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ABSTRACT
The effect of sintering time on the chosen mechanical and tribological properties of silicon nitride (Si3N4) with
5 wt.% of yttrium aluminium garnet (Y3Al5O12) ceramics was investigated. The Si3N4 ceramics sintered for shorter
time contained a larger portion of untransformed a-Si3N4 phase which has higher hardness compared to the tougher
β-Si3N4 phase. The fracture toughness of Si3N4 ceramics increased with the prolongation of its sintering time. The
microcutting wear mechanisms predominated during the grinding of the Si3N4 ceramics with the Al2O3 abrasives.
The hardness of ceramic material had a great effect on its wear resistance. The wear of ceramics at friction with
18Cr-8Ni type of austenitic stainless steels was several times higher compared to friction with 14Cr type of ferritic
stainless steel. Under these conditions, the microcracking wear mechanisms predominated.
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INTRODUCTION
Silicon nitride-based engineering ceramics
belong to the ceramic materials with the largest spectrum of application. Excellent thermomechanical properties, in combination with low
density, high hardness, good chemical stability
and favourable friction properties predestine the
silicon nitride (Si3N4) for utilizing in high temperature, abrasive wear, corrosive and thermal
cycle environments. This ceramic material can be
utilised in friction junction of combustion engines
which are exposed to abrasive, adhesive, erosive
or corrosive wear conditions [1–3].
Silicon nitride ceramics is mainly applied in
hybrid bearings which consist of steel outer and
inner races and ceramic rolling elements made of
Si3N4. Silicon nitride ceramics is lighter compared
to steel, which is an important advantage mainly
for application in aviation and space industry.
Higher hardness of silicon nitride compared to
steel offers its wear resistance. Higher stiffness is
an important property for super precise bearings.
Other properties of the Si3N4 ceramics, such as
good corrosion resistance, low thermal expansion

and high electric resistance are important for hybrid bearing in many demanding applications [4].
The ceramic components are not sensitive to hydrogen embrittlement, but this negative effect is
possible in the steel components of bearings [5].
On the basis of all these advantages, hybrid bearings possess higher power output at weak lubrication and under polluted conditions [6].
However, silicon nitride ceramics, like ceramic in general, has a low fracture toughness
compared to classic bearing materials. One of the
efforts in the silicon nitride research is to achieve
favourable values of fracture toughness and to enhance the reliability of ceramic components made
of silicon nitride.
Indentation methods have been preferentially
used for evaluation of basic mechanical properties of ceramic materials such as the hardness and
fracture toughness [7, 8]. A Vickers or Knoop indenter is impressed into the tested material when
using these indentation methods. Both hardness
and fracture toughness can be calculated from the
dimensions of the created imprints and initiated
cracks. The imprints can be used for initiation of
the defects which simulate surface defects in the
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tribological system [9, 10]. Several authors have
modelled the initiation of defects by using either
the finite element method or advanced calculation
methods with the simulation of cracks propagation based on the cohesive behaviour of material
[7, 8, 11–15].
Wear mechanisms are important for the evaluation of silicon nitride wear in friction couple
– either ceramic-ceramic or ceramic-metal. Some
theoretical models were proposed [16, 17] and
subsequently specified and verified experimentally [2, 15, 18]. The molecular mechanics theory [17] considers the effect of macro and micro
protrusions at the contact surface and mediation
of interatomic forces. In ceramic materials, the
surface protrusions deform elastically, and the
contact pressure depends on the radius of impressed micro-protrusion. The density of micro
protrusions contacts increases along with the
load; hence, real surface grows. Abrasive wear is
the most common wear of Si3N4 based ceramic
materials. Surface damage at this wear can be described be two basic mechanisms – microcutting
and microcracking. The transfer from microcutting to microcracking wear mechanism can lead
to a decrease of the wear resistance because of the
high hardness of ceramic materials. Microcutting
can be expected as dominant wear mechanisms
at good fracture toughness and high hardness of
worn ceramics but which is lower compared to
abrasive material. The inclination to microcracking depends mainly on the fracture toughness of
the worn ceramic material and load conditions.
The material with low fracture toughness will be
preferentially worn by microcracking. This will
lead to a decrease of the wear resistance of material still at high hardness.
The HV/KIC parameter ratio (hardness / fracture toughness) can be used for predicting the
wear of fragile materials when abrasive wear is a
predominant wear mechanism [19]. At low value
of this ratio, plastic microcutting mechanism predominates and the hardness of worn material has
the greatest effect on wear (W). The wear extent
can be expressed by relation W ~ HV-1. At high
value of this ratio, the microcracking mechanism
predominates and wear extent can be described
by relation W ~ HV/KIC. This subject was studied
in works [20–23]. The tested material is usually
loaded in condition of cyclic fatigue and under
various conditions (with and without lubricant)
and at various temperatures.
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Both an adhesive effect and increased wear
extent of the Si3N4 ceramics were found at the
sliding friction of ceramic-metal couple which
was the consequence of the penetration of hard
worn ceramic products into a softer metallic surface. Separation of several grains from ceramic
bulk during the initial stage of friction, when high
local stresses affect, is probably the basic reason
of abrasive particles creation in the friction zone.
Simultaneously, the adhesion processes occur,
and these are joined with both the transfer of thin
metallic layer on ceramic surface and the interaction of this layer with surface of metallic part. The
authors of work [24] studied the wear of Si3N4 in
the contact with different materials such as Al alloy, Cu alloy and stainless steel at various sliding
speeds. The highest wear of both tested materials
was observed at the friction of Si3N4 with stainless
steel. Strong adhesion between Si3N4 and stainless steel was observed. Wear increased along
with the sliding speed. The effect of sliding speed
in the interval from 1 to 20 m.s-1 on the wear of
sliding couple Si3N4-Inconel 718 was evaluated
in the work [25]. The mechanical wear of a ceramic material was observed at low sliding speed.
The values of friction coefficients were high and
wear the values were relatively low. At medium
values of sliding speeds, the transfer from the
mechanical to tribochemical wear was observed
in the ceramic material. At high values of sliding
speed, the tribochemical wear was dominant, the
values of friction coefficients were low and the
wear values were high.

EXPERIMENT
The experimental materials were prepared by
hot pressing in nitrogen atmosphere. The sintering additives Y2O3 and Al2O3 were added to initial
Si3N4 powder in the portion which guaranteed the
creation of 5 wt.% of yttrium aluminium garnet
(Y3Al5O12 or YAG). The YAG crystalline phase
is created from sintering additives and supports
sintering process. Because of low diffusion coefficient of the Si3N4 ceramics, it is not possible to
reach Si3N4 fully dense material only by sintering in solid phase, without the sintering additives
creating the liquid crystalline phase during the
sintering process [26–28]. The hot pressing of the
experimental materials Si3N4 with 5 wt.% YAG
was performed at the temperature of 1 680 °C and
pressure of 34 MPa. Two various sintering times,
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i.e. 5 and 30 min, were applied and the effects
of sintering time on the density, microstructure,
hardness, fracture toughness and wear resistance
were studied.
The densities of the hot pressed ceramics
were measured with the Archimedes’ method.
The microstructures of the hot pressed ceramics were observed using a scanning electron
microscope JEOL IT-300-LV. Hardness and
fracture toughness were determined by means
of the Vickers indentation method. The wear
resistance of silicon nitride was studied both
during grinding of the Si3N4 ceramics with the
Al2O3 abrasive paper and friction of two different sliding couples: the Si3N4 ceramics – austenitic stainless steel 18Cr-8Ni type, and the Si3N4
ceramic – chromium stainless steel 14Cr type.
The abrasive wear resistance of Si3N4 at grinding
with the Al2O3 abrasive was evaluated by pin on
disk method using the equipment documented in
Figure 1. The cylindrical samples of Si3N4 with
a diameter of 8.4 mm and a height of 10 mm
were placed in the contact with the Al2O3 grinding paper with a graininess of 120 μm. Archimedean spiral was used as the grinding trajectory
with the total length of 125 m. Dry friction was
chosen during the pin on disk tests of Si3N4 ceramic samples with radial movement of 1.5 mm
per revolution and maximal grinding speed of
0.5 m.s-1. The contact pressure was 1.5 MPa. The
discs made of 18Cr-8Ni and 14Cr steels with a
diameter of 50 mm and a thickness of 10 mm
were counterparts in contact with the Si3N4 cylindrical samples with a diameter of 8.4 mm and
a height of 10 mm when studying friction of two
ceramic-steel sliding couples. The circle with
a diameter of 50 mm was used as the friction

trajectory during the friction tests and it represented the sliding speed of 0.5 m.s-1. Total length
of sliding trajectory was 1000 m and the contact
pressure was 10 MPa.
The wear resistance of samples was determined based on the volume loss of the samples
relative to the grinding trajectory according to the
equation (1):

W 





m
mm3 .m 1 ,
 .l

(1)

where W is the volume loss of the sample,
Δm is the weight loss of the sample,
r is the density of the sample and
l is the grinding trajectory of the sample.

RESULTS AND DISCUSSION
Densification and microstructure of Si3N4
ceramics
The densities of the Si3N4 ceramic samples were
influenced by the sintering time. They increased
along with the sintering time from 3.21 g.cm-3 (for
5 min) to 3.25 g.cm-3 (for 30 min). These values
corresponded to the relative density from 97.23%
(for 5 min) to 98.51% (for 30 min), which indicate good densification of these samples.
Figure 2 represents the microstructures of
the Si3N4 ceramics sintered for 5 and 30 min.
The microstructures of Si3N4 contain equiaxed
matrix of a-Si3N4 grains and large elongated bSi3N4 grains. Along the boundary of Si3N4 phase,
brittle crystalline secondary Y3Al5O12 (YAG)
phase is created. The fine-grained microstructure
can be seen in Fig. 2a which depicts a ceramic

Fig. 1. Equipment used for pin on disk wear tests of Si3N4 ceramics
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Fig. 2. Microstructure of Si3N4 ceramics sintered for a) 5 min b) 30 min

sample sintered for 5 min. The microstructure
contains coarse b-Si3N4 grains after the sintering
time was prolonged for 30 min (Fig. 2b). The
growth of crystals during sintering can be seen
in Figure 2, the coarse grains developed with the
increased sintering time.
The phase compositions of samples sintered
for different times were identified with the XRD
method. Only two phases a-Si3N4 and b-Si3N4
were found in both specimens. However, the phases with a concentration below 5 wt.% could not
be identified using the XRD method. The transformation stage from initial a-Si3N4 phase to final
b-Si3N4 phase increases with the sintering time.
The portion of the b-Si3N4 phases was 45 wt.% at
sintering time of 5 min, and it increased to 75 wt.%
with the prolongation of the sintering time to
30 min. The whole transformation of a-Si3N4 to
b-Si3N4 phase was not achieved under the studied
sintering conditions.
Mechanical properties Si3N4 ceramics
Figure 3 represents the effect of sintering
time on the hardness and fracture toughness

of the Si3N4 ceramics. The hardness decreases
with the prolongation of the sintering time. The
effect of b-Si3N4 phase portion on the hardness and fracture of Si3N4 – the YAG system
was investigated in the study [29]. A decrease
of hardness with an increased b-Si3N4 portion
was found in this study. The transformation of
a-Si3N4 to b-Si3N4 phase develops during the
sintering and is accompanied by the formation
and growth of rodlike b-Si3N4 grains. The b-Si3N4
grains give the poorer values of hardness than
the equiaxed a-Si3N4 grains [30]. This confirms
the relationship between the hardness and microstructure and their progress with the prolongation of the sintering time.
The values of fracture toughness KIC in
Figure 3 increase slightly with the prolongation
of the sintering time (to 30 min). It has been reported that the hardness of a-Si3N4 single crystals is higher than that of b-single crystals. The
large elongated b- Si3N4 grains with high aspect
ratio deflect the propagation of cracks, thus increase the fracture toughness of ceramics. The
values of fracture toughness KIC increases along
with the elongated b-Si3N4 grains portion.

Fig. 3. Effect of sintering time on the hardness and fracture toughness of the Si3N4 ceramics
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Tribological properties of the Si3N4 ceramics
Wear resistance of Si3N4 at grinding
with Al2O3 abrasive
The effect of the sintering time on the wear of
the ceramic samples during pin on disk tests can
be seen in Figure 4. The highest wear resistance
was achieved at the sample which was pressed
for only 5 min. Both the decrease of the wear resistance and the increase of the volume lost with
the prolongation of the sintering time can be seen
from Figure 4. These values are significantly influenced by the grain size of ceramics which influences the hardness. The grain size increases with
the prolongation of sintering time. The portion of
b-Si3N4 phase increases at the expense of the aSi3N4 phase with the prolongation of the sintering time which causes a gradual decrease of the
hardness and thus the wear resistance of Si3N4 ceramics. That is the reason for the lowest measured
wear resistance values of the samples sintered
for the longest time of 30 min. The dependence

between the hardness and volume loss of samples
in Figure 5 confirms this effect.
The effects of the measured mechanical properties of the Si3N4 ceramics on their wear properties were studied in detail and are presented in
Figure 5.
Hardness has a positive effect on the wear
resistance of the Si3N4 ceramics (Fig. 5). Higher
hardness resulted in less wear. The highest hardness was measured in the ceramics pressed for
5 min. These samples have the smallest volume
losses. The highest volume losses were measured in the samples pressed for 30 min. These
samples have the smallest hardness. The results
in Figure 5 correspond well with the W ~ HV-1
model, where the volume losses during the wear
tests vary inversely in proportion to the hardness
HV of the ceramics.
Figure 5 also represents the effect of fracture
toughness on the volume loss of ceramics samples. The worn volume increases along with the
fracture toughness. The results are influenced by
the grain coarsening. The maximal wear value

Fig. 4. Effect of sintering time on the volume loss of the Si3N4 ceramics

Fig. 5. Effect of hardness and fracture toughness on the volume loss of the Si3N4 ceramics
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(8.29.10–3 mm 3 .m -1) was achieved at the pressing
time of 30 min, with the highest grain size values.
The sample surfaces after the grinding with
Al2O3 abrasives are documented in Figure 6. The
comparison of these sample surfaces indicates
that the sample with sintering time of 30 min
(Fig. 6b) shows a larger extent of the wear. Worn
surface is formed by many pits, some cracks are
visible too. On sample surface with sintering time
of 5 min in Fig. 6a, fine wear of ceramic surface
can be seen. Both crystalline binding phase and
grain size, which is affected by the sintering time,
have a significant effect on the surface damage
of ceramics. It is known that the grain coarsening causes the generation of stresses in the microstructure of silicon nitride. These stresses are the
consequence of different thermal expansion of the
crystalline binding phase, which surrounds individual Si3N4 ceramic grains. The thermal expansion coefficient of crystalline binding phase YAG
(~7·10–6 °C-1) is higher compared to the Si3N4
ceramics (~2,2·10–6 °C-1). Grain coarsening influences the distribution of the binding phase which
coagulates to larges islands in the coarse-grained
microstructure. These islands of crystalline binding phase present weak places in microstructure
because of the stresses generated by different
thermal expansion. These stresses, together with
low fracture toughness values, cause an easy fall
out of grain at wearing of ceramics. The coarse
grains decrease the toughness which can lead to
intensive microcracking. Figure 6b confirms the
negative effect of grain coarsening of the Si3N4
microstructure on its wear resistance. The surfaces in Figure 6b show a larger extent of wear
with significant damage. The samples sintered for
a shorter time (5 min) show a finer wear of the
surface which is caused by higher hardness and
finer grain compared to the samples sintered for a
longer time (30 min).

Wear resistance of Si3N4 at dry friction with
stainless steels
The disc counterparts made of austenitic
chromium nickel stainless steels 18Cr-8Ni type
and ferritic chromium stainless steels 14Cr
type were used in these tests. Stainless steel
18Cr-8Ni was soft annealed and had the average hardness of 191 HV. It has tendency to
seize and cold weld at sliding friction without
lubrication. It tends to stick to the tool surface
during machining. The stainless steel 14Cr disc
samples used for friction tests were austenitized
at 980°C and quenched in air and subsequently
tempered at 450°C for 2 hours and cooled in
air. They had the average hardness of 516 HV.
The results from the wear tests of Si3N4 ceramics at the friction with both stainless steel materials are plotted in Figure 7. The wear of the
Si3N4 ceramics in Figure 7 at the friction with
the 18Cr-8Ni austenitic stainless steels is several times higher compared to the wear of the
Si3N4 ceramics at the friction with the 14Cr ferritic stainless steel. The 14Cr ferritic stainless
steel has several times higher wear resistance
compared to the 18Cr-8Ni austenitic stainless
steels. The wear extent of experimental steels
was influenced by their hardness. The 14Cr ferritic stainless steel has almost three times higher hardness 18Cr-8Ni than austenitic stainless
steels. The wear of experimental steels was affected by the wear mechanisms too. At reciprocal friction, the adhesion between the surfaces
of Si3N4 – 14Cr couple was not so strong as between the surfaces of Si3N4 – 18Cr-8Ni couple.
This fact was confirmed at the observation of
worn surfaces of steel discs. More significant
wear of 18Cr-8Ni austenitic stainless steel was
noticed compared to the wear of 14Cr ferritic
stainless steel during this observation, which is
documented in Figure 8.

Fig. 6. Surface of Si3N4 ceramics sintered for a) 5 min b) 30 min after grinding with Al2O3 abrasive
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Fig. 7. Effect of the sintering time on volume loss of Si3N4 during dry friction with stainless steels

The transfer of ceramic layers on the surfaces of steels and metallic layers on the surfaces of ceramics was detected in Figure 8.
Dominant transfer of ceramics on the surface
of steel was observed at the couple Si3N4 –
18Cr-8Ni (Fig. 8a). This observation reveals
that a strong adhesive effect stems from the
friction interaction of the Si3N4 ceramics with
austenitic stainless steel without a lubricant.
This explains the higher wear of Si3N4 ceramics because of the intensive micro-crack creation on the ceramic surface and below the ceramic surface in the consequence of the larger
amount of the transferred metallic layer on the
ceramic surface [31]. This effect can cause the
extraction of ceramic grains which leads to an
increased wear of Si3N4. Higher surface roughness of steel disc caused by wear of this surface could contribute to a significant damage
of the ceramic surface.
The decrease of volume loss of the Si3N4
ceramics with a reduction of its hardness is
plotted in Figure 9. The highest wear resistance did not reach the samples with the highest hardness but the samples with the highest
fracture toughness (Fig. 10).

The achieved results indicate that despite the
known positive effect of the hardness of ceramic
materials on their wear resistance, the fracture
toughness of the Si3N4 ceramics will be an important property at the dry friction contact of these
ceramics with experimental stainless steels. Creation of strong adhesive joints at the friction of
ceramics with 18Cr-8Ni austenitic stainless steel
caused that the wear of ceramics in contact with
weaker austenitic stainless steel was more significant compared to the wear in contact with hard
ferritic stainless steel.
The presented results show that the adhesion
processes take part during the dry friction between
ceramics and stainless steels. A similar effect was
confirmed in works [24, 32] when adhesion was
observed at wearing of nitride ceramic with stainless steel. Breaking of the created adhesive joints
caused the transport of the metallic layer on the
ceramic surface during the relative moving of
interactive friction surfaces. Beside this fact, the
tribochemical reactions were found between the
SiO2 layer, which is created on Si3N4 surface by
the O2 impact presented in air, and FeO layer created in consequence of the oxidation of steel disc
(SiO2 + FeO → FeSiO3).

Fig. 8. The surfaces of a)18Cr-8Ni b)14Cr stainless steel after friction with Si3N4 ceramics
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Fig. 9. Effect of hardness of Si3N4 on its wear during the friction with stainless steels

Fig. 10. Effect of fracture toughness of Si3N4 its on wear during the friction with stainless steels

CONCLUSIONS
The aim of the paper was to investigate the
effect of sintering time on the chosen mechanical and tribological properties of hot pressed
Si3N4 based ceramics. The mechanical properties of the Si3N4 ceramics such as hardness and
fracture toughness were evaluated. The tribological properties of the Si3N4 ceramics were
studied during grinding of this ceramics with
the Al2O3 abrasives and during the friction of
this ceramics with two types of stainless steels.
A direct dependence of the studied properties
on the ceramic microstructure was confirmed.
The microstructure of the Si3N4 ceramics was
controlled by hot pressing parameters. On the
basis of the realized measurements, the following preliminary conclusions can be drawn:
1. Both the grain coarsening of the hot pressed
Si3N4 ceramics and the b-Si3N4 phase portion
increase are consequence of the prolongation
of the sintering time which has a gradual effect
on decrease of the hardness of Si3N4 ceramics.
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Shorter sintering time of 5 min is more favourable for the hardness of ceramics because of
the positive effect of fine-grained microstructure on the hardness values. The ceramic sintered for a shorter time contains a larger portion of the untransformed a-Si3N4 phase, which
has higher hardness compared to the tougher
β-Si3N4 phase.
2. The fracture toughness values of silicon nitride ceramics increases with the prolongation
of its sintering time. The elongated grains of
the β-Si3N4 phase have a positive effect on the
fracture toughness of ceramics. Increasing the
stress field which is generated in vicinity of
growing grains hinders the initiation or propagation of cracks.
3. The microcutting wear mechanisms predominates during the grinding of the Si3N4 ceramics with the Al2O3 abrasives. The hardness of
the ceramic material has the greatest effect on
its wear resistance and can be described by the
model W ~ HV-1.
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4. Strong adhesion between the friction surfaces
was observed during the wear test of the Si3N4
ceramics under the conditions with dry friction mainly against 18Cr-8Ni stainless steel
which was accompanied with strong seizing.
Under these conditions, the microcracking
wear mechanisms predominate. The gradual
transport of the metallic layer on the surface
of ceramics intensified the creation of cracks.
The wear resistance of ceramics is mainly dependent on the fracture toughness of ceramics
and can be described by the W ~ HV/KIC model.
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