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Errata
p 30, paragraph 4, line 3: change "form" to "from"
p 33, paragraph 2, line 8: change "Similar" to "Similarly"
p 42, paragraph 3, line 1: change "is" to "was"
p 59, paragraph 2, line 4: change "150°C" to "150°C/0.5h"
p 61, paragraph 3, line 9: change "Based" to "Based on"
p 62, paragraph 2, line 1: change "measure" to "measured"
p 98, paragraph 3, line 2: delete "that"
p i l l , Table 5.2, change the units for erosion rate from "10"10 m3 kg"1" to "(m3/kg)xl010"
p 229, paragraph 1, line 4: change "is also found play" to "is also found to play"
p 234, last line, Should be "a-sialon ceramics","
p 239, first line, change "plastic impact." to "plastic impact,"
p 240, line 31, change "mater" to "Mater"
p 243, line 17, change "Si3N4-AlN-Al203." to "Si3N4-AlN-Al203,"
p 246, line 4, change "brittle materials" to "brittle materials,"
p 246, line 8, change "ceramics" to "ceramics,"

I

Addendum

I
|

p 48: Add at the end of the second sentence of paragraph 3: "The small load used here is
due to the size of the erodent particles, -400 u.m in diameter."

|

p 61 paragraph 1: Comment: Commercial grade alumina, zirconia and silicon infiltrated

I

silicon carbide materials were used here.

I

p 62: Add at the beginning of paragraph 2: "For the alumina materials,"

|
|
|

p 63 paragraph 3: Comment: The values of elastic modulus of the present materials were
obtained from literature and suppliers.
p 89 paragraph 1: Comment: t and •I represent increase and decrease in the content,

I

respectively.

I

p 101: Add at the end of the second point: ", which impede the devitrification process."

1
I
I

P 108: Comment: The estimated error in this testing method is about 5%, which was
stated in section 3.3.2.3 (p 53-54).
p 194 & 195 Figs 6.27 & 6.28: Comment: (a) Upon the solid particle impact, and (b)
after impact.

r

p 228: Add at the end of the third point: "due to the increased severity of erosion."
p 244: delete lines 17 & 18.
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SUMMARY
Although it has long been recognized that microstructure has a significant effect on
the erosion performance of ceramic materials, the role of microstructure in the
erosion process is not understood in detail. Most of the previous studies on the effect
of microstructure on erosion response used alumina ceramics as the model material.
However, alumina ceramics, in general, contain an equiaxed grain morphology and
high residual stresses at the grain boundaries and are, therefore, not representative of
other engineering ceramics, especially the self-reinforced ceramics. In addition, many
of the previous studies were carried out on commercial materials in which there is
little scope for independent control of microstructures. Thus in the current research,
the role of microstructure in the erosion process has been studied using silicon nitride
based sialon ceramics which offer great potential for microstructural tailoring.

Ca a-sialon ceramics with well-tailored microstructures were prepared for evaluating
the role of microstructure on their erosion behaviour. The microstructural design of
these materials was achieved by careful selection of the starting compositions and
control of the processing conditions. It was found that compositions located inside the
single-phase a-sialon forming region of the Ca a-sialon phase diagram produced a
microstructure consisting of predominantly equiaxed grains coupled with a small
amount of intergranular glass, while those outside the single-phase region on the Al
rich side gave a microstructure containing elongated a-sialon grains, minor secondary
phases and a relatively high glass content. Hot pressing gave a higher grain growth

A

rate and density and also redistributed the intergranular glass. A longer dwell time at
the sintering temperature resulted in a coarser grain size and larger unit cell
dimensions of a-sialon and thus reduced the amount of intergranular glass, while a
higher sintering temperature assigned a higher grain aspect ratio and a larger unit cell
dimension of a-sialon.

The erosion behaviour of Ca a-sialon ceramics with tailored microstructures was
investigated using silicon carbide and garnet erodents at various impact angles. It was

found that dense materials containing an optimum amount of intergranular glassy
phase exhibited good erosion resistance. Fine-grained materials had better erosion
resistance than the coarse-grained ones, while materials consisting of elongated
interlocking grains were favored for erosion resistant applications compared to those
consisting of an equiaxed grain morphology.

The understanding of the role of microstructure in erosion of sialon ceramics was
extended to erosion of a variety of engineering ceramics, including alumina, partially
stabilized zirconia, silicon nitride and silicon carbide. The erosion performance of
these materials was directly compared. In the light of detailed SEM examinations of
the eroded surfaces of all target materials, a qualitative model, based on fracture
mechanics using the energy dissipation/energy balance approach, was proposed to
account for the erosion behaviour of ceramic materials in general.

Alumina and alumina-based ceramics are the most commonly used materials in
applications requiring wear and erosion resistance. Many of these applications
involve erosion by abrasive particle-entrained slurries. Therefore dry and wet erosion
behaviours of alumina ceramics were directly compared. It was found that under
similar conditions, wet erosion was much more severe than dry erosion due to the
deleterious effect of water on the crack propagation of alumina ceramics.
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Chapter 1
INTRODUCTION
When solid particles entrained in a fluid stream (gaseous or liquid) impinge on a
surface, the target material loses volume due to the repeated impact of particles. This
phenomenon is known as erosion. Erosion is one of the severe forms of material
degradation generally classified as wear (Lathabai 1995).

Erosive wear has been a serious and continuing problem for many years in many
industrial operations, including steam and jet turbines, pipelines and valves used in
slurry transportation of matter, and fluidised bed combustion system (Kosel 1992;
Finnie 1995). The earliest research on erosion was published in the early 19th century
(Young 1807). Since then, many studies have been carried out on various practical
erosion problems. However, little research has been done which investigates erosion
mechanisms by which particles remove material. The pioneering investigation of this
fundamental physical process of erosion started after the Second World War and
erosion of ductile metals was the major interest. Finnie (1960) was the first to realize
that the erosion mechanisms were different in ductile and brittle materials with plastic
flow playing a major role in the former case and microfracture in the latter. After
Finnie's work, there has been an extraordinary amount of work in the area of erosion
in brittle materials, especially in the past two decades.

Ceramics possess various properties including high hardness, low density, high
strength, high chemical stability and high temperature tolerance. These properties
suggest the use of ceramics in wear resistant applications, especially where metallic
and polymeric components have proved to be inadequate. A possible application is in
Australian mining industries, where mineral processing usually involves turbulent
flow of gases or liquids with entrained abrasive particles in the presence of corrosive
environments and/or elevated temperature. Ceramics, in general, have complicated
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microstructures and there exists a close association between the microstructures and
the properties of ceramics. Even though there has been a great deal of work in the
area of erosive wear behaviour of ceramics over the past years, there is not yet a
common model which accounts for the effects of the complex microstructure on wear
performance. In order to select the best material for a particular use and to develop
better wear resistant ceramics, there is an urgent need to develop a better
understanding of the influence of microstructure on the erosive wear mechanisms of
these materials.

Compared to many other engineering ceramics, sialon ceramics have greater phase
complexity and more degrees of freedom for tailoring of microstructures. This offers
an ideal system for studying the role of microstructure on erosion of advanced
ceramics. More importantly, oc-sialon ceramics with an elongated microstructure
belong to a promising group of toughened ceramics in which the in-situ developed
whiskers reinforce the microstructure, activating toughening mechanisms that result
in a significant improvement in crack resistance. The improved crack resistance
coupled with the excellent hardness of a-sialon ceramics may suggest great potential
for erosion resistant applications. However, there has been little research into the
erosion behaviour of sialon materials. One possible reason is the lack of interest in
using such a high cost material in erosion resistant applications. An approach to this
problem is the fabrication of Ca a-sialon materials in which the stabilizing cation Ca
can be easily subtracted from the low-cost CaCO3. This has made Ca a-sialon
ceramics significantly cheaper than the other a-sialons where the commonly used
stabilizing cations are the rare-earth elements which can make up almost 50% of the
total cost of the starting materials.

The major aims of this research are:

•

To prepare a series of Ca a-sialon ceramics with well-tailored microstructures.

•

To study the influence of microstructure on erosion behaviour of Ca a-sialon
ceramics.
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To extend the knowledge gained from erosion studies of Ca a-sialon ceramics to
other engineering ceramics.

To develop a new model which accounts for the erosion behaviour of ceramic
materials in general.

The following paragraphs outline the structure of this dissertation:

Chapter 2 reviews the relevant theory and previous research. It expands the above
introduction by evaluating the current literature and draws together the information
that exists in the areas of both fabrication of a-sialon ceramics and the effect of
microstructure on the erosion behaviour of advanced ceramics.

Chapter 3 outlines the experimental procedures undertaken in the present study. It
includes descriptions of materials and powder processing techniques, the fabrication
methods used, the design and calibration of erosion test rigs, erosion testing
procedures, and the characterization techniques used.

Chapter 4 reports the fabrication of Ca a-sialon ceramics with well-tailored
microstructures. The effects of the starting compositions and processing conditions
on the microstructure of these materials are evaluated. A discussion of the correlation
between the microstructure and the mechanical properties of these materials is also
included.

Chapter 5 details the results of erosion tests on the Ca a-sialon ceramics prepared in
Chapter 4. It examines the effects of various aspects including impact angles, erodv n
particle properties and ceramr

;

crostructures on erosion mechanisms of Ca a-

sialon ceramics.

Chapter 6 extends the erosion tests to a number of engineering ceramics and studies
the relationship between their microstructure and erosion performance. On the basis
of this information a qualitative model, based on the energy dissipation analysis, is
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developed which may account for the erosion behaviour of ceramic materials in
general.

Chapter 7 presents a direct comparison of dry and wet erosion behaviors of alumina
ceramics.

The final chapter summarizes the major achievements of the current research and
offers recommendations for future work of this area.

Chapter 2
LITERA TURE RE VIE W

2.1 Introduction
The aim of the following review of the published literature is to establish the current
understandings of the effect of microstructure on the erosion behaviour of ceramic
materials. The field of the study can be divided into two main areas: the fabrication of
Ca cc-sialon ceramics with well-tailored microstructures and '/.he effect of
microstructure on the erosion behaviour of advanced ceramics, and hence, this review
is written in two parts. Part I explores the origin, aspects of the fundamental
properties and current research of sialon ceramics. Emphasis is placed on a-sialon
ceramics, especially the tailoring of the microstructure of these materials. Because
silicon nitride has close relationships with sialon materials, a brief discussion of the
crystal structure of silicon nitride is also included. Part II reviews the theories of solid
particle erosion of brittle materials and the studies which have verified the models on
single crystals, glasses and advanced ceramics. The present understanding of the
mechanisms of material removal in brittle materials is critically reviewed with an
emphasis on the effect of microstructure on the erosion behaviour of advanced
ceramics.

Part I - Sialon Ceramics
2.2 Background
Ceramic is a very broad term which can be defined as all nonmetallic, inorganic
materials. However, when the scope of the definition is restricted to the highperformance engineering ceramics which exhibit excellent mechanical and chemical
properties at high temperatures, the list of the ceramics is very limited and among

J
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which silicon nitride based materials are one of the prime candidates (Jack 1976).

Silicon nitride (SiaN4) possesses many excellent properties. It is light, hard, strong,

I

wear-resistant and stable at high temperatures. It also has low coefficients of friction
and thermal expansion, and superb resistance to thermal shock, oxidation and
corrosive environments (Lee and Rainforth 1994). However, it is very difficult to
fabricate dense Si3N4 ceramic with these desirable properties. This is because the
predominantly covalent nature of the atomic bonds in S13N4 hinders atom migration
and thus the temperature required to move the atoms is so high that it causes this
material to decompose. Hence, sintering Si3N4 is extremely difficult as proved by the
long and tortuous history of the development of Si3N4 as an engineering ceramic. The
earliest report on synthetic Si3N4 was published in 1859 (Deville and Wohler) and
early patents for the mechanically strong Si3N4 as an engineering material took almost
a century to appear (Carborundom Co. 1952, 1953 and 1954).

Densification of Si3N4 powder can be facilitated by adding 1-5 wt% metal oxide
which reacts with the silica present on the surface of Si3N4 particles to form a lowmelting-point silicate phase (Deeley et al. 1960). The covalent Si3N4 dissolves in this
silicate liquid at fabrication temperatures and subsequently precipitates as Si3N4
grains. This sintering process is classified as liquid phase sintering and the liquid
cools to give an amorphous grain boundary phase which is deleterious to the high
temperature properties.

The solid solubility of AI2O3 in the S11N4 lattice was discovered independently in
Japan (Oyama and Kamigaito 1971; Oyama 1972) and in England (Jack and Wilson
1972). It was found that some of the Si-N bonds in Si3N4 could be replaced by Al-0
bonds while the material still retained the crystal structure of Si3N4. This solid
solution was denoted as Si-Al-O-N. One of the reasons for exploration of this system
was to produce a material which combined the excellent properties of Si3N4 with the
sinterability of AI2O3, and hence, to overcome the major disadvantage of liquid phase
sintering of Si3N4, i.e. the residual grain boundary phase. Since then, sialon ceramics
have been investigated in parallel with Si3N4 materials to establish the better
understanding which is needed to obtain optimum processability and properties of
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these materials, and there remains much work to be done in both classes of materials
(Riley2000).

2.3 Sialons and Their Properties
For engineering ceramic alloys involving solid solutions, a clear understanding of the
crystal structure and the related phase fields of the various phases is necessary. Sucn
knowledge enables: (1) the selection of effective sintcriog aids; (2) the selection of
optimal sintering conditions; (3) the design of opiim&l compositions of the final
products; and (4) the tailoring of microstructures of the fabricated materials with
desirable mechanical properties for various applications (Weiss and Lukas 1989; Yen
•1

1994). In the following sections, the crystal structures and the phase relationships of
sialons will be discussed.

2.3.1 Crystal structures
2.3.1.1 Silicon nitride
In order to better understand the crystal structure of sialon ceramics, it is helpful to
consider the structure of Si3N4 first. The adt block of S13N4 is a SiNj tetrahedron,
with the Si atom located in the centre with a hybridized state sp3 configuration
producing a tetrahedral arrangement of valence orbital electrons bonding covalently
with four N atoms (Lee and Rainforth 1994). Each N atom (in trigonal) also
coordinates with three Si atoms to link up three SiN.« tetrahedra. Thus, the structure of
S13N4 can be considered to be a three-dimensional S1N4 tetrahedron network. It is
important to note that many properties &f SJ3N4, such as high strength, high hardness,
high temperature resistance, as well as poor sinterability, are due to this strong Si-N
covalent bond.

Traditionally, two crystallographic modifications of S13N4 are known: a and p, both
of an hexagonal structure (Turkdogan et al. 1958; Riley 2000). The two idealized
hexagonal structures are close packed arrays which consist of layers of Si and N
atoms in the sequence of ABCDABCD... for a-Si3N4 (Fig. 2.1(b)) or ABAB... for pSi3N4 (Fig. 2.1 (a)) along the c-axis. The AB layer is identical in both phases and the
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CD layer in the a phase is related to the AB layer by a c-glide plane (Ekstrom and
Nygren 1992). Hence the c dimension of a-Si3N4 is approximately twice that of [5S13N4 (Fig. 2.2). The unit cell of (X-S13N4, ideally Sii2Ni6, contains two large cavities
which can accommodate cations and allow for substantial alloying. The unit cell of |3Si3N4, on the other hand, consists of Si6Ns and the SiN4 tetrahedra are linked up to
form a phenacite-like structure (Fig. 2.2(b)) which contains a long tunnel running
parallel to the c-axis of the unit cell (Ekstrom and Nygren 1992). Thus (3-Si3N4 allows
only limited solubility of cations other than Al3+. Some useful crystallographic data of
Si3N4 polymorphs are summarized in Table 2.1 (Wild e't al. 1972; Kato et al. 1975;
Grun 1979; Lee and Rainforth 1994).

Idealized Si-N layers

Idealized Si-N layers

Fig. 2.1. (a) The AB Havers in the P-Si3N4 crystal structure and (b) the AB and CD
layers in the a-Si3N4 crystal structure (Hampshire 1993; Lee and Rainforth 1994).
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>
>
>
>
(a)

(b)

Fig. 2.2. (a) The two tetrahcdra sequences of a-Sijfy and (b) the one tetrahedron
sequence of P-Si3N4 along the c-axis (Grun 1979; Lee and Rainforth 1994).

Table 2.1 Crystallographic data of Si3N4 and sialon polymorphs
Polymorphs

Space group

oc-Si3N4

P31c

Crystallographic
system
Hexagonal

P-Si 3 N 4

P6 3 or P63/m

Hexagonal

a-sialon

P31c

Hexagonal

P-sialon

P63 or P63/m

Hexagonal

Unit cell
dimensions (A)
« = 7.818
c = 5.591
a = 7.595
c = 2.902
Composition
dependent
Composition
dependent

Theoretical
density (g/cm3)
3.168
3.192
Composition
dependent
Composition
dependent

mainly observed when silicon is nitrided at 1150-1350°C, can be
transformed to P-Si3N4, the more stable high-temperature form, in the presence of a
M(Metal)-Si-O-N liquid at temperatures above 1400°C (Thompson 1989). Such a
transformation is a reconstructive process which involves breaking and reforming
strong Si-N bonds via the dissolution of ct-Si3N4 particles into the liquid phase and
the subsequent precipitation of P-S13N4 from the liquid. However, no reverse p~ to aSi3N^ transformation has been observed experimentally.
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An exciting discovery of a third polymorph of S13N4 which hm a cubic spinel
structure has been recently reported by Zerr et al. (1999). The novel cubic Si3N4, cSi3N4, is formed at high temperature (2200 K) and high pressure (15 GPa), and is
metastable in air at ambient pressure to at least 700 K. Theoretical calculations
showed that the modulus (-300 GPa) and hardness (~33 GPa) of c-Si3N4 were quite
similar to those of stishovite, a high-pressure phase of SiO2, and were, therefore,
significantly higher than those of the a- and P-Si3N4. Such high hardness of C-S13N4
suggests its enormous potential in applications where hardness and wear-resistance
are crucial. However, this c-Si3N4 is not directly related to the sialon ceramics under
examination in the present study and thus it will not be discussed in greater detail.

When metal oxides were used to facilitate the densification of Si3N4 ceramics, a
range of solid solutions were produced, among which the "SiAlONs", a solid solution
with Si-N bonds substituted by Al-0 bonds, have attracted the most attention.

2.3.1.2. Sialons
The replacement of Si4+ by Al3+ in SiN4 tetrahedra was predicted by Grieveson, Jack
and Wild (1968). Valency balance is achieved either by the substitution of N by O
or by the introduction of additional metal cations with or without the substitution of
N3' by O2*. The former mechanism occurs in P-sialons and the latter in a-sialons.
Some crystallographic data of a- and p-sialons are summarized in Table 2.1 (Lee and
Rainforth 1994).

P-sialons are isostructural with P-Si3N4 and are based on an arrangement of
(Si,Al)(O,N)4 tetrahedra identical to that of P-Si3N4. The P-sialon crystal structure is
derived from p-Si6N8 by the replacement of Z(Si4+-N3") bonds with Z(A13+-O2")
bonds. Therefore no additional cations are required to give charge balance. The
general formula for the P-sialon solid solution is:
Si6-zAl2OzN8.z
where 0 < Z < 4.2.
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The transformation from P-Si3N4 to P-sialons can result in a small expansion in the
unit cell dimension with a low lattice strain due to the slightly longer bond length of
Al-0 (1.75 A) than that of Si-N (1.74 A) (Cao and Metselaar 1991). The unit cell
dimensions of P-sialons can be expressed as a function of Z (Ekstrom 1989):
a (A) = 7.603 + 0.0296Z
c (A) = 2.907 + 0.0255Z

(2.2)

where 0 < Z < 4.2.

a-sialons are isostructural with a-Si3N 4 and are based on an identical arrangement of
(Si,Al)(O,N) 4 tetrahedra as in a-Si 3 N 4 (Slasor et al. 1991). In a-Si 3 N 4 , when
(w+/7)(Si-N) bonds are replaced by w(Al-N) and w(Al-O) bonds in each unit cell, a
charge deficiency occurs which requires additional cations to compensate for the
charge unbalance. These compensating cations, M, such as Li, Mg, Ca, Y and the
rare-earth elements except La, Pr and Eu, are incorporated into the large interstices of
the structure to form cc-sialon solid solutions (Huang et al. 1985; Hampshire et al.
1978; Thompson 1989; Mandal 1999). The general formula for a-sialon. is:
MvV+Sii2-(,,,+«)AlW(+M0nNi6-«

(2.3)

where x<2 and is related to the valency, v, of the compensating cation, M, according
to the relationship x = mlv (Hampshire et al. 1978).

In a-sialons, significant amounts of Si-N bonds are substituted by Al-N bonds and
this results in a large expansion in unit cell dimension with a high lattice strain due to
the greater bond length of Al-N (1.87 A) than that of Si-N (1.74 A) (Cao and
Metselaar 1991). Hampshire and colleagues (1978) were the first to propose that the
increment in unit cell dimension could be plotted as a function of substitution
numbers m and n:
Aa (A) = 0.045m + 0.009«
Ac (A) = 0.040w + O.OOSn

(2.4)

Later studies (Sun et al. 1991; Wang et al. 1999a) showed that the increment in unit
cell dimension was governed not only by the m and n values, but also by the size of
the compensating cations and their solubility in a-sialons. Therefore, a number of
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formulas have been determined for various cation stabilized systems (Sun et al. 1991;
Ekstrom et al, 1997; Wang et al. 1999a).

a-sialon exhibits higher hardness than p-sialon because of the longer stacking
sequence in a-sialon resulting in the longer Burgers vector required for slip of
dislocations (Lewis et al. 1981). a-sialons can accommodate some of the sintering
additives or impurities into the a-sialon lattice, thus reducing the overall amounts of
intergranular glassy phase and improving the high temperature properties. Despite
having the above advantages, traditionally, single-phase a-sialons were not seriously
considered for engineering applications. This was primarily due to their highly brittle
nature, resulting from their inability to form elongated grains (Rosenflanz 1999). In
addition, other factors, such as difficulties in the fabrication of fully dense a-sialons
by pressureless sintering and the instability of some a-sialon compositions at
relatively low temperatures, also hinder the commercialization of single-phase asialons as engineering ceramics. For example, most rare-earth stabilised a-sialons can
transform to softer (3-sialons and undesirable intergranular glassy phases when the
temperature reaches ~1400°C (Rosenflanz 1999). It should be noted, unlike the aSisN4 <-» P-Si3N4 system, the reverse transformation, i.e. (3- to a-sialon, has also been
observed (Mandal et al. 1993).

Fully dense P-sialons can be made by pressureless sintering in the presence of large
amounts of sintering aids (Ekstrom and Nygren 1992). These sintering aids react with
the SiO2 present on the surface of SisN4 powder and also with some of the AI2O3 in
the initial powder mixture to form even greater amounts of intergranular glassy phase
in the final material (Ekstrom and Nygren 1992). The grain boundary glassy phase is
particularly deleterious for high temperature applications. However, at low or
medium temperatures, this glassy phase coupled with the elongated P-sialon grains
can significantly increase the fracture toughness (Ekstrom 1989). The pressureless
sintered P-sialons were the first nitrogen ceramics to achieve large scale commercial
viability (Mandal 1999) and are currently largely used in engineering applications
(Chen and Rosenflanz 1997).
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It is important to note that, in sialon ceramics, there often exist a number of AiNpolytypoid phases. The structure of the AIN-polytypoids is based on the wurtzite type
structure of A1N with the incorporation of additional Si and 0 atoms (Jack 1976; van
Tendeloo et al. 1983). The compositional formula for AJN-polytypoids is MmXm+i,
indicating these materials are built up by MX double layers of metal (M = Al, Si) and
non-metal (X = N, O) atoms stacking along the c-axis in the sequence of AB and
ABC with MX2 layers at periodic intervals (Thompson et al. 1983; Bando et al.
1986). The AIN-polytypoid phases observed in the sialon system are 8H, 15R, 12H,
21H, 27R, 33R, 39R, 24H and 2H5, where H and R represent hexagonal and
rhombohedral crystallographic systems, the numeral denotes the number of M and X
layers within each periodic interval, and 5 signifies disorder in the sequence of MX2
layers (Thompson 1977; Thompson 1989; van Tendeloo et al. 1983).

Compared to a-sialon and p-sialon, AIN-polytypoids possess relatively poor
mechanical properties. However, unlike many other ceramics, these materials display
an increased flexural strength at high temperature (Wang et al. 1999b). In addition,
AIN-polytypoids appear in fiber-like or long lath-like grain morphologies (Wang et
al. 1999b; Wood and Cheng 2000), which indicates that sialon composites containing
AIN-polytypoid phases may exhibit improved fracture toughness.

The relation between sialon and SisN4 is analogous to that between brass and copper
(Jack 1986). Pure copper is soft and weak, but up to 40% of Cu atoms can be
replaced by Zn atoms without changing the structure. The resultant alloy has
improved hardness and strength coupled with a lower melting temperature and thus is
easier to fabricate (Lee and Rainforth 1994). Likewise, sialon ceramics have the
strength and thermal shock resistance of silicon nitride with the additional advantages
of higher hardness, toughness and wear-resistance as well as improved chemical
stability and sinterability (Ekstrom and Nygren 1992). Furthermore, sialon ceramics
can incorporate some of the sintering additives into the lattice and thus reduce the
amounts of intergranular glassy material. More significantly, compared to SiaN4,
sialon ceramics have greater phase complexity and more degrees of freedom for
tailoring of microstructures and consequently mechanical properties. Thus, the
possible microstructural tailoring of sialon ceramics means that these materials offer
13
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an excellent modeling system in any investigation of the effect of various
microstructural aspects on the erosion behaviour of ceramic materials.

2.3.2 Representation of the M-Si-Al-O-N system
As already stated, sialon ceramics exhibit complex phases. The phase diagram of
sialon ceramics involves a five-component system, M-Si-Al-O-N, and can be
illustrated by a so-calied Janecke prism (Gauckler and Petzow 1983). The base of the
prism is the Si3N4-AlN-Al2O3-SiO2 square and the third dimension is a consequence
of the metal oxide or nitride addition. Fig. 2.3(a) shows an example of the Janecke
prism for the Ca-Si-Al-O-N system (Hewett et al. 1998a).

Ca 6 N 4

(b)

4/3 (At]O}N)

Fig. 2.3. (a) Janecke prism for the Ca-Si-AI-O-N system indicating the two-dimensional
a-sialon plane (Hewett ct al. 1998a) and (b) Ca a-sialon phase behaviour diagram
(Hewett et al. 1998a).
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In Fig. 2.3(a), three distinct phase regions can be distinguished: a-sialon, P-sialon and
O-sialon. The a-sialon phase region has a two-dimensional (2D) extension in the
plane Si3N4-4/3(AlN-Al2O3)-l/2(Ca3N2)-3AlN. The p-sialon phase extends along the
line Si3N4-4/3(AlN-Al2O3) and thus falls on one border of the so-called a-sialon
plane. The O-sialon phase forms a narrow solid solution range on the Si3N4-AlNAl2O3-SiC>2 plane and has the structure of Si2N2O. According to the phase
relationship, it is not possible for the O-sialon phase to be in equilibrium with the asialon phase. Interest in O-sialon as an engineering ceramic is driven by its excellent
oxidation/corrosion resistance at high temperatures. An excellent review paper
presented by Ekstrom and Nygren (1992) summarised much work on O-sialons.
Since the present study focuses on the microstructural tailoring of a-sialon ceramics,
O-sialons will not be further discussed here.

The behavioural phase relationships on the 2D a-sialon plane for Ca a-sialon system
were studied initially by Jack (1983) and later by Hewett and coworkers (1998a) and
Wood and Cheng (2000). These phase relationships are shown graphically in Fig.
2.3(b). As can be seen in Fig. 2.3(b), a-sialon and P-sialon coexist in the low m-value
compositions near the Si3N4 corner. This indicates that a- and P-sialon phases are
fully compatible and a/p-sialon composites with various a-sialon:O-sialon phase
ratios can be prepared, a/p-sialon composites are another important Si3N4 based
ceramic group in addition to the P-S13N4 and P-sialons that are currently in used for
engineering applications. This is mainly because that a/p-sialon composites are easier
to fabricate compared to Si3N4 and single-phase a-sialon ceramics. More
significantly, a/p-sialon composites offer some improved mechanical properties by
taking advantage of the high hardness of a-sialon and the good strength and
toughness of P-sialon. The properties of a/p-sialon composites will be further
discussed in section 2.4.4.

As the w-value increases, a number of compositions containing various amounts of
a-sialons, AIN-polytypoids and liquid phases can be obtained. Therefore, with careful
selection of the composition, it is possible to fabricate a-sialon ceramics which have
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controlled microstructures and thus controlled mechanical properties. One of the
approaches to microstructural tailoring of Ca ct-sialon ceramics proposed by the
present study is indeed based on this philosophy.

2.4 cc-Sialou Ceramics
2.4.1 Introduction
Early studies of sialon ceramics mainly focused on P-sialon and its commercial
production (Jack 1976; Lewis et al. 1977; Lewis et al. 1980; North et al. 1980). By
1987, a seminal paper published by Jack (1987) presented the entire history of 0sialon ceramics including their discovery, development, production and applications.
At that time, research of a-sialon ceramics was still in its early stage. Initial interest
in a-sialons as engineering ceramics stemmed from their unique combination of
properties. In addition to having remarkably high hardness and outstanding thermal
shock resistance, a-sialons offer the possibility of the development of single-phase or
composite ceramics without grain boundary glassy phase. However, the promotion of
a-sialon ceramics for engineering applications was impeded due to the highly brittle
nature, poor sinterability and poor stability (at elevated temperatures) of these
materials. The early work on a-sialon ceramics was summarized by Cao and
Metselaar(1991).

A renewed interest in a-sialons appears to have been stimulated by a study by
Hwang, Susintzky and Beaman (1995) who reported that elongated grains could be
obtained in the multication stabilized a-sialon system containing strontium. Similar
findings were also observed in samarium doped a-sialon ceramics (Shen et al. 1996).
However, despite the presence of elongated grains, no significant improvements in
the fracture toughness of these materials were reported until very recently. Shen and
colleagues (1997) examined the formation of elongated grains in various a-sialon
systems. They found that a high fraction of transient liquid phase coupled with a
larger stabilizing cation was more likely to lead to the formation of the elongated asialons. Improved fracture resistance was observed in some of these compositions.
Since then, many studies concerning the development of elongated a-sialons have

16

Chapter 2

Literature Review

been published by a number of research groups. Among these the research of the
Michigan group in the USA (led by I.-W. Chen) and the research of the Monash
group in Australia (led by Y.-B. Cheng) are the most significant.

Chen and Rosenflanz (1997) reported a novel technique for fabricating a-sialon
materials with elongated microstructure from P-SisN4 powder using the gas-pressure
sintering method. Microstructures containing up to 40% elongated a-sialon grains
were obtained in Y and a range of rare-earth stabilized a-sialon materials by
practising nucleation control. Much improved fracture toughness, exceeding 6 MPa
ml/2 compared to the typical 3 MPa m l/2 for equiaxed a-smlons, was t bserved in
some of these compositions. Remarkably, the values for the hardness of these
materials were almost identical regardless of the various compositions and the
various amounts of elongated grains contained. In addition, these materials contained
very little grain boundary glass phase. At the same time, a truly remarkable finding by
Zhao, Swenser and Cheng (1997) showed that an elongated microstructure could be
readily obtained in Ca stabilized a-sialon systems using more conventional a-Si3N4
powder and the pressureless sintering method. Further studies (Wood et al. 1999;
Wood and Cheng 2000) showed tha< ifre formation of a-sialon grains with an
elongated morphology was more favoured in compositions rich in A1N and glass.
Fracture toughness greater than 6 MPa mm was routinely observed in Ca a-sia'on
materials containing elongated grains.

From these studies, it can be concluded that the development of elongated a-sialons
is controlled by either the nucleation rates of a-sialon phase or the phase assembly of
the a-sialon compositions. Furthermore, the nucleation rate is dependent on: (1) the
choice of starting powder; (2) the type of stabilizing cation; and (3) the control of the
sintering conditions which include the heating i?.«e, the dwell temperature and the
dwell time.

In the remainder of this section, the stabilising cations an.' thr reaction mechanism of
a-sialon ceramics will be discussed. A brief survey of the published literature on the
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tailoring of microstructural and mechanical properties of these materials will be
included. Emphasis will be K'ku.\.l on Ca a-sialon ceramics.

2.4.2 Stabilising cations
As outlined in section 2.2, SJ3N4 is a highly covalently bonded material. To achieve
full densification of SisN4, additional sintering aids, svzh as metal oxides, are
essential. The added metal oxides react with the silica on the surface of SisN4
particles to form an oxynitride liquid which assists densification and also cools to
give an intergranular glassy phase. On the other hand, a-sialons require additional
cations to stabilise. This indicates that the transient liquid phase can be absorbed by
the a-sialon lattice during sintering and results in a material with significantly
reduced intergranular glassy phase. Therefore, by careful selecting the optimal oxide
additive, it is possible to produce a dense, single-phase ceramic with a minimum of
grain boundary phase.

There have been extensive studies earned out concerning the possibility of using
various cations to stabilise a-sialon during the last two decades (Huang et al. 1986;
Thompson 1989; Kuang et al. 1990; Huang and Yan 1992; Ekstrom and Shen 1995;
Mandal and Thompson 1996; Mandal 1999). It is now well appreciated that metal
cations, such as Li+> Mg2+, Ca2+, Y3+ and lanthanide elements with atomic number Z
> 60, are readily incorporated into the a-sialon lattice, and thus formation of singlephase a-sialon is possible. Larger cations Nd3+ and CeJ+, with ionic radii of 0.99 A
and 1.03 A respectively, can also enter the a-sialon structure alone, but both show a
low percentage of cation accommodation within the a-sialon lattice. Thus, singlephase Nd and Ce a-sialons are difficult to obtain (Mandal and Thompson 1996;
Mandal 1999). Even larger cations La3+ (r = 1.06 A) and Sr2+ (r = 1.26 A) cannot
enter the cc-sialon structure alone; single-phase La and Sr a-sialons do not exist, but
both can form multi-cation a-sialon in the presence of Ca2+ or Y3+ cations (Mandal
1999).

Ideally, a-sialon can be synthesized entire!;/ from iiitrides with no oxides contained in
the starting powder mixture. Hence a negative charge imbalance resulting from the
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partial replacement of Si4+ by Al 3+ in SiN4 tetrahedra is compensated for solely by the
introduction of the stabilising cations. Since each oc-Si3N4 unit cell contains two large
cavities, at most two stabilising cations can be incorporated into the a-sialon lattice.
However, in reality, such a limit has never been achieved (Cao and Metselaar 1991).
This is because the presence of the oxygen in the Si3N4 particles inevitably results in
some substitution of N 3 ' by O2* as well. The highest solubility reported in the
literature is 1.83 Ca2+ cations per unit cell in the Ca a-sialon when CaaN2 was used as
the calcium source (Jack 1983). The maximum solubility of 1.5 Li + cations per unit
cell was also observed in Li a-sialon (Kuang et al. 1990), while the maximum
solubility of the rare earth and Yttrium cations, as shown in . \g. 2.4, varies between
1.0 to 0.6 (Huang et al. 1986). In general, the maximum solubility in a-sialons
decreases as the radius of the stabilising cations increases (Cao and Metselaar 1991).
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Fig. 2.4. Rare-earth cation ionic radius vs. a-sialon solid solubility limit (Huang et al.
1986).

Early studies of a-sialon ceramics focused on compositions stabilised by Li+, Mg

+

and Y3+ cations because of the established role of Mg 2+ and Y3+ as densification aids
for hot-pressing of Si3N4 (Jack 1976; Riley 2000). The most extensively investigated
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systems were yttrium and rare earth sialons due to the formation of refractory phases
from the devitrification of intergranular glass. In contrast, Ca a-sialons have received
very little attention despite the realization that these materials have a number of
advantages over the yttrium or rare earth a-sialons: calcium is more readily
obtainable and has a larger solubility in the a-sialon structure, and the resultant
material has greater thermal stability. In 1991, a comprehensive review of the work
that had been done on a-sialon ceramics during the past twenty years was presented
by Cao and Metselaar (1991). Almost two hundred papers on a-sialon ceramics were
summarized. Among these, only a few were related to Ca a-sialon ceramics. Most of
these were based on the early Newcastle work by Jack, Hampshire and Thompson
(Jack 1983; Hampshire et al. 1978; Thompson 1989) with some further research by
Huang, Sun and Yan (1985). Until recently, a considerable amount of work has been
carried out on Ca a-sialon ceramics (van Rutten et al. 1996; Zhao et al. 1997; Hewett
et al. 1994, 1998a and 1998b; Wood et al. 1999; Wood and Cheng 2000; Mandal
1999; Wang et al. 1999a; Zhang et al. 2000a). However, most of this work was
concerned with phase formation and related microstructural development of the Ca asialon system (Hewett et al. 1998a; Wang et al. 1999a; Wood and Cheng 2000), and
there has been little study in the field of microstructural tailoring by manipulating the
nucleation rate via altering the sintering conditions (Zhang et al. 2000a).

2.4.3 Reaction and densification mechanisms
It is generally accepted that the densification of silicon nitride ceramics with oxide
additives occurs via a liquid-phase sintering process which can be described by three
partly overlapped

stages: particle rearrangement, solution-precipitation, and

coalescence of the grains (Kingery 1959; Cao and Metselaar 1991). However, for
densification of a-sialon ceramics, the sintering mechanism becomes much more
complicated since during the heating cycle, various reaction pathways may,
depending on the acid-base chemistry, occur, some intermediate phases form, and
some liquid ingredients are incorporated into the a-sialon structure (Hampshire et al.
1978; Jack 1983; Menon and Chen 1995a).
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Based on experimental observations, Menon and Chen (1995a; 1995b) concluded that
the sintering mechanisms of a-sialon ceramics involved both reaction and
densification. Five temperature dependent stages of the reaction sequence were
identified (Menon and Chen 1995b):
1) formation of a ternary oxide eutectic liquid (at temperature T\)
2) primary wetting of a nitride powder and precipitation of the intermediate phase (at
temperature 72)
3) secondary wetting of the other nitride powder (at temperature 73)
4) dissolution of the intermediate phase (at temperature T$)
5) precipitation of the final phase, a-sialon (at temperature 7s)

The wetting behaviour of nitride powders in the ternary oxides was found to obey
Pearson's principle: the more basic oxides, such as U2O, MgO, CaO, Nd?.O3, Sn^O}
and Gd2O3, wetted Si3N4, while the more acidic oxides, such as DV2O3, EnC^ and
Yb2O3, wetted A1N (Menon and Chen 1995a).

Menon and Chen (1995b) also found that the above five characteristic cemperatures
had a controlling effect on the densification behaviour of oc-sia!on ceramics (Fig. 2.5).
Three major stages of the densification process were observed:
1) formation of the ternary oxide eutectic liquid (at temperature T\)
2) wetting of the majority nitride powder (at temperature 72 or Tj)
3) dissolution of the intermediate phase (at temperatures T4 and T<)

It should be noted that densification is mainly achieved by massive particle
rearrangement, irrespective of wetting and dissolution behaviour (Menon and Chen
1995b). The efficiency of densification is mostly influenced by the amount of liquid
available and the degree of its viscosity (Menon and Chen 1995b).
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Fig. 2.5. Schematic shrinkage curves when the eutectic melt wets (a) S13N4 and (b) A1N
first (Menon and Chen 1995b).

The reaction densification mechanisms proposed in these studies provide a general
concept for fabrication of a-sialon ceramics. However, in practice the reaction
sequence and densification efficiency could be significantly affected by a number of
factors, su:h as the sintering techniques, the composition of the starting mixtures, the
heating rate and the dwell time. Therefore, further studies of reaction densification
mechanisms of individual a-sialon systems, and even vai'ious compositions within
the same system, are necessary.

2.4.4 Microstructures and mechanical properties
To give a comprehensive review of the microstructures and mechanical properties of
sialon ceramics would be a formidable task for this limited volume. This section will
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therefore be limited to a survey of the most relevant publications on this subject and
to a brief summary of representative properties of sialon materials.

Despite the excellent combination of thermal mechanical properties of Si
ceramics, the wide application of these materials is still hampered by their relatively
low fracture toughness (Lange 1973; Jack 1976; Swain 1994; Kleebe et al. 1999).
Improvements in fracture toughness of Si3N4 and sialon ceramics are mainly achieved
by crack bridging and crack deflection mechanisms (Fairbanks et al. 1987; Bennison
and Lawn 1989; Kelly et al. 1991; Chen and Engineer 1999). To enhance crack
deflection toughening, high aspect ratio acicular grains and a v/eak interface between
the grains and grain boundary phases are desirable. To enhance crack bridging
toughening, high aspect ratio grains with large diameters are required. On the other
hand, weak interfaces and subsequently the debonding of large elongated grains result
in the development of fracture origins and loss of strength of the material. Therefore,
to develop a superior material with both high toughness and strength, optimization of
the microstructure is essential.

There has been a large amount of research concerning the correlation between
microstructural features and the mechanical properties of S>\{^^ ceramics during the
last two decades (Lange 1979; Himsolt et al. 1979; Li and Yamanis 1989; Mitomo
1991; Kleebe et al. 1999). The outcomes have been quite impressive: materials with
elongated p-phase grains exhibited a much improved steady-state fracture toughness
of up to 10 MPa m1/2, compared to ~3 MPa m1/2 in Si3N4 with fine, more equiaxed
grain structures, reported by numerous groups (Li and Yamanis 1989; Tajima and
Urashima 1994; Kleebe et al. 1999). Current best room-temperature values for
fracture toughness and strength for SisN4 ceramics exceed 10 MPa m1/2 and 1100
MPa (Becher et al. 1998; Sun et al. 1998). This SisN4 with very best properties was
prepared by tape casting of a powder mixture of SisN4 (>95% a-phase), 6.25 wt%
Y2O3, 1 wt% AI2O3 and 2 vol% p-Si3N4 seeds and followed by gas pressure sintering
at 1850°C for 6 h under a nitrogen gas pressure of 1 MPa (Hirao et al. 1995; Ohji et
al. 1995; Becher et al. 1998). The resultant microstructure had a distinct bimodal
grain size distribution where large elongated p-sialon grains of an average size of 2
urn were evenly dispersed in a matrix of fine-grained P-Si3N4 (0.3 jim in size) and an
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amorphous grain boundary phase. The same study also showed that the further
coarsening of the fine matrix grains to ~1 urn or the refining of the elongated P-sialon
grains to -0.5 \im both resulted in a lower fracture toughness (-6 MPa m1/2) and a
lower strength (850-930 MPa). However, the major drawbacks of the p-Si3N4 and Psialon materials are their relatively low hardness and the considerable amount of
grain boundary glassy material present which is known to be deleterious for high
temperature applications. The typical hardness value for these materials is 15-16 GPa
compared to 19-24 GPa for a-sialons.

The development of a/p-sialon composites was aimed to overcome the low hardness
and high glass content problems of the P-Si3N4/sialons ceramics. As mentioned in
section 2.3.1, a-sialons have, in general, an equiaxed grain morphology and possess
high hardness and good thermal shock resistance, while P-sialons tend to contain
elongated grains and exhibit higher toughness and higher strength than a-sialons.
a/p-sialon composites can be classified as a case where the elongated P-sialon grains
toughen the equiaxed a-sialon matrix. In addition, the a-sialon phase has the ability
to incorporate the sintering additive into its structure and thus reduces the amount of
grain boundary glassy phase. Therefore, a/p-sialon composites have been found to
have excellent mechanical properties at both room temperature and elevated
temperature (Yen 1994; Sheu 1994).

It has been long established that a/p-sialon composites offer possibilities for tailoring
the phase content, microstructure and consequently the mechanical properties of the
1

final

products. The phase content of a/p-sialon composites, such as a to P-sialon
phase ratio and the amount of the intergranular glassy phase, can be controlled by
changing the overall composition in M-Si-Al-O-N systems (Ekstrom 1994). The
various phase contents of these materials can also be obtained from a single starting
composition using different heat-treatment cycles (Mandal et al. 1993). More
significantly, in a/p-sialon composites, the size of the a-sialon grains and the aspect
ratio of the p-sialon grains can be controlled by careful selection of appropriate
sintering conditions (Sheu 1994) and the heat-treatment cycles (Mandal et al. 1993).
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One excellent example is a series of studies of the effect of sintering conditions on
the mechanical properties of a/p-YAG(Y3Al5Oi2) sialon composites by Yen (1994)
and Wang et al. (1996b). They showed that, for a particular composition, namely asialon:P-sialon =1:1 coupled with 9 wt% YAG, pressureless sintering at 1800°C for
2 h produced a material exhibiting a poor room temperature flexural strength of 612 ±
24 MPa, a poor fracture toughness of 3.9 ± 0.1 MPa m1/2, and a low hardness of
HV10 1594 kg/mm2. The flexural strength of this material at elevated temperature
(1350°C) wus -500 MPa. The same pressureless sintered material followed by a gas
pressure sintering at 2000°C for 1.5 h resulted in a much improved room temperature
flexural strength of 925 ± 22 MPa, an improved fracture toughness of 7.2 ± 0.3 MPa
m1/2, and a remarkable hardness of HV10 1884 ± 74 kg/mm2. More importantly, the
flexural strength of this material at 1350°C was also dramatically improved to -720
MPa.

Another example is the study of the effect of the composition on the microstructure
and mechanical properties of a/p-sialon composites by Sheu (1994). He concluded
that the composite contained 30-40 % equiaxed a-sialon grains (-0.2 um) and fine,
elongated p-sialon grains possessed the optimised mechanical properties, which had a
flexural strength of 1100 MPa at 25°C, 800 MPa at 1400°C, and a fracture toughness
of 6 MPa m1/2. The same study also showed that the flexural strength and fracture
toughness of the composites increased markedly with increasing P-sialon content
whereas the hardness decreased. Furthermoro, the high temperature flexural strength
of these materials experienced a dramatic decay when the P-sialon content increased
from 70% to 80%, indicating that the increasing of P-sialon content was accompanied
by an increasing of intergranular glassy material. This is because in order to allow the
P-sialon grains to grow without steric hindrance, excessive sintering aids must be
added (Ekstrom 1994; Wang et al. 1998).

Trade-offs between hardness and toughness, as well as between the room temperature
and high temperature strength are unfortunate, and it seems very likely that a Si^N^
based ceramic exists which exhibits combined excellent properties. To this end, the
development of self-reinforced a-sialon ceramics offers great potential. A preliminary
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study of a-sialon ceramic with a whisker-like microstructure by Chen and Rosenflanz
(1997) showed some encouraging results: a strength of 700 MPa and a fracture
toughness of 6.3 MPa ml/2 were obtained, which are almost twice the values of the
equiaxed a-sialon ceramics. A hardness of 22 GPa was also obtained which is
identical to the values of the equiaxed a-sialon ceramics. However, in order to further
improve the properties of a-sialon ceramics, a better understanding of microstructural
control of these materials is needed.

A final remark ought to be made on the toughening mechanism of elongated a-sialon
ceramics which has so far not been addressed in the literature. As discussed above,
improvements in fracture toughness of Si3N4 and sialons ceramics are mainly
achieved by crack bridging and crack deflection mechanisms which require a high
aspect ratio acicular grains and a weak bonding between the grains and grain
boundary phases. However, unlike in p~Si3N4 and P-sialons, both a-sialon grains and
grain boundary phases contain identical elements. Thus, the bonding between the asialon grains and grain boundary could be strong, which could consequently hinder
the crack bridging and crack deflection mechanisms. Therefore, to further improve
the fracture toughness of a-sialon ceramics, the interfacial characteristics must be
first addressed.

Part II - Solid Particle Erosion
2.5 Background
Most of the research into erosion has been carried out during the last forty years, but
some work dates as far back as the 19th century (Young 1807; Reynolds 1873).
However, most of the early studies were carried out on various practical erosion
problems and little research has been done which investigates erosion mechanisms by
which particles remove material. Investigation of this fundamental physical process
of erosion started after the Second World War and the erosion of ductile metals was
the major interest. Finnie (1960) was the first to realize that the erosion mechanisms
were different in ductile and brittle materials with plastic flow playing a major role in
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the former case and microfracture in the latter. It was also found that there was a
dramatic difference in the response of ductile and brittle materials when the erosion
rate was measured as a function of the angle of incidence (Sheldon and Finnie
1966a). Ductile materials, such as metals and polymers, exhibit a maximum erosion
rate at low angles of incidence (typically 15-30°), while brittle materials, such as
ceramics, have the maximum rate at or near 90°. After Finnie's work, there has been
an extraordinary amount of work in the area of erosion in brittle materials, especially
in the past two decades.

2.6 Theoretical Models
During erosive wear of brittle materials, material removal occurs via microfractures
produced by impacting particles. The proposed fracture mechanisms have been based
on the damage pattern produced by the dynamic impact of a single particle on a
smooth surface (Finnie 1995). Surprisingly, similar damage features can also be
observed in these materials loaded quasistatically with sharp indenters (Wiederliorn
and Lawn 1979). This means that the more controllable quasi-static indentation
method could be used to model dynamic erosion behaviour in brittle materials
(Rowcliffe 1992; Finnie 1995).

The earliest attempt to model the erosion behaviour of brittle materials was made by
Sheldon and Finnie (1966b). They assumed that the particle-target interaction was
perfectly elastic and thus the volume removed by an impacting particle was calculated
based on Hertzian cracking under a spherical indenter. However, a later study
observed a zone of plastic deformation containing a high density of dislocations
under the impact site in brittle materials, indicating that the assumption of a perfect
elastic interaction was not valid (Hockey et al. 1978).

With the development of indentation fracture mechanics, two elastic-plastic theories
have been developed to model the erosion behaviour of brittle materials. Evans et al.
(1978) considered the dynamic elastic-piastic response of an impacting particle, while
Wiederhorn and Lawn (1979) assumed the particle-target contact velocity was slow
(relative to sonic velocity), i.e. the quasi-static condition, and the kinetic energy of the
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erodent particle was absorbed completely by the plastic flow of the target. However,
both theories assumed that the lateral cracks were responsible for material removal
and both predicted a power-law dependence for the erosion rate, AE, on erodent and
target properties given by
AEccv"D2l*ppKc~{*n)H1'

(2.5)

where v, D and p are the velocity, mean size and density of the erodent particles, and
Kc and H are the fracture toughness and hardness of the target material. The
exponents n, p and q differ in the two models, being 3.2, 1.3 and -0.25 for dynamic
and 2.4, 1.2 and 0.11 for quasi-static model, respectively. Both models suggest that
the erosion rate has a strong inverse dependence on the fracture toughness, but
exhibits a much weaker dependence on the hardness of the target material. The above
expression is valid for normal impacts and for AE in units of mass or volume loss per
unit mass of erodent used.

The two models have been further extended to predict AE for oblique impacts by
using the normal component of velocity, vsina (Hockey et al. 1978), and by taking
into account of the effects of the velocity and particle size thresholds, in which v and
D were replaced by (vsina - vo) and {D - Do), respectively (Routbort et al. 1980a).
Here a is the angle of incidence, which is defined as the angie between the incident
particle direction and the target surface. The extended version of the two models,
which holds for particle sizes greater than 40 urn (Sheldon and Finnie 1966a;
Marshall et al. 1981), indicates that in erosion of brittle materials, AE increases with
increasing impact angle and the maximum erosion rate occurs at 90° impact angle.

2.7 Verification of the Models
The two elastic-plastic models along with their extended versions have been verified
on a wide range of materials including glasses, single crystals and advanced ceramics.
The research in each of these materials is discussed below.

28

Chapter 2

Literature Review

2 J.I Single crystals and glasses
Single crystals and glasses serve as the ideal model materials for assessment of the
theoretical models without microstructure complications (Routbort and Scattergood
1992). There have been numerous studies on these materials to verify the validity of
the theoretical assumptions on which the two models are based and the predictions of
the dependence of erosion rate on the erodent particle size, density, velocity and
impact angles (Wiederhorn and Lawn 1979; Routbort et al. 1980a; Scattergood and
Routbort 1981; Scattergood and Rouibort 1983).

Verifications of the theoretical assumptions of the models have been carried out by
examining the damage features introduced by single particle impacts on glasses and
single crystals (Wiederhorn and Lawn 1979; Routbort et al. 1980a; Wiederhorn and
Hockey 1983; Ritter et al. 1984; Srinivasan and Scattergood 1987; Murugesh and
Scattergood 1991). All studies showed that when glasses and single crystals were
impacted by hard, sharp particles at 90°, the most conspicuous damage revealed was
the surface spalling attributable to the lateral cracks. These findings were in very
good agreement with the theoretical assumptions that lateral cracks were responsible
for material removal.

Verification of the proposed dependence of erosion rate on erodent particle size,
density, velocity and impact angles has been carried out mainly on Si (111) single
crystals by Scattergood, Routbort and Kay (Routbort et al. 1980a; Scattergood and
Routbort 1981; Scattergood and Routbort 1983). They extensively investigated the
erosion of Si single crystals using SiC, AI2O3 and S1O2 erodents over a range of
particle sizes, D (23 to 270 u.m), velocities, v (30 to 150 m/s), and impact angles, a
(22° to 90°). Their results showed that for a > 45°, the erosion rate, AE, could be
described within the framework of the existing models: AE = (vsinoc - vo)" (D Do)0'6. The velocity exponent, n, was found to vary with the particle size regardless of
the type of the erodent used; varying from closer to the predicted value of the
dynamic model for 23 u.m particles to near the predicted value of the quasistatic
model for 270

|LUTI

particles. However, in the study by Routbort et al. (1980a). a

higher AE was found for lower angles of incidence compared to those predicted from
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the theories, a finding which implies that another erosion mechanism is operating.
This mechanism is the plastic cutting mechanism which obtained from the tangential
component of the velocity, v-cosa, which becomes more significant for small a. In
addition, in this study the effect of particle density on erosion rate could not be clearly
established due to the considerable scatter in experimental data.

From the above discussion, it can be concluded that the two elastic-plastic theories
serve reasonably well in the prediction of the erosion behaviour of glasses and single
crystals, i.e. materials which lack microstructural complexity.

2.7.2 Advanced ceramics
Advanced ceramics with complex microstructures are of greater interest for erosion
than single crystals and glasses from a practical point of view. Over the past two
decades, there has been a large volume of literature concerning the verification of the
two theoretical models in predicting the erosion behaviour of advanced ceramics. In
the remainder of this section, three aspects of the relevant research will be reviewed:
the dependence of erosion rate on particle velocity and size, the dependence of
erosion rate on relative properties of erodent and target materials, and the dependence
of erosion rate on properties of target materials.

2.7.2.1 Particle velocity and size exponents
The experimental results have supported the theories reasonably well with regard to
the particle velocity exponents (Wiederhorn and Hockey 1983; Routbort and
Scattergood 1992). Despite the wide range of target materials (form SiC, Si3N4 to
AI2O3) and erodent particles (SiC or AI2O3), the velocity exponent, n, varied from 1.8
to 3.5 with a majority falling between the theoretical predictions of n = 2.4 and n =
3.2 for quasi-static and dynamic conditions, respectively (Murugesh and Scattergood
1991; Routbort and Scattergood 1992). However, the value of n decreased with
increasing erodent particle sizes and this trend was ascribed to the blunting effect due
to the fragmentation of the large particles (Murugesh and Scattergood 1991; Routbort
and Scattergood 1992). The n value was also found to be sensitive to particle
hardness, being smaller for the softer erodent (AI2O3) than for the harder erodent
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(SiC) (Gulden 1981a; Murugesh and Scattergood 1991). The dependence of the n
value on the particle hardness indicated that the urodent particle properties could play
an important role in determining the rate of erosive wear. However, such an effect
could not be accounted for by the theoretical models in which the erodent particles
were assumed to be ideally strong and non-deforming.

The dependence of erosion rate on particle size has not been extensively studied.
However, exponents close to 2/3 have been observed for a number of target materials,
such as silicon carbide whisker reinforced aluminas and partially stabilized zirconias.
These values were in accordance with the theoretical predictions of Dm (Routbort
and Scattergood 1992).

2.7.2.2 Relative target-particle properties
The erosion rate depends on the properties of both erodent and target materials.
Gulden (1979, 1981b) was the first to investigate the effect of relative target-particle
hardness on the erosion mechanism. She studied erosion of hot-pressed and
pressureless sintered S13N4 ceramics using both quartz and SiC abrasive grits. It was
found that the erosion rate using SiC grits was approximately two orders of
magnitude greater than that using quartz particles under otherwise identical
conditions. Single impact studies showed that the erosion mechanisms were entirely
different as the harder SiC caused lateral fracture, while the softer quartz particles
resulted in minor chipping on a much finer scale than that of the particle contact area.

Wada and Watanabe (1987b), using data from previous studies, showed that for many
target-particle combinations, the erosion rate, AE, can be related to the particle and
target hardness, Hp and //,, respectively, according to AE oc {HtIHp)a, where a is an
empirical exponent with a negative value. In a later study, Wada (1992) further
pointed out that the erosion mechanisms, in general, were lateral fracture for H,/Hp <
1 and minor chipping for H,/Hp > 1. Similar conclusions were reached by Shipway
and Hutchings (1996). In an extensive study of the erosion of a wide range of brittle
materials using a number of different erodent particles, they concluded that as the
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H,/Hp ratio approached unity, a small-scale chipping mechanism operated and its
associated erosion rate deviated further away from the theoretical predictions.

The view of dependence of erosion mechanism on H,/Hp ratio was not shared by
Srinivasan and Scattergood (1988a). They proposed that erodent particles softer than
the target materials could cause erosion by lateral fracture. However, damage
accumulation was required to build up the necessary stress level for producing cracks.
Other studies (Murugesh et al. 1991; Dimond et al. 1983) suggested that it was the
relative fracture toughness of the erodent and target materials, Kcp/Kch that had the
dominant influence on erosion rates, not the hardness.

Studies of the dependence of erosion rates and mechanisms on the erodent and target
properties have practical importance. When selecting ceramic materials for particular
applications, one should be aware that any accelerated erosion tests using erodent
particles which are not representative of the proposed service environment might
provide completely contrary information. However, many of the investigations
reported in the literature seem to focus on the effects of hardness and fracture
toughness of the erodent and target on erosion rates and mechanisms of ceramic
materials. The fact that hardness and fracture toughness are not independent material
variables and that the involvement of material microstructure can obscure the
underlying dependence. Therefore, the use of hardness and fracture toughness alone
to predict the rate and mechanism of erosive wear would appear to be oversimplified.
For example, Roberts and Hutchings (1989) studied the erosion rates and
mechanisms of five different glass-bonded aluminas using silica, alumina and silicon
carbide erodent particles. It was found that the erosion rates of the aluminas increased
as the hardness of the erodent particle increased. More significantly, the ranking of
the erosion resistance of the five aluminas varied for different erodents. The change
in the ranking of the aluminas for different erodent materials cannot be accounted for
by the relative hardness and fracture toughness of the erodent and target scenario
proposed by previous researchers. The microstructure of the target aluminas,
therefore, must play a significant role.
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2.7.2.3 Target material properties
In order to examine the effect of hardness and fracture toughness of the target
material on the erosion rate of ceramic materials, Wada (1992) carried out an
extensive erosion test on a large number of engineering ceramics using SiC erodent
under identical conditions. The erosion rates of sixteen kinds of sintered Si3N4
ceramics were determined. The multiple regression analysis showed that the erosion
rate, AE, can be related to the target hardness, Hh and fracture toughness, Kch
according to AE - 24.5 H,'1'2 Kcl~2'9. As can be seen, the values of hardness and
toughness exponents differed significantly from the theoretical predictions (see eq.
2.1). In the same study, the erosion rates of twelve kinds of hot-pressed SisN4
ceramics were also determined under the same conditions. The results showed that a
relationship of AE = 6.4x103 H,'021 KC,'1A could be established. Again the hardness
and toughness exponents varied greatly from the theories. More remarkably,
significant differences existed in the hardness and toughness exponents in these
empirical relationships derived from the two sets of Si3N4 ceramics. One of the main
purposes of establishing these empirical relationships was to predict the erosion
performance of ceramic materials based on their hardness and fracture toughness
values. If the exponents for the two sets of very similar materials vary by such a large
margin, these empirical approaches become virtually meaningless.

As demonstrated above, the classic models based on hardness and fracture toughness
of target materials failed to explain the erosion behaviour of engineering ceramics.
Engineering ceramics can vary greatly in microstructure, and their mechanical
properties (such as hardness and fracture toughness) may not reflect such differences.
Taking alumina ceramics as an example, hardness is dependent on a combinatio: \ of
AI2O3 content and grain size (Heath et al. 1990). Therefore, even if two alumina
ceramics have identical hardness, they do not necessarily have the same AI2O3
content and grain size. Similar, fracture toughness is also associated with a number of
microstructural aspects, such as alumina content, porosity, grain size and
morphology, and intergranular phases, etc. Hence, the microstructural aspects that are
not accounted for by the erosion models may have a controlling effect on the erosion
performance of ceramic materials. However, to this end, a clear and complete
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understanding of the role of microstructure in the erosion process still remains
elusive. Thus arises the need of the current research to clarify the effect of the
microstructural variables on the erosion behaviour of ceramic materials.

2.8 Effect of Microstructure on Erosion of Ceramics
2.8.1 Introduction
Erosive wear is a complex phenomenon; it is influenced by a number of controlling
factors including the properties of erodent particles, the fluid flow conditions and the
properties of target materials (Table 2.1). Fortunately, there has been an immense
volume of literature produced on all facets of erosion of brittle materials. Since this
investigation focuses on the role of microstructure on erosion of ceramic materials, in
particular the sialon ceramics, only the literature relevant to these areas will be
reviewed.

Table 2.1 Factors which influence erosion in an inert environment (Finnie 1995)
Erodent particle properties
Size; Shape; Hardness; Strength (resistance to fragmentation)
Fluidflow conditions
Angle of impact; Particle velocity; Particle rotation; Particle concentration in the
fluid; Nature of the fluid and its temperature
Target material properties
Stress as a function of strain; Strain-rate and temperature; Hardness; Fracture
toughness; Stress level and residual stress; Shape; Microstructure; Fatigue; Melting
point; etc

There is certainly no shortage of publications in the area of the role of microstructure
on solid-particle erosion of ceramics. This can be seen from a series of three review
articles that appeared in recent years.

A book, Erosion of Ceramic Materials, edited by Ritter and published in 1992
(Ritter), sums up two of this work. One was a review of solid particle erosion of
ceramics and ceramic composites by Routbort and Scattergood (1992) in which it was
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concluded that the effects of microstructure on erosion were quite significant and
might have often been unrecognized in the earlier studies. The other was on the effect
of ceramic second-phase particles on solid particle erosion of ceramic materials by
Kosel and Ahmed (1992). Later in 1995, Lathabai (1995) discussed the erosion
behaviour of a number of engineering ceramics in which the controlling influence of
microstructure on erosion of these materials was highlighted.

Early reports of microstructural effects on erosion of ceramic materials appeared in
the early 1980's. When extensive investigations showed that the theoretical models
had failed to explain the erosion behaviour of engineering ceramics, it was argued
that the reason for this non-correlation could be attributed primarily to
microstructural aspects of erosion that were not modeled by the theories. Wiederhorn
and Hockey (1983) studied the effect of hardness, H,, and fracture toughness, Kcl, of
target materials on the erosion rate for various brittle materials including three kinds
of glasses, single crystal silicon and sapphire, sintered and hot-pressed aluminas, hotpressed silicon nitrides and carbides using SiC erodent. Their results showed that
while both theories provided a qualitative description of the erosion data, neither
theory is quantitatively correct. It was proposed that one possible source for the rather
large dependence of erosion rate on H, and Kcl observed in their work compared to
the theoretical predictions was the effect of the microstructure on erosion.

As a part of an extensive series of studies, Wada and Watanabe (1987a) investigated
the erosion behaviour of thirteen kinds of commercial alumina ceramics using SiC
erodent. They found that alumina ceramics with similar microstructural features
exhibited similar erosion rates. Later, Heath et al. (1990) examined the erosion
behaviour of fifteen commercial alumina ceramics and showed that no relationship
could be established between any of the target properties (hardness, fracture
toughness and AI2O3 content) and measured erosion rates. In contrast, the erosion
behaviour of these aluminas could be related to microstructural parameters such as
porosity, grain size, grain boundary chemistry and the bonding strength between the
alumina grains and the matrix phase.
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2.8.2 Alumina ceramics
Studies of the dependence of erosion behaviour on more controlled microstructures
were mainly conducted on alumina ceramics. This is because among the engineering
ceramics, alumina and alumina-based ceramics are the most commonly used wear
resistant materials (Esposito and Tucci 1997). Miranda-Martinez et al. (1994) and
later Franco and Roberts (1996 and 1998) have investigated the effects of grain size
on the erosion rate and mechanism using a set of high purity polycrystalline aluminas
with tailored microstructures. Dense alumina materials with a range of grain sizes
were fabricated from the same batch of high purity, 99.9%, ct-AhOa powder, using
various sintering techniques (hot-pressing or pressureless sintering), sintering
temperatures and duration. Remarkably, despite a wide range of grain sizes, from 1 14 \xm, this set of alumina ceramics had essentially identical hardness and fracture
toughness. Their results showed that the measured erosion rate was grain-sizedependent, being about one order of magnitude greater for aluminas of 14 um grain
size than for 1 um grain size (Miranda-Martinez et al. 1994; Franco and Roberts
1996). An inverse square root dependence of erosion rate on grain size was
established by Miranda-Martinez et al. (1994), who also showed that for alumina
ceramics with a grain size greater than 2 urn, grain dislodgment event was the main
erosion mechanism.

Other studies also showed that the grain size could affect the erosion mechanism of
alumina ceramics (Breder et al. 1988; Srinivasan and Scattergood 1988a). Damage in
fine-grained alumina ceramics was dominated by radial cracking and lateral chipping
and that in the coarse-grained alumina was governed by grain ejection and very
irregular radial crack patterns (Breder et al. 1988). Erosion experiments on several
commercial and model aluminas by Srinivasan and Scattergood (1988a) have also
confirmed that the grain size can affect the erosion mechanism.

The effect of grain boundary phases on erosion rates and mechanisms of alumina
ceramics was investigated by Zhou and Bahadur (1991, 1993 and 1995). Five kinds
of alumina materials, with and without the silicate glassy phase and zirconia, were
subjected to airborne erosion using SiC particles. It was found that the single-phase
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alumina exhibited the poorest erosion resistance, and the erosion resistance of the
alumina was enhanced by the presence of intergranular secondary phases, such as
silicate glass and zirconia. It was concluded that the intergranular secondary phases
improved the bonding between the alumina grains and also increased the erosion
resistance by absorbing part of the impaci energy. However, the presence of large
amounts of silicate glassy phase in alumina degraded the erosion resistance due to the
much lower resistance to erosion of the glassy phase than that of the alumina grains
(Zhou and Bahadur 1991). SEM studies of damage features of these materials by
single and multiple particle impacts revealed that the presence of intergranular
secondary phases also affected the erosion mechanism. For single-phase alumina, the
dominant material removal mechanism was intergranular fracture associated with a
high erosion rate, while for alumina containing secondary phases, the damage
features were chipping and fragmentation of grains, resulting in a lower rate of
material removal (Zhou and Bahadur 1993).

More recently, Zhang et al. (2000b) have examined the effects of grain size and grain
boundary glassy phase on erosion rates and mechanisms of alumina ceramics under
both airborne and slurry erosions. It was again observed that the erosion rate
increased with the increasing grain size, and the presence of a small amount of
intergranular glassy phase had a beneficial effect on the erosion resistance of alumina
ceramics. The erosion mechanisms in both airborne and slurry erosion were found to
depend strongly on the angle of incidence. However, no clear relationship between
the erosion mechanism and the alumina grain size could be established.

The porosity of target materials was also found to affect the erosion mechanism
(Wada and Watanabe 1987b; Heath et al. 1990). It has been previously observed that
erosion damage in alumina ceramics was characterized by grain boundary cracking
(Shipway and Hutchings 1991). Extension and linking up of cracks with nearby pores
and flaws have been proposed to result in large unit volume removal (MirandaMartinez et al. 1994).

It is now well appreciated that microstructure can have a controlling influence on
erosion of alumina ceramics. Dense, fine-grained alumina materials containing a
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small amount of intergranular glassy phase would be good candidates for use in
applications requiring erosion resistance. However, whether this model can be
applied to otlier engineering ceramics is questionable. Alumina ceramics generally
contain equiaxed grains and exhibit anisotropy of thermal expansion on the crystal
axis. The thermal expansion mismatch can induce grain boundary stress upon cooling
from the sintering temperature and thus weakens the bonding strength between
alumina grains. Both the equiaxed grain morphology and the weak bonds between the
grains determine that the erosion mechanism would be grain dislodgment which is
often associated with a high erosion rate when alumina ceramics are exposed to solid
particle impact at high angles (Ritter 1985; Ritter et al. 1986). The grain dislodgment
mechanism may not hold for erosion of in-situ reinforced silicon nitride and
transformation toughened zirconia ceramics. Therefore, in order to establish the
apparent connection between the microstructure and erosion of brittle materials,
systematic studies on more representative and flexible model materials are needed.

2.8.3 Other engineering ceramics
Compared to alumina ceramics, much less research has been done on other
engineering ceramics in the sense of the dependence of erosion behaviour on
microstructure. A few representative studies for the specific cases of ZKVbased
ceramics, SiC and SisN4 shall be briefly reviewed.

Lathabai (2000) investigated the effects of grain size and varying degree of
transformability (from tetragonal to monoclinic ZrCb) on the slurry erosion behaviour
of CeO2-stabilized tetragonal zirconia polycrystals (Ce-TZP) using SiC, AI2O3 and
SiO2 erodents of similar particle size distribution. It was found that the effect of grain
size was apparent only in aggressive erosion environments provided by the hard SiC
and AI2O3 grits, and high slurry velocities. The erosion rate increased as the grain size
and transformability of the target materials increased. More significantly, the erosion
mechanisms of Ce-TZP with different grain sizes eroded by various erodent particles
were essentially the same, involving grain dislodgment, deformation of the grains and
delamination of the deformed material. Clearly, further investigations are needed for
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feasibility of designing an optimum microstructure for maximum erosion resistance
for a given set of conditions.

Routbort and Scattergood (1980b and 1980) compared erosion behaviour of reactionbonded (RB) and hot-pressed (HP) SiC ceramics. The RB-SiC contained 10.5 wt% Si
and possessed a microstructure with coarse SiC grains (-100 urn in size) embedded
in a matrix of small SiC grains and free Si, while the HP-SiC was a dense, high purity
material consisting of fine equiaxed SiC grains with an average grain size of 2-4 u,m.
Their results showed that the dependence of erosion rate on the erodent particle size
differed significantly for these two materials. The erosion mechanism was also
different for the two materials; being transgranular fracture and grain dislodgment for
HP-SiC, and lateral cracking and preferential erosion of the softer Si phase for RBSiC. It was proposed that such differences could be accounted for by the effects of
grain size and the presence of weak grain boundaries. However, it was also pointed
out that "silicon carbide is not a suitable material for systematically studying the
effect of grain size on erosion, because it is difficult to change grain size while
keeping everything else constant". More than a decade later, Wang et al. (1995)
examined the effects of porosity and grain size on erosion behaviour of three SiC
ceramics fabricated using different techniques: pressureless sintering, hot pressing
and hot isostatic pressing. It was observed that the erosion rate increased as the
porosity and the grain size increased. However, a clear relationship between the
erosion mechanism and the microstructure still remain elusive.

There are also a few systematic studies on the dependence of erosion behaviour on
the microstructure of S13N4 and sialon ceramics. Since sialon ceramic is the proposed
model material in this investigation, the relevant literature will be dealt with in
greater detail in the following section.

2.9 Erosion of Silicon Nitride and Sialon Ceramics
Sialon ceramic and its parent material Si3N4 offer the possibility of improved fracture
resistance by in-situ whisker reinforcement. The microstructure of in-situ reinforced
(ISR) Si3N4-based materials includes large, elongated grains that can improve
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toughness by crack bridging, crack deflection, crack blunting and grain pullout.
Indeed, there has been continuous research into the erosion of Si3N4 and Si3N4-based
materials over the years. Gulden (1981b) investigated the erosion of four commercial
S13N4 ceramics. Her results supported the predictions of the quasi-static model.
Similar conclusions were also drawn by Wada (1992) in a study of the erosion of 16
kinds of commercial Si3N4 ceramics. However, in much of this work, the primary
goal seems to have been the verification of the validity of the theoretical models
rather than a systematic investigation of the influence of the microstructure.

Until recent years, such an attempt has been made by Ritter and co-workers (Ritter et
al. 1991) and later by Routbort and colleagues (Marrero et al. 1993; Karasek et al.
1996; Routbort 1996). Ritter et al. (1991) examined the erosion rates of two sintered
silicon nitride ceramics with identical composition but different microstructures. The
two Si3N4 ceramics were pressureless sintered to 99% theoretical density using the
same batch starting powder. The final products possessed a microstructure consisting
of fine whisker-like grains with a bimodal size distribution, designated as finegrained Si3N4. The coarse-grained Si3N4 was prepared by annealing the fine-grained
material at a high temperature. The resultant material had a microstructure containing
much coarser grains but with a similar grain aspect ratio to that of the fine-grained
material. It was found that, unlike in erosion of alumina and SiC ceramics, the
erosion rate of the coarse-grained Si3N4 was actually lower than that of the finegrained material. However, this finding was not explained in terms of the effect of
microstructure on erosion mechanism, since the primary goal of the study was to
address the correlation between the erosion data and indentation fracture mechanics
analysis.

Marrero and co-workers (1993) compared the erosion behaviour of ISR Si3N4 and an
'equivalent' fine-grained hot pressed Si3N4 fabricated from the same batch of starting
powder. The fine-grained Si3N4 consisted of a combination of equiaxed and
elongated grains with a mean grain size of 1 urn, while the ISR Si3N4 contained much
coarser grains but with a similar grain aspect ratio. The conventional fracture
toughness (long-crack toughness) value of the ISR Si3N4 was significantly higher
than that of the fine-grained Si3N4. However, such a difference did not result in a
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significant difference in erosion rates of these materials. It was suggested that the
small difference in erosion rate for the two materials could be accounted for by the
smail differences in other mechanical properties, such as hardness. The role of
microstructure on erosion behaviour was again not discussed.

To our knowledge, there have been only three publications on the erosion behaviour
of sialon materials. Wada (1992) compared the erosion rate and mechanisms of a
series of a/p sialon composites containing 3.5-100 wt% a-sialon phase using both
SiC and AI2O3 erodent particles. The Vickers hardness of these materials was found
to decrease steadily as the a-sialon content decreased; being 23 and 15.3 GPa for
materials containing 100 and 3.5 \vt% oc-phase, respectively. The fracture toughness,
however, exhibited an anomalous behaviour; being approximately 7.5 MPa m1/2 for
composites containing 3.5-71 wt% a-sialon content, and <6.6 MPa m1/2 for pure asialon materials. A strong dependence of erosion rate, AE, on target hardness, Hh and
erodent particle hardness, Hp, was found, and an empirical relationship, AE =
(H,/Hp)a, was developed to describe such dependence. The dependence of the erosion
mechanism on H, and Hp was also observed; being brittle fracture for H,/Hp < 1 and
minor scratching for H,IHP > 1, respectively. As can be seen, such an approach is
again an attempt to rectify the theoretical models rather than to clarify the effect of
microstructure on erosion. A similar approach was also taken by Liu and co-workers
(1998). They investigated the erosion behaviour of a/p sialon composites which
contained 0-40 and 90 wt% a-phase using SiC erodent. Their results showed that the
erosion rate of these materials decreased with increasing hardness (//) and toughness
(Kc) and could be expressed by AE = 6.53 ff1-51 Kc'333. Again, the effect of
microstructure on erosion was neglected.
The only study on the influence of microstructure on the erosion behaviour of sialon
ceramics was carried out by Park and colleagues (1997). They investigated the
erosion behaviour of a number of dense sialon-based ceramic materials containing 020 wT.% Si3N4 whiskers using SiC erodent at room temperature and at an elevated
temperature (500°C). SEM examinations of the polished and etched sections of these
materials revealed that the grain sizes of both the sialon matrix and Si3N4 whiskers
increased as the whisker content increased. The mechanical property analysis showed
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that the fracture toughness increased while the flexural strength decreased as the
whisker content increased. The hardness, however, remained almost constant
regardless of the various whisker contents. The erosion results showed that the
erosion rate increased as the erosion temperature and the content of Si3N4 whiskers
increased. SEM examinations of the eroded surfaces of these materials revealed that
the major erosion mechanism was grain pullout and plastic deformation. It was
concluded that the higher erosion rate at the elevated temperature was due to the
severe plastic deformation at this temperature, while the higher material removal rate
observed for materials containing higher amount of Si3N4 whiskers was a result of the
grain size effect.

Engineering ceramics possess complex microstructures with varying porosity, grain
size, grain morphology, grain boundary chemistry and amount of grain boundary
phases. To date, there has been no systematic study into the effects of various
microstructural parameters on the erosion behaviour of these materials.

2.10 Summary
Based on this background, the primary goal of the present study is to conduct erosion
tests on a carefully prepared model system that allows independent control of the
various microstructural parameters and to clarify the effect of these parameters on the
erosion behaviour of ceramic materials.
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3.1 Introduction
This chapter outlines the experimental details relevant to this work. Section 3.2
describes the methods for processing Ca a-sialon ceramics. It involves the selection
of starting powders, composition calculations, powder processing, green powder
compaction, and various sintering methods employed to densify the compact as well
as the post-sintering heat treatment for devitrification of the intergranular glassy
material. Section 3.3 provides the details of the erosion test methods. It includes
descriptions of the erodent materials and the erosion test rigs, as well as the
calibrations of the erodent particle impact velocity and feed rate or flux. The final
section, 3.4, focuses on the characterization techniques utilized to analyze the
relevant materials.

3.2 Ceramic Processing
3.2.1 Powders
Compositions of Ca a-sialon can be represented by the formula Ca,,,/2Sii2(w+«)Al/;,+,AiN!6-//- The Ca a-sialon samples designed for the present work are located
on the m:n = 2:1 line within the modified phase diagram (Fig. 2.3b). The designation
CA1005 refers to a design composition of m = 1.0 and n = 0.5, and CA2613 and
CA3618 describe the materials of compositions m = 2.6, n- 1.3 and m = 3.6, n = 1.8,
respectively. The starting powders used were commercial S13N4 (H. C. Starck, Goslar,
Germany). A1N (H. C. Starck, Goslar, Germany) and CaCO3 (APS Chemicals, NSW,
Australia). Their grades and relevant properties are listed in Table 3.1. Powder
mixtures were calculated based on molar balancing of the Ca a-sialon formula (see
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above), taking into account the presence of a surface layer of oxides on nitride
powders, in particular, the SiC>2 and AI2O3 layers on the Si3N4 and A1N particles,
respectively. The weight percentages of the starting powders of the three selected
compositions are shown in Table 3.2.

Table 3.1 Grades and relevant properties of the starting powders
Powder

Grade

Description*

Oxygen Content in
Nitride Particles
(wt%)*

(nm)

Si3N4

Mil

a-phase>90%

1.2

0.7*

Specific
Surface Area
(m2/g)*
12-15

A1N

AT

Fe<500ppm

1.14

6-10*

<2

CaCO3

Lab

98-99%

—

4.2 +

—

+

* Manufacturer's data sheet.

dso

Measured by SEM analysis.

Table 3.2 Weight percentages of the starting powders of the three compositions
Composition

Si 3 N 4 (Mll)
(wf%)

CA1005

84.602

AIN (AT)
(wt%)
10.590

CaO
(wt%)
4.808

CA2613

61.981

26.148

11.871

CA3618

48.964

35.105

15.931

100 g batches of powder mixture for each composition were measured and ball milled
in 110 ml isopropanol with 250 g Si3N4 milling media for 30 h in a polyethylene jar
on a roller bench. The amounts of isopropanol and Si3N4 media required for ball
milling are crucial. The quantity of isopropanol determines the viscosity of the
mixture slurry. A low viscosity slurry results in more abrasive wear of Si3N4 media
and hence affects the composition of the mixture, while a high viscosity obstructs the
formation of a uniform slurry. Similarly, an excessive or an insufficient Si3N4 media
causes greater abrasion of the milling media or non-uniform slurry, respectively.

Once the milling was completed, the slurry was drained into a shallow pan with a
large surface area to reduce powder segregation and it was then dried in a fan-forced
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oven at 84°C. This temperature is just under the boiling point of the isopropanol to
avoid splashing of the slurry. The dried powder mixture was further hand mixed in an
alumina mortar and pestle for 10 minutes to prevent any powder segregation induced
from the drying course.

3.2.2 Powder compaction
To date, the most traditional process for powder compaction is dry pressing, either
uniaxially or isostatically (Reed and Runk 1976; Reed 1988; McEntire 1991). A
uniaxial press usually involves a die cavity with a rigid frame and moveable upper
and lower punches. Ceramic powder is filled into the die cavity and pressure is
applied through the pressing punch to compact powder to a specific size and shape
via the rearrangement and the deformation of the particles. It is a simple and cheap
process. However, interface friction caused by the particle-particle interaction and,
more significantly, the powder-die-wall interaction diminishes the pressure available
for compaction (Briscoe and Rough 1998). Such an effect becomes more pronounced
as the distance from the pressing punch increases and, hence, results in non-uniform
density along the length of the pressed green body (Glass and Ewsuk 1997; Briscoe
and Rough 1998).

A Cold Isostatic Press (CIP), on the other hand, offers a hydrostatic powder
compaction method which avoids the powder-die-wall frictional effect. As a result,
the density gradients in the green body are significantly minimized, but not
completely eliminated since interparticle friction forces exist. However, CIP requires
special airtight soft moulds to house the powder and then to immerse in a pressurized
vessel filled with water suspended oil during the operation. The leakage as well as the
cleaning process of such moulds between different sample batches are significant
concerns.

To avoid the drawbacks from the uniaxial press and the complications of the sample
mould in CIP, in the present work, a two-stage powder compaction process was
employed. That is a low pressure uniaxial pressing followed by a higher pressure CIP.
The powders, approximately 7 g for each sample, were uniaxially pressed into 25 mm
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diameter pellets under 10-15 MPa pressure, aiming to produce a defeci free (apart
from the density gradients) green body with sufficient strength for sample handling.
The aspect ratio of the pellets, i.e. the height over the diameter, was kept low to
minimize the powder-die-wall friction and the density gradients (Glass and Ewsuk
1997; Briscoe and Rough 1998). The green pellets were then vacuum-sealed in
airtight plastic bags and subjected to CIP at a much higher pressure, 200 MPa. for
further compaction. The resultant green densities are usually above 60% of their
sintered counterparts. SEM examination on the sintered samples showed that there is
no notable density variation across the samples.

3.2.3 Sintering
Fabrication of engineering ceramics involves high-temperature treatment of the green
powder compacts. Such a process is called sintering, or more casually densification.
Densification of the Ca a-sialon ceramics can be achieved by both pressureless
sintering and hot pressing.

3.2.3.1 Pressureless sintering
In order to clarify the effect of composition on microstructure, the three Ca a-sialon
compositions used were pressureless sintered. Four green pellets were packed in a
cylindrical graphite crucible. To avoid decompositions of the starting materials at
elevated temperatures, the green compacts were embedded in a 50 wt% Si3N4:50 wt%
BN packing powder mixture. The green compacts were first calcined at 900°C for 1 h
under vacuum to decompose CaCO3 to CaO. Sintering was carried out in a nitrogen
atmosphere in a graphite sintering furnace (Thermal Technology U.S.A.) equipped
with a control system. The temperature was monitored using a radiation pyrometer.
The sintering schedule can be summarized as follows:
(1)

evacuate the chamber to < 2 x 10"2 Torr

(2)

flush the chamber with high purity N2 and then pump the chamber down again

(3)

heat the furnace to 900°C at 20°C/min and dwell for 1 h for calcination

(4)

backfill the chamber with N2 to just above atmospheric pressure and maintain
a positive gas flow

(5)

heat the furnace to 1800°C at 20°C/min and dwell for 4 h for sintering
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switch off the furnace power and allow rapid cooling. The cooling rate was
estimated to be approximately 40°C/min from 1800 to 1500°C and 25°C/min
between 1500 and 1200°C.

3.2.3.2 Hot pressing
In order to elucidate the effects of sintering conditions on microstructures, two Ca asialon compositions, namely CA1005 and CA2613, were selected for hot pressing.
Pellets of 8 g each were packed into a graphite die of 25 mm diameter with moveable
upper and lower plungers. Prior lo packing, the plungers as well as the inner wall of
the graphite die were painted with a thin ethanol suspended BN coating to prevent
reactions between the sample and the die assembly. Hot pressing was performed in a
nitrogen atmosphere in a Thermal Technology hot pressing/sintering furnace
equipped with a control system. The temperature was again monitored using a
radiation pyrometer. The pressure was applied when the temperature first reached
1000°C, kept constant at 25 MPa during the sintering stage and was released at
1000°C upon cooling. The sintering/pressing schedule can be summarized as follows:
(1)
(2)

evacuate the chamber to < 2 x 10"2 Torr
flush

the chamber with high purity N2 and then pump the chamber down again

(3)

heat the furnace to 900°C at 20°C/min and dwell for 1 h for calcination

(4)

backfill the chamber with N2 to just above atmospheric pressure and maintain
a positive gas flow

(5)

heat the furnace to desired sintering temperature at 20°C/min

(6)

once the temperature reaches 1000°C, start to apply the pressure at a rate of 1
MPa/min to 25 MPa

(7)

keep the pressure at 25 MPa during sintering

(8)

switch off the furnace power for rapid cooling and release the pressure at
I000°C.

3.2.3.3 Heat treatment
Post-sintering heat treatment devitrifies the grain boundary glass which alternatively
modifies the microstructure and hence the mechanical properties of the materials. In
order to investigate the effect of intergranular glassy phase on the material properties,
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heat treatments were carried out on all three pressureless sintered Ca a-sialon
compositions.
Sintered samples were packed in a 50 wt% Si3N4:50 wt% BN powder bed in a
cylindrical graphite crucible. Heat treatment was carried out in a nitrogen atmosphere
in a graphite furnace. The following heat treatment schedule was utilized:
(1)

evacuate the chamber to < 2 x 10"2 Torr

(2)

flush the chamber with high purity N2 and then pump the chamber down again

(3)

backfill the chamber with N2 to just above atmospheric pressure and maintain
a positive gas flow

(4)

heat the furnace to 1300°C at 20°C/min and dwell for 12 h

(5)

switch off the furnace power and allow rapid cooling.

3.3 Erosion Tests
3.3.1 Erodent materials
The erodent particles used were commercial grade SiC and garnet abrasive grits,
supplied by Carborundum Australia and Australian Mining, respectively. Both grits
were angular in shape although the corners of the garnet particles were slightly
rounded. The SiC particles had a size distribution between 210-500 urn ?.nd the
garnet grits a size distribution between 200-600 |im (Fig. 3.1). The particle size
distribution analysis, as determined by the laser diffraction technique, showed the
median diameter, dso, to be 388 and 400 j.im for the SiC and garnet particles,
respectively. The chemical compositions and the mechanical properties of the erodent
particles are given in Table 3.3.

The apparent solid density of the erodent particles was determined using a helium
pycnometer (AccuPyc 1330 Micromeritics densitometer). The hardness and
indentation fracture toughness were determined by micro-indentation tests at a load of
1.96 N, 15 s. The erodent particles were mounted in thermosetting resin, ground, and
polished to a <0.5 u.m diamond finish for indentation testing. Morphologies of the
two erodent particles were examined with a JEOL JSM-840A scanning electron
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microscope in secondary electron (SE) imaging mode. Prior to SEM examination, the
samples were gold coated to prevent charge accumulation. The accelerating voltage
used was 20 kV.

Fig. 3.1. SEM images of erodent particles: (a) garnet particles and (b) SiC grits.

Table 3.3 Properties of the erodent particles
Property
Chemical Composition* (wt%)

SiC

Garnet
36SiO 2 , 30FeO,
2OAI2O3, 6MgO,
2 Fe2O3, 1 MnO,
1 CaO, and 1 Ti O2
4100

98.85 SiC,
0.60 (Si+SiO2),
0.20 Fe, 0.15 Al,
and 0.20 Free C
3200

Hardness (GPa)

P £

30.4

Toughness+ (MPa m l/2 )

1.10

2.5

Melting Point* (°C)

12:'O

—

Particle Size, djo (|im)

400

388

Apparent Solid Density (t J-u )

* Manufacturer's Data Sheet
+

Measured by Vickers Indentation at 1.96 N load
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3.3.2 Airborne erosion tests
3.3.2.1 Experimental system
The experimental system for airborne erosion tests was a gas-blast type erosion rig,
shown schematically in Fig. 3.2. It consists of a compressed air supply, a 20 kg
capacity erodent holding tank, sections of pipeline (including a T-intersection), an
ejectc* nozzle and a sample holder.

When the driving compressed air passed through the T-intersection, a region of low
pressure was created and the erodent particles were sucked up through the suction
tube. Consequently, the particles were entrained in the stream of compressed air and
accelerated down a 125 mm long, 5.4 mm inner diameter steel nozzle to impact on
the stationary target. The particle velocity was controlled by means of the compressed
air. The angle of impingement was varied by tilting the ejector nozzle via a
mechanical lever.

This type of test rig, in general, provides excellent control over the conditions to
which the specimens are exposed. For this reason it has become the most reliable and
popular tester for laboratory research into the mechanisms of erosion and the
influence of operating variables on wear performance (Zu et al. 1990).

3.3.2.2 Calibration
Investigations of erosion by air-particulate stream involve the measurement of several
important parameters, such as angle of impingement, particle flux and particle
velocity. In our laboratory, the impingement angle can be adjusted to an accuracy of ±
2° according to a spirit level. The particle flux, / was measured by collecting the
erodent particles from the nozzle exit over a fixed period of time. It was defined as
follows: / = the mass of the collected erodent particles divided by the area of the
nozzle orifice and the period of time, generally in units of g per cm2s.
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Fig. 3.2 A schematic of the gas-blast erosion test apparatus.
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The particle velocity was controlled by means of the compressed air pressure and
measured using the rotating double disk technique (Ruff and Ives 1975). Following
Ruff and Ives's design, a similar device was made to measure the particle velocity
(Fig. 3.3). It consists of two parallel aluminium disks (A and B) mounted on a
common steel shaft. Disk A which is closer to the nozzle exit was lined with a thin
rubber layer to prevent unwanted erosive wear. A radial slit was made on disk A
which permits the air-particulate stream to pass through and eventually leave an
erosion mark on disk B.

To Motor

pv-

:'. "• i

j W f e . •.'>'»>•• --C. ' ;.

S ^ " > ' $ J^'
* - ^ " C - > i >-

.' ,

Particle
Harticle
Striking
Striking
Direction

Fig. 3.3. Illustration of the double disk device.

To measure the particle velocity, the device was placed in front of the orifice of the
eroding nozzle. Two erosion exposures were made, one with the disks stationary and
the other with the disks rotating at a constant angular velocity, co, which was
determined by a stroboscopic light source. Now, if the distance between the two
disks, L, is known, according to the time-of-flight rule, the average particle velocity,
v, can be obtained by the following relationship:
v = Llt

(3.1)
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where / is the time required for particles to travel from disk A to B.
During the time, /, the disks rotated through an angular displacement, 0,
Q = 2ncot

(3.2)

By substituting eq. (3.2) into (3.1), the average particle velocity is given by
\ = 27TQ)L/Q

(3.3)

For convenience, eq. (3.3) can be further rewritten as:
v = 360°-coL/<p

(3.4)

where (p is the angle corresponding to the angular displacement G and can be
calculated by measuring the S and the r values. S is the linear separation between the
center of the two erosion marks and /• is the distance from the centre of the erosion
marks to the centre of the disk B.

In the present work, the average particle velocity was measured as a function of the
compressed air pressure. By taking the typical values of the present setup: L = 24.7
mm and co = 60.7 Hz, and determining the q> value corresponding to various air
pressures,/?, the average particle velocity was readily calculated using eq. (3.4). The
\2-p relationship is plotted in Fig. 3.4. Data presented as mean and standard deviation
of three measurements.

From Fig. 3.4, the relation v2 x p was established, indicating that the kinetic energy
of the erodent particles (1/2-wv2; m is the mass of the particle) is proportional to air
pressure.

3.3.2.3 Experimental procedure
The specimens prepared for erosion tests were machined to dimensions 20x20x(3-10)
mm3 or (|>(20-25)x5 mm2. All tests were performed on the bulk material whose
surface layer was removed by a surface grinder with a resin-bonded diamond cup
wheel. Surfaces for erosion testing were further ground to an 800-mesh finish to
ensure consistent surface properties.
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Fig. 3.4. Particle velocity square as a function of compressed air pressure.

The samples were placed 13.8 mm from the nozzle orifice at any impingement angle.
The impact angles used were 30°, 45°, 60° and 90° for alumina, zirconia and
pressureless sintered sialon ceramics, and 30° and 90° for silicon nitride, silicon
carbide and hot-pressed sialon materials. Most samples were eroded with a fixed
amount of erodent at 20 m/s in six exposures, although in some cases a higher
velocity of 37 m/s was used. Erodent materials used were garnet and silicon carbide
grits.

Mass loss from the target material was measured before and after the exposure using
an analytical balance with an accuracy to ±0.1 mg. Wear volume was calculated from
the weight change and the bulk, density of each material. Cumulative volume loss was
plotted as a function of the amount of erodent impacting on the surface. The erosion
rate (A£) was defined as follows: A£= volume loss from the specimen divided by the
mass of particles used, generally in units of/?? per kg.
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3.3.3 Slurry jet erosion tests
3.3.3.1 Experimental system
Slurry erosion tests were carried out with a custom designed slurry jet apparatus,
shown schematically in Fig. 3.5. Briefly, the equipment utilized a compressed air
supply, a 60 1 capacity slurry holding tank, an agitator, a diaphragm pump, sections of
pipeline, an ejector nozzle (inner diameter of 4 mm) and a sample holder.

The slurry, a mixt ; v>r * <r * ;

.-'•; ; garnet grits, was pumped from the holding tank

to the ejector noz >•. 4-n i.^, w.ich it emerged as a high velocity jet to strike the
target surface. The I, a i-n-. oi .olids and the velocity of this slurry stream were varied
by adjusting the agitator ^peed and the compressed air pressure, respectively. The
angle of impingement was varied by tilting the specimen holder via a mechanical
lever.

3.3.3.2 Calibration
The major variables examined were angle of impingement, particle loading (i.e. mass
fraction of erodent particles in the slurry), particle flux, and velocity of the slurry jet.
The angle of impingement can be adjusted to an accuracy of ± 2° according to a spirit
level.

To determine particle velocity, flux and solid loading, a simple method was
developed which involves collecting the amount of slurry released form the nozzle
ejector over a fixed period of time and consequently solving the following equations
simultaneously:
Vs + VL = V T

(3.5)

Vs-ps + V L -PL = MT

(3.6)

where V s and VL refer to the volumes of the solid particle and the liquid, respectively,
while p$ and p^ correspond to the densities of the solid particle and the liquid. Vj and
Mr are the total volume and the total mass of the collected slurry.
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Valve

Fig. 3.5 Schematic diagram of the slurry erosion test apparatus.
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The apparent solid density of the particle was measured using helium pycnometer.
The slurry collecting time, t, was controlled by a stopwatch, and the total volume and
the mass of the slurry were determined by analytical beakers and an analytical
balance. Assuming the abrasive particle velocity is the same as the slurry velocity, v,
it is straightforward to show that
v = VT/[(^*2)r]

(3.7)

where r is the radius of the nozzle orifice.

Consequently, the particle flux F is given by (Turenne et al. 1989)
(3.8)

F=v psf
where/is the particle volume fraction which can be expressed as

(3.9)

/ = VS/VT

Finally, the solid particle loading, C, can be derived by
(3.10)

C = psVs/

The particle velocity corresponding to various compressed air pressures was
determined for a range of particle loadings - 3.1 wt%, 7.6 wt% and 11 wt%. The v2-p
relationship is shown in Fig. 3.6. Data presented as mean and standard deviation of
three velocity values corresponding to the above three particle loadings. From Fig.
3.6, the relation v2 oc p was again established, indicating that the kinetic energy of the
erodent particles entrained in a slurry stream is also proportional to air pressure.

It is important to note that, even under the same air pressure, the particle velocity
varies slightly with the particle loading, C. The v-C relationship for various air
pressures is presented in Fig. 3.7. As can be seen, there is a slight decrease in particle
velocity with increasing particle loading. Such phenomenon will be discussed in
Chapter 7.
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Fig. 3.6. Particle velocity square as a function of compressed air pressure.
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Fig. 3.7. Particle velocity as a function of the particle loading for various air pressures.

3.3.3.3 Experimental procedure
The specimens, with the same dimensions as described in the airborne tests, were
mounted directly under the ejector nozzle, approximately 13.8 mm below the nozzle
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exit, for all tests. The effect of the angle of impact was studied for alumina ceramics
at 15°, 30°, 45°, 60°, 75° and 90°. In this series of tests, the particle, loading was held
at 7.6 wt% and the slurry velocity was 16.5 m/s. The effect of slurry velocity was
determined for a fixed particle loading, 7.6 wt%, at an angle of impact of 30°. The
velocities tested were 12.7 m/s, 14.5 m/s, 16.5 m/s, 18.6 m/s, and 20.5 m/s. The effect
of particle loading was measured at a fixed slurry velocity of 16.5 m/s, again at a
fixed angle of impact, 30°. The different particle loadings used were 3.1 wt%, 7.6
wt% and 11 wt%.

Each sample was eroded with a fixed amount of erodent in five exposures. The
amount of erodent used in a single exposure was controlled by timing the release of
the slun-y as determined by careful pre-calibration. The specimens were ultrasonically
cleaned, oven dried at 150°C to eliminate moisture trapped at pores and weighed
before and immediately after the erosion test. As in the case of airborne erosion
testing, the cumulative erosive volume loss was plotted as a function of the mass of
erodent particles used. The steady state slurry erosion rate (A£s) was determined as
the ratio of the volume loss from the specimen to the mass of the erodent particles
used, again from the slope of the linear part of the cumulative volume loss-erodent
mass plot.

3.4 Analytical Techniques
3.4.1 X-ray analysis
The phase analysis of the ceramic materials was made by X-ray diffractometry
(XRD), while the lattice parameters of the a-sialon ceramics were determined by the
Giiinier-Hagg X-ray camera.

3.4.1.1 X-ray diffractometry
The sample surfaces prepared for XRD analyses were bulk internal surfaces with
beveled edges to eliminate any surface and edge effects. The analyses were performed
on a Rigaku-Geigerflex diffractometer with nickel filtered CuK« radiation. The X-ray
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generator was operated at 40 kV and 22.5 mA. The diffraction spectra were collected
at Bragg angles between 10° and 80°, using a scan speed of 0.5°/min and a step size
of 0.02°. Analyses of the spectra were performed on the Traces 5.2 program.

Crystalline phases were identified using the JC PDS Powder Diffraction File and the
following notations were used to define the intensity of the diffraction peaks: tr =
trace (relative peak intensity <3%); vw = very weak (<10%); w = weak (10-20%);
mw = medium weak (20-40%); m = medium (40-55%); ms = medium strong (5570%); s = strong (70-85%); vs = very strong (>85%).

3.4.1.2 Guinier-Hagg X-ray camera
Samples for lattice parameter measurement were crushed to a fine powder. Si was
used as an internal standard. The measurements were performed on a Giiinier-Hagg
X-ray camera with CuKai radiation. The recorded X-ray powder diffraction
photographs were analysed by a computer-linked line scanner (LS-18) system and
program SCANPI (Johansson et al. 1980; Wang et al. 1999a). The lattice parameters
were calculated using the least-squares refinement program PIRUM (Werner 1969;
Johansson et al. 1980).

3.4.2 Scanning electron microscopy
Ivlicrostructures of the bulk material and the eroded surfaces of the samples were
examined using scanning electron microscopy (SEM).

The samples for microstructural examinations were wax-mounted onto the stainless
steel holders and were ground using a surface grinder with a diamond abrasive
impregnated resin cup wheel to remove the surface layers. The samples were then
ground with 15 um diamond paste on a flat glass lap to produce a macroscopically
flat surface. Polishing was carried out on the tin laps to produce a mirror-like finish
using initially 6 urn and then 0.5 um diamond paste. The samples were ultrasonically
cleaned in water between each polishing stage.
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To examine the grain structure of the samples, the polished surfaces were etched
when it was needed. For alumina and zirconi? ceramics, the samples were thermally
etched at 50°C below their sintering temperatures for 15-20 mins in a rapid heating
furnace with the heating and cooling rates of 500°C/h. For Ca a-sialon ceramics, the
samples were chemically etched in molten NaOH, contained in a Ni crucible, for 1020 s then rinsed under running water. For silicon nitride materials, the samples were
plasma etched (prepared by K. Hirao, the National Industrial Research Institute of
Nagoya, Japan). For silicon infiltrated silicon carbide materials, no etching was
applied since large differences existed in atomic number between the grains and grain
boundary phases which could be resolved by back scattered electron (BSE) images
during SEM examinations.

The samples for microstructural examinations along with their eroded surfaces were
ultrasonically cleaned, mounted and sputter coated with amorphous carbon. The
surface morphology was examined using a JEOL FE6300 SEM equipped with a field
emission gun operating in secondary electron (SE) imaging mode with an
accelerating voltage of 10 kV. The BSE images as well as qualitative analysis on the
elemental composition were performed on a JEOL JSM-840A SEM equipped with an
energy dispersive X-ray (EDX) spectrometer operating at 20 kV.

3.4.3 Density determinations
The bulk density quoted in the present work was measured using the boiling water
method recommended by Australian Standard AS 1774.5 (1979). The sample was
boiled in distilled water for 2 h and then cooled to room temperature while the
specimen remained immersed in water. The immersed mass of the sample, Mi, was
measured by weighing the saturated specimen submerged in water. The specimen was
then withdrawn from the water and the excess water on the surface was removed by a
damp cloth. The saturated mass, Ms, was recorded by weighing the saturated
specimen suspended in air. The sample was oven-dried at 105-110°C overnight
before the dry mass, MD, was recorded. Based these values, the bulk density, A), was
calculated using the following relationship (AS 1774.5, 1979)
Db = MD-AAMS-MI)
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--vK'.re D\, is the density of the distilled water at room temperature.

The true density of the specimen, Du was measure on finely powdered sample using a
Helium pycnometer, AccuPy H30 Micromeritics densitometer. The true porosity,
Pu was calculated as follows (AS 1774.5, 1979)
(3.12)

3.4,4 Hardness and fracture toughness measurements
Hardness and fracture toughness measurements were carried out on the polished
samples using a Vickers diamond pyramid indenter. The standard load conditions
were 10 kg, 15 s. However, in some cases, the load was decreased since many lateral
cracks developed and disturbed the measurement of the radial cracks. The indentation
produced a diagonal impression with cracks extending from the corners (Fig. 3.8).

Radial Cracks

Plan View

\

Cross
Sectional
View
Palmqvist
Cracks
Median Cracks

(b)

(a)

Fig. 3.8. Schematic diagram of a Vickers indent (a) radial palmqvist crack system and
(b) radial-median system (Niihara 1983).
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ihe diagonal length, 2a, the full crack length, 2c, as well as the Palmqvist crack
length. /. were measured in all directions using an optical microscope. Five indents
were made for each sample and the means were used to derive the hardness and
fracture toughness values.
The hardness, H, was calculated using the following equation
H = ?/2a2

(3.13)

where P is the load in Newtons.

The fracture toughness, Kic, was calculated according to the crack-to-indent ratios.
For da > 2, the method proposed by Anstis et al. (1981) was adopted
Kic = 0.016 (E/H)1/2 (P/c3/2)

(3.14)

where E is the modulus of the specimen.

However, for 1.25 < da < 2, the Palmqvist crack treatment developed by Niihara
(1983) was utilized
[Kic* /(Hflr1/2)](H/E<|>)2/5 = 0.048(//a)'1/2
where § is the constrain factor (= H/ay « 3, where ay is the yield stress).
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Chapter 4
MICROSTRUCTURAL TAILORING OF
Ca a-SIALON CERAMICS

4.1 Introduction
Since the focus of the research was an investigation of the relationship between the
microstructure and the erosion behaviour of ceramic materials, it was necessary first
to ascertain whether ceramics with well-tailored microstructures could be obtained.
This chapter reports an evaluation of the effects of the starting compositions and
processing conditions on the microstructure of Ca a-sialon ceramics. It then
discusses the correlation between the microstructure and the mechanical properties,
followed by an examination of the effect of a post-sintering heat treatment on the
properties of these materials.

Section 4.2 describes the experimental details involved in the sample preparation,
characterisation techniques and property measurements relevant to this work. Section
4.3 presents the results of X-ray diffraction (XRD) analysis which provide the phase
content and the lattice parameters of the Ca a-sialon samples, while section 4.4
presents the scanning electron microscope (SEM) observations which show the
variations in microstructure of these materials. The measured physical and
mechanical properties of these materials are described in section 4.5, and sections
4.6-4.9 form a comprehensive discussion which deals with the nucleation and
densification mechanism, the microstructural design and the effect of microstructure
on mechanical properties of Ca a-sialon ceramics.
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4.2 Experimental Design
4.2.1 Materials preparation
Three Ca a-sialon compositions, namely CA1005, CA2613 and CA3618, with the
nominal x (- ml2 = ri) value of 0.5, 1.3 and 1.8, respectively, were selected for this
study. In order to clarify the effect of starting compositions on the microstructure of
final products, the three compositions were pressureless-sintered (PLS-ed) at 1800°C
for 4 h in nitrogen atmosphere. In order to elucidate the effect of sintering conditions
on the microstructure, compositions CA1005 and CA2613 were selected for hot
pressing (HP) under various conditions. Finally, in order to identify the effect of
grain boundary glass on the erosion response of Ca a-sialon ceramics, a postsintering heat treatment was carried out on the three PLS-ed compositions at 1300°C
for 12 h in nitrogen. Detailed procedures for the sample preparation of Ca a-sialon
ceramics are described in section 3.2, while the processing conditions for these
samples are summarized in Table 4.1.

Table 4.1 Processing conditions of the Ca a-samples
Samples

Sintering condition

CA1005

PLS@1800°C/4h

CA1005(HT)

PLS @1800°C/4h + HT @1300°C/12h

CA1005F

PLS @1800°C/3h + HP @1700°C/lh

CA1005C

PLS @1800°C/8h + HP @1700°C/lh

CA2613

PLS@1800°C/4h

CA2613(HT)

PLS @1800°C/4h + HT @1300°C/12h

CA2613F

HP @1550°C/0.5h + HP@1600°C/0.5h

CA2613C

PLS @1800°C/3h + HP @1700°C/lh

CA3618

PLS@1800°C/4h

CA3618(HT)

PLS @1800°C/4h + HT @1300°C/12h

where PLS: Pressureless-sintered; HT: Heat-treated; HP: Hot-pressed.
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4.2.2 Characterisation techniques
XRD was used to determine the lattice parameters and the crystalline phases of the
samples fabricated (refer to section 3.4.1). Based on the measured lattice parameters,
the actual x value for the Ca a-sialon phase can be obtained as the mean of xa and xc
given by the following equations (Wang et al. 1999a):
Aa = 0.156 xa

(4.1)

Ac = 0.115 xc

(4.2)

where Aa = a-a0 and Ac = c-c0; a and c are the measured unit-cell dimensions of asialon along the a and c-axes, respectively, while a0 and c0 represent the unit-cell
I

dimensions of a-Si3N4 which have values of 7.749 A and 5.632 A, respectively.

SEM was employed to study the microstructure of the Ca a-sialon ceramics. The
samples were polished and etched and then examined using a JEOL FE6300 SEM
equipped with a field emission gun. Etching was performed by immersing polished
surfaces of the samples into molten NaOH. The temperature of the molten NaOH
and the etching duration were determined according to the amount of the glassy
phase in the sample. For example, for composition CA1005, the etching condition
was 410°C for 20 s, while for compositions CA2613 and CA3618, the condition was
400°C for 10 s. Prior to SEM examination, the samples were carbon coated to
prevent charge accumulation. The accelerating voltage used was 10 kV.

The diameter and length of a-sialon grains were determined as the lengths of the
shortest and the longest diagonal of the two-dimensional exposed grains,
respectively, from the SEM micrographs of polished surfaces. Over 500 grains of
each sample were measured. The apparent aspect ratio of the grains was given by the
ratio of the average length over average diameter. No stereological factors were
considered in the calculation. The volume fraction of the minor AIN-polytypoids and
intergranular glassy phase in the samples was estimated from images of the twodimensional polished sections using the quantitative image analysis technique. The
SEM micrographs of the polished sections were enlarged and the area fraction of the
AIN-polytypoid phase or the intergranular glassy phase was manually traced onto a
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transparent film for quantitative image analysis. The present study showed that the
standard deviation of the measured volume fraction using quantitative image analysis
technique was less than 10%. The volume fraction of A1N raw material in the
sintered body was estimated based on the calibration XRD curve of an A1N and aSi3N4 two-phase system. The volume ratio of A1N to cc-Si3N4 powders was varied
from 0-100%. The X-ray peak areas of A1N and a-Si3N4 for (100) and (201) planes,
respectively, were calculated using the Traces 5.2 XRD analysis program, and the
relative volume fraction of A1N in the AlN-a-Si3N4 system was obtained by
comparing their peak areas.

The water immersion method was used to determine the bulk density of all samples.
The total porosity of the HP-ed samples (CA1005 and CA2613) and the PLS-ed
CA3618 was estimated from the SEM micrographs of polished surfaces using the
image analysis technique. The true density, d,, of the three sialon compositions was
calculated from (AS 1774.5, 1979)
dt = dtl(\-P%)

(4.3)

where d\, and P% represent the bulk density and the total porosity, respectively, of
the corresponding samples. The total porosity of PLS-ed CA1005 and CA2613
samples was calculated from the derived true density value and the measured bulk
density value using equation 4.3.

I
Vickers indentation, at a peak load of 98 N, was utilized to measure the hardness and
fracture toughness of the sialon ceramics (Anstis et al. 1981). A value of 240 GPa for
Young's Modulus was used to evaluate the fracture toughness of the Ca a-sialon
materials (Ta et al. 2000). The indentation toughness undervalues the actual
toughness of these a-sialon ceramics in which an R-curve behaviour, i.e. fracture
|

toughness increases as the crack size increases, is expected (Lawn 1993; Wood et al.
1999). However, such a technique is adequate for a relative comparison of the
resistance to crack growth of ceramic materials.
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4.3 XRD Analysis
4.3.1 Pressureless-sintered samples
XRD spectra (20 from 30° to 40°) of the three PLS-ed Ca a-sialon materials are
shown in Fig. 4.1. As can be seen, in material CA1005, a-sialon was the only
crystalline phase revealed (Fig. 4.1 (a)). In material CA2613, a-sialon was the
dominant phase but there was also a trace of 33R (AIN-polytypoid) (Fig. 4.1(b)).
AIN-polytypoid phases, as discussed in section 2.3.1.2, are AIN defect structures that
result from the incorporation of silicon and oxygen into the AIN structure. In
material CA3618, a-sialon was again the dominant phase but a minor AIN' phase
was also present (Fig. 4.1(c)). The AIN' phase observed here is not the AIN starting
powder, rather, it is a precipitated AIN solid solution with a very small concentration
of silicon in it (Wood and Cheng 2000).

Fig. 4.1 also shows that there is a slight decrease in the amount of a-sialon phase as
the x-value of the composition increases. This decrease was accompanied by the
presence of small amounts of 33R and AIN' phases in samples CA2613 and
CA3618, respectively. In addition, the a-sialon peaks exhibit a clear shift towards
low angles as the A'-value of the composition increases, indicating the unit cell
dimensions of the a-sialon phase increase as the x-value increases.
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4.3.2 Hot-pressed samples
Figs. 4.2 and 4.3 show the XRD spectra (20 from 30° to 40°) for composition
CA2613 fabricated under various conditions: two-stage HP-ed at 1550°C/0.5h and
1600°C/0.5h (CA2613F), and PLS-ed at 1800°C/3h followed by post-sintering HP at
1700°C/lh (2613C). XRD spectra were taken from bulk surfaces both parallel (Fig.
4.2) and perpendicular (Figs. 4.3) to the uniaxial HP direction. Sample CA2613C
consisted of a dominant Ca a-sialon phase coupled with a small amount of 33R
phase, while sample CA2613F contained a dominant Ca a-sia!on phase and a minor
AIN phase. The AIN phase observed in the low temperature two-stage HP-ed
material CA2613F was probably due to the unreacted aluminium nitride powder. To
confirm this, sample CA2613F was post-sintering heat-treated at 1700°C/lh. XRD
analysis of the heat-treated sample revealed no AIN phase, though a small amount of
33R was detected.

By comparing XRD spectra taken from bulk surfaces parallel to and perpendicular to
the HP direction, some variations in relative intensity (///maxxl00%) of a-sialon
peaks were observed. Table 4.2 lists the relative intensities of the XRD peaks for the
Ca a-sialon from the reference powder diffraction file (Thompson 1988) and the
present HP-ed CA2613 materials. As can be seen, for materials CA2613F and
CA2613C. the diffraction intensities from the crystal planes that are normal or nearly
normal to the c-axis of the a-sialon hexagonal unit cell, i.e. planes with indices I > h,
k, are greater for surfaces parallel to the HP direction than those perpendicular to the
HP direction. In contrast, the diffraction intensities from the planes that are parallel
to the c-axis of the a-sialon unit cell, i.e. planes with indices (MO), are stronger for
surfaces perpendicular to the HP direction. The XRD results suggest that a textured
structure has been developed in samples CA2613F and CA2613C, as a result of the
c-axis of the a-sialon grains being preferentially aligned normal to the HP direction.
This preferred orientation is associated with the development of the elongated asialon grain morphology (Wang et al. 1996a).
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Fig. 4.2. XRD spectra from bulk surfaces parallel to the uniaxial HP direction of
samples: (a) CA2613F and (b) CA2613C.
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samples: (a) CA2613F and (b) C\2613C

The degree of the texture is more sigirsfv ?vX in material CA2613F than CA2613C.
This can be evidenced by comparing if-c peak intensity ratios of (102) and (210)
planes in the XRD diffraction patterns. For sample CA2613F, the ratio of /(io2)//(2io)
was 1.5 and 0.7 for sections parallel and perpendicular to the HP direction,
respectively. On the other hand, for san;ple CA2613C these ratios became 1.4 and 1,
respectively. This is because material CA2613C was initially PLS-ed for 3 h at
1800°C to produce a microstructure consisting of mainly elongated a-sialon grains
with random orientations. The post-sintering HP for CA2613C at 1700°C/lh resulted
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in further coarsening of elongated a-sialon grains, during which a certain degree of
preferential grain orientation could occur. However, the preferred orientation of the
a-sialon grains was less than that observed in the sample that was only HP-ed,
CA2613F.

Table 4.2 XRD intensitip- . ' Ca a-sialon from the reference powder diffraction file
(Thompson 1988) and of composition CA2613 fabricated under various conditions
"I

Relative Intensity: ///max (%)

•S!

CA2613F

hkl
201

Powder
Diffn ;tion
File
75

//a

la

//a

la

64

79

65

81

002

9

12

10

10

9

102

100

100

74

100

100

210

80

68

100

70

98

211

65

52

66

56

75

112

9

11

10

10

10

300

14

12

17

12

17

CA2613C

" //: surface parallel to the HP direction;
1: surface perpendicular to the HP direction.

4.3.3 Keat-treated samples
Post-sintering heat treatment was carried out at 1300°C for 12 hours on the three
PLS-ed materials CA1005, CA2613 and CA3618. X-ray phase analysis of uie heattreated samples revealed a secondary gehlenite phase (Ca2Al2SiO7, G') in materials
CA2613 and CA3618 (Fig. 4.4). Gehlenite is the crystallised form of the
intergranular glass. A higher amount of glass in sample CA3618 produced more
gehlenite in the sample comparing to the other samples after the heat-treatment. No
obvious evidence of gehlenite was seen in the XRD spectrum of the heat-treated
sample CA1005, owing to a very low content of grain boundary glass in this

{
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material. This finding is consistent with the fact that the CA1005 composition is
located inside the single-phase a-sialon region.

a'+AIN 1
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I
a a
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CA1005(HT)
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30

35

40
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Fig. 4.4. XRD spectra of the heat-treated (HT) samples. G': gehlenite (Ca2AI2SiO7).

4.3.4 Unit cell dimensions
The nominal and actual x-values, lattice parameters and crystalline phases of Ca otsialon samples are presented in Table 4.3. The actual x-value, in all cases, is lower
than its nominal value, indicating that there exists a competition for Ca~+ between the
a-sialon phase and intergranular glassy phase. The three PLS-ed samples, i.e.
CA1005, CA2613 and CA3618, provide an ideal system for studying the effect of the
design composition, described by the nominal A'-value, on the solubility of Ca2+,
determined by the actual x-value. The solubility of Ca2+ in the a-sialon unit cell
increases as the nominal x-value increases. The result is consistent with the measured
unit cell dimensions of the three PLS-ed samples. As shown in Table 4.3, the cell
dimensions of a-sialon also incicase as the x-value increases. The expansion of cell
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dimensions in a-sialon is mainly caused by substitution of Si-N bonds by Al-N
bonds due to the greater bond length of Al-N (1.87 A) than that of Si-N (1.74 A)
(Cao and Metselaar 1991). The larger number of Si4+ replaced by Al3+ (m-value) in
S1N4 tetrahedra results in a greater negative charge imbalance which requires
additional stabilising cations to compensate. Therefore, the actual x-value increases
as the cell dimensions of the a-sialon increase.

However, the ratio of the soluble Ca2+ in the a-sialon lattice to the total added
amount of calcium, i.e. the ratio of actual to nominal x-values, is found to decrease
when the nominal x-value exceeds 1.3. For example, in material CA2613 (x = 1.3),
the level of Ca2+ in the a-sialon lattice is approximately 70% of the added amount,
suggesting that about 30% of added Ca2+ remains in the intergranular glassy phase.
However, the percentage of Ca2+ in the a-sialon lattice decreases to around 60% in
material CA3618 (x = 1.8) with about 40% of added Ca2+ remaining in the glassy
phase. The decrease in the percentage of Ca2+ in the a-sialon lattice suggests that the
amount of the intergranular glassy phase increases as the Jt-value increases.

From Table 4.3, it can be seen that for the same composition, the sintering
conditions, i.e. the sintering time and temperature, also have an impact on the cell
dimensions of a-sialon and the solubility of Ca2+ in the a-sialon lattice. The longer
sintering time, as demonstrated by CA1005F and CA1005C, and the higher sintering
temperature, as shown by CA2613F and CA2613C, can result in a larger cell
dimensions and thus increase the solubility of Ca2+ in the a-sialon lattice and
decrease the amount of grain boundary residual glass.
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TabJe4.3 Nominal and actual jr-vaiues. lattice parameters and crystalline phases of Ca a-sialon samples
Nominal
jc-va5ue
0.5

Aetna!
jc-valueb
0.33

"(A)

c<A>

F(A3)

Phase present0

7.8013{5)d

5.6696(5)

298.82

a' vs

CA1005F

0.5

0.33

7.8004(4)

5.6705(6)

298.81

a' vs

CAI005C

0.5

0.35

7.8024(4)

5.6724(5)

299.06

a' vs

CA2613

1.3

0.89

7.8886(5)

5.7339(6)

309.01

a' vs; 33R vw

CA2613F

1.3

0.84

7.8788(10)

5.7302(6)

308.05

a' vs; A1N vw

CA2613C

1.3

0.89

7.8876(5)

5.7337(5)

308.93

a' vs; 33R vw

CA3618

1.8

1.06

7.9191(7)

5.7499(7)

312.28

a' vs; A1N' w

Sample 3
CA1005

ON

3

Sample notation and its sintering condition refer to Table 4.1.

b

The mean value of xa and xc calculated using relationships Aa = 0.156-Ya and Ac = 0.115;cc derived by Wang et al. (1999a),

c

a' = a-sialon; 33R = SiAlIo02Nj0 (AlN-po'iytypoid); A1N = unreacted aluminium nitride powder; A IN' — AlN-polytypoid.

d

The values in the parentheses are the standard deviation of the final decimal place.

g

X-ray peak intensities: vs = very strong (relative peak intensity - c5%), w = weak (10-20%), vw = very weak (<10%).
O
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4.4 SEM Analysis
4.4.1 Pressureless-sintered samples
SEM micrographs of polished and chemically etched surfaces of the three PLS-ed Ca
a-sialon ceramics are shown in Fig. 4.5. The average diameter and apparent aspect
ratio of a-sialon grains as well as the volume fraction of the intergranular glass of
these materials are given in Table 4.4. Sample CA1005 contained more or less
equiaxed a-sialon grains coupled with a small amount of intergranular glassy phase
(Fig. 4.5(a)). The size of the a-sialon grains varied widely from 0.1 jam to over 2 urn
with an average diameter of 0.44 urn. The volume fraction of the intergranular glassy
phase was estimated using image analysis to be approximately 3%.

Sample CA2613 displayed two distinct crystalline phases: the a-sialon phase with a
smooth trait and the 33R phase with speckled features (Fig. 4.5(b)). The speckled
appearance of 33R grains was the result of the faster etching rate of A1N compared to
that of a-sialon when NaOH etchant was used (Weimer 1997). The a-sialon grains
appeared mainly in an elongated shape and ranged widely in size. The small grains
were typically 0.2-0.3 urn in diameter and 0.7-1.2 urn in length, while the large grains
were 0.9-1.2 um in diameter and 3-8 um in length. The aspect ratios of both large and
small grains were, however, very similar, ranging from 3 to 8 with an apparent ratio
of 5.2. The 33R AIN-polytypoid phase appeared as long laths with an average
thickness and length of 0.6 u.m and 4 um, respectively. Quantitative image analysis
on the SEM micrographs of polished sections showed that the area fraction of 33R
phase in sample CA2613 was approximately 4%, while the area fraction of the
intergranular glassy phase in CA2613 was approximately 7%.
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Fig. 4.5. SEM micrographs of the three PLS-ed Ca a-sialon samples: (a) CA1005, (b)
CA2613 and (c) CA3618.

78

Table 4.4 Average diameter and apparent aspect ratio of a-sialon grains as well as the volume fraction of the secondary phases of the Ca a-sialon
samples
Sample

Average Diameter
(|im)

Apparent Aspect
Ratio

CA1005

0.44

1.8

GB
3

CA1005F

0.52

2.1

2

CA1005C

0.74

2.0

<1

CA2613

0.46

5.2

7

CA2613F

0.15

3.0

5

CA2613C

0.51

4.1

3

CA3618

0.57

7.3

15

a

Secondary Phases Content (vol%)
33Ra
AINb

AlN' a

4
3

4
19

a

The volume fractions of graia boundary glass (G3) and AIN-polytypoids (33R and AIN') were determined using the quantitative image analysis
technique, with a standard deviation less than 10%.
b

The volume fraction of unreacted aluminium nitride powder (AIN) was estimated based on the calibration curve of an AIN and a-Si3N4 two-phase
system determined using the quantitative XRD analysis technique.
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Sample CA3618 also consisted of two crystalline phases: the a-sialon and A1N'
phases (Fig. 4.5(c)). The a-sialon phase in CA3618 had a similar elongated grain
morphology to that observed in material CA2613 except being much larger and
longer in size. The average diameter of a-sialon grains in material CA3618 was 0.57
urn, although some grains were as large as 2 u.m in diameter. The apparent aspect
ratio was 7.3. The A1N' phase, as shown with speckled features in Fig. 4.5(c),
exhibited a similar morphology as the 33R phase observed in CA2613. The size of
these A1N' grains was, however, much larger than that of the 33R laths in sample
CA2613. Image analysis revealed that the area fraction of the A1N' phase and the
intergranular glassy phase in sample CA3618 was approximately 19% and 15%,
respectively.

4.4.2 Hot-pressed samples
SEM micrographs of polished and chemically etched surfaces of HP-ed materials
CA1005 and CA2613 are presented in Figs. 4.6 and 4.7, respectively. The average
diameter and apparent aspect ratio of a-sialon grains as well as the volume fraction of
the secondary phases of these materials are given in Table 4.4.

Fig. 4.6(a) shows the microstructure of sample CA1005F (PLS-ed at 1800°C/3h
followed by post-sintering HP at 1700°C/lh), while Fig. 4.6(b) is the micrograph of
sample CA1005C (PLS-ed at 1800°C/8h followed by post-sintering HP at
1700°C/lh). As can be seen, both materials contained almost equiaxed a-sialon
grains with a large fraction of the grains being slightly elongated. Both materials
exhibit a wide range of variations in grain sizes, being from 0.1 |j.m to 4 u,m for
CA1005F and from 0.2 to over 6 |nm for CA1005C. The average diameters of the asialon grains were 0.52 and 0.74 am for materials CA1005F and CA1005C,
respectively, which were significantly greater than that (0.44 urn) of their PLS-ed
counterpart CA1005. The apparent aspect ratios of the a-sialon grains were 2.1 and
2.0 for materials CA1005F and CA1005C which were also greater than that (1.8) of
their PLS-ed counterpart CA1005. Quantitative image analysis showed that materials
CA1005F and CA1005C contained approximately 7% and 6% grains, respectively,
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with an aspect ratio exceeding 2, while material CA1005 contained less than 5%
grains with the aspect ratio greater than 2. The volume fraction of grain boundary
glass was, however, found to decrease from approximately 3% for PLS-ed material
CA1005 to - 2 % and <1% for HP-ed materials CA1005F and CA1005C, respectively.

Fig. 4.6. SEM micrographs of the two-stage sintered CA1005 samples: (a) CA1005F
and (b) CA1005C.

Figs. 4.7(a) and (b) are the low and high magnification microstructures, respectively,
of two-stage HP-ed material CA2613F (1550°C/0.5h followed by 1600°C/0.5h),
while Fig. 4.7(c) is the micrograph of sample CA2613C (PLS-ed at 18OO°C/3h
followed by post-sintering HP at 1700°C/lh).

XRD analysis revealed that material CA2613F consisted predominantly of a-sialon
phase together with a small amount of unreacted A1N (section 4.3.2). SEM
examinations of a polished and etched section of sample CA2613F showed that the
a-sialon grains were mainly elongated in shape and had an average diameter of 0.15
urn, with very few grains approaching the 1 |_im mark (Figs. 4.7(a) and (b)). The
apparent aspect ratio of these grains was 3. In addition, some isolated regions
containing fine particles with a speckled appearance, highlighted by the frame in Fig.
4.7(a), were also observed. EDX analysis indicated that these regions consisted
mainly of Al and N (Fig. 4.7(d)). The speckled feature, as discussed in section 4.4.1,
is an unique feature of the AIN-polytypoid phase as a result of the NaOH etching.
Moreover, these speckled particles were submicrometer in sizes (Vlg. 4.7(a)), which
were significantly smaller than the starting A1N particles, i.e. 6-10 Jim (Table 3.1),
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suggesting that they were more likely the precipitated AIN-polytypoid phase.
However, the quantity of the precipitated AIN-polytypoid is so small that no
diffraction peaks of such phase were revealed by XRD analysis.

Quantitative XRD analysis showed that the volume fraction of unreacted A1N in
sample CA2613F was approximately 3%, while image analysis revealed that the

Rciative In tensi

volume fraction of the intergranular glass in this material was approximately 5%.
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Fig. 4.7. SEM micrographs of the two-stage sintered CA2613 samples: (a) and (b)
CA2613F, and (c) CA2613C. EDX analysis (d) revealed that regions containing
speckled particles, highlighted by white frame in (a), consisted mainly of Al and N,
suggesting that they are probably precipitates of the AIN-polytypoid. Note: EDX
spectrum for the Ca a-sialon phase (a') is also shown in (d) for reference.

Material CA2613C consisted of mainly elongated a-sialon grains coupled with a
small amount of AIN-polytypoid (33R, as revealed by XRD analysis), which is
consistent with the PLS-ed sample CA2613. However, the average diameter of th* asialon grains in CA2613C was slightly greater than that in PLS-ed sample CA2613
whereas the apparent aspect ratio was lower than that of the latter (Table 4.4). The
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volume fraction of the grain boundary glass of CA2613C, as determined using the
image analysis technique, was significantly lower than that of the PLS-ed sample
CA2613 and the low temperature HP-ed sample CA2613F (Table 4.4).

i

4.5 Property Evaluation
The physical and mechanical properties of the Ca a-sialon samples are presented in
Table 4.5, where some interesting trends can be observed. Compositions with higher
x-values are easier to density than those with lower x-values. The increase in the
amount of intergranular glassy phase with increase in the x-value may account for
this. For example, in the three PLS-ed materials, sample CA3618 attained a bulk
density of above 99% of its true density whereas material CA1005 only achieved a
bulk density of 95% of its true density. Clearly, intergranular glassy phase or the
liquid phase when it is above the eutectic temperature is crucial for facilitating
densification during sintering. The importance of the liquid phase in the densification
process is further illustrated by comparing the bulk density of the HP-ed material
CA1005 and PLS-ed materials CA2613 and CA3618. The two HP-ed materials
CA1005F and CA1005C only achieved a bulk density similar to PLS-ed material
CA2613, indicating even with the assistance of applied pressure, densification of
composition CA1005 is hindered owing to its low liquid phase content.

In addition, the post-sintering heat treatment resulted in a slight decrease in the bulk
density of the samples in comparison to their PLS-ed counterparts. This may be
accounted for by an increased porosity resulting from the volume reduction due to the
devitrification of the glass located at the multi-grain junctions (Deckwerth and Riissel
1997a). The increase in porosity at grain boundaries was indeed observed in a
previous study on grain boundaiy devitrification of Sm a-sialon ceramics (Cheng and
Thompson 1994).

In Table 4.5, it is also seen that the hardness of the materials decreases as the x-value
increases. The decrease in the amount of a-sialon phase and the increase in the
intergranular glass content with increasing x-value may account for this. Thus among
the three compositions, material CA1005 has the highest hardness, with values of
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16.4 and 19.1 GPa for the PLS-ed and HP-ed samples, respectively. This is followed
by CA2613 with corresponding values of 15 and 18.3 GPa, respectively. CA3618
exhibits the lowest hardness value of 14.5 GPa. Furthermore, a slight reduction in
hardness was noticed for the heat-treated samples compared to the as-sintered ones.
This may also be accounted for by the increased porosity resulting from the
devitrification of intergranular glass in the heat-treated samples.

In addition, a clear dependence of hardness on ceramic microstructure was also
observed. For instance, in the two HP-ed CA2613 samples, the coarse-grained
material CA2613C (Fig. 4.7(c)) containing a small amount of intergranular glass
possessed a much higher hardness than the fine-grained material CA2613F (Fig.
4.7(a)). A similar trend was obtained in the two HP-ed CA1005 samples where the
coarse-grained, less glass containing material CA1005C exhibited a higher hardness
than its fine-grained counterpart CA1005F.

Indentation fracture toughness measurements of the three a-sialon compositions
indicate that toughness increases as the x-value increases. The improved toughness in
samples with higher x-values can be attributed to the presence of the elongated asialon grains as well as the large polytypoid laths in these materials. This can be
evidenced by previous studies on the fracture surfaces of high x-value Ca a-sialon
materials dominated by elongated a-sialon grains in which microstructural
toughening mechanisms such as crack deflection, crack bridging, grain debonding
and grain pullout were observed (Wood et al. 1999). The scenario of the
microstructural toughening mechanism is further supported by comparing the fracture
toughness of the HP-ed samples. The coarse-grained materials CA1005C and
CA2613C exhibited considerably higher toughnesses than their fine-grained
counterparts CA1005F and CA2613F, indicating crack deflection and bridging played
an important role in determine the fracture toughness of ceramic materials.
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Table 4.5 Physical and mechanical properties of the Ca a-sialon samples
Bulk Density
(kg/m3)
3050

True Density
(kg/m3)
3224

Total Porosity
(%)
-5.4

Hardness
(GPa)
16.4 ±0.3

(MPa mm)

CA1005(HT)

3033

—

-5.9

15.5 + 0.3

4.6 + 0.4

CA1005F

3150

3224

-2.3

18.6 ±0.4

4.3 ± 0.4

CA1005C

3141

3224

-2.6

19.1 ±0.4

4.7 ± 0.2

CA2613

3160

3233

-2.3

15.0 + 0.3

5.4 + 0.5

CA2613(HT)

3158

—

-2.3

14.7 ±0.2

5.5 ±0.1

CA2613F

3189

3233

-1.4

16.2 ±0.2

5.0 ±0.5

CA2613C

3208

3233

-0.8

18.3 + 0.2

5.6 + 0.4

CA3618

3205

3240

-1.1

14.5 ±0.3

5.7 ±0.3

CA3618(HT)

3199

—

-1.3

14.1 ±0.4

5.9 ± 0.2

Sample
CA1005

00

Toughness
4.5 ±0.1

g

5

Microstruclural Tailoring ofCa a-sialon Ceramics

4.6 Densification of Ca a-Sialon Materials
There has been significant progress made in research into the reaction sequence and
densification behaviour of Ca a-sialon ceramics in the past decade (Menon and Chen
1995a and b; van Rutten et al. 1996; Hewett et al. 1998a; Wood et al. 1999; Wang et
al. 1999a; Ta et al. 2000; Li et al. 2000). As discussed in section 2.4.3, Menon and
Chen (1995b) identified five reaction sequences which controlled ihe densification
behaviour of Ca a-sialon ceramics. They were (1) the eutectic formation, (2) wetting
of a nitride powder (Si3N4) and intermediate phase precipitation, (3) secondary
wetting of the other nitride powder (A1N), (4) dissolution of the intermediate phase,
and (5) precipitation of the final phase. Densification of Ca a-sialon ceramics was
found to proceed in three major stages corresponding to three characteristic
temperatures: 1360°C, 1410°C and 1610°C (Menon and Chen 1995b). Similar results
were reported in a study on densification behaviour of Ca a-sialon ceramics using
dilatometry (van Rutten et al. 1996) where two major stages of volume shrinkage
were observed at temperatures of 1350 and 1450°C which corresponded very well
with the first two characteristic temperatures reported by Menon and Chen (1995b).
Despite appreciable knowledge of reaction and densification behaviour of Ca asialon ceramics, PLS-ed dense Ca a-sialon ceramics were scarcely reported.

Hewett et al. (1998) and Wood et al. (1999) reported two Ca a-sialon compositions
densified by PLS. Both materials had a k value, the value describes the atom ratio (Al
+ Si)/(O + N) of the starting powder composition, of 0.74. This indicates that the
design compositions of the two materials were located above the a-sialon plane and
toward the oxide end of the prism (Fig. 2.3(a)), and hence was CaO-rich. For
compositions on the a-sialon plane, the k value is 0.75 (Hewett et al. 1998). The three
PLS-ed Ca a-sialon compositions (CA1005, CA2613 and CA3618) reported in the
present work were also CaO-rich with a k value of 0.74. Therefore, it is apparent that
the abundant CaO in the starting compositions is the key to achieve a high density of
Ca a-sialon materials in the absence of additional pressure. Previous investigations
on the reaction sequence of Ca a-sialon materials with excess CaO showed that
gehlenite was the only detectable intermediate phase (Hewett 1998; Wood et al.
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1999). Based on data from previous studies (Menon and Chen 1995a and b; van
Rutten et al. 1996; Hewett 1998; Wood et al. 1999) and the results of the present
work, the following reaction densification mechanism can be proposed.

In the case of sintering of Ca a-sialon ceramics, densification begins at around
1200°C (van Rutten et al. 1996), which corresponds closely to the eutectic point of
1170°C in the CaO-SiO2-Al2O3 ternary system (Levin et al. 1964). The amount of
liquid in the system, which is calcium and oxygen enriched, increases as the
temperature increases. There are two major effects of this liquid on the densification
process. First, the liquid penetrates in between the nitride particles and results in
particle movement (rearrangement) in such a way that an overall shrinkage occurs.
Second, the liquid facilitates the formation of the intermediate gehlenite phase which
can result in up to 10% volume reduction of the CaQ-SiO2-Al2O3 eutectic (Malecki et
al. 1997). As a result, the first significant volume shrinkage was observed at
temperatures ranged between 1350-1360°C by Menon and Chen (1995b) and van
Rutten etal. (1996).

The transient intermediate gehlenite (Ca2AbSiO7) phase forms at ~1200°C, peaks at
1300-1400°C and dissolves at ~1600°C (Hewett et al. 1994; van Rutten et al. 1996;
Wood et al. 1999; Li et al. 2000). The Ca a-sialon phase, however, appears at
temperatures between 1250 and 1350°C, indicating that wetting or at least partial
wetting of the nitride particles, especially Si3N4 particles according to the acid-base
theory (Menon and Chen 1995a), begins as soon as the eutectic liquid is formed. The
raw a-Si3N4 material may not be completely dissolved into the eutectic liquid before
precipitation of the a-sialon phase. In fact Chatfield et al. (1986) investigated the
nucleation sites of a-sialon formed at the initial stage and found that a core of
unreacted a-Si3N4 raw material frequently remained in the a-sialon grains, indicating
that the unreacted a-Si3N4 raw material acts as nuclei for a-sialon precipitation. The
eutectic is, therefore, an N-containing Ca-Si-Al-O-N liquid, suggesting that the
intermediate crystalline phase gehlenite is more likely an N-containing compound
Ca2Al2,vSii+.vO7,vNv.
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The ternary eutectic (CaO-SiO2-Al2O3) preferentially wets and reacts with Si3
(Menon and Chen 1995a). However, due to the formation of large amounts of
gehlenite, the amount of liquid in the system and the Ca content in the liquid are low
at temperatures between 1300-1400°C. The reductions in liquid content and in
accessible Ca hinder the further wetting of Si3N4 particles and the precipitation of the
a-sialon phase or epitaxial growth of a-sialon on a-Si3N4 nuclei. As a result, a delay
in volume shrinkage was observed at temperatures of ~1400°C (Menon and Chen
1995b; van Ratten et al. 1996). The occurrence of the second stage massive volume
shrinkage was delayed until the heating temperature reached ~1450°C (Menon and
Chen 1995b; van Rutten et al. 1996). This is because, above 1400°C, the intermediate
gehlenite phase begins to melt and forms a large amount of Ca-rich oxynitride liquid
with a relatively low viscosity. The abundant low viscosity Ca-rich oxynitride liquid
is essential for the further wetting of the remaining nitride particles and consequently
for the precipitation of the Ca a-sialon phase.

The a-Si3N4 raw material disappears at temperatures between 1550-1600°C (Wang et
al. 1999a; Wood et al. 1999; Li et al. 2000), while A1N raw material may persist at
these temperatures (see Tables 4.3 and 4.4). The persistence of A1N raw material at
1600°C observed in the present study is partially due to the fact that the hard basic
CaO containing melt preferentially reacts with the hard acid Si3N4 (Menon and Chen
1995a). However, the large A1N particles in the starting powder mixture may also
have contributed to the delay of complete wetting of A1N raw material.

From the above discussions, the reaction densification mechanism of Ca a-sialons
can be outlined as follows:
(i)

1200-1400°C

CaO + SiO2/Si3N4 + A12O3/A1N -> Ca-Si-Al-O-N liquid + gehlenite + Ca a-sialon
Partial densification is achieved via particle rearrangement and the formation of the
gehlenite phase,
(ii) 1400-1600°C
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Ca-Si-Al-O-N liquid + gehlenite + Si3N4 + A1N -»
Ca a-sialon + Ca-Si-Al-O-N liquid
Further densification is achieved via continuous wetting of the nitride particles and
the solution/precipitation process involving the phase transformation from a-Si3N4 to
a-sialon.
(iii) >1600°C
Ca-Si-Al-O-N liquid + Ca a-sialon + A1N -»
Ca a-sialon (xt) + Ca-Si-Al-O-N liquid I
Full densification may be achieved by pore elimination through cooperative flow of
the particle-liquid mixture; solution, migration and precipitation of the remnant
nitride powders in the viscous oxynitride liquid; and Ostwald ripening where small
dissolving grains give way to further densification by rearrangement of small and
large a-sialon grains.

4.7 Microstructural Tailoring of Ca a-Sialon Materials
Microstructural development of Ca a-sialon ceramics can be achieved by altering the
starting powder compositions and the sintering conditions.

4.7.1 Effect of starting composition
The three PLS-ed samples, i.e. CA1005, CA2613 and CA3618, provide an ideal
system for studying the influence of starting composition on the microstructure of the
final product. Significant microstructural differences can be revealed among the three
compositions. Sample CA1005 contained fine almost equiaxed a-sialon grains
coupled with a small amount of intergranular glass and relatively high porosity while
CA2613 possesses a fine elongated grain morphology with a higher amount of grain
boundary glass and a lower porosity. Sample CA3618 exhibits a coarser and longer
grain morphology with the highest amount of grain boundary glass and the lowest
porosity. The present results are consistent with the previous findings where
microstructures containing elongated a-sialon grains were observed in Ca a-sialon
compositions located outside the single-phase a-sialon region (Zhao et al. 1997;
Wood et al. 1999), and the aspect ratio and the proportion of elongated a-sialoii
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grains were found to increase as the Jt-value increased (Li et al. 2000). It is, therefore,
apparent that the nature of the liquid phase during the grain growth process plays an
important role in determining the a-sialon grain morphology.

Wood e: al. (1999) proposed that the increased liquid content would give more
freedom for the elongated a-sialon nuclei to grow with less impingement upon each
other. However, the high resolution SEM micrograph of low temperature (1600°C)
HP-ed sample CA2613F revealed a microstructure of abundant tiny elongated asialon grains (Fig. 4.7(b)), suggesting that Ca a-sialon grains can intrinsically take an
elongated morphology even if large amounts of a-sialon nuclei exist. Furthermore,
these overpopulated tiny a-sialon nuclei in composition CA2613 could still develop
into large elongated a-sialon grains at higher temperature without impinging upon
each other, whereas those in CA1005 remained in an almost equiaxed morphology
even when fired at 1800°C over 8 h. Li et al. (2000) studied the nucleation and
growth mechanism of elongated Ca a-sialon grains using different Si3N4 powders
with various a-Si3N4:|3-Si3N4 ratios. They proposed that the nucleation density
probably was not the only factor that determined the morphology of a-sialon grains,
in fact, the amount and the viscosity of the transient liquid might play a more
important role. Indeed, to better understand the growth mechanism of elongated Ca
a-sialon grains, the combined role of grain impingement and the nature of the liquid
phase in the system at the sintering temperature needs to be considered.

As discussed in section 4.6, the conversion from a-Si3N4 to a-sialon through the
solution/precipitation process was fully completed at temperatures around 1600°C
and :he abundant tiny a-sialon particles were formed (Fig. 4.7(b)). It is therefore
reasonable to assume that grain growth from temperatures above 1600°C is governed
by the Ostwald ripening mechanism via the dissolution of the small diameter a-sialon
grains. In theory, the population of growing a-sialon particles depends on the critical
particle diameter, dcv\x, and particles with a size below dcxw can dissolve in the
transient liquid. However, in practice, the critical diameter can be influenced by many
factors, such as the amount of the transient liquid and the nitrogen solubility of the
oxynitride melt at the operating temperature. Hoffmann (1994a) found that the value
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of the critical diameter increased as the nitrogen solubility of the transient liquid
increased.

Compared to composition CA1005, CA2613 contains a higher amount of CaO
additive and a lower amount of nitride particles (Table 3.2), in particular a-Sis^
particles. The higher CaO and the lower a-Si3N4 contents result in larger amounts of
transient liquid with relatively low nitrogen content at elevated temperatures,
indicating that the oxynitride melt in CA2613 may have a lower viscosity and can
dissolve more nitrides than that in CA1005 at the same sintering condition. Thus, the
value of the critical diameter for material CA2613 is greater than that for CA1005.
The greater c/ait value would facilitate the dissolution of the fine a-sialon particles
and hence create more space and provide sources for the coarser particles to develop
into larger elongated grains. In addition, the large quantity of low viscosity transient
liquid existed in composition CA2613 at the sintering temperature also facilitates the
densification process of this material via pore elimination and cooperative flow of the
particle-iiquid mixture, and thus, material CA2613 exhibits a lower porosity than
CA1005. The influence of the amount and property of the transient, liquid on the grain
morphology and porosity of the Ca a-sialon ceramics becomes more pronounced as
the x-value of the design composition further increases. As a result, among the three
compositions, material CA3618 consists of a-sialon grains with the highest aspect
ratio and the greatest diameter together with the lowest porosity. In contrast, the small
amounts of oxynitride melt with a high nitrogen content in composition CA1005
leads to a decrease in the dCnX value of a-sialon particles and hence results in an over
abundance of tiny a-sialon particles which consequently hinders the development of
elongated a-sialon grains. Furthermore, the high porosity of sample CA1005 is also
attributed to the presence of the small amount of high viscosity oxynitride liquid at
the sintering temperature.

4.7.2 Effect of sintering conditions
In the present study, the major microstruetural parameters of interest are grain size,
grain morphology and the amount of grain boundary glassy phase. Microstruetural
examination of samples CA1005, CA1005F arid CA1005C, fabricated from the same
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design composition but under various processing conditions, provides some insights
into understanding the effect of sintering technique and dwell time on the
microstructure of these materials.

Sample CA1005 was PLS-ed at 1800°C for 4h while samples CA1005F and
CA1005C were first PLS-ed at 1800°C for 3h and 8h, respectively, and followed by
HP at 1700°C for lh. While the microstructure of the three samples exhibited similar
features (Figs. 4.5(a) and 4.6(a) and (b)), i.e. consisting of almost equiaxed a-sialon
grains with small amounts of grain boundary glass, detailed image analysis revealed
some variations in grain size, grain morphology and the amount of intergranular
glass. As can be seen from Table 4.4, among the three samples, CA1005 exhibits the
smallest grain size and highest intergranular glass content and CA1005C has the
largest grain size and lowest glass content. In addition, CA1005F and CA1005C
possess a higher grain aspect ratio in comparison to CA1005.

Samples CA1005F and CA1005C were both PLS-ed first and then HP-ed, except the
dwell time at the PLS stage was much longer for CA1005C (8h) than for CA1005F
(3h). The long dwell time at the sintering temperature has two effects on the
microstructure of a-sialon ceramics. Firstly, the longer dwell time can increase the
solubility of Ca2+ in the a-sialor unit cell and thus decrease the amount of
intergranular glass in the final product. The argument that the solubility of Ca2+
increases with the increasing dwell time is consistent with the measured unit cell
dimensions of the a-sialon phase in these materials. As shown in Table 4.3, sample
CA1005C exhibits slightly larger cell dimensions over CA1005F in both a- and caxes, indicating that the a-sialon lattice in sample CA1005C has accommodated more
Al3+ and Ca2+ than that in CA1005F. The consequence is that sample CA1005C
contains less grain boundary glass than CA1005F (Table 4.4). Secondly, the longer
dwell time at the sintering temperature can alter the size and aspect ratio of the asialon grains due to the Ostwald ripening effect. As discussed above, grain growth in
a-sialon ceramics at the sintering temperature is a process of Ostwald ripening
involving dissolution of the small diameter a-sialon grains. Hence the longer
sintering time results in a larger grain size.
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Samples CA1005 and CA1005F were both held at the sintering temperature for 4 h,
except that CA1005 was PLS-ed while CA1005F was PLS-ed for 3 h followed by HP
for 1 h. The post-sintering HP resulted in a noticeable grain growth coupled with a
reduced amount of grain boundary glass in CA1005F in comparison to CA1005. The
densification process in the presence of a liquid phase has been described by Kingery
(1959) as being caused by compressive forces, arising from capillary action, acting
between contacting particles. These compressive forces result in an increase in
chemical potential at the contact points, which gives rise to the higher solubility of
the solid at these points (Kingery 1959). The solute diffuses away from contact points
allowing the approach of the particle centers and thus densification takes place.

The post-sintering uniaxial HP of sample CA1005F introduces an external
compressive force in the sample. Therefore, the grain/liquid/grain interfaces whose
plane is perpendicular to the HP direction are exposed to an enhanced compressive
stress. The enhanced compressive stress results in an increased solubility of the solid
at these interfaces. The solute diffuses away from the high compressive stress regions
through the oxynitride melt to deposit in grain boundaries whose plane is
perpendicular to the tensile stress (Burke 1990), thus preferential grain growth in the
plane perpendicular to the HP direction occurred. The solute also diffuses through the
oxynitride melt to deposit at multi-grain junctions where the concentration of the
tensile stress is relatively high (Chen and Hwang 1992), thus a reduction in grain
boundary glass is observed. In addition, HP can result in grain rotation (Zhan et al.
2000) and redistribution of the grain boundary glass, which are also responsible for
the preferential grain growth and reduction in the triple junction glass content
observed in HP-ed samples.

Although a-sialon grains, as discussed above, can intrinsically develop into an
elongated grain morphology, the preferential grain growth in the HP-ed samples
CA1005F and CA1005C only result in a small increase in grain aspect ratio
compared to their PLS-ed counterpart CA1005. This is because the small amounts of
oxynitride melt in composition CA1005 at sintering temperature results in the
overabundance of a-sialon nuclei, which consequently hinders the development of
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elongated a-sialon grains. It is interesting to note that a large fraction of grains in
composition CA1005 were irregular in shape and such phenomenon became more
pronounced in the HP-ed samples CA1005F and CA1005C, This is because that asialon grains undergo contact flattening during Ostwald ripening due to the
overabundant nuclei in composition CA1005. This phenomenon has been described
by Petzow (1990) as Ostwald ripening occurring in a shape accommodation way.

Contact flattening resulting from Ostwald ripening in composition CA2613 is found
to be less significant than that in composition CA1005. The relatively high liquid
content in composition CA2613 facilitates the dissolution of fine a-sialon grains,
which allows the coarser grains to develop into a large elongated morphology and
gives a way to further densification by rearrangement of a-sialon grains. While the
general microstructural features are very similar in the PLS-ed sample CA2613 and
the PLS-ed followed by HP-ed sample CA2613C, the post-sintering HP has resulted
in some microstructural variations. Compared to sample CA2613 (Fig. 4.5(b)),
sample CA2613C exhibits a larger grain size (in both width and length) coupled with
less grain boundary glass and lower porosity (Fig. 4.7(c)). Such differences can be
attributed to the mechanism proposed above, Ostwald ripening under an external
compressive stress. In addition, two important findings are also worthwhile to
mention. First, a textured structure was observed in sample CA2613C (Figs. 4.2(b)
and 4.3(b)), suggesting that HP at 1700°C/lh has to some degree resulted in the
rotation and directional growth of elongated a-sialon grains. Second, image analysis
showed that CA2613C exhibited a lower apparent aspect ratio than CA2613 (Table
4.4), indicating that dissolution of the small diameter a-sialon grains might begin
with significant reductions in grain lengths while the grain diameters retain almost
unchanged (Hoffmann 1994a).

Microstructural examinations of samples CA2613F and CA2613C, fabricated from
the same design composition but under various processing conditions, provide some
clues to understanding the effect of sintering temperature on the microstructure of
these materials. Sample CA2613F possesses a fine, slightly elongated grain
morphology with a relatively high intergranular glass content and a minor unreacted
A1N phase while sample CA2613C exhibits a coarser and longer grain morphology
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coupled with less grain boundary glass and an additional minor 33R phase. At
1600°C, the conversion from a-SisN4 to a-sialon through the solution/precipitation
process was just completed, but other reactions, such as dissolution of A1N, were still
in progress. As a result, the abundance and homogeneity of the tiny elongated asialon grains with a small amount of A1N raw powder were observed. Lattice
parameters measurement revealed that the low temperature fabricated sample
CA2613F had a smaller unit cell dimension compared to its high temperature
counterparts CA2613 and CA2613C. The smaller unit cell dimension associates with
a lower substitution number of Al-N bonds for Si-N bonds and thus results in a lower
solubility of Ca2+ in the a-sialon lattice and a higher intergranular glass content.
Therefore, the higher sintering temperature has at least two effects on the
microstructure of Ca a-sialon ceramics: (1) increases the solubility of Ca2+ in the asialon lattice and hence reduces the intergranular glass content; and (2) facilitates the
development of large, elongated a-sialon grains through Ostwald ripening.

4.8 Relationship between Microstructure and Mechanical
Properties
It has long been recognized for Si3N4-based materials that there exists a close
relationship between microstructural parameters and mechanical properties (Becher et
al. 1993; Hoffmann 1994a; Chen and Rosenflanz 1997; Zhao et al. 1997; Becher et
al. 1998; Ellen et al. 1998; Kleebe et al. 1999). From microstructural observations
and mechanical property evaluations in this study, hardness in Ca a-sialons is
dependent on a combination of a-sialon content, grain size, porosity and the amount
of glass phase in the material. Similarly, fracture toughness is also associated with a
number of microstructural parameters, such as grain aspect ratio, grain size and grain
boundary secondary phases.

A high a-sialon content with coarse grain size coupled with low intergranular glass
and pore contents gives an optimized hardness. In contrast, the apparent aspect ratio
of the a-sialon grains is found to have little influence on the hardness value of these
materials. As tabulated in Tables 4.4 and 4.5, despite a dramatic difference in the
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grain aspect ratio between the HP-ed samples CA1005F and CA2613C, the hardness
values of the two materials are virtually the same. It may be argued that the relatively
high porosity in sample CA1005F can result in a decline in hardness, however the
higher glass content in sample CA2613C is also known to reduce hardness. As the
porosity and glass content in these materials are quite low, being less than 2 and 3
vol%, respectively. It is reasonable to conclude that the grain aspect ratio in a-sialon
ceramics has little impact on their hardness values. The present finding is consistent
with previous observations where ct-sialons containing various amounts of elongated
grains with very different aspect ratios possessed almost identical hardness values
(Chen and Rosenflanz 1997; Kim et al. 2000).

On the other hand, a coarse grain size and a high aspect ratio may both give rise to
improvements in the fracture toughness of the materials. The effect of grain size on
the fracture toughness is clearly demonstrated in HP-ed samples CA1005F and
CA1005C where fracture toughness increases as the grain size increases. The effect
of grain aspect ratio on the fracture toughness is evident in the three PLS-ed samples
CA1005, CA2613 and CA3618 as well as in HP-ed samples CA2613F and CA2613C
where fracture toughness increases as the grain aspect ratio increases. The toughening
effect observed in this study is mainly attributed to the crack bridging mechanism.
While increasing the grain size and grain aspect ratio can increase the incidence of
crack bridging, to further improve the toughness, cracks must propagate along grain
interfaces rather than through the grains. This interface debonding process appears to
be modified by the chemistry of the oxynitride glass at the grain boundaries (Becher
et al. 1994; Hoffmann 1994a; Kleebe et al. 1999).

The chemistry of the grain boundary glass probably holds the key to understanding
why the fracture toughness of a-sialon ceramics is significantly lower than that of
silicon nitride. Current best room-temperature values of fracture toughness for asialon and Si3N4 ceramics were ~6 MPa m1/2 (Chen and Rosenflanz 1997; Zhao et al.
1997) and >10 MPa m1/2 (Becher et al. 1998; Sun et al. 1998), respectively. The Nd
and Y stabilized a-sialon ceramics fabricated by Chen and Rosenflanz (1997) and
later Kim et al. (2000) exhibited microstructures consisting of large elongated asialon grains imbedded in a matrix of fine-grained a-sialon. This microstructure is
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very similar to that of Si3N4 which was described to have the best properties where
large elongated P-sialon grains were evenly dispersed in a matrix of fine-grained |3SisN4 and an amorphous grain boundary phase. However, the fracture toughness of
these a-sialons only attained half the fracture toughness value of silicon nitride
ceramics. One possible reason for this is that in a-sialon, unlike in P-sialon and |5Si3N4, both grain boundary glass and a-sialon grains contain identical elements,
resulting in strong interfacial bonding between a-sialon grains and the glassy matrix.
Therefore to further improve the fracture toughness of a-sialon ceramics,
investigations into compositional design of the intergranular glass that can lead to a
weakened interfacial bonding strength between a-sialon grains and the glassy matrix
are necessary.

4.9 Grain Boundary Devitrification
It is well established, both theoretically and experimentally, that the amorphous phase
in silicon nitride based materials exists as intergranular thin films present at two-grain
interfaces and as excess glass located at multi-grain junctions (Clarke and Thomas
1977; Clarke 1987; Clarke et al. 1993). The intergranular films usually have a
partially ordered structure with a typical equilibrium thickness of 0.5-2.0 nm
depending on the composition of the materials (Kleebe et al. 1992; Hoffmann 1994b;
Tanaka et al. 1994). Therefore, these thin films are energetically stable and cannot be
further crystallized. Crystallization of the grain boundary amorphous phase mainly
takes place at multi-grain junctions. However, high-resolution electron microscopy
examination of devitrified silicon nitride ceramics showed that even at those multigrain junctions, complete crystallization of the amorphous phase could not be
achieved. A thin amorphous film remains between the crystalline grain boundary
phases and the silicon nitride grains (Vetrano et al. 1992). There are two reasons for
the existence of this film. First, the change in composition of the residual amorphous
phase resulting from the crystallization process could have reduced the crystallization
rate (Bernard-Granger et al. 1995). Second, the volume reduction induced by
crystallization process could have created a tensile hydrostatic stress at the multigrain junctions, which hinders the further devitrification process (Bernard-Granger et
al. 1995).
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In Ca a-sialon ceramics, the grain boundary glassy phase is oxynitride glass that
contains calcium. Previous quantitative measurements (Wang et al. 1999a) showed
that, when CaO was used as the calcium source, the solubility of Ca2+ in a-sialon
structure was approximately 70% of the nominal value for compositions ranging in x
= 0.3-1.4, indicating \h?\ around 30% of Ca2+ remained in the grain boundary glassy
phase. More significantly, the above solubility level was found to continuously
decrease as the nominal x value further increased (see section 4.3.4 and Wang et al.
1999a).

In the present siudy, XRD analysis showed that the post-sintering heat treatment of
Ca a-sialons produced a crystalline gehlenite phase (Fig. 4.4). This is consistent with
the previous reports in the literature where research into oxynitride glasses with
various nitrogen contents revealed that the main devitrification product in CaSiAlON glasses, at all nitrogen concentrations, was gehlenite or a solid solution of
gehlenite with nitrogen (Drew et al, 1981; Hampshire et al. 1985). The gehlenite solid
solution is postulated to extend from Ca2SiAhO7 to Ca2Si3OsN2 (Drew et al. 1981)
with a general formula Ca2Sii+.vAl2-.v07..vNv (van Rutten et al. 1996), and has a melilite
based structure (Wyckoff 1968).

Devitrification of intergranular Ca oxynitride glass may not be completed under the
current heat-treatment condition (1300°C for 12 h). One possible reason is that the
radial tensile stress resulting from the crystallization of the excess glass at the multigrain junctions. Crystallization of the Ca-containing oxynitride glass is combined
with a volume reduction due to the higher density of crystalline gehlenite phase than
that of the glass. The volume change, of approximately 10 vol% (Deckwerth and
Riissel 1997a and b), leads to the generation of radial tensile stresses in the triple
junctions at the interface between a-sialon and the gehlenite phase. In addition, the
formation of the gehlenite phase can result in an internal stress at the interface
between the gehlenite and a-sialon grains due to thermal expansion mismatch.
Because of the higher thermal expansion coefficient of gehlenite relative to a-sialons
(Hampshire et al. 1994), this internal stress is also tensile in nature.
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These tensile stresses resulting from both volume reduction and thermal expansion
mismatch may be relaxed by two possible mechanisms: (1) viscous flow of the
amorphous phase at two-grain interfaces into crystallizing multi-grain junctions; and
(2) solution of primary grains into the amorphous film at two-grain interfaces, which
diffuses into and reprecipitates at crystallizing multi-grain junctions (Kessler et al.
1992). Stress relaxation via viscous flow of the amorphous phase into crystallizing
multi-grain junctions will result in a reduction of the intergranular film thickness.
However, the viscous thinning of the amorphous film may not be kinetically favoured
since the amorphous film is in an equilibrium state with an equilibrium thickness as
proposed by Clarke (1987). This leaves solution-reprecipitation of the primary grains
as the main stress relaxation mechanism. However, the annealing temperature of
1300°C may be too low to cause a significant solution and reprecipitation of a-sialon.
Thus tensile stresses persist at the annealing temperature and the strain energy
associated with these stresses acts as a thermodynamic barrier which opposes the
further devitrification process (Kessler et al. 1992; Pompe and Kessler 1994). This
scenario is supported by the previous study of crystallization behaviour of bulk
glasses (Deckwerth and Riissel 1997a). It was found that for the Mg-Ca-Al-Si-O-N
system, a complete crystallized glass-ceramic could not be prepared even after heat
treatment at 1350°C for 20 h (Deckwerth and Riissel 1997a).

The above analysis suggests that the post-sintering heat treatment may have two
effects on the Ca a-sialon materials. First, the partial crystallization of the excess
glass located at three-grain edges (Hoffmann 1994b), which can result in up to 10%
volume reduction in the Ca a-sialon system (Malecki et al. 1997) and thus produce a
radial tensile stress in the triple junctions at the interface between the a-sialon grains
and the gehlenite phase (Hoffmann 1994b). Second, the creation of thermal stresses at
the three-grain edges due to thermal expansion mismatch between the a-sialon grains
and devitrified phases. This thermal stress is also a tensile stress owing to the higher
thermal expansion coefficient of gehlenite compared to a-sialons (Hampshire et al.
1994).
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4.10 Summary
This chapter has examined the densification behaviour and the prospects of
microstructural design of Ca a-sialon ceramics as well as the correlation between the
microstructure and mechanical properties. It has also examined the possible effects of
the crystallization of intergranular glass on the properties of Ca a-sialon ceramics.
The following conclusions can be drawn from the results of this study:

•

The reaction sequence and densification behaviour of Ca cc-sialons seemed, in
general, to agree with the reaction densification mechanism proposed by Menon
and Chen (1995a and b). In addition, CaO was found to be a very effective
sintering aid and PLS-ed Ca a-sialon samples with a bulk density 95-99% of their
true density could be prepared for compositions located both inside and outside
the single-phase a-sialon forming region.

•

The microstructure of Ca a-sialon ceramics is strongly influenced by the quantity
and properties of the intergranular glass, which are in turn determined by the
starting powder composition. Compositions inside the single-phase a-sialon
forming region, in general, produce a microstructure consisting of almost
equiaxed grain morphology coupled with a small amount of intergranular glass,
while those outside the single-phase region on the Al rich side give
microstructures containing mainly elongated a-sialon grains with minor
secondary phases and relatively high glass contents.

•

The microstructural design of Ca a-sialon ceramics can also be achieved by
various sintering techniques and conditions. Post-sintering HP gives a higher
grain growth rate and density and also redistributes the intergranular glass. The
longer dwell time results in a coarser grain size and larger cell dimensions for the
a-sialon phase and thus reduces the amount of intergranular glass. The higher
sintering temperature assigns a higher grain aspect ratio and a larger cell
dimension.
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The mechanical properties of Ca a-sialon ceramics were found to be closely
associated with their microstructures. It was observed that the fracture toughness
increased with the increasing grain size and grain aspect ratio. However, to
further improve the toughness of these materials, a weakened interface between
the a-sialon grains and intergranular glass is necessary.

Crystallization of the intergranular glass can introduce residual tensile stresses at
the multi-grain junctions of Ca a-sialon ceramics.
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EROSION BEHAVIOUR OF Ca a-SIALON
CERAMICS
5*1 Introduction
Based on the results obtained in chapter 4, which demonstrated the viability of using
various starting compositions and processing conditions to fabricate Ca a-sialon
ceramics with well-tailored microstructures, the present chapter investigates the
erosion behaviour of Ca a-sialon ceramics. It examines a number of aspects
including the effect of impact angles, erodent particle properties and ceramic
microstructures on the erosion mechanisms of Ca a-sialon ceramics.

Section 5.2 describes the experimental details involved in the erosion tests and the
characterisation of eroded surfaces. Section 5.3 presents the results of erosion tests on
various Ca a-sialon ceramics, while section 5.4 highlights the differences in the
damage sustained by these materials. Sections 5.5-5.7 form a comprehensive
discussion on erosion mechanisms and the effects of erodent properties and ceramic
microstructures on mechanisms of material removal.

5.2 Experimental Program
5.2.1 Target materials
The target materials in this investigation were the in-house prepared Ca a-sialon
ceramics including the three pressureless-sintered (PLS-ed) compositions, CA1005,
CA2613 and CA3618, and their heat-treated (HT-ed) counterparts, as well as the
two-stage sintered samples: CA1005F, CA1005C, CA2613F and CA2613C. The
compositional, microstructural and mechanical properties of these materials are given
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in chapter 4.

5.2.2 Erodent materials
The erodent particles used were commercial grade SiC and garnet abrasive grits
(refer to section 3.3.1). Briefly, both grits were angular in shape although the corners
of the garnet particles were slightly rounded. The SiC particles had a size distribution
between 210-500 urn (mean 388 urn), while the garnet grits exhibited a size range
between 200-600 u.m (mean 400 u,m). The chemical compositions and the
mechanical properties of the erodent particles are given in Table 3.3.

5.2.3 Erosion tests
Erosion tests were performed in a gas-blast type erosion test rig which has been
described in detail in section 3.3.2.1. Mild steel was employed as the control material
in each test. The Ca a-sialon specimens were approximately 20 mm in diameter and
5 mm in thickness in the case of the PLS-ed and HT-ed samples and 24 mm in
diameter and 5 mm in thickness in the case of the HP-ed samples. The mild steel
sample was 20 mm wide, 50 mm long and 1 mm thick.

The effects of the angle of impact and the erodent particle properties on the erosion
behaviour of Ca a-sialon ceramics were investigated. The three PLS-ed
compositions, CA1005, CA2613 and CA3618, were selected as the target materials.
The test conditions were as follows:
sample to nozzle distance:

13.8 mm;

particle velocity:

20 m/s;

impact angles:

30°, 45°, 60° and 90° for SiC erosion, and
30° and 90° for garnet erosion.

In the case of erosion using SiC grits, each sample was eroded with a fixed amount of
erodent for six exposures. The dose of erodent particles for each exposure was
approximately 200 g for 30° and 45° impacts and 100 g for 60° and 90° impacts. The
dosage selected for the shallow angles of impact resulted in a sufficient mass loss
which could be detected by the weighing balance. However, using the same dosage
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for the high angles of impact caused deep erosion craters which effectively changed
the test conditions, particularly, the nozzle-sample distance and the impact angle.
Thus, a lower dose was used for high angles of impact.
In the case of erosion using garnet particles, the duration of the tests was prolonged
and the dosage was increased to over 2500 g for both 30° and 90° impacts in order to
produce a detectable mass loss.

The effects of a number of microstructural parameters on the erosion behaviour of Ca
a-sialon ceramics were also investigated (Table 5.1). In particular, the effect of
porosity was studied by comparing the erosion behaviour between the PLS-ed and
HP-ed samples, while the effect of intergranular glass was examined using the three
PLS-ed compositions and their HT-ed counterparts. The effects of grain size and
grain morphology were explored using the two-stage sintered samples CA1005F,
CA1005C, CA2613F and CA2613C.

Table 5.1 Investigated microstructural parameters and corresponding samples
Sample ID

Porosity

CM 005

/

\. A2ol3

J

Intergranular
glass
/

Grain size

Grain
morphology

/

CA3618

/

CA1005(HT) \

/

CA2613(HT)
/

CA3618(HT)
CA1005F

/

CA1005C
/

CA2613F
CA2613C

/

/
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The test conditions were as follows:
sample to nozzle distance:

13.8 mm;

particle velocity:

20m/s;

Erodent particles:

SiC;

impact angles:

30° and 90°;

dosage:

-200 g for 30° impact and -100 g for
90° impact.

In all cases, mass loss was measured using an analytical balance with an accuracy of
±0.1 mg. Wear volume was calculated from the mass loss and the bulk density of
each material. Cumulative volume loss was plotted as a function of the amount of
erodent impacting on the surface. The steady state erosion rate (AE), defined as the
volume loss from the specimen per unit mass of erodent used, was determined from
the slope of the linear part of the volume loss-mass of erodent plot.

5.2.4 Microscopic analysis
The eroded surfaces of all target materials were examined using a JEOL FE6300
scanning electron microscope (SEM) equipped with a field emission gun. Prior to
examination, the specimens were ultrasonically cleaned in ethanol for 5 minutes, then
dried and sputter coated with carbon to prevent charge accumulation on the samples
during examination. The accelerating voltage used was 10 kV.

5.3 Results of E/osion tests
5.3.1 Effect of eroding conditions
The eroding conditions examined in the present study are the angle of impact tad the
properties of erodent particles. Fig. 5.1 presents the cumulative volume loss of three
Ca a-sialon samples as a function of the amount of SiC erodent impinging on the
material surface for various incidence angles. In all cases, the cumulative volume loss
increased linearly with the amount of erodent after an incubation period. The slope of
this linear portion was used to obtain the steady state erosion rate, AE. The linear
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relationship between the volume loss and the amount of the erodent indicates that
each consecutive dose has removed approximately the same amount of material from
the target surface.
The cumulative volume loss due to erosion by garnet particles is plotted as a function
of the amount of erodent used for both 30° and 90° impacts in Fig. 5.2. As can be
seen, all materials experienced a volume/mass increase at the early erosion stages,
indicating that the deformed or smeared erodent material has attached onto the
surface of the target material. After an exposure of over 2 kg garnet erodent, both
samples CA1005 and CA3618 started to show a consecutive volume loss
corresponding to each successive dosage, which allowed the erosion rate to be
determined. However, sample CA2613 exhibited no detectable volume loss even
after an exposure of over 10 kg garnet erodent. It is important to note that the volume
loss observed in samples CA1005 and CA3618 includes losses of both target material
and the attached erodent material. Nevertheless, after the incubation period, a steady
state erosion rate is still observed.
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Fig. 5.1. Cumulative volume loss of Ca a-sialon ceramics as a function of the amount of
SiC erodent impinging on the target surface for various impact angles.
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Considering the brittle nature of ceramic materials, the maximum erosion rate should
occur at normal impact (Sheldon and Finnie 1966a). This is indeed the case observed
in the present study. The dependence of the steady state erosion rate on the impact
angle for the three PLS-ed Ca a-sialon ceramics eroded by SiC particles is shown in
Fig. 5.3. The erosion rate increased monotonically with increasing impact angle and
reached a maximum at normal impact. For all samples, the erosion rate at 90° impact
angle was approximately twice as great as that at 30° incidence angle. Further,
sample CA1005 showed a higher rate of material loss than samples CA3618 and
CA2613 at all impact angles. However, the differences in erosion rate among the
three materials were not dramatic; the erosion rate of sample CA1005 was only 1.1
and 1.4 times higher than those of samples CA3618 and CA2613, respectively.
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Fig. 5.3. Erosion rate as a function of impact angles for the three PLS-ed Ca a-sialon
ceramics after erosion using SiC grits.

The erosion rates of samples CA1005 and CA3618 eroded by garnet particles at
impact angles of 30° and 90° are shown in Fig. 5.4. As expected, erosion at 90°
resulted in a higher rate of material loss than that at 30° for both materials by
approximately a factor of 3. The ranking of the materials from an erosion resistance
point of view was essentially the same regardless of the type of erodent. Material
CA2613 possessed the best erosion resistance, with material CA3618 next, and
material CA1005 showing the lowest erosion resistance. However, two interesting
features were revealed:
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1. In the case of erosion using garnet erodent, the material removal rate of sample
CA1005 was about 6 times higher than that of sample CA3618. However, the
difference was significantly reduced when the SiC erodent was used, where the
material removal rate of CA1005 was only 1.1 times higher than that of CA3618.

2. In all cases, SiC resulted in significantly higher material removal rates than garnet
particles. For material CA1005, the erosion rates at 30° and 90° impingement in
SiC erosion were 70 and 50 ' r " .:.
garnet erosion. In the ca'

i. . spectively, than those resulting from

u'm;."r- : -

-'"A ••',18, the differences in wear rates

between SiC and garnet e r v i v vv;ic r .rther increased by a factor of 6. The
erosion rates at 30° and 90"- ;rpimx r>vnt in SiC erosion were about 270 and 400
times greater, respectively, than ;l'.ose resulting from garnet erosion.

x

• 30°
• 90°

1.2

WO

£
«
S
JO
'tfl

o

0.6
0.4
0.2
0

CA1005

CA3618

Fig. 5.4. Steady state erosion rates of samples CA1005 and CA3618 eroded by garnet
particles at impingement angles of 30° and 90°.

Finally, in order to quantify the effect of erodent particle properties on the rate of
material removal for various target materials under different angles of impact, the
erosion rates of the three PLS-ed sialon compositions eroded using both SiC and
garnet erodents are tabulated in Table 5.2.
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Table 5.2 Erosion rates of the three PLS-ed sialon ceramics eroded using both SiC and
garnet erodents at 30° and 90° impingement angles
Sample

Impact angle

AE$\c

^"-garnet

30°

27.6

(10- 10 m 3 kg- 1 )
0.38

90°

56.9

1.21

30°

19.9

a

—

90°

39.2

a

—

30°

24.3

0.06

-400

90°

50.5

0.19

-270

1

(Kr'^kg" )
CA1005

CA2613

CA3618

a

-70
-50

No detectable volume loss.

5.3.2 Effect of ceramic microstructure
The major microstructural parameters for ceramic materials are the nature of the
grain boundary phases, porosity, grain size and grain morphology. It is the primary
objective of the present study to examine the influence of these microstructural
parameters on the erosion behaviour of Ca a-sialon ceramics.

As mentioned in section 4.2.1, three sialon compositions, i.e. CA1005, CA2613 and
CA3618, were PLS-ed at 1800°C for 4 h. Different starting powder compositions
resulted in distinctive microstructural features in the final products. Material CA1005
contained mainly fine equiaxed grains and a very small amount of grain boundary
glassy material (Fig 4.5(a)). Material CA2613 contained mostly elongated grains and
a small amount of glass (Fig. 4.5(b)), and CA3618 contained large elongated grains
and a considerable amount of glass (Fig. 4.5(c)). In addition, post-sintering heat
treatments (1300°C/12 h in N2) were carried out on the three materials to devitrify the
intergranular glass. Therefore, erosion tests on the three PLS-ed sialon samples and
their HT-ed counterparts allow the examination of the effect of the quantity and
nature of the intergranular glass on the erosion behaviour of these materials.
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The erosion rates of the PLS-ed and HT-ed Ca a-sialon ceramics eroded by SiC
particles at 90° impact are presented in Fig. 5.5. Among the three as-sintered
samples, material CA1005 showed the highest rate of erosive loss and material
CA2613 the lowest. This trend in erosion rates was, however, altered in their heattreated counterparts where the erosion rate tended to decrease with the increasing m~
value, although the erosion rates of the HT-ed CA2613 and CA3618 appeared to be
very similar. Note that w-value describes the substitution number of Si4+ by Al3+ in
SiN^ tetrahedra (see section 2.3.1.2). In all cases, the HT-ed samples displayed higher
erosion rates than their as-sintered counterparts and the difference in erosion rate
between the HT-ed and the as-sintered samples decreased with increasing wz-value.
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Fig. 5.5. Steady state erosion rates of the three PLS-ed a-sialon ceramics and their HTed counterparts eroded by SiC particles at 90° impingement.

As indicated in section 4.2.1, samples CA1005 and CA2613 were PLS-ed at 1800°C
for 4 h, while samples CA1005F and CA2613C were PLS-ed at 1800°C for 3 h
followed by post-sintering HP at 1700°C for 1 h. The sintering temperature and
duration were similar for the PLS-ed and the two-stage fabricated samples. It is
therefore expected that samples fabricated from the same starting composition would
have similar microstructural features and phase composition. Indeed XPD (section
4.3) and SEM (section 4.4) examinations revealed that samples CA1005 and
CA1005F, as well as samples CA2613 and CA2613C consisted of identical
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crystalline phases and similar grain morphologies. However, the post-sintering HP
resulted in some variations in microstructure in the two-stage sintered materials when
compared with their PLS-ed counterparts. The most noticeable difference was in
porosity levels. Samples CA1005 and CA1005F exhibited porosity levels of
approximately 5.4 and 2.1%, respectively, while CA2613 and CA2613C showed -2.3
and 0.8% porosity, respectively (Table 4.5). Thus, a comparison of the erosion
performances of samples CA1005 and CA2613 with those of CA1005F and
CA2613C allows the investigation of the effect of porosity on the erosion behaviour
of these materials.

Fig. 5.6 shows the erosion rates of materials CA1005, CA1005F, CA2613 and
CA2613C eroded by SiC grits at 30° and 90° impacts. As can be seen, the two PLSed samples CA1005 and CA2613 showed a higher erosion rate than their two-stage
sintered

counterparts

CA1005F

and CA2613C

at

both impact angles by

—

approximately a factor of 1.8 and 1.5, respectively.
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Fig. 5.6. Steady state erosion rates of samples CA1005, CA1005F, CA2613 and
CA2613C eroded by SiC particles at 30° and 90° incidence angles.

As stated in section 4.2.1, samples CA1005F and CA1O05C were first PLS-ed at
1800°C for 3 and 8 h, respectively, followed by post-sintering HP at 1700°C for 1 h.
The longer holding time at 1800°C resulted in a coarser grain size in sample
CA1005C compared to CA1005F, but no difference in grain morphology was
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revealed between the two samples (Fig. 4.6). In addition, the post-sintering HP at
1700°C for 1 h ensured a comparable porosity level in the two materials (Table 4.5).
Hence erosion tests on samples CA1005F and CA1005C allows the evaluation of the
effect of grain size on the erosion behaviour of these materials.

On the other hand, sample CA2613F was HP-ed at 1550°C for 0.5 h and thenl600°C
for 0.5 h and sample CA2613C was PLS-ed at 1800°C for 3 h followed by HP at
1700°C for 1 h. The higher sintering temperature and longer holding time resulted in
a coarser grain size with greater aspect ratio in sample CA2613C compared to
CA2613F (Fig. 4.7). Thus erosion test on samples CA2613F and CA2613C allows
the examination of the effect of grain morphology on the erosion behaviour of these
materials.

Fig. 5.7 presents the erosion rates of samples CA1005F, CA1005C, CA2613F and
CA2613C eroded by SiC at 30° and 90° impacts. As can be seen, the coarse-grained
samples CA1005C showed a higher material removal rate than CA1005F for both
impact angles by approximately a factor of 1.2. On the other hand, the fine-grained,
lower aspect ratio sample CA2613F exhibited a similar erosion rate as CA2613C at
30° impact. However, for 90° impact, sample CA2613F showed a higher material
removal rate than CA2613C by approximately a factor of 1.8.
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Fig. 5.7. Steady state erosion rates of samples CA1005F (fine-grained), CA1005C
(coarse-grained), CA2613F (fine-grained, low aspect ratio) and CA2613C (coarsegrained, high aspect ratio) after erosion using SiC particles at impingement angles of
30° and 90°.
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5.4 Examination of Eroded Surfaces
SEM examination of the post-wear surfaces highlights the differences in the damage
sustained by the various materials and, therefore, provides a good experimental
method for identifying the material removal processes during the wear tests.

5.4.1 Single impact events
In gas-blast erosion, solid particles are accelerated along a parallel walled nozzle, but
exit the nozzle as .? diverging plume. The distribution of particle trajectories within
the plume is well defined (Shipway 1997), and the probability of a particle striking
the target becomes smaller as the angle of particle trajectory with respect to nozzle
axis increases. Thus the examination of the edge of the erosion crater permits the
investigation of the damage induced by single particle impact. Fig. 5.8 presents SEM
micrographs of isolated impact craters on the eroded surface of material CA2613F
resulting from single impacts of SiC particles at nominal 90° incidence. It can be seen
that the nature of impact impression varies according to the size and shape of the
erodent particles as well as the particle-target contact condition. The size scale of
these impact impressions is of the order of 10-40 urn.

Fig. 5.8. SEM micrographs showing isolated impact crater resulting from erosion of
material CA2613F by SiC particles at normal incidence angle.
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Fig. 5.8(a) shows a comparatively large impact crater with a relatively flat bed, while
Fig. 5.8(b) illustrates an impact crater which is considerably smaller in size and
exhibits a pointy valley. However, in both cases, the erodent particles cut deeply into
the target surface and produced severe plastic deformation. Plastic deformation is
evidenced by the smooth plough marks, the smeared materials, as well as the raised
lip of deformed material at the edge of the impact site. In addition, microcracks and
small-scale grainy regions were observed, indicating that a brittle-fracture mode also
operated. The debris resulting from this brittle-fracture were found scattered in the
impact sites. The grainy regions are believed to be caused by the small-scale lateral
cracking, marked by arrows in Fig. 5.8(b), leading to chipping of the surface
material. The size of the lateral cracks is typically of the order of several
micrometers. This is, however, different from the "classical" lateral crack patterns
produced by single impact events observed in very brittle materials such as single
crystal Si (Routbort et al. 1980a) and glass (Srinivasan and Scattergood 1987) where
lateral cracks extend far from the impact sites.

The damage features resulted from single impacts were, in fact, very similar in all
sialon target materials under the current erosion condition, suggesting that in erosion
of Ca a-sialon ceramics, plastic flow processes contribute in addition to the
nominally brittle-fracture mode.

Although the present observation revealed only small-scale lateral cracking from
single impact events on incipient surfaces, more severe lateral cracking was
evidenced on the fully eroded surfaces, marked by arrow in Fig. 5.9. However, the
lateral crack of this kind (Fig. 5.9) is seldom observed on the fully worn surfaces due
to the linking up of numerous lateral cracks. Indeed, even in erosion of single crystal
and glass materials, the "classical" lateral cracks are not often revealed (Lathabai and
Pender 1995; Shipway and Hutchings 1996).
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Fig. 5.9. Single impact iama$e revealed on the fully eroded surface of material
CA2613F using SiC pat-tides &$• !0° incidence angle. Note: lateral crack indicated by
arrow.

5.4.2 Effect r>f eroding conditions
The erosion craters formed by gas-blast erosion were circular in shape for normal
impact and elliptical for oblique impact. The elliptical erosion crater had its major
axes lying alostg vhe direction of particle impact and its ellipticity (ratio of major !to
minor axes) increased as the impact angle became more oblique. Also in these gasblast erosion craters, a halo effect was observed. The halo zone, a ring surrounding
the actual circular/elliptical erosion crater, was formed by the particles which left the
nozzle orifice with a large divergence angle to the nozzle axis (Lapides and Levy
1980; Shipway 1997).

The representative features of the eroded surface of the three PLS-ed a-sialon
ceramics after erosion using SiC particles at shallow and normal impingement angles
are presented in the SEM micrographs of Fig. 5.10. To facilitate comparison of
damage sustained by the three test materials under various impingement angles, -all
micrographs were taken at or near the centre of the erosion crater, at the same
magnification.

In all cases, the erosion damages were characterized by both brittle-fracture and
plastic deformation of the materials. However, a comparison of the morphological
features on the surfaces of these materials subjected to 30° and 90° impacts, as shown

I
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in Figs. 5.10(a), (c) and (e) and Figs. 5.10(b), (d) and (f), respectively, revealed the
following differences.
In the case of 30* impingement, the damaged surface contained a high area fraction
of plastically deformed zones with high incidence of long-trailed plough marks or
grooves lying along the particle colliding direction.

Fig. 5.10. Steady state erosion surfaces of the three PLS-ed a-sialon ceramics after 30°
and 90° impingement, (a and b) CA1005 at 30° and 90° impact; (c and d) CA2613 at 30°
and 90° impact; (e and f) CA3618 at 30° and 90° impact. The particle impact direction
for 30° impact is from top to bottom of the micrographs.
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The plastic grooves, as shown at a higher magnification in Fig. 5.11, were similar to
scratches produced on ceramic surfaces by a diamond stylus (Zhou and Bahadur
1995) and contained many smooth stringers extruding along the groove, indicating
that the target material underwent localized plastic shear deformation. However, the
edges of the groove, and in some instances even the bottom of the groove, showed
evidence of brittle-fracture. Microcracks, wear debris and smeared materials were
found along the sides of the groove, suggesting that cracks of grain facet dimension
had propagated from near the edge of the plastic zone.

Fig. 5.11. Higher magnification SEIM micrograph showing the plough mark produced
by SiC particles on material CA1005 at 30° impact.

In the case of high angle impingement, however, the damaged surface contained an
increased area fraction of brittle-fracture zones. The brittle-fracture zones are
characterized by a facetted morphology, indicating that large amounts of material
have been removed from the target surface through fracture. In addition, the trails of
plough marks were much shorter compared to those observed in 30° eroded surfaces.

The eroded areas of material CA1005 after erosion using garnet and SiC particles at
30° impact were examined by SEM. Micrographs of the eroded surfaces are
presented in Fig. 5.12.

119

Erosion Behaviour ofCa a-sialon ceramics

Chapter 5

^

.

. •

•^
>>

7*

-Mi.
j

^>'

• • '

:

^

-

-

Fig. 5.12. SEM micrographs of the eroded surfaces of sample CA1005 after erosion
using (a)-(c) garnet and (e) and (0 SiC erodent particles at 30° angle of impingement
(d) EDX spectrum of deformed and melted materials shown in (b). Note: (a) and (e) are
low magnification images of the eroded surfaces, (b) is a higher magnification image of
the plastically deformed areas shown in (a), (c) and (f) are higher magnification images
of damaged surfaces inside the pits shown in (a) and (e), respectively.

Fig. 5.12(a) shows that the damaged surface due to erosion by garnet erodent was
relatively smooth and contained a few isolated pits. These pits were generally 15-30
|im in size, which is much bigger than the sintering pores, typically several microns
or less, in this material. Higher magnification SEM view of the plastically deformed
regions, shown in Fig. 5.12(b), revealed that fine debris, deformed materials and
locally melted materials were present. Energy dispersive X-ray (EDX) analysis of
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these deformed and melted materials showed a high level of Fe (Fig. 5.12(d)),
indicating that they derived or partially derived from the garnet erodent which
contained 30 wt% of FeO. A higher magnification picture of the damaged surface
inside the pits, presented in Fig. 5.12(c), revealed clear grain facets, indicating that
grain ejection is the main material removal mechanism. On the other hand, the
damaged surface due to erosion by SiC erodent, shown in Fig. 12(e), appeared to be
much rougher than that eroded by garnet particles due to large-scale fracture of the
surface material. A higher magnification view of the eroded area, illustrated in Fig.
12(f), showed that the damage features included grain facets, plastically deformed
materials and small-scale chipping, with grain ejection apparently the main material
removal mechanism.

5.4.3 Effect of ceramic microstructure
SEM examination of eroded areas of various a-sialon compositions as well as their
devitrified counterparts provides some insights to identify the influence of
intergranular glass on the erosion behaviour of these materials. Fig. 5.13(a) shows a
general view of the eroded surface of as-sintered sample CA2613, while Fig. 5.13(b)
shows the centre-right region outlined by the frame in Fig. 5.13(a) at a higher
magnification. Similarly, Fig. 5.13(c) presents a general view of the eroded surface of
the heat-treated sample CA2613 and Fig. 5.13(d) is a higher magnification
micrograph of the centre-left region outlined in Fig. 5.13(c).

It can be seen that the morphology of the eroded surface was quite different for the
as-sintered and heat-treated samples. For as-sintered material CA2613 (Fig. 5.13(a)),
the damaged surface appeared to be relatively smooth and contained some smallscale facetted regions. The higher magnification micrograph (Fig. 5.13(b)) revealed
that the damage features for the as-sintered sample were mainly transgranular
fracture and smearing of the defonned materials coupled with limited intergranular
fracture. Transgranular fracture was even observed in the elongated grains which
were oriented virtually parallel to the target surface, as indicated by arrows in Fig.
5.13(b), suggesting that the intergranular calcium oxynitride glass provided strong
bonding between the grains. Further, in many cases, the skeletons of the underlying
grains were observed in the plastically deformed regions, indicating the preferential
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removal of the softer glassy phase. In contrast, for the post-sintering heat-treated
material CA2613 (Fig. 5.13(c)), the erosion damage was clearly more severe. Higher
magnification SEM examination (Fig. 5.13(d)) showed that erosion damage involved
predominantly transgranular and intergranular fractures with very ^mited plastic
deformation. Intergranulpr fracture, evidenced as grain pull-outs, is caused by
substantial grain boundary microcracking and was often observed for equiaxed grains
as well as some elongated grains that were oriented parallel to the surface.

Fig. S.13. SEM micrographs of steady state erosion surfaces of material CA2613 after
erosion using SiC particles at 90° impact: (a) and (b) as-sintered sample; (c) and (d)
heat-treated sample. Note: arrows in (b) and (d) indicate the transgranular fracture
and dislodgment, respectively, of the elongated grains which are oriented virtually
parallel to the eroding surface.

When as-sintered material CA3618 was exposed to SiC erosion at normal impact, as
shown in Fig. 5.14(a), the damage patterns were again dominated by transgranular
fracture and plastically deformed regions. On the other hand, when the heat-treated
CA3618 sample was eroded by SiC particles, as shown in Fig. 5.14(b), profuse grain
boundary microcracking occurred. The higher magnification SEM examination (Fig.
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5.14(c)) showed that the main material removal mechanisms were transgranular
fracture and grain dislodgment.

Fig. 5.14. SEM micrographs of steady state erosion surfaces of material CA3618 after
erosion using SiC at 90° impact: (a) as-sintered sample; (b) and (c) heat-treated sample.

The eroded surfaces of material CA1005, both as-sintered and heat-treated, are
presented in Fig. 5.15(a) and (b), respectively. As can be seen, in both cases, the
damage features were governed by grain ejection and plastically deformed materials
coupled with small-scale chipping. This is, however, quite different from the damage
features observed in as-sintered materials CA2613 and CA3618 where transgranular
fracture was the dominant material removal mechanism.
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Fig. 5.15. SEM micrographs of steady state erosion surfaces of sample CA1005 after
erosion with SiC at normal impact: (a) as-sintered sample and (b) heat-treated sample.

The damaged surfaces of samples CA1005F and CA1005C generated by erosion
using SiC erodent at normal impact are presented in Figs. 5.16(a) and (b),
respectively. The damage patterns were found to be similar to those observed in assintered and heat-treated composition CA1005 samples consisting of grain ejection
and plastically deformed materials, indicating that the dominant mechanism of
material removal in these materials involved intergranular microfracture leading to
dislodgment of individual grains.

Fig. 5.16. SEM micrographs of steady state erosion surfaces of samples (a) CA1005F
and (b) CA1005C after erosion with SiC at normal impact.

The micrographs in Fig. 5.17 show the types of damage produced by erosion using
SiC erodent at normal impact in samples CA2613F and CA2613C. Figs. 5.17(a) and
(b) depict the general view of eroded surfaces of samples CA2613F and CA2613C,
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while Figs. 5.17(c) and (d) are the higher magnification views of regions containing
facetted grain morphology1.

Fig. 5.17. Surface morphology of samples (a) and (c) CA2613F and (b) and (d)
CA2613C following erosion using SiC particles at 90° impact angle. Note: (a) and (b)
are low magnification general microstructures of the eroded surfaces, while (c) and (d)
are the higher magnification images of regions with grainy morphology.

It can be seen that the damaged surface of sample CA2613F appeared to be very
rough with a distinct grainy nature and contained large deep craters, suggesting that
the process of material removal involved the formation and propagation of large
cracks originating from the deep subsurface (Fig. 5.17(a)). High-resolution SEM
examination revealed that the propagation of these macroscopic cracks in sample
CA2613F was predominantly intergranular in nature (Fig. 5.17(c)). In contrast, the
eroded surface of sample CA2613C seemed to be relative flat, containing mainly
plastically smeared materials with some small-scale grainy regions (Fig. 5.17(b)).
High-resolution SEM observation revealed that the process of material removal in
sample CA2613C involved the propagation and intersection of microcracks of grainfacet dimensions, marked by solid arrows in Fig. 5.17(d), in the fashion of both
transgranular and intergranular fractures.
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The micrographs in Fig. 5.18 show the types of damage produced by erosion using
SiC erodent at 30° impact in samples CA2613F and CA2613C. In both cases, damage
features consisted mainly of plastically deformed materials originating from the
cutting and ploughing actions of the hard, sharp SiC particles. Isolated brittle-fracture
regions, characterized by facetted grainy morphology, were also observed. Again,
these brittle-fracture regions in material CA2613F were larger and deeper in size
compared to those observed in material CA2613C, suggesting material CA2613F
experienced a greater rate of material removal in comparison to material CA2613C.

Fig. 5.18. Surface morphology of samples (a) CA2613F and (b) CA2613C following
erosion using SiC particles at 30° impact angle.

5.5 Erosion Mechanisms
5.5.1 Initial damage
When hard, angular particles impinge on a ceramic surface at normal incidence, they
penetrate into the target surface and produce severely plastically deformed zones
(Fig. 5.8). The resulting damage patterns show some degree of similarity to those
produced by a sharp indenter such as a Vickers diamond pyramid indenter.
Accordingly, a quasi-static indentation theory has been developed to model the
erosion event (Wiederhorn and Lawn 1979). Such an attempt appears to be
appropriate since although impact speeds of some tens of meters per second do not
seem quasi-static, they are still much smaller than the velocity of elastic and plastic
deformation in brittle materials (Slikkerveer et al. 1998).
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In Vickers indentation on strong ceramics such as SiaN4 and sialons, the sharp
indenter penetrates into the solid and results in material deformed plastically in an
outward mode, su^ jesting that the original stress field fades rapidly with the distance
away from the surface (Rowcliffe 1992). When the peak load is sufficiently high, a
sharp indenter can induce both plastic flow and elastic damage in the form of a
variety of well-defined cracks such as radial and lateral cracks (Lawn 1993).
The single impact damage observed in the present study in Figs. 5.8(a) and (b) is
characterized by a zone of intense plastic deformation surrounded by microcracks
extending into the material and on the surface, with associated small-scale lateral
cracking. The absence of well-developed lateral cracks may be explained in terms of
the relatively low stress level induced by the single particle impact under the current
conditions.
An estimation of the average load for individual erodent particles during erosion can
be obtained using the concept of the quasi-static indentation model. Following the
analysis by Ritter et al. (1991), the relationship between the impinging particle
kinetic energy (Uk) and e^i^valent indentation load, P, can be expressed as

where a is a constant related to the fraction of energy transferred to the target
material, £ is an indenter constant equal to 4.8 for the Vickers geometry, and H is the
hardness of the target material.
The geometric irregularity of the impacting particle can cause it to hit on an edge or
face rather than a sharp point. This would result in less energy being transferred to
the target surface and also change the indenter constant £,. Take the most extreme
case for an example, i.e. assume 100% of the impinging particle energy is transferred
to the target and the particle-target conta•:? ';•• made on the sharp point of the particle.
This results in an estimated maximum ioa.: ranging between 8-10 N being exerted by
individual particles on the sialon materials. The minimum threshold load, P*, for
lateral crack initiation can be calculated using indentation fracture mechanics (Evans
etal. 1980)
(5.2)
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where H, Kc and E are the hardness, fracture toughness and elastic modulus of the
material, respectively. C, is the dimensionless constant, depending upon the type of
crack, and CJ{EIH) « 2 x 105 (Evans et al. 1980).
By using the measured hardness an1' fracture toughness values of Ca a-sialon
materials (Table 4.5), eq. 5.2 predicts that the minimum load required for initiation of
a lateral crack in these materials varies ,1o.

10-30 N. Therefr-re the load on

individual particles under the present erosion conditions is in me same order to that
required for lateral crack initiation. Hence, only small-scale lateral cracking is
I

expected.

Indeed, in a previous study (Gulden 1981b) of single-impact damage on HP-ed and
PLS-ed Si3KT4 materials using 300 u,m SiC grits at a much higher velocity, 176 m/s,
and thus a much higher load, it was seen that in all cases, well-developed radial and
lateral cracks were produced.
Erosive wear is a cumulative process. Once steady state erosion is reached, the target
surface is covered by a 'c;yer of severely damaged material. This damaged layer
contains a high density of cracks and exhibits much poorer mechanical properties
than the undamaged bulk material. Hence the subsequent impacts may generate more
severe damage involving lateral cracking and large-scale chipping. This must be
borne in mind when using the single impact event to evaluate the erosion mechanism.

5.5.2 Transient erosion regime
At low erodent dosage, during the initial stages of the erosion test, the rate of material
removal from the surface of the target was not linear with erodent dose. Typical plots
of cumulative volume loss as a function of the mass of impacting particles, Figs. 5.1
and 5.2, displayed an initial transient of increasing slope followed by linear steady
state behaviour. The duration of the transient, also known as the incubation period,
appeared to increase as the angle of impact decreased. Furthermore, erosion using
softer garnet particles also yielded a longer incubation period than that by hard SiC
grits.
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The earliest report on transients of the kind shown in Figs. 5.1 and 5.2, for erosion of
ceramic materials appeared in 1980 (Routbort et al. 1980b). However, despite the
large volume of literature concerning the erosion behaviour of ceramic materials
during the past twenty years, little experimental or theoretical work on this topic
exists (Routbort 1996). Based on the erosion mechanism proposed above, a better
understanding of the transient effect on erosion of ceramic materials can be obtained.
When s:.:' -n ceramics are exposed to erosive wear by SiC particles at normal
incidence, the erodent particles cut into the target surface and leave a zone of
irreversible deformation surrounded by microcracks. Repeated impacts are therefore
necessary to accumulate the requisite levels of stress in order to extent the cracks to
form a crack network. Up to this stage, the material loss from the target surface is
mainly via small-scale chipping. The subsequent impacts can, however, result in
relatively severe wear, particularly when the cracks propagate back to the free
surface. A damage-free surface will thus experience a delay period before wear starts,
after which a steady state erosion rate should become established, proportional to the
rate of propagation and linking of microcracks in the material (Davidge and Riley
1995). The duration of such a delay is therefore largely dependent on the residual
stress level induced from the impact of abrasive particles.

The longer incubation period observed in oblique impacts compared to normal
impacts, as shown in Fig. 5.1, can be rationalized in terms of the erosion efficiency.
In the case of high angle impact, the kinetic energy of an impinging particle is mainly
dissipated in the penetration of the particle into the target. As a result, a relatively
deep plastic zone would be generated which could produce a comparatively high
residual stress level leading to high crack driving forces. On the other hand, in the
case of shallow angle impact, the kinetic energy of the impinging particle contributes
mainly to the ploughing mechanism and very little to normal repeated impact. This
would simply result in a low penetration of the impinging particle on the target
surface and consequently low crack driving forces. Therefore, more impacts would
be required to additively produce a residual crack driving force which is equivalent to
that produced by normal impacts. This would lead to a lower efficiency of erosion
and an extended incubation period in oblique impacts compared to normal impacts.
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The longer incubation period observed in erosion by garnet particles compared to that
by SiC grits, as shown in Figs. 5.1 and 5.2, can also be rationalized in terms of the
erosion efficiency. Compared to SiC grits, garnet particles are much softer and
contain approximately 80 wt% of relatively soft phases including SiC>2, FeO, MgO,
PC2O3, etc (Table 3.3). When the soft garnet particles impact on the harder ceramic
surface, they undergo severe plastic deformation that effectively diminishes the load
transfer characteristics and thus reduces the penetration depth of the impacting
particle into the target. The small penetration depth produces a small stress field
associated with a low driving force for crack extension. As a result, erosion by garnet
erodent is less efficient, in accordance with the much longer incubation period
observed in erosion using garnet erodent compared to that using SiC grits.

5.5.3 Steady state erosion
In spite of the wealth of literature in the field of erosive wear of ceramic materials
(Ritter 1992; Routbort and Scattergood 1992; Finnie 1995), the detailed mechanisms
of material removal in erosion of sialon ceramics have been only cursorily explored
(Park et al. 1997). Yet good understanding of mechanisms is an essential prerequisite
to the development of optimum wear characteristics, especially for complex
processes such as erosive wear. The intent of this section is to examine possible
mechanisms of material removal in steady state erosion of sialon ceramics.

Investigation of the dependence of erosion behaviour on impact angles is probably
the most sensitive way to study the material removal mechanism. SEM micrographs
of the eroded surfaces of sialon ceramics, shown in Fig. 5.10, indicated that although
the predominant mechanism of material removal, for both 30° and 90° impacts,
involved brittle fracture with limited plastic deformation, clear evidence of the effect
of impact angle on the mechanism and rate of material removal was also seen. For
instance, the high angle impact produced a more severely damaged surface,
evidenced by an increased area fraction of zones with facetted morphology and a
higher material removal rate, while the low angle impact generated a relatively
smooth surface with an increased area fraction of plastically deformed regions and a
higher incidence of ploughing trajectories lying along the particle colliding direction.
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The facetted morphology is a result of the indentation-induced fracture due to the
repeated impact of the erodent particles on the sample surface, while the plastic
deformation is caused by the repeated sliding and impact of the particles on the target
surface (Lathabai and Pender 1995). The above combined damage features observed
in erosion of Ca ct-sialon ceramics suggest that impact stresses are accommodated by
both plastic deformation and brittle fracture.

In order to identify more clearly the dominance of one or other set of mechanisms
controlling the wear mode and rate, it is helpful to examine the erosive wear process
at opposite extremes: thf, shallow angle impingement and the normal impact.

When hard, angular particles impinge on the ceramic surface at a very small angle, 9,
the kinetic energy of the eroding particles contributes mainly to ploughing (horizontal
component of the energy, proportional to cos'16) and very little to normal repeated
impact (normal component proportional to sin2#). This process is therefore very
similar to the scratching test on a ceramic surface using a sharp indenter under an
ultra low load.
In a typical scratching test, two major processes take place. The first process involves
the formation of grooves in. which material is deformed to the sides of the grooves.
This plastic cutting process for groove formation may result in direct material
removal, and ihe rate of material removal is determined by the plastic penetration and
should thus be related to the material hardness (Evans and Marshall 1980). The
second process involves the formation of microcracks in the vicinity of the groove.
The propagating and intersecting of these microcracks can result in material removal
from the surface in the form of wear debris and microchips via microfracture. It is
this microfracture process which dominates the material removal process in sliding
wear of ceramic materials (Mukhopadhyay and Mai 1993 and 1997). It is, however,
important to note that there also exists a critical load for the onset o2 microcracking
during scratching. This is because only when this critical load is reached, the quasistatic tensile stress developed behind the moving particle and the shear stress beneath
the sliding pnrticle become sufficient to cause cracks to initiate and propagate from
the plastic zone surrounding the groove (Moore 1980; Xu et al. 1995).
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In view of the above discussion, it is a natural step to assume that at very low impact
angles, the abrasive particles are virtually sliding on the target surface with ultra low
external load, suggesting that material is mainly removed by a plastic cutting process.
Ceramics have high hardness, and thus they are not easily plastically deformed.
Hence the material removal rate caused by erosion at shallow impact angles is low.
When abrasive particles attack the ceramic surface at a high angle of impingement, a
vast majority of the kinetic energy of the eroding particles is devoted to initiate and
propagate microcracks in the target material. Erosive, wear is a dynamic process and
the subsequent impacts could land on the vicinity of the existing damaged zones to
produce a new plastic zone with associated microcracks. Cumulative stresses induced
by the repeated impacts then force these microcracks to propagate and intersect each
s
'it

other to form crack networks. Ceramics generally have low resistance to crack
propagation, and the rapid interactions between microcracks along with the
intersection of these cracks with the free surface can result in high volumes of
material removal via chipping and/or grain dislodgment processes during multiple
impacts. Hence the wear rate caused by erosion at high impact angles is high.

It is important to note that the process of propagation and linking of microcracks
involved in erosion of ceramic materials is cumulative in nature and advances in a
microscopic scale. Therefore the crack propagation paths are less predictable
compared to those resulting from the quasi-static indentation using sharp diamond
indenters. Consequently, the fractured surfaces produced by the impact of abrasive
particles do not always display characteristic features such as saucer-shaped lateral
cracks. It is also worthwhile to note that the cumulative process of crack propagation
and intersection alternatively provides time for surface materials to be crushed and
smeared by the repeated impact of abrasive particles, resulting in flakes of rustically
smeared material with isolated plough marks on the surface. Further impacts result in
material removal by spalling of the smeared flakes, leaving a surface with exposed
grain facets.

A comparison of the morphological features in eroded surfaces of sample CA1005
(Figs. 5.10(a-b)) and samples CA2613 and CA3618 (Fig. 5.10(c-Q) revealed some
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distinctive differences. The eroded surfaces of samples CA2613 and CA3618 were
considerably smoother and contained more plastically deformed or smeared regions
than those of sample CA1005 after erosion at 30° and 90° incidence angles. Higher
magnification SEM micrographs of the centre of the erosion craters after erosion at
normal impact showed that the dominant material removal mechanism for samples
CA2613 and CA3618 was transgranular fracture (Figs. 5.13(a) and 5.14(a)), while for
sample CA1005 it was intergranular fracture (Fig. 5.15(a)).

The major difference between samples CA26i3 and CA3618 and sample CA1005
was their microstructure. As mentioned in section 4.4.1, samples CA2613 and
CA3618 consisted mainly of randomly oriented elongated a-sialon grains and large
AIN-polytypoid laths, while sample CA1005 contained almost equiaxed a-sialon
grains coupled with a small amount of intergranular glass. Upon impact, interlocking
of the elongated grains and large laths in samples CA2613 and CA3618 effectively
hindered the dislodgment of the grains. Thus, more energy was required to remove
the interlocked elongated grains from the target surface than to dislodge equiaxed
grains. In addition, although in general the grain boundaries are weaker in
comparison to the grains, the cracks may propagate either along grain boundaries or
as intracrystalline cleavage through grains, largely depending upon the morphology
and size of the grain? and the chemistry of the intergranular phases. Therefore
microstructure has a controlling influence on the fracture mode and thus the erosion
behaviour of the ceramic materials. The effects of a number of microstructural
parameters on the mechanism of material removal will be further discussed in section
5.7.

Finally, the above analysis clearly demonstrates that in erosion of Si3N4-based
ceramics using hard, sharp particles such as SiC, the mechanism of material removal
could change depending on the erosion effWency. The erosion efficiency is governed
by a number of factors including the angle of impact, the particle type, size and
velocity. A large particle with high velocity impacting at a high angle is likely to
penetrate deeply into the target and to produce lateral cracks. Hence material can be
removed by each impact. However, at low impact velocities, the erodent particle is
only capable of producing a zone of irreversible deformation surrounded by
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microcracks with the absence of "classical" lateral cracking, suggesting that many
more impacts are required to accumulate the damage before material eventually
becomes detached.

5.6 Effect of Erodent Properties
The role of erodent properties in determining the erosion behaviour of brittle
materials has been studied by numerous investigators (Srinivasan and Scattergood
1988a; Shipway and Hutchings 1991; Murugesh and Scattergood 1991; Routbort and
Scattergood 1992; Shipway and Hutchings 1996). It appears that various properties
of the erodent particles, such as size, shape, hardness, toughness etc, can all affect,
although probably to different degrees, the erosion efficiency and thus the material
removal mechanism and rate.

Impact damage models for erosion, such as those of Evans et al. (1978) and
Wiederhorn and Lawn (1979) take account of several me*.finical and physical
properties of the target and erodent particles, respectively (eq. 2.5), but mechanical
properties, such as hardness and fracture toughness, of the erodent particles are not
considered. This is because the implicit assumption in these models is that the
erodent particles are infinitely hard and strong and suffer negligible deformation
(Srinivasan and Scattergood 1988a). However, the most commonly encountered
abrasive particles in practical situations are silica-based minerals, exhibiting a
hardness value ranging between 8-12 GPa (Shipway and Hutchings 1991). This value
is much lower than the hardness of the ideally strong diamond indenter and the rigid
SiC particles (30-35 GPa). Therefore, investigation of the role of the mechanical
properties of erodent particles on erosion of ceramic materials has significant
practical importance.

In the current research, garnet particles (hardness, 13.8 GPa) and SiC grits (hardness,
30.4 GPa) with similar shape and size distribution were selected as the erodent
materials. The erosion tests were carried out on the three PLS-ed sialon ceramics
under similar experimental conditions including the angle of impact, the velocity and
flux of the particle stream. This set of experiments enables the evaluation of the
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effect of the mechanical and chemical properties of the particles on the erosion
behaviour of ceramic materials.
As noted in section 5.3.1, two significant effects of erodent properties on erosion rate
of sialon ceramics are apparent: (1) SiC erodent resulted in a significantly higher
material removal rate than garnet particle in all sialon materials; and (2) the ratio of
erosion rates, as determined by the AE$\clAE^^x ratio in Table 5.2, is larger for low
angles of impact and for material CA3618 in comparison to material CA1005. The
difference in erosion rates between garnet and SiC erodents can be attributed to the
variations in the properties of erodent materials.

SEM observations of steady state erosion surfaces of material CA1005 generated by
garnet (Figs. 5.12(a-c)) and SiC (Figs. 5.12(d and e)) erodent particles revealed some
distinctive differences. The damaged surface generated by the comparatively soft
garnet erodent appeared to be relatively smooth and contained a few isolated pits.
Between these pits, the target surface seemed to be covered by a layer of smeared
material. Random EDX analysis of this smeared layer showed that it contained
mainly deformed erodent and target materials as well as melted erodent material. In
addition, the incidence of the melted erodent material was found to increase as the
angle of impact decreased. The damaged surface generated by SiC erodent, however,
exhibited indentation-induced fracture, associated with a much rougher morphology.

It is evident from these observations that when the softer garnet erodent particles
impinge on the harder sialon target, they undergo severe deformation leading to
particle fragmentation and crushing. In addition, the particles also undergo local
melting, with the melted material being drawn into stringers in the direction of
particle impact. The localized melting of garnet erodent has also been observed in a
recent study of erosion of alumina ceramics using garnet particles (Zhang et al.
2000b) and was ascribed to a combined effect of the local adiabatic heating to high
temperatures when particles with high kinetic energy impact the target and the
relatively low melting point of the garnet particle (Table 3.3).

The fragmentation of the impinging particle can have two effects on the ability of the
erodent to remove material from the target surface: (1) the fragmentation can lead to
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the crushing and blunting of sharp particle tips, diminishing the load transfer
characteristics and reducing the efficiency of crack generation (Murugesh and
Scattergood 1991); and (2) the fragmentation can lead to a drop in the impulse
delivered to the target surface due to the fact that the energy transferred to the
fragments might be as much as 20-30% of the original kinetic energy of the particle
(Anand and Conrad 1988), and thus lead to a reduction in the erosivity. Both effects
suggest that severe deformation and consequently fragmentation of the erodent
particles resulting from the use of softer erodent materials, such as garnet on sialon
ceramics, reduce the efficiency of erosion. Therefore, the rate of material removal is
much lower for erosion using garnet particles compared to erosion using SiC grits.

The difference in erosion rates resulting from SiC and garnet impacts, as described
by the idEsic/^Egamet rat ^°

m

Table 5.2, becomes greater as the impingement angle

becomes more oblique. This can be rationalized in terms of the effect of angle of
impact on erosion mechanism. As suggested in section 5.5.2, at very low incidence
angles, the kinetic energy of the impacting particles contributes mainly to ploughing
and very little to normal repeated impact, suggesting that material is mainly removed
by a plastic cutting process. Therefore, the use of the softer garnet particles to cut
relatively harder sialon ceramics is much less effective than the case of harder SiC
cutting relatively softer sialons. In addition, the frictional heat generated from the
plough action associated with the low angle impacts promotes the melting of the
garnet particles and thus further reduces the wear efficiency.

Another interesting feature about the present erosion data is that although the ranking
of the erosion resistance of the target materials is essentially same for SiC and garnet
erodents, the difference in erosion rates between materials CA1005 and CA3618 has
increased by a factor of six when the erodent particles changed from SiC to garnet
(Table 5.2). As already noted in section 5.5.2, the difference in the erosion rates of
materials CA2613 and CA3618 and material CA1005 is mainly attributed to the
different mechanisms of material removal which is a consequence of the different
microstructures of the three materials. Upon erosion, the elongated grain morphology
in materials CA2613 and CA3618 exhibits a greater resistance to crack extension,
compared to equiaxed material CA1005, owing to a number of toughening
mechanisms such as crack bridging and deflecting. Thus, more energy is required to
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form a crack network in materials CA2613 and CA3618 than in material CA1005.
Furthermore, the elongated grains and large laths result in an interlocking effect in
samples CA26H and CA3618 which effectively hinders the dislodgment of the
grains. Although the interlocking effect may not be significant in erosion using SiC
erodent where the hard SiC particles can effectively chip the surface material once
the crack network is established, such an effect can be significant in erosion using
softer garnet particles where material removal by the chipping process is suppressed.
The results from the current research clearly demonstrate that when laboratory testing
methods are used for material selection, one has to be aware that any accelerated
erosion test using erodent particles which are not representative of the proposed
service environment may not give true information.

5.7 Effect of Ceramic Microstructure
As discussed in section 2.6, the two widely used erosion models, the dynamic (Evans
et al. 1978) and the quasi-static (Wiederhorn and Lawn 1979) models, predicted that
the erosion rate has a strong inverse dependence on the fracture toughness, but has a
much weaker dependence on the hardness of the target material. The validity of these
two models has been tested on a wide range of ceramic materials (Routbort et al.
1980a; Wiederhorn and Hockey 1983; Routbort and Scattergood 1992; Wada 1992).
The results, however, vary from one system to another. For example, for erosion of
alumina ceramics, it was well established that the erosion rate does not simply
depend on the hardness and fracture toughness of the target materials. In fact, the
microstructure of the target materials has been shown io have a controlling effect on
the material removal mechanism (Heath et al. 1990; Lathabai 1995; Lathabai and
Pender 1995; Zhang et al. 2O00b). On the other hand, for erosion of sialon ceramics,
the only two published systematic vUjdies showed a qualitative agreement between
the experimental results and the two theoretical models: the erosion rate decreases
markedly with the increasing fracture toughness, but less sensitively with the
increasing hardness (Wada 1992; Liu et al. 1938). However, such qualitative
agreements are not supported by the results of the current research. While the most
erosion resistant Ca a-sialon composition, CA2613, possesses moderat
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toughness values, the other two compositions, having either higher hardness
(CA1005) or higher toughness (CA3618) than CA2613, are less erosion resistant than
sample CA2613. In addition, sample CA1005C exhibits higher hardness and
toughness values compared to sample CA1005F (Table 4.5), yet its erosion resistance
is poorer than that of sample CA1005F (Fig. 5.7). The discrepancies between the
present experimental observations and the two theoretical models may be explained
in terms of the microstructural characteristics of the target materials.

As noted earlier, the major microstructural parameters for ceramic materials are
porosity, crystalline phases, grain size and morphology and the nature of the grai-.i
boundary phases. It is the primary interest of the present study to examine the effects
of these microstructural parameters on the erosion behaviour of a-sialon ceramics.

5.7.1 Effect of grain boundary glassy material
The dominant material removal mechanism for the as-sintered CA2613 and CA3618
samples is transgranular fracture (Figs. 5.13(a) and 5.14(a)), but for CA1005 it is
intergranular fracture (Fig. 5.15(a)). Samples CA2613 and CA3618 consist mainly of
randomly oriented elongated a-sialon grains and large AIN-polytypoid laths, while
sample CA1005 contains mostly equiaxed a-sialon grains. The elongated grain
morphology can affect the erosion mechanism in two ways: (1) increase the
resistance to crack propagation owing to toughening mechanisms such as crack,
deflecting and bridging; and (2) hinder the grain dislodgment mechanism due to the
interlocking effect of the elongated grains. Both effects suggest that more energy is
required to remove the interlocked elongated grains from the target surface than to
dislodge equiaxed grains as in the case of material CA1005. As a result, samples
CA2613 and CA3618 exhibit a better erosion resistance than sample CA1005.

The interlocking effect hypothesis is further supported by SEM observations of the
eroded surfaces of the heat-treated materials CA2613 and CA3618. As shown in
Figs. 5.13(d) and 5.14(c), despite the substantial intergranular cracking, transgranular
fracture of the interlocked long a-sialon grains still remains as one of the dominant
material removal mechanisms.
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The difference in erosion rates between materials CA2613 and CA3618 can also be
rationalized in terms of the microstructural variations in these materials. The major
microstructural difference between the pair is that CA2613 possesses a fine elongated
grain morphology with relatively less grain boundary glass and higher porosity while
CA3618 exhibits a coarser and longer grain morphology coupled with a higher
amount of grain boundary glass and an additional minor A1N' phase.

It is well known that porosity has a deleterious effect on erosion resistance because
the pores, especially those at grain boundary triple junctions, can be regarded as a
stress-concentrating flaw system (Miranda-Martinez et al. 1994) and consequently
become preferred sites for microcrack initiation (Lawn 1993). Thus, from a porosity
point of view, the more porous material CA2613 should have inferior erosion
resistance than CA3618. However, experimental results showed a lower erosion rate
for CA2613 compared to CA3618 (Fig. 5.5).

It is, therefore, thought that the excessive amount of intergranular glass in sample
CA3618 is primarily responsible for its poorer erosion performance, as the glassy
phase is expected to be much less resistant to erosion than the a-sialon grains. On the
other hand, an optimum amount of grain boundary glass may improve the erosion
resistance of these ceramics. Grain boundary glass fills the pores, facilitates the
particle rearrangement during sintering and enhances bonding between grains and
also has the potential to absorb or cushion the stress induced from solid particle
impact via viscous flow.

The Ca oxynitride glass present in the Ca a-sialon ceramics has a relatively low Tg
point (800-900°C) (Hampshire et al. 1985). Thus, the glass in the vicinity of the
impact site could be softened due to local adiabatic heating caused by the impact of
the fast-moving particles (Yust et al. 1978; Lawn et al. 1980; Zhang et al 2000b). In a
previous study of erosion of these materials by garnet particles under similar
conditions, it was observed that the local adiabatic heating effect resulted in the
melting of the garnet erodent particles whose melting point is 1250°C (Zhang et al.
2001b). Moreover, if the grain boundary glass has strong bonding with the elongated
ceramic grains, it would make intergranular fracture and grain ejection more difficult
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upon erosion. This effect could be especially significant in a-sialon ceramics because
in a-sialon, unlike in p-sialon and P-Si3N4, both grain boundary glass and a-sialon
grains contain identical elements. Thus, the bonding between a-sialon grains and the
glassy matrix could be strong. The contribution of intergranular phases to the erosion
process can be further illustrated by comparing the a-sialon samples before and after
post-sintering heat treatment.

The erosion test results showtd that the as-sintered material CA2613 possessed
significantly higher erosion resistance than its heat-treated counterpart (Fig. 5.5). As
discussed in section 4.9, the post-sintering heat treatment can have two effects on asialon materials: (1) the partial crystallization of the excess glass located at threegrain edges (Hoffmann 1994b), which can result in up to 10% volume reduction in
the Ca a-sialon system (Malecki et al. 1997) and thus produce a radial tensile stress
in the triple junctions at the interface between the a-sialon grains and the gehlenite
phase (Hoffmann 1994b); and (2) the creation of thermal stresses at the three-grain
edges due to thermal expansion mismatch between the a-sialon grains and devitrified
phases. This thermal stress is also a tensile stress owing to the higher thermal
expansion coefficient of gehlenite compared to a-sialons (Hampshire et al. 1994).

The volume reduction and the creation of thermal stresses can generate microcracks
or even pores at the grain boundary triple junctions and consequently weaken the
bonding strength between the a-sialon grains and the gehlenite phase. The weakened
grain boundary triple junctions can be regarded as preferred sites for microcrack
initiation upon erosion and thus degrade the erosion resistance of the a-sialon
ceramics. Indeed, SEM observations of the eroded surfaces revealed a more
distinctive grainy nature in heat-treated samples CA2613 and CA3618, as shown in
Figs. 5.13(d) and 5.14(c) respectively, compared to their as-sintered counterparts.
This is because, upon erosion, the weakened bonding strength between the a-sialon
grains and the intergranular gehlenite phase in the heat-treated samples can result in
the dislodgment of gehlenite phase from the grain boundary triple junctions and thus
leave a facetted morphology of interlocked elongated grains.
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In addition, the partial crystallization of the intergranular glass results in significant
reduction in the amount of grain boundary glass in the a-sialon ceramics, which in
turn degrades the erosion resistance of these materials owing to the reduction in the
ability of grain boundary to viscoplastically absorb or cushion the impact stress
(Stough et al. 1994). This scenario is supported by the SEM study on the eroded
surfaces of material CA2613. As shown in Fig. 5.13(b), the material removal
mechanism for the as-sintered sample is predominantly transgranular fracture,
indicating strong bonding between the grains. In contrast, the eroded surface of heattreated sample CA2613 (Fig. 5.13(d)) revealed substantial grain boundary
microcracking and grain dislodgment.

Comments may be made on the erosion behaviour of material CA1005. It. has been
shown that the dominant material removal mechanism, for both as-sintered and heattreated samples, was grain ejection coupled with small-scale chipping. This is
because material CA1005 contains approximately equiaxed grains and a very small
amount of intergranular glass, which is mainly responsible for a relatively large
number of pores in the sample. The linkage of the preexisting flaws and the
substantial grain boundary microcracks (see Fig. 5.15(a)) induced from the severe
impact result in the ejection of the equiaxed grains. Thus, material CA1005 has the
highest erosion rate of the three compositions. Furthermore, small-scale chipping is
evidence of the severity of the damage produced by SiC erosion owing to its
extremely high hardness. Finally, heat treatment has further weakened the
intergranular bonding strength of the material, resulting in poor performance in the
erosion tests (Fig. 5.5).

5.7.2 Effect of grain size
Erosion tests showed that sample CA1005C exhibited a higher material removal rate
than sample CA1005F at both 30° and 90° impacts (Fig. 5.7). However, SEM
examination of surfaces of the two samples generated by erosion using SiC erodent at
90° incidence revealed that the dominant mechanism of material removal, in both
cases, was grain ejection caused by grain boundary microcracking (Fig. 5.16).
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Samples CA1005F and CA1005C were fabricated from the same batch and were both
PLS-ed first and then HP-ed at the high temperatures, except that the dwell time of
the PLS stage was much longer for CA1005C (8 h) than CA1005F (3 h) (Table 4.1).
Therefore the microstructural features of the two samples were similar: both
contained mainly equiaxed a-sialon grains coupled with a very low amount of
intergranular glass, except that the grains were coarser in sample CA1005C
compared to CA1005F (Fig. 4.6).
The low content of the intergranular glassy phase or the liquid phase when it is above
the eutectic temperature could hinder the densification process of these materials
during sintering. As a result, samples CA1005F and CA1005C possessed higher
porosity, by approximately a factor of 3, than sample CA2613C which was also twostage sintered under the similar conditions but from a composition containing a
considerably higher amount of intergranular glass. The high porosity can result in a
weakened bonding between grains in materials CA1005F and CA1005C.

In addition, as discussed in section 5.7.1, the pores, especially sintering pores at grain
boundary triple points, are preferred sites for microcrack initiation. Therefore, upon
impact, microcracks are readily initiated at the multi-grain junctions and
consequently propagate along the two-grain boundaries and link up to from crack
networks due to the weak grain boundaries and the equiaxed grain morphology of
these materials. As a result, material is removed from the target surface via grain
dislodgment. This scenario is in accordance with SEM observations of worn surfaces
of materials CA1005F and CA1005C (Fig. 5.16).

As foreshadowed in section 5.7, theoretical treatments based on contact fracture
mechanics (Evans et al. 1978; Wiederhorn and Lawn 1979) indicate that the
associated erosion rates should be greatest for materials with the least toughness. The
experimental erosion evidence shows that material CA1005C exhibits a higher
erosion rate than material CA1005F (Fig. 5.7), suggesting that the erosion rate
increases with the toughness, at least with the toughness determined using the
traditional indentation technique (Table 4.5). The discrepancy between the theoretical
predictions and the erosion results may be accounted for by the crack-size dependent
toughness or 7-curve behaviour which depends strongly on the microstructural
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makeup of these materials. Although no T-curve measurements have been made on
the present materials, the dominant role of microstructure in T-curve behaviour of
ceramic materials is well established (Lawn 1993).
SEM observations of the polished and etched surfaces of materials CA1005 and
CA1005F revealed an approximately equiaxed grain morphology (Fig. 4.6), while
examinations of the eroded surfaces showed that material removal was primarily by
grain ejection, suggesting that fracture took place mainly along the grain boundaries.
It is generally accepted that ceramics with equiaxed grain morphology coupled with a
weak grain boundary, such as alumina, exhibit rising crack resistance with crack
extension as a result of grain-localized crack bridging (Chantikul et al. 1990; Lawn
1993).

The role of grain size in T-curve properties of alumina ceramics has been extensively
investigated by Steinbrech et al. (1990), Chantikul et al. (1990) and Lawn (1993). It
is seen that T-curves of alumina ceramics with different grain sizes cross each other
with coarse-grained materials displaying lower crack-growth resistance in the short
crack region but rising to higher large-crack toughness (Steinbrech et al. 1990;
Chantikul et al. 1990; Lathabai and Pender 1995). The T-curve response of the two
CA1005 materials are expected to follow the general trend where the finer grained
material CA1005F exhibits a higher short-crack toughness while the coarser grained
CA1005C possesses a better large-crack toughness.

In erosion of ceramic materials, although the size of the damage zone produced by an
individual particle impact is related to the hardness of the material, the microcrack
density associated with the impact zone is related to the toughness from the 7-curve
that is operative in the crack size scale of erosion impact events. SEM observations
showed that the dominant material removal process ir. erosion of composition
CA1005 involved grain dislodgment due to grain boundary microfracture with cracks
in the order of several micrometers. Therefore, the higher toughness of materki
CA1005F over CA1005C in the T-curve region of greatest pertinence to erosion
process, i.e. short-crack region, leads to a greater erosion resistance of material
CA1005F compared to CA1005C.
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5.7.3 Effect of grain morphology
Unfortunately, the above grain size-erosion rate scenario failed to predict the wear
behaviour of ceramic materials with an elongated grain morphology where the
interlocking effect of the elongated grains could change the fracture mode, upon
particle impact, from intergranular to intracrystalline cleavage through grains. One
extreme example is a comparison of the erosion behaviours of materials CA2613F
and CA2613C using SiC erodent at 90° impact where erosion tests showed that
sample CA2613F exhibited a much higher rate of material removal than sample
CA2613C(Fig. 5.7).

The major differences in microstructural features between the two materials are that
CA2613F consists of predominately fine a-sialon grains with relatively low aspect
ratios (Fig. 4.7(a)) together with a small amount of unreacted A1N and a relatively
high amount of intergranular glass (Table 4.4), while CA2613C contains mainly
coarse elongated a-sialon grains (although the grains are ranged widely in sizes and
aspect ratios) coupled with a small amount of AIN-polytypoid (Fig. 4.7(c)). These
differences in microstructural features have reflected different mechanical properties
of these materials. Material CA2613F possesses a relatively low hardness (owing to
the higher amount of intergranular glass and a small amount of unreacted A1N) and
toughness (due to the lack of toughening mechanism such as crack bridging and
deflection) compared to material CA2613C (Table 4.5).

SEM observations of surfaces produced by SiC erosion at 90° impact revealed that
the dominant mechanism of material removal in material CA2613F was macroscopic
chipping that resulted from lateral cracks that were generated deep in the subsurface
and propagated back to the surface (Fig. 5.17(a)). However, for material CA2613C,
the primary material removal was by microfracture operating at the grain-facet scale
leading to dislodgment of fine grains with low aspect ratios and coarse elongated
grains orientated virtually parallel to the surface, as well as by transgranular chipping
of large interlocking grains (Fig. 5.17(b) and (d)).

As discussed in section 5.7.1, the elongated grain morphology can have two
beneficial effects on erosion resistance of ceramic materials: (1) it enhances crack
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deflection and bridging by blocking the crack path, forcing it to detour; and (2) it
hinders the grain dislodgment mechanism due to the interlocking effect, resulting in
material removal via microfracture at the grain-facet scale (Fig. 5.17(d)). Both effects
suggest that more energy is required to propagate and link up cracks between the
neighborhood impact sites to form a crack network, as well as to remove the
interlocked grains from the target surface. This also suggests that material CA2613C
exhibits higher toughness than material CA2613F in the crack size scale associated
with erosion impact events, resulting in a much lower erosion rate of CA2613C
compared to CA2613F at normal impact.

On the other hand, hardness of the ceramic material can also influence the erosion
resistance. In theory, hardness determines both the maximum load during impact and
the depth of particle penetration into the target surface (Wiederhorn and Hockey
1983). In an expression for the maximum load upon solid particle erosion (eq. 5.1),
hardness of the target material enters the equation with a positive exponent, 1/3.
Hence, for a fixed impact energy the maximum impact load increases as the target
hardness increases. The higher impact load may cause a greater amount of chipping
leading to a higher rate of material removal. On the other hand, hardness also
determines the penetration depth of particle into the target surface which in turn
decides the depth of the formation of lateral cracks. Hence, the lower the hardness the
deeper the particle penetration and consequently the higher the material removal rate.
Therefore, there exists a two-fold effect of target hardness on the erosion rate in
which the penetration term opposes the impact load term.

As a worst case, assuming that a surface is impacted with one or more sharp particles
and the kinetic energy of an impinging particle is consumed entirely as work of
penetration (Lawn 1993). The impact load can be calculated using eq. 5.1. Under the
current condition, the estimated impact loads, according to eq. 5.1, are 8.8 and 9.2 N
for materials CA2613F and CA2613C, respectively. Furthermore, according to
indentation fracture mechanics, the contact area, A, is related to the indentation load,
P, and the target hardness, H, as (Lawn 1993):
A=P/H

(5.3)

145

Erosion Behaviour ofCa a-sialon ceramics

Chapter 5

For illustration, Vickers indentation was used to estimate the radius of the damage
zone for materials CA2613F and CA2613C under the loads of 8.8 and 9.2 N,
respectively. Using the relevant hardness values of 16 and 18.4 GPa (determined at a
load of 9.8 N) for materials CA2613F and CA2613C, respectively, the indentation
half diagonal value, a, of materials CA2613F and CA2613C was 16.6 and 15.8 \xm,
respectively. In addition, the indenter penetration depth, d, is related to its diagonal,
a, by the expression:
d = koa

(5.4)

where ko is a geometric constant of the indenter. The above calculation showed that
upon impact, although the higher hardness could result in a higher impulsive load, the
erodent particles still penetrated deeper in sample CA2613F in comparison to sample
CA2613C under the current conditions.

The deeper penetration in material CA2613F induces a larger irreversible (plastic)
deformation zone and thus results in higher residual stresses leading to higher crack
driving forces. Prior to removal of the impinging particle, lateral cracks are initiated
near the base of the deformation zone and consequently spread sideways (Lawn
1993). Although SEM examination revealed that crack propagation in material
CA2613F was predominately intergranular in nature (Fig. 5.17(c)), the fine, slightly
elongated grain morphology of this material offers limited scope for toughening
mechanisms to dissipate the energy of the advancing crack tip. Therefore, cracks
readily link up between the neighboring impact sites and eventually propagate back
to the surface. Subsequent impacts result in macroscopic chipping. The above
scenario is supported by experimental observations where large cracks which
propagated in straight paths were observed on the worn surface of material CA2613F
(Fig. 5.17(a)).

It is, therefore, thought that the elongated grain morphology combined with a
relatively high hardness gave material CA2613C a better erosion resistance over
material CA2613F.

Although material CA2613C still exhibited a better erosion resistance than material
CA2613F under 30° impact, the difference in erosion rate between these materials
was found to decrease substantially compared to that of the normal impact (Fig. 5.7).
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One possible reason is that erosive wear is a dynamic process, which involves
numerous experimental variables. Therefore it may not be a sensitive technique to
reveal the small difference in erosion rate.
Another possible reason is that, as discussed earlier, in brittle ceramics lateral cracks
from sharp contacts are the most potent agents of material removal in erosive wear
and the scale of these crack systems is largely dependent on the kinetic energy of the
impinging particle. As the impact angle decreases, the proportion of the kinc i~
energy devoted to the normal impact reduces dramatically. Consider the most
extreme case as an example. When the impact angle approaches zero, there should be
no difference in particle penetration between materials CA2613F and CA2613C.
Therefore, the difference in erosion resistance between these two materials is
expected to reduce as the impact angle decreases. This is in accordance with
experimental observations where damaged surfaces of materials CA2613F and
CA2613C generated by 30° SiC erosion contained mainly plastically deformed
materials with limited grainy regions (Fig. 5.18).

5.8 Summary
It appears more convenient to specify the mechanical properties, such as fracture
toughness and hardness, that determine the erosive wear behaviour of ceramic
materials (Evans et al. 1978; Wiederhorn and Lawn 1979). The current research has
shown, however, that the microstructure may have more significant influence on the
mechanism and rate of material removal, although quantitative prediction of erosion
rate using microstructural parameters may not be feasible. The following conclusions
can be drawn from the results of this study:

•

Ca cc-sialon ceramics exhibit excellent erosion resistance when subjected to
erosion using soft garnet particles, especially at low angles of impact.

•

An optimum amount of intergranular glass may improve the erosion resistance of
ot-sialon ceramics due to its strong bonds with the cc-sialon grains, while an
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excess amount of grain boundary glass will result in poorer erosion performance
owing to the lower erosion resistance of the glass phase compared to a-sialon.

•

Post-sintering heat treatment increases the erosion rate of Ca a-sialon materials.
Such differences can be attributed to (1) the weakening of the bond strength
between the a-sialon grains and devitrified glass at the three-grain edges; (2) the
creation of the intergranular stresses due to thermal expansion mismatch between
the a-sialon grains and devitrified phases; and (3) the inability of devitrified glass
to viscoplastically absorb or cushion the stresses during erosion.

•

For material consisting of fine approximately equiaxed grains (C/J005). the
dominant material removal mechanism is grain ejection, while for materials
containing mostly elongated grains (CA2613 and CA3618), it is combined
transgranular and intergranular fracture. This is because the interlocking effect of
the elongated grains hinders the grain ejection mechanism.

•

For material consisting of fine approximately equiaxed grains (CA1005), a
microstructure with a finer grain size exhibits a better erosion resistance, while
for materials containing elongated grains, a coarse elongated microstructure
possesses a better erosion resistance than a fine slightly elongated microstructure,
especially at high angles of impact.

•

Although single impact events may provide some insights into mechanisms by
which particles remove material, care must be taken when such information is
used to predict mechanisms of material removal during the steady state erosion.
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Chapter 6
EROSION BEHAVIOUR OF
ENGINEERING CERAMICS

6.1 Introduction
In Chapter 5, the role of various microstructural features, such as grain boundary
glass, grain size and grain morphology, in the erosion of sialon ceramics has been
independently examined. The next natural step is to extend the knowledge obtained
to various advanced ceramics with a wide range of properties. To achieve this,
erosion tests were carried out on a number of engineering ceramic materials
including alumina, zirconia, silicon nitrides and silicon carbides using garnet and
SiC erodents at 30° and 90° impact. A direct comparison of the erosion resistance of
these materials will be provided. Finally, using detailed SEM examination of the
eroded surfaces of all target materials, a qualitative model, based on fracture
mechanics using the energy dissipation/energy balance approach, will be proposed to
account for the erosion behaviour of ceramic materials.

6.2 Experimental Program
6.2.1 Selection of target materials
Four commercial ceramic materials and two laboratory grade gas pressure sintered
silicon nitride ceramics from four generic groups, alumina, zirconia, silicon nitride
and silicon carbide, were selected for erosion tests. These were a high-purity alumina
ceramic (AD998), an MgO partially stabilized zirconia (Mg-PSZ), two selfreinforced silicon nitride ceramics (SN-F and SN-C) and two siliconised silicon
carbides (SiC-C and SiC-S). In addition, two in-house prepared Ca a-sialon ceramics
(CA2613 and CA2613C) were also tested.

149

Erosion Behaviour of Engineering Ceramics

Chapter 6

These different ceramic materials were selected because they exhibit a wide range of
properties. For example, the alumina ceramic has a moderate hardness and relatively
low toughness among the four ceramic materials. The zirconia ceramic has the
highest toughness but the lowest hardness, while the silicon nitride and sialon
ceramics possess a combination of high hardness and toughness. The silicon carbide
ceramics exhibit the highest hardness, but relatively low toughness among the test
materials.

6.2.2 Selection of erodent materials
The erodent particles used were commercial grade garnet and SiC abrasive grits
(refer to section 3.3.1). Garnet erodent was selected because its properties are similar
to those of the most encountered mineral materials in the mining industry, while SiC
erodent was chosen because it is the most commonly useo abrasive particle in
accelerated laboratory tests. Both erodents used here have similar size distributions
and morphologies, but exhibit very different hardness values. This permits a direct
comparison of the effect of erodent particle hardness on the erosion mechanism of
ceramic materials.

SiC erodent was used to erode all the target materials, but garnet particles were used
to erode only selected materials, namely alumina, zirconia and pressureless-sintered
(PLS-ed) sialon, due to the limited supply of the siliconised silicon carbides (SiSiC)
and the gas-pressure-sintered (GPS-ed) silicon nitride samples.

6.2.3 Erosion tests
Samples for erosion tests were cut and machined to dimensions approximately
20x20x3 mm3 (AD998), <|>24 mm x5 mm (Mg-PSZ), $20 mm x5 mm (CA2613), (j>24
mmx5 mm (CA2613C), 25x25x5 mm3 (SN-F and SN-C) and 25x25x10 mm3 (SiCC and SiC-S). The surfaces to be eroded were prepared by finish grinding with 800mesh SiC abrasive paper.
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Erosion tests were performed at room temperature in a gas-blast type erosion test rig
described in detail in section 3.3.2.1. Mild steel was employed as the control material
in each test. The testing procedures and the method used to determine the erosion
rate were described in section 5.2.2. The test conditions used are as follows:
sample to nozzle distance:

13.8 mm;

particle velocity:

20 m/s;

impact angles:
SiC erosion:

30°, 45°, 60°and 90° for alumina, zirconia and
PLS-ed sialon; 30° and 90° for silicon carbides,
silicon nitrides and HP-ed sialon;

Garnet erosion:

30° and 90° for alumina, zirconia and PLS-ed
sialon.

6.2.4 Microscopic analysis
The eroded surfaces of all target materials were examined using a JEOL FE63O0
scanning electron microscope (SEM) equipped with a field emission gun. A JEOL
JSM-840A SEM equipped with an energy dispersive X-ray (EDX) spectrometer was
also used when qualitative chemical analysis was required. Prior to examination, the
specimens were ultrasonically cleaned in ethanol for 5 minutes and then sputter
coated with gold or carbon to prevent charge accumulation on the samples during
examination. The accelerating voltage used was 10 and 20 kV for the FE6300 and
JSM-840A SEM, respectively.

6.3 Microstructural Analysis of Target Materials
6.3.1 Oxide ceramics
Material AD998 is a high-purity alumina ceramic supplied by Ceramic Oxide
Fabricators (Eaglehawk, Victoria, Australia). It contains 99.8 wt% of alumina and
0.2 wt% total of Na2O + SiO2 + MgO which is exhibited as a glassy phase that
surrounds the grains of AI2O3. The size of the AI2O3 grains varies widely from 2 um
to over 50 um with an average diameter of 12.7 jim (Fig. 6.1).
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Fig. 6.1. SEM micrograph of polished and thermally etched surface (1500°C/20min) of
alumina sample.

The as-fired Mg-PSZ material, supplied by Carpenter Advanced Ceramics (Clayton,
Victoria, Australia), contains approximately 70 vol% tetragonal precipitates, 20 vol%
cubic matrix phase and 10 vol% monoclinic phase distributed at the grain boundaries
(manufacturer's data sheet). SEM observation of a polished and thermally etched
surface, as shown in Fig. 6.2, revealed large equiaxed cubic grains with a mean size
of 45 urn, as measured by the linear intercept technique. Also as shown in Fig. 6.2,
this material contains small isolated pores distributed both in the grains and at the
grain boundpries, and the total porosity, as determined using an image analysis
technique, is approximately 1 vol%.

Fig. 6.2. SEM micrograph of polished and thermally etched (1500°C/30min) Mg-PSZ
showing the grain morphology and porosity distribution.
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6.3.2 Silicon nitride and sialons
The two GPS-ed SisN4 ceramics were supplied by the National Industrial Research
institute, Nagoya, Japan. The starting powders were Si3N4 (E-10 grade, >95% <xphase, Ube Industries, Japan), Y2O3 (purity >99.9%, Shinetsu Chemicals, Japan) and
AI2O3 (purity >99.9%, Taimei Chemicals, Japan). The composition of the
densification additives was 5 wt% Y2O3 + 2 wt% AI2O3. Material SN-F was prepared
by cold isostatic pressing the powder mixture followed by gas pressure sintering,
while material SN-C was fabricated using the same powder mixture with an
additional 5 vol% of elongated P-Si3N4 seeds and was prepared by tape casting,
stacking, debinding and gas pressure sintering. The P-SJ3N4 seeds were rod-like
single crystal particles with a typical diameter of ~0.5 ^m and a length of ~2 urn.
Both samples were densified at 1850°C for 6 h under a nitrogen gas pressure of 0.9
MPa. The processing procedures employed are described in greater detail in a paper
byHiraoetal. (1995).

(A)

Fig. 6.3. Microstructures of the two GSP-ed silicon nitride materials: (a) SN-F (not
seeded, cold pressed) and (b) SN-C (seeded, tape cast), micrograph was taken on the
surface parallel to the tape casting plane (tape casting direction: <->). Plasma etching
highlights the epitaxial growth of (3-sialon on P-S13N4 cores (indicated by the arrows).

Microstructures of the two GSP-ed Si3N4 ceramics are shown in Fig. 6.3. As can be
seen, both materials contain elongated reinforcing P-Si3N4 grains. However, the
unseeded sample SN-F displays a fine-grained microstructure containing randomly
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oriented fine elongated grains. The distribution of its grain diameter appears to lie in
a transition region between the distinctly bimodal and the broad monomodal
distribution. Che average grain diameters of the coarse and fine grains are
approximately 0.3 and 0.6 urn, respectively.

On the other hand, the seeded sample SN-C exhibits a distinct bimodal distribution
of grain diameter in which large elongated p-grains are evenly distributed in a matrix
of finer p-grains and an amorphous grain boundary phase. More significantly, these
large elongated P-grains, or whiskers, appear to lie mainly in the tape casting plane
and are oriented in the casting direction. The average diameters of the large
elongated grains and fine matrix grains are approximately 2 and 0.3 urn, respectively.

The two selected Ca cx-sialon samples, namely CA2613 and CA2613C, were
fabricated from the same batch of starting powder, i.e. composition CA2613.
However, sample CA2613 was PLS-ed at 1800°C for 4 h, while sample CA2613C
was first PLS-ed at 1800°C for 3 h followed by HP at 1700°C for 1 h. Detailed
description? of composition and microstructural properties of these materials are
given in Chapter 4.

6.3.3 Siliconised silicon carbides
The two SiSiC materials, namely SiC-C and SiC-S (supplied by Concord
Engineering, Australia and Schunk, Germany, respectively) are two-phase ceramics
which consist of high-purity SiC and Si. Fig. 6.4 shows details of the microstructures
of polished sections of the as-received materials imaged in an optical microscope
using reflected light. The light Si phase in Fig. 6.4 is due to the higher reflectivity of
Si in comparison to that of SiC (Lee and Rainforth 1994). As can be seen, both
materials possess a duplex microstructure with angular shaped SiC grains of a
bimodal size distribution evenly dispersed in a matrix of fine P-SiC, formed from
reaction of the carbon with liquid Si, and free silicon. The average grain size is
approximately 50 urn and 6-10 urn for large and small SiC grains, respectively, in
material SiC-C. The corresponding data for material SiC-S are 30 urn and 3-4 (am.
The volume fractions of large SiC grains, small SiC grains and free Si, as determined
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using image analysis, are approximately 49%, 35% and 16%, respectively, for
material SiC-C and 58%, 31% and 11%, respectively, for material SiC-S. Note that
the volume fraction of small SiC grains includes the original fine-grained a-SiC
particles as well as newly reacted elongated {3-SiC grains.

Fig. 6.4. Microstructures of the two siliconised silicon carbide materials observed with
reflected light under an optical microscope, showing different reflective indexes
between Si (light) and SiC (dark), (a) SiC-C and (b) SiC-S.

The microstructure of the SiSiC material reflects an interesting processing history. It
involved the mixing of a-SiC particles, usually with a bimodal size distribution, with
carbon and a thermosetting resin to form a green body. The green compact was then
charred to carbonize the resin binder and to drive off the volatiles. Finally, the
resulting porous body was infiltrated with molten Si at temperatures greater than
1500°C under either vacuum or an inert atmosphere. Liquid Si penetrated the porous
body by capillary force and reacted with the carbon to form fine-grained P-SiC
grains, epitaxial P-SiC deposits on the a-SiC grains as well as large p-SiC grains
(Lee and Rainforth 1994). The reacted SiC along with the residual Si bonded the
body together to from a final product with good strength.
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6.3.4 Property evaluation
The bulk densities of all the materials were determined using Archimede's method
(AS 1774.5, 1979). The Vickers indentation technique was used to measure the
hardness in each case. The applied load in the Vickers hardness tests was 10 kg for
zirconia, silicon nitrides and sialons. However, using the same load produced
irregular intergranular cracking in the alumina and severe lateral cracking in silicon
carbides around indents, both of which prevented the accurate measurement of the
diagonals of indents. Therefore the load was reduced to 0.1 and 0.3 kg for the
alumina and silicon carbide samples, respectively. For illustration, Fig. 6.5 shows the
typical indents of siliconised silicon carbide material SiC-S (Fig. 6.5(a)) and Ca asialon sample CA2613 (Fig. 6.5(b)) produced by Vickers indentation using 10 kg
load.

Fig. 6.5. SEM micrographs of the indentation using a 10 kg load on polished surfaces
of samples (a) SiC-S, siliconised silicon carbide material; and (b) CA2613, PLS-ed Ca
a-sialon material.

Fracture toughness of these materials was also estimated using the Vickers
indentation technique by measuring the well-developed radial cracks emanating from
the four corners of the indent. The indentation load was 0.3 kg for silicon carbides,
10 kg for sialons, 20 kg for silicon nitrides, and 30 kg for zirconia. The reason for
using different loads for the different materials was to produce well-developed radial
cracks of length 2c (Fig. 3.8) which were twice as long as the diagonal length, 2a, of
the indent (Anstis et al. 1981). However, the fracture toughness of the high-purity
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alumina ceramic, AD998, could not be measured by this method because severe
grain boundary cracking occurred even at a load as low as 0.1 kg. In addition, since
the orientation of the large elongated P-grains, or whiskers, in sample SN-C is highly
directional, approximately aligned in the tape casting direction (Fig. 6.6), toughness
measurements were carried out in directions both parallel and perpendicular to the
orientation of the whiskers.

Perpendicular
direction

Whisker grain

Parallel direction
(Casting direction)

Fig. 6.6. Schematic diagram showing perpendicular and parallel directions in
toughness determination and erosion tests of sample SN-C.

It is important to note that in many of the test materials, fracture toughness is not
unique, but rather displays a strong dependence on the crack size, the so-called Tcurve or i?-curve behaviour (Lawn 1993). The values reported here thus correspond
to the plateau toughness of the 7-curve. The physical and mechanical properties of
the materials studied in this work are presented in Tables 6.1 and 6.2.
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Table 6.1 Physical and microstructural properties of target materials

Materials

Density8
(kg/m3)

Porosityb
(vol%)

Grain
diameter

(nm)
AD998,
High-purity alumina
Mg-PSZ,
Partially stabilized zirconia
CA2613,
Ca oc-sialon, PLS-ed
CA2613C,
Ca a-sialon, PLS-ed+HP-ed
SN-F,
Silicon nitride without seeds
SN-C,
Silicon nitride with seeds
SiC-C,
Reaction bonded silicon carbide
SiC-S,
Reaction bonded silicon carbide

3740

-4

12.7

5740

~1

45

3160

~2

0.46

3208

1<

0.51

3247

1<

3238

1<

3020

0

3101

0

0.3/0.6,
nearly bimodal
0.3/2,
bimodal
8/45,
bimodal
4/30,
bimodal

" The bulk density of target materials was measured using the water immersion
method.
b

The porosity of the alumina and sialon ceramics was determined using a combination
of water immersion method and the image analysis technique. The • irosity of the rest
of the materials was obtained either from the manufacture's data sheet (Mg-PSZ, SiCC and SiC-S) or quoted from literature (SN-F and SN-C) (Becher et al. 1998).
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Table 6.2 Mechanical properties of target materials
Samples

Hardness3
(GPa)

AD998
Mg-PSZ
CA2613
CA2613C
SN-F
SN-C

17.2 + 0.2
10.1+0.1
15.0 + 0.3
18.3 ±0.2
16.4 ±0.3
16.7 ±0.2

SiC-C
SiC-S

20.5 + 0.3
22.7 + 0.1

Toughness13
(MPa m1/2)
—
9.1 - 0
5/+U.5
5.9.' -J.l
7.9 ± 0.5^
5.9 ± 0.2§
2.4 + 0.6

|

2,!+ 0.3

Young's modulus0
(GPa)
390-400
175-235
235-245
235-245
304
312
350-400
300-390

Four-point flexure
strength, OY°, (MPa)
200-400
620-820
510-590
—
-1000
-1400 MPa+
-700 MPaJ
230-300
200-300

Comments
Almost equiaxed grains
Equiaxed grains, MgO partially stabilized
Elongated grains
Elongated grains
Elongated grains
12 MPa mu\Kic, SEPB method)11
7 MPa mm(Kic, SEPB method)8
Mainly equiaxed grains
Mainly equiaxed grains

The applied load in Vickere hardness i
.s 0.1 kg for alumina, 0.3 kg for silicon carbides, 10 kg for zirconia, silicon nitrides and sialons.
The applied load in fracture toughness uitez mination was 0.3 kg for silicon carbides, 10 kg for sialons, 20 kg for silicon nitrides, and 30 kg for
zirconia.
c
The values of Young's modulus and four-point flexure strength of target materials were obtained from literature and suppliers.
1
Toughness in the direction perpendicular to the orientation of the large elongated (3-grains (whiskers).
Toughness in the direction parallel to the orientation of the large elongated (3-grains (whiskers).
When tensile stress was applied parallel to the tape casting direction (whisker orientation).
* When tensile stress was applied perpendicular to the tape casting direction (whisker orientation).
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6.4 Erosion Performance
6.4.1 Erosion by silicon carbide particles
The cumulative volume loss of all target materials as a function of the amount of SiC
erodent impinging on the surface at 90° incidence angle is presented in Fig. 6.7. For
all materials, the cumulative volume loss increased linearly as the amount of the
erodent increased and the linear portion of the plot was used to determine the steady
state erosion rate.
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Fig. 6.7. Cumulative volume loss of all target ceramics as a function of the amount of
SiC erodent impinging on the surface at 90° incidence angle.

The steady state erosion rates of the target materials followed by SiC erosion at 30°
and 90° impact are shown in Fig. 6.8. Erosion rates for all samples were higher for
90° impact compared with 30°. This is consistent with the expected trend for brittle
materials (Sheldon and Finnie 1966a). The ranking of the materials, in descending
order of erosion resistance, was the Ca a-sialon ceramics, the two types of selfreinforced silicon nitride materials, MgO partially stabilized zirconia, the two SiSiC
materials, and alumina, irrespective of the impact angle. Note that, for the two selfreinforced S13N4 materials, SN-C exhibited a higher erosion rate than SN-F, while
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for the two sialon ceramics, material CA2613 possessed a higher erosion rate than
CA2613C. In addition, for the Mg-PSZ material, the erosion rates were determined
for both as-fired (AF) and ground (G) surfaces in the case of 90° impact, while for
30° impact, only the erosion rate of the ground surface was measured.
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Fig. 6.8. Steady state erosion rates of all target materials eroded by SiC particles at
impingement angles of 30° and 90°. Note: the erosion rate of the as-fired (AF) surface
of Mg-PSZ was not measured at 30° impingement.

The dependence of the steady state erosion rate on the angle of impact for three
selected target materials, namely AD998 (high-purity alumina), Mg-PSZ (MgO
partially stabilized zirconia) and C A 2 6 1 J (PLS-ed sialon composition m = 2.6, n =
1.3), eroded by SiC particles, is shown in Fig. 6.9. In all cases, the erosion rate
increased steadily as the impact angle increased, with the maximum rate appearing at
90° impact. This indicates that despite the large differences in fracture toughness
(Table 6.2), the three target materials all behaved as conventional brittle materials
when subjected to solid particle erosion. The alumina material showed a higher
erosion rate than zirconia and a-sialon ceramics for all angles of impact. At 90°
impact, the erosion rate of alumina was higher than that of the zirconia and a-sialon
ceramics by a factor of 4 and 10, respectively.
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Fig. 6.9. Erosion rate as a function of impact angle for the selective target materials
after erosion using SiC grits.

In order to clarify the effect of the surface treatment on the erosion behaviour of MgPSZ material, the cumulative volume losses from both as-fired and ground surfaces
were plotted as a function of the erodent dosage (Fig. 6.10). It is evident that after the
initial 100 g dose, the ground surface experienced a volume loss approximately 1.5
times greater than that of the as-fired surface. Remarkably, the subsequent doses
produced almost identical amount of volume loss from the two surfaces, resulting in
an identical steady state erosion rate of the two cases. These findings suggest that
surface treatments, such as grinding, do not benefit the erosion resistance of Mg-PSZ
materials. In addition, the thin surface transformation layer has little influence on the
bulk properties of these materials, which govern the steady state erosion rate.

In order to elucidate the effect of the whisker orientation on the erosion behaviour of
material SN-C, the cumulative volume losses due to erosion in directions both
parallel and perpendicular to the whisker orientation were plotted as a function of the
amount of SiC erodent used (Fig. 6.11). It is apparent that in the highly directional
whisker-reinforced silicon nitride material, solid particle erosion in the direction
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parallel to the whisker orientation resulted in a faster rate of material removal
compared to that in the perpendicular direction.

- 4 - Mg-PSZ(G)
- A - Mg-PSZ(AF)
0
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600

Erodent (g)
Fig. 6.10. Cumulative volume loss from Mg-PSZ surfaces with (G) and without (AF)
grinding as a function of the amount of SiC erodent impinging on the surface at 90°
incidence angle.
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Fig. 6.11. Cumulative volume loss of material SN-C as a function of the amount of SiC
erodent impinging on the surface at 30° incidence angle in the directions both parallel
(//) and perpendicular (1) to the whisker orientation or the tape casting direction (see
Fig. 6.6).
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6.4.2 Erosion by garnet particles
The cumulative volume loss of alumina (AD998), zirconia (Mg-PSZ) and PLS-ed
sialon (CA2613) as a function of the amount of garnet erodent impinging on the
surface at 90° incidence angle is presented in Fig. 6.12. For the alumina and zirconia
ceramics, the cumulative volume loss increased linearly as the amount of the erodent
increased and the linear portion of the plot was used to derive the steady state erosion
rate. However, the sialon composition CA2613 displayed an initial weight gain and
then remained no detectable volume loss even after exposure to over 10 kg of garnet
particles. Therefore, no erosion rate can be determined for this condition.
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Fig. 6.12. Cumulative volume loss of materials AD998 (alumina), Mg-PSZ (zirconia)
and CA2613 (sialon) as a function of the amount of garnet erodent impinging on the
surface at 90° incidence angle.

The erosion rates of alumina (AD998), zirconia (Mg-PSZ) and PLS-ed sialon
(CA2613) after erosion using garnet particles at impingement angles of 30° and 90°
are shown in Fig. 6.13. Again, the erosion rates for all samples were higher for 90°
impact compared to 30° impact, and the alumina ceramic showed a much higher
erosion rate than the zirconia, by approximately a factor of 13, and the a-sialon
ceramic.
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Fig. 6.13. Steady state erosion rates of materials AD998, Mg-PSZ and CA2613 eroded
by garnet particles at impingement angles of 30° and 90°.

6.5 Microstructures and Erosion Mechanisms
6.5.1 Alumina ceramic
6.5.1.1 Examination of eroded surfaces
Damage induced on ceramic surfaces due to erosion by solid particle impact was
examined using scanning electron microscopy (SEM). Qualitative

chemical

information was obtained using energy dispersive X-ray (EDX) analysis.

SEM micrographs of the steady state erosion surfaces of high-purity alumina,
AD998, after garnet erosion at 30° and 90° impact are shown in Figs. 6.14(a) and (b),
respectively, while the damage sustained by the same material subjected to SiC
erosion at 30° and 90° impact is presented in Figs. 6.14(c) and (d).
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Fig. 6.14. Surface morphology of high-purity alumina ceramic, AD998, following
erosion using garnet erodent at 30° (a) and 90° (b) impact, and SiC erodent at 30° (c)
and 90° (d) impact. Note: the particle impact direction for 30° impact is from top to
bottom of the micrographs.

The effect of impingement angle on the mechanisms of material removal is clearly
demonstrated. It is evident that in both garnet and SiC erosion, damage produced by
shallow angle impacts is dominated by exposed grain facets and plastic deformation
of the materials. The highly deformed regions formed as a result of repeated particle
impact as well as plastic cutting, while freshly exposed grain facets are caused by
grain dislodgment, (ejection) and delamination of the deformed material. Under
normal impact, on the other hand, grain ejection appears to be the predominant
mechanism of material removal and there are much fewer and smaller plastically
deformed regions present.

Although the damage features appear remarkably similar for erosion using garnet and
SiC erodents (Fig. 6.14), closer examination of worn surfaces from the two cases
revealed some interesting differences. In the case of shallow angle impact, the garnet
eroded surface contains large flakes of deformed material (Fig. 6.14(a)). These flakes

166

Chapter 6

Erosion Behaviour of Engineering Ceramics

are often composed of smeared fine particles, indicating that they resulted from the
crushing of wear debris and smearing of exposed alumina grains by repeated particle
impact. Random EDX analysis of these deformed materials revealed various levels
of Fe and Si contents (see Figs. 7.8 and 7.10), suggesting that they consist of a
mixture of smeared target alumina and garnet erodent materials. The worn surface
due to erosion by SiC, on the other hand, displayed a high incidence of alumina
grains with a flattened surface in addition to the deformed flaky material (Fig.
6.14(c)). Further, ploughing marks, oriented in the direction of particle impact, were
frequently observed on these flattened grains, suggesting that the flattened surface
feature is a result of plastic deformation of the alumina grains induced by the cutting
of the hard, sharp SiC particles.

In the case of normal impact, the worn surface produced by SiC erosion exhibited a
high incidence of grain boundary microcracking, transgranular cracking, and
chipping and fragmentation of grains (Fig. 6.14(d)), indicating that the SiC erodent
induced more severe damage on the target surface compared to garnet particles.

6.5.1.2 Mechanisms of material removal
The above results indicate that several material removal mechanisms operate during
the erosion of high-purity alumina ceramics. These include grain dislodgment,
deformation of exposed surface grains by repeated particle impact, plastic cutting,
and spalling or delamination of the deformed material. However, the dominaiit
mechanism of material removal is grain ejection due to grain boundary cracking.
Note that spalling or delamination of the deformed material can also be attributed to
the grain ejection process. As will be shown in section 7.4.1, in many of the
deformed regions, there is clear evidence of grain boundary microcracking of the
underlying alumina grains, and the subsequent impacts will result in spalling of the
deformed material.

The formation of grain boundary microcracks during erosion of high-purity alumina
ceramics is largely determined by the microstructure of these materials. It is well
documented that in high-purity alumina ceramics, the thermal expansion anisotropy
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between individual alumina grains creates internal tensile stresses at the grain
boundaries (Blendell and Coble 1982; Dogan and Hawk 1999). These residual
tensile stresses result in local degradation in resistance of the grain boundaries to
fracture. In addition, the equiaxed grain morphology provides little additional
resistance to the crack propagation. Therefore, upon external stresses induced by
solid particle impact, cracks readily initiate at and propagate along the grain
boundaries, leading to material removal from the target surface in an intergranular
mode of fracture.

6.5.2 Zirconia ceramic
6.5.2.1 Mechanisms of transformation toughening
ZrC>2 occurs in three polymorphs: cubic (c), tetragonal (/) and monoclinic (m). The
tetragonal phase can be partially stabilized by the addition of oxides such as MgO,
CaO, Y2O3 and CeC>2. The Mg-PSZ material contains a cubic matrix in which there
are a large number of fine, partially stabilized tetragonal zirconia precipitates. Under
a high stress, the / —> m phase transformation of the metastable tetragonal
precipitates occurs. This stress-activated transformation is accompanied by a shear
strain of ~0.16 and a volume expansion of ~4% (Hannink et al. 2000). The shear
strain and the volume change induce residual stresses and microcracks around the
transformed particles in the matrix, which effectively oppose the opening of cracks
and increase the resistance of the ceramic to crack propagation (Garvie et al. 1975).
This is the so-called transformation toughening mechanism, and its consequences are
that a marked improvement in resistance to erosive wear was ot «ci :ed in MgOpartially stabilized "irconia ceramics compared to their non-toughened counterparts
(Srinivasan and Scartergood 1988b).

The / -> m transformation can be triggered by surface treatments such as sawing,
grinding, polishing or wear. These surface treatments can affect the properties of the
material, such as fracture toughness and strength, by introducing residual
compressive stress, plastic deformation and microfracture. However, these influences
are usually restricted to a thin layer of the material located within tens of
micrometers from the surface (van den Berg and de With 1993; Conoci et al. 1999).
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In this study, the erosion response of both as-fired and ground surfaces was
examined. Grinding induces a compressive residual stress at the surface of zirconia
ceramics containing tetragonal precipitates, which can effectively improve the
apparent surface toughness and hence the resistance to contact damage. It is,
therefore, interesting to see whether this improvement in contact damage resistance
affects the erosion resistance of these materials.

The extent of transformation toughening is proportional to the amount of
transformable t-ZtOj phase present in a ceramic since it is this phase which, upon
transformation, produces the toughening and strengthening mechanism. It is
therefore expected that various surface treatments could lead to different amounts of
/-ZrC>2 remaining on the surface of the material. The remainder of this section intends
to quantify the amount of the tetragonal phase on the ground and eroded surfaces of
Mg-PSZ ceramics.

Quantitative analysis of / and m phases using X-ray diffraction data was proposed by
Whitney ^1965). It was suggested that the volume fraction of t-ZxOi,ft, in a mixture
of a two-phase (/ and ni) ZxOj system could be calculated using the following
relationship (Whitney 1965):
ft= /f(iii/[4»(iin+/f(iii)+//n(i!i)]

(6.1)

where Im(Uf)-> ^»(m) a n d ^/(m) a r e t n e intensity of monoclinic (l ll), (l 11) and tetragonal
(ill) peaks, respectively. For the present Mg-PSZ material, the manufacturer's data
sheet showed that the as-fired material consists of approximately 70 vol% /-ZrC>2
precipitates, 20 vol% c-ZrO2 matrix phase and 10 vol% m-ZvOi. Using the as-fired
material as a reference and assuming that the amount of c-ZrC>2 remains the same
before and after the / -> m transformation, the amount of /-ZrC>2 precipitates on the
ground and eroded surfaces can be calculated using eq. 6.1. The XRD spectra of the
as-fired, ground, and eroded surfaces are shown in Fig. 6.15, where the eroded
surfaces were obtained from both as-fired and ground surfaces. The results showed
that the ground surface contained approximately 46% tetragonal particles, while the
eroded surface had about 43% t-ZvOi. As expected, in both cases considerable
amounts of transformation has taken place.
169

Chapter 6

Erosion Behaviour ofEnsineerins Ceramics

a
4)
• MM

03

2

a

>

1
27

28

29

30

31

32

Fig. 6.15. Low angle (20 = 27-32°) X-ray diffraction data showing the relative intensity
of monoclinic (/;;) peaks (111) and (111), and tetragonal (0 peak (111) obtained from
Mg-PSZ surfaces with and without treatments: (a) as-fired; (b) ground; (c) eroded
from the as-flred surface; and (d) eroded from the ground surface.
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6.5.2.2 Exarrr: ation of eroded surfaces
SEM micrographs of the steady state eroded surfaces of Mg-PSZ ceramic after garnet
erosion at 30° and 90° impact are shown in Figs. 6.16(a) and (b), respectively, while
the damage sustained by the same material following SiC erosion at 30° and 90°
impact are presented in Figs. 6.16(c) and (d).

Fig. 6.16. Steady state erosion surfaces of partially stabilized ^rconia, Mg-PSZ,
generated by garnet erodent at 30° (a) and 90° (b) impact, and SiC particles at 30° (c)
and 90° (d) impact. Note: the particle impact direction for 30° impact is from top to
bottom of the micrographs.

A comparison of the morphological features of the worn surfaces generated by
erosion using garnet and SiC erodent reveals the following differences. In the case of
garnet erosion, as shown in Figs. 6.16(a) and (b), the damaged surfaces appeared to
be covered by large flakes of deformed material (indicated by the arrows labelled
'A') and displayed a relatively smooth morphology. Some isolated pits resulting
from brittle fracture were also apparent (indicated by the arrows labelled 'B').
Interestingly, the 30° impact produced a surface resembling that of the normal
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impact, although the scale of damage is reduced. This is indicated by fewer and
smaller pits exhibited on the surface produced by the 30° impact compared to that
following the normal impact. In addition, there were very few plough marks or
grooves present on the shallow angle eroded surface.

In the case of SiC erosion, as shown in Figs. 6.16(c) and (d), the damaged surfaces
appeared to be much rougher than those eroded by garnet particles. A flakelike
morphology coupled with a high incidence of transgranular chipping was apparent on
the surface following normal impact. A higher magnification SEM micrograph, Fig.
6.17, showed deep indentations associated with chipping of the material from the
highly deformed surface. On the other hand, the 30° impacts produced a surface that
showed substantial grooving and transgranular chipping associated primarily with the
scooping mechanism. Small-scale fracture associated with particle indentations was
also present. However, the incidence of such fracture was significantly lower on
surfaces produced by 30° impact than normal impact.

Fig. 6.17. Higher magnification view showing deep indentation impressions produced
by SiC particles at normal impact.

6.5.2.3 Mechanisms of material removal
The above analysis suggests that the erosion mechanism of Mg-PSZ materials is
associated with indentation-induced transgranular chipping, plastic cutting and
scooping, deformation of the exposed surface grains by repeated particle impact, and
spalling or delamination of the deformed materials. The dominant mechanism of
material removal is transgranular chipping caused by deep indentations and the
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scooping mechanism. However, some degree of grain dislodgment is also evident.
This is in sharp contrast to erosion of high-purity alumina ceramics where grain
boundary cracking and grain ejection govern the rate of material removal. The
current result is consistent with that of Srinivasan and Scattergood (1988b), who also
found that lateral cracking and scooping mechanism were the dominant mechanisms
of material removal in erosion of Mg-PSZ materials.

The plot of erosion rate versus impact angle showed that the erosion rate of the MgPSZ ceramic increased steadily as the impact angle increased and reached a
maximum at normal impact (Fig. 6.9). The phenomenon of maximum erosion rate at
normal impact is usually used as a signature for the erosion behaviour of brittle
materials (Sheldon and Finnie 1966a; Srinivasan and Scattergood 1988b). In this
sense, Mg-PSZ ceramic exhibits a brittle nature, as do other ceramic materials.
However, the stress-activated transformation toughening mechanism of this material
has to some degree suppressed the indentation-induced cracking as observed in other
brittle materials, where "classical" radial and lateral cracks are often seen to extend
far from the impact site. Unfortunately, the relatively low hardness of the zirconia
made this material deform substantially when exposed to impact by hard, sharp
particles. Thus material removal has still taken place efficiently in part by
indentation-induced chipping and in part by plastic cutting and scooping
mechanisms.

6.5.2.4 Effects of the surface phase transformation and residual stress on
erosion behaviour
It has long been recognized that transformation toughening could significantly
improve the resistance to erosive wear, by as much as an order of magnitude, when
toughened Mg-PSZ materials were compared to their non-toughened counterparts
(Srinivasan and Scattergood 1988b). The consequent question is whether the
presence of a transformation layer at the surface can further improve the erosion
resistance of these materials.
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Experimental results showed that the steady state erosion rates of Mg-PSZ materials
with and without the surface transformation layer, i.e. ground and as-fired surfaces,
respectively, were essentially the same under the current conditions (Figs. 6.7 and
6.8). However, a closer examination of the volume loss-erodent plot (Fig. 6.10)
revealed some differences between the two cases in the early stage of erosion. After
an initial dosage of 100 g, the surface with a transformation layer experienced a
higher volume loss compared to that without the transformation layer. The measured
mass loss was 6.0 and 4.0 mg for surfaces with and without the transformation layer,
respectively. Taking into account of errors from the erosion test (~5%) and the
analytical balance (± 0.1 mg), there still exists a significant difference in mass loss,
and consequently volume loss, between the two cases.

The higher rate of material removal observed from the surface with a transformation
layer compared to that without the transformation layer in the initial stage of erosion
may be explained as follows. The surface transformed layer contained a higher
volume fraction of m-ZxOi compared to the untreated surface (section 6.5.2.1). This
m-ZvOi is assumed to be weakly bonded to the cubic matrix because of
microcracking produced by the transformation and possesses a relatively low
hardness compared to t-ZrOi. Therefore, upon solid particle impact, the surface mZrC>2 can be removed more easily, resulting in a fast removal rate of the transformed
surface layer. However, as erosion proceeds, a surface transformed layer is
regenerated, which is then removed. This process occurs continuously. As can be
seen from Figs. 6.15(c) and (d), the amount of m-ZxOj is virtually the same
irrespective of whether the initial surface was as-fired or ground. This leads to a
similar steady state erosion rate between the as-fired and ground surfaces.

6.5.3 Silicon nitrides
6.5.3.1 Examination of eroded surfaces
SEM micrographs of the steady state erosion surfaces of material SN-F generated by
SiC erosion are presented in Fig. 6.18. Fig. 6.18(a) shows a general view of the
damaged surface following 30° impact, while Fig. 6.18(b) shows the central region
outlined by the frame in Fig. 6.18(a) at a higher magnification. Similarly, Fig. 6.18(c)
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presents a general view of the worn surface following 90° impact and Fig. 6.18(d) is
a higher magnification micrograph of the region outlined in Fig. 6.18(c).

Fig. 6.18. Worn surfaces of material SN-F after SiC erosion at different impact angles,
(a) 30° impact, low magnification general view, (b) Higher magnification image
showing the central region outlined by the frame in (a). Note: arrows in (b) indicate
the fragmentation of the deformed flakes, (c) 90° impact, low magnification general
view, (d) Higher magnification image showing the brittle-fracture region outlined by
the frame in (c). Note: the particle impact direction for 30° impact is from top to
bottom of the micrographs.

The damage features induced by 30° and 90° impact were similar; both indicated
brittle-fracture and plastic deformation of the materials, except that the 30° impacts
produced a higher area fraction of plastically deformed zones with long ploughing
trajectories. Higher magnification SEM examination of the brittle-fracture region
showed that erosion damage involved intergranular fracture, transgranular fracture as
well as the smearing of exposed surface grains (Fig. 6.18(d)). In addition, some wear
debris, typically submicrometer in size and irregular in shape, were seen on the worn
surface, suggesting that they were derived either from the fine, more equiaxed grains
or from the fragmentation of the large, more elongated grains (Fig. 6.3 and Table
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6.1). Upon repeated impacts, the surface grains along with some loosely bonded wear
debris were crushed and smeared to form highly deformed flakes (Fig. 6.18(b)). At
the same time, crack networks also developed in the target material. Subsequent
impacts resulted in fracture of the underlying silicon nitride grains as well as the
spalling or fragmentation of the smeared flakes (marked by arrows in Fig. 6.18(b)).

SEM micrographs of the steady state erosion surfaces of material SN-C generated by
SiC erosion at 30° and 90° impact are presented in Figs. 6.19 and 6.20, respectively.
The damage surface produced by 30° impact in the direction parallel to the tape
casting direction displayed combined features of battle-fracture and plastic
deformation (Fig. 6.19(a)). The tape casting direction in Figs. 6.19(a) and (b) is
indicated by the arrow shown in Fig. 6.19(a), while the particle impact direction is
from top to bottom of the micrographs. Fig. 6.19(b) which is a higher magnification
view of the brittle-fracture region outlined in Fig. 6.19(a) revealed that damage
sustained by the reinforcing whiskers was mainly intergranular fracture with a few
incidences of transgranular fracture, resulting in pullout of the whiskers, or, at least
large portions of the whiskers. In addition, microfracture of the fine matrix grains
was also seen.

The worn surface generated by 30° impact in the direction perpendicular to the tape
casting direction again displayed a mixture of brittle-fracture and plastic deformation
features (Fig. 6.19(c)). Note that the tape casting direction in Figs. 6.19(c) and (d) is
parallel to the horizontal direction, indicated by the arrow in Fig. 6.19(c), while the
erosion direction is from top to bottom of the micrographs. However, more wear
debris were observed on this surface at high magnification (Fig. 6.19(d)) compared
to that resulting from erosion in the parallel direction (Fig. 6.19(b)). Although
pullout still remained one of the dominant damage features sustained by the
reinforcing whiskers, an increased incidence of microchipping of the whiskers as a
result of the impact was clearly evident (Fig. 6.19(d)). In some cases, several parallel
whiskers were fractured into a number of sections in the area of contact with the
impinging particles, exhibiting a severely crushed morphology consisting of many
fragments as seen in the area highlighted by the elliptical frame in Fig. 6.19(d).
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Fig. 6.19. Worn surfaces of material SN-C after 30° SiC erosion with different impact
directions. Arrows indicate the tape casting direction, while the particle impact
direction is from top to bottom of the micrographs, (a) Parallel to the tape casting
direction (Fig. 6.6). (b) Higher magnification view of the brittle-fracture region of (a),
outlined by the frame, (c) Perpendicular to the tape casting direction, (d) Higher
magnification view of the brittle-fracture region of (c), highlighted by the frame. Note:
arrows labelled 'A' show the transgranular fracture, while arrows labelled 'B'
indicate the intergranular fracture.

The eroded surface resulting from 90° impact (Fig. 6.20(a)) exhibited a higher area
fraction of brittle-fracture zones compared to that produced by 30° impacts (Figs.
6.19(a) and (c)). Pullout and transgranular chipping of the whiskers as well as
microfracture of the fine matrix grains were observed at high magnification (Fig.
6.20(b)).
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Fig. 6.20. Worn surfaces of material SN-C after 90° SiC erosion, (a) Low
magnification general view of the eroded surface, (b) Higher magnification
microstructure of a brittle-fracture region outlined by the frame in (a). Note: arrow in
(a) indicates the tape casting direction.

6.5.3.2 Mechanisms of material removal
The above observations suggest that the erosion mechanism in self-reinforced or insitu reinforced

silicon nitride ceramics apparently involves grain pullout,

transgranular chipping, and plastic deformation of the exposed surface grains as well
as the fragmentation of deformed materials. The dominant mechanisms of material
removal are, however, grain dislodgment and transgranular chipping.

In the erosion of silicon nitride with a preferred orientation of large elongated grains,
the reinforcing whiskers are seen to suffer pullout and fragmentation. More
significantly, the material removal mechanism of the whiskers was found to vary
with the solid particle impacting direction, i.e. in a direction parallel or perpendicular
to the tape casting direction. From Fig. 6.6, it is seen that the tape casting direction is
in fact the growth direction of the elongated grains. When solid particles attack the
surface in the direction parallel to the casting direction, the whiskers are removed
primarily by debonding, pullout, or fracture of a large portion of the whisker (Fig.
6.19(b)). On the other hand, when erodent particles strike the surface in the direction
perpendicular to the casting direction, the whiskers experience an increased
incidence of multiple fractures in addition to pullout (Fig. 6.19(d)). In many cases,
the multiple fractured sections are chipped away or crushed by the impacting
particles.
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6.5.3.3 Effects of microstmcture on erosion behaviour
Traditionally, hardness and toughness are often used to model the erosion behaviour
of ceramic materials (Evans et al. 1978; Wiederhorn and Lawn 1979). The models
indicate that the erosion rate of ceramic materials should have a strong inverse
dependence on the fracture toughness, but have a much weaker dependence on the
hardness of the material (eq. 2.5). However, such prediction seems to be contrary to
the present findings. Mechanical property evaluations showed that material SN-C
exhibited a significantly higher toughness, in the direction perpendicular to the tape
casting direction, than material SN-F, while the hardness of the two materials was
almost identical (Table 6.2). According to the theoretical models (eq. 2.5), material
SN-C should have a better erosion resistance, especially when eroded in a direction
perpendicular to the tape casting direction, than material SN-F. Nevertheless, erosion
tests showed that material SN-F exhibited better erosion resistance than material SNC under both 30° and 90° impacts (Fig. 6.8).

It is well established that the self-reinforced silicon nitride materials exhibit
significant 7?-curve behaviour where the fracture resistance, KR, increases as the
crack propagates (Li et al. 1992; Ohji et al. 1995; Becher et al. 1998). Becher and
colleagues (1998) studied the i?-curve behaviour of materials SN-F and SN-C using
an applied moment double cantilever beam (AMDCB) geometry. For illustration, the
i?-curves published by Becher et al. (1998) are shown in Fig. 6.21. As can be seen,
material SN-C (curve 6.21 (a)) exhibited both high steady-state toughness and the
rapidly rising fracture resistance with the extension of the short cracks, while
material SN-F (curve 6.2 l(b)) displayed a much lower steady-state toughness
compared to sample SN-C. In addition, the fracture resistance of material SN-F
quickly reached its steady-state value at crack lengths <500 urn. Note that curves
6.2 l(c) and (d) are derived from two commercial self-reinforced silicon nitride
materials which are not examined in the present study.
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Fig. 6.21. Rising fracture resistance behaviour for silicon nitrides densified using an
additive mixture of 5 wt% yttria + 2 wt% alumina, if-curves labelled 'a' and 'b' are
derived from materials SN-C and SN-F, respectively, while V and 'd' correspond to
two commercial materials which are not investigated in the present study. (After
Becheretal. 1998.)

The present erosion results showed that self-reinforced silicon nitride ceramics
displaying a high steady-state toughness might not exhibit good erosion resistance
(Fig. 6.8). This finding may be explained by the following reasons. In a fracture
toughness test, when the propagating crack tip interacts with the reinforcing
whiskers, the weak interface between the whiskers and the matrix promotes crack
bridging, resulting in a crack-size dependent toughness. This is particularly the case
of material SN-C where highly directional, large elongated grains are well dispersed
in a fine, submicrometer grain sized matrix. Such a microstructure ensures a high
steady-state fracture toughness owing to the large number of:enforcements and the
large length of the debonded interfaces between the whiskers and the matrix.

In an erosion test, the situation where a crack grows at equilibrium over a long
distance and involves a number of bridging grains does not exist. Rather, multiple
niicrocracks develop simultaneously in the vicinity of the impact site and the linking
up of microcracks between the neighborhood impact sites forms a network of short

180

Chapter 6

Erosion Behaviour of Engineering Ceramics

cracks, leading tc j/naterial loss from the target surface. The weak interface, which is
essential for the i?-curve behaviour, can facilitate the formation of interfacial
microcracking and thus result in the dislodgment of the large reinforcing whiskers,
leading to a high rate of material removal. More significantly, the reinforcing
whiskers in material SN-C are well dispersed and oriented parallel to the eroding
surface. During erosion, these whiskers tend to get plucked out or sheared out of the
matrix, rather than undergoing the partial pullout which leads to crack bridging. On
the other hand, the randomly oriented reinforcing grains in material SN-F provide an
interlocking effect. Upon erosion, the interlocking effect hinders the dislodgment of
the large reinforcing grains, resulting in a relatively low material removal rate.

It has been reported in the literature (Srinivasan and Scattergood 1991; Marrero et al.
1993) that when fracture toughness values corresponding to short cracks relevant to
the erosion phenomenon are used, better correlation between the fracture toughness
and the erosion results can be obtained. As discussed in section 5.7.2, erosive wear
involves cracks typically of the order of tens of micrometers, e.g. under the current
experimental conditions, the typical crack sizes due to single particle impacts ranged
between 10-40 jam (Fig. 5.8). Unfortunately, determination of fracture resistance for
crack lengths well below 50 um is not straight forward (Becher et al. 1998;
Zenotchkine et al. 2001). Therefore, no direct comparison of the operative toughness
values involved in erosion process of materials SN-F and SN-C can be made.

There are indications in the literature that material SN-C should have higher or at
least comparable fractu-e toughness with material SN-F even in the short crack
region. For example, an early study on i?-curve behaviour of self-reinforced silicon
nitride materials (Ohji et al. 1995) showed that material SN-C exhibited a
substantially higher fracture resistance at the beginning of the crack extension (~30
um) compared to the conventional self-reinforced silicon nitride with a broad grain
diameter distribution involving larger, randomly oriented reinforcing grains. Their
findings are consistent with the observed higher fracture strength of material SN-^1
(when the tensile stress was applied parallel to the whisker orientation) compared to
material SN-F (Table 6.2). It is known that the typical fracture defect size in highstrength silicon nitride materials is smaller than 50 um, which suggests that material
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SN-C should have a higher fracture resistance than material SN-F even at the crack
size smaller than -0 Jim (Ohji et al. 1995). Nevertheless, the actual fracture
toughness of the two materials in the crack regions between 10-30 u,m, which is most
relevant to the erosion damage in the present study, still remain elusive.

While the 7?-curve behaviour or the operative short-crack toughness may give some
indications of the erosion response of materials SN-F and SN-C, the use of shortcrack toughness to quantitatively predict the erosion resistance must be made with
caution, due to the following reasons. Firstly, as mentioned above, the key features
for a pronounced i?-curve behaviour are large directional reinforcing whiskers
coupled with weak interfaces. The present results clearly pointed out that both
directional whiskers and a weak interface could deteriorate the erosion resistance
owing to the substantial dislodgment of the large reinforcing grains (Figs. 6.19 and
6.20). Secondly, /?-curve measurement determines the plane strain fracture
toughness, K\c, which corresponds to the Mode I fracture. Erosive wear could,
however, involve Mode 1,11 -and/or III fractures and thus may not be solely described
by £, c .

Erosion tests showed that for material SN-C, the erosion rate generated by 30°
impact in the direction parallel to the tape casting direction is noticeably higher than
that in the direction perpendicular to the casting direction (Fig. 6.11). Such a
discrepancy can be again rationalized by the microstructural characteristics in terms
of the highly aligned reinforcing whiskers of this material.

SEM observations of the damage suriaces produced by erosion in directions parallel
and perpendicular to the orientation of the whiskers showed that whiskerdislodgment is a dominant mechanism of mw

:' removal in both cases (Figs. 6.19).

However, detailed examinations revealed a hviier incidence of whisker-dislodgment
during erosion in a direction parallel to the whisker orientation (Fig. 6.19(b)),
whereas a higher amount of fine debris formed during erosion in the perpendicular
direction due to the higher incidence of multiple fractures suffered by the whiskers in
this mode (Fig. 6.19(d)). Since erosion in the direction perpendicular to the whisker
orientation entails multiple fracture, which requires higher energy compared to the
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whisker-dislodgment in the parallel direction, for the same incident energy the
erosion loss should be less in the direction perpendicular to the whisker orientation
than that parallel to the whisker orientation.

6.5.4 Silicon carbides
6.5.4.1 Examinationt of eroded surfaces
The eroded surfaces were examined using SEM. Investigations were carried out in
damaged areas located both in the centre and on the edge of the erosion crater. As
discussed in section 5.4, the examination of the edge of the erosion crater provides
useful insights into the early stage erosion process, while the investigation of the
center of the erosion crater reveals the damage sustained during steady state erosion.

The early stage erosion surface of material SiC-C resulting from SiC erosion at 90°
impact is shown in Fig. 6.22. A few isolated pits similar to those shown in Fig.
6.22(a), marked by arrows, were found in these regions. Interestingly, detailed
examination revealed that damage features associated with individual impact sites
were quite different. In the impact crater marked by the arrow labelled 'A', classical
chipping or conchoidal fracture resulting from lateral cracking was evident. In
contrast, in the nearby crater labelled 'B', dislodgment of fine SiC grains was
observed.

A back scattered electron (BSE) image of the same area in (a) is shown in Fig.
6.22(b) where the bright phase indicates the regions rich in Si. The light grey phase
presents the two-phase SiC-Si region while the dtik grey phase, highlighted by the
frame, shows the large SiC grains. As can be seen from Fig. 6.22(b), conchoidal
fracture from lateral crack chipping occurred within individual coarse SiC grains,
while the grain dislodgment took place in the two-phase region. In addition, smallscale chipping damage was also observed on the surface of large SiC grains,
suggesting that not every impacting particle could effectively produce a significant
lateral crack. As discussed in section 5.5.1, this is probably due to the threshold
effect on lateral crack initiation where only those particles with high kinetic energy
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are capable of producing lateral cracking or even multiple impacts are necessary to
accumulate the requisite levels of stress to generate lateral cracking.

Fig. 6.22. SEM micrographs showing surface morphology of isolated particle impacts
on material SiC-C following 90° SiC erosion, (a) Secondary electron (SE) image, and
(b) Back scattered electron (BSE) image where atomic number contrast between Si
(light) and SiC is perceived. Note: images a re taken near the edge of the erosion crater.

The steady state erosion surface of material SiC-C produced by SiC erosion at 90°
impact is shown in Fig. 6.23. The worn svxface was much rougher than that resulting
from early stage erosion. Areas of smea'ed-looking or deformed material were also
observed in addition to the brittle-fracture regions (Fig. 6.23(a)). Furthermore, in the
brittle-fracture zones, two distinct types of damage were present: (1) large-scale
transgranular chipping resulting from the link-up of lateral cracks; and (2)
dislodgment of the fine SiC grains and occasional small-scale transgranular chipping
of the elongated {3-SiC grains, highlighted by elliptical frames in Fig. 6.23.

The BSE image of the same area in Fig. 6.23(a) is shown in Fig. 6.23(b). The effect
of microstructure on erosion damage is immediately evident. The erosion damage of
large SiC grains was predominately transgranular chipping of lateral cracks, see the
dark grey regions, indicated by the frame with dashed lines, in Fig. 6.23(b). On the
other hand, the damage features observed in the two-phase region were grain
dislodgment, limited small-scale transgranular chipping as well as highly plastically
deformed materials, as seen in regions containing the scattered bright Si phase in Fig.
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6.23(b). The deformed material is believed to contain free Si as well as fine SiC
debris and thus should have a bright appearance relative to SiC grains under the BSE
mode. However, such differences are often diminished due to the rough erosion
surface and the non-uniform distribution in thickness of the surface deformed
materials.

Fig. 6.23. SEM micrographs showing surface morphology of material SiC-C following
90° SiC erosion, (a) SE image, and (b) BSE image. Note: images are taken near the
center of the erosion crater, where steady state erosion occurred.

Steady state erosion surfaces of material SiC-S generated by SiC particles at 30° and
90° impact are shown in Figs. 6.24(a) and (b), respectively. Remarkably, damage
features were very similar in the two cases, both involving transgranular chipping
associated with lateral cracks and intergranulai fracture of fine SiC grains as well as
plastic smearing of the deformed materials. Additionally, there was a noticeable lack
of ploughing marks on the 30° eroded surface, suggesting that the plastic cutting
mechanism was suppressed even when the hard, sharp SiC erodent was used.

As already shown in Fig. 6.5(a), the Vickers indentation impressions of the two
SiSiC materials, at least at .10 kg load or greater, were surrounded by regions of
widespread lateral cracking and associated surface chipping. Fig. 6.25(a) is a BSE
image showing the damaged surface located at the edge of an indentation impression
in material SiC-S, while Fig. 6.25(b) is a higher magnification view of Fig. 6.25(a)
illustrating a typical trajectory of the indentation induced crack. As can be seen, the
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advancing c rack tip propagates through the SiC grains with no sign of deflection or
bridging, resulting in a low fracture toughness of these materials (Table 6.2).

Fig. 6.24. Steady state erosion surfaces of material SiC-S following SiC erosion at (a)
30° impact, svnd (b) 90° impact. Note: the particle impact direction for 30° impact is
from top to bottom of the micrographs.

Fig. 6.25. SEM observations of (a) indentation indues d damage, and (b) interaction
between a propagating crack and SiC grains of material SiCS. Note: images are taken
using BSE mode.
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6.5.4.2 Mechanisms of material removal
From the above discussion, it can be concluded that the erosion mechanism in SiSiC
materials apparently involves the linking up of lateral cracks, dislodgrrent of the fine
SiC grains, occasional small-scale transgranular fracture of the fine, elongated p-SiC
grains, and plastic smearing of the free Si phase and fine debris. The dominant
mechanisms of material removal are, however, conchoidal fracture within individual
large SiC grains and dislodgment of the fine-grained SiC particles in ihe two-phase
region.

Despite the considerable differences in microstructure of the two SiSiC materials,
e.g. the size and volume fraction of the bimodal SiC grains as well as the amount of
the free Si phase (Table 6.1 and Fig. 6.4), the erosion rates of the two materials vary
by less than 10% for both 30° and 90° impacts (Figs. 6.7 and 6.8). The lack of a
microstructural effect on erosion rate under the current experimental conditions
suggests that although there exists a distinct difference in mechanisms of material
removal between the large SiC grains and the two-phase regions, the actual rate of
material removal may be very similar. Indeed, SEM observations of the eroded
surfaces showed an uniform type of surface morphology; there is no noticeable
preferential wear of particular regions (Figs. 6.23 and 6.24).

A previous study reported in the literature showed that pure Si erodes much faster, by
approximately two orders of magnitude, than single-phase SiC (Routbort et al.
1980b). However, preferential erosion of the two-phase SiC-Si region was not
observed in the current investigation. This can be attributed in part to the fact that the
fine SiC particles and the newly reacted elongated P-SiC grains act as reinforcement
to the residual silicon phase, which has effectively improved the erosion resistance of
the two-phase regions, and in part to the severity of the SiC erosion which can
effectively cause lateral chipping of the large SiC grains. In fact, previous studies of
erosion of SiSiC materials using fine AI2O3 erodent particles (Routbort et al. 1980b)
and coal slurry (Shetty et al. 1982) have observed the preferential erosion of the twophase region resulting in a surface morphology exhibiting mesa-like protrusions of
the large SiC grains. This is because both AI2O3 and coal are much softer than SiC
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and therefore are not capable of causing significant fragmentation of the large SiC

;i

grains. As a result, the two-phase SiC-Si region between the large SiC grains erodes
relatively fast, leaving the flat-topped mesa-like protrusions of the large grains
separated by valleys of the two-phase region (Routbort et al. 1980b).

Finally, no clear evidence of dislodgment of the large SiC grains was revealed in the
two SiSiC materials under the current experimental conditions, suggesting strong
bonding exists between the large SiC grains and the mixed SiC-Si phase. This
scenario is further supported by SEM observations of the interaction between a
propagating crack and SiC grains of these materials, where the advancing crack tip
cuts through the large SiC grains with no sign of deflection or bridging (Fig.
6.25(b)).

6.6 Erosion Performance of Engineering Ceramics
6.6.1 Erosion response
The Ca a-sialon and silicon nitride ceramics in the current study best illustrate the
effect of microstructural features, such as grain size, grain morphology and grain
boundary glass, on the erosion response of ceramic material?. The present results
showed that materials consisting of randomly oriented, elongated grains coupled
with a small amount of intergranular glass, i.e. CA2613, CA2613C and SN-F,
exhibited the best erosion resistance. This is mainly due to the fact that the elongated
grain morphology gives rise to a better resistance to crack propagation/networking
and has an interlocking effect that prevents material removal via grain dislodgment.
On the other hand, an optimum amount of grain boundary glass can also improve the
erosion resistance of ceramic materials by absorbing the impact stress via viscous
flow as well as by enhancing the bonding strength between the grains and the matrix.
The effect of intergranular glass on bonding strength is particularly significant in asialon ceramics since both intergranular glass and a-sialon grains contain identical
elements.
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Despite the fact that material CA2613 displayed a higher porosity (Table 6.1) and
lower hardness and fracture toughness (Table 6.2) in comparison to sample SN-F, the
erosion rates of the two materials were very similar (Figs. 6.7 and 6.8). This is
because the microstructures of the two materials are very similar, both consisting of
fine, randomly oriented, elongated grains, leading to a similar erosion mode and thus
a similar erosion rate. SEM observations of the worn surfaces revealed a combined
intergranular and transgranular modes of fracture in both materials ((Figs. 5.13(a)
and (b) and 6. i 8).

The highly directional whisker-reinforced silicon nitride material, SN-C, showed a
lower erosion resistance than the finer grained self-reinforced silicon nitride material,
SN-F, and the Ca a-sialon material, CA2613. This can be attributed to substantial
pullout of the reinforcing whiskers during the erosion of material SN-C (Figs. 6.19
and 6.20) in comparison to erosion of materials SN-F (Fig. 6.18) and CA2613 (Figs.
5.13(a) and (b)). The significant pullout of the whiskers is a direct consequence of
the highly directional orientation of the whiskers, which is practically parallel io the
erosion surface, and a weak interface between the whiskers and the matrix.

As discussed in Chapter 5, the equiaxed sialon materials, i.e. CA1005, CA1005F and
CA1005C, displayed a predominantly intergranular mode of fracture (Figs. 5.12(c)
and (f), 5.15(a) and 5.16), associated with a relatively high erosion rate compared to
composition CA2613 (Figs. 5.5 and 5.7). This is because composition CA1005
contains a very small amount of intergranular glass (Table 4.4), leading to higher
porosity and consequently a weak grain boundary in these materials (Table 4.5). The
weak grain boundary promotes grain boundary cracking under the external stress. In
addition, the almost equiaxed grain morphology of these materials has little
resistance to grain dislodgment. As a result, the dominant erosion mechanism of
composition CA1005 is grain ejection.

The grain dislodgment mechanism becomes more pronounced in erosion of highpurity alumina material (Figs. 6.14(b) and (d)). As in most liquid-phase sintered
ceramics, the weakening of the grain boundaries in alumina is partly due to the
segregation of the sintering additives and other defects, such as pores, at the grain
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boundaries. More significantly, the anisotropy of thermal expansion and elastic
properties of the hexagonal alumina grains can further weaken the grain boundaries.
In silicon nitride and sialon ceramics, which also have a hexagonal structure, the
difference in thermal expansion coefficient between the two crystal axes is very
small. For example, in P-Si3N4, the thermal expansion coefficients are 3.2 x 10"6 °C"'
and 3.3 x 10"6 ''C"1 for the directions perpendicular and parallel to the c-axis,
respectively (Wada and Watanabe 1987a). In contrast, in alumina ceramics, the
values are 8.3 x 10'6 °C"1 and 9.0 x 10'6 °C"' for the directions perpendicular and
parallel to the c-axis, respectively (Wada and Watanabe 1987a). The highly
anisotropic thermal contraction of the hexagonal alumina grains upon cooling from
the sintering temperature produces a residual tensile stress at the grain boundaries,
which contributes to extensive grain boundary failure during erosion, leading to
severe grain dislodgment and a high material removal rate.

Although the two SiSiC materials, namely SiC-S and SiC-C, show sharp edged worn
surfaces as did the high-purity alumina ceramic, the surface of SiSiC is characterized
by combined lateral chipping of the large SiC grains and grain dislodgment in the
SiC-Si two-phase region, while the surface of alumina is dominated by grain
ejection. In the SiSiC materials, the average size of the large SiC grains (Table 6.1) is
greater than that of the impact crater (Fig. 5.8). Fig. 6.26 schematically shows the
possible impact situations in these materials: particles impact the large SiC grains
(A), the two-phase region (B) and the composite of large SiC grains and two-phase
region (C).

Particle impacting direction

B

Surface

Fig. 6.26. Schematic illustration of various impact situations discussed in the text.
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It is well established that the strain energy associated with imposed stresses in a
material can be relieved by either plastic flow or fracture (Ajayi and Ludema 1991).
Which of the two processes dominates is largely dependent on the stress level needed
to initiate each of these processes. In scenario A, the high hardness and brittleness of
the SiC grains has made them resistant to plastic deformation and vulnerable to
brittle fracture. Upon impact, the fracture path occurs in the trajectory of the
maximum tensile stress and the fracture mode is transgranular, leading to lateral
chipping. In scenario B, the relatively softer Si phase and weaker grain boundaries
have to some degree promoted plastic smearing of the Si phase and grain boundary
cracking, resulting in dislodgment of the fine SiC grains in the two-phase region
(Figs. 6.23, 6.24 and 6.25). In scenario C, a combined fracture mode is expected.

The relatively low erosion resistance of the two SiSiC materials in comparison to
silicon nitride and sialon ceramics is due in part 10 the lateral chipping of the large
SiC grains and in part to the relatively low erosion resistance of the soft Si phase.
Lateral cracking, as discussed in section 5.7.3, is the most potent agent of material
removal in erosive wear, while a previous study has shown that pure silicon erodes
approximately 200 times faster than single-phase SiC (Routbort et al. 1980b).

The present results clearly demonstrate that the grain size of ceramic materials has a
significant effect on the fracture mode in response to solid particle erosion. In the
coarse-grained material, i.e. the grain size is larger than the impact crater, the fracture
mode is transgranular. On the other hand, in the fine-grained material, especially
when the grain boundary is relatively weak and the grain morphology is
approximately equiaxed, the fracture mode is mainly intergranular.

6.6.2 Energy balance approach
The current investigation has indicated that the most pronounced damage mechanism
in polycrystalline ceramics, when subjected to solid particle erosion, is brittle
fracture. Evidence of plastic flow was also observed. It is believed that the impacting
particle produces plastic flow at the contact zone which is surrounded by crack
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networks. This network-like cracking can be either intergranular or transgranular in
nature, depending on the grain size, grain morphology, and grain boundary bonding
strength.

The above process can be better understood using the energy dissipation/energy
balance approach where the kinetic energy of the impacting particle is in part
transferred to the target material and in part dissipated as residual energy in the form
of particle rebounding and fragmentation. The total energy absorbed by the target
during impact can be expressed in terms of the plastic deformation energy and stress
wave energy (Zeng and Kim 1996a). The plastic deformation energy is dissipated in
plastic work converted into heat and stored energy in the form of residual strain
(Zeng and Kim 1996a and 1996b). The stress wave energy is transmitted through the
target material and is dissipated by fracture and internal friction (Zeng and Kim
1996a and 1996b).

As discussed earlier, in erosion of ceramic materials, the most influential process of
material removal is brittle fracture resulting from crack networking. Assuming all the
stress wave energy. W, is converted into fracture energy, Ef, and the fracture energy
required for the formation of the crack network can be expressed as:
Er2AfY

(6.2)

where 2A/ is the total surface area of the crack network and yis the fracture energy
per unit area (Zeng and Kim 1996b).

The propagation of stress waves in an isotropic elastic half space due to a point load
was investigated by Lamb (1904), Miller and Pursey (1954 and 1956), Hunter (1957)
and Hutchings (1959). One possible form of the stress wave transmission is a
circular disc of finite radius vibrating normal to the free surface (Miller and Pursey
1954 and 1956). Thus, the relationship between <he fracture surface, 2A/, and the
fracture volume, Vj, can be expressed as:
2Af= k Vf

(6.3)

where k is a geometric factor.
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By substituting eq. 6.3 into eq. 6.2, the fracture volume, Vj, can be related to the
stress wave energy, W, by:
Vf=WI{ky)

(6.4)

Therefore, for a fixed amount of stress wave energy, W, the higher the fracture

P

energy per unit area, /, the smaller the fracture volume, Vf, leading to a lower
material removal rate.

The two Ca ct-sialon materials CA2613F and CA2613C best illustrate the effect of
grain morphology on fracture energy of these materials. SEM observations of the
eroded surfaces revealed ample evidence of grain boundary microcracking (Fig
5.17), indicating that microcracks are preferentially initiated and propagated along
the grain boundaries. However, the randomly oriented elongated grains in material
CA2613C can deflect and bridge the cracks by blocking their paths and forcing them
to detour. On the other hand, the fine, low aspect ratioed grains in material CA2613F
offer little toughening mechanism such as crack bridging and deflection. Therefore,
more fracture energy is required to form crack networks in material CA2613C than
material CA2613 F.

In addition, the subsequent impacts can readily detach the highly fractured volume in
material CA2613F, as shown schematically in Fig. 6.27, resulting in macroscopic
lateral chipping. In contrast, the dislodgment of the fracture volume in material
CA2613C is to some degree more difficult due to the interlocking effect of the large
elongated grains (Fig. 6.28). Again, more energy is required to remove the fractured
zone in material CA2613C than material CA2613F. Therefore, under the same
erosion conditions, materials containing interlocked elongated grains exhibit higher
fracture energy associated with a smaller fracture volume, leading to a lower material
removal rate in comparison to materials consisting of an equiaxed grain morphology.
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Fig. 6.27. Schematic illustration of the material removal process of a target material
containing equiaxed grain morphology. Note: material removal is mainly due to the
dislodgment of the equiaxed grains.
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Fig. 6.28. Schematic illustration of the material removal process of a target material
containing interlocked elongated grain morphology. Note: material removal is
achieved by combined tntergranular fracture of the equiaxed grains and
transgranular fracture of the interlocked elongated grains.
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Finally, when the average grain size of the target material is greater than the impact
crater, as shown in scenario A of Fig. 6.26, the impact damage is confined to the
single crystal grains. In single crystals, fracture energy approaches the surface free
energy, and the fracture surface energy, }\c, is related to the fracture toughness, K\c,
and Young's modulus, E, of the material by (Becher 1991):
= K2iC I 2E

(6.5)

Single crystal ceramics generally have extremely low fracture toughness, e.g. 0.5-2
MPa ml/2 (Kelly and Macmillan 1986), due to the absence of toughening
mechanisms, and high modulus owing to strong covalent bonding. This is
particularly the case for SiC. Therefore the fracture energy of the single crystal SiC
grains is very low. Upon impact, the low fracture energy results in a large fracture
volume, leading to a high material removal rate.

6.6.3 Effect of erodent properties
It is clear that the properties of the erodent particles, particularly their hardness, have
a profound influence on erosion rates. In all materials, the erosion rate increased as
the hardness of the erodent particles increased. This is consistent with the wellrecognized effect of target-particle hardness ratio, H,/Hp, in erosion of ceramics,
where the severity of erosion damage increases as the hardness ratio decreases
(Gulden 1979 and 1981b; Wad?, and Watanabe 1987b; Wada 1992; Shipway and
Hutchings 1996).

The garnet erodent is softer than most of the target materials investigated in this
study, except for zirconia. As discussed in section 5.6, when the softer erodent
particles impinge on the harder target surface, they undergo severe deformation and
fragmentation, resulting in less energy transferred to the target surface and thus low
efficiency of erosion. Therefore, the material removal rate is much lower for erosion
using the soft garnet particles compared to the hard SiC grits.

Significant differences were also found in erosion response among various ceramic
materials when different erodent particles were used (Fig. 6.8 vs Fig. 6.13). For
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example, in erosion of alumina ceramic, the erosion rate increased by a factor of 1.6
and 4.4 for 90° and 30° impacts, respectively, when the erodent particles changed
from garnet to SiC. However, the corresponding margins were increased to a factor
of 4.5 and 9 for zirconia, and to a factor of over 50 and two orders of magnitude for
materials CA1005 and CA3618, respectively.

As noted earlier, the low erosion efficiency using soft erodent particles compared to
hard particles is mainly due to the deformation and fragmentation of the soft particles
leading to less energy being transferred to the target material. However, this effect is
not significant in erosion of high-purity alumina ceramics, since these materials
possess exceptionally weak grain boundaries owing to the anisotropy of thermal
expansion and elastic properties of non-cubic alumina grains. Thus, less fracture
energy is required to produce grain boundary crack networks. As a result, the
difference in material removal rate between erosion using the soft garnet particles
and the hard SiC grits is relatively small, being a factor of 1.6 and 4.4 for 90° and
30° impacts, respectively.

In the case of erosion of zirconia ceramics, although garnet particles are much softer
than SiC grits, they are still harder than the zirconias (Tables 3.3 and 6.2). Hence,
erosion using garnet erodent can still result in material removal from the zirconia
surface by cutting and scooping mechanisms, although the efficiency is lower for
garnet erosion than SiC erosion owing to the fact that garnet particles deform and
fragment more easily in comparison to SiC grits.

The effect of erodent properties on erosion rate becomes more significant in erosion
of Ca a-sialon ceramics, especially for compositions comprised of interlocked
elongated grains (Table 5.2). As discussed in Chapter 5, though grain boundary
microcracking is still the dominant fracture mode in erosion of sialon ceramics
composed of elongated grains, more fracture energy is required to form crack
networks in these materials compared to the equiaxed microstructure, due to
toughening mechanisms such as crack bridging and deflection. In addition, the
removal of the fracture volume again requires more energy for materials with an
elongated microstructure than an equiaxed one owing to the interlocking effect of the
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elongated grains. Garnet erosion is much less effective than SiC erosion, therefore
more impacts are required to accumulate the equivalent fracture energy to that
produced by SiC erosion. Finally, garnet particles are much softer than sialon
ceramics (Tables 3.3 and 4.5), which effectively suppresses material removal by a
chipping process.

6.7 Summary
Erosion studies were carried out on five major engineering ceramics, namely
alumina, zirconia, silicon nitrides, sialons, and silicon carbides. In terms of material
loss, the Ca oc-sialon ceramics are the most erosion resistant materials, while the
high-purity alumina is the worst. The two types of self-reinforced silicon nitride
materials have better erosion resistance than the MgO partially stabilized zirconia
and the two SiSiC materials. It was found that mechanical properties were not the
only factor that governed the erosion performance of ceramic materials. In fact,
microstructure was found to have a very strong influence on the mechanism and rate
of material removal in these materials. The following conclusions can be drawn from
the results of this study:

•

Ceramics with a very coarse-grained microstructure, i.e. those with grain size
larger than the impact crater, exhibit poor erosion resistance under harsh erosion
conditions due to the low fracture energy of the single crystal relative to that of
polycrystalline materials, leading to large lateral chipping.

•

Ceramics with randomly oriented elongated microstructures appear to be favored
in applications requiring erosive wear.

•

The effect of microstructure on erosion of ceramic materials can be explained
using an energy balance approach. Materials with higher fracture energy, in
general, exhibit a better erosion resistance. However, the fracture energy
described here involves stress in various directions, a case which can not be
solely described by ^ c which is for the Mode I fracture condition.
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•

Garnet particles are less efficient in erosion of ceramic materials compared to
SiC grits. This is mainly due to the relatively low hardness of garnet erodent in
comparison to most ceramic materials, which results in significant deformation
and fragmentation of the garnet particles, leading to less energy transferred to the
target surface. However, garnet particles are more representative of the type of
erodent particles found in practical situations such as mining, and hence more
relevant than the very hard SiC grits.

•

Different ceramic materials had different responses to erosion by garnet and by
SiC. The microstructure of these ceramics was found to have a strong influence
on this behaviour.
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EROSION OF ALUMINA CERAMICS BY
AIR AND WATER SUSPENDED GARNET
PARTICLES

7.1 Introduction
Chapter 6 compared the erosion behaviour of a number of engineering ceramics. It
was found that a-sialon ceramic possessed the best erosion resistance, while alumina
showed the worst. However, among the engineering ceramics, alumina and aluminabased ceramics are probably the most commonly used materials in applications
requiring wear resistance (Esposito and Tucci 1997). Therefore, the erosion
behaviour of alumina and alumina-based ceramics has been extensively studied over
the past years and was found to be influenced by several parameters such as the
properties of the erodent materials (Murugesh and Scattergood 1991; Shipway and
Hutchings 1996), fluid flow conditions (Finnie 1995; Oka et al. 1997) and the
properties of the target alumina materials (Wiederhorn and Hockey 1983; Ritter et al.
1984; Lathabai and Pender 1995).

Most previous studies on solid particle erosion have been conducted using silicon
carbide, alumina or rounded silica particles as the erodent materials. These are either
harder or smoother than the particles most commonly encountered in practical
situations such as mining which tend to be silica-based, irregular in shape and
typically have a Vickers hardness value of 8-12 GPa (Shipway and Hutchings 1991).

More significantly, much of the work reported in the literature on solid particle
erosion tends to concentrate on airborne erosion and there is much less work reported
on slurry erosion of ceramics. Compared to airborne erosion, slurry erosion is further
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complicated by the presence of water which is known to have a deleterious effect on
crack propagation in ceramics (Lawn 1993; Lathabai and Pender 1995) and by the
influence of the carrier fluid viscosity on particle trajectories (Levy et al. 1987; Clark
1995) and possible lubrication effects (Levy and Hickey 1987). Therefore, there is a
need to establish a better understanding of the response of ceramics to slurry erosion.

Furthermore, alumina ceramics, in general, have complicated microstructures and
there exists a close relationship between the microstructure and the mechanical
properties of these materials. However, there is not yet a common model which
accounts for the effects of the complex microstructure on wear performance of
alumina ceramics.

The objectives of this investigation are:
(1) To study the role of microstructure on the erosion behaviour of alumina ceramics.
(2) To clarify the mechanisms by which garnet erodent removes target alumna
material.
(3) To provide a comparison between airborne and slurry jet erosion behaviours of
alumina materials.

7.2 Experiments
7.2.1 Materials
The target materials in this investigation were commercial alumina ceramics AD998
and AD92 (supplied by Ceramic Oxide Fabricators and Norton Pakco Industrial
Ceramics, respectively). AD998 was a high purity material with an alumina content
of 99.8 wt% and was supplied with two different grain sizes, the fine grained AD998F, and the coarse grained AD998-C. AD92 contained 92 wt% aluminium oxide with
the balance consisting of a small amount of MgA^C^ (spinel) and grain boundary
silicate glassy material. All the target materials displayed a bimodal distribution of
grain sizes (Figs. 7.1(a)-(c)). The average grain size of each material was measured
using the lineal intercept technique (Wurst and Nelson 1972). AD998-F and AD998C had average grain sizes of 3.1 u.m and 12.7 urn, respectively, although each
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contained some grains as large as 15 j-im and 50 j^m, respectively. Similarly, AD92
had an average grain size of 7.5 \xn\ with some coarse grains as large as 40 jim.

M:
Fig. 7.1. SEM micrographs of polished and thermally etched surfaces of alumina
samples: (a) AD998-F, (b) AD998-C, and (c) AD92. Note: in (c) the presence in sample
AD92, of a spinel grain (S) surrounded by alumina grains, one of which is identified by
'A' and an intergranular glassy phase (G).
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The erodent particles used were commercial grade garnet abrasive grits (supplied by
Australian Mining). The garnet grits were angular in shape (although the corners were
slightly rounded) and had a size range between 200-600 urn (Fig. 3.1 (a)). Particle size
distribution analysis by a laser diffraction technique showed that the median
diameter, d.so, of the erodent particles was -400 urn.

The chemical compositions and the mechanical properties of the erodent particles and
the target materials are shown in Tables 7.1 and 7.2, respectively. The specific
density of the erodent particles was determined using an AccuPyc 1330
Micromeritics densitometer. The bulk density of the target materials was determined
using the boiling water method, while the true density of these materials was
measured on finely powdered samples using the Micromeritics densitometer. The
total porosity of each target material was calculated from its respective bulk density
and true density. It is important to note that the density values of the two grades of
AD998, though of high purity, are only 96% of their true densities, due to the
presence of large flaws and poorly sintered agglomerates in the microstructure.
Material AD92 shows a lower absolute density value because of the presence of low
density spinel and grain boundary glassy materials. However, its porosity content is
lower than those of the AD998 materials.

The hardness and, where possible, the fracture toughness of the target and erodent
materials were determined by micro-indentation tests at a load of 0.98 N. The phase
compositions of the target materials were examined using X-ray diffraction (XRD).
The XRD analysis revealed the presence of CC-AI2O3 (corundum) alone in samples
AD998-F and AD998-C, and the presence of a-Al2O3 and MgAl2O4 in sample AD92.
SEM examinations of polished and thermally etched samples of AD92 confirmed the
presence of 01-AI2O3 grains, spinel grains and glassy material distributed at grain
boundaries and triple points in this material (Fig. 7. l(c)). Thermal etching was carried
out in air at temperatures 50°C lower than the sintering temperature of individual
alumina materials. The heating and cooling rates were 500°C/h. The volume fraction
of the intergranular glassy phase was estimated using image analysis to be
approximately 6%.
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Table 7.1 Properties of garnet erodent
Property
Chemical Composition" (wt%)

Range
36 SiO2, 30 FeO, 20 A12O3, 6 MgO,
2 Fe 2 O 3 ,1 MnO, 1 CaO, and 1 Ti O2

Specific Density (kg/m3)

4100

Hardness 5 (GPa)

13.8

Toughness" (MPa m1/2)

1.10

Melting Point'1 (°C)

1250

Particle Size, d5o (f^m)

400

:

b

Manufacturer's data sheet.
Measured by Vickers Indentation at 0.98 N load.
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Table 7.2 Properties of target materials

TO

Property

AD998-F

AD998-C

AD92

99.8 wt% A12O3,

99.8 wt% AI2O3,

92 wt% A12O3,

0.2 wt% (Na2O+SiO2+MgO)

0.2 wt% (Na2O+SiO2+MgO)

8 wt% (MgAl2O4+silicate glass)

Mean Grain Size (|im)

3.1

12.7

7.5

True Density (kg/m )

3899

3883

3609

Bulk Density (kg/m )

3740

3740

3560

Total Porosity (%)

-4.1

-3.7

-1.4

o

Hardnessb (GPa)

17.2

17.2

13.4

2
S

—

—

2.75

Chemical Composition3

3

O

Toughness6 (MPa m1/2)

5"
Cr*J

5"

Manufacturer's data sheet.
Measured by Vickers Indentation at 0.98 N load.
5.
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7.2.2 Erosion measurements
7.2.2.1 Airborne erosion test
Airborne erosion tests were performed using the gas-blast type erosion test rig
described in section 3.3.2.1. The erodent particles were entrained in a stream of
compressed air and accelerated through a 125 mm long, 5.4 mm inner diameter steel
nozzle to impact on the stationary target. The particle velocity was controlled by
means of the compressed air pressure and measured using the rotating double disk
technique (Ruff and Ives 1975).

Airborne erosion tests were carried out on all three alumina materials as well as on
mild steel which served as the control material. The dimensions of the specimens
were 20x20x3 mm3 (AD998-F and AD998-C), 20x20x6 mm3 (AD92) and 20x50x1
mm3 (mild steel). In all tests, the specimens were located 13.8 mm from the nozzle
orifice for all impingement angles. The impact angles used were 15°, 30°, 45°, 60°
and 90° for AD998-C and AD92. and 30°, 60° and 90° for AD998-F.

Each sample was eroded with a fixed amount of erodent at a velocity of 37 m/s in six
exposures. For shallow impact angles (15°, 30° and 45°), the Jose of erodent particles
for each exposure was 200 g, while for higher angles (60° and 90°), this was reduced
to 100 g. Mass loss was measured using an analytical balance with an accuracy of
±0.1 mg. As discussed in section 5.2.3, the dosage selected for the shallow angles of
impact allowed a sufficient mass loss to occur, which could be detected by the
weighing balance. However, using the same dosage for the higher angles of impact
resulted in deep erosion craters which would effectively change the test conditions,
specifically, the nozzle-sample distance and the impact angle. Hence, a lower dose
was used in these cases.

As described in section 3.3.2.3, wear volume was calculated from the mass loss and
the bulk density of each material. Cumulative volume loss was plotted as a function
of the amount of erodent impacting on the surface. It was observed that for all impact
angles, the cumulative volume loss increased linearly with the amount of erodent
after an incubation period. The steady state airborne erosion rate (A£,./), defined as the
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volume loss from the specimen per unit mass of erodent used, was determined from
the slope of the linear part of the volume loss-mass of erodent plot.

In order to directly compare the erosion rate between the dry and wet erosions,
airborne erosion test was also carried out at 20 m/s at 30° impact angle for material
AD998-C. As will be shown in section 7.2.2.2, the maximum velocity of the slurry
erosion tests carried out in the present study was 20.5 m/s. However, due to the
design of the present dry erosion apparatus (section 3.3.2.1), the flux of the erodent
beam varies with the velocity of the air stream and can not be independently
controlled. At an erodent velocity of 20 m/s, the beam flux was estimated to be 100
kg/m2s, which is significantly lower than that of the slurry jet erosion at a comparable
impact velocity. According to eqs. 3.8 and 3.9, the estimated beam flux of a slurry jet
travelling at 20.5 m/s would be 1500 kg/m2s.

7.2.2.2 Slurry erosion test
Slurry erosion tests were carried out with a custom designed slurry jet apparatus, the
details of which were described in section 3.3.3.1. Briefly, the equipment utilised a
slurry holding tank, an agitator, a diaphragm pump, compressed air, an ejector nozzle
(inner diameter of 4 mm), and a sample holder. The slurry, a mixture of tap water and
garnet grits, was pumped from the holding tank to the ejector nozzle through which it
emerged as a high velocity jet to strike the target surface. The loading of solids and
the velocity of this slurry stream were varied by adjusting the agitator speed and the
compressed air pressure, respectively. The angle of impingement was varied by tilting
the specimen holder via a mechanical lever.

The major variables examined were angle of impingement, particle loading (i.e. mass
fraction of erodent particles in the slurry) and velocity of the slurry jet. The
specimens, with the same dimensions as described in the airborne tests, were
mounted directly under the ejector nozzle, approximately 13.8 mm below the nozzle
exit, for all tests. The effect of the angle of impact was determined for AD998-C,
AD92 and mild steel control at 15°, 30°, 45°, 60°, 75° and 90°. In this series of tests,
the particle loading was held at 7.7 wt% and the slurry velocity was 16.5 m/s. The
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effect of slurry velocity was determined for a fixed particle loading at an angle of
impact of 30°. The velocities tested were 12.7 m/s, 14.5 m/s, 16.5 m/s, 18.6 m/s, and
20.5 m/s. The effect of particle loading was measured at a fixed slurry velocity of
16.5 m/s, again at a fixed angle of impact, 30°. The different particle loadings used
were 3.1 wt%, 7.7 wt% and 11 wt%. Because only a limited quantity of AD998-F
was available, no slurry erosion tests were carried out using this material.

Each sample was eroded with a fixed amount of erodent in five exposures. The
amount of erodent used in a single exposure was controlled by timing the release of
the slurry as determined by careful pre-calibration. As in the case of airborne erosion,
the dosage per exposure had to be varied for the various angles of impact. For
shallow impact angles (15° and 30°), the erodent dose was approximately 920 g,
while for higher angles (45°, 60° and 90°), it was 480 g. The specimens were
ultrasonically cleaned, oven dried at 150°C to eliminate moisture trapped in pores,
and weighed before and immediately after the erosion test. As in the case of airborne
erosion testing, the cumulative erosive volume loss was plotted as a function of the
mass of erodent particles used. The steady state slurry erosion rate (AEs) was
determined as the ratio of the volume loss from the specimen to the mass of the
erodent particles used, again from the slope of the linear part of the cumulative
volume loss-erodent mass plot.

7.2.2.3 Characterisation of eroded surfaces
The eroded surfaces of all target materials were examined with a JEOL JSM-840A
scanning electron microscope equipped with an energy dispersive X-ray (EDX)
spectrometer. EDX analysis was used to obtain qualitative chemical information from
the worn surfaces. Prior to examination, the specimens were ultrasonically cleaned in
ethanol for 5 minutes and then sputter coated with gold or carbon to prevent charge
accumulation on the samples during examination. The accelerating voltage used was
20 kV.
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7.3 Results of Erosion Tests
7.3.1 Airborne erosion tests
Fig. 7.2 illustrates the dependence of the erosion rate on the impact angle for the tliree
alumina ceramics and the mild steel eroded by airborne garnet particles at 37 m/s. As
can be seen, the erosion rates of alumina ceramics increase with increasing impact
angle and the maximum erosion rate occurs at 90° impact angle. For samples AD998C and AD92, the erosion rates at 90° impact angle are approximately 4 and 5 times
greater, respectively, than those at 15° incidence angle. Further, sample AD998-C
shows a higher rate of material loss than samples AD998-F and AD92 at all impact
angles by approximately a factor of 2 and 3, respectively. In contrast, the erosion rate
of mild steel increases with increasing impact angle at low angles, with a peak rate
occurring at about 45°, and slowly declines at higher angles of incidence. However,
the difference between the maximum erosion rate at 45° and the minimum erosion
rate which occurs at 90° is less than a factor of 2. Fig. 7.2 also reveals that mild steel
has the lowest erosive volume loss in airborne erosion for all impingement angles.
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Fig. 7.2. Airborne erosion rate as a function of impact angle for three alumina ceramics
and the control mild steel.
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7.3.2 Slurry jet tests
Fig. 7.3 presents the dependence of the steady state slurry erosion rate on impact
angle for materials AD998-C, AD92 and the mild steel, eroded by a slurry jet with 7.7
wt% solid loading at 16.5 m/s. The trends observed here are very similar to those
obtained from airborne erosion (see Fig. 7.2). For alumina ceramics, the erosion rate
reaches maximum at normal impact and decreases steadily as the impingement angle
becomes more oblique. In addition, material AD92 shows a lower erosion rate than
AD998-C at all impact angles. Again, it is interesting to note that, for materials
AD998-C and AD92, the erosion rates at 15° impingement angle are almost 22 and
17 times lower, respectively, than those at normal impact. For mild steel, the peak
erosion rate occurs at 60°, a higher angle than that observed in airborne erosion, and
the minimum erosion rate which is approximately 4 times lower than the peak rate,
occurs at 15°. Again, mild steel shows the lowest erosive loss among all test
materials.

250

- * - AD998-C

X

'SB

-«-AD92

200

- X - Mild Steel

150
100
cs

50
0

0

20

40

60

80

100

Angle of Incidence (deg)

Fig. 7.3. Slurry erosion rate as a function of impact angle for materials AD998-C and
AD92 and the control mild steel.

Fig. 7.4 shows the effect of particle velocity on the erosion rates of materials AD998C and AD92, eroded by a 7.7 wt% slurry jet at 30° impact. Tests were performed at
five different slurry jet velocities. In each case, the erosion rate increases with the
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particle impact velocity. Regression analysis shows that a power-law provides the
best empirical fit to this data. This indicates that the variation of erosion rate with
particle velocity is of the form, AEs^-V". The velocity exponent, n, is different for the
different materials, being 2.8 for AD998-C and 2.1 for AD92. These values of n are
similar to those reported in the literature for various ceramics for both airborne and
slurry erosion (Wiederhorn and Hockey 1983; Murugesh and Scattergood 1991;
Srinivasan and Scattergood 1991; Routbort and Scattergood 1992; Wada 1996).
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Fig. 7.4. Slurry erosion rates of materials AD998-C and AD92 as a function of particle
velocity. The solid lines are power-law fits to the data, while the dash line represents
where «=2 in equation AE$x.V\ The angle of incidence was 30°; the slurry loading was
7.7 wt%.

Fig. 7.5 presents the effect of slurry loading on the erosion rates of materials AD998C and AD92, eroded at 16.5 m/s at 30° impact. The erosion rate is found to decrease
with increasing slurry concentration. In order to facilitate comparison with data
obtained using different apparatuses or from different laboratories, the data has been
plotted as a function of the erodent particle flux rather than the solid concentration.
The erodent beam fluxes was calculated using eqs. 3.8 and 3.9.
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Fig. 7.5. Slurry erosion rates of materials AD998-C and AD92 as a function of particle
flux.

Fig. 7.6 shows the erosion rates of material AD998-C eroded by garnet particles at
30° impact at impact velocities of 20 and 20.5 m/s for dry and wet erosions,
respectively. Note that the particle fluxes are quite different between the two cases;
being 100 and 1500 kg/m2s for dry and wet erosions, respectively. As can be seen the
material removal rate due to slurry jet erosion is much higher than that produced by
airborne erosion.
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Fig. 7.6. Erosion rates of material AD998-C eroded by garnet particles at 30° impact
under airborne and slurry erosions. Note: the impact velocities are 20 m/s and 20.5 m/s,
for dry and wet erosions, respectively.
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7.4 SEM Observations
7.4.1 Airborne eroded surfaces
The representative features of the eroded surfaces of all three alumina ceramics after
airborne erosion at shallow and normal impingement angles are presented in the SEM
micrographs of Fig. 7.7. To facilitate comparison of damage sustained by different
test materials under different impingement angles, all micrographs were taken at or
near the centre of the erosion crater. It is important to note that in these airborne
erosion craters, the halo effect (see section 5.4.2) was observed.

Figs. 7.7(a), (c) and (e) show the completely eroded areas of samples AD998-C,
AD92 and AD998-F, respectively, eroded at an impingement angle of 30°. Figs.
7.7(b), (d) and (f) show the corresponding areas of the same materials eroded at 90°
impact. The effect of the impingement angle on the material removal mechanisms is
clearly demonstrated. It is evident that at shallow impingement angles, erosion
damage is dominated by both grain ejection and plastic deformation of the materials.
Further, in the plastically deformed areas, grooves or plough marks are often
observed. The plastic grooves, in many instances, are similar to scratches produced
on alumina surfaces by a sharp diamond indentor (Wang and Hsu 1996) and tend to
lie along the particle colliding direction. Localised melting, as shown in Fig. 7.7(e), is
observed at all impingement angles, but becomes more conspicuous at lower angles.
The locally melted materials tend to draw in the direction of the impinging particles
and to form elongated stringers with roun ^ed ends. EDX analysis of these melted
materials shows high levels of Fe and Si (Fig. 7.8), indicating that they derive from
the garnet erodent which contains SiO2 and FeO (Table 7.1). Under normal impact,
grain ejection is the main material removal mechanism and there are much fewer and
smaller plastically deformed regions present. However, in those few plastically
smeared areas, the grain boundary cracks of the underlying alumina grains are v/ell
developed as can be seen in Fig. 7.7(i). In the case of the coarse grained alumina,
AD998-C, there is evidence of cleavage and conchoidal fracture within individual
grains.
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Fig. 7.7. SEM micrographs of steady state airborne erosion surfaces of alumina
samples after 30° and 90° impingement, (a) and (b): AD998-C at 30° and 90° impact;
(c) and (d): AD92 at 30° and 90° impact; (e) and (f): AD998-F at 30° and 90° impact.
The particle impact direction for 30° impact is from top to bottom of the micrographs.
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Fig. 7.8. EDX spectrum of deformed and melted materials shown in Fig. 7.7(e).

To clarify the interaction between the erodent particles and target surface and to
understand the erosion mechanisms by which particles remove material, ideally one
should study the damage features corresponding to r'Tferent stages of erosion.
Examination of an erosion crater reveals that the edge of the crater is much less
eroded than its centre. Thus, examining the various areas of the erosion crater
obtained from a single test should give some indication of the wear processes
occurring at various stages of erosion. It is important to note that the angle of impact
at the crater edge would be slightly different from that at the centre of the erodent
beam because of the divergence associated with jets carrying particles. However, for
a nominal angle of impact of 45°, under the present experimental conditions, the
angle of impact at the crater edge (closer to the nozzle side) is estimated to be less
than 55°.

Fig. 7.9 shows SEM micrographs of different locations on the worn surface of sample
AD998-F after airborne erosion by a single dose of 1000 g of garnet erodent particles
at an angle of impingement of 45°. The particle impact direction is from top to
bottom of the micrographs. Fig. 7.9(a) is a low magnification secondary electron (SE)
micrograph of the region of the elliptical erosion crater that corresponds to particles
emerging from near the nozzle wall. Fig. 7.9(b), a higher magnification view of the
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central area in Fig. 7.9(a), reveals the presence of wear tracks in the direction of
particle impact at the top fringe of the crater. Fig. 7.9(c) is a SE image which shows
the damage features in the wear track and Fig. 7.9(d), a back scattered electron (BSE)
image of the same area. Figs. 7.9(e) and (f) are the SE and BSE images which show
the damage features at the centre of the wear crater.

Fig. 7.9. SEM micrographs of different locations on the eroded surface of sample
AD998-F after airborne erosion at an angle of impingement of 45°. Note: (a), (b), (c)
and (e) are secondary electron (SE) images, (d) and (0 are back scattered electron
(BSE) images of the areas shown in (c) and (e), respectively. The particle impact
direction is from top to bottom of the micrographs.
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The wear tracks shown in Figs. 7.9(a) and (b) are the result of the ploughing of the
erodent particles on the sample surface. The damage patterns observed in the wear
tracks, as shown in Fig. 7.9(c), are mainly grain dislodgment and some isolated
plastically deformed regions. The BSE image of the same area in Fig. 7.9(d) shows
that the deformed material seen in Fig. 7.9(c) contains materials with higher atomic
number than Al, resulting in the lighter contrast. EDX analysis confirmed that the
regions with bright contrast contain high levels of Fe (Fig. 7.10), confirming that they
derive from the garnet erodent which contains a high proportion of FeO. The surface
features of the centre of the wear crater are also dominated by grain ejection and some
larger scaled flakes of deformed materials as seen in Fig. 7.9(e). It is evident from the
BSE image in Fig. 7(f) that these flakes consist primarily of deformed target alumina
with traces of smeared erodent material in some regions.
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Fig. 7.10. EDX spectrum of regions with bright contrast, as shown in Figs. 7.9(d) and
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7.4.2 Slurry jet eroded surfaces
As in the case of the airborne erosion, the erosion craters in the slurry jet tests are
circular in shape for normal impact and become more elliptical as the impact angle
decreases. There is, however, a distinct difference in the morphology of the erosion
craters for the two cases. The edge of the erosion crater in the slurry jet test is much

217

Chapter 7

Erosion ofAlumina Ceramics by Air and Water Suspended Garnet

sharper than that in the airborne erosion test and no halo effect is observed under all
impact conditions.

Fig. 7.11. SEM micrographs of steady state slurry erosion surfaces of sample AD998-C
at various angles of impingement: (a) 15°, (b) and (c) 30°, and (d) 90°. Note: (a), (b) and
(d) are SE images and (c) is a BSE image of the area in (b). The particle impact
direction, for oblique impacts, is from top to bottom of the micrographs.

Figs. 7.11 (a)-(d) are SEM micrographs which show the surface damage features at the
centre of the wear crater of AD998-C after slurry jet erosion at both shallow and
normal impingement angles. Figs. 7.11 (a), (b) and (d) present SE images of the areas
at the crater centre of sample AD998-C after slurry erosion at impingement angles of
15°, 30° and 90°, respectively, while Fig. 7.11(c) is a BSE image which shows the
same area as in Fig. 7.11 (b). As can be seen in Fig. 7.11 (a), when the impingement
angle is 15°, the damage occurs by both grain dislodgment and plastic deformation
and smearing of the materials. However, when the impingement angle is increased to
30°, the plastically smeared regions become much smaller and fewer in number, as
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seen in Fig. 7.1 l(b). The BSE mode reveals that there is only a trace of deformed
erodent material in those few smeared regions (Fig. 7.1 l(c)). EDX analysis of the
smeared area showed high levels of Al and no traces Si and Fe, confirming that this is
indeed deformed alumina. This is in contrast to the damage patterns on airborne
eroded surfaces, where much of the deformed material on the surface was found to
derive from the erodent (Fig. 7.7(a)). When the impingement angle is increased to
90°, grain ejection becomes the main material removal mechanism and there are very
few plastically deformed regions present (Fig. 7.11(d)). Furthermore, no melted
material similar to that seen on airborne eroded surfaces (see Fig. 7.7(e)) was evident
on the slurry jet eroded surfaces.

7.5 Erosion Mechanisms
An advantage of the jet impingement test is that it enables the study of the effect of
varying the particle jet impact angle on the erosion behaviour of a material. By
relating this to a detailed SEM examination of the eroded surfaces, it is possible to
identify the various material removal processes.

When ceramics are eroded by sharp, hard particles, such as silicon carbide and
alumina grits, both airborne (Sheldon and Finnie 1966a; Hutchings 1992) and slurryentrained (Franco and Roberts 1998), it is well established that the erosion rate tends
to peak at normal impact and decreases steadily as the impingement angle becomes
more oblique. When ceramics are eroded by angular garnet particles with somewhat
rounded edges, carried by either air or water, under the conditions used in this study,
similar trends are observed. As shown in Figs. 7.2 and 7.3, the erosion rate-impact
angle curves are well defined for all three alumina samples and exhibit a maximum
erosion rate at 90°. Further, the erosion rate at 15° impingement angle is almost 5
times lower for airborne erosion and 20 times lower for slurry erosion than that at 90°
impingement angle.

A comparison of the morphological features on the eroded surfaces of the high purity
aluminas, AD998-C and AD998-F, subjected to low impact angles (15° and 30°) and
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normal impact angle (90°), after both airborne and slurry erosion, reveals some
interesting differences in the material removal mechanisms. In the case of shallow
angle eroded surfaces, shown in Figs. 7.7(a), 7.7(e) and 7.11 (a), the dominant
material removal mechanisms are grain ejection, which is caused by grain boundary
microcracking, and plastic deformation followed by smearing of the deformed
materials. On the other hand, in the case of the 90° eroded surfaces, shown in Figs.
7.7(b), 7.7(f) and 7.1 l(d), the material removal mechanism is mainly grain ejection
and c '-

;f;

cantly lower degree of plastic smearing than in the case of the oblique

•••>•• ,.n.:crsi'!»\! these differences, it is helpful to examine in more detail the damage
feui'.Pi' 'V, the various impact angles at different stages of the erosion test. As
discussed earlier, Figs. 7.9(a)-(f) show the appearance of the eroded surfaces of the
high purity alumina, AD998-F, exposed to 45° impact. Note that the erosion damage
for oblique impact is a result of two actions; vertical repeated impact and horizontal
ploughing (Oka et al. 1997; Routbort and Scattergood 1992). Based on the SEM
examination of the eroded surfaces, the erosion process can be divided into stages. At
the early stage of erosion, wear tracks are formed (Fig. 7.9(b)). In these wear tracks,
the material is mainly removed by grain ejection which results in a surface showing
exposed grain facets. EDX analysis of this surface shows no detectable silicon and
iron confirming the absence of influence from the garnet erodent. However, some
isolated plastically smeared regions contain deformed erodent as well as the target
alumina. It is also seen that, in some instances, the garnet particles have melted and
splashed onto the target surface with the melted material being drawn into stringers in
the direction of particle impact (Fig. 7.7(e)). Between the wear tracks, shown on the
right side of Fig. 7.9(c), the target surface seems to be largely covered by a thin
smeared layer. This smeared layer, as revealed by BSE mode (Fig. 7.9(d)) and
random EDX analysis, mainly contains deformed and melted erodent material. The
distribution of the smeared layer is not uniform, in agreement with the randomness of
the impacts of the erodent particles.

It is evident from these observations that when the softer garnet erodent particles
impinge on the harder alumina target (Tables 7.1 and 7.2), they undergo deformation
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and fragmentation. In addition, the particles also undergo local melting, with the
melted material drawn into stringers. This is in contrast to observations of localised
melting of soda lime glass, alumina and mullite targets when impacted by silicon
carbide erodent (Yust and Crouse Iv78; Lawn et al. 1980). Lawn et al. (1980) have
shown that this melting of the target material was due to local adiabatic heating to
high temperatures when particles with high kinetic energy impact the target.
However, in the present case, the localised heating has caused the melting of the
lower melting garnet particle rather than the alumina target.

As the erosion progresses, the damaged surface becomes very rough. Grain ejection is
still the main material removal mechanism. However, the plastically deformed
features, shown as flakes in Fig. 7.9(e), have also become more pronounced. Further
impacts result in material removal by spalling of the smeared flakes.

From these observations, the following picture emerges: when alumina ceramics are
exposed to erosive wear by garnet particles, both airborne and slurry-entrained, the
horizontal component of the kinetic energy of the impinging particles is mainly
dissipated in plastic deformation of the erodent and target materials by means of a
ploughing mechanism. In addition, local adiabatic heating caused by the impact of the
fast moving particles may result in melting of the lower melting erodent. Melting is
not observed in the case of slurry erosion because of the presence of water, a natural
coolant. The vertical component of the kinetic energy is dissipated partially in the
initiation and propagation of grain boundary microcracks in the target material
resulting in grain dislodgment and partially in the fragmentation of the erodent
particles. Grain ejection, as demonstrated by the present results, has a controlling
effect on the material removal rate.

The distinctive differences in erosion rates, as well as the morphological features for
shallow and normal impact angles, can be explained in terms of the above scenario.
For example, at 15° impact, the kinetic energy of the impinging particles contributes
mainly to ploughing (horizontal component of the energy, proportional to cos 15°,
-97%) and very little (normal component proportional to sin 15°, -3%) to normal
repeated impact. There is, therefore, much less energy available for initiating and
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propagating the grain boundary microcracks, resulting in grain ejection, compared to
90° impact where a vast majority of the kinetic energy is devoted to this process. As a
result, the material removal rate at shallow impact angle is much lower than that at
normal impact.

7.6 Effect of Microstructure
Distinct differences in the erosive wear behaviours of the three aluminas have been
seen. As shown in Figs. 7.2 and 7.3, material A,^998-C has the highest wear rate
under all impact conditions, being 2 and 3 times greater than those of materials
AD998-F and AD92, respectively. The two widely quoted theoretical models for
erosion of brittle materials, describing the elastic-plastic damage caused by sharp
particle contact (Evans et al. 1978; Wiederhorn and Lawn 1979) indicate an inverse
dependence of erosion rate on the fracture toughness of the target material. However,
as has been previously demonstrated (Heath et al. 1990; Lathabai and Pender 1995;
Lathabai 1995), the use of mechanical properties such as hardness and fracture
toughness to explain the erosion behaviour of alumina ceramics has not always been
satisfactory. In recent years, it has been increasingly appreciated by various
investigators that the microstructures of ceramics have a controlling effect on their
wear behaviour (Wiederhorn and Hockey 1983; Ajayi and Ludema 1991; MirandaMartinez et al. 1994; Lathabai and Pender 1995; Lathabai 1995; Wada 1996). This
hypothesis is further examined in the light of the present experimental results.

In the present study, the major microstructural parameters of interest are grain size,
porosity and the nature of the grain boundary phase. The two high purity (99.8%)
alumina materials, AD998-C and AD998-F, with similar hardness and porosity but
different grain size, exposed to erosive wear under the same set of experimental
conditions, enable the evaluation of the effect of grain size. It was not possible to
measure the fracture toughness of these materials by the indentation method, since
indentation produced cracking along grain boundaries rather than well-developed
radial cracks. However, it is now well recognised that many alumina materials do not
have single-valued fracture toughness, but exhibit an /?-curve behaviour (Lawn
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1993). The mechanism responsible for this crack size dependent toughness has been
unequivocally established as grain-localised crack bridging, brought about by the
presence of internal (thermal expansion mismatch) stresses in the non-cubic alumina
matrix (Bennison and Lawn 1989). As such, the /?-curve behaviour in alumina is
strongly dependent on the microstructure, becoming more pronounced with
increasing grain size (Knehans and Steinbrech 1984; Chantikul et al. 1990). It has
been observed that as the grain size increases, the steady state or long-crack fracture
toughness, measured in traditional fracture mechanics tests, increases, but the shortcrack toughness decreases (Chantikul et al. 1990). A similar trend can be expected for
the two high purity aluminas in this study.

As shown in Fig. 7.2, the erosive loss increases strongly with the grain size. As stated
earlier, the dominant mechanism of material removal in erosive wear of aluminas is
grain boundaiy microfracture resulting in grain ejection. In a study on the effect of
grain size in the sliding wear of alumina (which also occurs by grain boundary
microfracture), Cho et al. (1989) showed that refining the grain size and eliminating
internal stresses would lead to higher fracture toughness in the short crack region
which is of the greatest pertinence to wear processes. This also explains the higher
erosion resistance of the finer grained AD998-F.

The mean grain size of material AD92 is over twice as large as that of AD998-F; yet
its erosion resistance is better than that of AD998-F at all impact angles. As loted
earlier, the other major microstructural difference in the . two materials is that
AD998-F is a high purity alumina with relatively high porosity while AD92 is a
denser maiu A consisting of approximately six volume percent grain boundary glassy
phase. It is well known that porosity influences the erosion performance. For
example, an extensive investigation of solid-particle erosion of several commercial
aluminas with various physical and mechanical properties showed that the erosion
rate increases as the porosity increases (Wada and Watanabe 1987a). On the other
hand, it has also been suggested that the presence of the grain boundary glassy phase,
which is capable of viscous flow, can accommodate the anisotropic nature of alumina
deformation, reduce the residual stresses at the grain boundaries (Ajayi and Ludema
1991), as well as improve the bonding between alumina grains (Zhou and Bahadur
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1991 and 1993). Both these effects are consistent with the superior erosive wear
resistance observed for AD92 in this study.

The SEM micrographs of the eroded surfaces of samples AD998-F and AD92,
impacted at 90°, Figs. 7.7(d) and (f) respectively, show that grain ejection is the
dominant material removal mechanism in the former case while significant amounts
of plastically deformed material are observed in the latter. The lower porosity,
coupled with the energy absorption capacity and the stronger bonding between
alumina grains provided by the grain boundary glass in sample AD92, has made grain
ejection more difficult. As a result, the repeated impact by particles causes plastic
smearing of the grains before they are ejected.

7.7 Effect of Erosion Test Variables
It is generally accepted that for most ceramic materials, the erosion rate, AE, exhibits
a power law relationship with the particle velocity, with the value of the velocity
exponent, n, being between 1.8 to 4 for both dry and wet erosion (Murugesh and
Scattergood 1991; Srinivasan and Scattergood 1991; Routbort and Scattergood 1992;
Wada 1996; Franco and Roberts 1998). In the present investigation, the n values for
the two alumina ceramics, AD998-C and AD92, were determined under the same set
of slurry erosion conditions and were found to be 2.8 and 2.1, respectively. These
results are consistent with a study reported in literature, where the velocity exponents
for a group of aluminas with a wide variety of grain sizes, densities and purity,
subjected to identical erosion conditions, showed a variation in the range 2.5-3.2
(Routbort and Scattergood 1992).

The difference in n values observed in the present study could be attributed to the
different AI2O3 contents of these two aluminas. Zhou and Bahadur (1995) observed
that when an alumina with 4 wt% silicate glassy phase was eroded by airborne silicon
carbide grits, the n value decreased with increasing operating temperature. It was
argued that this was due to the increase in plasticity of the intergranular glassy phase
with temperature which effectively absorbed more impact energy (Zhou and Bahadur
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1995). The same argument may be used to explain the present observation. The
relatively lower n value for material AD92 could be due to the presence of the 6 vol%
grain boundary glassy phase, absent in AD998-C, which significantly contributes to
the dissipation of the impact energy.

In the case of jet impingement erosion, it is known that the erosion rate decreases as
the erodent particle flux increases (Anand et al. 1987; Zu et al. 1991). The data in Fig.
7.5 confirms this relationship. This flux effect has been described by Anand et al.
(1987) by a first-order particle collision model in which a shielding of the target
surface from the incident particles occurs by particles rebounding from the surface.
They assumed that upon collision, the particles are removed from the flux beam and
do not contribute to the erosion process. When the erodent particle flux is low, the
mean free path of the erodent particles is quite long and thus the probability of
collision between the rebounding particles and the incident particles is very low. As
the flux increases, the probability of collision increases exponentially and hence the
erosion rate would be expected to decrease (Anand et al. 1987).

The effect of particle flux on the erosion rate may also arise from the dependence of
the incident particle velocity on the particle flux. According to the analysis by Anand
et al. (1987), in an a'rborne erosion apparatus, when the particle flux value reaches
about 100-200 kg/m2s, hydrodynamic particle interactions occur in the nozzle and
become more noticeable as the particle flux increases further. The particle fluxes
examined in this work are typically in the region of 500-2500 kg/m2s which are well
beyond that value and thus hydrodynamic interaction is highly likely. It has been
proposed (Anand et al. 1987) that the interactions between particles could result in a
decrease in the incident particle velocity. In fact, a slight decrease in particle velocity
with increasing flux was observed during the calibration of the slurry jet apparatus.
Given the power law relationship between the erosion rate and particle velocity, a
small decrease in particle velocity will, therefore, result in an amplified reduction of
the erosion rate.
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7.8 Comparison of Dry Erosion and Wet Erosion
To directly compare the erosive wear behaviour of alumina ceramics under airborne
and slurry jet erosion, the test conditions of the two processes must be similar.
However, the erosion rate data of material AD998-C presented in this work (Fig. 7.6)
for dry and wet erosion were obtained for similar particle velocities but different
particle fluxes; being 100 and 1500 kg/m2s for airborne and slurry jet erosions,
respectively. The higher flux rale in the latter case, as discussed in section 7.7, would
be expected to significantly reduce the erosion rate. Nevertheless, erosion tests
showed that the wet erosion rate of material AD998-C was significantly higher than
that for dry erosion by approximately a factor of 6 (Fig. 7.6). The enhanced slurry
erosion rate over airborne erosion rate could be attributed to the presence of water as
a carrier fluid. Water can influence the erosive wear behaviour of alumina ceramics in
two different ways - by enabling moisture-accelerated crack growth and by a
hydrodynamic lubrication effect.

It has been shown that the erosive wear of alumina ceramics is primarily controlled
by grain boundary microfracture. It is well-established that crack tips in ceramics may
experience a stress-corrosion process in the presence of water, which will accelerate
crack growth (Lancaster et al. 1992; Lawn 1993). Such an enhancement of crack
growth in the presence of water has been observed in the case "f high purity alumina
(Latbabai and Lawn 1989). The other intergranular oxide phases are suspected to
behave in the same fashion as the alumina phase (Michalske and Bunker 1986). The
enhancement of grain boundary microfracture in water would account for the
increased slurry erosion rate of alumina ceramics, extrapolated from the results
obtained in this study.

Hydrodynamic lubrication is a result of the viscosity of the carrier fluid and is a
purely physical reaction (Levy and Hickey 1987). A thin viscous film of the carrier
fluid can be formed between impinging particles and the eroding surface which
effectively acts as an energy barrier to reduce their kinetic energy and hence, their
erosivity (Levy et al. 1987; Levy and Yau 1984). At low impact angles, the vertical
component of the kinetic energy of the impinging particle which enables the
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penetration of the barrier film is small, resulting in the lubrication effect becoming
more pronounced. Thus the erosion rate may be further reduced. As the impact angle
increases, the impinging particles are less affected by the lubrication effect due to the
increasing penetration energy (Levy and Yau 1984). This agrees well with the present
experimental observations. As shown in Figs. 7.2 and 7.3, in the case of slurry
erosion, the erosion rates for both aluminas at 90° impingement angle are almost 20
times greater than those at 15° incidence angle. This difference reduces to a factor of
4 for airborne erosion due to the absence of the lubrication effect.

Finally, it has been observed that the halo effect was absent around the slurry jet
erosion craters. This may be explained by the fact that the viscosity of water is
sufficiently high to force the erodent particles to follow the streamline, resulting in
less deviation of the particles which causes the halo effect in airborne erosion.

7.9 Summary
Based on the results obtained from this study, the following conclusions may be
reached:

•

In both airborne and slurry erosion, the erosion rate of the polycrystalline
aluminas peaks at normal impact and decreases steadily as the impingement angle
becomes more shallow. The erosion rates for the aluminas at 15° impingement
angle are almost 5 times lower for airborne erosion and 20 times lower for slurry
erosion than those at 90° incidence angle. The much lower erosion rate at 15°
slurry erosion compared to that at 90° may be explained by the hydro-dynamic
lubrication effect which is more pronounced when the vertical component of the
velocity of the impinging particle is low.

•

The material removal mechanisms in both airborne and slurry erosion were found
to be strongly dependent on the erodent stream impact ungle. For low angle
impact, the damage occurs by a ploughing mechanism, characterised by both
grain ejection and spalling of plastically deformed materials, while for 90°
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impact, the dominant mechanism is grain ejection. In both types of erosion,
deformed garnet was found on the eroded surfaces.

In the case of airborne

erosion, there was evidence of melting and splashing of the garnet erodent on the
target surface as a result of the locally high temperatures generated by adiabatic
heating due to particles impacting at high energy. Such localised melting of the
erodent was not seen during slurry erosion because of the cooling effect of water.

•

The niicrostructures of alumina ceramics were found to have a controlling effect
on their erosion behaviour. Dense, fine-grained alumina materials containing an
intergranular glassy phase would be good candidates for use in applications
requiring erosion resistance.

•

The erosion rates of alumina ceramics increase with increasing velocity and
decreasing flux of the erodent particles.

•

Extrapolation of slurry erosion data to experimental conditions used in airborne
tests suggests that the former type of erosion is much more severe. The
deleterious effect of water on the crack propagation of alumina ceramics can
account for this behaviour.

I
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8.1 Conclusions
This thesis has examined the relationship between the microstructure and the erosion
behaviour of engineering ceramics. The major finding resulting from this research is
that while mechanical properties, such as hardness and fracture toughness, influence
the erosion performance of ceramic materials, the microstructure is also found play an
important role. A number of microstructural parameters, namely the porosity,
composition, grain size, grain morphology and the amount of intergranular glass
phase, all have an important role in determining the erosion behaviour of ceramic
materials.

A detailed investigation of the effects of microstructural parameters on erosion
performance of ceramics was carried out using Ca a-sialon ceramics as a modeling
system. Sialon ceramics have shown to be suitable candidates for an investigation of
the effects of microstructure on the mechanical and tribological properties of
engineering ceramics. This is mainly due to the fact that these materials, compared to
the other engineering ceramics, have greater phase complexity and more degrees of
freedom for tailoring of microstructures.

Tailoring of the microstructure of Ca a-sialon ceramics was accomplished by altering
the starting powder composition as well as the sintering techniques and conditions. It
was shown that compositions inside the single-phase a-sialon forming region
produced mainly equiaxed grain morphologies coupled with small amounts of
intergranular glass, while those outside the single-phase region on the Al rich side
generated elongated a-sialon grains and minor secondary phases with a relatively
high glass content. Furthermore, for the same starting composition, the longer dwell
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time resulted in a coarser grain size and larger unit cell dimensions of a-sialon and
thus reduced the amount of intergranular glass, while the higher sintering temperature
gave rise to a higher grain aspect ratio with less intergranular glass. Moreover, a postsintering heat treatment could partially crystallize the intergranular glass and
introduce residual stresses at the multi-grain junctions.

A solid understanding of the effect of various microstructural parameters on the
erosion behaviour of ceramic materials has been developed. This understanding
should result in the design of better performing and long lasting ceramic materials for
use in applications involving erosive wear. As far as erosion resistance is concerned,
dense ceramics with an optimum amount of intergranular glass are recommended.
Additionally, fine-grained materials outperform coarse-grained materials, while the
elongated microstructure outperforms the equiaxed microstructure. The optimum
amount of intergranular glass can increase the bonding strength and also absorb the
energy of impacting particles via viscoplastic flow, while the interlocked elongated
grains provide some toughening mechanisms as well as hinder grain dislodgment.

The erosion behaviour of a number of engineering ceramics, namely alumina,
partially stabilized zirconia, silicon nitrides, sialons, and silicon carbides, was
examined. In terms of material loss, the Ca a-sialon ceramics are the most erosion
resistant materials, while the high-purity alumina is the least. The two types of selfreinforced silicon nitride materials have better erosion resistance than the MgO
partially stabilized zirconia and the two siliconised silicon carbide materials. In the
light of detailed SEM examinations of the eroded surfaces, a relationship between the
microstructure of the ceramic materials and their erosion performance has been
established. This relationship can be explained using the energy dissipation/energy
balance analysis based on the experimental evidence that the impacting particle
produces plastic flow at the contact zone and its surrounding crack networks.

It was found that hardness and fracture toughness were not the only factors which
determined the erosion behaviour of ceramic materials. This is because hardness
determines both the maximum load and the depth of particle penetration during solid
particle erosion. An expression for the maximum load (eq. 5.1) showed that for a
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fixed impact energy the maximum impact load increased as the target hardness
increased. A higher impact load could result in a greater amount of chipping leading
to a higher rate of material removal. On the other hand, the high hardness can impede
the particle penetration into the target surface (eqs. 5.3 and 5.4), which may reduce
the depth of the formation of lateral cracks. Furthermore, in erosion of polycrystalline
ceramics, the size of the fractured region in the vicinity of the contact zone is largely
dependent on the microstructure of the materials. Therefore, no simple relationship
between the erosion rate and the hardness can be established.

Many previous studies claimed that a better relation between the erosion rate and the
fracture toughness, especially the short-crack toughness or the operative fracture
toughness, was observed. However, the results presented in this thesis clearly
indicated that even the short-crack toughness might not be directly used to
quantitatively predict the erosion performance of ceramic materials. This is because
the fracture toughness, K\c, used here is the plane strain fracture toughness which
corresponds to Mode I fracture while the fracture involved in erosive wear may
comprise Mode I, II and/or III fractures.

The results presented in this thesis also indicate that the erosion rate of ceramic
materials is markedly influenced by the erodent properties. An erodent that is softer
than target materials produces a low rate of material removal, especially for the target
materials containing an interlocked elongated grain morphology. This finding has
practical importance as from an engineering point of view, the particles encountered
in practice are often significantly softer than ceramics. Therefore, the use of ceramic
materials with an optimized microstructure could be very beneficial if other design
criteria, such as cost-benefit ratio, are permitted.

Damage produced by wet erosion was found to be much more severe for alumina
ceramics compared to that induced by dry erosion under similar conditions. The
deleterious effect of water on crack propagation of alumina ceramics can account for
this behaviour.
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Chapter 8

Conclusions and Future Work

8.2 Suggestions for Future Work
Several aspects of this study have suggested the following areas that could be
enhanced by future work.

•

It appears that in order to further improve the fracture toughness of Ca ot-sialon
ceramics, an investigation into compositional design of the intergranular glass
which can lead to a weakened interfacial bonding strength between a-sialon
grains and the glassy matrix is necessary.

•

There is a need for further investigation into erosive wear under carefully
controlled conditions to clarify the effects of phenomena related to erodent
properties, such as erodent fragmentation and deformation, on the erosion
behaviour of ceramic materials.

•

A clear understanding of the effects of particle size and velocity on the erosion
performance of ceramics with various microstructures is also vital in selecting the
best material for a particular use.

•

In order to design better ceramic materials for erosive environments, extension of
the existing theoretical models to include effects of microstructural variables and
erodent particle properties is highly desirable.
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