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Abstract

The depth profile of indented cracks in silicon nitride with MgO additive was determined
by serial sectioning and observation of fracture areas. These cracks were of Palmqvist’s type, in
contrary to the Si3N4 with Al2O3 + Y2O3 additives. A deformed/damaged zone was identified
under the indent with a depth ranging from 420 to 490 µm. The volume of the indent represents
on average 5 % of the volume of the deformed zone. The deformed zone of silicon nitride with
MgO additive was approximately 3 times higher than in the silicon nitride sintered with
additives of Al2O3 + Y2O3. The shape of the deformed zone was angular for both materials,
although their character is different. In the case of specimens with Al2O3 + Y2O3 additives,
the fracture area circumvents the deformed zone, whereas in the case of MgO additive the
fracture passes through it. The number of minor cracks, initiated during indentation with
Vickers indenter was lower in the case of silicon nitride with MgO additive, which renders the
value of fracture toughness more reliable for this material.

K e y w o r d s: silicon nitride, deformation under indent, depth profile of cracks, serial sec-
tioning, fracture area

1. Introduction

Silicon nitride, with its outstanding properties like
high hardness, abrasion resistance, chemical stabil-
ity, creep resistance and high-temperature strength up
to 1400◦C, is especially suitable for high-temperature
applications [1, 2]. The high-temperature mechanical
properties and oxidation resistance of Si3N4 depend to
a great extent on the character of the secondary phase,
i.e. on the sintering additives used during production
of the material [3]. The maximum application tempe-
rature, for example, is 1350◦C in the case of sintering
additives Al2O3 + Y2O3, whereas it is only 1000◦C in
the case of MgO.
High-temperature applications require a develop-

ment of appropriate testing methods to determine the
resistance of ceramic parts. These materials often have
to withstand thermal shocks. On the Department of
Materials and Technologies of the Faculty of Mecha-

*Corresponding author: tel.: 02/44455087-367; fax: 02/44455086; e-mail address: ernest.gondar@stuba.sk

nical Engineering of the Slovak University of Techno-
logy, a new testing method has been developed [4] and
optimized [5] to test the resistance of technical ceram-
ics to repeated thermal shocks. The testing method
is protected by a patent [6]. Until now, Si3N4 spe-
cimens with sintering additives Al2O3 + Y2O3 have
been used in the test [7]. Along with the new testing
method, a computer simulation has been developed
[8] and verified [9], which simulates the temperature
and stress conditions in the specimen subjected to re-
peated thermal shocks. For this simulation it is neces-
sary to know the depth profile of cracks initiated in the
specimen before the test using Vickers indentor. The
determination of the depth profile has been described
in several studies so far [10–12]. The subject of this
article is the study of depth profile of cracks, initiated
in silicon nitride with MgO additive and comparison of
this profile with the one studied in silicon nitride with
Al2O3 + Y2O3 additives in [12]. The depth profile is
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necessary for determination of critical stress needed
for an unstable crack growth [9] during the loading of
the specimen.

2. Experimental materials and methods

The experimental material was prepared by cold
pressing and then hot pressing in nitrogen atmosphere.
The hot pressing of the experimental material was
performed on a laboratory hot press with a special
construction of heating body [13], under the following
conditions: T = 1750◦C, p = 30 MPa, t = 30 min.
Activating sintering additive of silicon nitride was

magnesia MgO with mass ratio: 95 wt.% Si3N4 + 5
wt.% MgO.
In this article, the experimental material will be

compared with Si3N4 with sintering additives Al2O3
+ Y2O3, studied in [12], which was prepared using the
same device and parameters, with mass ratio 85.36
wt.% Si3N4 + 10.34 wt.% Y2O3 + 4.30 wt.% Al2O3.
The density of the specimens was determined by

Archimedes method. Average porosity was 1.76 % with
maximum value of 2.1 % and minimum value 1.6 %.
Specimens with diameter of 8 mm and thickness of 2
mm were prepared and subsequently ground and pol-
ished on STRUERS PEDEMIN-S device. A total of
twelve specimens were prepared for the study. In the
middle of each specimen, cracks were initiated with
Vickers indentor using HPO 250 device with the fol-
lowing parameters:
loading force F = 294.3 N, time t = 15 s,
room temperature T = 20◦C.
Five specimens were used for the observation of

the depth profile. Two indents were made into each of
these specimens, hence the total number of observed
indents was 10. The other specimens were used for the
examination of fracture areas.
The HV hardness was determined from the diagon-

als of the indent. From the dimension ratio of indent
and cracks, the cracks were determined to be of Palm-
qvist’s type. Subsequently, fracture toughness was cal-
culated from the formula [14] for this type of cracks:

KIC = 0.0889

√(
H · P
4l

)
, (1)

where H is hardness [MPa], P is indentation force [N],
l is average length of cracks [µm].
Serial sectioning of the indented side of the speci-

men was performed using grinding discs with diamond
paste. The sectioning took place in direction paral-
lel with the surface of the specimen, contrary to [11],
where the direction of sectioning was perpendicular to
the surface. The thickness of removed layer H was de-
termined from the geometry of the indent, where L1

is the length of diagonal before sectioning [µm], L2 is
the length of diagonal after sectioning [µm],

H =

L1− L2
2

tg
136◦

2

. (2)

After removing the indent, the depth reference
would be lost. Because of this, new indent was cre-
ated before removing the original one. This process
was repeated throughout the whole sectioning. Only
diagonals were measured on the new indents, as they
served only as a depth reference.

3. Results and discussion

Schematic progress of serial sectioning is shown in
Fig. 1, where Fig. 1a represents the depth profile of
the cracks in vertical direction and Fig. 1b shows the
shape of the impression, cracks and deformed zone
during the sectioning. Unlike in Si3N4 with Al2O3
+ Y2O3 additives, the indented cracks in our experi-
mental material are of Palmqvist’s type.
Gradual change of the measured area can be de-

scribed in 4 steps. Step 0 represents the original state

Fig. 1. Schematic progress of serial sectioning: a) depth
profile, b) top view.
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Fig. 2. Ceramographic sections showing the steps of serial
sectioning.

before ablation. Step 1 represents a depth, in which
the indent (bold line) has not yet been removed. The
deformed zone is shown as dashed line. In steps 2
and 3, the indent is already removed. Step 3 repres-
ents a noticeable decrease in the size of the deformed
zone. Step 4 corresponds to a depth, in which the
cracks have been removed. The residual part of the
deformed zone is again shown as dashed line. From
Fig. 1 follows, that the initiated cracks are of Palm-
qvist’s type, i.e. their depth is smaller than the depth
of the deformed zone. Ceramographic sections, show-

ing the steps defined above, are shown in Fig. 2. After
the first ablation, also minor cracks were identified,
which originated at the edge of the deformed zone.
Their depth was between 145 µm and 175 µm. The
number of these minor cracks was considerably lower
than the one stated in [12]. It can be assumed, that
the amount and size of the minor cracks influences the
determination of fracture toughness KIC. The energy
of indentation is not depleted only for the creation of
deformed zone and major cracks, but also for the cre-
ation of minor cracks under the surface. These are not
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Fig. 3. Broken specimen: a) fracture straight through the
indent and deformed zone, b) broken halves of the speci-

men put together.

taken into account when calculating fracture tough-
ness. Since the amount of minor cracks is low in the
case of silicon nitride with MgO additive, the calcu-
lated value of KIC = 8.1 MPa ·m1/2 can be assumed
more reliable than the value of KIC = 4.8 MPa ·m1/2
calculated for Si3N4 with Al2O3 + Y2O3 additives.
The depth of deformed zone ranges from 420 µm

to 490 µm (average value 451.5 µm), which is approx-
imately 3 times bigger than the depth measured in
[12]. We assume that the deformation under the in-
dentor was less intense when compared to [12]. The
fracture of the specimens took place straight through
the deformed zone (Fig. 3), contrary to the mate-
rial with Al2O3 + Y2O3 additives, where the fracture
circumvented the deformed zone. The assumption of
lesser deformation intensity is supported also by lower
amount of minor cracks. There are also no cracks loc-
ated on the interface between the deformed and unde-
formed zone, as seen in [12]. From these facts it can be
assumed that the intensity of volume changes in the
deformed zone was lower, hence the stresses on the

Fig. 4. Detail of the fracture area: 1 – half of the indent,
2 – crack, 3 – deformed zone, 4 – interface of bridging.

interface between the deformed and undeformed zone
in specimens with MgO additive were lower as well.
Figure 4 shows a detail of the fracture area. Arrow

1 shows the remainder of the indent, arrow 2 shows
the crack and arrow 3 points at the deformed zone.
Neither defects nor cracks were identified within the
deformed zone, as they were in the case of silicon ni-
tride with Al2O3 + Y2O3 additives. An indication of
growth progress lines can be seen under the deformed
zone, hence the fracture should not be considered as
purely brittle. Arrow 4 points at a bridging of the
fracture area from the lower to the upper part of the
fracture.
Graphical representation of the measured values

and the resulting depth profile of cracks and deformed
zone are shown in Fig. 5. The cracks are not symmet-
rical to each other with respect to the deformed zone.
The depth of the deformed zone can be according

to [15] calculated from the formula:

h ≈ (p/H)1/2 · (E/H)2/5, (3)

where p is indentation load [N] (294 N), E is Young’s
modulus of elasticity [MPa] (310 GPa), H is Vickers
hardness [MPa] (14289.86 MPa).
The value of hardness is a mean value from 10

measurements, with the smallest value being 14065.46
MPa and the highest being 14597.86 MPa. The depth
of the deformed zone, calculated from (3), is 491 µm.
Average depth measured during the experiments is
451.5 µm. Maximum measured depth was 490 µm,
minimum value was 420 µm. From the results follows,
that the formula (3) can be accepted, which is contrary
to the results for Si3N4 with Al2O3 + Y2O3 additives
[12].
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Fig. 5. Depth profile of cracks and deformed zone.

Next step in the study of the deformed area was
to compare its volume with the volume of the indent.
The aim of this comparison is to obtain an idea about
the creation of the deformed zone. The deformed zone
has a shape of truncated pyramid, almost a brick-like
shape. This shape is similar to the one of Si3N4 with
Al2O3 + Y2O3 additives, the only difference being the
size. The bottom part of the deformed zone was less
angular, with rounded ending. Different shape and size
of the deformed zone, as well as different depth pro-
file of the cracks, indicate a different location of crack
initiation and propagation during indentation loading
in Si3N4 with Al2O3 + Y2O3 and MgO. The crack in
Si3N4 with Al2O3 + Y2O3 was probably initiated on
the tip of the deformed zone and propagated to the
surface, creating thus a half-penny shape of a central
crack. This mechanism, described in [16], could have
caused extensive stresses at the interface between de-
formed and undeformed zone. The shape of the de-
formed zone also supports the theory of this mech-
anism. Besides, a sharp tip at the bottom of the de-
formed zone, which was not assumed in [16], acted as
a stress concentrator. Lower stresses at the interface
between deformed and undeformed zone in Si3N4 with
MgO probably caused the crack initiation at the edges
of the indenter or of the deformed zone, which were
acting as preferential stress concentrators.
The volume of these bodies was calculated using

basic geometric formulae. Subsequently, this volume
was compared with the volume of the indents. The
volume of the indent represents on average 5.15 % of
the volume of the deformed area, taking into account
the mean values from 10 indents (with maximum de-
viation of 14.35 %). Maximum value was 4.5 %, min-
imum value was 5.7 %.

The porosity of the specimens (1.6–2.1 %) rep-
resents approximately one third of the calculated ra-
tio, hence this part of the deformed zone under the
indent could have been created by filling the pores.
We assume, that the remaining two thirds were de-
formed by filling defective regions in the binding phase
during indentation. This mechanism was not as in-
tense as in the case of silicon nitride with Al2O3 and
Y2O3 additives [12]. The reason for this is a more
compact binding phase with MgO. Lesser volume
changes by creation of deformed zone cause in fact
a lower number of defects in this zone when com-
pared to silicon nitride with Al2O3 and Y2O3 addit-
ives.

4. Conclusions

The achieved results can be summarized as follows:
– Sintering additives Al2O3 + Y2O3 and MgO

have a decisive influence on the crack initiation and
propagation during indentation with Vickers indenter.
– Indentation cracks in Si3N4 with MgO additive

are of Palmqvist’s type, unlike those in Si3N4 with
Al2O3 + Y2O3 additives, which are of half-penny
shape.
– The shape of the deformed/damaged zone in

both investigated materials under the indent is an-
gular, with a sharp pyramidal tip.
– Depth of the deformed zone in the Si3N4 with

MgO ranges from 420 µm to 490 µm, which is in
good agreement with the calculated value of 491.13
µm. This depth is approximately 3 times greater in
comparison to the depth in Si3N4 + Al2O3 + Y2O3.
– Intensity of the volume changes in the deformed



118 E. Gondár et al. / Kovove Mater. 44 2006 113–118

zone of Si3N4 + MgO is lower than in Si3N4 + Al2O3
+ Y2O3 and the deformed zones are without notice-
able defects.
The reliability of calculated value of KIC = 8.1

MPa ·m1/2 for Si3N4 + MgO is supported by a consid-
erably lower amount of minor cracks than in the case
of silicon nitride with Al2O3 + Y2O3 additives.
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