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Abstract

Relations between composition and mechanical properties of the SizN4/SiC micro/nano-composites were studied by combination of nano-
indentation and Vickers indentation techniques. The SizN,/SiC composites were prepared from crystalline Siz;Ns powder doped with SiNC
amorphous precursor and yttria as the sintering aid. During sintering the SiNC precursor crystallised to yield both SiC and Si;Ny4. The in situ
formed SiC particles were located both inter- and intra-granularly. The presence of SiC nano-particles enhanced the nano- and macro-hardness,
and the fracture toughness of the composites. The nano-hardness of Si;N4/SiC composites ranged between 20 and 24 GPa, and depends on the
volume fraction of SiC. The nano-hardness of individual Si3N4 grains exhibited large scatter as the consequence of the presence of intra-SiC
inclusions, which directly influence the measured values as the harder phase, or by generating large thermal stresses within Si; N, grains. Con-
sequently the scatter of nano-hardness was much larger than in case of macro-hardness where the measured values are averaged over large area.
The nano-indentation of grain boundaries indicates that the boundaries are much softer than the surrounding matrix phase. Apart of indentation
size effect (ISE) this is believed to be an additional reason why the measured values of macro-hardness are lower than the nano-hardness. The
maximum fracture toughness (5.8 MPam'?) was achieved for the composite with the total amount of 8 wt.% SiC, where a percolating network of
intergranular SiC particles was formed, as indicated by the measurement of electrical resistivity.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction SiC,35 Al,03/SiC.,° TiC/SiC”® and many others have been
reported.
Promising candidates for advanced applications are

Si3N4/SiC micro/nano-composites. Doping of the starting Siz Ny

Owing to their good mechanical properties the modern
advanced ceramics are the materials of interest for vari-

ous engineering applications. The recent trends in materi-
als engineering favour composite materials against the more
traditional monolithic ceramics. The new kind of ceramic
composites called nano-composites, exhibit improved proper-
ties compared with “pure” monolithic ceramics. Successful
preparation of advanced composites of SisN4/TiN,!2 SizN4/
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powder with amorphous SiNC precursor was reported as a suit-
able route of preparation of such materials.® During sintering
the amorphous SiNC crystallises, and yields SiC and Si3zNj.
Other perspective route for preparation of “low cost” SizN4/SiC
composites is the addition of silica and carbon into the starting
powder mixture. !0 Silica reacts with carbon, and the carbother-
mal reduction yields the desired SiC. In both cases the in situ
formed SiC particles are located in two positions: within the
SizNy grains (intra-particles) and at grain boundaries (inter-
particles). -1
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Owing to the presence of SiC inclusions the composites
exhibit improved mechanical properties at room and elevated
temperatures. Especially, remarkable improvement of creep
resistance was observed.” The presence of inter-SiC particles
at SizNy grain boundaries and in triple pockets increases the
internal friction on grain boundaries by grain boundary pin-
ning. Moreover, residual carbon changes the chemistry of glassy
phase. Carbon reacts with silica, which depletes the glassy phase
of SiO; and shifts the composition of residual glass from nearly
eutectic to compositions with higher melting temperature.

The mechanisms, how the intra-SiC particles influence the
mechanical properties of SizN4/SiC micro/nano-composite are
still discussed. Nano-indentation appears to be a useful tool for
investigation of the direct influence of SiC particles in nano-
composites on mechanical properties, owing to the possibility
of direct characterisation of interior part of micrometer sized
matrix grains with dispersed nanophase.!? As a consequence the
influence of intra-inclusions on macro-mechanical properties
can be estimated.

The present work attempts to use nano-indentation combined
with standard hardness measurements as a way to elucidate the
influence of SiC nano-inclusions on the hardness and fracture
toughness of SizN4/SiC composites.

2. Experimental

Si3N4 powder (UBE Industries, Ltd., Japan, grade SN-E10)
was mixed with Y,03 (H.C. Starck, Germany, grade F) and
amorphous SiNC powder. The SiNC amorphous powder was
prepared by pyrolysis of polysilazane based precursor NCP 200
(Nichimen, Japan) at TU Darmstadt as a microstructure modify-
ing additive. The chemical compositions of the studied samples
are listed in Table 1. The powder mixtures were attrition milled
in isopropanol for 4 h. The dried powders were sieved through
25 pm mesh screen to remove agglomerates. Samples were uni-
axially pressed in a steel die at 100 MPa pressure in order to
prepare the cylindrical pellets with the diameter of 12 and 10 mm
height. Green bodies were embedded into BN and hot-pressed at
1750 °C for 1 h under slight overpressure of nitrogen (0.12 MPa)
and with 30 MPa load.

The densities of samples were measured by Archimedes
method in mercury. The theoretical densities were calculated
according to the rule of mixtures. For the microstructure anal-

Table 1
Chemical composition of the starting materials

Samples Chemical compositon
Si3Ny (Wt.%) SiNC (wt.%) (SiC)? (wt.%) Y203 (wt.%)

SN-0 95 - 5
SN-1 85.5 9.5 (2.6) 5
SN-2 76 19(5.2) 5
SN-3 66.5 28.5(7.8) 5
SN-4 57 38(10.3) 5
SN-5 475 47.5(12.9) 5

2 The fraction of SiC calculated from the amount of added SiNC powder. SiC
formed by carbothermal reduction is not considered.

yses the hot-pressed materials were cut, polished, and plasma
etched with CF4+ O, gas mixture. The microstructures were
examined by scanning electron microscopy (SEM, Zeiss, EVO
40) and by transmission electron microscopy (TEM). Analyt-
ical transmission electron microscopy was performed using a
Gatan imaging filter mounted on a Philips CM20 TEM/STEM
(acceleration voltage 200 kV, equipped with LaBg cathode). The
Si3N4—SiC composite of thickness 100 pm was dimpled to a
thickness of about 20 wm. The thin foil was then ion-milled
until perforation.!3!4 Chemical analyses were carried out by
electron dispersive X-ray analysis (EDX) and electron energy
loss spectroscopy (EELS), respectively.

Macro-hardness was determined using Vickers indentation
method (LECO Hardness Tester, Model LV-100AT) at the load
of 9.81 N. Nano-hardness was determined by depth sensing qua-
sistatic tests on a Hysitron Triboscope mounted on the scanner
head of a DI (Veeco) Dimension 3100 atomic force microscope
(AFM) using the Berkovich indenter. This device allows posi-
tioning of the indents with an accuracy of <20 nm. Due to very
small size and depth of indents the preliminary nano-hardness
measurements were for all compositions influenced by the sur-
face characteristics of tested specimens. Systematic study of the
applied load versus nano-hardness showed the loading of 2.0 mN
as the optimum load for elimination of this effect. At this load the
influence of the surface layer on the measured hardness values
was negligible, and crack formation was not yet observed. Each
sample was indented more than 70 times, and the imprints in the
vicinity of microstructural defects (pores, removed grains, etc.)
were excluded from the evaluation of measured data. Fracture
toughness was determined by indentation method at the load of
98.1 N, and calculated by the method described by Shetty et al.!>
Electrical resistivity was measured by Wan der Paul method at
25 °C. Ultrasonically soldered indium pads were used as con-
tacts.

3. Results and discussion

All measured samples were nearly fully dense (>98% TD).
The density partially decreased with increasing content of the
SiNC precursor in the starting powder. The highest porosity (2%)
was observed in the sample SN-5 with the highest content of SiC.
Characteristic microstructures of sintered samples are shown in
Fig. 1. Microstructure of the sample SN-0 (Fig. 1a) consists of
elongated SizNy grains separated by grain boundary phase. In
the case of Si3N4 samples doped with the SINC powder the amor-
phous precursor crystallized during sintering and formed SiC,
Si3Ny and free carbon. The stoichiometry of the SiCN precursor
suggests that the amorphous SiNC powder yields on crystallisa-
tion 66.36 wt.% of SizNy, 27.21 wt.% of SiC and 6.43 wt.% of
residual carbon. Increased content of SiC resulted in markedly
altered microstructure. Generally, SiC grains and residual car-
bon formed from the SiNC precursor hindered the grain growth
of Si3Ny (Fig. 1a—f). Therefore, the sample SN-5 (Fig. 1f) con-
sisted of fine, mostly equiaxed silicon nitride grains with only
small fraction of elongated grains.

Location of the intra- and inter-granular inclusions within
Si3N4 matrix is shown in Fig. 2. The detailed EELS and EDX
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Fig. 1. Characteristic microstructures of (a) SN-0, (b) SN-1, (c) SN-2, (d) SN-3, (e) SN-4, and (f) SN-5 samples.

150 nm

Fig. 2. TEM-bright field image of samples SN-2 with SiC nano-inclusions: (a) inter and (b) inter + intra.
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Fig. 3. Chemical analyses of the intra nano-inclusion within the sample SN-2.

analysis confirmed that the chemical composition of the nano-
inclusions is equivalent to that of SiC (Fig. 3). The twining of
intergranular inclusions was also observed (Fig. 2a), which is
the characteristic feature of crystalline SiC. The intra-nano-SiC
inclusions could be visualized also by AFM (Fig. 4a) where they
appear as brighter spots within darker silicon nitride grains.
The measurements of electrical conductivity revealed the
percolation threshold of intergranular SiC particles has been
achieved in the composite SN-3 containing estimated 8 wt.%
SiC (Table 2). Silicon carbide is a semi-conductor, while sili-
con nitride is an insulator. The measurements showed that the

Table 2

Electrical resistivity of SizN4/SiC micro/nano-composites
Samples p (2m)

SN-0 Non-conductive
SN-1 Non-conductive
SN-2 Non-conductive
SN-3 22.85

SN-4 11.75

SN-5 50.18
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Fig. 4. Characteristic surface of sample SN-2 (a) before (b) after indentation.

samples SN-0, SN-1 and SN-2 are insulators, while the sam-
ples SN-3, SN-4 and SN-5 are conductive, which is attributed
to formation of conductive path of percolating network of inter-
granular SiC particles, with possible contribution of free car-
bon. Higher SiC content enhances the electrical conductivity
by increasing the effective cross-section of conductive paths.
Increased electrical resistivity of the SN-5 can be attributed to
slightly higher residual porosity of this material.

The nano- and macro-hardness of SizN4/SiC composites is
shown in Fig. 5. It is known from the literature that the nano-
hardness is markedly higher than the macro-hardness owing to
the lower indentation load applied. This effect is sometimes
described as the indentation size effect.'>1® The same effect was
observed also in the case of the studied composite materials. The
nano-hardness of final composites continuously increases with
increasing content of the SiNC additive. In the case of nano-
indentations the microstructural features, such as the matrix
grain size, are not expected to have a significant influence on the
mean values of nano-hardness due to the fact that indents are
small and usually occur within a single grain (Fig. 4, the dark
triangles are nano-indentation imprints). However, the scatter of
data, especially in composites, is expected to be larger due to
the presence of intra-SiC nano-particles, which can interact with
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Fig. 5. Comparison of nano- and macro-hardness of Si3zN4/SiC micro/nano-
composites.

some of the indents and influence the measured hardness values.
The harder intra-SiC grains can be nano-indented either directly
or together with the surrounding matrix grain, and consequently
increase the measured nano-hardness values.

The second mechanism affecting the nano-hardness is the
presence of internal stresses within the SizNy grains due to the
thermal expansion mismatch of silicon nitride matrix and intra-
SiC particles. The calculated value of internal stress can be as
high as 1.3 GPa.!” However, the range of internal stress zones
is relatively short, and the decrease of stresses in the direction
from the SiC-Si3Ny interface is relatively sharp. Moreover, the
majority of intra-SiC nano-particles were enwrapped in a thin,
amorphous oxygen-containing film (Fig. 3). This glassy inter-
layer can relax the stresses in the course of cooling by plastic
deformation. Consequently, the real residual stresses in such
system are smaller compared to the theoretical calculations car-
ried out for direct contact of SiC and Si3Ny grains. However,
some of the examined SiC—Si3zNy4 grain boundaries were free
of glass. In this case, both phases were most likely formed by
direct crystallisation from the SiNC amorphous precursor, with-
out direct contact with the melt.!" The residual stress balance
in Si3Ny grains is even more complicated if several SiC nano-
inclusions are present within one grain, and the internal stress
fields induced by individual SiC nano-grains overlap.

Except of the influence of SiC inclusions in the Si3N4 matrix
the scatter of measured nano-hardness data can be caused also by
the indentation of different crystallographic planes of SizNy.!'8
Dusza et al. showed that the Vickers micro-hardness of prismatic
planes is 2120kg mm~2, while the basal planes had a hard-
ness of only 1330 kg mm~2.!° This difference is remarkable and
should be considered when evaluating the nano-hardness data.
However, in this work the influence of crystallographic plane
orientation was not evaluated due to the lack of statistically sig-
nificant set of data.

It was shown that in the case of SiC the diameter of the plas-
tically deformed zone beneath the indent is about five times
the lateral width of the observed permanent indent.”’ In the
case of nano-indentation of SizNy4-based ceramics the situation
is most likely very similar. The individual grains were there-
fore originally indented with the spacing larger than five indent
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Fig. 6. AFM image of single Si3Ny grain in sample SN-1: (a) before and (b) after indentation.

diameters. The measured nano-hardness of an individual grain
in the sample SN-1, which did not contain intra-SiC particles
was 22.5 &+ 1.3 GPa. Afterwards, more indentations were made
between the existing indents (Fig. 6b), in order to verify the
possible influence of plastically deformed zone of the origi-
nal indents to the indentation response of Si3N4. No significant
influence of neighboring indents was observed.

Interesting results were provided by nano-indentation of
a single Si3Ny4 grain in the sample SN-2, which contained
several SiC inclusions (Fig. 2). The measured hardness was
25.3 £ 1.4 GPa, which is significantly higher than the average
nano-hardness of the same sample shown in Fig. 5. In this case
the presence of SiC inclusions is likely to cause the deviation
from the average value. It is therefore concluded that the pres-
ence of intra-SiC nano-inclusions has a marked influence on the
nano-hardness of individual Si3Ny grains.

The hardness of grain boundaries was estimated by direct
nano-indentation of interparticle boundaries. However, to carry
out the experiment is very difficult due to the fact that the
true grain boundary hardness is practically impossible to mea-
sure. The thickness of grain boundaries is in the range of only
few nanometers, while the triangular imprints are much larger
(~50 nm). The measured values are therefore always influenced
by the surrounding matrix. The grain boundary hardness must
be therefore considered only as an approximate estimate, which
includes information about the hardness of the thin glassy grain
boundary film, the interface between the film and the adjacent
matrix grain, and partially also about the hardness of the SizNa
grain itself. The measured “grain boundary nano-hardness” var-
ied for all compositions between 15 and 19 GPa. This indicates
that the hardness of grain boundaries is significantly lower than
that of the ceramic matrix. Consequently, the grain boundary
phase reduces the macro-hardness of the Si3N4/SiC micro/nano-
composites. Similar results were reported also for liquid phase
sintered SiC.2! Nevertheless, the reduction of hardness due to
the influence of softer grain boundary phases is expected to vary
significantly, depending on the composition of grain boundary
phase. In our previous work 10 and 11 we reported on the influ-
ence of addition of free C on the composition of grain boundary
glass in SizNy4 ceramics. Carbon reacts with grain boundary

phases, yielding SiC by carbothermal reduction of silica, and
effectively depleting grain boundary glass of SiO;. The addition
of sufficient amount of C can in extreme case yield virtually
silica-free grain boundaries, with positive influence on creep,
and possibly, hardness.

Fig. 5 shows that both nano- and macro-hardness follow
the same trend. They increase with increasing content of
the SiNC additive, i.e. with increasing content of SiC nano-
particles. The sample SN-0 (pure Si3N4) with coarse grained
microstructure consisting of elongated [B-Si3Ny grains has
lower macro-hardness than the SiC-containing specimens with
finer microstructures (Fig. 1). The macro-hardness is likely to
increase due to apparent refinement of the Si3N4 matrix grains
to the size of SiC interparticle spacing.’ Plastic deformation
in Si3Ny ceramics is the result of formation of intragranu-
lar slip bands,?” or by motion of dislocations.>* The observed
microstructure refinement might then increase the hardness by
affecting the dislocation mobility due to an increase of the energy
barrier for dislocation movement. Similar increase of hardness,
attributed to decrease of dislocation mobility due to high density
of grain boundaries, was observed in nanocrystalline alumina.>*

Although the influence of finer microstructure can be consid-
ered as one of the mechanisms responsible for the increase of
hardness, the higher hardness of composites must be attributed
mainly to the increasing content of SiC inclusions.

Kic / MPa.m1/2

0 3 6 9 12
x(SiC) / wt. %

4.8

Fig. 7. Fracture toughness of Si3N4/SiC micro/nano-composites.



M. Balog et al. / Journal of the European Ceramic Society 27 (2007) 2145-2152 2151

Fig. 8. SEM view of crack paths in sample: (a) SN-3 and (b) SN-4.

Generally, the positive influence of SiC nano-particles
(inter + intra) on the macro-hardness can be attributed to the
following aspects:

(1) SiC nano-inclusions are harder than the SizNy grains;

(2) formation of internal stress zones;

(3) nano-SiC inclusions (intra) hinder the movement of dislo-
cations at external load within the SizNy grains;

(4) generally finer microstructure, which also decreases the dis-
location mobility due to higher grain boundary density.

The indentation fracture toughness of Si3N4/SiC micro/nano-
composites is summarized in Fig. 7. The fracture toughness
increased with increasing content of SiNC amorphous precur-
sor up to 30wt.% of SiNC (~8wt.% SiC) precursor in the
sample. The fracture toughness of the SN-3 specimen was
higher than that of the other compositions. At even higher
amounts of the SiNC added the fracture toughness slightly
decreased. Similar results have been reported for SizN4/SiC
composites by Tian et al.?> In their case the reported optimum
content of SiC nano-inclusions was 5 vol.%. In this work sample
SN-3 with the highest fracture toughness contained approxi-
mately 8 wt.% of SiC nano-particles localized both inter- and
intra-granularly.

The observed toughening of Si3N4/SiC micro/nano-
composite is caused by optimum combination of the microstruc-
ture of fine elongated Si3N4 grains and the presence of
nanometer-sized SiC grains. The elongated SizN4 grains with
high aspect ratio increased the fracture toughness by dissipation
of fracture energy by crack deflection and bridging in synergy
with internal stresses generated by the presence of intra-SiC
nano-inclusions (Fig. 8a). At 8 wt.% SiC content the percolation
threshold of inter-SiC particles was achieved, as was determined
by the measurement of electrical conductivity. The mechanisms
of the action of percolating inter-SiC particles on fracture tough-
ness are not clear in this case. On the other hand, sample SN-4
and SN-5 with higher amount of SiC inter and intra particles
(~10 and 13 wt.% SiC) exhibits different mechanism of crack
propagation (Fig. 8b). In this case trans granular mechanism
comparing to the sample SN-3 with inter granular have been
observed. It seems that higher content of SiC particles then

approximately 8 wt.% (SN-3) has negative effect on fracture
toughness due to the changing of crack propagation mecha-
nism. Therefore, it could be concluded that the presence of SiC
nano-grains could result in improved mechanical properties but
only up to optimized amount of SiC nano-inclusions located in
the Si3sNy4 micro-grains. Higher amount of SiC nano-inclusions
probably changed the internal integrity (strength) of elongated
Si3Ny grains, which result to their trans granular fraction. In this
case the strength of grain boundary phase becomes higher than
the strength of Si3Ny grain itself.

4. Conclusions

Dense Si3N4/SiC micro/nano-composites were prepared
from commercial Si3N4 and SiNC amorphous precursor by
liquid phase sintering. The SiNC precursor crystallised dur-
ing sintering to yield SiC, Si3N4 and residual carbon. The in
situ formed SiC nano-particles were located in two different
positions: as inter and intra grain nano-inclusions. The increas-
ing content of the SiC particles increased both the nano- and
macro-hardness of Si3N4/SiC micro/nano-composites. It is sug-
gested that the SiC nano-inclusions influence the hardness by
the presence of the harder SiC nano-particles within the softer
Si3N4 matrix. Other possible mechanisms of hardness enhance-
ment include microstructure refinement, which might increase
the hardness by hindering the dislocation motion within silicon
nitride matrix grains.

The maximum fracture toughness 5.8 MPam!? was mea-
sured in the sample containing estimated 8 wt.% SiC, which
corresponds to the percolation threshold of intergranular
SiC particles as determined by measurement of electrical
conductivity.
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