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Abstract

The paper deals with the determination of strength of ceramic materials and a micro-
structural analysis of strength-degrading defects. Strength is determined by mechanical tests
in bending and contact modes. The bending and contact modes are simulated by a four-point
bending test and single-cycle contact tests using rollers or spheres, respectively. The determ-
ination of strength is based on the Weibull analysis which is used for the determination of the
characteristic strength o9 and the Weibull modulus m. Accordingly, numerical values of 00 bend
and 0, cont related to the four-point bending test and the single-cycle contact test using rollers,
respectively, enable to define a relationship between 0o bena and co,cont. Similarly, the same
relationship is determined between numerical values of myena and Mmeont. These relationships
confirm the validity of the Fett’s theory. In case of the bending mode, the strength-degrading
defects are represented by flaws, which originate during the processing of a material. In case
of the contact modes, different types of cracks, which are formed during mechanical loading,
represent the strength-degrading defects. A detailed analysis of parameters of the cracks is also
presented. The mechanical tests were applied to monolithic and composite ceramic materials
represented by SizNy4, SiC and MoSiz + 10 % Si, respectively.
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1. Introduction

Conventional tests used for the determination of
strength of ceramic materials (e.g. three- or four-point
bending tests) describe failure behaviour related to
simple stress states. The simple stress states com-
prise mostly uniaxial stresses with relatively insigni-
ficant stress gradients. In case of practical applica-
tions, mechanical loading often leads to significantly
inhomogeneous multi-axial stress states. In case of
laboratory measurements, contact line or point load-
ing can simulate the inhomogeneous multi-axial stress
states. Two opposite rollers or two opposite spheres
can induce the contact line or point loading, respect-
ively.

In general, strength of ceramic materials is influ-
enced by the presence of flaws, which originate during
the material processing [1-6]. The determination of
strength of ceramic materials is based on statistical
methods, usually represented by the Weibull analysis

(see Section 2). The Weibull analysis results in the
determination of the characteristic strength oo pend
and 09 cont along with the Weibull moduli mypenq and
Meont, related to the bending and contact modes, re-
spectively. The determination of g cont, Mcont COD-
siders a theory valid for a single-cycle contact test
using rollers or spheres proposed by Fett (see Eqgs.
(7), (9), (10)). Furthermore, the Fett’s theory defines
relationships between the Weibull parameters og cont,
Meont Of the single-cycle contact test using rollers and
the Weibull parameters oo bend; Mbena Of the four-
-point bending test (see Egs. (6), (8)). Additionally,
the relationships are verified by experimental results
in Table 2 (see Section 5.2.1). Finally, in contrast to
the experimental results in Table 2, no relationships
between the Weibull parameters oo cont, Mcont Of the
single-cycle contact test using spheres (see Section
5.2.2) and 00 bend; Mbend can be defined (see Table 3).

Strength of ceramic materials determined by the
four-point bending test (see Sections 5.2.1, 5.2.2) and
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the single-cycle contact test using rollers (see Section
5.2.2) is assumed to be influenced by the presence of
flaws in a form of pores to represent fracture origins.
The flaws arise during the processing and /or the speci-
men preparation (e.g. grinding). Additionally, the con-
tact mode performed by rollers induces different types
of cracks, i.e. lateral, median and contact end cracks
(see Fig. 7).
The contact mode performed by spheres induces
cone cracks to cause material failure (see Section
5.2.2), except of the ceramic material to exhibit a
quasi-plastic character in compression. The quasi-
-plastic character in compression is assumed to be a
reason of the initiation and the propagation of me-
dian cracks (see Fig. 12e). Stable growth of the cone
cracks leads to higher values of mont compared with
lower ones of mpeng. Accordingly, the higher values
of Mmeont correspond to significant preciseness of the
determination of strength of ceramic materials. Ad-
ditionally, the single-cycle contact test using spheres
results in higher values of 0 cont compared with those
determined by the four-point bending test and the
single-cycle contact test using rollers (see Tables 2,
3).
Finally, the contact test performed by spheres thus
enables to obtain reproducible results. On the one
hand, the determination requires large amount of spe-
cimens. On the other hand, the specimens are of small
dimensions what is an advantage of this experimental
technique, which is thus suitable for new developed
ceramic materials.

2. Weibull analysis

Strength of a ceramic material is significantly influ-
enced by the presence of flaws to originate during the
processing. Accordingly, strength of a ceramic mater-
ial is required to be determined by a suitable statist-
ical function to consider the distribution of the flaws.
The most used function to describe the distribution
of flaws in a ceramic (brittle) material proposed by
Weibull is derived as [7]

2N

where P; is probability of failure, N is number of
measured values of the strength o; related to the
th measurement, og is characteristic strength, m is
a Weibull modulus. Additionally, the increase of the
natural number i is required to correspond to the in-
crease of a value of g;, i.e. 0; < 0;41 for i =1,..., N.

Equation (1) is transformed to the form
y =mz + a, 3)

where y, z, a are derived as

yzl“{“l [zuvz—in]}’

z=Ino;, a=-mlnoyg. (4)

A line with the tangent m can fit experimental val-
ues of y and z illustrated in the y-a-plot. With regard
to Eq. (3) and the parameter a (see Eq. (6)), a point
on the line with the coordinate y = 0 determines the
coordinate Ino = Ino;. The condition y = 0 results
in the failure probability Pr = (e —1) /e = 0.632,
ie. 63.2 %, and e = 2.718282 is the Euler num-
ber.

3. Fixtures for mechanical tests
3.1. Four-point bending test

A fixture used for the four-point bending test ap-
plied by the load P to the prismatic specimen 2 with
the dimensions W x t x L is shown in Fig. 1, where
S1 and S5 are outer and inner spans, respectively. The
strength openq used for the determination of the char-
acteristic strength 0g bena by the Weibull analysis (see
Section 2) has the form [7]

3P (51— S
00,bend = % (5)

P

1

/

Sy >

—(l)- s, -(l)— Nt
L

Fig. 1. A fixture used for the four-point bending test ap-
plied by the load P to the prismatic specimen 2 with the
dimensions W x t x L.
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Fig. 2. Front (a) and side (b) views of a fixture used for the

contact test using rollers 1 with the diameter D applied by

the load P to the prismatic specimen 2 with the dimensions
W xtx L.

3.2. Contact test using rollers

A fixture, designed by Fett [8-10], and used for the
contact test using rollers, is shown in Fig. 2. The load
P via the two opposite rollers 1 with the diameter D
presses the prismatic specimen 2. As presented in [9,
10], a relationship between the characteristic strength
00,bend and 00 cont determined by the four-point bend-
ing test and the contact test using rollers, respectively,
is derived as

00,bend =~ 00,cont- (6)

The characteristic strength g cont is derived by
the Weibull analysis (see Section 2) to consider the
strength oo cont. The strength g cont is related to the
value of the load P to cause failure of a material, and
has the form [8-10]

0.98 P

00,cont = W (7)
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Fig. 3. Front (a) and side (b) cross-sections of a fixture

used for the contact test using spheres 1 with the radius

R applied by the load P to the prismatic specimen 2 with
the dimensions W x t x L.

Similarly, the characteristic strength g peng is de-
rived by the Weibull analysis (see Section 2) to con-
sider the strength opend given by Eq. (5). Finally, a
relationship between the Weibull moduli mpenq and
Meont 1s derived as [9, 10]

Mpend & 2Mcont, (8)
where Egs. (6), (8) represent the Fett’s theory.
3.3. Contact test using spheres

A fixture, designed by Fett [8-10], and used for
the contact test using spheres, is shown in Fig. 3. The
load P via the two opposite spheres 1 with the radius
R presses the prismatic specimen 2. The load P is
transferred to the upper sphere by the roller 3 guided
by the hollow roller 4. The contact test using spheres
can be carried out using bending bars or fragments of
shorter length.
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The characteristic strength o cont determined by
the contact test using spheres is derived by the Weibull
analysis (see Section 2) to consider the stress ocont in
the form [9, 10]

1-2 DN
— U
cont — T 5 6P | = 9
Fcont = "3 (R) ©)
The Young’s modulus F is derived as

1 1—2 1-v2

B W (10)

E E E, ’

where the Young’s moduli E5 and E,, along with the
Poisson’s ratios vs and vy, are related to the spheres
and an investigated ceramic material, respectively.

4. Experimental materials and applied
mechanical tests

4.1. Experimental materials

Mechanical tests presented in Section 4.2 were
applied to the following monolithic and composite
ceramic materials:

1. SisN, with additives of 3 % Al,O3 and 3 %
Y203, sintered in atmosphere of Nsy. SisN, was pro-
duced by CeramTec (Plochingen, Germany), and
provided in a form of plates with the dimensions 47 x
11 x 102 (mm?).

2. SiC prepared as a mixture of the commercially
available §-SiC powder (HSC-0.59, Superior Graph-
ite) with additives of 2.8 % A5O3, 5.7 % Y203, and
5 % SigNy, hot pressed at 1870°C/1 hour in atmo-
sphere of No, and subsequently annealed at 1650°C/5
hours. SiC was produced by the Institute of Inorganic
Chemistry, Slovak Academy of Sciences in Bratislava,
and provided in a form of plates with the dimensions
60 x 60 x 6 (mm?).

3. The MoSis + 10 % SiC composite, produced by
Cesiwid, Erlangen, Germany, and provided in a form
of prisms with the dimensions 3 x 4 x 45 (mm?).

4.2. Preparation of samples and
material analysis

Specimens used for the mechanical tests were cut
by diamond tools, ground and consequently polished
with 1 pm finish. The specimen edges were chamfered
to the radius 0.15 mm to minimize a stress concentra-
tion influence. A number of the specimens used for the
following mechanical tests are 10-30.

A power-driven diamond cut-off wheel performed
the sectioning for a microstructural analysis of the in-
vestigated materials, and the hot-mounting process

was applied to all investigated materials. Two-step
planar grinding for rapid removal of the materials
was realized by semi-automatic equipment. Consider-
ing the first step, the planar grinding was performed
at a load of 120-150N and rotational speed of 120-
300 rpm. Considering the second step to represent fine
grinding, a load was decreasing within a range of 60—
90 N in order to reduce pullouts and improve quality
of a surface of samples. The two-step grinding was
followed by mechanical polishing to use diamond sus-
pensions with grain size of 9, 6, 3, 1 pm.

Chemical or thermal methods of subsequent etch-
ing of the polished surfaces were required to be applied
at small increments until the most suitable etching
conditions were determined [11]. These methods were
applied in order to obtain an evenly attacked surface
suitable for the microstructural analysis. The micro-
structural analysis was performed by optical and scan-
ning electron microscopy, and grain size to include an
aspect ratio was determined by the software Image J.

The four-point bending test as well as the con-
tact test using rollers and spheres broke specimens
for a fractographical analysis of the investigated ma-
terials. The broken specimens were investigated for
the determination of a failure source to be either ex-
traneous natural flaws or indentations. Pores and por-
ous regions represented the flaws considered to be
a fracture origin. Agglomerates, inclusions, composi-
tional inhomogeneities and large grains, all represent-
ing common flaws to originate during the processing,
were observed at the four-point bending test. In con-
trast to the contact test using rollers (see Section 3.2),
fracture paths to originate during the contact test us-
ing spheres could not be identified due to the destruc-
tion of specimens to pieces. A study of fracture sur-
faces was performed by optical and scanning electron
microscopy.

The specimens to be loaded without their failure
(see Section 4.3) were cut through a centre of a con-
tact surface, ground and polished due to the optical
and electron microscopy. In this case, the optical and
electron microscopy was used for the determination of
the length ¢ and the angle a of a crack. The angle «
was measured between the crack and the contact sur-
face (see Fig. 3). Consequently, the determination of
¢ and « was performed by the software Image J [12].

4.3. Mechanical tests

The ceramic materials presented in Section 4.1 (see
Items 1-3) were investigated by the following mechan-
ical tests:

— the four-point bending test (see Section 3.1),

— the single-cycle contact test using rollers (see Sec-
tion 3.2),

— the single-cycle contact test using spheres (see
Section 3.3).
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Table 1. The Young’s modulus E; and the Poisson’s
ratio vq for spheres (¢ = s) and experimental material

(g=m)

Spheres E; (GPa) Vs
Standard hardened steel 200 0.29
WwC 691.1 0.24
Experimental material E. (GPa) Vm
SizNy 310 0.24

SiC 400 0.2

MoSiz + 10 % SiC 288.9 0.167

The four-point bending test was performed by the
testing machine Lloyd LR 5KPLUS at the outer and
inner spans, S; = 40 mm and S = 20 mm (see Fig. 1),
respectively, at room temperature and a loading rate
of 0.5mm min~!, applied to specimens with the di-
mensions W x ¢t x L =3 x 4 x 45 (mm?).

The single-cycle contact test using rollers of stand-
ard hardened steel with the diameter D = 3 mm was
performed by the testing machine Lloyd LR 5KPLUS
at room temperature, and applied to specimens with
the dimensions W x t x L = 3 x 4 x (10-15) (mm?)
(see Fig. 2). The test was performed in such a way
that the load P was increased with a loading rate of
0.5 mm min~! up to the critical value P, to cause fail-
ure of specimens.

The single-cycle contact test using spheres of the
standard hardened steel with the radius R = 2, 2.5,
3.5mm was also performed by the testing machine
Lloyd LR 5KPLUS at room temperature and a load-
ing rate of 0.5 mm min~!, applied to specimens with
the dimensions W x ¢ x L = 3 x 4 x 25 (mm?) (see
Fig. 3). A part of specimens was tested by the load
P increasing to the critical value P. to cause failure
of specimens. A rest of specimens was tested by an
increasing load to be stopped at P = 4.9 kN reached
before the critical value P., i.e. before failure of spe-
cimens, with an aim to investigate a character and
parameters of cracks to originate during the loading.
The strength ocont (see Egs. (9), (10)) for the determ-
ination of the characteristic strength o cont derived
by the Weibull analysis (see Section 2) considers the
material parameters presented in Table 1.

5. Results and discussion
5.1. Microstructural analysis
Microstructure of the SizN4 monolith (see Fig. 4a)

consists of moderately elongated 3-SizN4 grains with
the aspect ratio 3-5. Additionally, the inter-granular

Fig. 4. SEM micrographs of microstructure of SizNy
plasma etched (a), SiC plasma etched (b), and MoSi> +
10 % SiC thermally etched (c).

glassy phase with the volume fraction 12 %, and small
amount (i.e. 0.03-0.16 wt.%) of a-Fe grains to remain
from original powder used within the processing are
also present.

Microstructure of the SiC monolith (see Fig. 4b)
consists of fine sub-micron equiaxed SiC grains with
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Table 2. The characteristic strength 09,cont and oo bena along with the Weibull moduli mcont and mpena determined by
the Weibull distributions of ocont (MPa) (see Eq. (7)) and obena (MPa) (see Eq. (5)) in Fig. 5a and Fig. 5b related to the
single-cycle contact test using rollers and the four-point bending test, respectively

Material 00,cont (MPa) 00,bend (MPa) 00,cont /00, bend Eq. (6)
SizNy 766.3 727.8 1.05 1
SiC 617.1 437.1 1.41 1
Mcont Mbend mbend/mcont Eq. (8)
SizNy 7.1 13.9 1.96 2
SiC 8.95 10.6 1.18 2

a low aspect ratio and average size of 450 nm. No ef-
fect of heat treatment at 1650°C was found on micro-
structure of SiC. All components remaining from ori-
ginal powder are present in a form of very thin inter-
granular phases. Additionally, triple points with a size
up to 0.5 um are also observed.

The MoSiz + 10 % SiC composite (see Fig. 4c)
with the porosity of 3.2 vol.% contains SiC grains with
average size of 5 pm and clusters of the SiC grains. The
MoSi, grains representing a matrix of MoSis + 10 %
SiC exhibit size of 10-15 pm.

5.2. Mechanical tests
5.2.1. Single-cycle contact test using rollers

The characteristic strength o0g,cont, 00,bend, the
Weibull moduli mcont, Mbend, and the ratios mpend/
Mecont 00,cont/T0,bend are presented in Table 2. 0 cont,
Meont ANA 00 bend, Mbend Telated to the single-cycle
contact test using rollers and to the four-point bend-
ing test are determined by the Weibull distributions
of eont (see Eq. (7)) and opena (see Eq. (5)) in Fig. 5a
and Fig. 5b, respectively.

SigNy exhibits the ratios 0¢.cont/00bend ~ 1,
Mbend/Mcont ~ 2 which fulfil the Fett’s theory (see
Egs. (6), (8)), in contrast to 0o cont/00bend % 1,
Mbend/Mcont # 2 for SiC. A low value of 0y pend COmM-
pared with g cont for SiC is assumed to be caused by
the presence of relatively large flaws in a form of small
pores or clusters of pores with a diameter of 5-10 um
(see Fig. 6a—c). Additionally, the processing flaws loc-
ated in volume of SiC are a reason of low values of
Mbpend, mbend/mcontv and UO,Cont/UO,bend- In contrast
to SiC, processing flaws in SizNy loaded (see Fig. 6d)
are located on the specimen surface and the specimen
edges.

As shown in Fig. 7, a stress state induced by the
single-cycle contact test using roller results in the ini-
tiation and subsequently the propagation of different
types of cracks, i.e. lateral (L), median (M) and con-
tact end (C) cracks. However, all of the cracks are not
observed to arise in all of specimens of the same ma-
terial. At the very beginning, the lateral crack arises

2.0
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In{In[1/(1-P{)]}
L=

Lo
o o
| IR B

In 6oy (MPa)

2.0

1+ SizNy
1.0

0.0
-1.04

2.0

In{In[1/(1-P£)]}

-3.0
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In Gpepg (MPa)

Fig. 5. The Weibull distribution of the strength occont

(MPa) (see Eq. (7)) (a) and obena (MPa) (see Eq. (5))

(b) related to the contact test using rollers and to the

four-point bending test for the investigated materials, re-
spectively.

below one or both of contact surfaces in depth equal
to (2 — 4) x a, and exhibits a slight concave shape with
edges towards the contact surface.

Consequently, the median crack perpendicular to
the contact surface is propagated from the lateral
crack to the contact mark, reaching the contact sur-
face at the contact end crack. The contact end crack
initiated on the contact surface tends to propag-
ate to the specimen sides. Subsequently, the contact
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Fig. 6. Fracture surfaces of the investigated materials loaded by the four-point bending test. Fracture origin in SiC
(a) and details of the fracture origins in SiC (b, c¢) and SisNy (d).

Fig. 7. Cross-sections of a surface between two rollers: the lateral (L), median (M) and contact end (C) cracks in SigNy4
(a), and the lateral (L) crack in SiC (b), where a is a radius of a contact surface.

end crack exhibits a direction parallel to the con-
tact surface with the tendency to be curved to the
contact edge (see Fig. 7a). Critical size of the con-
tact end crack is assumed to be a primary reason
of the degradation of strength and material failure

[13]. The same types of cracks, i.e. the lateral, me-
dian and contact end cracks, arising probably as a
consequence of a non-homogeneous stress state, are
formed within the contact fatigue test applied to steel
[13].
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Table 3. The characteristic strength 09,cont and oo benda along with the Weibull moduli mcont and mpena determined by

the Weibull distributions of ocont (MPa) (see Egs. (9), (10)) and obena (MPa) (see Eq. (5)) in Figs. 8a,b and 8b, related

to the single-cycle contact test using spheres with the radius R = 2.5 mm and to the four-point bending test, respectively,
where values of 00 bend, Obend for SizNy, SiC are taken from Table 2

Material 00,cont (MPa) 00,bend (MPa) Mcont Mbend
SigNy 3344.2 727.8 22.6 13.9
SiC 3327.6 437.1 20.5 106
MoSiz + 10 % SiC 2048.8 225.9 92.5 5.4
2.0 . _
1 () MoSip+10%SiC
1.0 1 + bending mode
-~ ] ® contact mode
= 0.0+
» ]
A ]
— -1.04
% 2.0 +
= ]
3.0
-4.0
45 50 55 6.0 65 7.0 7.5 8.0
In Gpepd » In O ot (MPa)
2.0 1 - —
1 (b) MoSiz+10%SiC Fig. 9. Fracture origins in MoSiz + 10 % SiC.
1.07 + bending mode
—~ 1 ® contact mode
E 0.0 1
i _1.0_: ¥ With regard to mconts in Table 3 to be higher than
= Meont iN Table 2, the single-cycle contact test using
£ -2.01 * spheres can be considered to be the most precise and
i= ] accordingly the most considerable for the determin-
-3.01 . . . ..
1 ation of strength of ceramic materials. Additionally,
4.0 considering the significant difference 0 cont — 00,bend
] . T T in Table 3, the preciseness can be explained by stable

45 50 55 60 65 7.0 7.5 8.0
In Gpeng » In Seope (MPa)

Fig. 8. The Weibull distribution of the strength occont

(MPa) (see Egs. (9), (10)) (a, b) and obena (MPa) (see

Eq. (5)) (b) related to the contact test using spheres with

the radius R = 2.5 mm and to the four-point bending test
for the investigated materials, respectively.

5.2.2. Single-cycle contact test using spheres

The characteristic strengths 09 cont, 00,bend along
with the Weibull moduli mcont, Mbena are presented in
Table 3. 09,cont, Mcont @A 00 bend, Mbend Telated to
the single-cycle contact test using spheres with the
radius R = 2.5mm and to the four-point bending
test are determined by the Weibull distributions of
ocont (MPa) (see Egs. (9), (10)) and opena (MPa) (see
Eq. (5)) in Figs. 8a,b and 5b, 8b, respectively.

growth of cone cracks [14-16], and not by an initial
size distribution of flaws. In case of MoSis + 10 %
SiC, the flaws in a form of pores are located in volume
of this material (see Fig. 9).

SizN4 and MoSi; + 10 % SiC are characterized
by the highest and lowest fracture toughness, respect-
ively, and SiC exhibits medium fracture toughness
[7]. Consequently, MoSiz + 10 % SiC to be very
brittle exhibits lowest values of g bend, Mbend (S€€
Table 3). Additionally, the following analysis concern-
ing thermal stresses in the MoSiz + 10 % SiC com-
posite might be considered. With regard to amosi,
> asic, the MoSiy matrix of the MoSis-SiC matrix-
-particle system is acted by compressive radial and
tensile tangential thermal stresses, where anosi, and
agic are thermal expansion coefficients of the MoSis
matrix and the SiC particle [17], respectively. Accord-
ingly, the compressive radial and tensile tangential
stresses represent a contribution to tensile stresses in-
duced on a tensile surface of a specimen loaded by



L. Hegediisovd et al. / Kovove Mater. 47 2009 389-399 397

20
14 SizNy
1@ SiC
15‘_AMoiiiJ:(iA)SiC/’
z ]
= 10
al ]
5
i & -~ ——a
0 T T TT T T T T T T

1.5 2.0 2.5 3.0 3.5 4.0
R (mm)

Fig. 10. The critical load P. versus the radius R of spheres
of the contact test for R = 2, 2.5, 3.5 mm.

the four-point bending test. Additionally, a surface of
flaws located in the MoSi, matrix of the MoSis-SiC
matrix-particle system is influenced by the compress-
ive thermal stresses oriented to the flaw centre. In gen-
eral, the crack propagation due to the presence of the
flaws is caused by tensile stresses. The tensile stresses
represent a part of the non-homogeneous compressive-
-tensile stress state induced by the single-cycle contact
test using spheres. However, the flaws are pressed by
the surface compressive radial thermal stresses. The
surface compressive radial thermal stresses are thus
assumed to represent resistance against the tensile
stresses, and consequently against the crack propaga-
tion from the flaw surface. Finally, the resistance
might be a reason of a significantly higher value of
00,cont compared with a value of 0 pend-

As shown in Fig. 10, the critical load by P. as
a reason of failure of a specimen is an increasing
function of the radius R of spheres. A smaller ra-
dius to result in a smaller contact surface is a reason
of a higher “concentration” of stresses, i.e. higher
gradients of stresses induced in a specimen by the
load P. The higher gradients are assumed to result
in a lower value of the critical load P., and vice
versa.

Finally, the crack length ¢ = ¢(R) and the angle
(see Fig. 11) represent decreasing and increasing func-
tions of the radius R due to the higher “concentration”
and the smaller gradients at smaller and higher R, re-
spectively. The smaller “concentration” and the smal-
ler gradients at higher R result in a more homogeneous
stress state close to the normal to a contact surface,
where the normal is related to a centre of the contact
surface.

The decreasing and increasing functions ¢ = ¢ (R)
and o = « (R) of the radius R arise from experimental
results in Fig. 12 to present optical micrographs of
cross-sections of contact sites in SisNy (see Fig. 12a,b)
and SiC (see Fig. 12¢,d).

1.5
\\‘ (a)
1.0 P=.4.9kN
_ 1 + SizNy
R o SiC
o i A MoSiy + 10% SiC
0.5
00 +—————7T 77T T
1.5 2.0 2.5 3.0 3.5 4.0
R (mm)
32
1 P=1kN
157 (b)
30: +S%3N4
1 ®SiC
® 281
& ]
=
3 26 1
241
22- LA L B L B S B B
1.5 2.0 2.5 3.0 3.5 4.0

R (mm)

Fig. 11. The crack length ¢ (a) and the angle o (b) versus
the radius R of spheres of the contact test for R = 2, 2.5,
3.5mm, P = 49kN (a), P = 1kN (b).

The cone cracks in Si3Ny and SiC (see Figs. 12a—
d) propagated from the contact surface exhibited
a perpendicular course below the contact surface
(5-10 um). The perpendicular course is followed by
a linear course with length of 200-500 pm. Addition-
ally, a radius of the cone cracks in planes parallel to
the contact surface increases with the increase of R
(see Figs. 12a—d). On the contrary, quasi-parallel mul-
tiple cone cracks in SiC with a lower radius than that
in SigNy are assumed to propagate independently on
each other. The crack propagation arises from and be-
low the contact surface regarding to a lower and higher
sphere radius, i.e. for R = 2mm and R = 2.5 mm, as
shown in Fig. 12c and Fig. 12d, respectively. Addition-
ally, the cracks to propagate below the contact surface
for R = 2.5 mm exhibit a concave course regarding a
plane in the specimen centre, parallel to the contact
surface. Strictly speaking, the cone crack course is con-
vex regarding the contact surface (see Fig. 12d).

SizNy is tougher than SiC, and accordingly the con-
tact surface between spheres and SiC exhibits higher
deformation of the spheres. Finally, the higher deform-
ation of the spheres is assumed to be a reason of the
formation of the quasi-parallel multiple cone cracks.
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Figure 12e shows optical micrographs of cross-
-sections of contact sites in MoSiy + 10 % SiC, where
no cone cracks are observed. The median crack per-
pendicular to the contact surface in MoSi; + 10 %
SiC is assumed to correspond to shear-fault/wing
cracks propagated in a quasi-plastic material [18, 19].
In general, brittle ceramic materials are character-
ized by a wider interval of the characteristic strength
oo and consequently a lower value of the Weibull
modulus m. This is in contrast to plastic and quasi-
-plastic materials characterized by a narrow interval
of oo to result in a high value of m. On the one
hand, as analysed above, MoSiy + 10 % SiC exhib-
its low values of 0 pend, Mbend- These low values
might be a consequence of the presence of flaws loc-
ated in volume of MoSis + 10 % SiC, as well as

Fig. 12. Optical micrographs of cross-sections of contact

sites in SisNy (a, b), SiC (¢, d), MoSiz + 10 % SiC (e) for

the radii R = 2mm (a, ¢, €¢) and R = 2.5mm (b, d) of

spheres of standard hardened steel, and at the load P =
4.9kN (a—d) and P = 1kN (e).

a consequence of the thermal stresses acting in this
material. On the other hand, with regard to a com-
pressive stress state as a part of the non-homogeneous
compressive-tensile stress state induced by the con-
tact test, the MoSi; + 10 % SiC composite material
might be considered to represent a quasi-plastic ma-
terial. Finally, the quasi-plastic character results in a
high value of m¢ont compared with those of SigN4 and
SiC.

6. Conclusions
Results of the single-cycle contact test using rollers

and of the four-point bending test are as follows:
1. SizNy4 exhibits the ratios 0¢ cont/00,bend = 1,
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Mbend/Mecont ~ 2 to fulfil the Fett’s theory represen-
ted by Egs. (6), (8). The failure of SizNy is caused by
the presence of processing flaws located in a form of
small defects on surfaces and at edges of a specimen.

2. SiC exhibits the ratios 0¢.cont/00,bend # 1,
Mbend/Mcont # 2 not to fulfil the Fett’s theory (see
Egs. (6), (8)). The failure of SiC is a consequence of
the presence of relatively large processing flaws in a
form of small pores or clusters of pores located in
volume of a specimen.

3. In contrast to the specimen failure induced by
the four-point bending test, the single-cycle contact
test using rollers results in the specimen failure to be a
consequence of different types of cracks, i.e. the lateral,
median and contact end cracks.

Results of the single-cycle contact test using
spheres and of the four-point bending test are as fol-
lows:

1. The single-cycle contact test using spheres ex-
hibits higher values of mcony compared with those of
both the single-cycle contact test using rollers and the
four-point bending test. This test is assumed to be the
most precise and accordingly the most considerable for
the determination of strength of ceramic materials.

2. Significantly low values of 09 bend compared with
those of 0g,cont are a consequence of a negative influ-
ence of flaws within the specimen bending. As men-
tioned in Section 5.2.1, the flaws are located in volume
of SiC, and on surfaces and at the edge of a specimen
of SizNy. In case of MoSis + 10 % SiC, the flaws loc-
ated in volume of this material are assumed to be a
reason of a low value of myeng-

3. On the one hand, a low value of 0 pena for
MoSis+ 10 % SiC might result from thermal stresses
originating in this material due to amoesi, > asic. On
the other hand, the thermal stresses might be a reason
of a significantly higher value of 0 cont compared with
a value of 0 pend-

4. The critical load P, as a reason of failure of a
specimen is an increasing function of the radius R of
spheres.

5. The length ¢ = ¢(R) of a cone crack and the
angle a = « (R) between the cone crack and a contact
surface represent decreasing and increasing functions
of the radius of spheres, R, respectively.

6. SigN, and SiC exhibit cone cracks except the
MoSiy + 10 % SiC composite which exhibits a median
crack perpendicular to a contact surface.

Acknowledgements

This work was supported by the Slovak Research and
Development Agency under the contracts No. APVV-
COST-0042-06, No. APVV-0034-07, No. APVV-0171-
06, No. APVV LPP-0203-07; No. APVV LPP 0174-07;
by HANCOC-MNT.ERA-NET 01/09-12/11; by NANO-
SMART Centre of Excellence (1/1/2007-31/12/2010) Slo-
vak Academy of Sciences; by the Slovak Grant Agency
VEGA No. 2/7194/27, No. 2/7171/27; No. 2/0088/08; and
by COST Action 539.

References

[1] PALKA, V.—POSTRKOVA, E—KRSEK, A.—LIPA,
Z.: Kovove Mater., 35, 1997, p. 400.

[2] HVIZDOS, P.—RUDNAYOVA, E.—DUSZA, J.—
BARINOV, S. M.—KRYLOV, A. V.: Kovove Mater.,
34, 1996, p. 133.

[3] REINISCH, M.—VLACH, B.—TRUNEC, M.: Kovove
Mater., 34, 1996, p. 44.

[4] HVIZDOS, P.—LOFAJ, F.—DUSZA, J.: Kovove Ma-
ter., 33, 1995, p. 473.

[5] RUDNAYOVA, E.—HVIZDOS, P.—DUSZA, J—
SAJGALIK, P.—LENCES, Z.: Kovove Mater., 33,
1995, p. 281.

[6] HEGEDUSOVA, L.—KOVALCIKOVA, A.—DUSZA,
J.: Kovove Mater., 46, 2008, p. 377.

[7] SKOCOVSKY, P.—BOKUVKA, O.—PALCEK, P.:
Materials Science. Zilina, EDIS Technical University
1996.

[8] FETT, T.—ERNST, E—MUNZ, D.—BADENHEIM,
D.—OBERACKER, R.: J. Eur. Ceram. Soc., 23, 2003,
p- 2031.

[9] FETT, T—MUNZ, D.: Eng. Fract. Mech., 69, 2002,
p- 1353.

[10] FETT, T..—MUNZ, D.—THUN, G.: Strength and
Toughness Test Devices with Opposite Roller Load-
ing. Report FZKA 6378. Karlsruhe, Forschungszen-
trum 2000.

[11] AUDY, J—AUDY, K.: Pract. Metallography, 45,
2008, p. 101.

[12] http://www.rsbweb.nih.gov /ij

[13] ALFREDSSON, B.—OLSSON, M.: Fatigue Fract.
Eng. Mater. Struct., 22, 1999, p. 225.

[14] FETT, T—ERNST, E—MUNZ, D.: J. Mater. Sci.
Lett., 21, 2002, p. 1955.

[15] EGGENBERGER, G.—IVANCO, V.—KOSTOLNY,
K.: Comput. Mater. Sci., 37, 2006, p. 599.

[16] AUDY, J.: J. Mater. Process. Technol., 204, 2008, p.
130.

[17] CENIGA, L.: Analytical Models of Thermal Stresses
in Composite Materials I. New York, Nova Science
Publishers 2008.

[18] LAWN, B. R—LEE, S. K—PETERSON, I. M.—
WUTTIPHAN, S. J.: J. Amer. Ceram. Soc., 81, 1998,
p- 1509.

[19] LEE, S. K—LAWN, B. R.: J. Amer. Ceram. Soc., 81,
1998, p. 997.



http://www.rsbweb.nih.gov/ij


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


