 materials
tested in present study.

Satet et al.1 found out that the fracture toughness of Si3N4
sintered with the different rare-earth oxides increases with
Fig. 7. Grain size distribution of Si3N4 gr

E10(SiO4)6N2 was detected for this sample, Table 1. Gener-
lly, apatite-type phase has a coefficient of thermal expansion of
0−5 K−1,24,25 which is much higher in comparison to Si3N4,
r RE2Si2O7. The presence of apatite phase located most prob-
bly in the triple points, with approximately three times higher
hermal expansion coefficient compared to the major silicon
itride phase results locally in the formation of significant resid-
al (tensile) stresses. These probably negatively influenced the
racture behaviour of such phase containing ceramics at tensile
oading.

This result prove the conclusion of many authors that besides
he microstructural factors also the phase composition and chem-
stry of secondary phases significantly affect the composite room
emperature fracture behaviour. Many studies of glasses simu-
ating the grain boundary composition of Si3N4 based ceramics

howed that the mechanical properties (hardness, fracture tough-
ess, Young’s modulus, etc.) of glasses doped with RE elements
s increasing with the cationic field strength, and/or inversely
ith the radius of RE3+.14–18,26,27 These results are consistent

F
m

r the Si3N4/SiC micro/nano-composites.
ig. 8. Aspect ratio of Si3N4 as the function of the ionic radius for the Si3N4/SiC
icro/nano-composites.
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ig. 9. Fracture toughness of the reference Si3N4 and Si3N4/SiC micro/nano-
omposites as the function of rare-earth elements ionic radius. w

a
a

Fig. 10. Crack propagation in the reference monolithic S

ig. 11. Hypothetically possible ways of crack paths: (a) crack propagation within t
GF.
Ceramic Society 30 (2010) 1931–1944

ncreasing ionic radius of RE3+. The explanation for this
ehaviour was given by the higher frequency of pull-out events
nd frictional bridges as the consequence of the lower interfacial
trength when the size of the RE3+ cation present in the grain
oundary phase increased. This observation is in the contrary to
he results presented here, when the fracture toughness decreases
ith increasing ionic radius of RE3+. There are two possible

xplanations for this behaviour. The first one is a microstruc-
ural aspect and second one is a compositional aspect. In present
ork the microstructures varied with the addition of different

are-earth oxides, i.e. AR increased from La3+ to Lu3+ addition.
owever, Satet et al. made efforts to develop microstructuraly

omparable bimodal microstructures for all samples. In their

ork they varied the sintering conditions (mainly the temper-

ture) in order to obtain the same/similar microstructures for
ll kinds of RE oxide additives. Nevertheless, their Lu-oxide

i3N4 materials: (a) La sample and (b) Lu sample.

he IGF and (b) crack propagating through interface between Si3N4 grain and
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ontaining sample displayed higher AR in comparison with the
ther samples, but K1c measured for this composition was the
owest of all. This indicates that the compositional aspect, also in
heir case, seems to be more important than the microstructural.
atet et al. used MgO as the sintering additive in addition to the
iO2 and RE2O3. However, adsorption sites of REs on the Si3N4
rain surface were studied and it is believed that their location is
nown. On the other hand, location of Mg in the nanometer-thick
ntergranular film (IGF) and/or grain/IGF interface have not been
nvestigated yet. Understanding the nature of the bonding within
he IGF and along the interface between the Si3N4 grain/IGF in
eramics with different composition of the additives is required
o give appropriate explanation for the crack propagation. For
xample, Becher et al.28 observed that increase of the Y/Al ratio
n self-reinforced silicon nitride with Si–Al–Y oxynitride glass
romotes debond path within the IGF due to the weakening of the
lassy phase. Fig. 11 shows a schematic picture of hypothetically
ossible ways of crack paths: (a) crack propagation within the
GF and (b) crack propagating through interface between Si3N4
rain and IGF (interfacial debonding). It can be deduced that in
ase (a) when the crack path run through the IGF, the fracture
ehaviour of ceramics should be dictated by the properties of
he residual glass. In present case, the fracture toughness of RE
oped ceramics decreases with increasing ionic radius of RE3+

n residual glass. This decreasing trend of ceramics is consistent
ith the dependence of fracture toughness of glasses doped by

he RE elements.27 By this similarity, it can be concluded that in
resent case the crack most probably propagates within the IGF
n reference Si3N4 based ceramics and the toughness of the bulk
aterial is dictated by the properties of glassy phase and not

y the strength of the bond between Si3N4 grain and IGF. This
racture, which is dependent on the glassy phase composition,
an be one of the reasons for the dissimilarities in the fracture
ehaviour of samples prepared by Satet et al.1 The knowledge
f chemical composition and the structure of the IGF are cru-
ial for this idea. The deep research of IGF with the thickness
1 nm is necessary. This investigation is rather problematic not

nly because of technical difficulties but also because of ques-
ionable reliability of the data obtained from a limited number of
RTEM micrographs. The first principle calculations coupled
ith HRTEM analysis could put more light to this problem.19

.2.2. Fracture toughness of the Si3N4/SiC
icro/nano-composites
Generally, for all prepared composite samples the measured

racture toughness values are slightly lower in comparison with
he reference monolithic silicon nitride materials (Fig. 9). One of
he plausible explanations of this observation can be attributed to
ner microstructures with the lower values of mean aspect ratio
f elongated grains in Si3N4/SiC composites and thus lower
ffectivity of the toughening mechanisms as crack bridging
nd/or whisker pull-out compared to the monolithic ceramics.
he comparison of fracture toughness of Si3N4/SiC micro/nano-

omposites and monolithic Si3N4 ceramics shows differently
haped dependence (stressed by the dashed arrows in Fig. 9)
ith respect to the size of ionic radius of used RE3+. The frac-

ure toughness of Si3N4/SiC micro/nano-composites containing

o
d
t
s

ig. 12. SiC grain size distribution in the La and Lu doped Si3N4/SiC
icro/nano-composites.

u3+, Yb3+ and Y3+ linearly decreases from 5.0 MPa m1/2 for
u3+ containing sample to 4.2 MPa m1/2 for Y3+ containing
ample. Even Sm3+ containing sample apparently follows this
endency. Samples containing Nd- and La-oxide additives are
ifferent, their values of fracture toughness are similar and more
r less the same as for the Y3+ containing sample. It seems
hat the fracture behaviour of Si3N4/SiC micro/nano-composites
s influenced by the presence of SiC nano-inclusions. It was
bserved that the distribution of SiC nano-inclusions within
he RE-oxide doped micro/nano-composites is different. Fig. 12
hows the size distribution of the SiC grains obtained from the
EM micrographs. The number of analysed SiC grains is lim-

ted (72 grains for Lu doped sample and 111 grains for La doped
ample) but some trends can be seen. La contained samples pro-
uces much higher number of small SiC grains with the average
ize of 44 nm while Lu doped sample has an average size of SiC
rains almost doubled, 77 nm. Finer SiC grains in La doped sam-
les indicate higher nucleation rate of SiC in the La2O3–SiO2
elt compared to Lu2O3–SiO2 melt.
From the microstructural observations it can be concluded

hat lower viscosity of liquid phase (larger RE elements) pre-
ominantly leads to the formation of intra-SiC inclusions and
igher viscosity (smaller RE elements) leads to the formation of
nter-SiC, as it is documented on the micrograph in Fig. 13. The
ower viscosity promotes solution–reprecipitation process and
he growth of �-Si3N4 grains. However, the growth of �-Si3N4
rains is hindered by the presence of SiC nano-inclusions but
he low viscosity liquid diminishes the interfacial energy, which
s beneficial for the entrapping of the smallest SiC inclusions in
he �-Si3N4 host grain.29 Higher fraction of intragranular SiC
as observed for La- and Nd-oxide doped samples compared to

he Lu- and Yb-oxide doped samples. The higher concentration
f intra-SiC probably restrains the microstructural and/or com-
ositional effect on the fracture toughness and consequently the
ecreasing tendency of toughness stopped for the La- and Nd-

30,31
xide doped samples. It was reported that SiC inclusions
istributed in Si3N4 matrix have a positive effect on the frac-
ure toughness because of the formation of significant residual
tresses within the silicon nitride matrix caused by the differ-
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Fig. 13. Distribution of SiC in La3+ and

nt thermal expansion coefficient of these two phases. Lower
racture toughness of composite materials presented here indi-
ates that intra-SiC nano-inclusions with an oxygen rich surface
ayer11 created by the carbothermal reduction of SiO2 with car-
on during the sintering process helped to relax the stresses
round the SiC inclusions and hence decreased the positive
nfluence of SiC nano-inclusions on the fracture toughness. The
owest difference in K1c values of Lu-oxide doped reference

nd composite samples compared to other compositions lead
o the assumption that higher frequency of inter-SiC inclusions
n Lu-oxide doped micro/nano-composite has a positive effect
n fracture toughness because of the higher incidence of crack

T
s
a
a

cations containing composite samples.

mpediment events. Crack can be deflected by the intergranular
iC inclusions.

.2.3. Hardness of the monolithic Si3N4
Fig. 14 shows the hardness as the function of ionic radius of all

onolithic Si3N4 materials. Hardness decreases with increasing
onic radius of RE3+ from 17.0 ± 0.40 GPa for Lu-oxide contain-
his dependence documents the fact that the chemical compo-
ition of secondary phases in ceramics has a strong influence
lso on the microhardness of ceramics. This observation is in
greement with the findings of other authors.32–34
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ig. 14. Hardness of the reference Si3N4 and Si3N4/SiC micro/nano-composites
s the function of rare-earth elements ionic radius.

.2.4. Hardness of the Si3N4/SiC micro/nano-composites
The hardness values of Si3N4/SiC micro/nano-composites

s a function of the ionic radius used RE3+ are also depicted in
ig. 14. The hardness values of Si3N4/SiC composite materials
re higher compared with SiC-free monolithic Si3N4 materials.
imilarly to monoliths also in this case the hardness decreases
ith increasing ionic radius of used RE3+ from 17.6 ± 0.47 GPa

or Lu-oxide containing sample to 16.8 ± 0.43 GPa for La-oxide
ontaining sample.

This slight increase of hardness of micro/nano-composites
ompared to the monoliths can be attributed to both,
icrostructural and compositional effect. Materials with a
ner microstructure usually have higher hardness because of
all–Petch effect35,36 referring the restricted dislocation mobil-

ty in smaller grains. On the other hand, higher hardness
f �-SiC single crystal compared to �-Si3N4 single crys-
al positively affected the microhardness values of Si3N4/SiC

icro/nano-composites. Distribution of SiC nano-inclusions in
he microstructure seems to be also an important factor for

icrohardness of ceramic micro/nano-composites. The hard-
ess values of Lu-oxide containing samples for the reference and
omposite materials are 17.6 ± 0.47 GPa and 17.0 ± 0.40 GPa,
espectively; the difference 0.60 GPa is almost in the range
f experimental error. The hardness values of La-oxide con-
aining monolithic and composite samples are 16.8 ± 0.43 GPa
nd 15.4 ± 0.14 GPa, respectively; the difference between them
.4 GPa is significant. This observation and the fact that the
icrostructure of La3+ doped composite sample contains mainly
iC intra-inclusions indicate the importance of the SiC nano-

nclusions distribution. Their presence within the Si3N4 grain
ncreases the nanohardness of this grain itself not only by higher
ardness of SiC nano-inclusion, but also by creation of sub-grain
oundaries37 which allow to act the Hall–Petch effect on this
ub-grain level. In this case, the effect of the chemical composi-
ion of the grain boundaries is lower and thus the slope of HV1
n composites is smaller compared to monoliths.
.2.5. Strength of the monolithic Si3N4

The four-point bending strength as a function of the ionic
adius used RE3+ for monolithic Si3N4 ceramics is shown in
ig. 15. Mean values of the strength of all samples are in the

o
i
a
o

ig. 15. Strength of the reference Si3N4 and Si3N4/SiC micro/nano-composites
s the function of rare-earth elements ionic radius.

ange of 759 ± 68 MPa for the Y-oxide containing sample and
14 ± 28 MPa for the Sm-oxide containing sample. The low
alue of the strength of Sm-oxide containing sample can be
ttributed to the presence of the apatite phase with high thermal
xpansion coefficient and the thus negative influence of residual
tresses in this particular sample are predictable. The highest
catter of measured values was determined for the Yb-oxide
ontaining sample, the lowest for the La-containing sample.

.2.6. Strength of the Si3N4/SiC micro/nano-composites
The strength of composite materials is given in Fig. 15 as a

unction of the ionic radius of used RE3+. The strength decreases
ith increasing ionic radius of RE3+: from 668 ± 83 MPa for
b-oxide containing sample to 532 ± 112 MPa for La-oxide

ontaining sample.
In majority cases as a crack origins the residual carbon areas

s well as agglomerates of SiC were detected, similarly to the
aterials investigated in the previous work of the authors.38

Fig. 15 shows that the bending strength of monoliths and
icro/nano-composites decrease with the increasing radius of
E3+. The processing of all samples was the same and thus it
an be assumed that in all cases the critical defects were on the
ame size level. If this assumption is correct, then according to
he Griffit’s theory the strength is directly proportional to the
racture toughness. For both series of samples, monolithic as
ell as composite ones the decrease of fracture toughness values

rom Lu3+ to La3+ doped samples was observed in present work.
he strength values follow the same tendency.

.3. High-temperature mechanical properties

.3.1. Creep resistance
The creep resistance was studied only for materials con-

aining a sintering additive with the smallest and the largest
onic radius of RE3+. These experiments were performed for Lu
nd La containing reference Si3N4 monolithic and Si3N4/SiC
icro/nano-composite samples. The strain-time dependencies
f La-oxide and Lu-oxide containing reference and compos-
te samples, respectively at 1350 ◦C and stress of 100 MPa
re shown in Fig. 16. Whereas, the reference monolithic Lu-
xide containing sample is characterized by nearly 1% strain
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Fig. 18. Strain rate–stress dependence of La and Lu composite samples.
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ig. 16. Creep deformation at 1350 ◦C and stress of 100 MPa of La and Lu
eference and composite samples.

t 1350 ◦C, the composite Lu-oxide containing sample shows
egligible strain change. The difference in strain is smaller
or both La-oxide containing monolithic Si3N4 and Si3N4/SiC
icro/nano-composite. The creep rate at 1300 ◦C is almost 1

rder of magnitude lower for Lu-oxide containing micro/nano-
omposite compared to the Lu-oxide containing monolithic
ample and almost 2 orders of magnitude lower than La-oxide
ontaining both monolithic and composite materials, Fig. 17.
he slopes of strain–stress dependencies of La-oxide and Lu-
xide containing micro/nano-composites at 1350 ◦C are close
o 1 (Fig. 18), indicating that the diffusion is the main creep

echanism.9,10

Also in the case of high-temperature deformation of
icro/nano-composites the intra/inter-SiC nano-inclusions dis-

ribution is a dominant for their behaviour. It was supposed and
y Figs. 13 and 16 it is documented that inter-SiC inclusions will
lay much more decisive role than intra-SiC. While for mono-
ithic and composite material containing La-oxide additives
he deformation curves are similar, the strain of the Lu-oxide
ontaining sample is much lower in the case of micro/nano-
omposite. The role of intergranular SiC inclusions is obvious.

ig. 19 strongly supports this statement while in the case of Lu
oped samples the residual content of oxygen is almost the same
or both reference and micro/nano-composite samples and thus

ig. 17. Comparison of creep rate for La and Lu reference and composite
amples.

t
d
a
r
c
o
g
h
b

4

m
b
Y
o
s
l
g

ig. 19. Oxygen content in both, reference Si3N4 and Si3N4/SiC micro/nano-
omposites after HP cycle.

nly difference from the chemical point of view is the distribu-
ion of intragranular SiC inclusions in the microstructure.

Viscosity of the glassy phase decreases with the increas-
ng temperature and softened intergranular glassy phase leads
o the grain-boundary sliding and consequently to the material
eformation. SiC inclusions distributed along the grain bound-
ries limit the grain-boundary sliding and hence improve creep
esistance. The highest creep resistance achieved for Lu-oxide
ontaining composite material is attributed to a positive effect
f inter-SiC inclusions and compositional aspect of the inter-
ranular phase. Intergranularly distributed SiC nano-inclusions
inder the grain-boundary sliding as it was previously published
y the authors.9,10

. Conclusions

The influence of the intergranular phase composition on
echanical properties of Si3N4/SiC micro/nano-composites has

een investigated using SiO2 and RE2O3 (RE = La, Nd, Sm, Y,
b, or Lu) as the sintering additives. Impact of the composition
f the intergranular phase on the formation of SiC has also been

tudied. The properties were compared with reference mono-
ithic Si3N4 material with the same composition of intergranular
lassy phase.
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The fracture toughness, hardness and strength of the reference
onolithic Si3N4 and Si3N4/SiC composite materials showed

ecreasing tendency with the increasing radius of RE3+. Distri-
ution of SiC nano-inclusions influenced the room temperature
echanical properties of Si3N4/SiC micro/nano-composites in

he sense that intra-SiC nano-inclusions decrease the fracture
oughness but increase the hardness. The creep resistance of
i3N4/SiC micro/nano-composites is improved by inter-SiC
ano-inclusions. Intergranularly located SiC nano-inclusions
inder the grain-boundary sliding. The distribution of SiC in
i3N4 matrix was probably influenced by the different viscosity
f liquid phase at sintering temperature; the viscosity decreases
ith increasing ionic radius of RE3+ in the order of quotation.
ower viscosity of liquid phase predominantly lead to the for-
ation of intra-SiC inclusion and higher viscosity lead to the

ormation of inter-SiC.
The best creep resistance was observed for Lu-based com-

osite material. This material has the highest creep resistance,
he highest hardness and reasonably high fracture toughness and
trength.
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SiC/Si3N4 nano/micro-composite processing, RT and HT mechanical prop-
erties. J Eur Ceram Soc 2000;20:453–60.
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