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SiAlON-based ceramics have been widely used as high temperature materials due their
superior mechanical and thermal properties. These ceramics exhibit excellent combination
of high strength, hardness, wear resistance and are chemically stable even at elevated
temperature. As a result, SiAlON based ceramics possess great potential for applications
where high wear resistance, thermal stability and strength are required.
In the present study, α-SiAlON, one of the major phases of SiAlON ceramics, was used as
a matrix for producing composites. Dense single phase (monolithic) α-SiAlON exhibiting
high mechanical properties, namely hardness (Hv10 21.06 GPa) and fracture toughness
(7.29 MPa.m1/2), was synthesized by using nano-sized powder precursors and calcium
oxide (CaO) as an additive, via spark plasma sintering technique (SPS) for consolidation
at a relatively low temperature of 1500 °C and holding time of 30 min.
Micron sized silicon carbide SiC (~ 2 μm) particles, up to 30 weight % (wt. %), were
successfully dispersed as a second phase in the α-SiAlON matrix to further enhance the
mechanical properties of the composite ceramics. For α-SiAlON composites reinforced
with SiC (μm), the highest hardness of 24.53 GPa (Hv10) and highest fracture toughness of
11.86 MPa.m1/2 were achieved for 30 wt. % SiC (μm).

xiii

Sialon composites prepared with nano-size silicon carbide SiC (50 nm) did not yield good
results due to poor dispersion and formation of SiC clusters within the matrix.
Composite ceramic with micron sized tungsten carbide WC (~ 3.5 μm) showed
homogenous dispersion for composite with 10 weight % WC, while the level of dispersion
decreased with increase in amount of second phase. For α-SiAlON/10 wt. % WC (μm)
composite, the hardness and fracture toughness were measured to be 23.46 GPa (Hv10) and
19.42 MPa.m1/2 respectively.
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ملخص الرسالة
االسم الكامل :راجا محمد اوس خان

عنوان الرسالة :تأثير كل من كربيد السيلكون و كربيد التنغستون على تقوية خصائص سيرميكيات النانو ال  -SIALON
التخصص :الهندسة الميكانيكية
تاريخ الدرجة العلمية :ديسمبر2015 ,

عرفت مواد السايلون السيراميكية كمواد مالئمة لدرجات الحرارة العالية بسبب خواصها الحرارية والميكانيكية
المتميزة ،كالقوة والصالبة و مقاومة التآكل واالستقرار الكيميائي في درجات الحرارة العالية ،وهو ما يجعلها مناسبة
للتطبيقات التي تتطلب مقاومة التآكل واالستقرار الحراري والقوة.
في هذه الدراسة ،استخدم طور األلفا-سايلون كمادة األساس لتطوير المادة المركبة .استخدمت المواد األولية في حجم
النانو إلى جانب إضافة أكسيد الكالسيوم لتحضير طور األلفا –سايلون منفردا في صورة عالية الكثافة  ،والذي انعكس
على خواص ميكانيكية عالية ممثلة في الصالبة  )21.06 aPGوالمتانة  .)7.29 aPG.m1/2حضر طور األلفا-
سايلون بتقنية التلبيد بالشرارة الكهربائية والبالزما على درجة حرارة منخفضة نسبيا  )1500 °Cو في وقت قصير
نسبيا  30دقيقة ).
خلطت جسيمات كاربيد السيليكون المايكرونية  )≈ 2 µmبشكل ناجح مع طور األلفا-سايلون ،والمضافة بوزن يصل
حتى  %30من وزن األلفا سايلون لتطوير الخصائص الميكانيكية للمادة المركبة .بلغت أعلى قيمة للصالبة لمركب
األلفا-سايلون وجسيمات كاربيد السيليكون المايكرونية -بوزن قدره  %30من وزن األول ،24.53 aPG -بينما بلغت
أعلى قيمة للمتانة .11.86 aPG.m1/2
مركب األلفا-سايلون و جسيمات كاربيد السيليكون النانوية  )50 mmلم يظهر خواصا ميكانيكية جيدة بسبب ضعف
توزع الجسيمات في مادة األساس األلفا-سايلون).
أظهرت جسيمات كاربيد التنجستن المايكرونية  )3.5 µmتوزعا متجانسا في مركبها مع األلفا-سايلون إذا كان وزن
الجسيمات  %10من وزن مادة األساس األلفا-سايلون) ،بينما ييتدهور هذا التوزع كلما زادت كمية الجسيمات المضافة.
أظهرت القياسات أن خاصية الصالبة لمركب األلفا-سايلون و كاربيد التنجستن  ) %10تساوي 23.46 aPG ،بينما
كانت قيمة المتانة .19.42 aPG.m1/2
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CHAPTER 1

INTRODUCTION
Si3N4 ceramics have been shown to sustain severe working conditions due to their
remarkable mechanical and thermal properties, namely hot hardness, chemical inertness
and thermal shock resistance [1]. However, full densification of Si3N4 powder compacts
using conventional solid-state sintering technique has proven difficult without applying
excess pressure and temperature. This is attributed to the covalent bonding present between
Si and N atoms that inhibits any lattice diffusion from taking place as atomic species
become sufficiently mobile for densification at temperatures >1850°C where
decomposition of silicon nitride commences [2, 3]. Thus, alternative approaches are
necessary involving mixing metal oxide additives with silicon nitride powder to provide
appropriate conditions for liquid phase sintering [1, 2, 3] .The types and amounts of
additives used for sintering determine the nature and quantity of the resulting grain
boundary phase and hence the mechanical properties. The use of alumina combined with
other oxides as sintering additives has been a significant milestone in the development of
SiAlON ceramics [4, 5, 6].
SiAlONs are solid solutions of α-silicon nitride and β-silicon nitride, in which part of the
Si and N is replaced by Al and O, respectively, in a simultaneous process to maintain charge
neutrality [4, 6]. In particular, α- and β- SiAlONs have attracted much attention in the past
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two decades due to their exceptional mechanical properties, namely high hardness for
α-SiAlON and reasonable fracture toughness for β-SiAlON [7, 8].
α-SiAlONs are based on the α-Si12N16 unit cell with

stoichiometric formula [4]:

M x Si 12-( mn) Al (mn)On N16-n where m is the number of Al-N bonds, n is the number of AlO bonds, M represents the added cation such as many of the lanthanides, rare earth and
alkaline earth elements, x  m / v  2 where v indicates the valence of the added cation.
α-SiAlON is formed from the reaction of silicon nitride, aluminum nitride, aluminum oxide
and the oxide of an appropriate modifying cation M (Y2O3, CaO, etc.) and densification
occurs by liquid phase sintering. α-SiAlON is precipitated during the reaction and the
amount of liquid gradually reduces until, theoretically, complete formation of α solid
solution occurs. In practice, large amount of oxide additives are required to facilitate the
densification process, however, this usually results in large amount of the liquid phase [4,
9].
Generally, α-SiAlON possesses higher hardness than β–SiAlON, while the latter shows
better fracture toughness than the former. The reason behind this variation in the
mechanical properties is explained usually through the consideration of the phase
morphologies, in which α-SiAlON is formed mainly as equiaxed grains, while β–SiAlON
grains tend to form elongated hexagonal prisms. However, scientists have successfully
developed ceramics with elongated α-SiAlON grains to enhance its fracture toughness [10,
11]. Both α and β-SiAlONs have a hexagonal closed pack (HCP) crystal structure and their
stacking sequence is ABCD and ABAB respectively [12]. Figure 1 shows the

2

representative phase diagram for SiAlON ceramics schematically showing regions of α and
β SiAlONs.

3

Figure 1: Janecke prism (Phase diagram of SiAlON) [12]
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Rare earth sintering additives, such as oxides of Neodymium (Nd), Lanthanum (La),
Yttrium (Y) and Ytterbium (Yb), have predominately been the major research interest in
the last decade [13, 14, 15]. However, because of the relatively high cost in addition to
crystal defects of these rare earths [16], the research focus has shifted to other additives,
such as alkaline earth elements, namely Barium (Ba), Magnesium (Mg) and Calcium (Ca).
Among the aforementioned elements, Ca seems to be the promising candidate to replace
many of the lanthanide additives as it can be incorporated easily into the α-SiAlON
structure without any notable crystal distortion [17, 18]. Further, it can be easily formed
from fly ash, which explains the relative low price of Ca compounds compared with other
alternatives [19].
Nevertheless, the research of mankind never ends here. In order to have even better
properties, researchers have started synthesizing composite ceramics based on SiAlONs.
Alumina (Al2O3), silicon carbide (SiC), zirconia (ZrO2), titanium nitride (TiN), cubic boron
nitride (cBN), titanium carbo Nitride (TiCN) and tungsten carbide (WC) have been used
as reinforcements to SiAlON matrix to form composite ceramics [20, 21, 22, 23]. The
reinforcements in the form of whiskers, filaments and particles have been tested to further
improve mechanical, wear and electrical properties of monolithic SiAlONs.
Over the last few years, researchers have utilized spark plasma sintering (SPS) as a
consolidation technique for various powder mixtures to form ceramics. Compared to other
sintering techniques, due to the high heating rate and pulsed nature of the current, SPS has
confirmed its benefits of rapidly densifying compacted powders at relatively low energy
input [24, 25, 26].
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The present work aims to the development of α-SiAlON ceramic based composites. For
the synthesis of the matrix, a composition from α-SiAlON region, nearer to Si3N4 corner
of the phase diagram (Figure 1), was selected to a form hard monolithic α-SiAlON ceramic
at the expense of fracture toughness. Consolidation was carried out using SPS utilizing
nano size starting powders. The compensation for the loss of fracture toughness was then
addressed with the following reinforcements; silicon carbide (SiC) and tungsten carbide
(WC), added to α-SiAlON matrix to produce high wear resistance composite ceramics.
The sintering parameters, namely temperature and holding time, for the fabrication of
monolithic α-SiAlON were varied to achieve a single phase α-SiAlON. The
microstructures and properties of the produced monolithic α-SiAlON and α-SiAlON based
ceramic composites reinforced with silicon carbide (SiC) and tungsten carbide (WC) were
investigated.
The development of SiAlON-based ceramic composites will have great impact in the field
of cutting/drilling tool industry. It is highly desirable to cut-down the cost of the cutting
tools by increasing its lifetime while, also directly associated with the cost of energy sector.
Therefore, an improved tool life impacts both productivity and cost/energy.
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CHAPTER 2

LITERATURE REVIEW
SiAlON as mentioned in previous chapter has two well-known phases which are of major
concern for preparing hard ceramics. A handsome amount of literature have been published
for fabrication of monolithic sialons (α, β and other phases) to get optimum or desired
properties for particular applications by changing sintering/synthesizing techniques like
gas pressure sintering, hot-pressing (HP), hot-isostatic pressing (HIP), pressure less
sintering and spark plasma sintering (SPS) [25, 27, 28]. The study of variation in synthesis
parameters like heating rate, sintering temperature and holding time on the mechanical,
electrical, thermal, and shock resistance applications have been considered in abundance
[29, 30, 31]. Several sialons compositions by changing the value of z in case of β-sialon,
and ‘m’ and ‘n’ along with compensating cation in case of α-sialon have been studied with
variety of precursors. The effect of sintering additives like rare earth and alkaline earth
metal (oxides and carbonates) have also been studied by various research groups [14, 15,
32]. The effect of sintering additive from alkaline earth metal oxide has also got much
attention for relaxing the sintering temperature for getting higher amount of α-phase in the
end product. Although it’s a known fact that α-sialon is harder as compared to β-sialon,
and β-Sialon shows better fracture toughness values because of the elongated
microstructure [33, 34, 27, 35, 36, 37].
Like most of the ceramics, second phase reinforcements are added to enhance the
properties, sialons also got due consideration and some researches tried to inculcate
7

different types of hard particles and fibers reinforcements to form ceramics composites. A
comprehensive literature review for silicon carbide and tungsten carbide reinforcements in
sialons is represented in the remaining of this chapter.

2.1

Silicon Carbide Reinforced SiAlON Composites

The use of SiC as a reinforcement in Sialons is highlighted comprehensively in Table 1
and the same is explained in the coming paragraphs.
In 1990, Y. Akimune studied high-temperature strength of silicon carbide (SiC) whiskers
sialon composites. Bending strength of specimens was tested at different elevated
temperature. The specimen containing higher amount of SiC whiskers showed better
strength at various temperatures as depicted in Figure 2. This increase in bending strength
was associated to the inhibition of softening of glassy phase at the grain boundaries due to
the presence of SiC whiskers which also resulted in the sustainability of composites to
higher loads at elevated temperatures. These SiC whiskers at the grain boundaries,
Figure 3, strengthen SiAlONs against intergranular fracture most prominently at high
temperatures [38].
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Figure 2: Bending strength as a function of temperature [38]
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Figure 3: Transmission electron micrographs (bar is 10 nm). (a) Sialon and (b) 20 vol. % SiC whisker-Sialon
[38]
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Table 1: Literature for SiC reinforcements in SiAlONs
Author

Year

Y. Akimune 1990

Y. Akimune 1991

Matrix

Matrix Composition

Reinforcement

Mixing

Synthesis Technique

Y-α-SiAlON

40 wt. % SiAlON &
60 wt. % Si3N4

(10-20 vol. %)
β-SiC whiskers

Ball-Mill
(ethanol, 24 h)

HP (1700 °C to 1840 °C, 30
min, 24.5 MPa, N2)

40 wt. % SiAlON &
60 wt. % Si3N4

10 vol. % β-SiC
particles
(0.28 μm)

Y-α-SiAlON

β-SiAlON (80 %
β-SiAlON & 20
Chao. M
1994
% Al2O3)
Huang et al.

Chao. M
Huang et al. 1996

H. Wang et
al.

1997

Kazuo Ueno
1997
et al.

Si6-zAlz zOzN8-z
z=3

4.6 MPa m1/2(HP at 1720 °C), 5.6
MPa m1/2(HIP at 1850 °C, 10 MPa
N2), 4.7 MPa m1/2(HIP at 1850 °C,
100 MPa, N2), 5.0 MPa m1/2(HIP at
1950 °C, 100 MPa, N2)

HP(1720 °C, 30 min, 24.5
MPa, N2),
Ball-Mill (ethanol, 24
HIP (1850 °C & 1950 °C, 1h, 10
h)
& 100 MPa, N2 atmosphere)

Work of fracture (KJ m-2):
Increased from 2.67 to 16.7

20 vol. % SiC
Uniaxially arranged
monofilaments
in as-supplied
HP (1600 °C, 2 h, 34 MPa, N2)
(140 μm dia, 2 inch length) SiAlON powder

O-SiAlON

Ca-α-SiAlON

Cax Si12-(m+n)Alm+n OnN16-n
x = 1, m = 2, n = 1

(0, 10, 20,30, 40 wt. %)
SiC-(200 nm particles)

Si6-zAlzOzN8-z , z = 3

(42 vol. % Carbon coatedfilament # 500 & 48 vol. %
uncoated-filament # 250)
SiC fibre (Nicalon)

Milled
(ethanol, 24 h)

Slurry infiltration
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HP (1700oC, 1 h, 25 MPa,
30°C/min)

o

HP (1350 C, 1 h, 20 MPa, N2)

Fracture Toughness

Negligible affect:
5.2 MPa m1/2, 5.3 MPa m1/2(10 vol
%), 5.2 MPa m1/2(20 vol %)

20 vol. % SiC
Uniaxially arranged
monofilaments
in as-supplied
HP (1600 °C, 2 h, 34 MPa, N2)
(140 μm dia, 2 inch length) SiAlON powder

Si2-x Alx N2-xO1+x
x~0.14

β-SiAlON

Hardness

Work of fracture:
Increased from 1.8 KJ m-2 to 42 KJ
m-2

HV10 (GPa) : 17.3, 17.7,
18.7, 18.8, 19 (From 0 to 40
wt. % SiC)

3.6 MPa m1/2 (monolithic),
12.8 MPa m1/2 (uncoated SiC
composite)

Table 1: Literature for SiC reinforcements in SiAlONs (continued…)
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In 1991, Y. Akimune et al. fabricated Sialon/SiC particulate composites. β-SiC particles
were added into sialon to enhance its bending strength. The effect of varying sintering
conditions was also studied. Highest strength was recorded for the specimen that was
prepared by HIP at 1850°C under 100 MPa Nitrogen atmosphere. The increase in bending
strength was attributed to the presence of β-SiC particles in the grain boundary which
hindered the grain growth. Reduction in the grain size was also favored by the sintering
parameters and conditions. The TEM micrographs showed spherically-shaped grains of αsialon, needle like grains of β-sialon, and β-SiC particles (<0.1μm diameter) located in the
glassy phase (grain boundaries) and within the grains. The effect of β-SiC addition on the
fracture toughness of sialon was not discussed comprehensively. Although there was a
negligible effect on the fracture toughness of the samples prepared using different sintering
techniques and parameters with 10 vol. % addition of β-SiC [39].
Hot-Pressed β-SiAlON and O-SiAlON reinforced with silicon carbide (SiC) unidirectional
monofilaments showed better fracture toughness and improved ultimate strength but lower
resistance to first crack initiation as compared to monolithic β-SiAlON and O-SiAlON.
The increase in work of fracture, i.e. fracture toughness, was attributed to filament pullout, bridging and crack deflection among SiC filaments, as depicted in Figure 4. The
tendency of filament-pullout during grinding resulted in relatively rough surface finish for
composites as compared to monolithic β & O-SiAlONs, which in turns lowered the first
crack initiation strength in the composites [40], [41].
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Figure 4: SEM of failed polished surface (crack propagation and deflection) [40]
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Ca-α-SiAlON/β-SiC composites having nano-scale SiC (200 nm) particles prepared using
hot pressing at temperatures of 1700 °C showed an increase in hardness with the increase
in the amount of SiC from 0 wt. % to 40 wt. %. The uniformity in grain size distribution
and refinement of grain size were attributed to the increase in hardness for samples with
higher concentrations of SiC. Microstructural analysis depicted the presence of SiC
particles at the grain boundaries which could have inhibited the grain growth and helped
in refinement and uniformity of the grains. Moreover the sample containing 20 wt. % of
SiC were sintered at temperatures of 1400 °C to 1800 °C with 100 °C increments to show
the effectiveness of CaO as an additive for the densification of these ceramics by reducing
the melting temperature of liquid phase. The relative amount of the phases present in the
sintered specimens as a function of hot pressing temperature are shown in Figure 5. From
the fact that sample (containing 20 wt. % of SiC) sintered at temperature of 1600 °C
contained only α-SiAlON and SiC, one can easily recognized that the precipitation of
α-phase and simultaneous densification of specimen at relatively lower temperature is the
result of molten liquid phase provided by lower melting point of CaO [31]. But it should
be noted that the use of nano size starting powders, because of their large surface areas and
higher reactivity, could further reduce the melting temperature of the oxide phase with
subsequent reduction in sintering temperature [42].

15

Figure 5: The relative fractions of the phases detected using x-ray diffraction of samples containing 20 wt. %
SiC as function of hot-pressing temperature [31]
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Kazuo Ueno et al., 1997, prepared SiC fibers (Nicalon) reinforced in β-Sialon powder using
hot-press by incorporation of MgO-MgF2 as a sintering additive. In order to reduce the
thermal degradation of SiC fibers a lower sintering temperature was selected. The full
relative densification of monolithic SiAlON suggested the effectiveness of these additives
which promoted sintering at lower temperature by providing extra liquid phase. In order to
make a comparison, these composites were fabricated using two types of SiC fibers; one
coated with carbon and other without coating. The fracture toughness of composite
obtained by non-coated fibers was found to be higher than monolithic β-SiAlON and it was
explained by activation of fiber-bridging and/or fiber pull out mechanisms. In case of
carbon coated Nicalon/SiAlON composite, delamination fracture was occurred probably
due to the very weak interfacial bonding between the filaments and the matrix, because of
which the fracture toughness was not calculated [43].
Chemical dispersion technique, polyacrylamide gel and surfactant, for mixing nano-sized
SiC with starting powders (amounts in accordance with α-SiAlON phase) were used for
preparing SiAlON/nano-SiC composite. Dy2O3 was used as a sintering aid in hot-pressing
at temperature of 1750°C. It was shown that chemically treated sample helped to relax the
sintering temperature as compared to un-treated sample due to homogeneous dispersion of
nano-SiC particles. It was also shown that samples mixed using chemical mixing resulted
in formation of pure β-SiAlON, despite the fact that the starting composition was selected
in the pure α-SiAlON region. The sample prepared without chemical mixing technique
sintered under the similar conditions showed formation of α-SiAlON. Therefore, it was
postulated that probably nano-SiC and homogeneous mixing through chemical technique
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not only helped to relax hot-pressing temperature but also resulted in the transformation of
α-SiAlON to pure β-SiAlON. [44].
Q. Liu et al., used rare earth metal oxides as additives in single phase α-SiAlON as a
starting composition along with reinforcements of different concentrations of SiC nanopowder. The thermal stability of α-phase in Neodymium Oxide (Nd2O3) samples was found
to be much less than that of the samples sintered using Ytterbium Oxide (Yb2O3) and
Dysprosium Oxide (Dy2O3) as additives. The enhanced transformation of α-Sialon to βSialon in Nd2O3 resulted in higher fracture toughness for these samples while the improved
hardness for Yb- and Dy-stabilized samples was attributed to higher concentration of αphase. It was also shown that the inculcation of SiC has very negligible effect on the
amount of α-phase in the composite samples of all the three systems (Nd, Yb & Dy
stabilized). The increase in hardness with increase in concentration of SiC (wt. %) was
attributed to the addition of hard second phase. An important fact to be noted is the decrease
in fracture toughness with increasing amount of SiC which was attributed to the lower
aspect ratio of β-phase as compared to those present in monolithic samples. Moreover, SiC
particles were observed to be present on the grain boundaries which also resulted in a
comparatively circular morphology of β-grains leading to lower fracture toughness values.
The hardness and fracture toughness of as-sintered Ln-Sialon/SiC composites as function
of SiC concentration are shown in Figure 6 and Figure 7 respectively [45].
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Figure 6: Vickers hardness vs. SiC additions in Ln-Sialon/SiC composites (Ln = Nd, Dy & Yb) [27]

Figure 7: Fracture toughness vs. SiC additions in Ln-Sialon/SiC composites (Ln = Nd, Dy & Yb) [27]
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In 2007, C. Santos showed the effect of adding different SiC concentrations by using two
distinct synthesis techniques i.e. gas pressure sintering and hot-press for same α-SiAlONSiC composites. Mixture of rare earth metal oxides was added as a sintering aid. Figure 8
and Figure 9 respectively show the hardness and fracture toughness results from the said
source [46, 47]. The increase in hardness in hot pressed samples was attributed to higher
hardness of SiC while the decrease in gas pressure sintered samples was due to poor
densification of these samples in gas pressure sintering. Similarly, in the case of fracture
toughness, with increase in SiC contents fracture toughness of samples prepared with both
the techniques decreased which was associated to the inhibition of grain growth (with
addition of SiC) resulting in lower grain size and a decreased aspect ratio which
consequently resulted in lower fracture toughness of the composites [46, 47].
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Figure 8: Influence of the SiC additions on hardness of α-SiAlON-SiC sintered samples [46, 47]

Figure 9: Influence of the SiC additions on fracture toughness of α-SiAlON-SiC sintered samples [46, 47]
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α-SiAlON/α-SiC composites with varying concentrations of SiC (0 to 40 wt. %) were
fabricated by Limeng Liu et al. using spark plasma sintering technique helped in growth of
elongated grains. This elongated grain growth was attributed to presence of Y-SiAlON
liquid phase and higher heating rates in spark plasma sintering. In this study it was
highlighted that the anisotropic growth of SiC was not the β-cubic to α-hexagonal SiC (4H
polymorph) phase transformation. Instead α-SiC (α-6H polymorph) phase remained the
same as it was in the initial starting powder because of the thermodynamic stability of this
phase below 2100 °C. Ostwald ripening was therefore correlated to this change in
morphology from equiaxed to elongated grains which resulted in enhancement of fracture
toughness. There was quite handsome increase in fracture toughness for specimens with 5
to 40 wt. % SiC due to larger crack deflection, friction pull out and deflection of cracks.
Limeng Liu et al. also showed the increase in fracture toughness and flexural strength of
these composites by heat treatment [26, 48].

2.2

Tungsten Carbide Reinforced SiAlON Composites

Tungsten carbide (WC) reinforcement in SiAlONs has not yet been considered in a true
sense for enhancing the mechanical properties of SiAlONs. Very little amount of published
resource was found for WC based SiAlON composites. The following paragraphs may be
looked upon in this case although some information might be irrelevant as far as the scope
of this research is concerned.
Erhan Ayas et al., 2004, studied the effect of WC addition in SiAlONs containing 50 %
alpha and 50 % beta SiAlONs on the de-coloration of these ceramics prepared by gas
pressure sintering [30].
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Bernd Bitterlich et al., 2008, sintered SiAlON composites with 10, 20 & 30 vol. % of WC
(0.8 μm particle size) in gas pressure sintering at 1930°C and studied the variation in
hardness and fracture toughness with increase in WC contents, as depicted in Table 2. The
starting matrix consisted of α/β ratio of 20:80 with magnesium and yttrium as sintering
additives [49].
Table 2: Mechanical properties of WC-SiAlON composites [49]

WC (Vol. %)

HV10 (GPa)

KIC (MPa.m1/2)

0

16

7

10

18.5

6.1

20

18.8

5.9

30

17.2

5.8

The increase in the hardness and a decrease in fracture toughness with an increase in WC
contents were attributed to increase in α/β phase ratio in the sintered samples. The sudden
decrease in mechanical properties with 30 vol. % of WC was explained on the basis of
porosity being found in the microstructure and also agglomeration of WC particles in the
sample was seen although spray-drying have been used for drying the samples after mixing.
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2.3

Aims and Objectives

The aim of the present study is to develop α-SiAlON based composite ceramics possessing
high hardness and fracture toughness having potential wear resistance applications. This
aim demands a deep understanding of such ceramics and composites, leading to the
following objectives;
 To synthesis hard single phase monolithic α-SiAlON ceramics at lower
temperatures utilizing nano scale starting powders.
 To synthesis dense α-SiAlON matrix by incorporation of Ca as a metal additive.
 To develop composite α-SiAlON based ceramics with reinforcement of SiC and
WC.
 To utilize Spark Plasma Sintering (SPS) technique for developing monolithic and
composite SiAlON ceramics in relatively short time and low temperature with less
energy consumption and more economic process.
 To

characterize

the

resultant

microstructure,

phase

physical/mechanical properties of the sintered SiAlONs.
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assemblage

and

CHAPTER 3

EXPERIMENTAL METHODOLOGY

3.1

Selection of α-SiAlON Composition

The first step in the experiment was to select a particular composition based on the general
formula of α-SiAlONs by utilizing the phase diagram and the available literature. In order
to achieve the objective of higher strength a composition near to Silicon Nitride corner of
the phase diagram was selected. The general formula along with x, m and n values of the
selected α-SiAlON composition are shown in Table 3. The x-value is calculated from the
formula 𝑥 = 𝑚⁄𝑣, where v is the number of valences of the added cation i.e. Ca to the
Si3N4 unit cell [50].
Table 3: SiAlON composition selected for the present study

No. General Formula

1.

3.2

X

m

N

Composition

N: O

𝑪𝒂𝒙 𝑺𝒊𝟏𝟐−(𝒎+𝒏) 𝑨𝒍𝒎+𝒏 𝑶𝒏 𝑵𝟏𝟔−𝒏 0.8 1.6 1.2 𝑪𝒂𝟎.𝟖 𝑺𝒊𝟗.𝟐 𝑨𝒍𝟐.𝟖 𝑶𝟏.𝟐 𝑵𝟏𝟒.𝟖 12:1

Powder Precursors

This section has been divided into two parts depending upon the role of the chemicals
which were used during the course of this research. Firstly the powders which were present
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in the matrix processing are mentioned. Later on the reinforcement which were inculcated
in the matrix have been considered.

3.2.1 Starting Powders for the Matrix
The starting powder mixtures were prepared from alpha-Silicon Nitride (α-Si3N4) (150 nmSN-10 Japan), Aluminum Nitride (AlN) (100 nm–Sigma-Aldrich, Germany), Silicon
Oxide (SiO2) (10-20 nm–Sigma-Aldrich, Germany) and Calcium Oxide (CaO) (<160 nmSigma-Aldrich, Germany). The details of all the starting precursors are shown in the Table
4.
Table 4: The starting powders and their sizes

Chemical Company

Size (nm)

α-Si3N4

SN-10 Japan

150

AlN

Sigma Aldrich 100

Al2O3

Chempur

SiO2

Sigma Aldrich 10-20

CaO

Sigma Aldrich <160

150

3.2.2 Reinforcement Particles
Silicon Carbide micron-(SiC) (μm) (~ 2 μm, Buehler), Silicon Carbide nano-(SiC) (nm)
(50 nm EPRUI Nanoparticles & Microspheres Co. Ltd) and Tungsten Carbide micron(WC) (μm) (3.5 μm, William-Rowland Co., UK), were used as reinforcing particles in the
α-SiAlON matrix. Figure 10 and Figure 11 show the scanning electron microscope images
of micron sized and silicon carbide and tungsten carbide powders respectively. The average
particle size of as received SiC-micron powder was 9.2 μm, which was higher than the
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average particle size of WC-micron powder. Therefore in order to make a comparison
between the two types of reinforcements, SiC was milled using high energy ball mill
(Union Process HD01/HDDM) for 3 hours at 1000 revolution per minutes (RPM) using
ethanol as a solvent. The estimated average particle size of SiC after ball milling was ~2
μm, which was determined by Microtrac-particles size analyzer (model S3500/Turbotrac).
The particle size distribution for SiC (μm) after ball milling and for WC (μm) were
determined by particle size analyzer using dynamic light scattering technique, as shown in
Figure 12 and Figure 13 respectively.
Table 5 shows the names, size and company and/or condition of the reinforcement used in
the present research. It should be noted that for sake of convenience micron sized Silicon
Carbide, nano Silicon Carbide and Tungsten Carbide will be referred as SiC (μm), SiC
(nm) and WC (μm) respectively in the rest of this report.
Table 5: Reinforcements

Reinforcement

Size (μm)

Company

Milling

(as Received) Parameters

Size (μm)
(after milling)

HEBM
SiC (μm)

Buehler

9.2

(1000RPM- 3 ~ 2
hrs. -ethanol)

WC (μm)

William-Rowland
Co., UK

3.5

--

--

.05

--

--

(EPRUI
SiC (nm)

Nanoparticles

&

Microspheres

Co.

Ltd)
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Figure 10: SEM of micron sized SiC after high energy ball milling, SiC (μm)

Figure 11: SEM of as received micron sized WC (μm)
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Figure 12: Particle size distribution of micron sized silicon carbide after ball milling SiC (μm)

Figure 13: Particle size distribution of micron sized tungsten carbide WC (μm)
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3.3

Mixing of Powders

Chemically balanced amount of the starting powders were carefully weighed before going
for the mixing. For composite samples, (10, 20, 30) wt. % of the reinforcements were also
added in the matrix powder. After carefully analyzing the effect of mixing time probesonication for 30 minutes in ethanol was selected as a mixing procedure. The mixing
parameters were kept constant for all the samples (whether monolithic or composites).
After mixing the solution was oven-dried at 80 °C to remove the solvent.

3.4

Consolidation of α-SiAlON Matrix

5 gram dried powder mixture prepared for each monolithic specimen was then poured into
cylindrical graphite dies of 20 mm dia., after careful manual mixing in mortar and pestle
to ensure homogeneity of the dried powder mixture. Graphite sheets were used on the inner
walls of dies to eliminate direct contact of the powder with the dies. The poured powders
were then sintered using spark plasma sintering (SPS) technique (Type HP D-50, FCT
Systeme, Rauenstein, Germany) at two temperatures 1500 °C and 1600 °C with 10, 20 and
30 min holding time, at each temperature, under 50 MPa pressure at a heating rate of
100 °C/min with constant current and pulse duration. After holding at the sintering
temperature for the specified time the samples were cooled quickly to room temperature.

3.5

Consolidation of α-SiAlON Based Composites

5 gram dried powder mixture prepared for each composite specimen, containing 10, 20 and
30 wt. % of reinforcements, was then poured into cylindrical graphite dies of 20 mm dia.,
after careful manual mixing in mortar and pestle to ensure homogeneity of the dried powder
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mixture. Graphite sheets were used on the inner walls of dies to eliminate any direct contact
of the powder with the dies. The poured powders were then sintered using spark plasma
sintering (SPS) technique (Type HP D-50, FCT Systeme, Rauenstein, Germany) at a
temperature of 1500 °C with 30 min holding time under 50 MPa pressure at a heating rate
of 100 °C/min with constant current and pulse duration. After holding at the sintering
temperature for the specified time the samples were cooled quickly to room temperature.

3.6

Characterization of Sintered Samples

3.6.1 Density Measurement
The sintered samples were cleaned, in order to remove any contamination from the graphite
die and/or graphite sheets. Archimedes’ principle was used to measure the density 𝜌 of the
cleaned specimens using the following equation:

𝜌=

𝐴
(𝜌 − 𝜌𝐿 ) + 𝜌𝐿
𝐴−𝐵 0

𝜌𝐿 = 0.0012 𝑔𝑚⁄𝑐𝑚3 , 𝜌0 = 1 𝑔𝑚⁄𝑐𝑚3
Where A indicates the sample weight in air and B indicates the sample weight in immersed
liquid. The density of air is represented as 𝜌0 while the density of the liquid in which the
sample is immersed is represented as 𝜌𝐿 .
Supposing that in composite samples the matrix is fully densified and have the same
density as that of monolithic α-SiAlON sample [43] the theoretical densities of the
composite samples have been calculated using the role of mixture in order to find the
percentage densification of the samples. For which the density of the matrix was considered
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the same as that obtained from the experimental density of monolithic α-SiAlON. While
the densities of Silicon Carbide and Tungsten Carbide taken were 3.21 g/cm3 and 15.6
g/cm3 respectively.

3.6.2 Phase Analysis
After density measurements the cleaned samples were sliced in two half. One half was used
for X-ray diffraction. X-ray diffraction (XRD) for phase identification was done using
Rigaku MiniFlex X-ray diffractometer (Japan) with CuKα radiation (λ = 0.15416 nm) at
30 kV and 10 mA. The composition of the phases was determined and investigated by
Rigaku data analysis software PDXL version 2.0.

3.6.3 Microstructural Analysis
The other half of the sliced samples was hot mounted in Buehler trans-optic powder (IL,
USA) using IPA 40 Remet (Bologna, Italy). The mounted samples were then grinded using
74 μm, 40 μm, 20 μm and 9 μm diamond grinding pads, used particularly for hard materials
and ceramics, in the mentioned sequence. The ground samples were then polished using
diamond suspensions to 1/9 micron surface finish.
The fine polished specimens were then etched using different concentrations of
hydrofluoric acid (HF) in order to reveal the microstructure. Field emission scanning
electron microscope (FESEM, Lyra 3, Tescan, Czech Republic) was used to perform
microstructural and fracture surface characterization at accelerating voltage of 30 kV in
secondary and backscattered electron modes. The elemental composition of different
phases was determined by energy dispersive X-ray (EDX) spectroscope (Oxford Inc., UK).
The morphology of fracture surfaces was investigated in order to understand the fracture
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behavior of the SiAlON ceramic composites. EDS Mapping was also done wherever
needed, particularly for getting an idea of the dispersion level in composites.

3.6.4 Mechanical Properties
Universal hardness testing machine (Zwick-Roell, ZHU250, Germany) was used to
measure Vickers hardness at 100 N load (Hv10) using diamond pyramid indentor.
Fracture toughness testing shows wide variation in the field of hard materials. Single-Edge
Notched Beam (SENB) and Single-edge V-Edge Notched Beam (SEVNB) are two leading
techniques to evaluate fracture toughness, however none of these has been commercially
standardized. One issue arises when applying these techniques is that samples should be
relieved from residual stresses prior to testing [51]. Another limitation concerning our
samples is the difficulty in initiating a pre-crack with the specified size. Further, the field
of SiAlON has adopted unofficially the Indentation Method (IM). Hence, we got to stick
to IM to offer a comparison sense with the values obtained from literature. Several
formulation have been introduced in the field of hard ceramics to evaluate fracture
toughness using typical hardness indentation. However, Evan’s equation, one of the
adopted relations in the SiAlON field, is used in the present study, which can be written as
follows:

𝐾𝐼𝐶 = 0.48(

𝑀𝐶𝐿 −1.5 𝐻𝑉10√𝑑⁄2
)
(
)
𝑑/2
3

Where MCL stands for the maximum crack length initiated from the indentation, d is the
average depression diagonal and HV10 is the Vickers harness value.
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CHAPTER 4

RESULTS AND DISCUSSION
Considering the scope and objective of the research, monolithic and composite ceramics
were synthesized based on the selected α-SiAlON composition, 𝑪𝒂𝟎.𝟖 𝑺𝒊𝟗.𝟐 𝑨𝒍𝟐.𝟖 𝑶𝟏.𝟐 𝑵𝟏𝟒.𝟖 ,
using the steps explained in the experimental methodology section. In this chapter, the
results obtained from the synthesis and characterization of monolithic α-SiAlON ceramics
are presented, followed by those obtained from the SiAlON composites.

4.1

Synthesis of Monolithic α-SiAlON

The experimental sequence was carried out in two steps; in the first step monolithic αSiAlONs (without any reinforcement) were sintered at two different temperatures i.e. 1500
°C and 1600 °C. At each temperature 10, 20 and 30 minutes holding times were used to
obtained hard single phase α-SiAlON ceramics. The sintering parameters of the sample
with best hardness were then used for the synthesis of composite ceramics to compensate
for the fracture toughness loss resulted due to formation of single phase α-SiAlON ceramic.
The chemically balanced proportion of the starting powders used for the fabrication of
monolithic α-SiAlON ceramic is shown in Table 6.
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Table 6: Chemical composition of monolithic samples (wt. %)

Composition

CaO

Si3N4

AlN

SiO2

𝑪𝒂𝟎.𝟖 𝑺𝒊𝟗.𝟐 𝑨𝒍𝟐.𝟖 𝑶𝟏.𝟐 𝑵𝟏𝟒.𝟖

7.57

71.03

19.37

2.03

4.1.1 Sintering and Densification
The density of the sintered α-SiAlON monolithic samples are shown in Table 7 along with
the sample names. The sample names correspond to the sintering temperature and holding
time at which these samples were sintered. For instance; sample name 1510 corresponds
to a sintering temperature of 1500 °C with 10 minutes holding time. Similarly, sample
name 1630 relates to a sintering temperature of 1600 °C with 30 minutes holding time.
Table 7: Densities of monolithic α-SiAlONs

Sample Name

Density (g/cm3)

1510

3.15

1520

3.15

1530

3.19

1610

3.18

1620

3.18

1630

3.20

It was seen that there is minor difference in the density of the samples sintered at the two
considered temperatures indicating that consolidation was achieved thanks to the spark
35

plasma sintering technique. A slight decrease in density was found with decreasing the
holding time particularly for sample sintered at 1500 °C.

4.1.2 Phase Analysis
The X-ray Diffraction patterns of samples sintered at 1500 °C and 1600 °C are shown in
Figure 14 and Figure 15 respectively. It is apparent that in samples 1510 and 1610, some
aluminum nitride (AlN) peaks are visible which are attributed to undissolved AlN at
10 min holding time. It means that some of the AlN present in the starting powders did not
react completely. However, for larger holding time, sample 1530 and 1630, the AlN peaks
disappeared, indicating a complete reaction of the starting powders yielding a single-phase
monolithic α-SiAlON.
Another important observation was also noted that in sample 1510, AlN peaks were more
prominent as compared to those present in sample 1610, indicating that at a lower
temperature the dissolution of aluminum nitride was difficult. Although there was very
little difference in the densities of the samples but again with increase in holding time at a
given temperature a relative increase in density could also be attributed to the presence of
AlN in samples sintered at less holding time.
The effect of temperature on formation of α-SiAlON using micron-sized starting powder
with CaO as an additive was repeated in reference [31], where it was observed that at
1600 °C with 1 hour holding time complete dissolution of S3N4 and AlN took place to form
single phase α-SiAlON. It is worth noting that the use of nano-sized starting powders
allowed us to synthesize single phase α-SiAlON at lower temperature of 1500 °C with
holding time of just 30 minutes. It should also be appreciated that the choice of CaO as an
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additive also relaxed the sintering temperature due to its lower melting temperature which
could help in dissolution of present nitrides at a relatively lower temperature.
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Figure 14: XRD of samples sintered at 1500 °C

Figure 15: XRD of samples sintered at 1600 °C
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4.1.3 Microstructural Analysis
The scanning electron microscope (SEM) images of all the six polished samples sintered
at 1500 °C and 1600 °C with 10, 20 and 30 minutes holding time are shown in Figure 16.
As illustrated from the SEM micrographs, the amount of porosity was found to be reduced
with increased holding time at a particular temperature. It could also be noted that the
content of porosity in sample 1510, Figure 16 (a), was higher than the sample 1610,
Figure 16 (d). The presence of porosity in samples sintered with less holding time at a
particular temperature could also be attributed to the very little relative decrease in the
density of sintered samples with decreasing holding time. The reduction in amount of
porosity with increasing holding time was also in agreement with phase analysis data, as it
was shown earlier that some amount of undissolved aluminum nitride was found in samples
sintered with less holding time at a given temperature.
SEM micrographs of samples sintered at 1500 °C and 1600 °C with 30 minutes holding
time are shown in Figure 17. Single phase equiaxed α-SiAlON grains could be seen in both
micrographs as confirmed by the x-ray diffraction analysis. The average grain size for
sample sintered at 1500 °C with 30 min holding time (1530), Figure 17 (a), was about three
times finer than that of the sample sintered at 1600 °C with 30 min holding time (1630),
Figure 17 (b), indicating that grain growth took place at 1600 °C, as reported also
elsewhere[42].
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Figure 16: SEM micrographs of samples sintered at 1500 °C with (a) 10, (b) 20, (c) 30 min holding time and
samples sintered at 1600 °C with (d) 10, (e) 20, (f) 30 min holding time
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Figure 17: Grain size of monolithic α-SiAlON sintered at (a) 1500 °C and (b) 1600 °C with 30 min holding time
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4.1.4 Mechanical Properties
Table 8 depicts the mechanical properties, hardness and fracture toughness, of the prepared
monolithic α-SiAlON samples. It was found that the hardness and fracture toughness for
the samples sintered at both temperatures was showing an increasing trend with the
increase in holding time, except for sample 1620 where the fracture toughness decreased.
It is also clear that with increase in sintering temperature, i.e. from 1500 °C to 1600 °C, the
hardness slightly decreased while the fracture toughness increased.
Table 8: Mechanical properties of monolithic α-SiAlONs

Sample Name

Hardness HV10 (GPa)

Fracture Toughness (MPa.m1/2)

1510

19.83 ± 0.35

4.37 ± 0.41

1520

20.07 ± 0.26

4.67 ± 0.36

1530

21.06 ± 0.42

7.29 ± 1.33

1610

19.27 ± 0.64

9.55 ± 1.23

1620

20.13 ± 0.52

7.80 ± 2.30

1630

20.50 ± 0.41

9.65 ± 2.30

The mechanical properties, particularly hardness, of the samples could easily be associated
to the x-ray diffraction pattern. The relatively high values of hardness for sample 1530 and
1630 as compared to their counterparts sintered at same temperature but less holding time
could be attributed to the presence of single phase α-SiAlON in samples 1530 and 1630 as
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this is the hardest phase in SiAlONs. While for samples sintered with lower holding times
the presence of AlN, due to incomplete reaction, as depicted by XRD, could be attributed
to relatively lower hardness values.
The increased hardness (21.06 GPa, Hv10) of the sample 1530, sintered at 1500 °C with
30 min holding time, as compared to the hardness value (20.05 GPa, Hv10) of the sample
1530, sintered at 1600 °C with 30 min holding time, could be explained by considering
very fine microstructure of sample 1530 as compared to larger grain sizes in sample 1630.
The higher values of fracture toughness (9.65 MPa.m1/2) for sample 1630 could also be
attributed to the grain size as depicted in the micrographs, Figure 17 (a) and (b). The
increased grain size could provide self-toughening mechanism by crack deflection in
intergranular mode of crack propagation.
The behavior of hardness and fracture toughness with respect to increase in holding time
at the two respective temperatures is also quite apparent in the graphical form in Figure 18
and Figure 19 respectively.
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Figure 18: Hardness of monolithic α-SiAlON sintered at different temperatures & holding times
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Figure 19: Fracture toughness of monolithic α-SiAlON sintered at different temperatures & holding times

44

The fractographs of samples sintered at 1500 °C with holding time 10, 20 and 30 minutes
are shown in Figure 20 (a), (b) and (c) respectively. Similarly the fractographs for samples
sintered at 1600 °C with 10, 20 and 30 minutes holding time are shown in Figure 20 (d),
(e) and (f) respectively.
The fracture surfaces of sample 1510 and 1610 show some voids or open spaces which
could be associated with relatively low density of these samples and incomplete reaction
due to the presence of undissolved aluminum nitride. It should also be noted that these
voids were more prominent in samples 1510 than that in sample 1610 which could explain
higher fracture toughness of sample 1610. These types of voids were also present in sample
1520 but with increasing holding time no such voids were seen which could depict the
relative increase in density and hardness with increase in holding time at a particular
temperature
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Figure 20: SEM-fractographs of samples sintered at 1500 °C with (a) 10, (b) 20, (c) 30 min holding time and
samples sintered at 1600 °C with (d) 10, (e) 20, (f) 30 min holding time
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By looking carefully the fracture surfaces of sample 1530 and 1630 it could be easily said
that sample 1530, Figure 21 (a), has a harder fracture due to finer average grain size as
compared to the sample 1630. Higher amount of grain elongation in sample 1630,
Figure 21 (b), was one of the reasons for the increased fracture toughness, in addition to
pulling out observed in this sample [52]. The high heating rate, 100 °C/min, used in
processing using spark plasma sintering could also play an important role in the elongation
of α-SiAlON grains providing self-toughening in these ceramics [26]. For sample 1530 the
elongation of grains was also observed but it was not as prominent as in sample 1630,
Figure 21 (b).
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Figure 21: Elongation of α-SiAlON grains in Samples (a) 1530 and (b) 1630, sintered at 1500 °C and 1600 °C
respectively with 30 min holding time
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On the basis of mechanical properties, microstructural analysis and phase investigation it
is evident that the hardness of sample 1530 is highest with modest fracture toughness, and
has a single phase α-SiAlON. Sample 1530 was, therefore, considered as a matrix for
developing α-SiAlON composites by adding reinforcements to enhance the fracture
toughness. The following sintering parameters; Temperature-1500 °C, Holding time-30
minutes, Heating Rate- 100 °C /min, Environment-Vacuum and Pressure-50 MPa were
selected for the synthesis of α-SiAlON ceramics composites based on these remarks:
 Dense single phase α-SiAlON was obtained in sample 1530 (sintered at 1500 °C
and held for 30 at sintering temperature).
 Sample 1530 exhibited the best hardness value.
 Although sample 1530 has relatively lower fracture toughness than sample 1630
but it could be compensated by the inculcation of reinforcements.
 The sintering temperature for sample 1530 was 100 °C less than that of sample
1630, yielding less energy consumption and more economic processing.
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4.2

Synthesis of α-SiAlON Composites

Three different types of reinforcing particles were added to the monolithic α-SiAlON in
order to further enhance the mechanical properties of SiAlON ceramics (particularly
fracture toughness). These three reinforcements were Silicon Carbide-SiC (μm), Tungsten
Carbide-WC (μm), and nano Silicon Carbide-SiC (nm), and the amounts were 10, 20 and
30 weight percent (wt. %). The discussion related to these three reinforcements is divided
as follows:
 Micron Silicon Carbide-SiC (μm)/α-SiAlON Composite
 Nano Silicon Carbide-SiC (nm)/α-SiAlON Composite
 Tungsten Carbide-WC (μm)/α-SiAlON Composite

4.2.1 Micron Silicon Carbide-SiC (μm)/α-SiAlON Composite
Table 9 shows the sample name and amount of SiC (μm) added in each batch of the matrix
powder. The sample names depict the sintering temperature and the amount of
reinforcement added, for instance the sample named 1530-1SiC(μm) means sample
sintered at 1500 °C with 30 min holding time containing 10 wt. % of SiC (μm).
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Table 9: Wt. % of SiC (μm) in each batch of the matrix for the powder composites

Sample Name

Matrix

SiC (μm) wt. %

1530-1SiC(μm)

α-SiAlON

10

1530-2SiC(μm)

α-SiAlON

20

1530-3SiC(μm)

α-SiAlON

30

Sintering and Densification
The samples containing 10, 20 and 30 wt. % of SiC were synthesized following the
experimental procedure mentioned earlier and, the experimental and calculated densities
were determined and displayed in Table 10. It is evident that complete densification for all
the samples was achieved which could be attributed to uniform and homogeneous
dispersion of reinforced particles [53].
Table 10: Densification of SiC (μm)/α-SiAlON composite ceramics

Sample Name

Experimental

Calculated

Percentage

Density (g/cm3)

Density (g/cm3)

Densification

1530

3.19

--

--

1530-1SiC(μm)

3.1915

3.1918

99.99

1530-2SiC(μm)

3.1925

3.1933

99.97

1530-3SiC(μm)

3.1932

3.1946

99.95

Microstructural Analysis
Figure 22 (a), (b) and (c) show the back scattered electron images of polished samples
along with EDS mapping, showing the distribution of SiC (μm) in α-SiAlON matrix,
containing 10, 20 and 30 wt. % of SiC (μm) sintered at 1500 °C with 30 min holding time.
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It was illustrated from the micrographs that no porosity was found in the composite samples
even with 30 wt. % addition of SiC (μm). This was also depicted from the densification
data where almost 100 % densification has been achieved for the all the three composite
samples.
The homogeneous distribution of SiC (μm).could be depicted from the distribution of
carbon shown along with the back scattered electrons (BSE) micrographs for each of the
three composites. No evidence of agglomeration was found in any of the three composite
samples which is in accordance with no indication of porosity content (from the
micrographs) and complete densification of all the composite samples.
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Figure 22: BSE micrographs and EDS mapping of samples with (a) 10 wt. %, (b) 20 wt. % and (c) 30 wt. % of
SiC (μm) in α-SiAlON matrix
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Phase Analysis
Figure 23 shows the x-ray diffraction pattern of monolithic α-SiAlON, sample 1530, along
with the patterns of 10 wt. %, 20 wt. % and 30 wt. % SiC(μm) /α-SiAlON composite
ceramics. In zero wt. % SiC sample, single phase α-SiAlON was found. It was observed
that the SiC peaks intensity was increasing in samples with higher amount of the particle
reinforcements. Moreover no other peaks were found other than the inculcated SiC
particles and α-SiAlON matrix, indicating that there was no chemical interaction between
the matrix and the second phase SiC (μm) particles [26]. The α-SiAlON peaks were also
prominent in x-ray diffraction of each composite ceramic.
It should also be noted that, due to the use of CaO as additive and nano size starting
powders resulting in lower processing temperature, no evidence of phase transformation of
SiC was found which could otherwise be detrimental to the properties of the composites
[31]. α-SiC in the final assembly remained the same as the introduced SiC because of the
thermodynamic stability of .α-SiC below 2100 °C [48].
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Figure 23: XRD of monolithic α-SiAlON, 10 wt. %, 20 wt. % and 30 wt. % SiC(μm)/α-SiAlON Composites
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Mechanical Properties
The mechanical properties, hardness and fracture toughness, of the reinforced nanocomposite ceramics are shown in Table 11. With the addition of SiC (μm) tremendous
results were obtained as compared to the previously reported results. In most of the
available literature, people were sintering SiAlONs at higher temperature while in present
case very hard and tough ceramics were fabricated at relatively lower temperature. The
higher hardness with increase in amount of SiC reinforcements was attributed to the higher
hardness of SiC itself [48]. With 30 wt. % addition of SiC (μm) in monolithic α-SiAlON,
an increase of about 16 % and 63 % was achieved in the values of hardness and fracture
toughness respectively, which was undoubtedly a great success achieved in the present
work.
Table 11: Mechanical properties of SiC (μm)/α-SiAlON composite ceramics

Sample Name

Hardness HV10 (GPa)

Fracture Toughness (MPa.m1/2)

1530

21.06 ± 0.42

7.29 ± 1.33

1530-1SiC(μm)

21.47 ± 0.27

9.10 ± 0.71

1530-2SiC(μm)

23.12 ± 0.44

10.51 ± 0.34

1530-3SiC(μm)

24.53 ± 0.23

11.86 ± 0.54

This behavior of SiC (μm) particles addition will be explained in the coming sections with
the help of SEM micrographs, indentation and crack propagation images as well as by
considering the densification percentage and phase analysis. The contribution of SiC (μm)
reinforcements is also shown in a graphical in Figure 24.
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Figure 24: Trend of mechanical properties of SiC (μm)/α-SiAlON composite ceramics
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The backscattered electron microscopy images of the fracture surfaces of monolithic
α-SiAlON (sample 1530), SiC/α-SiAlON composites with 10, 20 and 30 wt. % of SiC (μm)
are shown in Figure 25 (a), (b), (c) and (d) respectively. A sharp and distinct contrast
between α-SiAlON matrix and Silicon Carbide reinforcements was not detected because
of only one atomic number difference between Carbon (atomic number = 6) and Nitrogen
(atomic number = 7) elements [54]. As an example few probable SiC particles were
encircled in the fracture surface images. If observed closely one can see the light grayish
or whitish SiC particles dispersed homogenously in the matrix Figure 25 (b), (c) and (d).
The high hardness of the composite ceramics could be attributed to homogeneous
dispersion of the second phase in the matrix.
The arrows shown in Figure 25 (d) in sample 1530-3SiC(μm) represent the friction pulling
out and grain tearing mechanisms which were suggested as one of the most prominent
reasons of enhanced hardness and fracture toughness in composite ceramics with
increasing the amount of SiC (μm) [55]. In contrast sample 1530 (with no reinforcements)
with relatively lower fracture toughness did not show this type of behavior very
prominently, instead it exhibited a more intergranular type of fracture. The coarse
microstructure features of the fracture surface of the composite ceramics particularly of
sample 1530-3SiC(μm) also explained the toughening of the composite samples [56].
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Figure 25: BSE-Fracture surfaces of (a) monolithic α-SiAlON, (b) 10 wt. % (c) 20 wt. % (d) 30 wt. % SiC(μm)/αSiAlON composites
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Figure 26 (a, b) and (c, d) show the Vickers indentation along with the crack propagation
in monolithic α-SiAlON sample (1530) and sample with 30 wt.% of SiC (μm) (15303SiC(μm)) respectively. It was illustrated from the micrographs that sample 1530 showed
a fast crack propagation as the crack was not deflected on its way, Figure 26 (b). But from
the crack propagation in sample 1530-3SiC(μm), it was very obvious that crack was
deflected, Figure 26 (d). In the higher magnification image taken from Figure 26 (d), crack
bridging phenomenon was also observed carefully. These phenomenon of crack deflection,
where the direction of crack propagation is forced to change to an angle of less than 90°
from an angle perpendicular to the direction of applied stress thereby slowing down the
propagation of crack by reducing the stress intensity at the crack tip [57], and crack
bridging, where the stress intensity at the crack is reduced by bowing of the crack and the
grains remain intact behind the crack [58], greatly enhanced the fracture toughness of the
composite ceramics. The coarse microstructure found in the fracture surfaces of the
composite samples could also contribute to enhancement of fracture toughness by
encouraging the development of very considerable bridging zones [59].
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Figure 26: BSE-Comparison of indentation and crack propagation in (a, b) monolithic α-SiAlON and (c, d) 30
wt. % SiC (μm)/α-SiAlON composite
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The back scattered electron microscopy image of the un-etched polished sample 15302SiC(μm) is shown in Figure 27 (a, b). The magnified image (b) showed the presence of
hard SiC (μm) particle which forced the crack to change its direction hence making the
propagation of crack slow. The interface between the matrix and the reinforcement particle
also plays an important role in toughening of ceramics [60]. Weak interface between the
matrix and the reinforcing particles makes the crack pass via interface as crack always likes
to travel through a less resistive path. It seems from Figure 27 (b) that probably there
existed a weak interface between SiC (μm) particles and α-SiAlON matrix allowing the
crack to change its course. The deflection of crack and zig-zag behavior of the crack
propagation also explained the increased fracture toughness [61].
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Figure 27: BSE-Indentation and crack in 20 wt. % SiC (μm)/α-SiAlON composite
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4.2.2 Nano Silicon Carbide-SiC (nm)/α-SiAlON Composite
Table 12 shows the sample name and amount of SiC (nm) added in each batch of the matrix
powder according to the balanced chemical equilibrium depending upon the general
formula of the matrix, 𝐶𝑎0.8 𝑆𝑖9.2 𝐴𝑙2.8 𝑂1.2 𝑁14.8 .Sample name corresponds to the sintering
condition and the amount of reinforcement added.
Table 12: Wt. % of SiC (nm) in each batch of the matrix for the powder composites

Sample Name

Matrix

SiC (nm) wt. %

1530-1SiC(nm)

α-SiAlON

10

1530-2SiC(nm)

α-SiAlON

20

1530-3SiC(nm)

α-SiAlON

30

Sintering and Densification
After sintering and cleaning of samples, in accordance with the experimental procedure,
the density of the composite samples reinforced with SiC (nm) was measured and
calculated as illustrated in Table 13.
Table 13: Densification of SiC (nm)/α-SiAlON nano-composite ceramics

Sample Name

Experimental

Calculated

Percentage

Density (g/cm3)

Density (g/cm3)

Densification

1530

3.19

--

--

1530-1SiC(nm)

3.17

3.19

99.42

1530-2SiC(nm)

3.13

3.19

98.27

1530-3SiC(nm)

3.14

3.20

98.27
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Sample with 10 wt. % addition of second phase, 1530-1SiC(nm), exhibited full
densification. There was a decrease in percentage densification of sample with 20 and
30 wt. % of SiC (nm), sample 1530-2SiC(nm) and sample 1530-3SiC(nm), which could
probably be attributed to agglomeration of SiC nano particles in α-SiAlON matrix [26]
[62], and will be demonstrated in the coming sections.

Phase Analysis
Figure 28 shows the x-ray diffraction pattern of monolithic α-SiAlON, sample 1530, along
with the patterns of 10 wt. %, 20 wt. % and 30 wt. % SiC(nm)/α-SiAlON composite
ceramics. Sample with zero wt. % SiC (nm), sample 1530 produced single phase αSiAlON. The α-SiAlON peaks were also very prominent in x-ray pattern of each composite
ceramic. Samples with increased amount of SiC (nm) particles showed higher peak
intensities for the reinforced SiC (nm) which is a typical behavior in dual phase composites.
Moreover no other peaks were found other than the inculcated SiC (nm) particles and
α-SiAlON matrix which depicted that there was no chemical interaction between the matrix
and the second phase SiC (nm) particles [26].
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Figure 28: XRD of monolithic α-SiAlON, 10 wt. %, 20 wt. % and 30 wt. % SiC(nm)/α-SiAlON nano-composites
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Microstructural Analysis
Figure 29 (a), (b) and (c) shows the back scattered electron images of polished samples
along with EDS mapping, showing the distribution of SiC (nm) in α-SiAlON matrix,
containing 10, 20 and 30 wt. % of SiC (nm) sintered at 1500 °C with 30 min holding time.
SiC (nm) particles were difficult to see because of low contrast (low z-value difference
between N and C elements) between SiAlON and Silicon Carbide [54]. It was illustrated
from the micrographs that porosity content for composite samples was increased with
increase in amount of SiC (nm).
The dispersion of SiC (nm).in the matrix was represented from the distribution of carbon
showed along with the BSE micrographs for each of the three composites. It was observed
that some areas of the maps were empty while at some regions clusters were found
particularly in sample with 30 wt. % of SiC (nm). These observation from BSEmicrographs and EDS-mapping were associated to the densification data where a relative
decrease in densification was found with increase in SiC (nm) amount [26, 62].
Figure 30 also shows the agglomerated clusters of SiC (nm) in the matrix along with
porosities found in the sample. Here it should be noted that the contrast was set up manually
after taking back scattered image to show the agglomeration of particles in the composite
samples, as it was previously stated that auto-contrast for such type of composite ceramics
could not be set easily using the backscatter detector in scanning electron microscope.
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Figure 29: BSE micrographs and EDS mapping of samples with (a) 10 wt. %, (b) 20 wt. % and (c) 30 wt. % of
SiC (nm) in α-SiAlON matrix
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Figure 30: Particulate agglomerations in form of clusters
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Mechanical Properties
The mechanical properties, hardness and fracture toughness, of the reinforced nano
composite ceramics are shown in Table 14. It was observed that the hardness and fracture
toughness of the nano composite ceramics decreased with the increase in amount of
reinforcements. The deterioration of hardness values could be attributed to relatively lower
density of the composites. It should be noted that sample with 10 wt. % of SiC (nm),
1530-1SiC(nm), was presenting a little increase in hardness value and full densification as
well. While poor fracture toughness of the nano composite ceramics as compared to the
monolithic α-SiAlON ceramic, sample 1530, could probably be associated with the
agglomeration of second phase particles [62] [53].
Table 14: Mechanical properties of SiC (nm)/α-SiAlON nano-composite ceramics

Sample Name

Hardness HV10 (GPa)

Fracture Toughness (MPa.m1/2)

1530

21.06 ± 0.42

7.29 ± 1.33

1530-1SiC(nm)

21.44 ± 0.27

5.95 ± 1.26

1530-2SiC(nm)

20.74 ± 0.78

4.86 ± 0.55

1530-3SiC(nm)

20.01 ± 0.31

3.38 ± 0.24

The comparison of the mechanical properties with increase in amount of SiC (nm) is also
shown in Figure 31. Very prominent decrease in fracture toughness with relatively small
decrease in hardness was seen with the increase in amount of nano silicon carbide. For
fracture toughness it should be noted that the error bar of sample 1530-1SiC(nm) was
coinciding with the error bar of sample 1530 which depicted no or very little decrease in
the fracture toughness for nano-composite with 10 wt. % of SiC (nm).
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Figure 31: Trend of mechanical properties of SiC (nm)/α-SiAlON nano-composite ceramics
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The backscattered electron microscopy images of the fracture surfaces of monolithic
α-SiAlON (1530), and SiC(nm)/α-SiAlON nano-composites with 10, 20 and 30 wt. % of
SiC (nm) are shown in Figure 32 (a), (b), (c) and (d) respectively. The monolithic αSiAlON sample (1530) having higher values of fracture toughness exhibited a coarse
fracture surface which is associated with toughening mechanism. However, the fracture of
the composite samples was quite brittle as there fracture surfaces were relatively smooth
and very scarce irregularities were found in the fractographs which is a feature of brittle
fracture [56]. The fracture surface of sample 1530-1SiC(nm) seemed to show some ups
and downs which probably could explain the relative high fracture toughness value as
compared to the sample 1530-3SiC(nm) in which very clear and smooth features
represented a typical brittle fracture.
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Figure 32: BSE-Fracture surfaces of (a) monolithic α-SiAlON, (b) 10 wt. % (c) 20 wt. % (d) 30 wt. % SiC(nm)/αSiAlON nano-composites
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Figure 33 shows scanning electron micrograph of Vickers indentation introduced in nanocomposite ceramic with 20 wt. % of SiC (nm), sample 1530-2SiC(nm). The radial and
lateral cracking along with material scalloping from the contact zone of indentation was
clearly visible in almost all the indents. Such type of indentation is associated with brittle
materials with low fracture toughness. It should also be noted that lateral cracking and
material removal did not make the hardness values ambiguous [63, 64].
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Figure 33: SEM-Vickers indent illustrating lateral cracks in nano-composite ceramic with 20 wt. % of SiC (nm)
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4.2.3 Micron Tungsten Carbide-WC (μm)/α-SiAlON Composite
Table 15 shows the sample name and amount of WC (μm) added in each batch of the matrix
powder. The sample name depicted the sintering condition and the amount of
reinforcement added, for an instance the sample named 1530-1WC(μm) means sample
sintered at 1500 °C with 30 min holding time containing 10 wt. % of WC (μm).
Table 15: Wt. % of WC (μm) in each batch of the matrix for the powder composites

Sample Name

Matrix

WC (μm) wt. %

1530-1WC(μm)

α-SiAlON

10

1530-2WC(μm)

α-SiAlON

20

1530-3WC(μm)

α-SiAlON

30

Sintering and Densification
The samples containing 10, 20 and 30 wt. % of WC (μm) were synthesis following the
experimental procedure mentioned earlier and, there experimental and calculated densities
were determined as shown in Table 16. The theoretical densities were calculated using rule
of mixture. It was illustrated from the density data that with 10 wt. % addition of WC (μm)
above 99 % densification was achieved but with increase in amount of WC (μm) the
percentage densification was found to be decreasing which could be attributed to mixing
process setbacks or decrease in level of dispersion of WC (μm) in the matrix.
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Table 16: Densification of WC (μm)/α-SiAlON composite ceramics

Sample Name

Experimental

Theoretical

Percentage

Density (g/cm3)

Density (g/cm3)

Densification

1530

3.19

--

--

1530-1WC(μm)

3.44

3.47

99.13

1530-2WC(μm)

3.67

3.79

96.83

1530-3WC(μm)

3.89

4.19

92.84

Phase Analysis
Figure 34 show the x-ray phase assemblage for monolithic sample with zero wt. % WC
(μm), sample 1530, and composite samples with 10, 20 and 30 wt. % of WC (μm), samples
1530-1WC(μm), 1530-2WC(μm) and 1530-3WC(μm) respectively. As mentioned before
sample-1530 illustrated the presence of only α-SiAlON and in composite sample typical
behavior of two phase system was prominent i.e. the intensities of the peaks were found to
increase with the increase in the amount of WC (μm) particles. Moreover no other peaks
were found other than the inculcated WC particles and α-SiAlON matrix which depicted
that there was no chemical interaction between the matrix and the second phase WC (μm)
particles [26].
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Figure 34: XRD of monolithic α-SiAlON, 10 wt. %, 20 wt. % and 30 wt. % WC(μm)/α-SiAlON composites
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Microstructural Analysis
Figure 35 (a), (b) and (c) show back scattered electron micrographs of sample
1530-1WC(μm), 1530-2WC(μm) and 1530-3WC(μm) respectively containing 10, 20 and
30 wt. % of WC (μm) respectively in α-SiAlON matrix along with the EDS-mapping for
tungsten showing the dispersion of tungsten carbide in the matrix. The dark area shows the
matrix α-SiAlON while bright white particles are tungsten carbide reinforcements. As
illustrated in Figure 35 (a), sample with 10 wt. % of WC (μm), there was homogeneous
dispersion of particles while in Figure 35 (b) and (c) representing sample with 20 and 30
wt. % WC (μm) respectively, patches of agglomerations of tungsten carbide were found.
The decreased in density for these two samples also correlated the inhomogeneity in the
dispersion of the second phase. The most probable reason for the decrease in the level of
dispersion of WC could be attributed to the drying process of the mixture (powder mixture
with ethanol), after probe sonication. The heavy tungsten carbide particles
(density =15.6 g/cm3) could settle down earlier than the rest of precursors to form
agglomerations. [53]. Although after drying the mixtures were mixed manually in mortar
and pestle to avoid such inhomogeneous dispersion. It should also be noted that composite
samples containing SiC (μm) were also processed in similar manner but due to the
comparable densities of SiC (3.21 g/cm3) and Si3N4 (3.44 g/cm3) the settling time (during
drying) for the mixture could be assumed to be the same.
These agglomerations in the sample containing higher amount of WC (μm), made the
mechanical properties data vulnerable to errors. Therefore, in the coming sections, only
sample 1530-1WC(μm) with 10 wt. % of WC is considered in detail.
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Figure 35: BSE micrographs and EDS mapping of samples with (a) 10 wt. %, (b) 20 wt. % and (c) 30 wt. % of
WC (μm) in α-SiAlON matrix
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Mechanical Properties
The mechanical properties, hardness and fracture toughness, of the reinforced composite
ceramics are shown in Table 17. The sample with 10 wt. % WC (μm), sample 15301WC(μm) is showing excellent properties. Especially fracture toughness value showed a
tremendous increase from 7.29 MPa.m1/2 to 19.42 MPa.m1/2, in comparison to the only
single literature source found for tungsten carbide inculcation in SiAlON matrix, where
fracture toughness value decreased with the addition of tungsten carbide (maximum value
being 6.1 MPa.m1/2 with 10 vol. % of WC addition in SiAlON matrix possessing fracture
toughness of 7 MPa.m1/2) [49].
Table 17: Mechanical properties of WC (μm)/α-SiAlON composite ceramics

Sample Name

Hardness HV10 (GPa)

Fracture Toughness (MPa.m1/2)

1530

21.06 ± 0.42

7.29 ± 1.33

1530-1WC(μm)

23.46 ± 0.29

19.42 ± 0.25

1530-2WC(μm)

21.84 ± 0.77

15.77 ± 4.68

1530-3WC(μm)

22.56 ± 0.44

12.79 ± 3.60

In the present work, the fracture toughness measured for composite ceramics with 20 and
30 wt. % amount of tungsten carbide showed huge error in the readings, see Figure 36,
which were considered not reliable. The probable reason for such disturbing trend in the
properties could be the mixing procedure used resulting in inhomogeneous dispersion of
WC (μm) particles in matrix, as depicted by SEM micrographs. It is well known that in
composite ceramics the dispersion of the second phase particle has a huge effect on the
density and as a consequence on the mechanical properties [62].
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It should also be noted that the fracture toughness (19.42 MPa.m1/2) of sample 15301WC(μm) was about 1.5 times higher than the fracture toughness (7.29 MPa.m1/2) of
monolithic α-SiAlON, while the hardness was about 11 percent higher. The homogeneity
in dispersion and complete densification of composite ceramics with 10 wt % addition of
WC (μm) could be associated to such marvelous properties. The higher hardness of the
composite ceramics could be ascribed to the high hardness of the inculcated second phase
particles.
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Figure 36: Trend of mechanical properties of WC (μm)/α–SiAlON composite ceramics

83

Fracture Toughness (MPa.m1/2)

22.50

Scanning electron microscopy of the fracture surface of monolithic α-SiAlON and sample
with 10 wt. % WC (μm) particles are shown in Figure 37 (a) and (b) respectively. The
fracture surface of monolithic α-SiAlON, exhibiting relatively lower fracture toughness, as
explained before showed a predominant intergranular mode of fracture. While the sample
with 10 wt. % of WC (μm), showing very high fracture toughness values, depicted a variety
of toughening mechanisms. The addition of hard second phase particles could cause
anisotropic growth of α-SiAlON producing elongated grains which introduced toughening
in the composite. In addition to this, these elongated grains also induced friction pull outs
as depicted by the fracture surface Figure 37 (b). It was also observed that probable
cleavage rising present in the fracture surface could have assisted the fracture toughness.
Coarse and rough fracture surface along with variety of irregular features on the fracture
surface yield a much tougher ceramic [55] [56].
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Figure 37: SEM-Fracture surface of (a) Monolithic α-SiAlON and (b) 10 wt. % WC (μm)/α-SiAlON composite
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Figure 38 (a, b) and (c, d) show the Vickers indentation along with the crack propagation
in monolithic α-SiAlON sample (1530) and sample with 10 wt.% of WC (μm) (15301WC(μm)) respectively. It was illustrated from these micrographs that sample 1530
showed a fast crack propagation as the crack was not deflected on its way, Figure 38 (b).
While, from the crack propagation in sample 1530-1WC(μm), it was obvious that crack
was deflected, Figure 38 (d). Very clear crack bridging phenomenon was also seen in crack
propagated in sample 1530-1WC(μm). The fracture toughness of the composite ceramic
was considerably increased due to such phenomenon of crack bridging and crack
deflection, as significant amount of energy was absorbed at these points before leading to
failure [65] [57] [52].
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Figure 38: BSE-Comparison of indentation and crack propagation in (a, b) monolithic α-SiAlON and (c, d) 10
wt. % WC (μm)/α-SiAlON composite
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CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS

5.1

Conclusions

Single phase monolithic α-SiAlON ceramics have been fabricated from nano-sized
precursors using spark plasma sintering (SPS) technique at temperatures of 1500 °C and
1600 °C with varying holding times from 10 to 30 minutes at an applied pressure of
50 MPa under vacuum. The effects of nano precursors and sintering parameters on the
microstructure, densification and mechanical properties were investigated. The following
conclusions were drawn from synthesis of monolithic ceramics:
 Monolithic single phase α-SiAlON was produced using nano-sized starting
powders and SPS at 1500 °C for 30 min dwell time, yielding hardness and fracture
toughness values of 21.05 GPa (Hv10) and 7.29 MPa.m1/2 respectively.
 When α-SiAlON was sintered at 1600 °C for 30 min holding time, the hardness and
fracture toughness were measured to be 20.50 GPa (Hv10) and 9.65 MPa.m1/2
respectively. The increase in fracture toughness compared to α-SiAlON sintered at
1500 °C was attributed to the elongation of the α-SiAlON grains.
The α-SiAlON sintered at 1500 °C was selected as a matrix for preparing the composites
using silicon carbide (SiC) and tungsten carbide (WC) reinforcements (10 20 & 30 wt. %),
and the following conclusions were drawn:
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 The dispersion of second phase particles in the consolidated composite ceramics
with SiC (~ 2 μm) reinforcement (10 20 & 30 wt. %) was found to be homogeneous.
Composite ceramic with WC (3.5 μm) reinforcement showed a homogenous
dispersion for composite with 10 wt. % WC, but poor distribution with higher
percentages (20 & 30 wt. %). For the nano-composite α-SiAlON ceramics with
nano-sized silicon carbide SiC (50 nm), the reinforcement (10 20 & 30 wt. %) was
not homogeneously distributed in the matrix but rather formed clusters.
 For α-SiAlON composites reinforced with SiC (μm), the highest hardness of
24.53 GPa (Hv10) and highest fracture toughness of 11.86 MPa.m1/2 were achieved
for 30 wt. % of SiC (μm).
 For α-SiAlON/10 wt. % WC (μm) composite, the hardness and fracture toughness
were measured to be 23.46 GPa (Hv10) and 19.42 MPa.m1/2 respectively.

5.2

Recommendations

Based on the work carried out in this study, the following recommendations are proposed
for future work:
 More in-depth analysis of mixing the starting powders should be made to prepare
more homogeneously distributed α-SiAlON composites reinforced with nano-SiC
as well as high loading of WC (3.5 μm).
 Testing the wear behavior of the sintered SiAlON samples, both at ambient and
elevated temperatures, to simulate their application as cutting tools.
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