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Abstract

Bending and contact strength of a recently developed carbon derived SizN, + SiC micro/nanocomposite have been investigated in four-point and
opposite sphere modes using specimens with two different sizes of 3 mm x 4 mm x 45 mm and 1 mm x 2 mm x 20 mm. The fracture origins during
bending test were clusters of pores and large SiC grains with different size, shape and location, which resulted in relatively low strength (675 MPa
and 832 MPa) and Weibull moduli (6.4 and 8.6). The fracture origins in specimens tested in contact mode were cone cracks, originated and arised
during the loading, and their similar size and shape, together with the preexisting stress field resulted in high strength (1167 MPa and 1997 MPa)
and relative high Weibull moduli (17 and 15). In agreement with the theory, bending test specimens with smaller effective volume exhibited higher
strength. In contact test, interaction of cone cracks occured in the small specimens at lower load as in larger one, which resulted in the lower

strength of small specimens.
© 2009 Elsevier Ltd. All rights reserved.
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1. Introduction

Different approaches have been used during the last decades
with the aim to improve the room and high temperature prop-
erties, reliability and lifetime of silicon nitride based structural
ceramics.! Using the “nanoparticle strengthening” approach
Si3N4—SiC nanocomposites have been developed in which
nano-sized SiC particles are dispersed in the Si3N4 matrix
which usually are located either intragranularly, with a size
of approximately 30-40 nm, or intergranularly, with a size of
approximately 150-170 nm.*>

The influence of the composition and residual stresses on
the mechanical properties of SizN4—SiC nanocomposites have
been studied by a number of authors during the last 15 years.>-
Cheong et al.” found a very high room temperature strength
of a Si3Ny4—20 vol.% SiC nanocomposite with Y203 + Al,O3 as
sintering additives, however, a strength degradation occurred at
temperatures higher as 1000 °C. Nanocomposite with 4 wt.%
Y,03 of sintering additive had the lower room temperature
strength (approximately 1 GPa). However, this value of strength
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remained up to 1400 °C due to the direct bond of the intergran-
ularly located SiC particles to the Si3sN4 matrix and due to the
inhibition of grain boundary sliding and cavity formation. Dusza
and Sajgalik reported an increase in strength and Weibull modu-
lus from 987 MPa to 1203 MPa and from 6.7 to 19, respectively,
by the addition of 10% SiC to silicon nitride in a SiCN-derived
nanocomposite.® The good strength characteristics were associ-
ated with a fine and defect-free microstructure.

Usually the strength of ceramic materials is measured by
bending test, resulting in a stress state represented by an uniaxial
stress with a relatively small gradients.”!!

Considering practical applications, the mechanical loading
is often represented by a multi-axial stress state to be signifi-
cantly non-homogeneous. With regard to the determination of
the strength of ceramic materials under such a conditions the
multi-axial and non-homogeneous stress state can be obtained
using contact loading by line or point loads. During the last
decades numerous authors investigated the character of the
damage introduced during the Hertzian indentation in glasses
and different monolithic and composite ceramics.'>2% A great
advantage of the Hertzian indentation test is that the deforma-
tion in the substrate produced by the indenter is wholly elastic
until fracture occurs and the complications associated with the
residual stresses do not exist. Various forms of cone cracks
are observed and analyzed in brittle materials when indenter
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in the form of conical, spherical, or cylindrical are used called
as “the Hertzian cone crack.” Lawn has investigated cone cracks
developing from the free surface in spherical indentation'3!
and method for determination of the fracture toughness of brit-
tle material based on the length of the induced cone cracks
from a spherical indentation tests was suggested in Refs.!>17.
Hertzian indentation technique was used to measure surface flaw
sizes on polished ceramics and fracture toughness of different
ceramics.'® Finite element method has been used by Kocer and
Collins?” to model the growth of cracks in the Hertzian stress
fields and was found that the angle of the cone crack, as grown in
the model, is in excellent agreement with observations on exper-
imentally grown cone cracks in glass, with the same Poisson’s
ration.

The multi-axial and non-homogeneous stress state was
induced by line or point contact loading obtained by two oppo-
site rollers or spheres by Fett et al. during the last decade.?!~23
Application of symmetric sphere loading leads to even better
defined mechanical boundary conditions compared to the flat
supported specimen loaded by one sphere only. Fett et al. cal-
culated the stress solution for loading between opposite rollers
and successfully applied the rollers on rollers and spheres on
spheres contact strength techniques for the characterization of
strength and fatigue of brittle materials.?+~2’

Direct comparison of opposite spheres contact strength test
and bending test is difficult however the clarification of the char-
acter and mechanisms of fracture origins and their influence on
mean strength and the scatter of the strength in new structural
ceramics seem to be important.

The aim of the present contribution is to investigate and to
compare the strength and fracture behavior of a carbon derived
Si3N4—SiC micro/nanocomposite using bending and opposite
spheres contact strength methods and specimens with different
sizes/effective volumes.

2. Experimental procedure
The studied C-derived SizN4—SiC micro/nanocomposite,

with the composition listed in Table 1, was prepared at the
Institute of Inorganic Chemistry, Slovak Academy of Sciences

(a)

Fig. 1. Characteristic microstructure of the Si3N4 + SiC micro/nanocomposite (a) low magnification and (b) high magnification, plasma-etched, SEM.

Table 1
Composition of the starting mixture.

Compound

SizNy Y,03 C Si0y
Content (wt.%) 84.1 4.4 4.1 7.4

in Bratislava. The sample contained SiO; and C with the aim
to achieve 5wt.% of SiC by carbothermal reduction of SiO»
after densification. The starting mixtures were homogenized in
polyethylene bottle with SizN4 spheres in isopropanol for 24 h.
The dried mixture was sieved through 25 wm sieve in order to
eliminate large hard agglomerates. Green discs with a diameter
of 48 mm and 5 mm thick were die pressed under the pressure
of 30 MPa. Green discs were then embedded into a BN powder
bed and positioned into a graphite uniaxial die. Samples were
hot-pressed under a specific atmosphere, mechanical pressure,
and heating regime at 1750 °C for 2 h.

The microstructure of the nanocomposite was characterized
by X-ray diffractometry (XRD), scanning electron microscopy
(SEM), and TEM/HREM. XRD analysis was carried out using
a Philips X-part diffractometer equipped with a CuK, radia-
tion source. Polished and plasma-etched sections of the bulk
materials were examined in SEM. To prevent surface charging
during examination, the samples were coated with a thin layer
of gold. The overall structural and chemical characterization of
each specimen was carried out by conventional and analytical
TEM investigation with a JEOL 2010 microscope equipped with
an ultra-thin window for energy-dispersive X-ray spectrometer.

Thirty specimens with the size of 3 mm x 4 mm x 45 mm and
I mm x 2 mm x 20 mm were tested in four-point bend on fixture
with spans 20 mm/40 mm and 9 mm/18 mm, respectively. Before
testing, the specimens were ground to a 15 um by a diamond
grinding wheel. Both edges on the tensile surface were rounded
with a radius of about 0.15mm in order to eliminate failure
from the edges of the specimens. The specimens were broken at
a cross-head speed of 0.5 mm/min in ambient air.

The characteristic strength 0 pena Was determined by four-
point bending test and statistically analyzed by Weibull analysis
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Fig. 2. Schematical illustration of the testing fixture for contact strength test “shperes on spheres”.

considering the measured stress opepg in the form

3P(S1— $2)
2BW?

where B and W are width and height of a specimen, respectively.

The opposite sphere contact strength test (Fig. 1) was real-
ized, using the part of specimens after the bending strength test
at the loading rate of 0.5 mm/min. The strength was calculated
according to the Eq. (2).

: (N

00,cont =

1/3
1—2v, [ 6PE"? / 1

Omax = ) = )

3 R?

@

where E1, vy, are the elastic constants of the spheres and E3, v
the related parameters of the ceramic materials.>>

The characteristic strength and Weibull modulus were com-
puted using two-parameter Weibull theory and maximum
likelihood method.!!

After the bending and contact strength tests fractographic
methods have been used with the aim to identify and to describe
the fracture origins and the fracture process during the tests.?%2°

3. Results and discussion
3.1. Microstructure

The characteristic microstructure of the experimental mate-
rial is illustrated in Fig. 2a and b. The microstructure analysis
using ceramography and SEM revealed that technological
defects are present in the form of clusters of SiC and porosity
in the material only randomly. The Si3N4—SiC nanocomposite
consists of a very fine, homogeneously distributed Si3N4 grains
with a low aspect ratio. Globular nano- and submicron-sized
SiC particles are located intragranularly in the Si3N4 grains or

Table 2

14 - point bending n

11  mode T
| m=64
01 ¢,=675MPa i}

Inin(1/(1-P,))

31 contact mode T
1 m=17,1
E s, = 1997 MPa i
'5 T T T T T
55 6,0 6,5 7.0 75 8,0
Ine

Fig. 3. Weibull distribution of the strength values of standard specimens tested
in bending and in contact mode.

intergranularly between the SizNy grains. It was difficult to dis-
tinguish between the SiC particles located integranularly and
the grain boundary phase because they are similarly affected by
plasma etching. The mean diameter of SizNy grain is 140 nm
and grains with a diameter larger than 500 nm were observed in
the microstructure only occasionally. The volume fraction of the
SiC nanoparticles can be estimated approximately as 5 vol.%. X-
ray analysis revealed that the main phase in material is 3-SizNy
with a small amount of 3-SiC. Beside the SizNy4 and SiC, some
additional crystalline phases were detected in the composite,
mainly Y,SiO7 and SipN»O.

3.2. Weibull parameters and fracture origins

Weibull distribution of the measured four-point flexure
strength values of the investigated nanocomposite with the spec-
imen effective volume of 18.4 mm? is illustrated in Table 2 and

Weibull parameters of the composite in bending and contact mode for specimens with different sizes.

Method/Weibull parameters Bending/standard

3 x 4 x 45 (mm)

Bending/small

Characteristic strength (MPa) 675 832

Weibull modulus 6.4

Contact/standard Contact/small
1 x 2 x 20 (mm) 3 x 4 x 45 (mm) 1 x 2 x 20 (mm)
1997 1167
17.1 15.0
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Fig. 4. Characteristic fracture origin in standard specimens tested in bending.

Fig. 3a. Using the two-parameter Weibull statistics the character-
istic strength of material was og = 675 MPa and Weibull modulus
was m=6.4. Slightly higher value of characteristic strength
00 =832 MPa and Weibull modulus m = 8.6 was obtained tested
the specimens with effective volume of 1.55 mm?.

Weibull distribution of the measured contact strength values
of the investigated nanocomposite with the specimen effective
volume of 18.4 mm? is illustrated in Table 2 and Fig. 3b. Using
the two-parameter Weibull statistics the characteristic strength of
material was o9 = 1997 MPa and Weibull modulus was m=17.1.
Lower value of characteristic strength oo =1167 MPa and sim-
ilar Weibull modulus m =15 was obtained tested the specimens
with effective volume of 1.55 mm?>.

The characteristic strength and Weibull modulus of the car-
bon derived composite are lower in comparison with the param-
eters of the SiCN-derived Si3zN4—SiC micro/nanocomposite
tested in bending.>® Fractographic analysis of the fracture sur-
face of failed specimens revealed that the reason of the lower
characteristic strength of carbon derived composite compared
to the strength of the SiCN-derived materials is the presence of
processing flaws in the investigated material. In most cases the
location of the fracture origins/flaws were in the volume of the
specimens, but they were also located near the surface, on the
surface, and at the edges/surface (Fig. 4a and b). Fracture ori-
gins were in all cases processing flaws and machining induced

flaws were not found. Study of the size and shape of the fracture
origins revealed that their size was usually up to 60 um, with
the mean value of half-minor axis length of about 35 pm. Their
shape was mostly elliptical, but circular-shaped fracture origins
were also observed. In the majority of cases it was easy to define
the shape of the defects at least in two-dimension form. Frac-
tographic analysis of the fracture surfaces of failed specimens
combined with EDX analysis revealed two main types of pro-
cessing flaws acting as a failure initiating flaws in the studied
material. The first type of fracture origin was a porous region,
often connected with another type of flaws. The second type of
fracture origins was a cluster of large SiC grains.?!

The fracture origins after testing the specimens with a dimen-
sion of I mm x 2mm x 20 mm were the same volume defects
as described above, but they were located mainly at the tensile
surface or close to the tensile surface of the specimen (Fig. 5).

According to the result of ceramographic/fractographic
examination the fracture during the contact strength test
“between spheres” has been initiated under the surface of the
specimens and the fracture site is not connected with techno-
logical defect. In this case the fracture is caused by creation
and growth of the cone cracks during the test up to the critical
size (Fig. 6). The higher Weibull moduli (the lower scatter in
the strength values) in contact strength test between spheres is
caused by the cone cracks of similar size and shape at the failure.

Fig. 5. Characteristic fracture origin in small specimens tested in bending.



L. Hegediisovd et al. / Journal of the European Ceramic Society 30 (2010) 1059-1065 1063

/ Cone cracks N

e

Ya,

Fig. 6. Cone crack formation during the load in contact strength test.

3.3. Effective volume/surface and bending strength

As it was explained in several publications a very useful
concept of Weibull statistics is the effective volume, which per-
mits an easy rapid comparison of the strength of different-sized
specimens.3? For a uniform tension specimen the effective vol-
ume is equal to the actual volume in the gage length, VETensile = V.
However the strength test is very often realized in bending mode,
similarly as in the present contribution. If a bend specimen has a
maximum (outer fiber) stress of ooy ON it, this stress is equiv-
alent (same probability of failure) to a tensile specimen with the
same stress, but with an effective volume only, which varies with
the Weibull modulus. In the case of a 1/4 four-point rectangular
specimen the effective volume is

3

where m is the Weibull modulus and V is the volume of the
specimen within the fixture support span.

In the case when the fracture origins are located at the sur-
face of the specimens the Weibull integration should be over the
stressed surface and in this case it can be shown that the effective
surface for 1/4 four-point specimen is

S(m 4 2)?
SE4B 2o £ 1) “
where S is the surface of the specimen within the fixture support
span.
For specimens used in the present investigation
this results in the effective volume of the standard
specimen  Vgapsiangd = 18.4 mm’ and of small specimen

VE4Bsmall = 1.55 mm> and effective surfaces of the standard
specimen Sg4pstand = 188.13 mm? and of small specimen
Sgapsman =45.72 mm?, respectively. From these results is evi-
dent that the ratio of the effective surface/effective volume for
small specimen (approx. 34) is significantly higher compared
to this ratio for standard specimen (approx. 10). Probably this
is the reason that in the small specimens the surface related
defects/fracture origins occured more frequently and the volume
defects, located with a certain distance from the tensile surface
of the specimens less frequently than in standard specimens.
According to the fractographical results the sub-surface located
defects were smaller with similar size which probably results

mm

Fig. 7. Schematic illustration of the cone cracks propagation and their mutual
interaction or interaction with the side of the specimen in the case of standard
and small specimens.

in the higher strength and Weibull modulus in comparison to
the standard specimens.

3.4. Specimen size and contact strength

Very high strength and Weibull modulus were obtained dur-
ing the contact strength test of the material between spheres,
00.stand = 1997 MPa and mgiang=17.1 for the specimens with
larger volume and o gmai1 = 1167 MPa and mgma =15 for the
specimens with smaller volume, respectively (Table 2). Fett
et al.>? investigated the strength behavior of different alumina
ceramics in bending and contact mode and found significantly
higher Weibull exponents m in contact loading test and the char-
acteristic strengths in contact loading was higher by a factor of
4-5 than those for bending. They studied the conditions for the
stable and un-stable cone cracks propagation in these materials
and found that the cone crack propagation at small cone crack
sizes is stable, since the load must increase for increasing cracks.
For larger crack lengths, the influence of the interaction of the
two cone cracks and interaction of the cone cracks with the free
side surfaces of the specimens can cause the catastrophic failure.
It seems that there are 3 possibilities for the specimen failure in
contact test between spheres. The first and second (for small
specimens), when the two cone crack systems mutually interact
or interact with the specimen sides. Third, in the case of large
specimens when failure of the whole specimen occurs after the
strong damage of the contact region. Our experiment illustrated
that in opposite sphere contact strength test using specimens
of different sizes the failure takes place in different ways. At
the beginning in small as well as in larger specimen cone cracks
originated with the angle of 29° and extended during the increas-
ing load. In the case of the specimens with size of W=3 mm and
B =4 mm and length of 20 mm (see Fig. 7) no mutual cone cracks
interaction could occurred and the cracks interacted the speci-
men side at the crack length of ¢ =B/2 cos 29° =2.29 mm, if the
cone cracks did not reach the critical size before.??
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In the case of the small specimens with W=1mm and
B=2mm the cracks probably mutually interact at the crack
length of approximately cgman = W/2 sin29° =0.52 mm.

Probably this is the reason of the lower contact strength
of the material tested using the small specimens. The above
consideration is valid however in the case of straightforward
crack growth only. According to our results, in agreement
with the results of the literature, the cone cracks can change
their direction during their growth.?® The reduced scatter in
contact strength tests using both specimens dimension can be
interpreted as a consequence of the extension of cone cracks,
developed during the sphere loading as well as the similar critical
crack sizes.

4. Conclusions

Bending and contact strength of a carbon derived in situ rein-
forced Si3N4—SiC micro/nanocomposite have been investigated.
The following main results were found:

e The Weibull parameters in bending were oo=675 MPa/
o0 =832 MPa and 6.4/8.6 and in contact sphere on sphere test
o0=1997 MPa/o(=1167 MPa and m=17.1/m =15 for spec-
imens with standard and small specimens size, respectively;

e The Weibull parameters in bending mode were determined
by processing related defects—fracture origins, located in
bulk and at sub-surface of the specimens. The material tested
using specimens of smaller size exhibited higher character-
istic strength as well as Weibull modulus due to the smaller
and more uniform fracture origin;

e The Weibull parameters in contact mode were determined by
cone cracks, originated and arised during the increasing load
and results in high Weibull moduli. The interaction of cone
cracks in specimen with smaller dimension resulted in lower
contact strength.
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