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Abstract

In this work, hot-pressing of equimolecular mixtures of a- and 3-SizN,4 was performed with addition of different amounts of sintering additives
selected in the ZrO,—Al,0O5 system. Phase composition and microstructure of the hot-pressed samples was investigated. Densification behavior,
mechanical and thermal properties were studied and explained based on the microstructure and phase composition. The optimum mixture from the
ZrO,—Al,05 system for hot-pressing of silicon nitride to give high density materials was determined. Near fully dense silicon nitride materials were
obtained only with the additions of zirconia and alumina. The liquid phase formed in the zirconia and alumina mixtures is important for effective
hot-pressing. Based on these results, we conclude that pure zirconia is not an effective sintering additive. Selected mechanical and thermal
properties of these materials are also presented. Hot-pressed SizN,4 ceramics, using mixtures from of ZrO,/Al,O5 as additives, gave fracture
toughness, Kj¢, in the range of 3.7-6.2 MPa m"? and Vicker hardness values in the range of 6-12 GPa. These properties compare well with
currently available high performance silicon nitride ceramics. We also report on interesting thermal expansion behavior of these materials

including negative thermal expansion coefficients for a few compositions.

© 2010 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Low porosity non-oxide ceramics Si3Ny, AIN, B,C, BN and
SiC ceramics are attracting materials. This is due to their
potential uses as a high temperature engineering materials
substituting structural metals. Many of the non-oxide ceramics
have attractive mechanical properties (strength, hardness, wear
resistance) and unique combinations of thermal and electrical
conductivity. Finally, some of them have high thermal shock
resistance and are chemically stable in a variety of harsh
environments.

Silicon nitride is one of the most promising of advanced
ceramic materials. It is also the most extensively studied
ceramic for high temperature applications. This is because of its
low density, high temperature strength, excellent thermal shock
resistance and better reliability compared to other ceramics.

* Corresponding author.
E-mail address: dr_ewais@hotmail.com (E.M.M. Ewais).

Some of the common applications of silicon nitride include
cutting tools, bearings, reciprocating engine parts, wear and
metal forming components and springs [1-11]. Transportation
related applications include automotive valves, turbocharger
rotors and valve guides. Silicon nitride parts contribute to the
reduction in emissions and increase in the efficiency of engines
and in enhancing the productivity in variety of metal working
processes. As result, an estimated global market for silicon
nitride is expected to reach $700 million in the near future [12].

Despite the impressive material properties of silicon nitride,
e.g. high strength and thermal shock resistance, good corrosion
and wear resistance, its commercial use has been quite limited.
The major obstacle to large-scale implementation has been
the high manufacturing cost. In addition, the performance of the
objects manufactured from silicon nitride is controlled by the
amount and type of sintering aids. These additives must be
added to enable liquid phase sintering (LPS) to high density, but
if the amount of additives can be reduced or if the additives have
unique mechanical and thermal properties while maintaining
good sintering properties, the performance of the silicon nitride
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can be significantly improved. In addition, the brittleness of
silicon nitride is considered one of its main drawbacks that limit
its application. However, many approaches have been proposed
to improve the fracture toughness of SizN,4 [13—17].

The mechanical properties depend on several variables.
Chief among these is powder characteristics. Powders with
high o content have usually been used as the starting material
since the sintered SizN, body consists of a composite-like
microstructure due to the a—f phase transformation. It has
been reported that the large, elongated (3 grains with high-
aspect-ratio deflect the propagation of cracks, thus increasing
the fracture toughness of the material. However, large grains
may act as crack origin lowering the flexural strength of the
sintered material. So, it is important to control the amount and
aspect ratio of the large 3-grains in order to improve the
mechanical properties of silicon nitride materials [18-26]. Xu
et al. [19] reported that the mechanical properties have an
optimum if the o/f ratio equals 1 in the starting material
mixture.

Since the densification of Si;N4 plays an important role in
the cost of Si;N, production, significant effort has been made
to optimize the densification via liquid phase. It was reported
that part of densification can be achieved by the rearrangement
of SizNy, particles induced by the formation of liquid phase due
to reaction between the SiO, layer (typically 0.5-3 wt.%)
present on the surface of starting a-SizNy, powders and the
sintering aids. Complete densification can be achieved through
reactive liquid phase sintering mechanism. The «a-SizNy,
particles dissolve in the liquid and precipitate as 3-SizNy, viaa
reconstructive phase transformation. While sintering con-
tinues, the 3-Si3Ny, nuclei grow as elongated grains and form
an interlocked grain structure [9,15,16,18,24,27-38]. It has
been noted that fully dense objects cannot be produced without
the use of sintering additives. As previously mentioned, the
type and amount of sintering additives determine the nature
and the properties of liquid formed [9,15,16,18,23,27-32].
Al O3, Y,03, MgO, AIN as well as rare earth oxides have been
used as sintering additives for silicon nitride. Al,O3 and Y,03
are considered the most common sintering additives but Y,03
is expensive [13,15,23,28,38-42]. Fisher et al. [14] reported
that an alternative cheaper sintering additive would help to
reduce the cost of producing SizN, ceramics. ZrO, is a possible
replacement for Y,0j3. It has been reported that ZrO, is an
effective and attractive additive for hot-pressing SizNy4
ceramics [43], as it has the potential of toughening and
strengthening Siz;Ny-based ceramic materials. It also improves
the oxidation resistance due to the presence of more refractory
grains boundary phases [44]. However, using a stabilizing
agent such as Y,03 (>4.1 mmol%) or CeO, (~3.81 mol%) is
very important to reduce or prevent the nitrogen uptake by
Zr0O, during densification of Si3N,—ZrO, composites [45]. It
was also reported that addition of MgO to Si3N4~ZrO, system
plays an important role as a sintering agent and stabilization of
7ZrO, [46]. Thus the fabrication of silicon nitride based
ceramics in the presence of zirconia have to have a stabilizing
agent when the processing is conducted in nitrogen atmosphere
[47].

Several investigators have studied the Si;N4—ZrO, compo-
site system [48,49]. In these studies pressureless-sintering of
this system under nitrogen overpressure at temperatures of
1800 °C and 2140 °C was carried out. Results indicated that
20 vol% ZrO, (i.e. ~30 wt.%) should be added to form—high-
density materials. To improve the fracture toughness of SizNy,
the content of ZrO, should be in the range of 15-20 wt.%.
About 20 wt.% Y,0s-stablized ZrO, (3 mol% Y,03) with
small amounts of Al,O3 (1-4 wt.%) and/or Y,03 (2-6 wt.%)
was used as sintering aid at 1775 °C. Hot-isostatic pressing of
Si3Ny—ZrO, composite at 1550 and 1750 °C using both
unstabilized and stabilized ZrO, (3 mol% Y,03) gave fully
dense objects with addition of >1 wt.% Al,O3 or >4 wt.%
Y,0;. This investigation mentioned that hot-isostatic pressed
(HIP) composite at low temperature was harder compared to
higher temperature. In addition, Si;N, formed with 2—-6 wt.% of
ZrQ, with simultaneous addition of 2-6 wt.% Y,03 and 2—
4 wt.% Al,O3 densified at 1750 °C and showed a good
combination of Vicker hardness (HV10) and indentation
fracture toughness. Therefore, addition of stabilizing agent
to Si3N4—ZrO, composite and sintering at high temperature
must be considered.

On the other hand, composites in ZrO,—Al,03 system have
the potential to combine an increased hardness with excellent
toughness of tetragonal zirconia. In addition, several composi-
tions are well-known as candidates for high temperature
applications. One of the attractive points in this system is the
formation of eutectic composition at 1710 4 10 °C in ZrO,—
Al,0;5 [50]. Therefore, exploitation of the eutectic composition
as liquid phase sintering should be considered in the
densification process.

In this paper, we present our systematic results on the
processing and properties of equimolecular mixtures of a- and
B-SisN, with cost effective ZrO, and ZrO,/Al,O3 as
densification additives.

2. Experimental procedures
2.1. Materials

The starting powders used in this study were a- and 3-SizNy
powders (FUJIAN SINOCERA ADVANCED MATERIAL
CO., Ltd., China). Zirconia (zirconia-TZ-3Y) was obtained
from Tosoh Ceramics Deviation (NJ, USA). The powder
contains 5 wt.% yttria for stabilization of the tetragonal phase.
Pure (99.99%) chemical-grade Al,O; powder (GPR) was
supplied by Arabic Scientific Office (Egypt). Details of these
powders are given in Tables 1 and 2.

Table 1
Particle size distribution of the starting powders.
0(-Si3N4, pm B-Si3N4, m Zl‘02, pm A1203, pm
dyo 0.29 0.59 5 33
dsg 1.24 2.04 0.7 4.65
doo 2.43 4.83 0.2 5.75
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Table 2
Chemical composition analysis of the starring powders.
OL-Si3N4, wt.% B-Si3N4, wt.% Zl'Oz, wt.% A1203, wt.%
N 376 37.5 ZrO, 94.12 -
Si 595 59.6 Y,0; 5.17 -
(0] 1.4 1.4 Al,O3 0.005 99.98
Fe 0.2 0.2 Fe,03 0.002 -
C 0.08 0.09 SiO, 0.005 -
Na,O 0.021 -
L.O.L 0.680 -

2.2. Hot-pressing

Two groups of batches from silicon nitride powders (- and
B-SizN,) and their additives were prepared. Group (I) was a-
and 3-SizN, powders with weight ratio /3 = 1 and mixed with
zirconia. Group (II) was a- and 3-Si;N,4 powders with weight
ratio o/ = 1 mixed with different ratios of zirconia/alumina.
The composition of the two group batches are given in Table 3.
The powders for each batch were mixed and grounded in
planetary mill for 6 h. The mixed powder was then preformed
into a rectangle, 35 mm X 6.5 mm x 7.5 mm. Subsequently,
these performs were hot-pressed at 1800 °C for 20 min under
pressure of 30 MPa in CO/CO, atmosphere where the partial
pressure of carbon monoxide was higher than carbon dioxide
(Pco > Pco,). The hot-pressing of the powders was conducted
in a rectangular high-density graphite die coated by boron
nitride (BN). The heating rate and cooling rates were 100 °C/
min and 50 °C/min respectively. The load was applied from the
beginning of heating and stopped at the beginning of cooling.

2.3. Characterization

Densification parameters in terms of bulk density and
apparent porosity of the fired samples were determined
according to JIS R2205-1974. The development of phases
after sintering was followed using X-ray diffraction (D8
Advanced Bruker AXS, GMbH, Karlsruhe, Germany). Fracture
and polished surfaces of the specimens were investigated using
Scanning Electron Microscope (SEM, Model JSM-5410,

Table 3
The composition of the first and second group batches.

Composition of batches, wt.%

Batch code a-Si3zNy B-SizNy ZrO, Al,O3

Group (I) SN 50 50 -
SNZ5 47.5 47.5 5 -
SNZ10 45 45 10 -
SNZ15 425 425 15 -
SNZ20 40 40 20 -

Group (1) SNZA1 45 45 5 5
SNZA2 40 40 10 10
SNZA3 45 45 3.33 6.67
SNZA4 40 40 6.67 13.33
SNZAS 45 45 6.67 333
SNZA6 40 40 13.33 6.67

JEOL, Tokyo, Japan) with electron dispersive spectroscopy
(EDS). Such investigations were performed to identify the
sample textures, phases and their distribution. From these data,
it is possible to understand the behavior of the samples after
sintering and their correlation with changes of the sintering
parameters.

Macrohardness and fracture toughness values have been
determined, at room temperature, on the polished surface
considering an average of five indentation using Vickers
indentation method [51-61] with 20 kg load for 15 s. The crack
paths, introduced by Vickers indentation with 20 kg load, were
investigated in order to evaluate toughening mechanisms.
Calculation of the fracture toughness “Kjc”’ was carried out
based on the nature of cracks observed. In case of Palmqvist
cracks, K¢ was calculated based on the Palmqvist shaped-crack
model using the following relation:

0.0515P
Ic = o7

However, for the case of halfpenny cracks, Kic was
calculated based on the half-penny shaped-crack model using
the following relation:

~0.0726P
1Ic — C3/2

where C the crack length measured from the middle of the
Vickers indentation (m). P is the indentation load (N). K¢ is the
fracture toughness (MPa mY 2).

Linear thermal expansion (TE) and its coefficient (CTE) of
the hot-pressed samples was measured using dilatometer
(Linseis Inc., Germany, Model L76/1550) in the temperature
range of room temperature up to 1200 °C with a heating rate of
10 °C/min.

3. Results and discussions
3.1. Phase evolution and microstructural characterization

Fig. 1 shows the X-ray diffraction of hot-pressed silicon
nitride mixtures of group (I) which contains 5-20 wt.%
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Fig. 1. X-ray diffraction patterns of the hot-pressed SizN4—ZrO, mixtures.
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Fig. 2. X-ray diffraction patterns of the hot-pressed Si;N, containing 10 wt.%
of ZrO,/Al,O; mixtures of ratio of 1, 0.5 and 2.

zirconia. Generally, the XRD analysis does not reveal any peaks
for a-Si3Ny. The main crystalline phases shown by this analysis
are [-silicon nitride, monoclinic zirconia (m-ZrO,) and small
amounts of silicon oxy-nitride (Si,N,O). This means that a-
silicon nitride is completely transformed into 3-silicon nitride.
Formation of Si,N,O indicates two reaction possibilities [62—
72]. First, capturing the oxygen from zirconia and reaction with
silicon nitride. Second, the reaction of the silica (SiO,) layer
that exists on the silicon nitride according to the equation

Si3Ny + Si0, — 2Si,N>,O

The XRD of hot-pressed silicon nitride mixtures of group
(IT) which contains 10 and 20 wt.% zirconia(Z)/alumina(A) of
different ratios (1, 0.5 and 2) are shown in Figs. 2 and 3. The
XRD analysis revealed that the mixtures composed mainly of
a- and B-SizN4 as the major crystalline phases and small
amounts of m-ZrO,. However, the relative intensity of 3-SizNy4
phase is higher than a-Si3;Ny. This indicated that some o-SizNy
transformed into (3-SizN, during the sintering process. This
result matches with published reports [15,28,38,42,73]. In the
investigated system, the zirconia detected is not proportional
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Fig. 3. X-ray diffraction patterns of the hot-pressed Si;N, containing 20 wt.%
of ZrO,/Al,O; mixtures of ratio of 1, 0.5 and 2.

with its quantity added; in addition, alumina peaks are not
detected. This is due to the reaction of a part of the zirconia with
alumina forming liquid phase at the processing temperature
according to the Al,05-ZrO, phase diagram. The disappear-
ance of alumina (for all cases) and presence of the amorphous
phases is evidence that liquid phases between alumina and
zirconia is formed. By increasing the content of zirconia and
alumina to 20 wt.% (at all Z/A ratios), the relative intensity of
the all crystalline phases decreased (a- or 3-SizNy or m-ZrO,)
and the system proceeds towards higher amount of amorphous
phases.

It was obvious that a part of a-SizN4 was retained without
transformation into [-SizN,; this may be related to the
insufficient holding time [33,36,74]. However, in case of the
investigation of the hot-pressed silicon nitride samples of group
I that contain zirconia only, «-SizN, was completely
transformed at the same holding time. This means that the
holding time is not the only factor that controls the
transformation process. The chemistry of liquid phases formed
must be important for this transformation.

The investigation of the fracture surface of the hot-pressed
SNZ10 and SNZ20 of group (I) using Scanning Electron
Microscope shows elongated silicon nitride grain as shown in
Fig. 4. Also, a few elongated Si3N, grains embedded in a fine
grain Si;N, microstructure were seen. It was observed that
grain growth has occurred, but relatively low at lower content of
zirconia (10 wt.%). However, with the increase of the additive

SNZ10

lpum x7500

x7500

Fig. 4. SEM micrographs of group I (fracture surface). With the increase of
ZrO, addition, aspect ratio and grain growth of the silicon nitride increases. This
is a good evidence on the transformation of a-SizNy to B-SizNy.
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Fig. 5. SEM micrographs of HP-samples of group I (polished surface with different magnification). It can be seen that (a) ZrO, (light grains) is well-distributed in
Si3Ny4 matrix, (b) irregular pores are very clear and there content and its sizes decrease with increase of ZrO, content, and (c) no complete densification at low content
of ZrO, (SNZ10) and there is enhancement with increasing the content of ZrO, (SNZ20).

amount up to 20 wt.% zirconia, the grains were significantly
larger. In addition, the volume fraction of elongated grains
increased. These observations affirm that the aspect ratio of the
grains in the hot-pressed samples increased with the increase of
the amount of zirconia. This in turns indicates the formation of
[3-silicon nitride and matches with the X-ray results. However,
the formation of B-silicon nitride is not evidence for the
complete densification. Fig. 5 shows the effect of the amount of
sintering additives on the densification and microstructure of
group (I) samples (only ZrO, additives). At low content of ZrO,
(SNZ10), a large volume of irregular pores are evident. With the
increase of ZrO, addition (SNZ20), the porosity decreases. This
indicates that densification of Si;N, improves with increasing
zirconia content but even with 20 wt.% zirconia full density is
not achieved. Incomplete densification is most likely due to
either low volume fraction of the liquid phase or due to high
viscosity of the liquid phase.

Addition of mixtures of zirconia and alumina to equimo-
lecular mixtures from a- and B-SizN, represented in group (II)
had significant changes on the microstructure of the hot-pressed
samples as shown in Fig. 6 (low and high magnification). SEM
of the hot-pressed samples of this group shows an improvement
in the densification. However, it appears that the amount of
liquid phase formed with addition of 10 wt.% zirconia and
alumina with ratio 1:1 (SNZA1) seems to be insufficient to
form a high density composite. By increasing the amount of
zirconia and alumina mixture to 20 wt.% content with same
ratio (SNZA2), the crystalline phases are uniform and well-
distributed in the matrix. From the microstructure feature, the

liquid phase formed seems to be enough and leads to a dense
composite. SEM of hot-pressed silicon nitride samples (SNZA3
and SNZA4) containing zirconia/alumina ratio of 0.5 (Z/
A =0.5) for both 10 or 20 wt.% exhibited uniform and well-
distributed microcrystalline phases embedded in the amor-
phous matrix. This microstructure indicates near full density
materials. The important conclusion from these results is that
both the amount of liquid phase and its state or chemistry is
important in controlling the hot-pressing process. When Z/A
ratio was increased to 2 (i.e. Z/A =2) as in samples SNZAS,
uniform crystalline and microcrystalline phases embedded in
the matrix were observed at low content of the additives
(10 wt.%). In addition, pores were observed indicating
incomplete densification. With the increase of the content to
20 wt.% at the same ratio (Z/A =2) as in samples SNZAG6, a
uniform and well-distributed microcrystalline phase embedded
in liquid phase was observed without residual porosity. An
eutectic liquid of low viscosity at the processing temperature is
formed in the ZrO,—Al, O3 system at Z/A < 1. Increasing of the
Z/A ratio to 2 means increasing the amount of ZrO, which in
turn increases the viscosity. Incompleted densification results
for this case. These results affirm that such effective
densification mainly depend on the amount of liquid formed
and its state.

3.2. Densification

Silicon nitride samples without addition of sintering
additives have been called “unsinterable” due to the difficulties
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Fig. 6. SEM micrographs of group II (polished surface with low and high magnification). It can be seen that (1) light area corresponds to ZrO,, (2) two features are
clears in the figures and proved by EDS; (a) main part of ZrO; is separated in the form of damaged grains and well-distributed in the matrix, and (b) the other part
ZrO; (minor) forms eutectic mixtures with Al,O3 and well-distributed in the grey area, (3) Black area or spots have been confirmed to be referred to glassy phase
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Fig. 7. Bulk density of hot-pressed SizNy4 as a function of ZrO, content.

associated with sintering ‘“pure”” SizNy [9,23,28]. However, the
addition of zirconia and zirconia/alumina to equimolecular
mixtures of a- and B-SizN, resulted in improved densification
for the composites. The final densities depend on the amount
and type of the additives.

In case of the hot-pressed silicon nitride mixtures of group
(I) which contains 5-20 wt.% zirconia, the densification
parameters in terms of bulk density and apparent porosity of
the sintered samples are presented in Figs. 7 and 8. These
figures displayed that the average bulk density of the hot-
pressed samples increased with increasing amount of zirconia.
Despite the increase of the density of the hot-pressed samples, it
is still low compared to the expected density of the hot-pressed
Si3Ny. These low densities may be due to insufficient amount of
liquid phase formed during hot-pressing process [14—
16,24,28,33,36,42,63—-65,74-76]. In addition, the formations
of Si,N,0 phase in these mixtures during the sintering process
as seen in the XRD (Fig. 1) led to poor sinterability. Since the
addition of zirconia to silicon nitride produced high apparent
porosity and low bulk density, therefore, the manufacturing of
fully dense-pore free silicon nitride composites from this
mixture cannot be obtained under the hot-pressing conditions
used.

The bulk density and apparent porosity of the hot-pressed
silicon nitride mixtures of group (II) which contains 10 and
20 wt.% zirconia(Z)/alumina(A) of different ratios (1, 0.5 and
2) is shown in Figs. 9 and 10. Generally, the apparent porosity
of the hot-pressed silicon nitride mixtures of the group (II) was
lower for all cases (whatever the content or ratios of zirconia
and alumina) compared to group (I). Key factor in the decrease
of the apparent porosity of this group can be understood from
the Al,O3;—ZrO, phase diagram [50]. In this diagram, the
composition of Z/A =0.5 forms a eutectic at 1710 + 10 °C.
With increasing Z/A ratio, the liquidus temperature increases
leading to an increase in the viscosity of the liquid at the
processing temperature. It has also been shown that the surface

5

Hardness, GPa

5 10 15 20
ZIRCONIA CONTENTS %

Fig. 8. Apparent porosity of hot-pressed Si;N, as a function of ZrO, content.

W
N
W
N

BULK DENSITY, g/em®
- N

T
I 1 1 (% 2 1
%, S G B & %,
ZIRCONIA AND ALUMINA CONTENTS

Fig. 9. Bulk density of hot-pressed SizN4 as a function of ZrO, and Al,O;
mixtures cat different contents and ratios.

tension of the liquid that forms at Z/A =0.5 is a minimum
[77,78]. With the increase of the ratios of Z/A, the surface
tension of the liquid increases up to ratio of 4 then decreases
again. Thus the liquid that forms at Z/A = 0.5, has lower surface
tension and consequently easily wets the grains. It also has the
low viscosity at the processing temperature. This in turn assists
the packing of the grains by rearrangement and decreases the
porosity. In addition to the low surface tension of the liquid, the
quantity of the liquid is also important. For that reasons,
20 wt.% from Z/A =0.5 gave pore free structure. At higher
content and Z/A ratio of 0.5 and 1, the liquid formed has low
enough surface tension and viscosity and this leads to dense
samples. When the Z/A ratio is 2, the surface tension increases
and also the liquidus temperature increases leading to samples
that are no longer fully dense. Thus in addition to the amount of
liquid, the liquidus temperature and the surface tension are

composed mainly of aluminum silicate. Other part of alumina has been found in the grey areas and the ratio of Z/A is less than 1, (4) Si3;N, is cemented by two kind of
liquid phase [amorphous mullite and amorphous liquid of ZrO,—Al,O3 composite with Z/A < 1], and (5) most of samples show compacting with high content of Z/A
irrespective to the ratio, however, glassy-like feature was seen with samples of Z/A = 0.5 (SNZA3and SNZA4) indicating complete densification and the role of

liquids feature.
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Fig. 10. Apparent porosity of hot-pressed silicon nitride as a function of ZrO,
and Al,O3 mixtures at different contents and ratios.

important factors in controlling densification of liquid phase
sintered materials.

3.3. Mechanical properties

3.3.1. Hardness

Hardness of the hot-pressed SizN, samples containing
zirconia additives “‘group (I)”’ determined by Vickers indenta-
tion didn’t show any change up to 15 wt.% zirconia additions as
shown in Fig. 11. These hardness values are quite low compared
to the hardness of silicon nitride found in literature. The low
hardness is due to relatively low density and the high content of
B-SizNy [17,24,60,74,79]. With the increase of the content of
zirconia to 20 wt.%, the hardness value increased significantly.
This can be explained by the decrease in porosity and
increasing of density. However, this value is still low compared
to the results reported for silicon nitride.

For the hot-pressed SisN, mixtures of group (II), the
hardness values, displayed in Fig. 12, show remarkable
improvement. In spite of the difference in the hardness among
the mixtures, the results are in good agreement with results
found in the literature. Significant increase in the hardness of
the samples (SNZA2, SNZA4 and SNZAG6) of high zirconia and
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Fig. 11. Vickers hardness of hot-pressed SizNy as a function of ZrO, content.
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Fig. 12. Vickers hardness of hot-pressed Si;N, as a function of ZrO, and Al,O3
mixtures at different contents and ratios.

alumina content (20 wt.%) was observed compared to the
samples (SNZA1, SNZA3 and SNZAS) containing low content
of additives (10 wt.%). This was true irrespective to the ratio of
Z/A. This most likely is due to the low porosity of the material
as discussed above. This observation is in agreement with
reported literature [17,24,60,65,73,79-81].

3.3.2. Fracture toughness

Hot-pressed silicon nitride samples of group (I) which
contains zirconia only gave palmqvist crack according to (C/a)
ratio results. By applying the indentation fracture equation of
palmgqvist crack [52,55,61], it was found that the fracture
toughness (Kjc) of the hot-pressed samples of this group
increased with increasing amount of zirconia as shown in
Fig. 13. The increase of K;c might be due to the transformation
of zirconia from tetragonal to monoclinic under cooling from
sintering temperature to room temperature [3,10,11,38,82—-85].
The starting zirconia powder was tetragonal and the zirconia
obtained in the sintered samples is monoclinic as seen by XRD.
The increase of B-Si3N; formed with high aspect ratio
generated from the conversion of a-SizNy to B-SizNy as seen
by SEM could be another reason contributing to the
improvement of Kjc, where, the presence of such kind of
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Fig. 13. Fracture toughness of hot-pressed Si;Ny as a function of ZrO, content.
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Fig. 14. Fracture toughness of hot-pressed SizNy as a function of ZrO, and
Al,O3; mixtures at different contents and ratios.

elongated texture deflects the propagation of cracks. In
addition, thermal expansion mismatch between silicon nitride
and zirconia could be contributing in the increase of the fracture
toughness of the hot-pressed samples [4,74,86]. Despite the
significant improvement in the fracture toughness (Kjc) of the
hot-pressed samples of this group, the values are quite low
compared to Kjc of silicon nitride found in literature. This
difference could be understood in term of the large amount of
porosity that is present in these samples.

According to (C/a) ratios results, hot-pressed silicon nitride
samples of group (II) gave two patterns of cracks. The samples
containing 10 wt.% of zirconia and alumina mixtures, for all Z/
A ratios (SNZA1, SNZA3 and SNZAS) gave palmqvist crack,
while the samples containing 20 wt.% (SNZA2, SNZA4 and
SNZAG6) gave half penny crack. By applying the indentation
fracture equation for the appropriate crack type, Kjc of the hot-
pressed samples were obtained and are shown in Fig. 14. These
results are in good agreement with those reported in literature
[87-89]. Also, the presence of higher content of 3-Siz;N, with
elongated grains enhances the fracture toughness due to the
mechanism of crack bridging of the elongated grains
[15,16,17,24,38,42,58,73-75,78-80,90-92]. An additional fac-
tor that contributed to the improvement of the fracture
toughness is thermal expansion mismatch between the matrix
and reinforcing the particle. This mismatch leads to residual
stresses which promote crack deflection and the formation of
crack bridging [4,74,86].
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Fig. 15. Thermal expansion of hot-pressed SizNy as a function of ZrO, content.
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Fig. 16. Coefficient of thermal expansion of hot-pressed Si;N, as a function of
ZrO, content.

3.4. Thermal properties

Figs. 15 and 16 show the linear thermal expansion (TE) and
its coefficient (CTE) of the hot-pressed samples “group (I)”
material (containing only ZrO, additives) as a function of
temperature. The TE increases linearly with temperature
(constant CTE) of this group up to 800 °C. With the increase of
ZrO, content, TE and CTE increased because ZrO, has high TE
and CTE when compared to SizNy [3,93]. However, with
increasing the temperature above 800 °C, a deviation from the
linear trend of TE is observed. This may be due to the softening
of the glassy grain boundary phases [73]. In addition, zirconia
phase changes from monoclinic to tetragonal during heating
[9,10,38,81-84]. This transformation is martensitic in nature
[9,10,94,95] and involves a finite volume change (4-5%).

Figs. 17 and 18 show TE and CTE of hot-pressed SizNy
mixtures of group (II) as a function of temperature. Generally,
TE and CTE of the hot-pressed samples containing ZrO, and
Al,0O5; mixture of this group gave a lower thermal expansion
than the samples containing only ZrO,. Hot-pressed samples
containing 10 and 20 wt.% of Z/A = 0.5 (SNZA3 and SNZA4)
gave negative thermal expansion (NTE) over temperature range
starting from room temperature up to 1100 °C and these values
are considered the lowest values obtained. The characteristics
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Fig. 17. Thermal expansion of hot-pressed SizN, as a function of ZrO, and
Al,O5; mixtures at different contents and ratios.
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Fig. 18. Coefficient of thermal expansion of hot-pressed SizN, as a function of
ZrO, and Al,O5; mixtures at different contents and ratios.

of the formed liquid composition could explain the observed
NTE. Low or negative thermal expansion coefficient is
attractive for a number of interesting applications. At Z/
A =2, the hot-pressed samples (SNZAS) containing 10 wt.%
showed negative TE and CTE up to 1000 °C. However, with
addition 20 wt.% (SNZAG6), NTE was obtained in temperature
of range starting from room temperature up to 850 °C.
Appearance of some crystalline phases in this composition
as discussed in microstructure section and decreasing of the
content of liquids was considered as a reason. Comparing these
results with the results of the hot-pressed samples containing
zirconia alumina mixtures of Z/A = 0.5 (SNZA3 and SNZA4),
NTE is considered low. The reason maybe the appearance of
some crystalline phases in this composition as discussed in the
microstructure section and the decrease in the content of the
liquid phase. Finally, for equal amounts of zirconia and alumina
(SNZA1 and SNZA?2), i.e. Z/A = 1 whatever the amount added
in the frame of this study, NTE was not observed. This can be
explained in terms of the nature of the liquid phase formed and
the crystalline microstructure observed.

4. Conclusions

The study of the effect of the additions of ZrO, and ZrO,/
Al,Oj3 on the hot-pressing of the equimolecular mixture from o-
and B-Si3Ny revealed that it is difficult to manufacture dense or
near fully dense silicon nitride object with addition of zirconia
only. However, near-full density samples were obtained by the
addition of ZrO, and Al,O5. The amount of and the type of
liquid phase, in addition to its quantity are proposed as
important parameter in controlling the densification during the
hot-pressing of silicon nitride. A significant observation is the
importance of using eutectics in the phase diagram as effective
ways for achieving high density.

Addition of zirconia only did not show significant
improvement in the mechanical properties in terms of both
hardness and fracture toughness (Kjc) and these properties were
considered quite low compared to those reported in the
literature. However, addition of 20 wt.% zirconia and alumina
mixtures, for all Z/A ratio, investigated gave good mechanical
properties in term of hardness but the specimen containing

10 wt.% zirconia and alumina mixtures, for all Z/A ratios
investigated gave high Kc.

Samples containing Z/A ratios 0.5 and 2 exhibited negative
thermal expansion (NTE) for both 10 and 20 wt.% additives.
However, the specimen containing Z/A of 1 showed positive
thermal expansion. NTE is very useful for a range of
applications and further research should be conducted to
understand and optimize this behavior.
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