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Abstract

Sialon ceramics have been recently investigated as cutting tools due to their higher hardness than
that of silicon nitride ceramics. Improvements in properties such as hardness, fracture toughness
and chemical resistance through cBN reinforcement will make a cutting insert much more
suitable for cutting and wear applications than that of pure sialon ceramic. This would result in a
material with a significantly wider range of applications than that of the corresponding

unreinforced sialon matrix.

This work investigated the fabrication of a-sialon ceramics as well as their corresponding cBN
containing composites by spark plasma sintering. Fully dense (> 97 % theoretical density) sialon
ceramics with a cBN content of up to 30 vol. % could be produced at sintering temperatures of
1575°C, the same temperature required for the pure matrix. An increase in the sintering
temperature promotes the a-sialon transformation in the presence of yttrium as the stabilizing
cation and thus the Vickers hardness is improved for pure sialon where an increase in the
sintering temperature from 1575 to 1625°C results in an increase from 18.2 + 0.4 to 19.6 + 0.5
GPa.

It was observed that additions of cBN grains to the sialon matrix negatively affect the primary
densification mechanisms present in liquid phase sintering, those being particle rearrangement
and solution-precipitation processes. The phase transformation of some ¢cBN grains in the cBN
containing sialon composites were only observed at temperatures of 1600°C (partial/surface) and
1625 °C (high). Furthermore, through this work it was found that an optimum addition of cBN
grains to the sialon matrix was 10 vol.%. Improvements in the Vickers hardness and fracture
toughness through the addition of cBN grains were obtained at all sintering temperatures carried
out through this scope of work. The improvements of the Vickers hardness for the sialon
composites containing 10 vol. % ¢cBN as compared to the pure sialon ceramic are given as
follows for the relevant sintering temperatures: 1575 (18.2 — 20.9 GPa), 1600 (19.1 — 21.3
GPa) and 1625°C (19.7 — 20.7 GPa). cBN containing sialon composites sintered at 1575°C

maintain hardness greater than that of pure sialon with increasing cBN content up to 30 vol. %




cBN, however at higher sintering temperatures considerable deterioration of the cBN grains was
observed due to hexagonalization of the dispersed cBN grains; this resulted in composites with
lower hardness than that of the pure sialon ceramic. The fracture toughness was seen to improve
significantly with 10 vol. % cBN addition to the sialon matrix (3.6 — 5.2 MPa.m*%) when
sintered at 1575°C; however further addition of cBN does not result in a further improvement of
the fracture toughness unless hexagonalization of the cBN grains takes place which is promoted
further with increasing sintering temperature. Composites containing 30 vol. % cBN and sintered
at 1625°C exhibit fracture toughness as high as 7.8 MPa.m’? , as a result of the excessive
hexagonalization of the cBN grains. Lastly through this work it was revealed that cBN
containing sialon composites sintered with oa-sialon as the matrix have superior mechanical

properties to those cBN composites prepared through the use of B-sialon.
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1. Introduction

Silicon nitride ceramics have been widely investigated due to their advantageous properties of
high strength, fracture toughness, thermal shock resistance, chemical resistance and hardness at
both room and elevated operating temperatures " @ The highly covalent bonds of silicon nitride
(Si3Ny) result in a low mass diffusivity. Therefore the material cannot be solid-state sintered;
however, through the addition of various sintering aids and the application of external pressures,
fully dense ceramics can be obtained V. Sialon ceramics are silicon nitride based alloys where
the solid solutions of a and [ sialon are isostructural with that of a-Si3N4 and B-SizN4.The -
sialon phases are formed by the substitution of silicon by aluminium and of nitrogen by oxygen
atoms in the SizNy crystal structure ) Tn addition to this substitution, a-sialon incorporates an
interstitial cation into the a-sialon structure. Sialon ceramics are easier to fabricate than silicon
nitride ceramics due to the increased amount of liquid phase present during consolidation which
contributes to the particle rearrangement and the necessary transport required for solution-

3

precipitation process during densification . Furthermore, a-sialon ceramics have higher

hardness when compared to that of B-silicon nitride ceramics, making them superior as cutting

tool materials .

Ceramics in general are known to have low fracture toughness (5); therefore, improvements in this
key property are widely researched. High fracture toughness is one of the prerequisites for a
material used in cutting tool applications, particularly in interrupted cutting . There are several
ways in which the fracture toughness of a ceramic can be increased. This work will investigate
secondary reinforcement toughening, which can produce local internal stresses as well as offer
crack deflection sites. The reinforcement of a ceramic for toughening purposes can be achieved
in the form of particulates, whiskers and fibrous materials. Improving the fracture toughness of a
ceramic for cutting applications is only an advantage when the hardness of the ceramic can be

maintained or increased.

Thus the aim of this project is to investigate the reinforcement of sialon ceramics through the

addition of superhard cubic boron nitride (cBN) particles in order to improve the hardness and




fracture toughness. Improvements in these key properties, through cBN reinforcement, will make
a cutting insert much more suitable for interrupted cutting applications than the pure sialon
ceramic . Such a material is expected to have a significantly wider range of applications than

the corresponding unreinforced sialon matrix.

The consolidation of the sialon ceramics and ¢cBN containing sialon composites will be carried
out through the use of spark plasma sintering (SPS) which is said to be an enhanced sintering
technique due to its high heating and cooling rates with an applied pressure. It is also known that
cBN has the tendency to transform into its more stable hexagonal phase when heated under low
pressures ®. the SPS consolidation technique is seen to be advantageous as compared to other
common sintering techniques because the overall sintering time is significantly reduced, which
in turn will lower this transformation. The effect of compositional changes to pure sialons will be
investigated along with the influence of sintering temperatures on the respective microstructure,
mechanical properties and phase formations. Furthermore the reinforcement of sialon ceramics
through the addition of cBN grains will also be investigated in order to understand their effects

on microstructure and mechanical properties.




2. Literature Review

2.1. Background to silicon nitride

Silicon nitride was first produced in 1857 . Silicon nitride however was considered more of a
compound of chemical interest and not yet as an engineering material . During the period of
1948-1952 the Carborundum Company, New York applied for several patents on its manufacture
and its potential uses as an engineering ceramic '”. From 1958, Haynes (Union Carbide)
produced silicon nitride commercially for applications such as thermocouple tubes, rocket
nozzles as well as boats and crucibles for handling molten metal where its uses were primarily
refractory in nature '” 'V Considerable investment also went into silicon nitride being made a
material candidate for the use of high temperature structural applications such as ceramic gas
turbines and small truck engines. However it was found that it would not be feasible to obtain
reproducible complex shapes with the needed reliable combination of properties of high strength,

oxidation resistance and creep resistance .

The high energy covalent chemical bonds of SizsN4 result in high hardness and strength. However
these high energy bonds are a disadvantage during the sintering processes . The self-diffusivity
in silicon nitride is low and thus the mobility of atomic species required for densification only
occurs above the temperature of 1850°C where SizN4 begins to decompose. As a result of the
difficulty experienced during the sintering of pure SizNy, research during the 1960’s explored the
use of hot-pressing silicon nitride with various sintering additives in order to increase the density
of the material closer to theoretical '?. The term used to refer to this family of multi-component

ceramic materials is known as silicon nitride ceramics.

The major application for silicon nitride ceramics today is as a cutting tool or ceramic ball
bearings. This is due to its high hot hardness, good fracture toughness, thermal shock and
chemical resistance " ®. These properties make it a strong candidate when selecting tools for
machining cast iron and nickel based alloys. The advantages of silicon nitride over conventional

tungsten carbide tools are increased cutting speeds and longer tool life thus overall reduced costs.




Silicon nitride ceramics are also used in the automobile industry for applications such as diesel

glow plugs, turbochargers and exhaust gas control valves "> as seen in Figure 2.1.
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Figure 2.1: Cross-sectional view of the combustion section of an internal combustion engine where the shaded
parts are manufactured from silicon nitride. Taken from Heinmann, 2010 ¥,

Silicon nitride is used as the bearings in the main engine of the NASA space shuttle and is
available in industry as a full ceramic bearing or ceramic hybrid (containing steel races)
bearing. These silicon nitride ball-bearings are harder than metallic ones; this reduces the area of
contact of the balls on the bearing track resulting in decreased friction, increased bearing life,

operating temperature, corrosion resistance, lower density and the ability to operate without




lubricant. It must also be noted that some silicon nitride ceramics are still used as a refractories

for kiln furniture, melting crucibles and ingot moulds ¥ %

2.2. Overview of silicon nitride ceramics

The term silicon nitride ceramics refers to a wide range of multi-component mixtures of silicon
nitride (Si3Ny) ® where the addition of other components is necessary in order to form the
appropriate liquid phases which aid mass transport during sintering, thus achieving complete

densification .

2.2.1. Phase modifications of Si;N,4

Silicon nitride exists in three crystalline modifications namely o-SizN4, B-SizsNs and y-SizNy
which differ in atomic arrangements (see Figure 2.2) including an amorphous phase which is

used extensively in the microelectronics industry in the form of thin films "%

a-Si3N4 can be considered to be the low-temperature metastable modification of SizN4 at normal
pressures whereas p-SisNy is the more stable modification at higher temperatures '”. Both o and
B-SisNy structures have hexagonal symmetry; these structures consist of corner-sharing SiNy
tetrahedra where the Si atom is situated in the center of the tetrahedron with four N atoms at its
corners. The space groups for a-SizN4 and B-SizsNy4 are P31c and P6; respectively. The stacking
sequence consists of alternate basal layers of silicon and nitrogen atoms in the
‘ABCDABCDABCD..." sequence for a-SisNs and ‘ABABAB..." for B-Si3N4 sequence, where

M The ¢ dimension of o-SizNy

the ‘CD’ layer is related to the ‘AB’ layer through a c-glide plane
is approximately double that of B-SisNy V. The difference in the stacking sequences of the a-
SizNsand B-Si3N4 modifications results in the a-SizNy structure consisting of cavities and the B-
Si3Ny structure consisting of continuous tunnels that run along the c-plane (Figure 2.2 a and b
respectively). The lattice parameters for a-Si3Ny are subject to the oxygen content dissolved in

the structure where an increase in the oxygen content results in a decrease in the a-lattice




parameter and an increase in the c-lattice parameter ® and any deviations are a result of

aluminium and oxygen impurities ® where the oxygen content can be up to 0.258 wt. % '¥.
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Figure 2.2: Crystal structures of a) a-Si;Ny, b) B-SizN4 and c) y-Si;Njadapted from Peng, 2004 9,

The transformation from a-Si3zNy4 to B-SizNy4 requires a lattice reconstruction; this can occur when
the transforming material is in contact with a solvent. The higher solubility of the unstable a-
SisNudrives it into solution where it precipitates out as the less soluble and more stable form of
B-SisN, V.a-SisNy is unstable at temperatures above 1400°C @ and 1500°C ?”; when samples
are sintered in excess of these temperatures the transformation to B-SizNj is irreversible. Pure a-
Si3N4 powder was heat treated at 1900°C where slow phase transformation from a-SizNy to -

SisN4 was observed due to the lack of transformation through the solution precipitation step

coupled with impurities in the SisNy ©.
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Due to the tunnel-like structure of the B-SizN4 phase parallel to the c-axis, the diffusion of N
atoms in B-Si3Ny (N-diffusion coefficient, Dng = 5.8x10° cm2.s'1) is higher than that experienced

in the a- SizN4 phase (Dng = 1.2x107" cmz.s'l) @D

The more recently developed y-SizNy4 has a cubic spinel structure where two Si atoms each co-
ordinate six N atoms octahedrally and one Si atom co-ordinates four nitrogen atoms tetrahedrally
®) thus v-SizNy can better be described as Si[Si;N4]. The symmetry of y-SisNy4 is Fd-3m and
requires high pressures and temperatures to be synthesized. Novel y-SizsN4 was prepared at 15
GPa and temperatures exceeding 1920°C in a laser-heated diamond anvil cell **. However
current practice employs a range of techniques to synthesize y-SizNaincluding the multianvil

pressure apparatus (MAP) @3 and shock-wave synthesis @9,

uniaxial load

diamond anvils

Rubin chip for

sample in inert o
pressure determination

medium

steel gasket

Figure 2.3: Schematic of a two-stage multi-anvil press. Taken from Kroke, 2002 ¥,

2.2.2. Densification methods of Siz;N,

Since silicon nitride is a material exhibiting highly covalent bonds with a very low diffusivity it
cannot be sintered through the use of pressure less solid-state sintering. In order to obtain fully
dense silicon nitride ceramics it is necessary to apply pressure during sintering and to introduce

sintering aids.




For the last 40 years there has been a much better understanding of the role of sintering aids in
the densification and microstructural development of silicon nitride based ceramics as well as the

impact on the mechanical properties @9,

Through these investigations many forming techniques have been explored for silicon nitride
ceramics such as sintered (SSN), gas pressure sintered (GPSN), reaction-bonded (RBSN),
sintered reaction-bonded (SRBSN), hot-pressed (HPSN), hot isostatically pressed (HIPSN) and

the more recently developed sintering technique, spark plasma sintered (SPS) silicon nitride.

Gas pressure sintering (GPSN) involves sintering the silicon nitride composite under a nitrogen
pressured atmosphere (10 MPa) where a direct contact between the nitrogen gas and the sample
prevents any decomposition of the SizNy, thus allowing for higher sintering temperatures to be
attained. The GPSN route allows for the production of complex shapes required for wear parts,
cutting tools and ball bearings. The sintered silicon nitride method (SSN) also utilizes nitrogen as
atmosphere however the gas pressure is somewhat lower (up to 0.3 MPa) than that of GPSN
whilst sintering. The main advantages of SSN are the low sintering costs, fabrication of complex
shapes and the possibility of a continuous sintering production process. However good
sinterability is necessary and the composites produced have a lower strength then that of
composites produced though the GPSN route. The GPSN is also advantageous over the SSN

route due to the superior reproducibility, reliability and the lower additive content requirements
(3) (14

Hot pressed silicon nitride (HPSN) is a technique that is used to obtain densified silicon nitride
ceramics. The specimen is placed in a graphite die where an axial pressure is applied by two
punches (also graphite) coated with hexagonal boron nitride. This technique results in good
densification with high reliability; however this method has low production rate and only simple
shapes can be made due to the billet geometry and the fact that the billet will have to be diamond
ground. Thus this method is only used in the evaluation of materials as cutting tool prototypes

with simple geometries .




Hot isostatic pressing sintering (HIPSN) process involves sintering the silicon nitride composite
under high isostatic pressure applied through a gaseous or liquid medium which in turn allows
for larger and more complicated shapes to be produced in large quantities than the other
methods. Particularly for the HIPSN method the compacted green body is coated with a glass
that provides protection for the sample from the pressurized gaseous media in the form of a gas-
tight membrane. There are two densification methods that are categorized under hot isostatic
pressure sintering, the first being HIPSN and the other involves presintering (HIP-SSN). The
HIP-SSN method is when the composite is sintered via SSN in order to close the porosity
followed by HIPSN and the other method only utilizes a capsule and is known as HIPSN. Both
the HIPSN and HIP-SSN techniques allow the production of complex shapes with high
reliability however both methods are highly costly. HIP-SSN allows the sinterability of silicon

nitride with no additives whereas HIP-SN allows the sinterability with low additives .

Reaction-bonded silicon nitride (RBSN) is made by carefully nitriding (N;) a low cost silicon
compact producing SizNy4 in the pores of the compact which results in little dimensional changes
and a considerable increase in density. RBSN allows the production of parts to be made near net
shape without the need of excessive grinding operations. However RBSN produces samples that
have high porosity, low hardness and low strength; thus the materials sintered through RBSN are
suitable for use mainly as refractory materials. An improvement of the porosity can be achieved
by sintering the material obtained through RBSN using SSN, GPSN and HIP-SSN. This material
is then classified as sintered RBSN (SRBSN). Low shrinkage and cost of raw materials favour
this process; however the time consuming nitriding step required is a drawback . A comparison

of some of the various consolidation techniques can be seen in Table 2.1.




Table 2.1: Sintering processes used for silicon nitride based materials and the respective densification ®.

Sintered Sizn, based ceramics

Reaction bonded Si;N, based

ceramics
Sintering
i G Hot isostatic pressin Reacti
technique Low gas | Gas Hot p 8 Reaction caction
pressure | pressure ressing bonding bonding and
sintering | sintering | * Pre-sintering | Capsule post-sintering
HIP-SSN  or SRBSN or HIP-
Acronym SSN GPSN HPSN HIPSN HIPSN RBSN SRBSN
Starting silicon | Si;N, SisN, SisN, SizN, SisN, Si Si
form
Additive
content  (vol. | 7-20 3-15 2-15 2-15 0-8 0 3-15
%)
1600- 1750; 1500; Presintered .to 1200; ' Nitridation  via
1800°C 2000°C 1800°C closed porosity | 1750- 1450°C in a RBSN while
with  a with  a | uniaxial (SSN) then | 2000°C nitrogen usin SSN
Consolidation . nitrogen | pressure | HPSN at 1750- | with a gas | atmosphere & ’
.. nitrogen t . . GPSN and HIP-
conditions pressure pressure | in a | 2000°C with a | pressure of | for dwell SSN  sinterin
up to 10 | graphite | gas  pressure | 200 MPa times up to . &
up to 0.3 . technique
MPa MPa die up to 200MPa 100 hours
Linear 15-22 15-22 <50 15-22 15-25 ~0 <8-14
shrinkage (%)
Relative 95-99 98-100 ~ 100 ~ 100 ~ 100 70-88 95-100
density (%)

2.2.3. Properties of silicon nitride based ceramics

For cutting tool operations it is essential that materials with high hot hardness, fracture toughness

and thermal shock resistance be selected. Sintered silicon nitride-based ceramics fall under this

classification. However due to the various methods used to consolidate silicon nitride based

ceramics different mechanical properties are attained:

10
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Table 2.2: Sintering processes used for silicon nitride based materials and their respective properties @,

Sintered Siz;N4 based ceramics

Reaction bonded SizNy4
based ceramics

Sintering
i G Hot isostatic pressi i
technique Low gas as Hot ot isostatic pressing Reaction Rez?ctlon
pressure | pressure ressin bondin bonding and
sintering | sintering P 8 Pre-sintering Capsule g post-sintering
HIP-SSN or SRBSN or
Acronym SSN GPSN HPSN HIPSN HIPSN RBSN HIP-SRBSN
Additive content 790 3-15 2-15 2-15 0-8 0 3-15
(vol. %)
Linear 15-22 15-22 <50 15-22 15-25 ~0 < 8-14
shrinkage (%)
Relative density 95-99 98-100 ~ 100 ~ 100 =~ 100 70-88 95-100
(%)
500 (no additives)
Strength at 800-1500 | 800-1500 800-1500 and 800- 1500 130-350 500-1000
o 500-900 . .
20°C (MPa) (with additives)
Toughness 3 (no additives)
(MPa.m™) 5-8 5-11 5-8 5-11 and 5-8 (with 2-4 5-11

additives)

2.3. Sintering of sialon ceramics

Sialon ceramics are silicon nitride based alloys which are principally made up of the following

elements: silicon (Si), aluminium (Al), oxygen (O) and nitrogen (N). Sialon ceramic materials

have a large range of compositions and crystal structures due to their dependence on the

composition of the material *%.

2.3.1. Modifications sialon phases

Sialons are solid solutions based on silicon nitride, where the a-sialon and [-sialon are

isostructural with a- SisN4 and B- Si3zNy4 respectively. The varying changes in properties for the

various phases are given in Table 2.3.

~—~
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Table 2.3: Unit cell parameters, morphology and mechanical properties of both a and p phases of Si;N, and

Sialon. Taken from Peng, 200

4 19

Unit cell parameter (A)

Mechanical Properties

Morphology of grains in
a c sintered materials H,, (GPa) K,. MPa.m")

a-SizNy 7.748 5.617 Equiaxed ~20 ~3
B- Si3Ny 7.617 2911 Elongated ~15 ~6

Equiaxed 20-22 3-3.5
o-Sialon | 7.801-7.864 | >:679-3.720

Elongated 20-22 5-6.5
B-Sialon 7.610-7.716 2.911-3.007 Elongated 15-17 5-7

The composition of the a-sialon phase can be described by the following formula

RxSi12-(m+n)Al(m+n)OnN16-n

2.3.1.1.

a-Sialon

Equation 2.1

Where R represents stabilizing cation and x is the amount of the stabilizing cation with valency

v, The stabilizing cations that are commonly used are Ca (Calcium), Mg (Magnesium), Li

(Lithium), Y (Yttium) and other lanthanoid ions "

The m value expresses the amount of Si-N bonds (1.72-1.74A) that are replaced by AI-N bonds

( 1.87A) and is also dependent on the valency of (v") and amount (x) of the stabilizing cation

(Equation 2.2).The addition of the stabilizing cations compensates for the valence discrepancy

created through the replacement of Si-N by Al-N bonds.

12
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Figure 2.4: Structures of a-Si;N,4 (a) and a-sialon (b) where M represents the stabilizing cation. Adapted from
Petzow et al., 2002 .

The n-value on the other hand is related to the substitution of nitrogen (Si-N) by oxygen (Al-O)
which can be achieved by replacing the silicon by the aluminum or through the presence of
stabilizing cations. @D The n-value is also strongly dependent on the oxide solubility in the a-

sialon and thus the maximum n-values strongly depend on the sintering temperature ?*.

The large and complex phase diagram of the above five-component system, specifically R-Si-Al-
O-N, where R=Y (Yttrium) is seen in Figure 2.5 and can be simplified into a quasi-quaternary
phase diagram, named the Jdnecke Prism and can be identified by the SizNs-4(AIN)-2(Al,O3)-
3(S107)-2(Y,03)-4(YN) system shown in Figure 2.6.
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Figure 2.5: The Y-Si-Al-O-N system illustrating the quasi-quaternary subsystem of Si;N,-AIN-AL,0;-SiO,-

Y,03-YN (Jiinecke Prism). Taken from Petzow et al., 2002 .

The Janecke Prism (Figure 2.6) is used to identify the formation of favourable phases in the Y-

SiAION system where examples of these phases are AIN polytypoids, YAG (yttrium aluminium

garnet), B-sialon and a-sialon. A stable solid solution of a-Si3Nj (a-sialon) exists along the

Si3N4-4/3(AIN.Al,O3)-YN.3AIN plane highlighted, furthermore when the a-sialon plane is
enlarged (Figure 2.16) the variables ‘m’ and ‘n’ from Equation 2.1 can then be incorporated.

'
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Figure 2.6: Detailed depiction of the Jinecke Prism identifying possible phase formations. The a-sialon plane
is highlighted. Adapted from A. Rosenflanz et al., 1999 **,
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Figure 2.7: The effect of different stabilizing cations and the corresponding m and n values for stable a-sialon
ranges used when designing a-sialon ceramics. Taken from Hermann et al., 2011 .
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Through the use of simplified systems such as those depicted above in Figure 2.7 it is then
possible to tailor-make the phases in a sialon ceramic by selecting the respective m and n values
and calculating the starting composition required through the use of Equation 2.1. The tailoring
of sialon phases can further be completed through the use of different stabilizing cations. It must
be noted that the calculated compositions must include all additives as well as their respective

oxide films present particularly for non-oxide ceramic powders.

2.3.1.2. p-Sialon

On the other hand, the composition of B-sialon can be represented by Equation 2.3,

Sis.,Al,O,Ns_, Equation 2.3

Where the z value reperesents the number of replaced Si and N by Al and O ions and can vary
between 0 - 4.2 depending on the sinering conditions whilst maintaining a metal (cation) to non-
metal (anion) ratio of 3 : 4 ®® ©Y The single p-sialon phase is situated along the SizNy-
4/3(AIN.Al,O3) line in Figure 2.6 and Figure 2.16.

2.3.1.3. Grain morphology

The B-sialon phase has elongated grain morphology (whisker-like) whereas the a-sialon phase is
generally equiaxed; however an elongated morphology has been shown to have evolved ©2) 33)
G More about this elongated a-sialon morphology will be discussed in Section 2.3.2.5. The
AIN polytypoid microstructure appears to be clusters of elongated grains appearing similar to -
sialon however the structure is platelet-like when not cross-sectioned. The various a and (-
sialon phases can be seen in Figure 2.8 where the a-sialon was prepared through the use of

Nd,05-CaO as a sintering aid (33,
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Figure 2.8: SEM micrograph showing the various a and B sialon phases identified.

The elongation of a-sialon grains is due to anisotropic growth; however in order to obtain this
elongated morphology a sufficient quantity of rare-earth or alkaline rich liquid must still be
present at relatively high temperatures. The decomposition temperature of 1900°C for Si3N4 must
be accounted for, unless a pressured nitrogen gas atmosphere is experienced '”. Adding too
much extra liquid phase will also impact negatively on high-temperature properties of the sialon

due to the softening of the more pronounced intergranular films.

The growth of the elongated a-sialon phase with increasing sintering temperature is shown in
Figure 2.9. Furthermore the aspect ratio and volume of the elongated a-sialon phase is shown to
increase linearly with the fracture toughness (Figure 2.10) due to the crack deflection and crack

branching toughening mechanisms being increasingly present ",




1750 °Cayr

Figure 2.9: SEM micrographs of showing formation of the elongates Y-a-sialon (m=2.0 and n=1.5) compact
with increasing temperature. Taken from Zhou et al., 2007 %,
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Figure 2.10: Fracture toughness of a-Y-sialon as a function of the average aspect ratio of grains and the
volume fraction of elongated grains. Taken from Zhou et al., 2007 ",

2.3.2. Liquid phase

It is known that silicon nitride is difficult to sinter without additives however through high cost
techniques such as hot-isostatic pressure (HIP) methods, it is possible to obtain densified samples
due to the adherent silica (SiO,) on the surface of the SizNy particles (up to 3 vol. %) which
would perform the role of the sintering aid ”. Thus, through the use of sintering aids such as
yttria (Y,03), alumina (Al,O3), aluminium nitride (AIN) etc. and the SiO, on the surface of the
starting powder it is possible to form a melt. The densification mechanism that is appropriate to

silicon nitride based ceramics is founded on the Kingerey sintering model ®® ¢” ¥ 39 Using o-
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Si3N4 as a starting powder provides sites for the a-sialon nuclei to form and grow epitaxially;
however the growth is strongly dependent on the amount and composition of the liquid phase “o),
There are three steps that lead to the consolidation of silicon nitride ceramics; these steps overlap
one another and are referred to as particle rearrangement (I), solution-precipitation (II) and
Ostwald ripening (IIT). These steps are illustrated in the densification curve of a sialon ceramic
shown in Figure 2.11. However it must be noted that the particle rearrangement step is important
in liquid-phase sintering especially when an external pressure is applied, resulting in rapid initial

densification of the sialon composite “".
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Figure 2.11: Densification curve for a-sialon sintered through the SPS technique. The inset in the top left
shows the shrinkage rate as a function of the sintering temperature. The densification steps are highlighted
by the denotation I, IT and III as the particle rearrangement (I), solution-precipitation (II) and Ostwald
ripening (III).

A schematic of the typical densification steps found in sintering B-sialon ceramics is given in

Fig. 2.12, however it must be noted the same applies to a-sialon.
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Figure 2.12: An example of the densification steps when forming Siz;N, ceramics through liquid phase
sintering techniques. Taken from Carter et al. 2007 '

The glassy grain boundary phase contributes to the excellent properties such as high strength and
fracture toughness in silicon nitride based ceramics; however softening of this phase at high

temperatures has a negative effect on the properties of these materials at those conditions “?.

2.3.2.1. Particle rearrangement

The first step of densification occurs directly after any eutectic melt forms and it involves
particle rearrangement resulting in the rapid densification where the lubricating wetting liquid
penetrates between grains (aiding movement) and exerts an attractive force between them
through capillary action which is coupled with the applied pressure during sintering ““". The
liquid eutectic phase eliminates porosity as the system minimizes its surface energy “". It is

noted that the rearrangement is strongly enhanced by the application of an external pressure.

The formation of the ternary oxide eutectic melt can be seen through the reaction that takes place

in the Y-Si-Al-O-N system at approximately =~ 1340°C “**.
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SiO; + ALOs; + Y203 — (Si, Al, Y)O, + YAG Reaction 2.1

The melt composition depends strongly on the composition of the starting powders and the
eutectic melt would include SizNs and AIN which would result in the system not being in

equilibrium due to the low solubility rate of the nitrides.

For successful liquid-phase sintering the solid phase must be soluble/slightly soluble in the liquid
phase in order to aid mass transfer away from contact area; the liquid phase must wet the solid
phase sufficiently and be present in amounts sufficient to wet the solid phase. It is also noted that
capillary pressure is related to the particle size of the solid phase whereby the finer the particle
size the higher the capillary pressure experienced; this in turn increases the densification
particularly in the particle rearrangement stage “*. It is possible however to obtain fully dense
samples through only utilizing the particle rearrangement step provided that sufficient liquid

phase is present.

2.3.2.2. Solution-precipitation

In the solution-precipitation step it must be noted that initially the predominant Si3N4 phase is a-
SizN4 as well as the a-sialon being stable in this region and as a result has lower solubility in
comparison with B-SizN4 and B-sialon. The B-sialon precipitates out as a prismatic hexagonal
structure growing in the longitudinal direction (c-direction) . Moreover smaller grains are
more soluble than the larger sized ones and due to this difference in solubility an additional
solubility gradient is created in the liquid; thus material is shifted from smaller grains through the
action of diffusion in the liquid phase. The increase in the size of the larger grains is a process
known as Ostwald ripening where the driving forces are the reduction of the interfacial energy
and the capillary force “®. Ostwald ripening is dependent on the dissolution of the solid into the
liquid, the transport through the liquid as well as precipitation D The two possible reactions that
occur in the solution-precipitation step of the Y-SiAION system can be seen below, whereby
both reactions precipitate sialon phases > however since in this project the work takes place in

the region where a-sialon is stable the predominant sialon phase produced will be a-sialon.
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2.3.2.3. Ostwald ripening

The third step is the elimination of the closed porosity during which the liquid acts to form more
rounded grain morphology; there is a reduction in the diffusion of constituents due to the amount
of liquid present being decreased by the formation of a-sialon. Thus the densification slows
down considerably. However microstructure coarsening is still experienced due to Ostwald
ripening “*’. When sintering SizN, and sialon ceramics a thin liquid film exists around the grains.
Thus no solid phase sintering is experienced. The glassy oxynitride film between grains can be
identified through high resolution transmission electron microscopy (HRTEM) imaging, as

shown in Figure 2.13.
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Figure 2.13.: HRTEM image of grain boundary glass film between grains and the triple point between two

silicon nitride grains .
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2.3.24. Role of additives on the formation of a-sialon

The value of m in the a-sialon region is dependent on the size of the stabilizing cation and is
smallest for large rare earth ions (Er and Yb) and largest for small rare earth ions (Nd and Sm)
% as shown in Figure 2.17. Thus the maximum stabilizing cation and the oxygen solubility in o-
sialon increases with decreasing size of the lanthanides ®)_ The a-sialon region is also dependent

on temperature and is smaller at low temperatures **.

A comparative study was completed by Rosenflanz et al., 1999 * on the use of various silicon
nitride starting powders as well as different stabilizing cations in the preparation of a-sialon
ceramics. The size of the stabilizing cations studied by these authors, in an increasing order is as
follows: Nd, Sm, Gd, Dy, Y, Er and Yb. The sialon composites were sintered through hot
pressing technique at a pressure of 30 MPa and varying temperatures. The effect of different
cation type was initially observed through the use of B-SizN4 (0.51 um) powder followed by 0.5

and 1.25 um a-sialon starting powders. The relationships are shown in Figure 2.15.

From Figure 2.15, a) the depletion of the B-SizN4 starting powder can be seen to be directly
correlated with the formation of the a-sialon phase, as expected. The formation of a-sialon is
favoured for the larger cations namely Yb, Er and Y the reason for this was considered to be the
fact that the viscosity of the glassy phase decreases with increasing size of the stabilizing cation
“D_Intermediate phases were also formed when using rare-earth cation sialon systems and the
amount of these intermediate phases increases with smaller sized rare-earth cations; the volume

fraction of these phases however decreases with temperature.

A similar relationship for fine and coarse a-SizN4 starting powders (Figure 2.15, b and ¢) was
obtained to that of a-sialon sintered with B-SizN4 as a precursor. Sintering sialon with a-SizNy
starting powders is kinetically favourable over B-SizN4 as they are less stable requiring a lower
driving force. The a-sialon phase is favoured and formed at lower sintering temperatures. The
formation of a-sialon is also affected by the size of the Si3N4 starting powders. This comparison
is shown in Figure 2.15 b and ¢ where it is revealed that the smaller sized starting powder

compacts begin sintering = 100°C lower than that of the coarser grained powder.
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Herrmann et al., 2011 @

sintering sialons, will result in the formation of polytypes and B-sialon rapidly reducing the
liquid phase present. Furthermore this would result in reducing densification and grain growth as
shown in Figure 2.14. A liquid phase with a high content of alkaline or rare-earth cations
throughout sintering was also shown to promote the formation of elongated a-sialon grains by
enabling anisotropic growth. When sintering o-sialons with excess stabilizing cations these

cations are absorbed into the a-sialon and promote polytypoid formation. Through further heat

treatment it is possible to dissolve the polytypes, but only slightly.

reported that the absence of rare-earths in the melt, produced when
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Figure 2.14: Densification curves during hot pressing of Y-a-sialon (m=1.2 and n=1) with and without

additional yttria (1.4 wt. %) .
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Figure 2.15: The dissolution of the various starting powders and the effect on a-sialon with respect to
sintering temperature and stabilizing cation. Adapted from Rosenflanz et al., 1999 *,
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From Figure 2.16 it is further revealed that increasing cation size and sintering temperature
promotes the formation of a-sialon however with increasing cation size the limit of m pertaining

to the a-sialon solubility region is reduced, illustrated in Figure 2.17.
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Figure 2.16: a-sialon plane represented by the Si;N4-4/3(AIN.Al,O3)-YN-3AIN subsystem in the Jinecke
Prism. Taken from A. Rosenflanz et al., 1999 **,
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Figure 2.17: The range of possible m-values in a-sialon as a function of increasing ionic radii of the stabilizing
cation. Taken from Petzow et al., 2002 @,
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2.3.2.5. Properties of a-sialon ceramics

The properties of the sialon ceramics are strongly dependent upon the composition of the o and
B-sialon content and the residual glass phase due to their respective properties. Sialon ceramics
are an attractive low-cost alternative to HPSN used in the machining of grey cast iron '*. The
advantages of sialon cutting tools over HPSN and other conventional cutting tools can be
attributed to increases in the machining speed and tool life '*). Sialons have replaced cemented
carbide in the machining of nickel and titanium-based superalloys used in the aerospace industry

as well as grey cast iron in the automotive industry ©.

a-Sialon is advantageous over B-sialon ceramics primarily due to the amount of the intergranular
phase being reduced as the yttrium is absorbed into the a-sialon structure during sintering (See
Figure 2.4). However the fracture toughness of B-sialon ceramics is superior to that of a-sialon
based ceramics due to their elongated grains. Mandal, 1999 ©* further confirmed this when a-
sialon ceramics doped with Nd,O3-CaO were sintered using a hot isostatic press at 1850°C for
1.5 hours under an argon gas pressure of 1 MPa, further sintering was carried out for an
additional 1.5 hours under a gas pressure of 50 MPa. From Table 2.3 and Table 2.4 it is again
seen that sialon ceramics made predominantly from elongated a-sialon grains have superior

fracture toughness to that obtained for the equiaxed grains.

Table 2.4: Room temperature mechanical properties of Nd,O3-CaO doped a-sialons ©°.

Morphology of a-sialon grains H,,y (GPa) Kic (MPa.mO's)

19.76 3,96
Equiaxed

6.31
Elongated 19.30

From Table 2.3 the difference in properties between a and B-sialon phases are given, showing
that the a-sialon phase (Hyjo = 20-22 GPa) is harder than the [B-sialon phase (15-17 GPa).
Furthermore the fracture toughness of B-sialon (5-7 MPa.m’?) is superior to that of equiaxed a-
sialon (3-3.5 MPa.m™). However the elongated a-sialon phase maintains the high hardness

while having increasing fracture toughness (from 3-3.5 to 5-6.5 MPa.m”) due to the fact that
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crystals with elongated rod-like grain structure possess better resistance to crack propagation “*.

Thus by having an interlocking structure of both a and B-sialon the fracture toughness can be
increased at the expense of the hardness however this compromise can result in longer tool life

by increasing damage tolerance “9),

Since a and B-sialon phases are completely compatible, composites consisting of a combination
of a and B-sialon phases can be prepared by using the appropriate starting composition. These
compacts exhibit an increase in the hardness as opposed to pure B-sialon however not as high as
obtained in monolithic a-sialon . Similarly for the fracture toughness of a-sialon phases with
respect to monolithic B-sialon. High temperature operating conditions are limited by the
softening of the intergranular film whereby service temperatures exceeding 1000°C results in

significant deterioration of the important oxidation and creep resistance properties ©.

It was shown that different sialon phase compacts could be sintered at 1850°C for 2 hours by
varying the phase composition and using a 1 MPa nitrogen gas atmosphere. Some samples were
subsequently heat treated at 1400°C for 2 hours with a nitrogen gas pressure of 0.1 MPa. The
modulus of rupture was then measured at elevated temperatures of 1200, 1300 and 1350°C and
compared to that obtained at room temperature. The mechanical properties of these sialon
compacts can be found in Table 2.5, together with the modulus of rupture and respective

retention of the strength for the various sialon compacts “°.

From Table 2.5 it can be seen that the oa-sialon compacts retain their strength at elevated
temperatures as compared to o/f and B-sialons. However it must be noted that the room
temperature strength is inferior as compared to these composites. The heat treated samples
showed improved preservation of the room temperature strength as compared to those sintered
without a heat treatment step. When comparing the fracture toughness and strength of monolithic
a and B-sialon compacts it is seen that B-sialon has a lower fracture toughness and a considerably
higher strength compared to o-sialon. Sialon ceramics maintain their strength at higher
temperatures when compared with cemented carbides, alumina, and black ceramic (Al,O3/TiC)

also their hot hardness is superior to these ceramics as shown in Figure 2.18. It must also be
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noted that the hardness of sialon ceramics increases with increasing a-phase content at room and

high temperatures

6) (51

Table 2.5: Mechanical properties of various sintered sialon ceramics and their respective retention (%) of

room temperature modulus of rupture at elevated temperatures

(50)

Modulus of rupture (MPa)

Fracture
Density | Hardness Retention of room temperature
Phases , toughness Room
(%TD) | (kg/mm®) os 00 strength (%)
(MPa.m™) temperature
1200°C 1300°C 1350°C
o-sialon 98.13 2020 4.66 464 + 54 70.7 - 40.7
Heat treated 92.7 77.8
a/B-sialon (2:3) 99 40 1760 5.59 763 £ 26 62.1 57.6 38.2
Heat treated 72.7 73.8 76
B-sialon 98.82 1640 4.72 745 + 80 59.6 36.6

Thermal shock resistance is an important property when considering a material for cutting tool

application. This is a result of the rapid changes in temperature experienced during cutting

(through friction, the presence of cooling fluid and the process of interrupted cutting). Silicon

nitride based ceramics exhibit superior thermal shock resistance where they are able to withstand

quenching in cold water from 800 - 1000°C whereas zirconia and alumina ceramics can only

tolerate 200 - 400°C ©?,
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Figure 2.18: The hot hardness of various cutting tool ceramics. Taken from Heinmann, 2010 .

2.3.2.5.1. Pressureless sintering

Different compositions of Y-a-sialons were successfully sintered pressurelessly (> 98%
theoretical density) between the temperatures of 1750 and 1920°C by Zhou et al., 2007 > The
green compact was initially isostatically pressed at 225 MPa for two minutes and then placed in a
vacuum graphite furnace heated under an atmosphere of nitrogen (~0.1 MPa) and held at the
sintering temperature for a dwell time of two hours. The effects of two of the compositions
sintered will be presented here; these are Y1515 and Y2015, where the first and last two
numerical digits pertain to the value of m and n respectively. As an example, Y2015 would have

an m value of 2.0 and an n value of 1.5.
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Figure 2.19: Relative densities for Ya-sialons pressurelessly sintered as a function of the sintering
temperature. Taken from Zhou et al., 2007 %,

From Figure 2.19 it could be seen that a maximum in density was achieved between the
temperatures of 1800-1820°C. However a decrease in density was seen at temperatures
exceeding 1820°C. This according to Zhou et al., 2007 is due to the decomposition of SizN4 into
silicon crystal and nitrogen. The effect of density on the Vickers hardness is shown in Figure

2.20, where an expected increase in the hardness with increasing relative density is observed.
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Figure 2.20: The effect of relative density on the hardness values obtained for Y-a-sialons. Taken from Zhou
et al., 2007 *°.

The effect of the grain aspect ratio on the fracture toughness for samples sintered at different
temperatures is shown in Figure 2.21, where a linear relationship is observed. It was found that
the elongated a-sialon grains were uniformly distributed in a matrix of equiaxed grains and thus
the interlocking microstructure allows for materials to have mechanical properties as high as 17.6

GPa and 6.2 MPa.m"’ for the Vickers hardness (Hy1o) and fracture toughness respectively.
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Figure 2.21: The effect of the average grain aspect ratio on the fracture toughness values of Y-a-sialons
showing a linear relationship. Taken from Zhou et al., 2007 *°.

( 1
L 32 )



2.3.2.5.2. Hot isostatically pressed

Ye et al., 2004 ©® prepared dense Y-doped a and o/B-sialon composites from a-SisN4 by hot
isostatic pressing at 1800°C for 1 hour under an argon gas pressure of 1 MPa. The scope of
research included using Equation 2.1 and varying the m value from 0.2 to 1.0 in increments of
0.2. The n value was taken to be constant however in each composition a 2 weight percent
increase in yttria to aid full densification (denoted as E2). The a and B compositions and relative
density for the composites sintered through HIPing is found in Table 2.6 and the effect of

varying the m value on the mechanical properties is seen in Figure 2.22.

Table 2.6: Showing the starting m and n values used in the study by Ye et al., 2004 **, the composition of a
and p-sialon and percentage of the theoretical density of the various Y- sialon composites sintered at 1800°C.

Phase composition Percentage theoretical
Sample m value | n value
density (%)
a B
Y0210-E2 0.2 1.0 38 62 99.762
YO0410-E2 0.4 1.0 68 32 99.583
Y0610-E2 0.6 1.0 82 18 99.564
Y0810-E2 0.8 1.0 100 0 99.753
Y1010-E2 1.0 1.0} 100 0 98.809

From Table 2.6 it can be seen that increasing the m-value results in the favourable formation of
a-sialon at the expense of the B-sialon. This formation would result in a sialon composite with
higher hardness but decreased fracture toughness due to the intrinsic properties of the o and -

sialon phases. This relationship is revealed in Figure 2.22.
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Figure 2.22: Indentation fracture toughness and the Vickers hardness (H,;,) of Y-a-sialons HIP-sintered at
1800°C for 1 hour with respect to the varying m value. Taken from Ye et al. , 2004 ¥,

Olsson et al., 1990 ¥ prepared B-sialon as well as mixed o/B-sialons through glass-encapsulated
hot isostatic pressing technique using Y,03 and La,Os3 as sintering aids. The HIP-ing was carried
out at two different sintering temperatures, 1550 and 1825°C with a dwell time of 2 hours. The
compacts were placed under a 200MPa pressure of argon. It was found that sintering the various
sialon composites at the temperature of 1550°C un-reacted a-SizNs was present as well as B-
sialon and other secondary phases. Furthermore the samples sintered at 1825°C showed that the
yttrium favoured the formation of a-sialon as compared to La;Os. The yttria also favours the
formation of intergranular phase increasing the amount by as much as 50 % when La;Os is
replaced with Y,Os. Lastly it was observed that the fracture toughness of B-sialon doped with La

is similar to that of Y-doped, however the hardness is inferior.

2.3.2.5.3. Gas pressure sintered

Kurama et al., 2002 “” sintered a range of Y-a-sialon ceramics through the use of a gas pressure
sintering furnace with a nitrogen atmosphere of 50 MPa . The sintering temperature used for the
gas pressure sintering was 1825°C for 3 hours. There were variations in the sintering profile;
specifically some samples were heated straight up to the dwell sintering temperature of 1825°C
and others had a dwell period at 1500 and 1600°C for one hour each. The mechanical properties

as well as the content of the a-sialon for some samples sintered in this project are shown in Table
2.7.
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Table 2.7: Results obtained by Kurama et al., 2002 “* for the various Y-a-sialon ceramics.

Sample Cation Ratio . . . Density o/(o+p) Kic Strength
S H,, (GP
name (m,n) intering conditions (g/em) (%) v10 (GPa) (MPa.m") (MPa)
236 1825°C/3 hours 3.274 81 1878 +26 44+0.1 -
7Y 1f
1500°C/1 hours —
+ + +
(0.44, 0.76) 1825°C/3 hours 3.272 1824 £ 34 42+0.1 638 + 15
1825°C/3 hours 3.263 93.7 1976 + 38 53+0.1 -
1.61
7Y 2c (0.59, 0.98) 1500°C/1 hours —
+ + +
1825°C/3 hours 3.245 1880 £ 23 5.6 £0.1 599 +75
1.94 1825°C/3 hours 3.276 96.3 1923 £ 50 54+0.1 -
7Y 2e
1500°C/1 hours —
0.59, 0.98 . + .0£0. +
(0.59, 0.98) 1825°C/3 hours 3.278 1962 + 37 5.0+0.1 676 + 35
1825°C/3 hours 3.287 100 1808 + 33 54+0.1 -
1.43
ZY 3b (0.91, 0.98) 1500°C/1 hours —
+ + +
1825°C/3 hours 3.307 1856 £ 50 44+0.1 532 +50
160 1825°C/3 hours 3314 100 1869 + 26 3.9+0.1 -
ZY 3d
1500°C/1 hours —
91, 0. . + D x0. +
(0.91, 0.98) 1825°C/3 hours 3313 1864 + 30 35+0.1 491 £70
1.20
7Y 4a 1825°C/3 hours 3.271 100 1823 +£34 6.0+0.1 -
(1.12, 1.17)
1825°C/3 hours 3314 100 1871 £ 25 43+0.1 -
1.43 15;(;(;5C0/C1/;1c;1urs - 3.305 1817438 | 39201 -
ZY 46 | (1.12,1.17) ours
1600°C/1 hours —
+ + -
1825°C/3 hours 3.298 1865 + 28 4.8+0.1
B-SizNy *
(Compari 0 1480 + 50 52+0.1 920 +40
son)

* B-SizN, material with 6 wt. % Y,03 and 4 wt. % Al,Os.

The Y-a-sialon composites sintered with an additional holding period at 1500 or 1600°C showed

a decrease in the final density. This was attributed to the formation of a-sialon at lower

temperatures, thus significantly reducing the amount of liquid phase available for liquid phase

sintering

(40)

. Furthermore the intermediate holding step led to a more uniform structure as

opposed to that continually sintered at 1825°C. Some a-sialon composites have fracture
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toughness comparable to, or even better than that of B-SizN4 used for comparison. This is due to
the formation of elongated a-sialon grains; the strength however is far superior for the B-SizNa.

This was attributed to higher defect sizes resulting from the inhomogeneous a-sialon formation
(40)

2.3.2.54. Commercial sialon materials

The properties of a range of commercial sialon ceramics from Hitachi Metals America, Ltd and

International Syalons Ltd. are shown in Table 2.8 where pure HPSN (no additives) was used as a

benchmark showing significant improvements in the mechanical properties "',

Table 2.8: Selected properties for commercial sialon ceramics with pure Si;N, as comparison .

Selected sialon specifications
Property SizN,
HCN-10° | HCH-40 “ | HSN-65 “ | Syalon 101 * | Syalon 050 °

Sialon phase B B B p o/B
Density (g/cm’) 3.26 4.00 3.20 3.23 3.23 3.2
Flexural strength 380 830 1050 - - 600
(MPa)
Fractur(:/ztoughness 75 6 i 77 6.5 59
(MPa.m )
Hardness (GPa) 15.5 15.2 14 15 20 14.7
Modulus of elasticity 200 330 - 288 300 300
(GPa)
Thermal shock 710 400 - 900 600 > 800
resistance (AT)
Coefficient of
thermal expansion 3 3.1 3 3 3.2 3
(x10°K™)
Thermal
conductivity 17 25 65 21 20 > 80
(W.m'. K"
Electrical resistivity >10° 107 10" 10'° 10 > 10"
(Q.m)

“ Hitachi Metals America, Ltd. ? International Syalons Ltd., Newcastle, UK
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From literature it is known that the properties of SizN4 ceramics are dependent on sintering
conditions and composition, therefore the values for this material given in Table 2.8 are not to be
taken as set properties of Si3N4 but should be used merely for comparative purposes. Properties
such as flexural strength have a range of values from 400 up to 1000 MPa for Si3zNy, but are

predominantly between 800-900°C when sintered with various additives and sintering conditions
(55)

2.3.3. FAST/SPS densification of sialon composites

Similarly to hot pressing, the field-assisted sintering (FAST) and spark plasma sintering (SPS)
techniques also utilize a graphite die with uniaxial pressure being applied by two rams coated
with hexagonal boron nitride. However these sintering techniques utilize a pulsed direct current
through the electrically conductive graphite die assembly to heat the compact. This enhances the

densification %,

Sample
P Ram
Thermo
b) couple
Die

Figure 2.23: Schematic of the tool assembly for the SPS consolidation technique showing the different
graphite tooling. The optical pyrometer measurements are commonly taken at two positions a) 5Smm above
the top of the sample and b) on the outer-radial wall of the graphite die. Adapted from Langer et al., 2010 ©”.
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The high heating rates are attributed to the resistance to the current passing through the die
assembly and compact. The die assembly acts as an additional heating source to the compact.
Enhanced densification of ceramic materials through SPS is attributed to the high-temperature or
high-energy plasma that is generated between the voids of the powder particles. Full
densification of the silicon nitride ceramic powder is possible at considerably lower temperatures
(1400-1600°C) with shorter dwell times as compared with HPSN or other methods (58 (19)
Through SPS consolidation fast heating and cooling rates are achievable (up to 600 K/min) as
well as good temperature distribution in electrically conducting materials; thus grain growth is
greatly reduced as compared to other sintering methods. For electrically conductive materials
sintered through SPS, the pulsing direct current is thought to increase densification through the
generation of spark plasma, spark impact pressure, joule heating and an electrical field diffusion

effect as the current passes through the sample ©°

. However in non-conducting starting powders
the current is not passed through the sample; instead the pulsing current is used to heat the die.
The temperature and current density profiles that are present in configurations involving both

non-conducting (Si3Ny4) and conducting (tungsten carbide) samples are shown in Figure 2.24.

i

Temperature 10€-08 Temperature

\ WoE
\ 40605
) 20605

00800

Current density [A/m?] Current density [A/m?]
distribution distribution

Figure 2.24: Calculated temperature and current density distributions during isothermal heating of a) silicon
nitride at 1750°C (non-conductive) and b) tungsten carbide at 2000°C (conductive). Taken from Rithel et al.,
2009 7,

Figure 2.24 reveals that for non-conducting materials heated in the SPS the temperature on the
walls of the die is higher than the internal temperature of the material. The opposite is found to
occur in electrically conductive materials. When researching FAST/SPS consolidation of

materials in literature it is very important to take note of where the optical pyrometer is used to

( 1
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measure the temperature of the sample. The two most common areas used to estimate the

temperature through the use of a focused optical pyrometer are on the outer die wall (FAST) and

the other by focusing through the upper graphite punch (SPS), 5 mm from the top of the sample

(See Figure 2.23). Thus sintering temperature deviations are produced when using the different

temperature estimation techniques for systems set to the same conditions. The temperature is

underestimated when measured radially with the optical pyrometer. Underestimation of the

sintering temperature can be up to 100°C when calibrated copper melting experiments were

conducted ®”. Even though SPS has proved to be an enhanced densification technique for

sintering, high costs as well as the tool life being poor are the main disadvantages at present.

Table 2.9: Sintering temperature for various a-sialon phases and their respective mechanical properties.

Adapted from Peng, 2004 ),

Samples Sintering (floil::;:)zf H,,, (GPa) K
P Temperatures (°C) (vol. %)’ vio (MPa.m'?)

Yb-SiAION (oxygen content = 5 eq. %) 1550 76.4 20.2+0.2 3.9+0.2
1600 90 20.4+0.2 3.6+0.2

1650 100 20.6+0.2 3.8+0.2

1700 100 19.7+0.2 4.2+0.1

1750 100 19.9+0.2 5.2+0.3

1830 100 19.620.2 53402

Yb-SiAION (oxygen content =7 eq. %) 1500 72.7 19.9+0.2 3.5+0.2
1600 92.0 19.8+0.2 3.7+0.1

1650 100 20.2+0.2 3.9+0.2

1700 100 20.1+0.2 4.4+0.1

1750 100 19.6+£0.2 6.3+0.2

1800 100 20.0£0.2 6.2+0.3

(Y + Yb) - SiAION (oxygen content =7 eq. %) 1550 79.4 18.7+0.2 3.5+0.1
1600 100 19.6+0.1 3.6+0.2

1700 100 20.3+0.2 4.3+0.2

1750 100 19.9+0.1 5.1+£0.1

1830 100 20.1+0.2 5.4+0.1

" Peng, 2004 " took the other crystalline phase to be made up of un-reacted Si;N,.

(
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H. Peng, 2004 " investigated the effects of using yttrium, ytterbium and a mixture of the two on
a-sialon composites sintered through the SPS technique with a heating rate of 200°C and an
applied pressure of 50 MPa. The sintering was carried out through the use of the Dr. Sinter 2050
(Sumitomo Coal Mining Co. Ltd.). The sialon composites containing yttrium and ytterbium as
the stabilizing cations have m and n values of 1.05 and 1.2 respectively. The stabilizing cation
mixture of Y and Yb were added in an equimolar ratio. The mechanical properties of the sintered

a-sialon compacts are shown in Table 2.9.

It was then noted that the sintered compacts containing elongated a-sialon grains exhibited the
highest fracture toughness, where the increase in temperature promotes the anisotropic grain
growth thus improving fracture toughness of the compacts, as revealed in Table 2.9. Furthermore
the equiaxed a-sialon grains which are obtained at lower sintering temperatures have lower

fracture toughness.

Table 2.10: The characterization of o and p sialon composites sintered by Smirnov, 2009 "

Sample tems::;z]:eg C) Phase composition* I()g(;::lg, (Ié;)l;)

Y 45519 75A15,250¢.75N 1525 1650 a(s), a'(vw), B'(vw), M(vw) 3.13 13.2
1700 a'(s), B'(s) 3.2 16

1750 a'(s), B'(w) 3.22 19.2

1800 a'(s), B'(vw) 3.15 19.5

Ndy.5Sio 75A15250¢.75N 1525 1650 a(s), M(w), B'(vw) 3.2 14.2
1700 a'(s), B'(s), M(w) 3.35 18

1750 a'(s), B'(w), M(w) 3.38 18.7

1800 a'(s), B'(vw), M(vw) 3.35 18.7

Cay5Si;;5Al5005N155 1650 a(s), a'(vw), B'(vw) 3.04 12.8
1700 a'(s), a(vw), B'(vw) 3.11 19.1

1750 a'(s), B'(vw) 3.13 19

1800 a'(s), B'(vw) 3.13 19.1

Sis sAly50¢5N75 1650 a(s), P'(vw) 3.11 11.2

1700 B'(s), a(vw) 3.22 14.2

1750 B'(s) 3.21 15.2

1800 B'(s) 3.18 15.6

*Where identified phases are denoted for simplicity where a: a-SizNy, o’: a-sialon, f’: p —sialon, M:
Mellilite. The intensities of the various identified phases were denoted by s: strong, w: weak and vw: very
weak.
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The effects of various sintering aids (CaO, Y,0O3; and Nd,Os3) on the formation of sialon phases
were further investigated by Smirnov, 2009 . Consolidation was obtained by using a uniaxial
pressure of 50 MPa whilst using a heating rate of 100 K/min and a sintering dwell time 3-5
minutes depending on sample shrinkage rates. From Table 2.10 it was shown that sufficient
densification was obtained for a and B-sialon samples sintered at a temperature of 1700°C with
the maximum densities of a-sialons being obtained at 50°C higher. Y-a-sialons have the highest
hardness with a maximum of 19.5 GPa when sintered at 1700°C, followed by Ca- and Nd-a-
sialons respectively. Similarly, the highest hardness for B-sialons is obtained when sintering at

1800°C, giving a hardness of 15.6 GPa which is consistent with Table 2.3.

Furthermore, from the work completed by Smirnov, 2009 ©V

the effect of adding an a-sialon
precursor into the composite starting powder was investigated since it was expected that the a-
sialon precursor addition would promote the formation of elongated a-sialon grains. However the
opposite was found ©" . Excessive equiaxed o-sialon grain growth was experienced which
resulted in the decrease of hardness when compared to sialon ceramics sintered without the o-

sialon precursor.

2.4. Overview of the reinforcing superhard cBN agent

R. H. Wentorf was the first to synthesise cubic boron nitride (cBN) in 1957 from hexagonal
boron nitride (hBN through high temperature and high pressure conditions similar to those used
to synthesize diamond ©“?. However ¢BN is produced commercially through the use of a mixture
of hBN and a solvent-catalyst (alkaline metals and their nitrides) . The synthesis is achieved
by the dissolution of hBN in the solvent-catalyst, followed by the spontaneous nucleation of
cBN. The synthesised cBN is then mixed with a reaction sintering aid and is sintered at 1200-
1700°C and 4-6 GPa depending on the additive used and the starting size of the ¢cBN crystals .
cBN has been classified as a superhard material where the term refers to materials which exhibit
a Vickers hardness over 40 GPa “”, Super hard materials are typically made up of light non-

metallic based elements ©® ©7

such as boron, carbon, nitrogen and oxygen since the strong
covalent nature of the bonds that are present between these elements lead to extreme resistance

to external shear.
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Single crystals of synthesized diamond have a Vickers hardness ranging between 70 and 100
GPa ®® depending on the purity of the crystal, whereas cubic boron nitride has a hardness of 45 —
50 GPa “®" The fracture toughness for a single crystal of diamond and cubic boron nitride are 5

and 2.8 MPa. m'* *® respectively.

These two materials are known to have great hardness, low mass density, high thermal

conductivity, high chemical inertness and finally excellent wear resistance © ©®

. Thus they are
extensively used as cutting tools for materials such as rock, concrete, ceramics and other hard
materials. However diamond is limited to its application as a cutting tool with iron-based alloys
since the diamond chemically reacts with ferrous alloys at high temperatures resulting in
degradation of the tool and its properties . ¢cBN on the other hand, being less reactive with
ferrous alloys at high temperatures is widely used as a cutting tool in machining of iron-based
materials. cBN also has thermal stability of up to 1000°C and is able to form passive oxide layers

on its surface at high temperatures when in contact with oxygen .

2.4.1. cBN crystal structure

The boron nitride (BN) crystal structure is comparable to that of the modifications in the carbon
system, where both systems have three phases. However in the BN system all three phases are
synthetic unlike the carbon system. The three phases in the BN system are h-BN (hexagonal), c-
BN (cubic) and w-BN (wurtzite) however the wurtzite phase is of little technological interest and

very little information on it has been reported 7.

Table 2.11: Properties of ¢cBN and hBN 7,

Property c-BN h-BN

Crystal structure cubic, zinc-blende hexagonal

a=2.50A, c=6.60A

Lattice constant a=3.61A
3 3
Density 3.48 g/cm 2.2 g/lem
0.02 - 0.09 W.cm™ K 3.6 -6.8x10° W.cm' K

Thermal conductivity

6 -1 -6 -1
Linear thermal expansion coefficient 48x 10K 38x10°K
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Figure 2.25: The crystal lattices of the three BN-system allotropes a) h-BN b) c-BN ¢) w-BN, where (o)
represents boron atoms and (o) represents nitrogen atoms ),

The equivalent phase of BN to diamond is the cubic phase where half the carbon atoms are
replaced by nitrogen and the other half replaced by boron . In some areas ¢BN surpasses
diamond as an engineering material particularly in thermal stability and its effectiveness in
machining of ferrous alloys 7 7. Both ¢BN and diamond have the ‘zinc-blende’ structure

which is highly covalent, however they are only thermodynamically stable at ultra-high

pressures. cBN cubic zinc-blende is of the face-centred cubic (FCC; F43m space group) with a
coordination number of 4 ¥, It must also be noted that there is a strong correlation with respect
to the colour of cBN and its boron content where black indicates excessive boron and amber

indicates boron deficiency 0

2.4.2. Sintering and properties of cBN materials

Fully densified cBN is difficult to obtain unless high temperatures (1200-1500°C) and high
pressures (4-6 GPa) are used “2) Additives, either metallic (nickel, iron, cobalt, aluminium and
titanium), or carbide (titanium carbide and tungsten carbide) or nitride (titanium nitride and
tantalum nitride) in nature are used as reaction sintering agents or as fillers “*. The difficulty of
sintering cBN is attributable to the strongly covalent bonds which make it difficult to compress
and sinter at low pressures . Therefore the use of metal additives allows for reaction sintering
taking place where a reaction between the cBN crystals and the additive results in the formation

of metal borides and nitrides within the matrix. These ceramic phases act as binders for the
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sintered ceramic, which is referred to as polycrystalline cubic boron nitride (PcBN) 9 although

in reality it is a multiphase composite material. In order to avoid conversion of cBN to hBN

d "% . Commercial sintering

during the sintering process, ultrahigh pressures (~5GPa) are require
of binderless cBN materials is completed by using high-pressure (7.7 GPa) and high-temperature
(1880-2240°C) sintering method such as the Bridgman-type toroid apparatus (Figure 2.26) where
the high-pressures are generated through compression and extrusion of the gasket material

(lithographic stone) .
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Figure 2.26: Bridgman-type HPHT sintering system, where 1 — Sample, 2 — shows plastic deformation of the
gasket material, 3 — Pressure anvils, 4 — high power transformer supplying electrical heating and 5 — graphite
resistive heater. Taken from Klimczyk et al., 2011 7,

Walnsley et al. (76)

reported that aluminum could be used as a reaction sintering aid for cBN
whereby at high temperatures and pressures aluminum reacted with ¢cBN to form aluminum
nitride and aluminum diboride. These new phases contribute to the chemical inertness and
thermal conductivity of the material 7”. However these binder phases exhibit excessive grain
growth during sintering and to suppress this titanium nitride was added as an inert filler phase.
This resulted in an increase in the hardness of the sintered compacts (cCBN-TiN-Al as opposed to

cBN-Al) (77), as can be seen from Figure 2.27.
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Figure 2.27: Knoop hardness for the cBN-TiN-Al and cBN-Al systems where the sintering temperatures were

varied from 1200 to 1400°C respectively 7.

B. Yaman et al., 2009 ® investigated the sintering behavior and mechanical properties of
tungsten carbide cobalt as well as the effect of cBN addition to the composites consolidated
through the SPS technique. The tungsten carbide cobalt material containing 6 wt. % cobalt (WC-
6Co) and the composites containing cBN had 25 vol. % cBN. The sizes of the tungsten carbide

cobalt powder and cBN starting powders were 0.8 and 5 um respectively.

Table 2.12: Sintering condition, theoretical densities and mechanical properties of samples consolidated
through SPS by Yama et al., 2009 ®.

Composition Sintering Pressure Theoretical | K. H,, (GPa)
Temperature (°C) | (MPa) density (%) (MPa.m'?)
WC-6Co 1100 25 64.62
WC-6Co 1150 50 86.47
WC-6Co 1200 50 99.86 6.68 +0.5 18.59+0.2
WC-6Co-25¢cBN 1250 75 99.40 10.90 + 0.8 17.52 +0.6
WC-6Co-25¢cBN 1300 75 99.63 11.60 +£0.7 20.59 +0.8
( 45 )
\ J




Through the addition of ¢cBN into the WC-6Co matrix significant improvements in the fracture
toughness is obtained with a small increase in the hardness. Tungsten carbide materials, in a
great variety of microstructures and compositions are used in a wide range of machining tools.
Due to the high temperatures that are generated during machining an improvement in the thermal
properties of the cutting tool are required in order to efficiently remove heat away from the
cutting zones.. The high temperatures attained can lead to chemical wear and tool failures if
thermal conductivities are not satisfactory. Through the addition of ¢cBN to the tungsten carbide

matrix a further improvement in the thermal diffusivity is observed and can be seen in Figure

2.28.
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Figure 2.28: Thermal diffusivities of WC-6Co and WC-6Co-25cBN composites. Taken from Yaman et al.,
2009 ®.

Klimczyk et al., 2011 7> aimed to produce durable fine-grained cBN-SisN4 composites with high
hardness and fracture toughness through Bridgman-type HPHT synthesis (see Figure 2.26) where
the SizNy (alpha nanosized powder 0.1 — 0.8 um) was presumed to fill up the pores between the
cBN grains resulting in increased fracture toughness through crack deflection. A low SizNy4
content (3 vol. %) was used as the sintering aid in order to maintain the Young’s modulus and
hardness attributed to pure PcCBN. Two sample variations were produced using two different
types of cBN starting powders. The first type had 3-5 um cBN grains (I) and the second had
having a mixture of cBN grain sizes. Specifically it was made up of 90 vol. % 3-5 um and 10
vol. % 0-0.25um cBN particles (II). The study involved sintering at a pressure of 7.7 GPa and

utilizing a temperature range of 1880-2240°C. These composites exhibited an increase in the
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density and Young’s modulus with increasing sintering temperature (Figure 2.29). This could be

done up to a maximum temperature after which the sample cracked.
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Figure 2.29: Young’s modulus and density of cBN-SizN, (I) composites sintered at different temperatures
under high pressure. Taken from Klimezyk et al., 2011 7,

When sintering the cBN-Si3N4 composites at 2240°C, densities close to their theoretical values
were obtained. Furthermore the addition of the cBN nanopowder (cBN-SizNy II) results in a
small increase in hardness at the expense of the Young’s modulus seen in Table 2.13, where a

commercial material, BZN7000s (General Electric), was used as a reference material.

Table 2.13: A comparison of the density and mechanical properties of cBN-Si;N, (3 vol. %) composites (I) and
(II) sintered at 2240°C and 7.7 GPa pressure with BZN7000s as a reference material. Taken from Klimczyk
etal., 2011 7.

Properties cBN-Si;N, 1 cBN-Si;N, I1 BZN7000s
Density (g/cm’) 3.46 £0.02 3.45+0.02 3.38 £0.02
Young’s modulus (GPa) 842 £ 9 81217 7143
Vickers hardness (Hy;) 4750 £ 580 4855 £ 630 3820 + 83
Fracture toughness (MPa.m"?) 10.3+0.8 109+13 122 +1.2
( 4 )
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Ye et al., 2010 ©¥ investigated cBN/B-sialon composites and consolidated the composites
through a SPS technique. From Equation 2.3 a z-value of 3 was selected and thus the
composition of the B-sialon used as the matrix is Si3Al3O3Ns. The ¢cBN content (2-4 um) was
varied from 0-30 vol. % and the composites were sintered in a nitrogen atmosphere utilizing a
heating rate of 100°C/min, a dwell time of 5 minutes and an applied pressure of 50 MPa.
However, as expected, the relative densities of the sintered composites decrease with increasing

cBN content due to the negative effect of cBN on densification shown in Figure 2.30
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Figure 2.30: Negative effect of cBN content on the densification of cBN / B-sialon composites sintered at
1500°C for a dwell time of 5 minutes. Taken from Ye et al., 2010 “*.

Furthermore ¢BN addition to the B-sialon matrix results in an increase in the Vickers hardness
(Figure 2.31, a) as well as significant improvements in the flexural strength and fracture
toughness (Figure 2.31, b). The increase in hardness for the 10 vol. % cBN composite is due to
high density and no transformation of cBN to the softer hBN phase. However it must be noted
that when increasing the cBN content from 10 -30 vol. % the mechanical properties deteriorate
due to the reduction in relative density. The strengths attained in these B-sialon/cBN composites
are too low to allow these materials to be used as a cutting tool since strengths greater than 700

MPa are required.
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Figure 2.31: Effects of cBN content on the mechanical properties of cBN/f-sialon. a) Vickers hardness and b)

flexural strength and fracture toughness. Taken from Ye et al., 2010 .
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3. Experimental Procedure

This section pertains to the description of the various experimental procedures carried out in this
scope of work. These methods include characterization and mechanical properties measurement
techniques used to analyze the starting powders obtained from the specified suppliers (Table 3.1)
and the sintered sialon and sialon-cBN composites. Two grades of cBN grains were used to
investigate the reinforcing effects attributed to the size of these hard particulates and their

interaction with the sialon matrix (see section 4.4.3 for more detail).

3.1. Starting powder characterisation

The various methods used to characterize the starting powders will be described in detail in the
relevant sub-sections below. The details of the starting powders used in this work can be found

in Table 3.1 and those of all other chemicals or consumables used can be found in Table 3.2.

Table 3.1: Details of the respective starting powders used in obtaining sialon based composites.

Starting powder Chemical Product name | Supplier
composition
Silicon Nitride SizNy SNE-10 UBE, Japan
Aluminium nitride | AIN Grade H Tokuyama Industries
Aluminium oxide Al,O3 AKP-50 Sumitomo-Chemical Co. Ltd.
Yttria Y,0; Grade C H. C. Starck
Cubic boron nitride | BN Grade 1 Element 6 (Pty) Ltd.
Cubic boron nitride | BN Grade 9 Element 6 (Pty) Ltd.
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Table 3.2: Supplier information for other chemicals and consumables used in this scope of work.

Chemical/consumable Supplier

Iso-proponal Merck Chemicals
Sodium hexametaphosphate Sigma-Aldrich (Pty) Ltd.
Hexagonal boron nitride H. C. Starck

SPS graphite assembly SGL Carbon
Grinding/polishing /lubricant/diamond suspensions Struers

Diamond cut off wheel Struers

The starting powders were analysed in terms of their particle size distribution, crystal structure

and morphology of the respective phases.

3.1.1. Particle size analysis

The particle size distribution of the various starting powders was measured through the use of a
Malvern Zetasizer Nano ZS. This instrument utilizes dynamic light scattering. This is carried out
by laser illumination of the sample powder suspension where fluctuations in light intensity are
attributed to the movement of the particles in the liquid they are in, through Brownian motion.
The intensity fluctuations are then processed through the Zetasizer and through the use of built-in
correlation functions it is possible to obtain the particle size distributions of the respective

powders %,

Before the measurements were taken it was imperative that the particles were well dispersed in
the solution order to obtain an accurate particle size distribution. This was achieved by ultra-
sonicating (120 W) the powders in water with sodium hexametaphosphate as a dispersing agent.
Once ultrasonication had been completed, the mixtures were planetary ball milled using 2 mm

alumina milling balls and an agate milling bowl (250 ml).
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3.1.2. XRD analysis

The analysis of the crystalline phases of the starting powders was carried out through the use of
the Bruker D2 phaser XRD analysis equipment. The XRD technique utilizes the fact that
crystalline materials diffract x-rays at different angles (according to Braggs law) due to their
various crystal structures. The D2 uses Cu Ka radiation produced at 30 kV and 10 mA.
Measurements were taken under the following conditions: 20 values ranging from 10°- 60° with
a step size of 0.02° at 0.2 steps per second. After completion of the XRD scan it was then
required to identify the various phases present. For this purpose a program package named
X’Pert Highscore® (produced by Philips) along with the ICDS (International Centre for

Diffraction Data) database was used.

3.1.3. Scanning electron microscopy of starting powders

The morphology of the various starting powders was analysed through the use of a scanning
electron microscope, FEI Quanta 400 FEG, located at the Microscopy Unit at the University of
the Witwatersrand. This SEM has both secondary and back-scattered electron detection modes.
Due to powders being non-conductive it was necessary to attach them to a stub through double

sided carbon tape and carbon sputter coated in order to improve the conductivity of the samples.

3.2. Calculation of sialon matrices

From Section 2.3.1 it was shown that sialon ceramics can have a large range of compositions,
however for this project the primary sialon composition being studied is designated as ‘M1°.
Two other sialon matrices will also be studied, these matrices are variations of M1 where the
differences are a two weight percent reduction in aluminium nitride (M2) and a two weight

percent increase in yttria (M3) from the base M1 composition.
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The initial matrix was based on an n value of 2.5 and an m value of 1. This combination of
values is preferred for the mechanical strength it confers on the resulting material. With the use
of Equation 2.1 it was possible to calculate the composition of the matrix. However considering
this formula on its own is inadequate as the non-oxides have a tendency to oxidise when stored
and have an average oxygen content of 2.5% which needs to be accounted for. Table 3.3 shows
the corrected compositions for the M1, M2, M3 sialon matrices where the additional oxygen
content has been accounted for. The composition of M4 is similar to that presented by Ye et al.,
2010 ©® however the location of the M4 sialon composition is within the sialon plane whereas
the composition used by Ye et al., 2010 ®¥ is below the sialon plane and was used for the study
of B-sialon/cBN composites. The cation ratio is defined by the amount of yttrium present in the
sample in comparison to the amount of yttria that can be incorporated in to the a-sialon structure.
This cation content in comparison to the ideal composition, as well as the m and n values are also
given. The location of the various matrices on the sialon plane (SizN4-4/3(AIN.Al,O3)-YN-
3AIN) is represented in Figure 3.1.

Table 3.3: A summary of the composition, n and m values and cation ratio for the various sialon matrices.

Si;N; | AIN AlLO; Y,0; Cation

SiAION matrices m n
ratio

Wt %) | (Wt %) (Wt. %) (Wt. %)
Matrix 1 (M1) 0.991 |2.502 | 66.18 16.57 9.02 8.23 1.337
Matrix 2 (M2) 0.822 | 2.458 | 67.53 16.90 9.20 8.40 1.651
Matrix 3 (M3) 0.992 |2.502 | 64.88 16.25 8.84 10.03 1.660
Matrix 4 (M4) 1987 |4.493 | 41.69 | 29.04 17.24 12.03 1.003
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Figure 3.1: Location of sialon matrices on the sialon plane studied in this scope of work, showing the effect of
compositional changes on the designing of sialon ceramics.

3.3. Mixing of composite powders

In order to obtain sintered composites that have consistent and reliable mechanical properties it is
beneficial that a homogenous distribution of the constituents be obtained. When utilizing any of
the mixing routes it is imperative that powders be weighed out carefully and accurately in

accordance with the composition stated in Table 3.3.
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3.3.1. Planetary ball mixing sialon constituents

The various sialon matrices were obtained by planetary ball milling the SizN4, AIN, Al,O3 and
Y035 starting powders. As recommended by Dr. M. Herrmann of IKTS, Dresden the matrices
were milled in 50 gram powder batches, with 140 ml iso-propanol and 100 g of agate (10 mm)
milling balls all contained in an agate milling bowl, 250 ml in size. The starting powders were
mixed at a speed of 200 rpm for duration of 4 hours to ensure homogenous milling. The
planetary ball mill used is a Fritsch Pulverisette 6 planetary mono mill capable of speeds from
100-650 rpm. The mixing/milling action is provided by the grinding bowl rotating around its

own axis while orbiting (in planetary motion) around a central axis too, as shown in Figure 3.2.

Rotation of the
grinding bowl

Figure 3.2: Milling action of the planetary ball mill 7,
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3.3.2. Rotary evaporator

Once the planetary ball milling was completed the suspension was dried in a rotary evaporator
(Heidolph Labrata 4010 digitial) where the bath temperature was set to 40°C and the rotation

speed was 80 rpm whilst under a slight vacuum aiding the evaporation process.

3.3.3. Sieving powder

Once the powder is completely dried, it is taken from the round bottom flask and placed in a 400
um Retsch® stainless steel sieve following by sieving through 200 and 150 um sieves with the
use of a Retsch® AS-200 control "G" sieve shaker. This sieving step is essential as it allows for
better green compacts prior to the consolidation of the powders since these powders are able to

flow better as well as larger agglomerates being broken up.

3.3.4. Turbula mixing of cBN grains

It was found that the cBN grains could be introduced into the sialon powder homogenously
through a dry Turbula mixing route. The equipment used for this was the Turbula T2F from
Willy A. Bachofen AG. This route utililized a 100 ml polyurethane container which was used to
mix the cBN grains into the dried and sieved sialon matrix. The starting sialon and cBN powders
mixed in 50 gram batches were rotated in the Turbula unit at a speed of 60 rpm for a duration of
2 hours where 10 agate milling balls (10cm sized) were used to aid in the homogenous mixing of

the cBN.
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3.4. Sintering of sialon based composites using the spark plasma technique

Consolidation of the various composite powders was completed through the use of the HP-D5
Spark Plasma Sintering furnace (FCT, Germany). The temperature in this furnace is measured by
focusing an optical pyrometer through the centre of the upper punch which is 5 mm above the
sample’s surfaces. The composites were sintered under a constant vacuum. The pressure is
applied through graphite punches in a graphite die assembly as seen in Figure 2.23. In order to
preserve the life of the graphite dies a graphite foil is used as an interface between the graphite
tool and sample. The graphite foils located on the surface of the graphite punches are coated with
a layer of hexagonal boron nitride. This is done to limit interaction with carbon. The quantity of
powder used to make each sintered composite was sufficient to obtain a dense sample
approximately 5 mm thick and 20 mm in diameter. The sintered composites studied in this work

were consolidated in a vacuum with a absolute gas pressure of 1hPa.

The sintering profile used for the SPS consolidation of sialon based composites allowed for an
initial temperature upramp from 450°C to 1350°C at a heating rate of 250°C/min followed by a
second upramp from 1350°C to the sintering temperature at a heating rate of 50°C/min. All
compacts in this project were sintered at a pressure of 50 MPa where this pressure is applied at
450°C and is maintained throughout the sintering profile and only released at 450°C during
cooling. The compacts dwell at the sintering temperature for 5 minutes after which they are
cooled at 200°C/min. A typical sintering profile used for composites sintered at a temperature of
1550°C is illustrated in Figure 3.3. The isothermal heating temperatures used in this project
ranged from 1500-1625°C. During heating of the graphite assembly a pulse time of 10 ms and a

pause time of 5 ms were utilized.
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Figure 3.3: Sintering profile of composites sintered at 1550°C showing the schedule of the sintering

temperature and applied pressure.

3.5. Characterization methods for sintered composites

This section describes the techniques used in preparing the composites for characterization. Once
the composites had been sintered successfully it was necessary that the graphite foil adhering to
the composite be removed. The most efficient way to do this is through silica sand blasting. Once
the graphite foil has been removed the composites are placed in an ultrasonicating bath in order

to dislodge any silica particles from the surface of the sintered composite.

3.5.1. Density measurements

Once the sample had been cleaned it was necessary to measure its density and open porosity.

These were obtained through the use of the Archimedes method ®”. This technique required the
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sample to be boiled in distilled water for five hours. This was done in order to remove any
bubbles that were adhered to the surface as well as to fill the pores on the surface with water in

order to obtain accurate measurements.

In order to calculate the density and open porosity it was required that the following mass

measurements be taken: measure the suspended mass (M g ), water saturated mass (M, ) and

the dry mass (M ,, ) on a 4 decimal point accurate scale. The suspended mass of the sample was

measured by placing a small beaker on a supportive plate above the scale; the sintered sample
was then lowered into a net submersed in distilled water and the mass weighed. The water
saturated mass was measured by removing the sample out of a beaker filled with distilled water
and lightly dry the surface using paper towel to remove excess water from the surface and
placing the sample on the scale. The dried mass was measured by placing the sample in an oven
at 80°C for 24 hours after which it is cooled and placed on the scale. Each measurement was
repeated five times in order to calculate the mean and to obtain a standard deviation when these

values were inserted into Equations 3.1 and 3.2.

Thus the measured density is calculated through Equation 3.1, taking the density of water to be

1g/cm3.
= Mp X Pwater Equation 3.1
MW - MS
And the open porosity can be calculated through:
M, -M
Popon =———2 Equation 3.2
My —Mg

The theoretical densities of pure sialon ceramics were obtained through SEM analysis, however
the theoretical densities for cBN containing sialon composites were calculated by taking into
account the respective volume contents of sialon, cBN and hBN (if present) and their densities

(Equation 3.3).
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X .. X X .

povem[[ =( sialon + ¢BN + hBN ) Equatlon 3.3
p sialon p ¢BN p hBN

Where x,and p, are the volume fraction and theoretical density of component i. The theoretical

density of sialon is dependent on the initial compositions however the theoretical densities for
¢BN and hBN are 3.48 and 2.27 g/cm’ respectively. The measured density (Equation 3.1) and
theoretical density (Equation 3.3) were then used to calculate the percentage of the theoretical

densities measured for sialon and sialon/cBN composites studies throughout this work.

3.5.2. Cutting the sintered composites

Once the density measurements had been obtained it was necessary to examine the cross section
of the various composites. This was done through the use of a Struers Secotom-10 precision cut-
off machine and a Struers diamond cut off wheel with a 12 cm diameter. The spindle speed used
for cutting the now sintered compacts into two halves was 3500 rpm with a feed rate of 0.05

mmy/s.

3.5.3. Mounting

The one half of the sintered compact was mounted in Bakelite (Struers polyfast) using a Struers
Cito-Press 10 which can control pressure (250 bar) and temperature (180°C) independently. The
bakelite was used because it would allow for SEM analysis to be conducted since the bakelite
used was electrically conductive and therefore avoided excessive charging of the samples during

SEM analysis.
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3.5.4. Grinding and polishing techniques

After mounting it was necessary to grind the sample surface flat in order to expose the sialon
based sintered compacts. Grinding with Struers 120, 220 and 1200 grit diamond grinding plates
was used in order to obtain a flat surface with a minimal number of scratches. Once the grinding
had been satisfactorily completed the polishing stage was entered. This was done with a Leco
Spectrum System 2000 polishing instrument which had been programmed (i.e polishing time and
speed) for surface grinding and polishing in several successive steps. The description of this

polishing technique is summarised below in Table 3.4.

Table 3.4: Pre-programmed grinding and polishing cycle with the respect to the different wheel, lubricant,

duration and rotation speed.

Step Polishing/Grinding wheel | Lubricant Time Speed Load (N)
(min) | (rpm)
1 MD-Piano 120 Water 15 300 30
2 MD-Piano 220 Water 15 300 30
3 MD-Piano 1200 Water 20 300 25
4 MD-Allegro DP dispersion (9um) | 20 150 20
5 MD-Largo DP dispersion 3pum) | 20 150 15
6 MD-Dac DP dispersion 3um) | 15 150 15
7 MD-Chem OP-S/OP-U 3 150° 15

* The polishing head is rotated counter clockwise with respect to the clockwise rotation of the polishing

disc.
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3.5.5. XRD analysis

The phases of the sintered composites were identified by using a D2 Bruker XRD system, as
discussed in Section 3.1.2.. The other half of the sintered compact which was cut as described in
Section 3.5.1 was used for the XRD analysis and the cross sectional surface was ground flat with

a 220 grit diamond grinding disc and the surface was used for the XRD analysis.

3.5.6. SEM of composites

The microstructure of the sintered compacts was investigated using SEM (same equipment as
discussed in Section 3.1.3). In order to prevent any excessive charging of the sintered samples
the polished surface was sputter coated with carbon to improve the electrical conductivity. This
property was further improved through the use of double sided carbon tape to fix the sample in

place on the specimen stub.

3.5.7. Mechanical properties

This section describes the techniques utilized in measuring the mechanical properties of the
compact, specifically hardness and fracture toughness. Indentation and crack lengths required to
calculate the hardness and fracture toughness were obtained with the use of a Leco V-100-A2

Vickers hardness tester.

3.5.7.1. Hardness

The hardness for each of the samples was measured through the use of a Vickers hardness tester.

The indentations were created on the surface of the mounted sample with a diamond indenter, on
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which a load of 5kg was applied for a period of 10s. The Vickers diamond indenter had a 136°

angle between its opposite faces.

The mean of the two diagonals (illustrated in Figure 3.4), measured for a total of five indents,

were then inserted into Equation 3.4.

>(11

xq

Figure 3.4: Illustration of the measurement of the indentation diagonals required for Vickers hardness
measurement.

Vickers hardness is measured by using the following equation ®":

F 2xF 2XF xSin6

=—=""= Equation 3.4
\4 A d 2 d 2 q
Sin 6
Where:
» Hy = Vickers hardness number (GPa)
» F = Applied test load (N)
» A = Surface area of indentation (pmz)
» 6 = Angle of opposite faces of indenter
> d = arithmetic diagonal mean of indentation (um)
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Since the angle between opposite faces of the diamond indenter is 136° it is possible to simplify

the above expression to Equation 3. 5 @),

_ 18544 xF

Hy 72

Equation 3.5

3.5.7.2. Indentation fracture toughness

To measure a materials indentation fracture toughness the length of the crack produced from the

indentation is required as can be seen in Figure 3.5.

/
N /
e

c:

Figure 3.5: Crack length measurement for determination of the fracture toughness.

The arithmetic crack length mean is used in Equation 3.6 ®*, to determine the fracture toughness

(K,0)-
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E 1/2 P .
K.=¢ (EJ (53 7 Equation 3.6

Where:

» K. = Fracture toughness of material (MPa.m'?)

» & = calibration constant (0.016)
» E = Young Modulus of Elasticity (GPa) = 300 GPa ®? ®%

» ¢ = arithmetic radial crack length mean (um)
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4. Experimental Results

This section presents the experimental results obtained from the experiments described in
Section 3; the results found in this section will cover the entire scope of work from starting

powder to sintered compact analysis.

The notation used with respect to the different composites sintered utilized the following
variables: matrix, cBN content and sintering temperature which were all varied. A uni-axial
pressure of 50 MPa and sintering dwell time of 5 minutes remain constant throughout the
sintering procedure. Below is an example of the notation used for a pure sialon compact and one

with 30 vol. % cBN content sintered at 1600°C:

e Pure sialon: M1-1600
e Sialon matrix (M1) with 30 vol. % cBN: M1-30cBN-1600

4.1. Starting Powders

The starting powders used for the production of the sialon ceramics were analysed by measuring
the particle size distribution, observing the morphology and identifying the crystalline phases

present.

4.1.1. Particle size analysis

The particle size distribution was measured as per the described method in Section 3.1.1. The
particle size analysis for the respective starting powders was found to be in agreement with what
was described by the suppliers. The djo, dsp and doo for the various sialon starting powders

obtained from the Zetasizer Nano ZS are shown in Table 4.1.
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Table 4.1: ds of the respective starting powders obtained from the particle size distributions.

. Product Measured | Measured | Measured
Starting powder
name dio (pnm) | dso (um) | dygo (pm)
Silicon nitride SNE-10 0.22 0.48 1.67
Aluminium nitride Grade H 0.53 1.06 1.79
Alumina AKP - 50 0.10 0.21 0.35
Yttria Grade C 0.39 1.02 2.21
Cubic boron nitride Grade 1 0.44 0.72 1.51
Cubic boron nitride Grade 9 9.36 10.31 14.50

4.1.2. XRD Analysis

The crystalline phases were identified through the use of XRD analysis showing all starting
sialon powders were mono-phased materials except from the silicon nitride starting powder
which was found to contain 95% a and 5% PB-SizN4 as shown in Figure 4.1. XRD analysis
additionally revealed that the grade 9 cBN consisted entirely of the cubic phase whereas the
grade 1 cBN (Figure 4.2) consists of the cubic phase with trace amounts of the weaker hexagonal

phase. The resultant crystalline phases for the various starting powders are shown in Table 4.2.

Table 4.2: XRD patterns used to identify the crystalline phases present in the starting powders.

Identified phases Card number | Crystalline phase
o - Silicon nitride 01-076-1407 Hexagonal
B - Silicon nitride 01-076-1418 Hexagonal
Aluminium nitride 00-025-1133 Hexagonal
o - Alumina 01-075-1865 Hexagonal
Yttria 01-088-2162 Cubic
01-089-1499 Cubic
Boron nitride (Grade 1)
01-073-2095 Hexagonal
Boron nitride (Grade 9) 01-089-1499 Cubic
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Figure 4.1: XRD pattern for UBE SNE-10 silicon nitride powder showing both phases a (m) and B (¢) are
hexagonal.

» XRD analysis of Grade 1 cBN Powder

o m - cBN
4 - hBN

Intensity (Arbituary units)

Two theta (2°)

Figure 4.2: XRD pattern for grade 1 ¢cBN powder showing the cubic (m) and hexagonal (¢) phases.
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4.1.3. Scanning electron microscopy

High magnification micrographs were obtained for the respective starting powders through the
use of a SEM in secondary electron mode, as described in Section 3.1.3. These SEM
micrographs were also used to confirm the relative particle sizes of the starting powders as
obtained from the particle size analysis. The images of the starting powders are shown in Figure

4.3 10 4.8:

HV ‘Fag WD | mode e — T P —
30.00 kV|50000 x| 4.1 mm| SE Silicon nitride

Figure 4.3: SEM imaging of alpha silicon nitride, SNE-10 starting powder from UBE Industries showing

presence of beta silicon nitride whiskers (marked).
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- HV mag WD [mode 2 um
©130.00kV|25000x|4.0 mm| SE Aluminium nitride

Figure 4.4: SEM imaging of Grade H aluminium nitride starting powder from Tokuyama Industries.

by -
HV mag WD |mode Y —
45mm| SE Alumina

; ‘30.00 kV| 50 000 x

Figure 4.5: SEM imaging of AKP-50 alumina starting powder from Sumitomo.




HV mag ‘ WD |mode |
|30.00 kV|50000x|4.2mm| SE

Figure 4.6: SEM imaging of fine grade yttria starting powder from H. C. Starck.

Det WD 1 2m
15.0kV 8.0 16000x SE 12.1 GRADE 1 cBN

Figure 4.7: SEM imaging of Grade 1 cBN starting powder from Element 6 Pty Ltd.
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Figure 4.8: SEM imaging of Grade 9 cBN starting powder from Element 6 Pty Ltd.

4.2. Distribution of sialon constituents

The planetary ball milling route for 4 hours at a rotating speed of 200 rpm proved to be an ideal
technique for obtaining a homogenous mixture of the SizN4, AIN, Al,O3; and Y,Os; starting
powders required prior to the sintering of the sialon composites. Obtaining a homogenous
mixture is an important step in obtaining a composite with reliable properties. The homogenous
mixture can be seen in Figure 4.9, where the analysis was completed through SEM imaging in a

back-scattered detection mode of a pure sialon composite (M1-1550).
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HV mag| WD |mode| — 300 ym ——— —
30.00 kV|500 x| 10.1 mm| A+B M1-1550-50-5 20.00 kV[5000x|10.2 mm| A+B M1-1550-50-5

Figure 4.9: Back-scattered SEM imaging showing the distribution of the sialon constituents of M1-1550.

4.3. Distribution of cBN grains in the sialon matrices

The introduction of ¢cBN into the starting sialon composite powders was completed through the
use of a Turbula mixing route at 60 rpm for the 10, 20 and 30 vol. % cBN containing composites
which can be seen in Figure 4.10. The M1 based samples were sintered at 1600°C with varying
cBN content. The resulting samples were thereafter cross-sectioned, polished and analysed with
the use of a SEM under a secondary electron detection mode where the distribution of the grade

9 ¢BN grains was found to be homogenous.
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Figure 4.10: Secondary electron SEM imaging showing the grade 9 ¢BN grain distribution of M1 based
composites sintered at 1600°C with varying cBN content: a) 0, b) 10, ¢) 20 and 30 vol, % cBN (d).

4.4. Densification of sintered sialon /cBN composites

Through the use of SPS as a consolidation technique, grain growth is limited because the sintered
sialon materials are fully densified at lower temperatures and in significantly shorter times (faster

heating and cooling rates, i.e. shorter sintering profiles) as compared to other sintering methods.
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The various sialon ceramics produced were considered to be sufficiently dense when the sintered

compacts had a percentage of its theoretical density higher than 97%.

4.4.1. Temperature measurements

Ye et al., 2010 ©® reported that 99.6% of the theoretical density could be obtained through
consolidation of M4 at 1500°C, 50 MPa and a dwell time of 7 minutes. M4 is based on the

composition used by Ye et al., 2010 ©®

which was subsequently found to densify poorly when
SPS sintering was attempted at 1500°C achieving only 79.97% of theoretical density. This is a
clear indication that the temperature experienced by the sample is truly a function of the spot on
which the optical pyrometer is focused when taking the temperature reading. When using the HP
D5, the optical pyrometer is focused 5 mm from the upper surface of the sialon composites and
the temperature recorded is very close to that experienced by the sintered sample. However when
using the Dr. Sinter sintering furnace, where the optical pyrometer is focused on the outer
surface of the die, a value lower to that experienced in the sample will be recorded. The
temperature difference experienced by samples when using different machines was consistent
with what was observed by Langer et al., 2010 7) (oxide based materials) and Raethel et al.,
2009 ® (silicon nitride and tungsten carbide). Salamon et al., 2007 (86) experimentally verified
that sialon samples sintered with the use of the Dr. Sinter systems experience higher sintering
temperatures than that measured by an optical pyrometer out the outer surface of the die.
Furthermore it was said that the sialon samples were exposed to an overshoot temperature

ranging between 140-180°C when heating the sample and between 40-80°C for the isothermal
dwell times. The density results for M1 and M4 sintered at 1500°C can be found in Table 4.3.

Table 4.3: Density and open porosity results for pure M1 and M4 sialon ceramics sintered at 1500°C

Sample . . o Density Open porosity % Theoretical
name Sintering Conditions ( g/cm3) (%) density
M1 1500, 50MPa, vacuum, 5 min 240 £0.07 17.72 70.00
M4 1500, 50MPa, vacuum, 5 min | 251 £0-03 14.34 7997
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The density of the M1 sialon ceramic sintered at 1500°C had a considerably lower density
(70.0%) when compared to M4 sialon sintered at the same temperature; however both the

matrices show incomplete densification at that temperature.

4.4.2. Pure sialon

Initially a study was completed for a-sialon based ceramics (M1, M2 and M3), where M1 was
used as the base matrix. Two compositional modifications were made to M1 in order to observe
their effects on densification. Those included a 2 wt. % AIN reduction (M2) and a 2 wt. % excess
of Y,03 (M3). Lastly a composition based on that reported by Ye et al., 2010 ©®, named M4 was

used for comparison. The compositions of the various matrices are presented in Table 3.3.

Table 4.4: A summary of the composition, n and m values for the various sialon matrices.

Si;N, | AIN ALO; Y,0;
SiAION matrices m n

(Wt. %) (Wt. %) (Wt. %) (Wt. %)
Matrix 1 (M1) 0991 |2.502 |66.18 | 16.57 9.02 8.23
Matrix 2 (M2) 0.822 |2.458 | 67.53 | 14.87 9.20 8.40
Matrix 3 (M3) 0992 |2502 |64.88 | 16.25 8.84 10.03
Matrix 4 (M4) 1.987 | 4.493 | 41.69 | 29.04 17.24 12.03

In order to observe the effect of sintering temperature of the M1 based sialon composites, SPS
sintering was completed using the method described in Section 3.4. The sintering temperatures
used were 1550°C, 1575°C, 1600°C and 1625°C. A uni-axial pressure of 50 MPa was applied
and a dwell time of 5 minutes was used. The densities of these samples were then measured as
described in Section 3.5.1. The results obtained are shown in Table 4.5. The theoretical density
of M1 sialon ceramics was obtained through SEM analysis of the cross-sectional surface of the
sintered composites shown in Figure 4.11. It was found that full densification could be obtained

at temperatures of 1575°C and above, thus the theoretical density was taken to be 3.33g/cm’.
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Figure 4.11: SEM images of the cross-sectional surface of pure M1 sialon sintered at: a) 1550°C showing

porosity and b) 1575°C showing full densification.

From Figure 4.11 b) it can be seen that full densification can be achieved when sintering M1
sialon ceramics at 1575°C despite the appearance of grain pull out of the softer phases during the
grinding and polishing steps. Figure 4.11 a) shows the lack of densification of M1 sialon sintered

at 1550°C with pores being evident.

Table 4.5: The density results of pure M1, M2, M3 and M4 sialon ceramics sintered at various temperatures.

Sintering M1 M2 M3 M4

Temperature p(gem) | p, %* | p(glem’) | p, %* | p(glem’) | p, %* | p(glemd) | p, %%

1550°C 2.85+0.03 85.6 2.74 £ 0.05 82.3 3.34+0.01 100.0 273 +0.03 90.1

1575°C 3334001 100.0 | 3.33£0.01 100.0 | 3.34+0.01 | 100.0 | 323 +0.01 94.4

1600°C 3334001 100.0 | 3.30+£0.01 99.1 3.33+£0.01 99.7 339 +0.01 992

1625°C 332 +0.01 99.7 3.30 +£0.01 99.1 3.32 +£0.01 994 342 +0.01 100

* Theoretical density of M1 and M2 = 3.33 g/cm’, M3 = 3.34 g/cm’, M4 = 3.42 g/cm’
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The piston travel data presented in Figure 4.12 reveals that the densification of the various pure
M1 sialon composites sintered increases with increasing sintering temperature, as expected. The
initial decrease in the piston travel seen in Figure 4.12 is due to the thermal expansion of the
graphite assembly. The incomplete densification of the sample sintered at 1550°C is also further
confirmed (85.6% from Table 4.5) when compared to the other densification curves of the
various M1 sialon sintered above 1550°C. There are two main peak regions when sintering M1

sialon ceramics; these will be discussed further in Section 5.1.
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Time (min)
= M1-1550 ====M1-1575 e===M1-1600 ====M1-1625

Figure 4.12: Comparative densification curves for M1 sialon ceramics sintered at various temperatures.

The M2 sialon matrix differs from the M1 by a 2 wt. % reduction of aluminium nitride in order
to decrease the amount of polytype clusters present in M1 sialon (see black clusters Figure 4.18).
The density and open porosity results can be found in Table 4.5. The theoretical density was
determined to be 3.33 g/cm’ through a similar approach used above for sintered M1 sialon

ceramics. Full densification of M2 sialon could be achieved at 1575°C similar to that of M1
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sialon; however the density of samples sintered at 1550°C is marginally higher for M1 sialon

ceramics.

An investigation took place in order to observe the effects of excess yttria on the densification of
sialon, thus M3 sialon was developed where the compositional change was a 2 wt. % excess of
yttria based on the M1 sialon composition. The density and open porosity results for M3 sialon
can be seen in Table 4.5. The theoretical density for M3 sialon was taken to be 3.34 g/cm’. It was
further found that through the excess amount of yttria it is possible to sinter M3 at a temperature
of 1550°C, which is lower than that of both M1 and M2, which can sinter to full density only at

temperatures greater than 1550°C.

Fully dense M4 sialon ceramics could only be obtained when sintered at 1625°C, which is
significantly higher than that obtained for M1 (1575°C), M2 (1575°C) and M3 (1550°C).
However it was possible to densify M4 sialon up to 99.2 % of the theoretical density at 1600°C
which was found to be 3.42 g/cm”.

4.4.3. Sialon /cBN composites

The effects of cBN addition on the densification of sialon were then investigated for the various
sialon matrices by varying cBN content along with the sintering temperature whilst maintaining

the uni-axial pressure of 50 MPa and a dwell time of 5 minutes.

For the reinforcing of the sialon matrix, two grades of cBN were used, namely grade 1 and grade
9 cBN (Element 6, Pty Ltd) with a mean particle size of 0.72 and 10.31 um respectively (Table
4.1). Initially the use of grade 1 cBN as a reinforcing agent was investigated. It was found that
the Turbula mixing route was not sufficient in dispersing the cBN grains homogenously
throughout the sialon matrix. It can be seen in Figure 4.13 that an extensive porosity and poor

distribution of the cBN grains was obtained. Therefore the grade 1 cBN had to be added through
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a planetary ball mixing step for 30 minutes at a speed of 200 rpm. The mixing duration was low
in order to reduce the excessive wear of the agate milling media. The pores at the location of the
former cBN grain sites are depicted by the black colouration in the images whereas the lighter

areas represent the M1 sialon matrix. The distribution through the planetary ball mixing step is

improved; however porosity is still seen at the location of the former cBN grains (Figure 4.13b).

)

Figure 4.13: Optical microscopy of the dispersion of grade 1 ¢cBN in the sialon matrix through the Turbula (a)
and planetary ball milling (b and c) routes densified at 1575°C.

The porosity was attributed to the cBN grains undergoing hexagonalization when sintered at
1575°C with the addition of grade 1 ¢cBN and as a result the transformation of ¢cBN to the softer
hBN phase promotes the pull out experienced during the grinding and polishing steps discussed
further in Section 5.4. This hexagonalization of the cBN grains could not be confirmed through
the use of XRD as majority of the hBN/cBN grains present had been pulled out during the

grinding step. Sialon composites containing grade 1 cBN grains have significantly lower
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densities than that of grade 9 cBN composites. The decrease in density (Table 4.6) was attributed

to the transformation of cBN to hBN in grade 1 cBN sialon composites.

Table 4.6: The densities obtained for the sialon composites sintered with and without grade 1 and grade 9
cBN.

Sintering Percentage of Density
Sample Grade cBN

° 3
temperature (°C) | 0, retical density (%)* (g/cm’)

Pure sialon - 1575 100 333 £0.01
Turbula mixed 1 1575 81.9 278 £0.04
(30 vol. % cBN)
Planetary ball mixed 1 1575 83 .4 2.83 +£0.03
(30 vol. % cBN)
Turbula mixed 9 1575 98.1 3.31+£0.01

(30 vol. % cBN)

* Theoretical density of M1 = 3.33 g/cm’, M1-30cBN = 3.37 g/cm’

Due to the extensive hexagonalization of the grade 1 cBN it was decided that a larger grain size
of cBN had to be used, thus grade 9 cBN (Element 6, Pty. L.td) was chosen. Through the addition
of cBN to the sialon matrix a decrease in the sinterability and densification due to the expected
retarding effect of cBN was experienced. The densities and open porosities for pure M1 sialon
ceramics along with the values for the grade 9 cBN reinforced sialon composites are presented in

Table 4.7.
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Table 4.7: The density results of pure M1 and M1/cBN ceramics sintered at various temperatures.

c¢BN content (vol. %)
Sintering
0 10 20 30
Temperature

p(g/em’) | p,%* | p(g/em’) | p,%* | p(g/em’) | p,%* | p(glem’) | p, %*
1550°C | 2.85+0.03 | 80
1575°C 3334001 100.0 3.32+0.01 99.3 3.31+£0.01 98.5 331 +0.01 98.1
1600°C 333 +0.01 100.0 3.32 +£0.01 99.3 3.29 £ 0.01 97.9 3.29 +0.01 97.5
1625°C 332 +0.01 99.7 330 + 001 98.7 328 + 001 97.6 328 +0.01 97.2

* Theoretical density: M1 = 3.33, M1-10cBN = 3.34, M1-20cBN = 3.36 and M1-30cBN = 3.37 g/cm’

Figure 4.14 shows the influence of the sintering temperature and cBN grain size on their

respective relative densities of the M1 sialon composites, confirming that an increase in both the

sintering temperature and the cBN content decrease the percentage of theoretical density. The

reduction of density with increasing sintering temperature indicates the hexagonalization of the

cBN grains since no porosity was observed through SEM.
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Figure 4.14: Influence of cBN content and sintering temperature on the percentage of the theoretical densities

of M1 sialon ceramics.
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The effect of grade 9 cBN on the aluminium nitride reduced matrix, M2, was then investigated
by introducing 30 vol. % cBN to M2 sialon and sintering at 1575 and 1600°C. The results of the
densities and open porosity are given in Table 4.8. Similar to M1/cBN composites, a decrease in
the percentage of the respective theoretical densities of the composites is obtained with
increasing ¢cBN content and sintering temperature although for the remainder of the sialon

matrices an addition of 30 vol.% cBN was studied (Table 4.8, 4.9 and 4.10).

Table 4.8: The density results of pure M2 and M2/cBN ceramics sintered at various temperatures.

cBN content (vol. %)
Sintering 0 30
Temperature 3 5
p (g/em’) p, %* p (g/em’) p, %*

1550°C 274 +0.05 823

1575°C 3332001 10001 331+0.01 98.1
1600°C 3.30 %001 991 3.29£001 97.5
1625°C 330+ 0.01 99.1

* Theoretical density of M2 = 3.33 and M2-30cBN = 3.37 g/cm’

The yttria rich matrix, M3, is expected to aid in the densification of the sialon/cBN composites
since there is more liquid phase present as compared to M1 and M2 sialon matrices. The results
of the density and open porosity for M3 sialon composites containing grade 9 cBN are

summarised in Table 4.9.

Table 4.9: The density results of pure M3 and M3/cBN ceramics sintered at various temperatures.

cBN content (vol. %)
Sintering
0 30
Temperature

p (g/cms) p, %* p (g/cm3) p, %*
1550°C 3.34 % 0.05 100
1575°C 3342001 | 10001 333+001 98.5
1600°C 3334001 9911 331001 98.2
1625°C 332+0.01 99.1

* Theoretical density of M3 = 3.34 and M3-30cBN = 3.38 g/cm’
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The effect of sintering temperature and cBN content on densification follows the same trend
experienced for M1 and M2 sialon composites containing cBN (grade 9). An increase in the
sintering temperature and cBN content negatively affect the percentage of theoretical densities
attained for M3 sialon based ceramics, with the volume fraction of ¢cBN being a more
contributing factor. The effect of cBN content (grade 9) on the final densities obtained for M4
was obtained by adding 30 vol. % cBN followed by sintering at a temperature of 1600°C since
M4 did not reach sufficient density when sintered at 1575°C. Due to the hexagonalization
experienced by the grade 9 ¢cBN grains in M1, M2 and M3 when the composites were sintered at
1625°C the M4/cBN composites were not investigated at this temperature. In the case of M4-
30cBN-1600 the addition of 30 vol. % cBN results in a significant decrease in density (99.2 to
97.1% of theoretical).

Table 4.10: The density results of pure M4 and M4/cBN ceramics sintered at various temperatures.

cBN content (vol. %)

Sintering 0 30
Temperature
p (g/em’) p, %o* p (g/cm’) p, %*
1500°C 2734003 79.9
1575°C 3234001 94.6
1600°C 339+ 0.01 99.1 3.34+0.01 97.1
100

1625°C 3.42+0.01

* Theoretical density M4 = 3.42 and M4-30cBN = 3.44 g/cm’

4.5. Microstructure and phase evolution of sialon /cBN composites

Qualitative XRD analysis was carried out on sintered sialon ceramics with different matrix
composition, sintering temperature and additive content (vol. % cBN). This qualitative analysis
helps to identify phases that are favoured at specific conditions and compositions by comparing

the relative peaks corresponding to the different identified patterns.
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Table 4.11: XRD pattern data used to analyse the x-ray diffractograms in this project.

Name of crystalline | Chemical Formula Card No. Structure | a c
phases
o- sialon Y0.54(Sig 57A15 43)(Og 51 Nis.19) | 00-042-0251 Hexagonal | 7.829 5.708
MIl 7.803 5.684
M2 7.796 5.701
M3 7.813 5.686
M4 7.829 5.708
B- sialon SisAION; (Si6.,AlLLO,Ng.,) 00-048-1615 Hexagonal | 7.635 2.934
Polytype (12H) SiAlsO,N; 00-042-0161 Hexagonal | 3.030 32.730
a-SizNy Si3Ny 01-076-1407 Hexagonal | 7.752 5.620
YAG Y;AL(AIO,), 01-082-0575 Cubic 12.024 | -
cBN cBN 01-089-1499 Cubic 3.616 -
hBN hBN 01-073-2095 Hexagonal | 2.504 6.661

The details of the patterns used for the qualitative XRD analysis can be found in Table 4.11

however it must be noted that the lattice parameters for a- sialon differ for Matrix 1, 2, 3 and 4

since the lattice parameters of both a and B-sialon depend on the composition of the matrix

(19)

The various crystalline phases analysed for different sialon matrices sintered at 1600°C are

presented in Figure 4.15. The intensities of the various phases in their respective sialon matrices

are presented in Table 4.12.
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Figure 4.15: Comparison of the X-Ray Diffractograms of pure sialon ceramics sintered at 1600°C.

Table 4.12: Intensities of the various formations of crystalline phases for pure sialon ceramics sintered at

1600°C.
X-ray peak intensity*
Sialon
a - SizN; | a-sialon | P -sialon | Polytype (12H) | YAG
M1-1600 m ° v W v
M2-1600 s o W v v
M3-1600 m 5 v v W
M4-1600 VW ; W i ;

* The symbols used for intensity of the x-ray peaks were s (strong), m (medium), w (weak) and vw (very

weak)
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4.5.1. M1/cBN composites

4.5.1.1. Sialon materials without cBN

Initially a comparison of the x-ray diffractograms obtained for M1 sialon ceramics sintered at

1550, 1575, 1600 and 1625°C were used to observe the effect of sintering temperature on the

formation of the different crystalline phases present.
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Figure 4.16: Comparison of the X-Ray Diffractograms of pure M1- sialon sintered at different temperatures

(1550-1625°C).

As shown in Figure 4.16 it was possible to identify phases that were present and to establish

increasing or decreasing trends for the various phases present. Such increasing or decreasing

trends are denoted by a ‘1" or ‘|’ in Table 4.13. If the respective peak intensities of the various

phases remain the same as compared to the standard, the trend is denoted as ‘—°.
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Table 4.13: Identification of phases present and their respective trends for pure M1- sialon sintered at

varying temperatures (x-phase present and 1 |-trend).

a- sialon B- sialon | Polytype (12H) Si;N, YAG
Sample
ID | Trend | ID Trend ID Trend ID | Trend | ID | Trend
M1-1550 (Base) X - X - X - X - X -
M1-1575 X T X - x | small 1 X 1 X )
M1-1600 X T x | small? | x | smallt | x | X 1
M1-1625 X 1 x| small 1 small 1 ! |

Therefore as the temperature is increased an increase in the formation of the a-sialon phase is
dominant with very little increase in the B-SiAION phase. It was found that there was also a
slight increase in polytype formation in the range of (1550-1625°C). Furthermore an increase in
temperature decreases the content of Si3N4 and YAG phases; thisis expected due to the formation
of the a-SiAION phase as seen in Figure 4.16. The SEM micrographs are in agreement with the
analysis derived from XRD as can be seen from Figure 4.17 - Figure 4.20 for M1 sialon sintered

at different temperatures.

Figure 4.17 shows the microstructure of pure M1 sialon sintered at 1550°C. As can be seen, there
was incomplete densification (black phase is porosity). The grey phase represents the mixture of
a / B sialon with 12 H polytype and finally the light phase represents the yttria-rich grain
boundary phase. Due to insufficient grain growth experienced at the sintering condition the

densification of this sample was found to be poor (85.6%).
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Figure 4.17: SEM micrographs of M1-sialon sintered at 1550°C showing porosity as well as poor grain

growth in a) secondary electron and b) back-scattered detection modes.
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10.00 kV |5 000 x ‘ 10.8 mm| A+B | M1-1575-50-5 Sintered 10.00 kV |10 000 x|10.9 mm| A+B | M1-1575-50-5 Sintered

Figure 4.18: SEM micrographs of M1-sialon showing that a fully dense sample can be obtained at 1575°C.
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Figure 4.19: SEM micrographs of M1-sialon sintered at 1600°C in back-scattered detection mode.
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Fully dense pure M1 sialon can be obtained at temperatures as low as 1575°C since the
microstructure was observed to have no porosity (see Figure 4.18). As the sintering temperature
is raised, the increased formation of the polytype (dark) cluster can be observed in back-scattered
SEM imaging though Figure 4.18, Figure 4.19 and Figure 4.20. This is consistent with the XRD
qualitative analysis given in Table 4.13. Furthermore, as the temperature increases the quantity
of YAG pools is seen to decrease. This phase is located primarily at the grain boundaries for M1
sialon sintered at 1625°C. This decrease is due to the formation of the a-sialon phase since the

structure incorporates yttrium in it.

HY mag WD |mode| — HV mag WD |mode|
10.00 kV|5 000 x[10.4 mm| A+B | 10.00 kV[20 000 x [10.4 mm| A+B

Figure 4.20: SEM micrographs of M1-sialon sintered at 1625°C in back-scattered detection mode.

4.5.1.2. M1 sialon containing cBN additive

In order to observe the effect of grade 9 cBN content on the phase formation of M1 sialon
ceramics a single temperature (1575°C) was selected and the cBN content (0-30 vol. % cBN)

was varied (Figure 4.21).

90

—~
| —



B - o - SIAION

@ [ - SIAION

o ® - Polytypes

A -o-SiN, n

X - YAG

Il - cBN

» T'
A {
Ay lla
— " LS o I A " [ M1-30cBN 1575 |
2 i * x | Ve % xa®0% *0 x fatx x ma
> ‘ l [ —— Mm1-20cBN 1575 |
E \ ’1‘\ | JW\IM h ]
-"_5' = T U | O W N 1 'YL L\AA_MJLA_.,_!»‘F\VV*‘.v_,vw,,\,\,_.m,_y .
[
< | ' ' M{ M1-10cBN 1575
> 2 : | A l; ‘ ."‘
= A Jl
w - A — B — S e " /i % — . - PANA o - ——
=
)
=
= | \ n‘.ﬁM —— M1-1575
- YL N\_/\/)Lmf‘w/«L_,NAJV“M,m e N~

Two theta (2°)

Figure 4.21: Comparison of the X-Ray Difftactograms of M1-sialon/cBN composites sintered at 1575°C with
varying grade 9 cBN content (0-30 vol. %).

It was observed that an increase in the cBN content results in a significant increase of the a-
sialon and very little increase in the B-sialon phase (Figure 4.21). Increasing the cBN content
from 0 vol. % to 10 vol. % also increases the polytypoid phase formation; however an increase
above 10 vol. % results in negligible change. Moreover the increase from 0 vol. % to 10 vol. %

results in the elimination of YAG phase.
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Figure 4.22: SEM micrographs of M1-Sialon/cBN composites sintered at 1600°C with varying cBN content:
10 (a, b), 20 (c, d) and 30 (e, f) vol. % cBN.




During SPS sintering the liquid/glassy phase-rich in in yttrium is expected to be present in the
sialon matrix however when cBN grains are added to the matrix this yttria-rich phase is seen to
be present in higher amounts between cBN grains (for composites with > 10 vol. % cBN
additive) as shown in Figure 4.22. This liquid phase pooling was observed to increase with
increasing cBN content. A similar analysis was completed for ceramics based on Matrix 2, 3 and
4 in order to observe the effects of sintering temperature and cBN content on the various phases

present.

4.5.2. M2 /cBN composites

To observe the effects of sintering temperature and cBN content on the phase formation of M2-
sialon ceramics pure M2-sialon and M2-30 vol. % cBN composites were sintered at 1575 and

1600°C (Figure 4.23).
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Figure 4.23: X-ray diffractograms of M2- sialon /cBN composites sintered with varying temperature (1575-
1600°C) and cBN content (0 and 30 vol. %)
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An increase in the sintering temperature and cBN content promote the formation of the a-sialon
and B-sialon phases which consequently results in a decrease of the Si3N4 and YAG phases
(eliminated at 1575° with 30 vol. % cBN). However the polytype formation is not affected by an
increase in temperature although there is a slight increase with respect to increasing cBN content.
The XRD analysis (Figure 4.23) was confirmed with the microstructural analysis of pure M2
sialon (Figure 4.24a,c,e) and that of a 30 vol. % c¢BN containing M2 sialon composite (Figure
4.24b,d.f). The differences in the microstructure are visible by comparing the secondary and

back-scattered electron images.
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Figure 4.24: SEM micrographs comparing pure M2-sialon with M2-sialon sintered with 30 vol. % cBN at
1600°C: a, c and e) pure M2 and b, d and f) M2 with 30 vol. %cBN.




4.5.3. M3 /cBN composites

The same approach as discussed above was used for analysing the M3-sialon based ceramics and

the respective comparative x-ray diffractograms can be found in Figure 4.25 for the composites

sintered at 1575 and 1600°C.
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Figure 4.25: X-ray diffractograms of M3- sialon /cBN composites sintered with varying temperature (1575-

1600°C) and c¢BN content (0 and 30 vol. %)

The yttria rich M3-sialon ceramic has a significantly higher amount of the YAG phase present as

compared to Matrix 1 and 2. This phase decreases with increasing sintering temperature and cBN

content. With increasing temperature an increase in the a-sialon phase is observed at the expense

of the a-Si3N4 phase. However an increase in the cBN content slightly affects the a-sialon

formation. When sintered at 1575°C there is a small increase and when sintered at 1600°C a
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decrease in the a-sialon formation (compared to that of pure sintered sialon at their respective
sintering temperatures), which consequently results in a decrease and increase of the a-SizNy4
phase respectively for the 1575 and 1600°C sintered samples. Lastly, the polytypoid formation
increases with increasing cBN content however sintering temperature has no effect between
1575-1600°C. If M3-sialon sintered at 1550°C (Figure 4.26) is compared with that sintered at
1625°C (Figure 4.27) a difference in the yttrium-rich glassy phase (light) and polytype cluster

formation (dark) can easily be seen.

20.00 kV|20 000 x [10.7 mm| A+B M3 1550-50-5 20.00 kV| 50 000 x

Figure 4.26: SEM micrograph of M3-sialon sintered at 1550°C showing high yttria-rich glassy phase (YAG)

and a considerable amount of the polytype phase.
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Figure 4.27: SEM micrograph of M3-sialon sintered at 1625°C showing lower amount of glassy phase and

smaller polytype clusters as compared than that sintered at 1550°C.

In Figure 4.28 it is seen that the excess yttria causes higher amount of glassy phase near and
around the cBN grains. Furthermore, it is also seen that the localised yttria-rich liquid pooling is
not seen in sintered pure M3 (Figure 4.28a,b) when compared to M3 with 30 vol.% cBN (Figure
4.28c,d). The amount of glassy phase pooling observed in the M3/cBN composites is higher than
what is experienced in M1/cBN (Figure 4.22) and M2/cBN (Figure 4.24).
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Figure 4.28: SEM micrographs comparing pure M3-sialon with M3-sialon sintered with 30 vol. % cBN at
1600°C: a, b) pure M3 and ¢, d) M3 with 30 vol. % cBN.

4.5.4. M4 /cBN composites

The effect of grade 9 ¢cBN addition of the phase formation of M4 sintered at 1600°C can be
achieved qualitatively by analysing at the respective peak intensities of the XRD traces (Figure
4.29).
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Figure 4.29: X-ray diffractograms of M4 sialon /cBN composites sintered with at 1600°C with varying grade 9
c¢BN content (0 and 30 vol. %).

Figure 4.29 shows that following the introduction of cBN to M4, no significant variation in the

respective phase formation occurs when that composite was sintered at 1600°C.Furthermore it is

also observed that the main constituent phase present at 1600°C for M4 sialon is the polytype

phase as well as the a-sialon phase. There is a higher amount of B-sialon in M4 as compared to

the other three sialon matrices. Figure 4.30a illustrates the yttria pooling existing in M4-30cBN-

1600. The main phases present are the 12 H polytype and a-sialon, as seen in Figure 4.30b.
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11:47:57 AM | 20.00 kV|2 312 x 4 mm| BSED M4 Polished surface

Figure 4.30: SEM micrograph showing the existence of the yttria rich pooling behaviour (a) and the a-sialon
(equiaxed) and polytype (elongated clusters) phases that are present in M4 sialon sintered at 1600°C.

4.6. Mechanical Properties

The hardness and fracture toughness was measured through the use of a 5 kg load Vickers

hardness indentation technique where the load was applied for 10 seconds as described in
Section 3.5.7.1.

4.6.1. Pure sialon

Initially a study of the mechanical properties of the various pure sialon matrices sintered at
different temperatures was completed. The sintering temperatures used were 1550, 1575, 1600
and 1625°C. However only samples with a measured density greater than 97 % of their

theoretical density were tested for their mechanical properties (Table 4.14).
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Table 4.14: Hardness and fracture toughness results for pure M1, M2, M3 and M4 sialons sintered at various

temperatures.
Hardness (Hvs) GPa Fracture toughness (MPa.mO'S)
Material Sintering Temperature (°C) Sintering Temperature (°C)
1550 1575 1600 1625 1550 1575 1600 1625
M1 182+04 | 192+£03 | 19.6+0.5 36+03 | 3.7+£0.2 | 3.7+0.2
M2 169+04 | 17.2+£03 | 17.3+£0.3 40+£02 | 41£0.1 | 43+0.1
M3 177+£03 | 188+03 | 19.0+£04 | 19.1+£03 | 3.7+0.1 | 34+£02 | 33+£0.1 | 3.2+0.1
M4 155+£03 | 16.3+£0.3 46+02 | 52+£0.2

It was found that M3 could achieve sufficient density (> 97 % of the theoretical density)
throughout the temperature range used in this work. This high density could only be obtained at

1575°C for M1 and M2 whereas M4 could only be densified sufficiently at 1600°C.

The measured hardness values obtained for pure M1 sialon were observed to increase with
increasing sintering temperature; however no effect on the fracture toughness was observed. Like
MI1, pure M3 sialon sintered ceramics attained an increase in the hardness with increasing
sintering temperature; however M2 sialon ceramics attained a marginal increase in the hardness.
The fracture toughness values obtained for M1, M2 and M3 were observed to show no
significant effect with increasing sintering temperature. Lastly, it was observed that increasing
the sintering temperature of M4 sialon showed significant improvements in both the hardness

and fracture toughness values measured.

4.6.2. Effects of cBN addition on the mechanical properties

The reinforcing effect of cBN when added as a secondary phase to the various sialon matrices
was investigated by measuring the hardness and fracture toughness values of the various
composites, in a way similar to the one used to measure the mechanical properties of pure sialon.
Good bonding of the faceted cBN grains with the various sialon matrices is expected to benefit

the mechanical properties of sialon-cBN composites.
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The effect of cBN addition to M1 sialon composites was evaluated by measuring the mechanical

properties for M1/cBN composites containing 10, 20 and 30 vol. % cBN. The results of this

analysis are given in Table 4.15 where mechanical properties of pure M1 sialon are added for

comparison.

Table 4.15: The hardness and fracture toughness results pertaining to sintered M1/cBN composites.

Sample name

Percentage of theoretical

Hardness (H,s) GPa

Fracture toughness

density (%) (MPa.m"™)
MI1-1575 100.0 18.2+04 3.6+03
M1-10cBN-1575 99.3 209 +£0.5 52+02
M1-20cBN-1575 98.5 20.2 +£0.8 52+02
M1-30cBN-1575 98.1 19.7 +0.2 54+03
M1-1600 100.0 19.1+0.3 3.7+0.2
M1-10cBN-1600 993 21.3+0.8 46+04
M1-20cBN-1600 97.9 19.5+0.8 59+04
M1-30cBN-1600 97.5 16.8 £0.9 73+03
M1-1625 99.7 19.7 £0.5 37+0.2
M1-10cBN-1625 98.7 20.7+£0.3 477 +0.2
M1-20cBN-1625 97.6 16.2+04 7.0+0.8
M1-30cBN-1625 97.2 159+03 7.8+0.7

The main reinforcing effect of the secondary phase cBN is that of improving the fracture

toughness of sialon ceramics. This is achieved in all sialon composites containing additions of

cBN as seen in Table 4.15. This relationship shows that an increase in the cBN content increases

the fracture toughness, again particularly with increasing sintering temperature. The fracture

toughness of the M1/cBN composites sintered at 1575° increases considerably with the addition

of 10 vol. % cBN after which further addition only produces a slight increase as shown in Figure

4.31.
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Figure 4.31: The effect of temperature and cBN content on the fracture toughness of M1/cBN composites.

The effect of ¢cBN addition to the M2 sialon matrix was observed by sintering the M2/cBN

composites containing 30 vol. % c¢cBN at 1575 and 1600°C. M2/cBN composites were not

sintered at 1625°C due to the significant deterioration in hardness as also observed for M1-cBN

composites (Table 4.15). The mechanical properties of the M2/cBN composites are provided

along with the results of the pure M2 sialon ceramics in Table 4.16.

Table 4.16: The hardness and fracture toughness results pertaining to sintered M2/cBN composites.

Percentage Theoretical

Fracture toughness

Sample name . Hardness (H,;) GPa 05
density (%) (MPa.m™)
M2-1575 100.0 17.0+£0.4 4.0+0.2
M2-30cBN-1575 98.1 18.6 £0.7 6.5+0.1
M2-1600 99.1 17.3+£0.3 4.1+0.1
M2-30cBN-1600 97.5 16.4 £0.6 7.9+03
M2-1625 99.1 17.3+£0.3 44+0.1

The fracture toughness of M2/cBN and M3/cBN composites is observed to increase with

increasing cBN content and sintering temperature (Table 4.16 and Table 4.17). These results

show similar trends to those obtained in M1/cBN composites (Figure 4.31).
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Table 4.17: The hardness and fracture toughness results relating to sintered M3/cBN composites.

Sample name Percentage Theoretical Hardness (H,s) Fracture tou;gshness
density (%) GPa (MPa.m™)
M3-1550 100.0 17.7+£0.3 3.7+0.1
M3-1575 100.0 18.9+£0.3 34+£02
M3-30cBN-1575 98.5 18.0+0.4 6.3+0.1
M3-1600 99.7 19.0+0.3 33+0.1
M3-30cBN-1600 97.9 16.9+0.3 6.8+0.4
M3-1625 99.4 19.1+£0.3 33+0.1

The addition of 30 vol. % cBN to M3-sialon results in a significant decrease in the hardness, this
decrease in hardness is further promoted by an increase in the sintering temperature as presented
in Table 4.17. The addition of cBN to the M3-sialon matrix results in a significant improvement
in the fracture toughness, this increase in fracture toughness is also promoted when the sintering

temperature is increased.

Due to the insufficient densification of M4 at a sintering temperature of 1575°C and below, only
one M4/cBN composite was produced and sintered at 1600°C (Table 4.18). At higher sintering
temperatures the transformation of the cBN grains to the hexagonal phase is expected. The
mechanical properties obtained for M4 and M4/cBN composites are given in Table 4.18 where it
is seen that through the addition of 30 vol. % cBN an increase in the hardness and fracture

toughness is achieved when sintering at a temperature of 1600°C.

Table 4.18: The hardness and fracture toughness results relating to sintered M4/cBN composites.

Sample name Percentage theoretical Hardness (H,s) Fracture tou&gshness
density GPa (MPa.m™)
M4-1600 99.2 15.5+0.30 417 +£0.12
M4-30cBN-1600 97.1 16.1 £0.42 6.89 +0.23
M4-1625 100.0 16.3+0.24 5.21+0.19
{ 105 }



5. Discussion

5.1. Densification mechanism experienced in pure sialon ceramics

The densification mechanisms for sialon ceramics differ depending on composition and sintering
conditions. Since M1, M2 and M3 differ only slightly in their composition the densification
behaviour of these sialons are reasonably similar. The densification mechanisms experienced in
M4, (Ye et al., 2010 (58)) composition, were somewhat different to those used to produce M1, M2
and M3. A comparison of the densification curves for different sialon matrices sintered at

1600°C is given in Figure 5.1.

When looking at the respective piston travel speeds for the various sialon matrices distinct peaks
in densification curves can be identified. From Figure 5.1 it was revealed that for the
densification of M1, M2 and M3, two major peaks were observed during consolidation whereas
the M4 sialon trace consisted of three major peaks. The first peak is attributable to the formation
of the lowest temperature eutectic oxide-based liquid in the Y,03-Si0;,-Al,05 system. This low
temperature melt is essential for the particle rearrangement process in liquid phase sintering
allowing particles to move over one another easier. The initial formation of this liquid melt and
its amount results in slightly different onset temperatures for each sialon matrix (Table 5.1). The
intensity of the shrinkage (related to magnitude of piston speed) pertaining to the formation of
the oxide based eutectic melt (first peak in piston speed in Figure 5.1) was highest for M4, M3,
M1 and M2 in decreasing order. This was found to be consistent with what was predicted on the
basis of the estimate of the amount of liquid phase expected for each composition. Lower
amounts of liquid phase were said to decrease the rate of the a-sialon formation, which is due to

the reduction in the transport for the solid-liquid-solid mechanism .
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Table 5.1: Comparison of the onset temperature of eutectic liquid formation for the various sialon matrices.

Sialon Matrix | Onset temperature of the eutectic melt (°C)
Ml ~ 1275
M2 ~ 1300
M3 ~ 1250
M4 ~ 1210

The other main peak for M1, M2 and M3 and the third peak observed in M4 sialon is a result of
the increased amount of nitrogen in the Y-Si-Al-O-N system. This nitrogen containing liquid is
responsible for the solution/precipitation process of sialon phases. The intensive formation of the
nitrogen-containing melt occurs around 1400-1450°C for M4 whereas for the other sialon
compositions studied in this work this formation begins around 1500°C. This is in accordance
with the findings pertaining to yttrium sialons produced by Peng, 2004 '%; this melt was
observed to exist at temperatures of 1350-1500°C for a-sialon spark plasma sintered (Dr. Sinter
2050) with a heating rate 200°C/min (m = 1.05 and n = 1.2) and a uni-axial pressure of 50 MPa.
The dissolution of a-Si3Ny in the solution precipitation step for M1, M2 and M3 predominantly
forms a-sialon with small amounts of -sialon and the 12 H polytype phase. The formation of the
nitrogen rich liquid phase is caused by dissolution of AIN and a-SizN4 within the oxide liquid
which subsequently becomes richer in nitrogen and results in the precipitation of the various
sialon phases. The densification of M4 sialon is different to that of M1, M2 and M3 due to the
distinct difference in composition (M4 is richer in oxygen compared to the other sialon matrices
revealed in Figure 5.2), the reduced densification for M4 sialon ceramics is attributed to
intermediate crystallisation of a phase not investigated in this work however will be researched at
a later stage. The intermediate crystallization is represented by the second intensive peak for M4
(Figure 5.1). This crystallization results in the retardation of the densification, thus aiding in the

formation of the minimum peak between the maximums (Figure 5.1).

The excess yttria contributes to liquid phase formation resulting in the full densification of M3

sialon at 1550°C, lower than M1 (1575°C), M2 (1575°C) and M4 (1600°C) sialon. The




theoretical density of M3 sialon is higher than M1 and M2 due to the increase in the yttria
content which has the highest density; however it is not higher than M4. When comparing the
matrices used to create the a-sialon ceramics it was revealed that since M3 has the most glassy
phase present when compared to M1 and M2, this results in the marginal decrease of the eutectic
melting temperature as well as obtaining fully dense compacts faster than the M1 and M2 sialon.
It must be noted that M4 is the most oxygen-rich sialon composition which in turn results in the
highest amount of the liquid phase being present thus secondary rearrangement and solution
precipitation begins earlier than the other sialon matrices as shown in Figure 5.1. However these
densification mechanisms are interrupted in M4 sialon due to the generation of additional
crystalline phases above 1500°C which consequently retard the densification process. It was
observed that sialons with lower m and n values in this work can be densified at lower
temperatures then those with higher values. The location of the various sialon matrices on the

sialon plane is presented in Figure 5.2.
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Figure 5.2: Compositions of the various sialon matrices on the sialon plane.




From Figure 5.3 the effect of temperature on the final density can be derived. Initial increases in
the sintering temperature result in increased density, as expected. When comparing the
percentage of the theoretical densities for M1, M2 and M3 pure sialons sintered above 1575°C
the apparent decrease is attributed to the formation of phases with lower densities since no
porosity was observed through SEM analysis. Due to the excess liquid phase it was possible to
obtain densified M3 sialon at sintering temperatures as low as 1550°C. This was seen as an
advantage over the other two matrices. M4 on the other hand showed an increase in final
densities with increase in the sintering temperature since full densification was only attained at

1625°C.
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Figure 5.3: Graphical representation of the percentage of the theoretical densities for pure sialon ceramics
sintered at various temperatures.




5.2. Effect of sintering temperature on the microstructure and mechanical
properties of sialon ceramics

The difference in mechanical properties obtained for equiaxed and elongated grain morphologies
were found to be in agreement with literature (Table 2.3) where equiaxed grains give rise to
lower fracture toughness when compared to elongated grains. Hardness values correlate to the
amount of a-SizNy4 and a-sialon content present in the sialon ceramic. The difference in the sialon
grain morphologies obtained for the M1 and M4 sialon is represented in Figure 5.4.
Subsequently it was revealed that the more uniaxial grains of M1 sialon have significantly higher
hardness than M4 sialon; however the fracture toughness was observed to be inferior in
comparison (Table 4.14). The effects of the mechanical properties of the varying pure sialons
with increasing sintering temperature were investigated and the relationship with the Vickers

hardness and fracture toughness is illustrated in Figure 5.5 and Figure 5.6 respectively.

The highest hardness for each of the pure sialon matrices was obtained at a sintering temperature
of 1625°C. The highest hardness was measured for M1 followed by M3, M2 and M4 in
decreasing order. Since M1, M2 and M3 were designed to be predominantly o-sialon
composites, their hardness vales were expected to be higher than that of the M4. this is due to
the higher amount of B-sialon and secondary phases present. The hardness values obtained for
M4 sialon were found to increase with sintering temperature due to the formation of a-sialon; the
fracture toughness was also improved. This was attributed to the formation of large B-sialon
grains. It is also seen that the fracture toughness of M1 sialon is not affected by an increase in
temperature whereas an increase in temperature promotes the formation of B-sialon in M2 and

M4 sialons.

11 )

——



AccV SpotMagn Det WD F——— 5m
15.0kV 4.0 5000x '_CL 12.0 M4-1600

i - b)

Figure 5.4: SEM micrographs showing the different grain morphologies of a) M1 sialon and b) M4 sialon
sintered at 1600°C and analysed under back-scattered detection mode.
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Figure 5.5: Effect of sintering temperature on the Vickers hardness of the varying sialon compositions.
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Figure 5.6: Effect of sintering temperature on the fracture toughness of the varying sialon compositions.

13 )

——



5.3. Effect on ¢cBN addition on densification of sialon ceramics

It is expected that with increasing secondary phase content, the relative density will decrease due
to the retarding effect of cBN addition. This was indeed seen to be the case as depicted by the
percentage of the theoretical densities for cBN containing M1 sialon composites (Figure 4.14)
where the effects on the relative densities are compared for increasing sintering temperature and
cBN content. The cBN grains affect the rearrangement process due to the formation of a rigid 3-
D network, thus with increasing cBN content the densification is expected to decrease. This was
found to correspond with literature with respect to B-sialon/cBN®, Al,03/cBN ®” and WC/cBN
®% composites. This is further confirmed in the densification curves obtained for the varying
cBN additions to M1 sialon sintered at 1600°C (Figure 5.7) where the addition of cBN to M1

sialon showed a retarding effect on the sintering process.
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Figure 5.7: Comparative densification curves for M1 sialon ceramics sintered at 1600°C with varying grade 9

cBN content.




It can be seen in Figure 5.7 that the addition of the cBN to the M1 sialon matrix did not influence
the densification of the composite at temperatures lower than = 1380°C. Furthermore as the
temperature is increased it is observed that additions of 10 and 20 vol. % cBN to the sialon
matrix do not significantly affect the densification. However when 30 vol. % cBN is added to the
sialon matrix a strong reduction in the particle rearrangement process is observed, likely due to
the percolation limit being exceeded preventing effective distribution of the liquid oxide phase
throughout the composites resulting in reduced densification. The SizNs and AIN grains have
higher solubility in the liquid melt as opposed to the cBN grains; a lower wetting angle is
expected for the SisN4 and AIN. Moreover with lowering the wetting angle higher grain
rearrangement, solution precipitation and densification is expected ®”, thus with an increase in
the amount of less wettable components (cBN) a decrease in the sinterability is promoted.
However the fact that the cBN grains do not take part significantly in the solution precipitation
sintering process is the main contributing factor to the retardation of the densification of the

composites (Figure 5.7, Figure 5.8 and Figure 5.9).

This result is in accordance with increasing cBN volume fraction which in turn promotes the
localised pooling of the yttria-rich phase between cBN grains due to the forced penetration of the
liquid phase in amongst the cBN skeleton network when an external pressure is applied. This
localised pooling results in an increased interaction with the cBN grains resulting in their surface
hexagonalization dependent on the crystallographic orientation of the grain surfaces. The
hexagonalization of the cBN grains was witnessed to increase with increasing sintering
temperature. This is illustrated by comparing M1-30cBN sintered at 1600 (Figure 5.12) and
1625°C (Figure 5.13). The lower sintering temperature results in partial hexagonalization on
certain surfaces of the cBN grains present in the sintered composite however samples sintered at
1625°C exhibit some grains which have been extensively hexagonalized. A significant reduction
in the solution precipitation sintering mechanism is also witnessed with increasing cBN content
by comparing pure M1 with sialons with increasing cBN content. Despite the slight
hexagonalization of the cBN grains all M1 sialon/cBN composites studied at these temperatures
were found to have densities greater than 97% of theoretical except for the sample sintered at

1550°C.




The negative effects of cBN addition on sinterability were also exhibited in M4/cBN composites;
this relationship is presented in Section 5.4 where a comparison of the percentage of the
theoretical densities obtained for M4-1600 (99.2 %) and M4-30cBN-1600 (97.1%) composites is

given.
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Figure 5.8: Effect of grade 9 cBN on the percentage of the theoretical density of sialon matrices sintered at
1575°C.
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Figure 5.9: Effect of grade 9 cBN on the percentage of the theoretical density of sialon matrices sintered at
1600°C.

The effect of increasing cBN content in sialon ceramics sintered at 1575°C and 1600°C is
illustrated in Figure 5.8 and Figure 5.9 respectively. Similar to the negative effects observed in
M1/cBN composite are experienced in M2/cBN, M3/cBN and M4/cBN composites. From Figure
5.10 and Figure 5.11 a comparison of the densification curves obtained for pure sialons and 30
vol. % c¢BN containing composites is obtained where it is depicted that the effect of cBN content
is similar for M1, M2 and M3 whereas the M4 sialon experienced significant decrease in the
densification with 30 vol. % cBN additive. M3 sialon composites achieve the highest
densification which is a result of the additional yttria in the composition when compared to the

other sialon composites.
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Figure 5.10: Comparative densification curves for sialon ceramics sintered at 1600°C.
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c¢BN content.
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5.4. Hexagonalization of cBN grains

Deterioration of some cBN grains was witnessed in sialon matrices sintered at temperatures of
1600 and 1625°C, the latter having a larger effect. The interfacial energies of crystal surfaces and
the wetting liquid depend on composition as well as the orientation of the crystal interface. From
Figure 5.12 and Figure 5.13 it was observed that some cBN grains exhibited surfaces that
appeared to have been reacted. This apparent reaction is due to the hexagonalization of the cBN
grains. The yttrium rich glassy phase interacts with non-faceted interfaces and causes the
hexagonalization of cBN. The hexagonalization of the cBN grains increases with increasing
temperature. This is illustrated by comparing M1-30cBN sintered at 1600 (Figure 5.12) and
1625°C (Figure 5.13). The lower sintering temperature reveals that there is only partial
hexagonalization on certain surfaces of the cBN grains present in the sintered composite
however samples sintered at 1625°C exhibit some grains which have been extensively

hexagonalized.
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Figure 5.12 : SEM micrographs showing surface hexagonalization of some cBN grains in M1-sialon composite
containing 30 vol. % cBN and sintered at 1600°C. Samples prepared by broad ion beam polishing courtesy of
M. Herrmann of IKTS Fraunhofer.
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Figure 5.13: SEM micrograph showing considerable degradation of random ¢BN grains of the M1-sialon

composite containing 30 vol. % cBN and sintered at 1625°C.

The liquid phase is found between the cBN grains as they form a skeleton (with increasing cBN
content). The liquid is forced by the external pressure to penetrate between the cBN grains
(through the uni-axial pressure of 50 MPa). This negative effect is expected to increase with
increasing liquid phase present as well as with ¢cBN content. Furthermore the penetration is
dependent on the size of the matrix grains with respect to the secondary phase addition. The
matrix grains, if small enough, can be forced between the cBN grains (Grade 9 ¢cBN grains which
are larger in size) with the applied external pressure. This process is enhanced with smaller
matrix grains. The liquid phase reacts with the cBN causing hexagonalization of some surfaces
of ¢cBN grains. This shows that this reaction is dependent on the crystallographic orientation; not
all grains exhibited this hexagonalization and not all sides of the cBN grains were affected
equally as depicted in Figure 5.14, Figure 5.12 and Figure 5.14. Moreover it was seen that the
increased presence of the liquid phase promotes the transformation of ¢BN to its hexagonal

phase.
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Figure 5.14: SEM micrograph showing inhomogenous hexagonalization of ¢cBN grains within the M1-sialon
matrix when sintered at 1625°C. Samples prepared by broad ion beam polishing courtesy of M. Herrmann of
IKTS Fraunhofer.

This hexagonalization was observed through SEM analysis since XRD requires approximately >
5 vol. % of hBN for it to be detected accurately due to the fact that the principal peak for hBN is
~ 26.6° which is between peaks relating to a-Si3Ny4 and B-sialon. Observation of a distinct peak
for hBN in the XRD patterns would signify an extensive transformation to the hBN phase from
the cBN one. This hexagonalization is predominantly seen in composites sintered at 1625°C
(Figure 5.13). This justifies the poor hardness obtained for M1-20cBN and M1-30cBN sintered
at 1625°C (Table 4.15). Whereas the sialon/cBN composites sintered at 1600°C only exhibit
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slight hexagonalization of the non-faceted cBN grains or irregular surfaces (Figure 5.12). The
interaction between sialon and cBN was observed to promote the hexagonalization of cBN grains
particularly with increasing sintering temperature as compared to pure cBN sintered using SPS at

100MPa pressure; as reported by Hotta et al., 2010 ®” and shown in Figure 5.15.
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Figure 5.15: Comparison of the transformation of cBN grains with increasing sintering temperature, for pure
¢BN and p-sialon containing 20 vol. % cBN. Taken from Hotta et al., 2010 “* .

These findings were in agreement with those obtained by Ye et al, 2010 ®® where it was claimed
that the cBN grains only begin to hexagonalize at 1600°C. However the consolidation was
completed through the use of Dr. Sinter equipment (Sumitomo Coal Mining Co.). The
temperature measured through this machine leads to an under-estimated value since the optical
pyrometer is focused on the outer surface of the graphite die and thus the temperature measured
is lower as compared to the HP D5 (FCT, Germany) as explained in Section 4.4.1. This is due to

the identification of the hBN phase through x-ray diffraction ®® ©*

, it was shown in this work
that only highly hexagonalised cBN grains (> 20 vol. % of initial cBN) would be identified
through this technique. This accounts for the difference in temperature readings of the two SPS
machines, since the ceramics processed with Dr. Sinter SPS equipment experienced higher

temperatures than that of the HP D5 and thus higher transformation from the cubic to hexagonal




phase. The decrease in cBN particle size results in an increase in the surface area which is then
available for reaction. This hexagonalization is further promoted since cBN is only a metastable
phase at the sintering conditions (low pressure) used in this work and thus a slight solubility of
the boron nitride in the liquid phase will result in the partial dissolution of the cubic phase and
precipitation of the hexagonal. Furthermore it is seen that a decrease in the percentage of the
theoretical density occurs with increasing sintering temperature although no porosity was
observed through SEM image analysis. This decrease is therefore attributed to the change in the
theoretical density through the hexagonalization of cBN (3.48 g/cm3) to hBN (2.27 g/cm3). The
promotion of the hexagonalization of cBN grains results in a decrease in the Vickers hardness of
the sialon/cBN composites. Estimating the amount of hexagonalized cBN was achieved by
calculating new theoretical densities whereby 10, 15 and 20 vol. % of the cBN additive was
assumed to have been hexagonalized. The percentage of the theoretical densities assuming no

hexagonalization of the cBN grains is presented in Table 5.2 as a comparison.

Table 5.2: Estimation of hBN content in the M1 sialon/cBN composites using 0, 10, 15 and 20 vol. % cBN to
hBN formation.

Percentage of theoretical density (%)
Sample Name Density (g/cm3) | 0 vol. % hBN 10 vol. % 15 vol. % hBN 20 vol. % hBN

/cBN * hBN /cBN " /cBN ¢ /cBN ¢

M1-1575 3.33+0.01 100.0 100.0 100.0 100.0
M1-10cBN-1575 3.32+0.01 99.3 99.7 100.3 100.3
M1-20cBN-1575 3.31+0.01 98.5 99.7 100.0 100.9
M1-30cBN-1575 3.31+0.01 98.1 99.7 100.6 101.2
M1-1600 3.33+0.01 100.0 100.0 100.0 100.0
M1-10cBN-1600 3.32+0.01 99.3 99.7 100.3 100.3
M1-20cBN-1600 3.29 +0.01 97.9 99.1 99.4 100.0
M1-30cBN-1600 3.29 +0.01 97.5 99.1 100.0 100.6
MI1-1625 3.32+0.01 100.0 100.0 100.0 100.0
M1-10cBN-1625 3.30+0.01 98.7 99.1 99.7 100.0
M1-20cBN-1625 3.28 +0.01 97.6 98.8 99.4 100.0
M1-30cBN-1625 3.28 +0.01 97.2 98.8 99.7 100.3

* Theoretical density: M1 = 3.33, M1-10cBN = 3.34, M1-20cBN = 3.36 and M1-30cBN = 3.37 g/cm®
® Theoretical density: M1 =3.33, M1-10cBN = 3.33, M1-20cBN = 3.32 and M1-30cBN =3.32 g/(:m3
¢ Theoretical density: M1 =3.33, M1-10cBN = 3.32, M1-20cBN = 3.31 and M1-30cBN = 3.30 g/cm3

4 Theoretical density: M1 =3.33, M1-10cBN =3.31, M1-20cBN = 3.29 and M1-30cBN = 3.27 g/cm3




Taking the sialon/cBN composites to be fully dense it was found that M1/cBN composites
sintered at 1575°C had approximately 10-15 vol. % ¢cBN hexagonalized whereas the composites
sintered at 1600°C and 1625°C had approximately 15-20 and 20 respectively; this is in
agreement when observing the thickness of the hexagonalized layer of the cBN grains

represented in Figure 5.14 and Figure 5.14

5.5. Comparison of mechanical properties sialon/cBN composites

The highest values of hardness (19.6 GPa) for pure sialon ceramics was obtained for M1 sialon
sintered at a temperature of 1625°C. As the sintering temperature is increased the promotion of
a-sialon formation is expected (Section 4.5.1.1.). Therefore the increase in a-sialon results in an
increase in hardness from 18.2 GPa when sintered at 1575°C and 19.6 GPa when sintered at
1625°C. There was no effect on the fracture toughness with increasing sintering temperature, 3.6

+0.3 and 3.7 + 0.2 MPa.m"’ for 1575°C and 1625°C respectively.

A 10 vol. % cBN addition to M1 sialon sintered at 1575 and 1600°C results in considerable
increase in the hardness of the composites from 18.2 — 20.9 GPa and 19.1 — 21.3 GPa
respectively. However this is not as high as expected from the introduction of these superhard
cBN grains. Further addition of cBN results in the decrease in the hardness as compared to M1-
10cBN composites. This decrease in hardness after addition of > 10 vol. % cBN is furthermore
affected by increasing sintering temperature. However it is noted that the cBN containing
composites sintered at 1575°C maintain hardness greater than that of pure M1 sialon with
increasing cBN content up until 30 vol. % cBN. The cBN containing M1 composites experienced
significant deterioration in the hardness when sintered at 1625°C with a cBN content of 20 and
30 vol. %. The hardness of the M1/cBN composites is thus seen to be affected by the sintering
temperature due to the promotion of the surface hexagonalization of the cBN grains as discussed

in Section 5.4.




From Figure 5.16 the fracture toughness is observed to improve with increasing sintering
temperatures due to the reinforcing effect of cBN and partially due to the hexagonalization of
cBN at higher volume contents. The composites sintered at 1575°C show an increase in the
fracture toughness from 0 to 10 vol. % ¢cBN (3.6 — 5.2 MPa.mO'S) after which the fracture
toughness is not significantly affected by the increasing cBN content (5.2 — 5.4 MPa.m”?) for

composites containing 10 and 30 vol. % cBN respectively).

5 10 15

=== 1575 =il 1600 =sr—1625

20

= == Fracture Toughness

c¢BN volume content (%)

25

30

Hardness

22.00 10.00
21.00 9.00
20.00 800 @

o E

<

& 19.00 700 &

= 18.00 6.00 £

7] on

S :

'ﬁ N

g 17.00 500 »

= 2

- 1 8
1600 g =t ~— 400 £
E
el
15.00 3.00
14.00 2.00

Figure 5.16: Effect of grade 9 cBN content on the mechanical properties of M1 sialon ceramics sintered with
increasing temperature.

The hardness of pure M2 sialon increases only marginally with increase in the sintering
temperature. It was found in Section 4.5.2 that an increase in temperature increases both the
formation of a and B-sialon. Moreover the slight increase in hardness is due to the combination

of the formations of the softer (B-sialon) and harder (a-sialon) phases. Also, due to the formation




of the B-sialon an increase in the fracture toughness from 4.0 to 4.33 MPa.m’” is observed with
increasing temperature. An increase in the B-sialon formation experienced when sintering M2
sialon as compared to M1 sialon results in a material that is not as hard however the fracture
toughness is superior. This can be seen when comparing samples sintered at 1625°C for the
respective pure sialon matrices where the hardness and fracture values for M1 are 19.6 GPa and
3.7 MPa.m*’, M2 - 17.3 GPa and 4.4 MPa.m’>, M3 - 19.1 GPa and 3.2 MPa.m”’ and M4 — 16.3
GPa and 5.2 MPa.m®”.

This is a similar result to that obtained for the M1/cBN composites where the hardness of
composites sintered with 30 vol. % ¢BN and at 1575°C maintain a higher hardness than that of
the pure matrix (16.9 — 18.6 GPa). For M2/cBN composites sintered at 1600°C with 30 vol. %
cBN a lower hardness than the pure matrix is observed (17.3 — 16.4 GPa). The addition of cBN
to M2 sialon results in an increase in the fracture toughness of composites with 30 vol. % cBN
sintered at 1575 and 1600°C from pure M2 sialon. The improvements of the fracture toughness
of 30 vol. % cBN reinforced sialon from pure sialon is 4.0 — 6.5 MPa.m”™ when sintered at

1575°C and 4.1 — 7.9 MPa.m"> when sintered at 1600°C.

The hardness and fracture toughness were observed to significantly increase and decrease
respectively for M3 sialon sintered at 1550 up until 1600°C, after which an increase in sintering
temperature has little effect on the mechanical properties. This is due to the YAG phase being
present in samples sintered at temperatures of below 1600°C. The elimination of the YAG phase
results in the formation of the a-sialon phase and subsequently an increase in the hardness and

decrease in the fracture toughness is observed.

The addition of 30 vol. % cBN to M3 sialon composites results in a negative effect with regards
to the hardness as seen in Figure 5.16. Increasing the sintering temperature also has this effect.
The hardness decreases with increasing cBN content (30 vol. % cBN) from the pure M3

sialon, when sintered at 1575°C (18.9 — 18.0 GPa) and 1600°C (19.0 — 16.9 GPa).




This is due to the increased ytrria-rich glassy phase aiding the hexagonalization of cBN as
described in Section 5.4. The same relationship between cBN content and the sintering
temperature is observed when examining the fracture toughness of sialon/cBN composites. This
trend is again observed in M3/cBN composites as it was in M1/cBN and M2/cBN composites
(Figure 5.16). The M3/cBN composites sintered with 30 vol. % c¢BN show improved fracture
toughness as compared to the pure M3 sialon when sintered at 1575°C (3.4 — 6.3
MPa.m"®) and 1600°C (3.3 — 6.8 MPa.m’”).

Even though the improvements in the hardness weren’t as high as expected for increasing cBN
addition to sialon, it must be noted that the hardness obtained for M1, M2 and M3 are
significantly higher than that obtained for B-sialon/cBN composites produced by Ye et al., 2010
©% through SPS sintering at 1500°C, 7 minutes dwell time and pressure of 50 MPa (Figure 5.17).
It was observed that the relationship of hardness with increasing ¢cBN content of M1 sialon
sintered at 1575°C was found to be similar to that of a-sialon/WC composites (WC dsp of 1.5pum)
sintered through a two-step gas pressure sintering technique by Bitterlich et al., 2008. The
consolidation of these sialon/WC composites was achieved through a two-step gas pressure

sintering technique at 1930°C at an argon pressure of 20 and 80 bar respectively for 3 hours.
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Figure 5.17: Effect of hardness with increasing secondary phase addition, a) SPS at 1500°C measured with 5
kg load Ye et al., 2010 *®, b) gas pressure sintered at 1930°C measured with a load of 10 kg.




Since M4 sialon is based on the composition used by Ye et al., 2010 ©®

where the composition
of M4 is located in the a-sialon plane whereas for Ye et al., 2010 ©¥ it is located below the sialon
plane. A comparison of the mechanical properties of M4 sialon (sintered at 1600°C — HP D5
FCT) with the sialon ceramic produced by Ye et al., 2010 ® (sintered at 1500°C - Dr. Sinter) it
was revealed that M4 sialons have higher hardness and fracture toughness than that of the
ceramics produced by those authors with and without cBN additions. These results are presented
in Table 5.3. However it must be noted that the phase formation for M4 is somewhat different to

that of Ye et al., 2010 ®® (Section 4.5.4).

Table 5.3: Comparison of the mechanical properties obtained for M4 sialon based composite with that
sintered by Ye et al., 2010 *®,

Sialon composites cBN content (vol. %) | Hardness (H,s) | Fracture toughness (MPa.m"™)
M4-1600 0 155+0.3 42+0.1
M4-30cBN-1600 30 16.1 £0.4 6.9+0.3

Ye - 1500 0 14.0 4

Ye —30cBN - 1500 30 14.5 6.3

The increase in hardness for M4 as compared to Ye et al., 2010 ©®® presented in Table 5.3 is
attributed to the fact that the M4 sialon consists mostly of a-sialon (which is the hardest phase in
the sialon system given in Table 2.3) and 12 H polytypes as well as PB-sialon wheras the
composition used by Ye et al., 2010 ®® consists predominantly of B-sialon. Furthermore, in
Table 5.3 it is shown that an increase in 30 vol. % cBN to M4 sialon composites results in a
significant improvement in the fracture toughness (4.2 — 6.9 MPa.m’?) and a moderate increase

in the hardness (15.5 —16.1 GPa).




5.6. Fracture toughening mechanisms

Since fracture toughness can be defined as the resistance to crack propagation ", having a
material with high fracture toughness will be beneficial for improving tool life and performance
particularly for interrupted cutting applications. Since plastic deformation is very limited in
ceramic materials, the predominant relief of stresses is obtained through the propagation of

cracks through the material.

It was found that when adding cBN to sialon ceramics, the primary reinforcing effect is that of

G Toughening

improving the fracture toughness of the c¢cBN containing sialon matrices
mechanisms such as crack branching, crack deflection and grain pull out improve the fracture
toughness of a material ©2_ Crack branching (Figure 5.18) occurs when a crack subdivides into
multiple crack propagation fronts. Crack deflection (Figure 5.19) can be classified as the
generation of out of plane components by a tilting or twisting of a crack plane around grains and
secondary phases. These fracture mechanisms are exhibited in sialon/sialon and sialon/cBN

interactions.




Figure 5.18: Fracture mechanisms experienced in pure sialon ceramics, a) crack branching and b) crack
deflection for M1-1600.

Figure 5.19: Typical back-scattered SEM image showing crack deflection in sialon M1-1600-10cBN.




Both of these mechanisms take place when a propagating crack adopts a less resistant crack path
which could be due to remaining residual stress in the sintered composite or even difference in
the mechanical properties of sintering aids which form along the grain boundaries. The grain
boundary phase, usually the weakest, promotes inter-granular crack propagation in the sintered

sialon ceramic %

. ¢cBN reinforced sialon composites exhibit both intergranular and transgranular
crack propagation, contributing to the increase in fracture toughness as shown in Figure 5.20 and

Figure 5.21.

Figure 5.20: Intergranular crack propagation of cBN grains reinforcing sialon by improving fracture
toughness M1-30¢BN-1600.
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Figure 5.21: Intergranular (a) crack propagation around cBN grains and transgranular (b) crack
propagation through cBN grains for M1-30cBN-1625.

The main fracture mechanism present in ¢cBN containing sialon composites is through
intergranular crack propagation since the interfacial bonding between the cBN grains and the
matrix is significantly reduced with the hexagonalization of the c¢BN grains. The
hexagonalization of cBN grains leads to weak sialon/cBN interfaces which in turn increase the
fracture toughness and decreases the hardness values. The hexagonalization is promoted though
increases in the cBN content and sintering temperature. Transgranular crack propagation of cBN

grains in the sialon matrix are attributed mainly to the damage of cBN grains during sintering.

The fracture surface of cBN containing sialons consists primarily of crack deflection and cBN
grain pull-out as the fracture mechanisms, presented in Figure 5.22. The intergranular fracture
mechanisms are dependent on the grain morphology and since M1 and M4 sialons consist of
considerably different compositions and microstructures as shown in Figure 5.4. The different
compositions result in M1, M2 and M3 sialon having predominantly equiaxed grains while M4
sialon consists mainly of the elongated morphology this can be seen by the fracture surfaces of

the respective composites (Figure 5.22).




Figure 5.22: Fracture surface of sialon/cBN composites showing cBN grain pull out as well as intergranular
fracture of M1-30cBN (a) and M4-30cBN (b) sialon composites sintered at 1600°C.




6. Conclusion

Dense sialon materials with a cBN content of up to 30 vol. % could be produced through SPS
densification of the respective starting powders. The composition of the a-sialon matrices can be

expressed by their respective m and n values in the following formula:
Ym/3Sil2—(m+n)A1(m+n)Oan6—n~

Two main matrices were used, the first being more nitrogen-rich with m = 0.99 and n = 2.50 and
the second being more oxygen-rich with m = 1.99 and n = 4.49. The composition of the second
matrix was selected for comparison with the results of Ye et al., 2010 ©®_ Investigations were
also completed on two different sialon variants whose composition was changed, through the
addition and reduction by 2wt. % of aluminium nitride and yttria respectively. The materials
showed an increase in the fracture toughness, however only a slight increase in the hardness was

realized. In detail, the following results were achieved and conclusions drawn:

Full densification of the sialon ceramics with lower values of m and n was obtained at a sintering
temperature of 1575°C, which is lower than that of the more oxygen-rich (1625°C) sialon matrix.
The temperature of formation for the eutectic oxide phase (yttria-rich) is lowest for the oxygen-
rich sialon matrix as expected. Both sialon matrices show intensive piston-speed peaks relating
to particle rearrangement and solution-precipitation; however the densification of the second
sialon matrix is interrupted due to intermediate crystallization of oxide phases forming at the
grain boundaries. Because it was possible to obtain fully dense sialon with the more nitrogen-
rich matrix at lower temperatures the more nitrogen-rich matrix was the focus of the
investigations. A 2 wt. % reduction of aluminium nitride was observed not to affect the
temperature required for full densification however the increase of the yttria content by 2 wt.%
resulted in a decrease of the oxide eutectic onset temperature. Moreover the temperature required

for full densification also decreases (1550°C). This is attributable to the excess liquid phase.




It was found that the reinforcing =~ 10 um cBN grains could be homogenously distributed
throughout the sialon matrix through the use of dry Turbula mixing of the cBN and the premixed
sialon powders. Through additions of cBN grains to the various sialon matrices it was observed
that the primary mechanisms of liquid phase sintering, namely particle rearrangement and
solution-precipitation, were negatively affected. This negative effect on the densification was
observed to be more prominent with the oxide-rich sialon as compared to the other sialon
matrices. Increasing cBN grain content resulted in the localized pooling of the yttria-rich phase
between cBN grains due to the forced penetration of the liquid phase between the cBN adjacent
grains through the applied 50 MPa external pressure. The yttria-rich liquid phase was observed
to react with non-faceted interfaces and irregular surfaces of the cBN grains. It was additionally
observed that not all ¢cBN grains experienced the same level of hexagonalization. The
transformation of particular cBN grains in the ¢cBN containing sialon composites were only
observed at temperatures of 1600°C (partial) and 1625 °C (high). The hexagonalization was
observed to decrease the final densities due to the large volume increase associated with the BN
phase transformation from cubic to hexagonal. Additionally the effects of using smaller cBN
grains to reinforce sialon was investigated. It was also found that = 0.7 um c¢BN grains did not
survive sintering temperatures as low as 1575°C due to the increased surface area available for
hexagonalization when in contact with the sialon constituents. The degree of hexagonalization of
the cBN grains was found to increase with increasing sintering temperature and concentration of
the yttria-rich liquid phase. Despite hexagonalization of the cBN grains in some cBN containing
sialon composites, high percentages of the theoretical densities were still obtained (> 97%).
Although fully dense sialon ceramics are obtained, it would be preferred that higher sintering
temperatures were employed in order to aid the a-sialon formation. However the sintering
temperature is limited due to the threat of hexagonalization of the cBN grains. Furthermore the
densification of pure sialon as well as that of the ¢cBN containing composites was found to

depend strongly on the composition of the matrix.

The dissolution of a-SizNy4 in the solution-precipitation step for sialons with low m and n values
produces primarily a-sialon with small amounts of B-sialon and the 12 H polytype phase whereas

sialon with higher m and n values consists mainly of a-sialon and polytypes, with trace amounts




of B-sialon. The grain morphology of the first sialon ceramic is predominantly equiaxed (o-
sialon) which is known to have a higher hardness compared to the elongated grain microstructure
of M4, which has superior fracture toughness. The highest hardness was obtained at a sintering
temperature of 1625°C for both sialon compositions, the Vickers hardness and fracture toughness
values for the first sialon are 19.6 + 0.05 GPa and 3.7 + 0.2 MPa.m"” whereas the second sialon
had 16.3 + 0.24 GPa and 5.21 + 0.19 MPa.m"? An increase in the sintering temperature
promotes the a-sialon transformation in the presence of yttrium as the stabilizing cation and thus
the Vickers hardness is increased for both sialon ceramics. The fracture toughness is only
increased for the second sialon matrix since it was observed that increasing the sintering
temperature promotes the formation of 12H polytype. The 2 wt. % compositional changes made
to the first sialon matrix had no significant effect on the microstructure. However reducing the
aluminium nitride content resulted in a decrease in the Vickers hardness and improvement of the
fracture toughness whereas increasing the yttria content decreases the fracture toughness, with no
effect on the Vickers hardness being observed. This has likely been caused by the increased

amount of glassy phase present.

It was expected that due to the high hardness of cBN the incorporation of ¢cBN into the sialon
matrices would result in significant improvements in the hardness of these materials. It was
found that this was not the case. Furthermore the hexagonalization of part of or the whole cBN
grains results in a decrease in the Vickers hardness. Thus the primary reinforcing property of the
c¢BN grains within the parent sialon ceramic was improving the fracture toughness. The optimum
addition of the cBN grains was found to be 10 vol. % since significant improvements in the
hardness and fracture toughness of the resulting reinforced materials were obtained. The
materials thus produced were nitrogen-rich sialon composites sintered at temperatures of 1575
(18.2 — 20.9 GPa), 1600 (19.1 — 21.3 GPa) and 1625°C (19.7 — 20.7 GPa) as compared to the
pure sialon ceramic. cBN containing sialon composites sintered at 1575°C maintain hardness
greater than that of pure sialon with increasing cBN content up to 30 vol. % cBN, however at
higher sintering temperatures considerable deterioration of the cBN grains occurred due to
hexagonalization; this results in composites which have lower hardness than that of the pure

sialon. However this is only noted when the cBN content is higher than 10 vol. %. The




hexagonalization promotes weak interfaces between the sialon matrix and the cBN grains which
in turn decrease the hardness and increase the fracture toughness since this weak interface offers

an easier crack propagation route.

The fracture toughness of ¢cBN containing sialon composites was observed to improve with
increasing amount of hexagonalization of the cBN grains, which was further promoted by an
increase in sintering temperature. The fracture toughness was seen to improve significantly with
10 vol. % cBN addition to the nitrogen-rich sialon matrix (3.6 — 5.2 MPa.m"®) when sintered at
1575°C however further addition of ¢cBN does not result in an improvement of the fracture
toughness. cBN containing composites sintered at high temperatures with 30 vol. % cBN exhibit
fracture toughness values as high as 7.8 MPa.m”> due to excessive hexagonalization. The main
fracture mechanism present in cBN containing sialon composites is intergranular crack
propagation since the interfacial bonding between the cBN grains and the matrix is significantly
reduced with the hexagonalization of the former. However transgranular crack propagation
through ¢cBN grains was also present in the sialon composites and is attributed mainly to the

damage of cBN grains during sintering.

Lastly when comparing the mechanical properties of pure oxide-rich sialon ceramic and its cBN

it is revealed

containing composites with that of the composites produced by Ye et al., 2010
that the a-sialon ceramics have better hardness and fracture toughness than those of the cBN

composites based on B-sialon.




7. Further work

Although the mechanical properties of sialon materials were improved with the addition of cBN
as a reinforcing agent, the improvement in properties was limited to a 10 vol. % cBN addition as
well as a sintering temperature of 1575°C. Increasing the sintering temperature promotes the
formation of a-sialon but it also aids the phase transformation for boron nitride from the
metastable superhard cubic structure to the soft hexagonal one. More work is required for the
better understanding of the densification mechanisms present in the formation of sialon ceramics
and for the interaction between the sialon matrix and the reinforcing cBN grains. The possible

future work is summarized below:

e Investigate more extensive sialon compositions in order to eliminate phases such as the
soft 12H polytype phase completely from the sialon matrix and increase the formation of
a-sialon.

e Understanding the mechanisms which lead to the hexagonalization of preferential
surfaces of the added cBN grains in the sialon matrix, which can be achieved through
TEM analysis.

e Prevent the hexagonalization of ¢cBN grains through a reduction in the interaction of the
liquid phases present in the formation of sialon with that of the cBN grains through the

use of coated cBN grains, such as cBN with titanium carbonitride deposition.
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