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ABSTRACT

A StG-doped partielly reacted  zircon-alumina~zirconia-mulite  has
beon developed which is competitive with commercial 80% alumina
in abrasive wear resistant applications.  The material properties
were  optimized using  statistioal, experimental  design. multi-
factor analysis and hill climbing tachniques.  StO was selacted
after a prefiminary study of a number of dopants Including Ca0,
$:0, 8a0. In0 and some combinations of these. A particulss
investigation was also cartied out on the effect of Ba0 on zircon
using jonal, XRD and SEM i 2 ive fit-
orature review of zirconia-mullite processing and  propertiss
forms the basis of the study.
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SEGTION 1: LITERATURE SURVEY




1. INTRODUCTION AND HISTORICAL BACKGROUND
1.1 INTRODUCTION

The tncorporation of Zr0, as a dispersed sscond phase in a ceramic
matrix is known to result {n improved mechanica) properties, wwing
to the operation of a numder of toughening and strengthening mech-
anisms {1-4]. Most of the research in this field has concentrated,
over the past decade, an zirconfa-atumina. These materials are
now being developed commercially as engineering ceramics and have
already found use as cutting tools in favour of alumina [5,61.
More recently, increasing interest has been shown in other compas
ite ceramics containing zirconta, particularly in zirconfa-mullite
{7-10].  This finterest is reflected by the growing publication
rate $llustrated from a recent literature search (Fig. 1).

Number of papers per annum

78 80 82 84 @5 88
Year

FIGURE 1: Number of pub)’cations per annum on zirconia-muitite

One of ihe disadventages associated with zirconia-toughened com-
posites is the high cost of Zr0, purified from zircon (ir$104) by
chemical or thermal processing, Zirconta~mullite, however, can be
produced §a sity from zircon by virtue of the reaction;

~1 880 C
220810y + IAlgly ———omes 2200, 4+ 3A1405.2510 8]
zircon alumina zirconia  mullite




This processing route has been successfully used to produce ceram-
ics with good mechanical properties, compared to pure multite as
shown in Table 1. The Titerature sources of the data are shown in
square brackets.

TABLE 1: Comparison of mullite and zirconia.mull‘te properties

Fracture Toughness Kic Fracture Stress o¢
MPa i) (MPa)
Ceramic
Material
Single edge Vickers 3-point bend | 4-point bend
noten beam | indentation
Mullite 2,2 [11] | 2,2 [12) 215 [12] 269 131
2irconia-
ruilite 4,5 (147 | 2.5 [18) 330 [16] 400 143

#ore importantly, the mechantcal properties of zirconia-mullite
are comparabie to those for alumina, tyoical streagth and tough-
ness data for which are 350 WPa and 4,0 MPa.¥ respectively [17].
In addition, wear by partiule impact erosion shows good cost com-
petitiveness between zirconia-mullite and alumina [18J. This has
important curmerc.al implications. The mining and power indus-
tries use considerable volumes of debased alumina tiles for pro-~
tecting @ variety of stee) components against abrasive wear in
ore, fuel and ash handling situations. Plate L fllestrates a typ-
teal application.

The purpose of this preseat study was to develop » reaction-
sintered zircon-alumina body that would be cost competitive with
comercial 90% alumina tites 4n wear resistant applications.
Extensive use was made of statistica: cxvertmenta) design, anmaly-
sis and  optimization techniques, The disscrtation has been
divided intu two sections tor convenience. Tie first uJiscusses
the literature of zirconia-mullite pertaining to conventional
processing.  The second describas the experimental design amd
methoasiagy used, results, discussion and conclusions.
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PLATE 1: Ceramic tile Vined mild steel bend, Courtesy of Multotec
Manufacturing (Pty) Ltd.

The use of the terms zircon-alumina and zirconia-mullite requires
some flexibility. In the literature they appear to be used inter-
changeably with zirconia-mullite tending to be favoured as the
generic name, In this dissertation a distinction between the two
has been attempted on the basis of the phases existing in the
final sintered body. Zirconia-mullite {s used to refer to a fully
reacted stoichiometric ceramic. Zircon-alumina on the other hand
15 used to describe ceramics formed by partial reaction or which
are non-stoichiometric with respect to final zirconia-mullite
formation. In this latter case the term zirconia-mullite may be
misTeading.




1.2 HISTORICAL BACKGROUND

In order to put zircomia-mullite research into perspective an
overview of its historical development has been made. This is
represented diagrammatically in Fig. 2. As a generalization, cur-
rent research can be sajd te have developed from two research
areas, namely a mechanistic processing approach and a materfal
properties approach. Mechanistic processing research tends to
place emphasis on phase equilibria studies and thermal properties
of materials whereas material p-operties research places emphasis
on mechanical properties in relatfon to microstructure. Owing to
interest in high temperature resistant materials on the cne hand
and low .60st toughened ceramicy on the other, both areas of
research have merged with their respective traits.

MECHANISTIC PROCESSING RESEARGH  MATERIAL PROPERTIES RESEARGH
Emphasis on chemical equilibria .  EMpnasis on mechanical

and reaction mechanisms properties and microstructure

First reference to transforma-|

Mullite identified in
tion toughening in zirconia
1975

A10;-510, binary system
1924

r0,-A1,03~510; ternary
system first published
1965

Zirconfa toughened alumina
first produced
1978

Study of sintering of stoichid | Synthests and study of proper-
sitetric reaction 2rSi0 + ties of Zr0, mutlite ceramics
3A1,0; » 2210 + 3A1,05.2510,

1978 1980

T I

General study of sintering chemistry
and mechanica) properties of
zirconia-mullite ceramics
1981 - 1989

FIGURE 2: Histarical development of zirconia-mullite research



1.2.1 Mschanistic Processing Research

Historically a key event in the development of zirconia-toughened
mullite can probably be sald to date from the identitication of
mullite by Bowes and Grelg 1n 1924 in a study of the alumina-
sitica binary system [18]. They determined its composition &s
3A1,05.2510,.  There have since been reports of another form of
mullite with the formula 2A1,03.5i0, [13,16]. These formulae rep-
resent an alumina compositional range of 71,8 - 77,3 wt.i. The
more sual form, 3A1203.2510;, 13 the form which will = referred
2 as mullite in the text unless otherwise specified. This mate-
rial has been shown to possess excellent properties both as a
refractory and as an engineering ceramic, It exhibits good chemi-
cal and tharmal stability, high refractoriness, low creep rate,
Tow thermal expansion and thermai conductivity, medium strength
and toughness and, finally, useful dielectric properties. Some of
these properties are compared against high purity alumina in
Table 2 [17].

TABLE 2: Comparison of physical properties of alumina and mullite

Value

Proper ty Units
Alumina | Mullite]
Thermal expansion
coefficient, a 8.1 5,0 | (25-800 €} (10-8/C)
Dielectric constant 3 9,5 6,6 | (25 C, 1 MHz)

Bend strength of{ 350 270 | (wpa)
Fracture toughness Kie| 4.0 2,6 | (e}

Vickers hardness Hy 18,0 11,0 | (GPa)
Young's modutus E 400 220 (GPa}
Poisson's ratio v 0,25 0,27

The preparation of mulidite in the refractories industry is usually
by thermal decomposition of & mineral such as kaolinite in an



electric arc furnace. Impuritjes present and non-stoichiometry
cause the formation of 1iquid phases which result fn the growth of
columnar needles and the formation of cther alumino-silicate
phases as well as tonsiderable porosity. Once crystallized,
multite ¥s particulariy resistant to morphological change owing to
Tow tonic diffusivities in its structure. For this reason pure
muilite is extremely difficuit to sinter.

In addition to alunino-silicates, zircon §s also widely used in
refractory and foundry applications, both in 1ts own right and as
3 precursor to zirconia after decomposition, This decomposition
occyrs in the range 1 500 ~ 1 650 C to form zirconia and en
armorphous silica phase according to eq. 2.

2rsi0, 1500 1656 C 7 4 510, (2)

Owing to the reversible nature of the reaction zircon does not
decompose fully on its own. The wide decompusition temperature
range is a reflection of the effect of impurities on the system
which in turn affect the zirconia phases present on cooling. This
difficulty in clearly defining the zircon system prabably accounts
for the shortage of phase diagrams on zircopia-silica-metal oxide
systems untfl relatively recentiy.

In order to assist the dissociation (eg. (2)} one of the two prod-
ucts, zirconia or s1lica, has to be removed from the system. This
is conveniently dene by the thermodynamically faveurable reaction,

341,05 + 2510, “-2L. 3010, 2510, (3)
fulvite

Alumina-zirconia-silica ceramics are used in a wide variety of
applications as feeder parts, kiln furniture, crucibles and fur-
nace 1inings. The ternary phase diagram describing the system was
first published in 1965 (Fig. 3). Materials based on this system
are usually made by fusion casting or pressureless reaction
sintering of zfrcon and afumina, Interest fn the reaction and
densification kinetics of the stoichfometric reaction described in
eg. (1) necessitated the use of purer reactants and mere stringent




sio, [1713°¢)
G sutsctic
1545°C}

3A1,0,2810,
1900°C]
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FIGURE 3:  Phase diagram of the system Zr0p-Al,0p-310; (after
Butnikov and Litvakovskii) - pg. 363 ref [18]

£eeparative techniques than \s generally required in the refracto-
ey ingustry.  The first study of this nature was reported by DI
Rupo, Carruthers and Brook in 1978 [7] coinciding with the inter-
ect beiny shown n zirconia toughened engineering ceramics.

1.2.2 Mschanical Propertiss Research

Mechanical properties ceramics research plates emphasis on the
protessing of a material by conteol of its final microstructure so
s te attatn desired mechanical propertles. This requires special
attention to raw materfa) purity and phystcal morphology (e.g.
particle 3ize gistribution), and carefully controlied processing
routes often tnvalving pressure sintering.

The sintering of high purity dense mullite has proved to be
difficult. It is critically dependent on stoichiometry [11] and
reguires sub-micron powders [11,13]. Sintering for several hours
at 1 800 C has been Shown to produce ceramics of ~97% theoretical
density and moderate strength (~200 hoa : biaxial flexure on 30 mn
diameter discs) [11]. Fully dense (3,19 g/cm) muilite has been
produced from amorphous alumino-siticates produced by hydrolysis
of the stoichiometrically mixed ajkoxides [13]1. This material was
hot-pressed under vacuum at 6,8 MPa and 1 500 C for 30 minutes and



found o have & strength of 269 MPa in 4-point bending. Hot
pressing is necessary to attain theoretical density owing to the
great difficulty in sintering pure crystallized mullite. A
muliite has aiso been produced by Ismail and co-workers [19] with
a reported flexural strength ¢f 385 MPa. The mullite was synthe-
sized by calcining a boshmite-silica gel which was cold {so-
statically pressed at 200 MPa and sintered to 98% density at
1 650 C for 3 hours.

The studies by D1 Rupo and co-workers [7-10] of reactions taking
place 1n the A1,05-Zr0,-5i0, System including the stoichiometric
zircon-alumina reaction, was approximately concurrent with the
discovery of toughening owing to the martensitic tetragomal to
monociinic (t+m) transformation in zirconia  [20]. U.ing this
concept, Claussen and Jahn [14] demonstrated the potential tough-
ening effects by incorporating zirconia in a muilite matrix. This
was achieved by manipulating the densification and reaction steps
of stoichiometric zircon-alumina mixes. A two-stage sintering
sequence (Fig, 4) was used to sinter an attrition milled stoichio-
metric mix at 1 400 C for 2 hours initially, followed by 1 hour at
1600 C. This produced a dense material (3,76 g/cmd, >38%) with
good strength {400 MPa) and toughness (4,5 MPa.m%). These figures
are compared with other data in Table I.

Since the work by Di Rupo et al. and Claussen and Jahm, interest
in the zircon-alumina system has been steadily increasing.
However, progress in understanding and controlling the processing
and properties has been relatively slow when compared With, for
example, the zirconia-alumina system. This is undoubtedly due to
the complexity of the reaction mechanisms iavolving zircon,
atumina, mullite, zirconia, silica, varicus impurities or depants
and pores., The toughening and strengthening mechanisms in the
zirconia-alumina system are, in addition, not directly transfera-
ble to the interpretation of zirconia-muliite. Currently there is
considerable research activity which has, as yet, to reach a uni-
fied basis for interpretation.
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FIGURE 4:

density (g/cm®)
temperature {C}

time {R)

Diagramatic representation of 2 stage reaction sinter-
109 schedule of Claussen and Jahn [14]. At (A) only
zircon and alumina were detected. At {B) the reaction
to zirconia and mullfte 1s complete
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FIGURE 4: Diagramatir. representation of 2 stage reaction sinter-
ing sthedule of Claussen and Jahn [14). AL (A} only
zircon and atumina were detected. At (B) the reaclion
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2. RENCTION SINTERING THEORY

Reaction sintering in the Alz04~ -.if. system can be divided
into two areas for consideration, awely chemical and physical.
These will be censideres separately in r:is section,

2.1 LIQUID PHASE SINTERING

A major physical disadvantage in the processing of dense zirconia-
muilite t5 tie need for high temperatures and pressures. This has
serious cost implications in commercial production. The use of
suitable dopants that form liguid phases during sintering is one
way of overcoming this difficulty. Sections 2.2.3 and 2.2.4 on
the guaternary systems will outléne the potential of 1iquid phase
sintering from a largely chemical viewpoint. In general the
airconia-muitite titerature concentrates vn processing in relation
to microstructure and properties and does not concern itself with
the actual mechanism of sintaring. A majority of ceramics are
fabricated with 1iquid phases present during sintering as has beci
the case for centuries with pottery and bricks among other
Liquid phase sintering generally provides sufficient internal
farce through capillary sction to achieve the eguivalent of very
large external pressures, thereby obviating the need for expensive
processing technotogy.

There are, however, many practical disadvantages. Among these are
liguid phase exudation, compact slumping, excessive grain growth
and large pore formation. From a throretical point of view the
difficuities of predicting behavicur are enormous. During sinter-
ing there are three physical phases present namely solid, 1iquid
and vapour. In a magnesia-doped zircon-alumina body reacting to
form spinel, mullite, tetragonal and monoclinic zirconia with the
transient appearance of saphirine there are at least eight chemi-
cal phases and also transient and permanent |iquid phases present
at one time or another. This resuits ia multiple solubility, vise
cosity and diffusivity cffects interacting with the various inter-
facial energies, fonic mobilities and gencral thermodynamic
effects. Controfling 1iquid phase sintering 15 therefore neces-
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sarily an empirical affalr, usually involving the manipulation of
heating rates, soak time and temperatures together with other
controllable parameters such as dopant concentration and particle
size of raw materials.

2.2 CHEMICAL ASPECTS OF REACTION SINTERING

There are two main processing routes to zirceaia-muliite ceramics.
The first and mest important commercially iv by reaction sintering
zircon and alumina as represented by equation (1). The second
which is more of research interest is by reaction sintering a pre-
multite powder with zirconla as represented in equation (4)

K105 + 2810, + KIP0p ————~ 3A105.2510, + X210, (4)

The transformation of ziecon and alumina to zirconia and mullite
can be represented by the single scheme shown in Fig. 5, showing
clearly the two distinct stages of the reaction namely zircon
decompesition and mullitization, Figure 5 can also be represented
in thermodynamic terms as 11lustrated 1n Fig. 6 [10].

2zrsio, |€
g
8|48
alg(22)8
HEEE M
4 8
i £
&
" la .
BALO, + 28i0, 1995 3010,2500,
+ Muliitization
22rQ,

h

FIGURE B: Schematic representation of zircon-alumina reaction
to form zirconia~mullite
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temperature (K}

(46) versus temperature for the zircon-
W-myllite reaction after D Rupo and

Trese two stages will be considered in turn followed by a brief
gescription  0f  two  quaternary  systems  consisting  of
B.,05-2r0;- $10; and C40 and MgD respectively.

24741 Dissociation of zircon

In tae resction represented in Figs 5 and 6 it is important to
cuntre! the kinetics of the dissociation of zircon or modify the
thermagynamics as this has a divect effect on the formation of
ma1tite and hence the microstructure and properties of the fing)
uterial,  Pena and De Azt [?1} reviewed the ihermal stability of
©on ay reported by a rumber of authors since 1920,  They found
cersiderable disagroement with reports of congruent melting at
2 430 € and 2 550 €, incongruent melting at 1 775 C, and dissocia-
tion from 1 400 - 2 00C €. They attributed this disagreement to
incorrect analysis of experimental results, poor analytical tech-
niques and the use of zircon with large differences in the nature
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z i and proportion of impurities. A typical amalysis for ;ircon mined
at Richard's Bay in Natal (RSA) {s given in Tat.e 3, showing a
[ total impurity coaient of ~0.8%.
i
TABLE 3
Haterial Zircon
Supplier Ferro Industrial Progucts*
N Brakpan, South Africa
Type F.2,0. SIF
, Average particle size (um)** 0,9
! % 210, 65,9
" % S10prex 32,0
: % Alg0; 0,12
% Ti0; 0,1
F % €ao 0,08
L % Feyly 0,08
# MgQ 0,02
% Nagh -
! * “'ined by Richard's Bay Minerals, Richard’s Bay, Natal, South Africa,
‘ +  Sedigraph 5000
**% Approximately 0,4% as free $10,.
The effect of these impurities can be elucidated with reference to
’ Ftgs 7-9 [21]. Figure 7 represenis the bimary system of Zr0,-$10,
showing the decomposition of zircon occurring at 1 676 C. Zircon
sand, however, has significant impurities of $1C,, Al;0; and Ti0z.
Owing to their low concentration in zircon these wil) exist in the
sub-system zirconia-titanate, zircon, mullite and silica of the
quaternary system Zr0p-Alp05-§10,-Ti0, as shown in Fig. 8. The
first formation of a 11quid phase will be at the 1 450 C $nvariant
point in the sub-system represented by ‘'s' in Fig. 8. This 1s
226 C lower than that for the binary system in Fig. 7.
«
4
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FIGURE 7: Zr0;-S10, system [21]

AT
A si0, AS,
si0, -

Solid state relationship in the Zr0;-Al03-T10, system,
(excluding soTid solutions) [21]



(Ay S, ALO, 1550C  1660C 20,(28)

FIGURE 9:  Projection through Si0, of the ZrOp-Alp03-510,-Ti0,
system showing phase boundaries and isotherms [2L]

The situation represented above is pecessarily a simpler case than
that likely to occur in practice as it omits the presence of solid
solutions and other contaminants such as Fe,0 that may be presant.
However, it serves to illustrate the effect of low impurity con-
centrations in forming small guantities of liquid phase that could
have an enhancing effect on rates of reaction and demsification.
The preseace of liguid phases containing silica and titania has
been demonstrated by Pena et al. [22} in sintered zircon as well
a5 reaction zones between rutile and zircon. While these inclu-
sions usually occur between grains, glassy phases have also been
detected within zircon grains.  Pena and de Aza argued that
although the presence of impurities lowers the dissociation tem-
perature of zircon this is insignificant compared to the large
Towering of temperature at which iiquid phases first appear [21].
Assuming the validity of this argument the presence of impurities
dominates the kinetics rather than thermodynamics of the system.
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2.2.2 Reaction of b0y and §i0; {mullitization)

The mullite system can be better appractate. by considering the
development of the binary phase diagram of .10, and Aly03.
Despite belng the subject of considerable research over tht years
the 1iterature remains contradictory. This may be due to the
slugaish kinetics often present in these systems, resulting in
differeices of {nterpretation. Metastable phases and solid
solutfons, both highly susceptible to processing conditions, can
oceur which complicates the analysis of such a system.

Bowen and Greig [23] first constructed a binary A10;-$10; phase
diagram in 1924 (Fig. 10). This diagram shows the presence of
pure mullite which melts incongruently at 1 830 C and having a
fixed composition, 3A1,05.2510; (71,8 wt.% Al0;), Subsequently,
however, there have been conflicting reports, in particular the
identification of mullites of ccmposition, 2A1,05.510,  (77,4%
Al0;) and congruent melting of mullite. Aramaki and Roy [24]
revised the phase diagram showing a stable mu!lite solid solution
in the range 71,8 - 74,3 wt.% (Fig. 11). They also demonstrated
that mullites can be prepared from the 3/2 ratio up to 2/1, indi~
cating the pessible presence of mallite with an alurina content up
to 77,4%. This latter material was prepared by arc-melting pure
kaolinite and hydrates alumina. This work permitted an explana-
tion of the observed congruent melting, showing a melting point of
1850 €, but did not explain the incongruent melting observed ear-
Tier (F1g. 10).

1t was Aksay and Pask [25] who explained both melting modes using
a diffusion couple experimental technigue developed by Davis and
Pask [26]. This technique has proved effective for obtaining sta-
ble and metastable phase equilibrium data. Incorporating their
Fesults with those of other workers they proposed the phase dia-
gram illustrated in Fig. 12,

The diagram shows the presence of a stable muliite solid sotue
tion, a metastabie silica-ordered mullite soiid solution and a
metastable silica~disordered mullite solid solution. The stable
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mullite has & solid solution range from 71,6 - 74,0 wt.% Al,Qy at
1 813 €, melts incongruently at 1 830 C in agreement with Fig. 10,
however, can melt congruently if superheated.

The silica-ordered mullite has a solid solution range up to
~77 wt.% Aly0; and melts congruently at ~1 880 C while the si}ica-
disordered mullite has @ range extending to ~83 wi.% Al0y and
melts at 1 900 C. Aksay and Pask [25] concluded that metastable
phase equilibria result from various difficulties assoctated with
nucleation of phases. In general mu)lite formed at temperature by
a solid state reaction 15 ordered and of the 3A1;03.2510, type
while mullfte formed from a liquid pnase is disordered and of the
2A1505.510; type.

The presence of dopants and impurities further compiicates the
A120;-810; binary system, however, despite a large number of
fnvestigations (reviewed by Rodrigo and Boch [1i]) defintte con-
clusfons cannot be drawn. This is due to contradictory infarma-
tion, a result of lack of precise details and the use of natural
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raw materials which may have introduced impurity effects. Diffi-
culties with expurimental techniques may alse cause probiems.
Dopants or impurities often exist in solid solutions, analysis of
which requires sophisticated techniques. Solid selutions of
2r0, in mullite have been studied [27,28) and up to 35% Zr0, has
been reported.

Solid sclutions have alse been reported for other oxides namely
Fe03, Crp0; and Ti0; with solubilities of respectively 10-12%
abave 1 300 C, 8-10 wi.% above 1 600 C and 2-4% above 1 300 C
[31]. The solid solutioens cause an increase in unit cell volume.
It appears that the presence of Fe03, Til, Ca0 and Zr0; facili-
tate mullitization although there is contradictory evidence on the
effect of Fen0y [111.

2.2,3 Tho Ab03~2r0;~Si0,-Ca0 systom

From the foregoing discussion it is clear that in conventional
seramics processing any discussion of the Al;03-Zr0-510; system
has to take cognizance of the effects of impurities. The possible
impact of these effects can be gained by considering the work done
an four phase systems by Pena ef al. [29-31], These studies con-
cerned the quaternary systems Zr0;-Alp03-S10;-X0 where X0 repre-
sents Ca0, Mg0 and T10 respectively. The Ti0, system has been
discussed above in Section 2.2.1, The Cal and Mg0 systems will
now be discussed briefly,

In the A10;-7r0,-$10,-X0 system, Pena et a7, specifically studied
the reaction;

(2+2X) TrS104+3A1,054X (A1,044Ca0) »
zircon
(242X) 2r0+3A1,0.2810,4XCaA] 51,0 (5}
mullite anorthite

where X was equal 0, 0,3 and 1 [28], The relevant phase diagram
is shown in Fig. 13. The progress of reaction was foilowed by
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ditatometry (Fig. 14) and quantitative XRO (Fig. 15). The XRD
analysis of the different phases was in terms of the relationships,

Gz
e M Pogeg

where Gz, Czs, Cmand C, are the concentrations of zirconia,
zircon, mutlite and alumina respectivety,

The presence of Cal had a significant effect an hoth densification
and reaction. The shrinkage behaviour for X=0 and x=1 (Fig. 14}
are quite different. Where no Cad was present shrinkage was
smooth with respect to temperature. However, with x=1 two stages
were observed. Inftially, (1 200-1 400 €} shrinkage was reduced
relative to the undoped material while above 1 400 C the contrac-
tion increased significantly beyond that for the undoped material.

Ca0(C2)

FIGURE 13: Projection through the ZrGp-corner showing secondary
phases crystallizing during freezing from ZrOp-Aly0y-
510,-Ca0 mixtures containing 60 wt.% 2r0p [29]
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FIGURE 14: Shrinkage of X=0 and X=1 samples as a function of tem-
perature {297

The evolution of both mullite and zirconia was observed at 1 425 ¢
with respect to time (Fig. 15). With x=0 the decomposition of
zircon and appearance of mullite occurred simultaneously. Increas-
ing additions of Cad increased the rate of decomposition of zircon
and formation of mullize, however, the presence of Ca0 resutted in
a delay before muilitization began.

These effects on both shrinkage and reaction can be explained by
the formation of anorthite at ~1 206 C when Ca0 is present,
Recently Rincon et al, [32] studfed the reactton with x=1 using
XRD, electron microscepy and microanalysis. They summarized the
reaction seguence by the scheme shown in Fig. 16. The reaction
starts with the formation of anorthite and decomposition of
zircon.  The local co-existence of anerthite, zircon and zircenia
produces a transient liquid phase corresponding to the Towest
invarfant point of the Zr0p-Aly0;-510,-Cad system at 1 200 C
{Peint x 1in Fig. 13}, This non-equilibrium situation proceads
towards the final peritectic equilibrium point at 1 440 C in the
zirconia-mul){te-anorthite system (X+¥Z in Fig. 13). Ak higher
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FIGURE 15: Evoluticn of a and B 'or compositions x=0, 0,37 and 1
s a function of time, at 1 425 C [29]

FIGURE 16:  Schome of the reaction sintering of Zr0a-Al0y-510p-
a0 after Rincon et al. [32). = Zr0p, C = Cag, A =
Alp03, An = CaRl,Stg0y, M = 3A103.2840;, 28 = ZrSi0y

temperatures, anorthite disappears and a permanect 1iquid phase is
present together with dlumina, millite and zirconia. It was alse
shown that as the mullite grains grow they trap some ZrQ, parti-
cles, and alumina grains which are prevented from reacting.
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The microstructure of the Ca0 doped material showed multite grains
with an efongated rectanguiar prism morphology. The dimensions
ranged from 5-10 ym in length and 1-2 pm wide. Two types of
zirconia were observed; one had a particle size of <1 pm, was
spherical and intragranular while the other was intergranslar,
equiaxed and had a particle size of 1-2 ym [29].

2,24 The Ah03-Zr0,~$i0,-MgO system

Tnvestigating the Al,03-Zr0;-$10,-Mg0 system Miranzo and co-
workers [30] studied the reaction,

22r$10,4381,039%(A1054HG0) ¥ 2210, H3A1,03, 2510,4XAl Mgy
zircon il Tite spinel

As with the previous study the compositiens investigated were
those with x=0, 0,3 and 1. The relevant phase diagram is shown in
Fig. 17. The reaction sintering was followed by XRD and dilato-
metry. XRD showed the formation of spinet (AlMg0,) below 1 350 C;
the presence of spinel, zirconia and saphirine (AlygMu,S1033)
betwsen 1 380 C and 1426 C, and finally the formation of Zr0p,
spinel and mullite between 1 425 C and 1 450 C with the disappear-
ance of saphirine, The presence of a ligquid phase accelerated the
shrinkage (Fig. 18), however, there was no initial delay in
shrinkage or my}1itization (Fig, 19) as reported for the Cad doped
system.

Zircon decomposition and mullitization occurred simultaneously,
both {increasing with increased Mgd comtent. Microstructures of
the Mg doped material showed considerable poresity, A mora
recent paper bv Miranzo et &7, [33], however, shows much wore com-
pact microstructuras rbtained with the same system.

2.3 PHYSICAL ASPECTS OF REACTION SINTERING

Wihersas the chemical aspects of reaction-sintering can largely be
described in  thermodynamic terms, the physical aspects are moere

(6)
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FIGURE 18:

50,

Tentative projection of the primary volume of crystal-
1ization of 2r0; on the opposite face (Al,0s-Mg0-S10,)
of the tetrahedron Alp03-Mg0-510,-2r0;, showing phase
boundaries isotherms and solid state compatibilities [30]
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FIGURE 19:  Evolution of reaction for x<0, .3 and i, plotted
against time at 1 450 ¢ [30]

canveniently approached from a kinetic point of view. Reaction-
sintering essentially nvolves two interacting phenomena, namely
densification and reaction. In the zirconta-mullite system both
orcur by fonic diffusion of the initial species.

The diffuston occurs by ionic movement down stress gradients cre-
aked by applied pressure; chemical potenuial gradients dictated by
thermodynamic equilibrias and by the existence of survaces of
differing curvature. A major problem of analysing densification
kinetics has been that of separating the contributiens from dif-
ferent processes such as particle rearrangement, plastic flow,
lattice diffusion, and grain boundary or second-phase diffusion.
A procedure has been developed {71 for identifving successive
atages in densification and !5 based wpon the link that cccurs
between deasification rate and reaction rate for a system in which
the same diffusing fon is responsible for buth processas.

For such & situation the retative rate of densification and rela-
tive rate of reaction are describec by the equation,

1 dj £ 1 adv
IR R @
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where p and ¥ represent the density of the green body and the con-
centration of one of the original constituents respectively, The
t subscript indicates the instantaneous vajue at time t, S is the
probabitity that the diffusing atom takes part in the reaction,
and G s a geometrical factor which depends on the model used.
Based on the grain boundary diffusion model proposed by Cable
{Fig. 20) for deformation by grain - boundary diffusion [34,351, G
has been calculated to have a value of 2/ [35].

FIGURE 203 Oiagrammatic representation of the propcted grain
boundary diffusion model of Coble. The :zacting
grains are assymed to be spheres, and material dif-
fuses through boundary layers to the grain surfaces
adjacent to pores. After Anseau ek al. [36]

0 Rupo et al. [7] proposed that the refative rates of densifica-
tion and reaction for hot-pressed reaction-sintered zirconia-
muliite should follow that described by Fig. 21. The rates can be
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J seen to proceed in three distinguishable stages. Initially (A),

; densification rate greatly exceeds reaction rate. This stage is

J characterized by particle rearcangement,  Secondly (B} it is
@ ! assumed that both densification and reaction otcur by grain bound-
ary diffusjon and the slope of the curve is representative of geo-
metrical and statistical constraints. Fimally (C), full densifi-
cation has occurred and final reaction by diffusion processes
occur. The nature of the plot described (Fig. 21) changes with
differing applied pressures ang temperatures and these effects
will be discussed in the subsequent two sections.

|

Reaction rate /10"

28 G 3

Densification rate / (10*s™)

FIGURE 21 Plot of reaction rate and densification rate for
hot-pressed zircon/atumina, ~Tter 01 Rupe et al. [7]

2.3.1 Hot-press reaction siatering

Di Rupo et al. [8] studied het-press reaction sintering of zircon-
aluming based on Cobie’s creep equatten [35],

B G 47,5 By W R
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where D, 1s the controlling diffusion coefficient in the houndary
phase, w is the width of the boundary phase, L 15 the grain size,
R the volume of zircon and alumina transported by one atom of the
rate-controliing species and Pa the applied pressure.

The densification rate was shown to be linearly dependent on
applied pressure in agreement with Coble. Of particular interest
was the effect of dopants on the denstfication rate. Figure 22
shows the effect of NayO dopant addition on the densification rate
at the temperature and pressure shown. This was foterpreted as
increasing the boundary width w in equation {8), as explained in
equation (9),

W= Wy bk [Nag0] 9)

N

3
%o o
3

z /v./

<

g

e 1450°¢
N 20MNm-2

& 18 25 38 2
Weight Fraction Na,0/10"%

FIGURE 22: Relationship of densification rate of zircon-alumina
on the variation of Na,0 content [8)

where w, is boundary thickness in an undoped sample, k is a con-
stant and [Na,0] 1s the coacentration of Na0. From the intercept
it was deduced that in the 1imit of the model there was a boundary
phase layer equivalent to ~0,25% Na0. This was in close agree-
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ment to the analysis of impurities in the zircon and alumina given
as % MO and W0,

The densification and reaction rates were measured on an undoped
stofchiometric mix at constant temperature with varying applied
pressure and at constant pressure with varying temperature. The
results are shown in Figs 23 and 24 respectively and 1n both cases
show that the pattern follows that outiined in Fig. 21.

Rel reaction rate/10"sec™!

Relative densification rate /10 *sec”

FIGURE 23:  Relationship between denstfication and reackion rates
for zircon-alumina reacted under different pressures
as reported by Df Rupe et al. [8]

2.3.2  Pressureless reaction sintaring

The relative densification and reaction rates were similarly stud-
ied for pressureless reaction sintering at different temperatures
as shown in Fig. 25 [9].

The definition between Lhe ithree stages is much loss clear than
for the hot-pressed system, particularly at lower temperatures.
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These differences are clearly shown by comparing the densification
profiles of hot-pressed and pressureless siniering illustrated in
Figs 26 and 27 respectively. In pressureless sintering the tower
tamperatures show a clear densification profile. This anomaly is
Jue to the reactants having a higher density (~4,3 g/m®) than the
producis (~3,8 g/em?) and densifying faster tham the reaction.
This means that the model based on the same fon iavoived in
densification being involved 1n reaction does not held true under
all condittons. This varfability was used to advantage by
Claussen and Jahn (141 as has aiready been described fn Fig, 4.
The densities achieved for zirconia-mullite by simple profite
statering witheut pressure are low, giving values of about 96% of
the theoretical density. Densifying the reactants prior to reac~
tion attatns greater than 98% of theoretica) density,

ey
P — c
< ey
g &
g
Z
°
(=3 20HNm : I:ﬁg:c
[ ]
E ] 1550:3
§ 180008

200 300 40
Time/sec

FIGURE 26: Densification data during hot-pressing of zircon-
alumina at constant pressure and varying temperature (9]
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s & 1 6
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FIGURE 27: Densification data during pressureless sintering of
zircon-alumina at varying temperatures [9]

2.4 SUMMARY

Reaction-sintering pure zirconja-muliite 15 a complex process
requiring high temperatures and pressures which presents certain
timitations to its wide-spread commercia) use. Hot-press reaction-
sintering at suitable pressures and temperatures can result in a
steady-state densification/reaction relationship. At lower
sintering temperatures and in the absence of pressure, however,
there fs a tendency for reactants to densify prior to reaction,
This phenomenon has been exploited to achieve high density ceram-
1cs 1n the absence of applied pressure.

The addition of suitable dopants has the facility of lowering the
densification and reaction temwperatures which 1is commercially
attractive. The doped systems are, however, complex and detalled
knowledge of the interaction of phase chemistry with the physical
processes of sintering is essential to prodicing good quality
ceramic bodies,
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3. MECHANICAL PROPERTIES AND PROCESSING

Zirconia-mullite research has developed rapidly since its incep-
tion and research interests now cover a wide range. A survey of
recent publications {pest 1985} covers a range of topirs including
stip casting [37]; processing from plasna sprayed zircon [38],
dissociated zircon [39], amorphous zircon and atumina [40]; and
development of S1C whisker retnforced hodies [41]. Investigations
of microstructure and properties are using more sophisticated
techiliques including TEM [42]; acoustic emmission [43] and catho-
doluminescense [44]. These studies are not directly addrassed
here as the focus of the present work 15 on streagthening and
toughening mechanisms. This section therefore describes the sali-
ent factors affecting toughening and strengthening mechanisms in
ceramics 1in general with reference to zirconia-mullite studies
where available, There then follows a general description of proc-
essing effects on micrastructure and properties which has the pur-
pase of outlining the state of the art at present.

ENY AND M

The theory of toughening and strengthening mechanisms operating in
zirconia-mullite have largely been worked out on other reramic
systems, in particular on zirconia, alumina and ztrconia-alumina.
The intensity of research on zirconia, and zirconia-alumina sys-
tems has not been matched in zircomla-mullite, and attempts to
directly relate mechanisus of transformation and microcrack tough-
ening have not proved altegether successfui. Part of the problem
can be attributed te difficuities imherent in testing techniques,
For various reasons different toughness testirng technigues can
give very different results [45]. Although variations of tough-
ness with tast technigue has been given some atkention [45-47],
this is more often than not Ignored when gquoting data from the
literatura, Under these circumstances there s a very real danger
of arriving at incorrect conclusions concerning the properties of
a material. Ideally & range of tests under different conditions
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should be conducted in order to characterize a ceramic for a par-
ticutar application. This s both expensive and time consuming
and 15 thus rarely carried out. Variaticn in toughness data is
generally small for zirconla-mullite whes compared te zircenfa-
aluminas ard this reduces the Importance of this particular
problem.

Strength tests pose a different set of considerations when compar-
‘ ing data from different sources. Considersble differences in
results can be achieved through variation in sample dimensions and
testing geometry.  For example 3-point bending usually gives
20-30% higher strength figures than 4-point bending. It is there-
fore, important to consider carefully the relevance of test tech-
| nigue to the end-use of the material or problem beling studied.

A nember of toughening mechanisms have been proposed in ceramic
materials. These have mastly been studied in specific materials
where a particular mechan:sm is clearly dominant. The situation
with zirconfa-muliite is more amb'guous for two apparent reasens,
- Firstly, there is a considerable range of microstructures and com-
positions covered under the term 'zirconta-muilite’, and secondly
toughening may result from several interacting mechanisms with
none clearly dominant.

The best known toughaning mechanism operating in zirconia systems
15 that due to transformation toughening which has received an
inmense amount of tnterest and has been widely reviewed [6,48-53].
Considerable research and discussion has also been focused on
microcrack toughening {1,54-56]. In zirconia systems these two
mechantsms tend to dominate the properties. Other Tess important
mechanisms also exist such as crack deflection toughening., The
dispersion of a secund phase {n a ceramic matrix resuits in com-
plex stress fields due to thermal and elastic mismatch, These
stress fields interact with that surrounding z crack and can
result 1n a toughening inerement. This has been studivd by Lange
. {67].  Gensral microstructural considerations such as crystal
type, shape, size and orientation aiso play a rele.
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Wallace ef al. [58] have shown that transformation toughening is
ef.ective fn zirconfa-muliite (Fig. 28). They found that the usu-
sual microstructural development involved in reaction-sintering
formed round zirconia particies which resulted in the tetragonal
phise being stable with a particle size of up to approximately
1,0 um. This compares with a maximum of approximately 0,6 wm in
sirtered composites such as undoped zirconia-alumina.

] 5 10 3
Transformable Tetragonal Fraction, %

FIGURE 28: Measured fracture toughmess of reaction sintered
zirconfa-mullite as a function of transformable
tetragonal zirconia, after Wallace et al. [38}

Grain boundary toughening due to the presence of solid solutiens
has been propesed by Moya and Osendi [12,27] in sintered zirconia-~
mltite. A thermodyaamic mechanism was proposed [58] invelving an
e.astic enorgy term related to the solid solution interface
between zirconia and muiitte grains as determined by TEM [26]. It
may be argued that this toughening mechanism {s similar to crack
defiection toughening.

Mora recently microsracking and twinning of transformed zirconia
has been shown to exist in doped [42] and stoichiometric [60]
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zirconfa-muliite. Twinned crystals tend to exhibit a certaln
degree of debonding between gratn and ia‘rix.  This suggests
toughening in these systems to be microcrack related.

The examples of toughening mechanism; described above have been
studied on zirconia-mullites processed by very different routes.
Some aspects of processing and the effects on properties will be
discussed in the next section.

3.2 THE EFFECT OF PROCESSING ON PROPERTIES
3.2.1 Influence of dopants

The most extensive work on the effect of dopants in the Z2r0; -
muliite system has been undertaken by Pena et ai. [29-31] using
Ca0, Mg0 and Ti0,. Their results are summarized in Table 4. The
dopants were added stcichiometrically so as to form spinel, alu-
minium titanate and anorthite respectively for Mg0, T10; and Cal,
as minor phases in a Zr0;-multite ceramic.

TABLE 4: Effect of dopants on Zr0-mullite properties drawn from
refs [29-31]

Minor Phase | Vol % o¢ (MPa) Kic (MPa.m#) | Firing Temp. Time
3-point () (Hrs)
Spinel 6,4 328 4,6 1500 2,25
18,6 258 4,5 1 250 1,5
Aluminiun 6,2 210 4,9 1 500 1
Titanate 20,8 250 4,7 1 500 2
Anorthite 18,1 270 4,4 1450 2
29,6 238 4,3 1 450 2

The volume percent of minor phase present in the sintered product
has a strongly deleterious effect on strength as is 1llustrated
in F1g. 28. This 1s a major disadvantage of using liguid phase




el

Three point bend strength (Mpa)

8
380
m m = spinel
\\ t = alominium titanate
$ < = anorthite
300
250

10 20 30

Percent volume minor phases
FIGURE 29: Plot of strength versus volume percent of minor phase

sintering which is primarily v Mloyed to lower sintering tempera-
ture and hence reduce production costs. In these materials no
retationship was observed between the tetragonal zirconia content
and strength or toughness which differentiates them Ffrom the
undoped material studied by Walluce ef al. [58] (Fig., 28).

The only other dopant reporteu .n the literature in this system
has heen Y;05. This work by Joliet et af, [61] showed that the
addition of yttria increased the amount of mechanically trans-
formable zirconia. However, toughness remained constant below
5 wt.% Yp03 additfon and then decreased. This aiso supports the
view that transformdsion toughening way be of only marginal sig-
nificance in doped zircenia-muliite. The variation in Young's
modulus and porosity in the materfals examined indicated substan-
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tial microstructural variation which could have masked effects due
to tetragomal zirconia. Atso the metiod ov measurtng toughness
was by Vicker’s indentetion which tends to give artificially high
toughnesses 10 porous materfals which adds anather potential
source of varfation. The hardness resuits reported were very low
at 4,5 - 5,0 GPa compared to 12,6 GPa reported for uncoped
irconia-mellite [15].

3.2.2  Varfation of stoichiometry

he stoichiomet ; of reaction sintered zirconia-muliite can be
varied by adding either silica, or excess zircon or alumina. %y
maripulating tag stoichiometry in this way Orange et al. [16]
studied the properties of three zirconfa-mullite mixes, two of
which had varying quantities of resicual alumina. The materials
were all sintered in 2 single step process with 1,8 wi.4 magnesia
added as a sintering aid. The sintering details and mechanical
proper=ies are sumarized 1n Table 5.

TABLE 5: Processing and properties of data for vartous zircana-
alunina-mullites (from Orange et al. [161)

Composi-| Vo1.% of Sintering Sintering
c {Hrs)

2 o Kie
tion phases present] temp. {C)| (MPa) | (Mpa.m#)

75 muilite

1 1 500 0,25 270 4.6
25% Ir0;
56% mullite

H 26% A10; | 1500 0,5 318 4.75
18% Zrf);

11% mullite
3 72% Al0y 1 500 2 330

5,25
17% 200,
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Composition 1 ciearly showed the effects of 1iquid phase sintering
with muilite needies in excess of 10 mfcrons Tong with rounded
zirconia particles both inter- and intragranular. This differed
greatly from compositions 2 and 3 which showed facef:d inter- and
intragranutar zirconia with faceted mullite and alumina, with an
average grafn sfze of 3 and 2 microns respectively. Compasition 2
tended to have larger more rounded grains than the high alumina
material. The large grain size of the stoichiometric compositien
occurred despite a very short sintering time.

A fractographic study of four zirconia-mullite-aluminas showed
that different fracture behaviour and microstructure couid be
engineered with materials of identical chemical ompositions [43].
The materials were processed according to the stoichiometry of the
equation

2rSi0, - 0,3{4g0 + A1,05) + 7,4A1,0 » (10)
2210, + 3A1503,2510 + 0,3Mg0.AT0; + 3,4AT;03.

The microstructure was modified by varying the dopant using either
spinel or magnesia, and varying the sintering time. The mechani-
cal properties are reproduced in Vable 6. The choice of Tower
sintering time was due to larger volumes of luser-viscosity 1iquid
phase which can form at low temperatures due to passible Mg0-5i0,
phase formation.

TABLE 6: Mechanical properties of zirconia-mullite-atumina after
Baudin et al. [43]

sample | Dopant | Sintering Time | Toughngss | Strength [ Weibull
No. {mins) (MPa. ) {MPa) | Modulus
1 |Spinel 120 4,3 #0,4 | 316 £33 9
2 |spinet 210 4,1 40,2 | 273 226 H
3 [Magnesta 90 3,0 80,2 | 241 33 12
5 | Hagnesta 180 4.220,2 | 314 228 10
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Two general pbservatisns from the data are that the magnesia doped
material produces ceramics with higher strengths. as does [ower
time of sintering. The strength and toughness of these materials
appeared to Le due to microcracking and crack-deflection. The
contribution of zircenia seemed to be strongly related to the
nature of the grain boundaries. The magnesia-doped material showed
the existence of a continuous composition change across grain
boundaries whersas the spinel-doped material showed microcracking
phenomena around the zirconia boundaries suggesting the presence
of glassy phases. The higher strength of the magnesia, low-time-
sintered material was attributed to the absence of microcracks
with crack-deflection as the toughening mechanism.

The reduction in strength with time of sintering suggests that
eguilibration of phases may result in a growth of Intergranuiar
glassy phasés due to impurities. In addition the longer sintering
times will result in a larger average grain Size which will also
be deleterfous to properti»s. The presence of excess alumina
probably has a number Of effects namely, preventing excessive 11g-
uid phase formation, inhibiting multite grain growth, while acting
45 stress concentrators and microcrack initiators.

The two papers discussed in this section support evidence of a
multi-factor toughening mechanism in zircania-mullite and suggests
better properties can be achieved with excess alumina with the
zirconia-mullite reaction.

3.2.3  Other factors affecting procsssing

Frocessing reaction-sintered zirconia-mutiite tnvalves the inter-
action of a great number of factors, most of which have bren stud-
fed at one time or another although few have been studied
together. A typical approach used in investigating the zirconia-
mullite system is to study tne effect of either stoichiometry or
dopan concentration, along with sintering temperature and time,
against efther propertles or microstructure. Probably the most
Systematic study of this pature was by Leriche et :I. [62] who
Studied the effect of magnesia content, firing temperature and
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time on the densification degree of reaction and microstructure
of reaction sintered zirconia-mullite, They found the optimum
magnesia cont-at to be between 1 and 2% with higher contents hin-
dering mullite crystallfzation. Increasing time, temperature and
magnesia ultimately ieads to substantial zirconta and muilite
grain growth. Zirconia grain growth was shown to occur by a
dissoiution-precipitation mechanism.

The particle size of the alumina powder can have a major effect an
the sintering behaviour of zirconia.mullite. Moya et al. [63]
studied the effect of a 0,5 ym and 3,6 um average particle size
alumina 1n calcia and magnesia doped materials. They found that
the finer alumina compacts showed oxcessive grain growth and lig-
uid exudation to the surface. This did not occur with compacts
containing excess atumina.

3.3 SUMMARY AND BACKGROND TO EXPERIMENTAL DESIGN
3.,3.1 Summary

Processing trends in this system have developed, favouring doped
routes usually invelving calcia and magnesia although titania and
yttria have also been studied. Liquid phase sintering, uniess
carefully controlied, can result in excessive mullite and zirconia
grain growth. This can be controiled by varying particle size,
temperature and time of sintering, amount of dopant and stofchi-
onetry particularly in the form of added alumina.

Tuughening and strengthening mechanisms have been evaluated and
although transformation toughening has been demonstrated, the con-
sensus of opinfon is that this {5 unimportant relative to other
mechanisms. These are belfeved to bs & combination of microcrack
tougheaing and microstructural effects such as stress concentra-
tion points and grain boundary phases, Over-sintering can occcur
and results in poorer properties probably due to relief of inter-
nal stresses or increasing glatsy phases at grain boundaries or a
combinatfon of the two.
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3.3.2 Background to Experimental Design

Extensive use has been made of statistical experimental design
techniques during the course of this jnvestigation. These were
based on factorial designs, response surface methods, multi~factor
anatysts of variance and component estimation methodelogy. an
extensive bibliography [64-70] and standard computer technigues
were used in support., The latter specifically used the Quattro
spread sheet package (1987 versfon) by Borland International for
data manipulation and Statgraphics (verston 2.6) by STSC Inc. for
statistical analysis and graphics generation.

Classical research, in determining the effect of variables on a
measured parameter, is based on the one-parameter-at~a-time
(OPAAT) method, This methed, in which experimental factors are
varied one at a time, with the remaining factors held constant,
was formerly regarded as the only correct way to conduct research.
This approach provides an estimate of the effect of a single vari-
aple at a selected fixed point in a multivariavle space. However,
for such an estimate to nave any general relevance, it s neces-
sary to assume that the effect would be the ssme at any other
point in the multivariable space. In reality, this s rarely the
case. As & result there has been growing interest in the destgn
and analysis of multiparamster experiments, which allows greater
depth, precision and comprehensiveness to be attained in
research.

Hultiparameter experiments based on factortal designs have the
following advantages over 'OPAAT' methods.

+ For statistical reasons they determine the effect of variables
with greater precision for a given numper of runs. For exam-
ple a factorial experiment requires eight runs to measure the
effects of three parameters, whereas an 'OPAAT' design
requires 24 runs to attain the same precision.

* They can detect and measure interactions between variables in
a manner not possshle for 'OPAAT' designs.
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+  They provide a means of quickly optimizing or minimizing a
desired parameter by suitable manipulation of varisbles, a
task that is difficult for 'OPAAT' designs.

*  The data obtained from factorial designed experiments (s in a
format which is ideal for computer aided nathematical model-
1ing and statistical analysis.

A particular characteristic of the data produced in experimental
designs 15 often the appearance of, for example, poor mechanical
properties which would not normally be taken into consideration in
classical experimental procedures. Tnis data 1s, however, criti-
cal in directing the course of further experimentatfon. The power
of the technigue lies in the phenomenon that no 1informatfon is
wasted.

The central feature of the techniques is the principle of ortho-
gonality. Orthogonality in experimental design enables several
parameters to be tnvestigated in a carefully designed experiment
so that information about each is unambiguous when analysed. Many
designs are availahle with varying degrees of complexity and are
coliectively termed orthogonal or factorial designs. One spacial
feature of factorial designs is that they also provide quantita-
tive information on parameter interactions which is often critical
to understanding complex systems. The basis of these technigues
was developed by Fisher {70] in the 1820's while working on
increasingly complex agricultural field trials laid at Rothamsted
and elsewhers in England. Typfcal problems being studied were
experiments comparing the yield from several varieties of wheat.
In experiments of this niture 1t was difficult to separate the
effects of the differu . wheat varieties from other important fac-
tors such as weather -onditons, type of soil, position in field
and variances in fer.lifzer and minerals among others. Another
difficulty was separation of experimental error due to extraneous
variations due to the parameters being “rvestigated. Wnile study-
ing these problems Fisher jaid down the hasis of analysis of vari-
ance which has since found applications w a wide variety of
fieids,
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The use of orthogonal designs has particularly been developed in
China and Japan in recent years for experimental optimization and
is considered to be a major factor {n the success of Japanese
quality control groups. Yin and J111le fn a recent paper [71]
emphasized the lack of awareness of these methods in America which
would severely limit competitive efficiency. he probable reason
for this is the extreme rigidity with which orthogonal designs
teng to be treated in the West which restricts usage to the domain
of statisticians. There is, however, a heuristic approach which
can be used to encourage experimenters to design more complex and
realistic experiments, while aveiding the invelvement of rigid
statistical assumptions. Certain simple precautions can be taken
such as the use of reverse Yates algorithm for residual analysis
[72} to check for arrors and the use of normal probabiiity plots
te check data. The greatest drawback of using this approach is
that an injudicious design may result in a great deal of time
wasting, Chatfield [u3] in his chapter on “planning the experi-
meate particularly enphasizes that carefil planning in conjinct®
Wyt knowledje of the system is essential prior ta laun
into experimgntal design. It $s useful, however, o use .
two~ Or threg-parameter experiments to build up this knowledge ana
to aid in selecting the more important parameters for optimization.

These comments o the experimental approach adopted are expanded
i Appenaix A with appropriate examples for readers unfamiliar
with factorial design methodologies.
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4. EXPERIMENTAL DESIGN AND METHODOLOGY

The purpose of this study 15 to determine the feasibility of
raplacing debased aluminas with zirconia-myliite for abrasive wear
resistant applications. In order to be competitive the processing
conditions are constrained within the limits set by debased alu-
mina manufacture. As a result the objectives can be specifically
defined,

4.1 OBJECTIVES

These can b: considered in two groupings, namely target material
properties and processing limitations, The former are 1isted tn
Tadble 7.

TABLE 7: Summary of physical properties of current commercial alu-
mina

Property Units Results
Bulk Density glem? 3,5 - 3,6
Wear mg/g SIC 0,41
cmd/particte impact | 4,1x1071C
Strength MPa 207
Wetbull Moduius - 30
Kie {indentatinn) PGt <2,5
By oPa -1
Young's Modulus P 270

The production limitations are essenttally those that apply to
current commercial alumina tile marufacturs. These are ocutlined
in the production flow chart in Fig. 30, Any laboratory develop-
ment work should be essentially equivalent to the production
technology, or be as close an approximation as available facili-
ties allow,
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current commercial alumina tile manufacture. These are outltned
in the producticn flow chart in Fig. 30. Any laboratory develop-
ment work should be essentially equivalent to the production
technology, or be as close an approximation as available facili-
ties allow
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PROCESS COMMENTS

BATCHING Biending of dopants, binders and
powder flowing alds

MILLING Essanttally a blending rather than
comminuition process, water as medium

SPRAY

DRYING

UNIAXIAL

PRESSING

FIRING Maximum temperature 1 490 C

QUALITY
CONTROL

60 - 70 Mra

FIGURE 30: Production flow chart and comments

There were four major differences between the laboratery and pro-
duction processes, namely at the miliing, drying, pressing and
firing steps. Milling 1in the production environment was a blend-
ing rather than a comminuition step in a ball-mil1, whereas in the
taboratory miiling was used ta va:y particle size im an attritton
mitl.
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The second difference was in the drying of milled powders. There
were no spray-drying facilitier .apable of the output required in
the laboratory so conventinnal batch oven drying, followed by
sieving, was used. This resuited in laboratory powders with much
poorer flow properties when compared to production powders. Spray-
drying 2150 permitted the use of suitable additives such as waxes
which aided the flow properties. This was not fsasibie with oven
drying owing to homogeneity and powder agglomerate shape differ-
ences.

The third difference was in the nature of the presses. The pro-
duction press has an automatic powder feed and uniaxial action
capabie of reaching pressures of 60 - 70 WPa. In the laboratory
vniaxial pressing of 2 - 10 MPa was followed by cold isostatic
pressing to a pressure of 200 MPa. Any major differences due to
the two methods were discounted by a simpla comparative test.
Ceramics produced by pressing spray-dr  alumina powder using
both techniques had the same densities and microstructures,

The final dif.erence was in the nature of the firing cycles. These
differed considerably in time. Thuse are reproduced in Table 8.
Once agadn. any major differences were discounted by comparing
densities and microstructure o. tiles fired using both cycles.

TABLE 8: Firing cycles for production and iaboratory processing

r PROBUCTION LABORATORY
Heating | Soak Soak Heating | Soak Soak
Rate Temperature | Time ate Temperature | Time
{Crar) { (L) (brs} (C/hr) [ {C) (trsy
100 500 1 300 500 1
182 1480 5 300 1490 2
150 800 Q 300 Kl and
300 30 end




4.2 EXPERIMENTAL

Based an the material and processing cbjectives and Mmitations
auttined in the previous section, the following generalized exper-
imenta! ‘echniques wers used.

4.2.1 Processing

For powder processing ane of twa stteitor milis were used depend-
ent on the mass of powder required by the experiment. Both mills
were Netzsch Molinex laboratory attritors of the same general
destgn and differed only in their capacity. The smaller mi31 had
3 charge capacity of 250 g of powder and 1200 g of 21w diameter
sirconia milltng beads to which was added ypically 150 ml dis-
tillez water and 2 wt.% 200 Mt palyethylene giycol as a binder,
The targer miTT had & charge capacity of 1 500 g and 6 kg of the
1tecoma milling media.  Added to this was typically 1 to 1,75 &
af avstilied water and 2 wh.% potyethylens glycol.

Four pruders were used depending on the purpose of the experiment.
Trase are listed 1n Teble § with specifications in Tables 10 and

TABLE §: Powders used dusing experirnatal work

PLADER zircan Alumina
—-
Ferro | Ferro

lGrade 2 micron | Superfine | BACO MAdLa | ALCOA A6SG
! average
Particle 2.8 0,66 5.5 0.3
r':nze {um)
| source | Ferro 1ndustrial 84 Chemicals | Alumiaium Co,
i Products, Brakpan,SA | Ltd, Chalfont| of America,
{ Mined by Richard’s Bay [ Park. Gerards| Pitesburgh, Pa

Winerals, Richards Bay|tross, Buck-

Natat, SA inghamshire,

England
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TABLE 10: Chemical anaiysis as provided by suppliers

Zircon Alumina
Type
Z micron | superfine BACC MA4LS | ALCOA A18S5C

% Al0p 0,12 G,12 89,7 99,5

% 70, 65,9 65,9 - -

% 516G, 32,0% 32,0% 3,05 - 0,07) 0,03 - p,D7
% Na0 - - 0,02 - 0,04 0,08 - 0,1
% Fey0y 0,08 0,08 0,02 - 0,04 €,01 - 0,03
% Ca0 0,08 0,08 0,02 - 6,05 ~

% Mgl 0,02 6,02 - -

% Loss on

ignition 0,20 0,20 0,1 -0,2 -

Approximately 0,4% as free 510,

The powders were milled for 1-6 heurs and then oven dried for 3
hours at 130 %, +ollowed hy 3 hours at 80 C. This ensured a con-
sistently dried powder and avolded carbonization of the binger.
The driad powders were then granulated through a 600 ym sieve foi-
Towsd by a 300 ym sieve,

Green compacts were formed by undaxial pressing to a pressure of
2-10 MP. dependent on the size of compact. The size and shape of
compacts with respect to the nature of tests to be conducted of
each are summarized in Table 12. Once formed the compacts were
cold isostatically pressed at 200 MPa.

The compacts were fired in a Carbolite RHF16/10 furnace controlled
by a Eurotherm Type B18 Programmer.
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Particle size analysis

Particle size

Cumylative percent mass passing through

{microns) ZIRCON ALUMINA
2micron | superfine | BACO MAALS | A1656
2,2 100,0 00,0 00,0 | 10,0
29,85 100,0 1000 100,0 | 100,0
21,10 100,0 100,0 100,0 | 100,0
14,92 100,0 100,0 95,1 |100,0
10,55 106,0 100,0 83,4 {100,0
7,46 87,3 100,0 63,5 | 100,0
5,27 77,4 100,0 9,8 |100,0
3,73 71,8 100,0 26,7 |190,0
2,63 56,4 89,3 4,3 [ 100,0
1,69 52,6 2,3 11,6 [100,0
1,01 45,4 68,2 8,5 98,8
0,66 7.0 63,2 6.6 8.0
0,43 28,3 39,6 6,6 69,5
0,34 17,8 24,4 4.9 45,8
0,24 10,8 14,3 2,6 28,0
0,17 5.5 7.5 1,3 14,5

Analysed by Microtrac, small particle analyser (SPA) Model 7995-30.
Manufactured by Leeds & Northrop Instruments.
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TABLE 12: Sample dimensions

Nature of test Height] Width| Length Diameter] Unjaxial
pressing
() | (mm) (nm) | (mm) | pressure (MPa)

Density

Apparent prosity
Young's modulus | 10 | - - 17 3
Hardness
Toughness
Microstructure

Modulus of
rupture 8 8 80 - 5

Eroston wear 8 - - 45 10

X-ray giffrac-
tion

4.2.2 Measurement of Properties
4.2.2.1 Density and apparent porosity

Sagpies were first weighed dry ({to 0,0001 g) on a Mettler AE150
balance. Thay were then subjected to vacuum 1n an empty dessicator
for 15 minutes. Vacuum was provided by a conventional oil vacuum
pump. Water was then admitted te cover the specimens and then
vacuum was released. The samples were then first weighed while
tnmersed ¢n water and then reweighed with any absarbed water, care
being taken to remove surface moisture. From the dry (A), immersed
(8) and wet (C) weights the density and apparent porosity can be
calculated according to the equations,

% Apparent Porosity o %g_'ﬁg- x 100 (a1

s A
density (gfomt) = iy (12)
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4.2.2.2 Hardness and Toughness

Hardness and toughness measurements were carried out on o) ished
surfaces. Hardness tests were done using a Vickers square-pyramid
diamond indenter. A typical fndentation is represented in Fig. 31.

The juvad applsed is usually between the minimum lpad at which ¢ 2
2a and a maximum at which chipping occurs from lateral cracking.
Loads used were typically 20 - 30 kg. The indentation diagonal
ang crack lengths were measured using a Polyvar optical microscope
using a standard graticule. Hardness (GPa) was calculated using
the equation

-U47P 3
Hes 04 5 9

where P = lcad (N) and a is half the indentation diagonal (m).

22—

PR Y ]
FIGURE 31: Vickers tndentation and crack geometry

Teughness measurements were carried out using the same indento-
tions, but measuring the length of the cracks in addition to the
diagonals of the indentation. The calculation was done using the
equation [73],
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Ko = 0,016 (-5)" () (19)

where H is hardness (MPa), ¢ is haif the crack length (metres), E
1s Young's modulus {GPa} and P 1s Toad (Newtons).

4.2.2.3 Modulus of ruptura (MOR)

MOR tests were carried out using four-point bend test with an
outer span of 56 mm and an inner span of 28 mm., Samples tested
had typita) dimensions of typically 85 x 6 x 5 mm. Samplas were
loaded at a rate of 0,5 mu/min, on a JJ Instruments M1OCK tensile
tester with a 10 kN load celt, The height and width of the test
Specimens were measured with a micrometer (to 0,01 vm) at the site
of fracture. MOR was calculated according to the equation

JoR = 2 :h:z" (15}

where P is the breaking toad (N}, L 15 the outer span, 1 is the
inne: span and b and d are the breadth and height of the specimen
respictively {m). MOR me-surements are reported in GPa.

In genera) 16 - 25 specimens were tested to provide a representa-
tive sample of each material. The results for four-point bend
tests are usually calculated using the Welbull statistical distri-
bution, however, owing to constraints on the experimental design
analysis, the normal distribution w#as shown to be a reasonable
representation and this was used for amalysis purposes. This is
discussed in Section 4.4,

4,2.2.4 Young's modutus

Young's modulus was obtained by measuring the speed of sound of
buth longitudinal and transverse wave pulses through a specimen of
the material under investigation. The specimen geometry was typl-
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cally 15 mm in dfameter and 6 mm in height. Ultrasonic wave
pulses (f = ~10 MHz) were introduced into the specimen by a piezo-
electric transducer bonged to {t by a contact paste  The paste
was 1:1 glycol/phthalic amhydride. Each pulse is reflected at
free surfaces of the sample with diminishing amplitude which is
detected on an oscilloscope. The time lapse of the echoes is
measured by super-imposing on the pulse a nurmalizing sine wave of
variable frequency which permits overlap of consecutive echoes.
For a more accurate determination the driven frequency is used to
overlap one echo onto the next and then fine-tuning 1s possible
thereby iacreasing precision. The distance the echo travels is
$imply determined by measuring the height of the sampie and multi-
piying by two. This is referred to as the pulse echo overiap
{PED) technigue and iy reviewed by Papadakis [741. The measure-
ment procedure has been laid out comprehensively by Levitt [75].
This technique alsc provides the bulk modulus and b« son’s ratio.
Yhe equatfons used are as follows,

L = api2i2g, x 106 (GPa) (16)

The distance the echo travels i3 simply determined by measuring
the height of the sampie and multipiying by two.

G = 4p12f2g x 106 (GPa) (17)
£o BEIR (g (18

(era) (19)

20




L = medulus of elasticity for longitudinal waves
G = moduius of elasticity for transverse waves
p =  butv density (g/cmd)

1 = thickness (mm)

fay = frequency of longitudinal waves (Hz)

foy frequency of transverse waves {kHz)

3 = Young's moduius

B = bulk moduius

v = Poissen’s ratiu.

Figure 32 1s a schematic of the Young's modulus apparatus.

High res. freq. source

f23-— 50 MHz divider

Counter

Receiver Monitor

Pulse
Mcdu\ulor i

RF. pulse out
—
Transducer____

Somple

FIGURE 32;  Schematic of Young's modulus apparatus after (Levitt)
1781
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4.2.2.5 Erosion by particle impact

Eroston by particle impact was performed using the apparatus
1llustrated in Fig, 33. A predetermined mass of abrasive parti-
cles was fod In %o an air stream by means of a vibratory particie
feeder at the rate of 10 g per minute. The air pressure was main-
tained at 150 kPa

The tests in this study were comparative and an impact angie of
90° was maintained for all tests. The erodents used were SiC and
guartz with an average particle size of approximately 120 microns.

7 Air out to parficle frop
Vibratory porticie feed I

L

J::Venhm
Compressed air in

Particies out —

(D sample holder + target

FIGURE 33: Schematic of erosfon tester

4.2,2,6 Other tgohniques

Other measursments carried out were X-ray diffraction, and micre-
structura) analysis using optleal and electron microscopy. --ray
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diffraction was measured using a Rigaku Getgerflex D/max 3 dif-
fractometer, using a Cukd source and graph.te monochromator.
Traces were run at 0,02° per step at ane step per second.

Optica) microscopy was undertaken using a Pelchert Univar micro-
scope and electron microscopy was carried out using a Jeol and
181-SX-30E scanning electron microscope with an energy dispersive
X-ray spectroscope facitity.

4.3 DOPANT SELECTION

Th2 dopants selected for finvestigation wers N10, Zn0, 5r0; and
Bad. These were selected on the basis of potential similarities
to Mg0 and Cal which have been successfully used in the 2zircon-
atuming system and have been comprehensively studied.

The selected dopants can be divided inte twe families, one of
which 1s Yikely to be similar fn action to the Mg2* ion while the
other 1s more likely to resemble the action of the Ca?* lon,
Table 13 compares the key features of the two families,

TABLE $3: Comparison of properties of dopants [76]

Family Type | Ion |lonic Radius for Co- Availability of
ordination No. 6 d-orbitals
{pm)

Mg2e 72 No or minimal d-
Maonesia Ni2e 70 orbital availabitity

2 7%

Ca?* 0 Full d-orbital shel)
Calcia Sr2e 8 available

Ba%+ k3

The two groups in Table 13 can be distinguished primarily by dif-
ferences in fonic radius and the availapbilfty of deorbit¥is,
Magnesium has an jonic size of 72 pm and no available d-ork .uls,
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The most Tikely fon to exhibit similar groperties to g2 is
In?> with an fonic radius of 75 pm and has no avatlable d-orbitals
as these have already been filled. Ilons 1ikely to exhibit similar
preperties to zinc ard therefore also similar to magnesium are
Cu?+ and N7+, Nickel was selected for study.

The calcium family differ from the magnesium famtly by having ve-y
much iarger {although not equivalent) fonic radli and having tae
full d-orbital shells available. Barium and strontium are in the
same group {IIA) as caicium and magnesium atthough being very dif-
ferent from magnesium 14 behaviour. The cost and availability of
bariun and stroatium carbonates makes them potentially suitable
dopant..

4.4 EXPERIMENTAL DESIGN AND ANALYSIS TECHNIGUES

The background to the use of these techniques has been outlined in
Section 3,3.2. A general flow-chart is presented in Fig. 34. The
thart assumes & well planned experiment with a minimum of problems
and 15 meant as a guide rather than a rute, Appendix A summarizes
some of the salient points of the use of factorial design and
sptimization by the method of steepest ascent. For desigas
favolving more than three parameters % 1s possibie to use normal
probabitity plots te determine whether any parameter or interac-
tion effect is significant, This obviates the need for experimen~
tal reptication and the use of analysis of variance and Is
described in Appendix A,6. For mere precise studies, however,
replication is necessary and the use of analysis of variance tech-
niques and Fisher’s 'F' test for probabtlity has to be used
{Appendix A.8).

An important requiremest n the use of these tachniques 1s that
the order in which experiments are conducted should be randomized.
This avoids the problem of experimental drift during the course of
large factorial designs, The manner in which data is samr'ed and
handled §s 21so eritical. Use {5 made of the central Jimit theo-
rem  (Appondix A.9) to justify the use of the normal distribution
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FIGURE 34:

Flow chart showing hasic optimization procedure from
Box, Hunter and Hunter [7.]
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to describe MOR data whers the Weibuli distribution is usually
employed. The thesrem #s alsoc used to increase the precision of
experimental results prior to analysis of variance in certain
cases,

bata from four-point bend strength tests 1s usually calculated on
the assumption of a Weibuil distribution. There are a large num-
ber of potential errors » these tests which makes the normality
assumption approxicately valid. This is particularly true if the
samples are not all machined to the same dimensions. Since this
15 an expensive step it was nat employed in the tourse of this
study. An analysis of the percentage correlation of ten data sets
fram different sampies to both normal and Weibull distributions is
presented in Table 14.

TABLE 14: Percent cyrrelation of MOR data to mormal and Weibull

a¢istributions
sample Wetbull Normal
1 90,8 97,2
z 93,5 94,1
3 81,6 92,5
3 85,6 97,3
5 91,4 95,1
6 83,4 9.7
7 98,6 95,0
8 91,6 98,2
9 93,6 99,0
10 84,4 95,8

Oniy one of the ten sampies showed a better fit to a Weibull
distribution. The average correlation and its standard deviation
for the normal distribution was 96,1% and 2,0 compared to 89,5%
and 5,5 for the Weibull distributfon, This supports the normaiity
assumption for MOR data anaiysed in this study.
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5.  PRELIMINARY STUDIES

This chapter constitutes three parts. The first is a general com-
parison of properties and sintering behaviour of zirconia-mullite
using the four selected dopants and calcia. Atso included 35 the
effect of powder particle size on sintering. The second section
describes some SEM aspects of the fnteraction of 8a0 with zircon
and alumina. This 1s followed by a quantitative factorial study
of the effect of 820 on zircen,

5.1 GENERAL COMPARISON OF DOPANTS IN REACTION-SINTERED ZIRCON-ALUMINA

8.1.1 Stoichiomatric zirccn~alumina with 4 wt.% CaQ

Amix of 4 wt.% £a0 ta zircon and 2lum na was mi)led with composi-
tton satisfying ..e equation,

(2426)2rSi0y + (3%)A10; + 2020 » xXCaD.-A105.2507 + (2+2%)Ir0,
+ 3A1,03.2510; (21}

The material was prepared as described in Chapter 4.2.1 using
superfine zircon, A16SG alumina and Saarchem calcium oxide. The
pressed powders were fired at 1 425, 1 450, 1 475 and 1500 C
respectively according to the cycle descrived in Table 15. XRD,
density, Young’s modulus, hardness, tsughness and microstructure
analysis were carried out on these samples.

TABLE 15: Firing sequence

Heating Rate Holding Temperature Halding Time
(ehar) ©) (hrs}
300 500 1
200 sintering temperature 4
300 30 -




4

The XRO traces for samples fired from 1 425 - 1 475 C are pre-
sented in Fig. 35. At 1 425 C the material is predominantly zir-
con and alumina with a small presence of zirconia and anorthite.
By 1 450 C, however, the reaction {s virtually complete with oniy
a residual zircon remaining which has disappeared by 1 475 C, It
was noted that where reaction was largely completed, from 1 450 ~
1500 ¢, a considerable quantity of liquid phase was exuded onto
the sampie surface, The quantity of exudation being worse with
increasing temperature, The formation of excessive liquid phase
was found to have a deleterious effect on microstructure through
increased porosity and grain growth. This is clearly shov- in
Mate 2 (A and B}, the most notable feature being the very large
columaar mullite grains, Plate 3, shows the structure at 1 450 C
which is much more dense, although the tendency of mutlite to form
columns can already be seen.

Figure 36 is a plot of density and Young's modulus for samples
fired at different temperatures. The drop in density hetween
1425 - 1450 C is explained by the reaction products having lower
density than the reactants. The drop in densfty from 1 475 -
1500 € ts due to a combination of excesstve 1iquid phase forma-
tion and porosity trapping. Young's modulus follows a similar
trend to density.

Table 16 summarizes the hardness and toughness data obtained. The
samples fired at 1 475 and 1 500 € were unsuitable for measurement
owing to severe spalling of the indentations.

TABLE 16: Hardness and toughness data

Sintering Temp. | Vicker's Hardness Indentation Youghness
) (6Pa) (MPa,m)

1425 11,0 20,2 3,5 10,3
1 450 9,0 £0,2 3,0 20,3
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PLATE 2:

Electron micrographs of Ca0-doped »frconia-mullite
sintered at 1 500 C
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XRD traces of calcia-doped zircon-alumina sintered at
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5.1.2  Stolchiometric Zircon-Aluming with 4 wt.% Sr0

A mix of 4 wt.% Sr0 in zircon and alumina was prepared, fired and
tested under fdentical conditions to the calcia-doped material,
according to the sguaticn,

(242X)ZrS10, + (340)AT,0 + XSO + XSrD.A1,05.2510; + (22)
(242x)7r0; + 3N1;03.2510,

Figure 37 shows the XRD traces of the samples fired fram 1 425 -
1475 C. At 1 425 C the sample js predominantly zircon and alu-
mina with traces of strontium aluminosilicate and zircoenia as
indicated. The situation fs very similar at 1 450 C with possibly
a slight strengthening of the zirconia peaks. By t 475 ¢€C,
however, reaction is complete. There was a noticeably lower lig-
uid exudation in these samples with only the sampls at 1800 C
showing the phenomenon, This s partly due te the higher tempers-
ture of reaction and partly to the lower molar percentage of
dopant. This difference between the CaO-doped system {s empha-
sized by the micro-graph shown in Plate 4 which at the same magni-
fication shows a much finer microstructure, albeit predominantly
zircon and alumina, than that shown in Plate 3.

Figure 38 summarizes the density and Young's modulus results, and
clearly shows the effect of densification and reaction. Hardness
and tougheess data for the samples fired at the two temperatures
representing the unreacted and fully reacted states are shown in
Table 17,

TABLE 17: Hardness and toughness data

Statering Temp. | Vicker's Hardness | Indentation Toughness
(3] (aPa) (WPa.m)

1 450 11,4 20,2 4,3 20,3
1475 8,8 10,2 3,1 40,3
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PLATE 4: Electron micrograph of SrU-doped zircon-alumna sintered
at 1456 C. 2 000 x magnification
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5.1,3  Stoichiometric Zircon-Alumine with 4 wt.% Ba0

A mix of 4 wt.% Ba0 in zircon and alumina was prepared, fired and
tested as for the calcia-dopad material, according te the
equation,

(2424) 20510, + {34X)A1,0; + XBaO » xBaD.A1,05.2590, + (23)
T 3A105.2510 + (%42%) 200,

The soax temperaturas in this case were 1 450 - 1 550 C. The XRD
traces are shown in Fig. 38. At 1 450 C the material 1s only
partly reacted with possibly barium aluminositicate {celsian) and
mylTite making an appearance at 22,4 anc 25,6 degrees respectively.
Reaction is virtualiy complete at 1 475 C with the celsian making
a stronger appearance. By 1 800 C, however, the celsian peak has
virtually disappeared although there 1{s 1ittle change in the
zircenia and mullite peaks. In these samples there was very heavy
1iquid exudation from 1 475 C inclusive upwards. It was possible
that the tiguid exudation predeminantly involving barium alumine-
silicates preferentially remained a glass. To test this the sam-
ples fired at i 480 and 1 550 C werp annealed for three hrurs at
1300 € in an attempt to anneal stable phases from any glass that
was present. The results are shown in Fig. 40 and clearly show
the appearance of celsian when compared with the traces in fig.
38.

Plate § shows the microstructure of the unreacted material which
can be seen to be similar to that shown in Plate 4 for the SrO-
doped material. Figure 41 summarizes the density and Young's
modulus results which show similar trends to the calcia and
strontia systems, Hardness and toughness data for the samples
representing the partially and fully reacted samples are 1isted in
Table 18.

TABLF 16: Hardness and tounhness data

Sintering Yemp. Vicker's Hirdness Indontation Toughness
() (GPa) {MPa.
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8.1.4  Stojehiometric Zircon-Alimine with 4 wt.% N0

Amix of 4 wt.% Ni0 was prepared and tested as for the other doped
materfals. The stoichiometry was according to the equation,

(242X)2r510; + (3+x)A1,03 + XNIO + xN10, 41705 + (24)
22¢0, + 341303.2510,

Samples were sintered from 1 425 - 1 §00 C. The XRD traces
for these are shown in Fig. 42, These show that by 1425 C
Ni0.AT,0; (spinet) had already formed although reaction only sub-
stantially occurred by 1 475 C. A noted feature of the reacted
material is the more clearly defined zirconia and mullite peaks
and complate lack of 11quid phase exudation at all temperatures.

Figure 43 shows the density and Young's modulus behaviour with
temperature, A major difference between the NiO and Sroup 1IA
dopants is continued densification after reaction. This is a1
unusual situatfon in the zirconia-mullite system and may result
from enhanced jon mobility due to the presence of NiD. The lower
reaction temperature (1 475 C) compared to 1 550 C for undoped
material supgests that Ni0 has a considerable effect on ionic
mobiiity especially as the reaction avoids excessive 1iguid phase
formation.

Table 19 summarizes the hardness and toughness data.

TABLE 19: Hardness and toughness data

Sintering Temp. | Vicker's Hardness | Indentation Toughness
(©) (6Pa) (MPa.a)

1 450 7,0 0,2 -
1475 8,2 %02 3.6

1500 10,0 £0,2 31
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5.1.5 Stoichlometric Zircon-Alumina with 4 wt.% Zn0

A mix of 4 wt.% Zn0 was prepared and fired as describad in Section
4.2,1. The stoichiometry satisfied the equation,

(252X)2r540; + (34x}ATo0; + XINO + XZn0.Aly05 + 22r0; +
3A1,03.2510, (25)

Figure 44 shows the XRD “~aces of the materfal fired from 1 425 -
1500 C. The traces follow a very similar pattern to those for
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Ni0 with reaction being virtually complete by ! 475 C. The den-
' sity and Young's modulus behaviour were also similar in trend,

however, the ZnO-doped material gave consistently higher figures

when comparad to the Ni0 which suggests better sintering (Fig.
B 45). The hardness and toughness data are summarized {n Table 20
and are suparior to the NiO-doped samples. The main difference
between Ni0- and InG-doped zircen-aluming dppears to be 1n greater
densification of reactants prior to reaction resulting in a gener-
ally better material,
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TABLE 20: Hardness and toughness data

Sintering Temp. | Vicker's Hardness | Indentation Toughness
() {GPa) (Mpa.n)

1450 8,6 20,2 4,3 39,3
1478 9.4 20,2 4,3 30,3
1500 10,5 20,2 3,z 40,3

5.1.6  Stoichiometric Zircon-Alumina with 2 wt.% Sr0 and 2 wt.X ZnQ
A stolchiometric mix was prepared according to the equation

(2622)2r510g + (34x4¥)A1505 + ¥STC + yZn0 »
XSrAly0g +A1gSig0y + (242X)Zr0; + YINAL0, (26)

Figure 46 shows the XRD traces of samples fired at 1 400 - t 425 C
and ¢learly show that reaction is virtually compiete by 1 413 C,
This 3s Jower than has been reported in the literature for other
doped systems. Samples fired at 1 413 C and dbove exhivit Viauid
exudation, however, they retained good hardress as s shown in
Yabie 21. Ms is probably due to the very high degree of densi-
fication achieved prior to reactton (4,08 g/emd} forming a more
cohesive structure. Figure 47 shows the density and Young's
modulus behaviour with temperature.

TABLE 21: Hardness and toughness data

Sintering Temp. Yicker's Hardaess Indentation Toughness
©) (GPa) {Mpa.nit)

1 4ng 9.8 20,2 4,1 20,3
1413 11,2 #6.,2 3,2 0,3
1428 10,9 0,2 3,0 £0,3

P
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8.1.7  The Effect of Particle Size on Density and Young's Modulus

Two mixes were prepared with 4 wt.% Bad according to the stotchi-
ametry of equation {23), using two different particle size
powders. The finer particle size materfal was made, ds before,
trom ALGSG alumina and superfine zircon having an average particle
size of 0,5 um. The coarser particle size material was made from
BACO MA4LS alumina and 2 micron zircon having an average particle
sfze of 3,4 ym. Details are contained in Yable 1l. The samples
were fired at selected temperatures and the effects of density and
Young's modulus plotted for each particle size as shown in Figs 48
and 49 respectively. As can be seen the effect of particle size
is considerable,
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5.2 SEM STUDY OF INTERFACIAL REACTIONS
5.2.1 SEM Study of tha Interaction of Ba0 with Zircon at 1 450 C

The section describes a SEM study of the interaction of Bal with
zircon and alumina in order to gain more information on the nature
of the reaction, particularly jn the Jight of the formation of
1iquid phases during reaction which axuded onto compact surfaces.
Powder compacts were prepared as illustrated in Fig. 50, First, a
logse compact of zircon was formed in a 22 mm diamater die which
is represented by A in the diagram. A smaller compact of barjum
carbonate was formed in a 10 mm diameter die which was than placed
in the centre of A, and 1s represented as B in the diagram. Finat-
1y, sufficient zircon was added on top of A and B and the whole
section was uniaxialiy pressed to a pressure of & MPa and 1so-~
statically pressed at 245 MPa, The sample was fired for 4 hours
at 1 450 C after which it was sectioned as is shown in Fig. 51,

FTGURE 50% Diagrammatic representatian of compact formation for
interfacial reaction study




8a0 e ZIRCON SHELL

REACTION ZONE

FIGURE B1:  Diagrammatic representation of Cut-away section of
compact after firiag

< EM ang EDS studies were carried aut on polished section of the
interfacial Ba0-Ir§i0, reaction zone. Firstly, eight zones were
identified visually from & gemeral micrograph (Plate 6). Thase
zones are listed in Table 22 along with descriptions based on
identified phases or notahle features, Glassy phases were present
! in all zones in varying concentrations.

TABLE 2%: Description of zones across reaction interface

one Description

zircon - homogeneous porority

zireon - inhomogeneous porosity - 2r0; precipitates
zircon - {nhomogenecus porosity - fewerZr0, precipitates
2r0, precipitates and crack

2r0, precipitates and barfum zirconium silicate matrix
Large barfum zircenate crystals and barium zircomium
silicate matrix

Fine barium 2irconate crystals and barium zirconsum
silicate matrix

Barium oxide and barium zirconate

T & mmocm»
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PLATE 6: Genera) view across reaction zone

Each zone will be discussed in turn moving from the cuter, barium-
free zircon across the interfacial area to the inner bar :m oxide
region. Plate 7 1s a micrograph of zone A Showing zircon grains
(~2-5 um diameter) with fine dispersed pores and signs of darker
intergranular amorphous regions. The zircen grains are largely
anguidar. This contrasts markadiy with zone B, Figure 52 shows
that there is no significant difference hatween the EDS spectra of
zircon crystals and the intergranular amorphous phase indicating
that this phase f{s decomposed zircon grobably due b~ mnor
impurities.

Plate 8 s a micrograph of the boundary region between zones A and
B. There are four major differsnces between the two regions. The
zircon grains in zone B are rounded; there is noticeably more
amorphous phase; there are ZrD, precipitates; and the pore size
45 large. These differences become more apparent by comparing
Plates 7 and 9, the latter bezing a micrograph of zone B, An
interesting feature marked by arrows in Plate 8 is the considera-
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' PLATE 7: Zone A: Barium free zircon

ble coarsening of zircon at the interface of the two zomes. This
suggests that the presence of small guantities of Bal initiates a
solution-diffusion-precipitation mechanism for equilibrating the
phases, concentrating zirconia precipitates on the one hand and
allowing larger zircon grains to grow at the expense of the
smaller grains. As the Ba0 concentration increases the amount of
silica-rich phases will also increase and be affected by capillary
forcas which would sweep them away from the original reaction
site. A1) the zirconia precipitates in Plate 9 are associated
with pores or larger areas of liguid phase. Another possible
cause of the porosity is grain pull.cut during polishing. The
removal of pores is made more difficult if they contain vapour
phases which is 1ikely to be the situation in this case.

' A number of EDS scans were carried out across zone B. Figure 53
is a spectrum of one of the zirconia precipitates showing minimal
presence of barium or silicon. Figures 54-56 are three spectra
generated from the amorphous phase progressively deeper in to zane
B towards zone C. These show that the amorphous phase is a silica-
rich region with increasing barium content as zone € is approached.
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FIGURE 53: EDS spectrum of a Zr0p precipitate in zone B
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Zone C 5 a regior of zircon and Zr0, precipitates being distin-
guished from zone B by the reduced amount of Zr0; precipitates and
amorphous phose. Zone C 15 the culmination of a gradual change
across zone b as is shown in Plate 10 where three regions have
peen marked. Region 1 shows clearly the presence of amorphous
phase; this is substantially reduced in region 2; and finaliy is
reduced stiT1 further along with & reduction in zirconia precipi-
tates in region 3 which {3 synonymous with zona C.

PLATE 10: 200 x magnificantion of the reaction interface show-
ing graded changes across zone B to zone C

Zone D is an area of Ir0, precipitates bordering an interfacial
crack formed by stress induced by melt solidification on coeling.
Plate 11 shows detail of zones D, € and F. Zone E 1s essentially
the same as D, differing only in the size of Zr0; precipitates
which are present. Figure §7 fs a spectrum of the meit io zoae &
from which the Zr0; inclusions presumably precipitated during
cooling.  The melt composition does not relate clearly to any
known compound, the only two barium-zirconium silicates belng
respectively Ba0.2r0;.3510, and 28a0.22r0,.35105.
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FIGURE 57:

1200 x magnification of eutectic regien Z = Zr0s;
S = 2r510,; 82 = Balr0y
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Zone F is claracterized by angular crystals in an amorphous
matrix. Figures 58 and 89 are the EDS spectra of the matrix and
crystals respectively. The matrix shows a substantial change from
the matrix of zone £, having a greatly imcreased barium content
with a larga reduction tn zirconium. As with the matrix in zone £
it does not clearly relate to any known compound, having an
approximate Ba0iSiN,:2rQ, ratic of 3:2:1.  The crystals can be
identified as barium zirconate.

FIGURE &8: EDS spectrum of amcrphous matrix phase in zone §

Plate 12 is a micrograph of the reglon from zone F across 6 to H.
1t can be seen that zone G 1s a natura) progressien from F, the
main difference being that the crystals are finer with a narrower
size distribution, Figure 50 is & general EDS of zone G and shows
a substantial everall reductfon of silica, This can be comparsd
with the gencral spectrum of zone H which shows a large reduction
in zirconia (Fig, 61). Plate 13 45 a morz detailed micrograpn of
zone H showing the inter-penstration of the barium-zirtonate crys-
tals as confirmed by EDS in Fig. 62.
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FIGURE 58: EDS spectrum of barium-zirconate crystals in zone F

PLATE 12: 1 000 x magnification of zones F - H



FIGURE 60: General £DS spectrum of zone G
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FIGURE 61:  General EDS spectrum of zone H
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PLATE 13: 2 400 x magnification of zone H
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FIGURE 62:
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€D§ spectrum of pale region in zone H
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Closer examination of plat: 13 shows that the dark regions are
non-homogeneous.  EDS spec’ra of this region snows two different
phases as shown in Figs 67 and 64. Figure 63 is consistent with
barium-oxide with a siigh. zirconia and silica fmpurity while Fig.
64 approximates the for.ula 28a0.Zr0p.

< 0.000 Range= 10230 keV

FIGURE 63:  EDS spectrum of region showing Bal with impuritfes
tn darker region of zone H

This completes a descriptive overview ot the macroscopic inter-
facial reactions between zircon and barium oxide at 1 450 C. It
s clear that the pro- of barium oxide causes the decomposi-
tion of zircon, iaitially to form an amorphous barfum zirconium
silicata with zirconia precipitates. The formation of this barium
zirconium silicate which is 1iguid at I 450 C traps large pores
which which cannot be sintered out.




FIGURE 64: € sectrum of region approximating the formula of
2Bau.Zr0, in 1ighter regions of zone H

Figure 65 shows the relative concentrations of barium across the
interface which is the region of interest in this system. In gen-
eral 1t appears that the liquid silicates provide the medium for a
counterflow of barium and zirconfum fons drives by thermodynamic
requirements. The formation of a eutectic at the original inter-
face probably resulted in a capiliary action drawing zirconia and
siiica deep into the barium oxide zone where different equilibrat-
ing conditions occurred. In order to have a clearer idea of the
tnitial interfacial reactions, sintering at lower temperatures is
necessary. This section serves to illustrate the compiexity of
the system and explains the lack of XRD information on samples
fired at 1 450 C since the barium zirconfum silicates are a1l
amorphous after cooiing.

5.2.2 SEM Study of the Interaction of Ba0 with Zircon and Alumina at 1 450 C

This section 15 a natural progression from Section §.2.1.  The
unly difference from the three phase study was in the formation of
the :ompact. This is {ltustrated in Fig. 66, where A and D are
the zircon shells, B is the BaCOy and C is alumina.
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The compact was prepared as described in Section 5.2.1 and sinter-
ed for 4 hour- at 1 450 C.

Plate 14 shows a view of the alumina-zircon interface showing no
substantial reaction. There are, however, a few isolated zirconia
precipitates indicating some degree of zircon decomposition.

PLATE 14: Zircon-alumina interface

Plates 15 and 16 show a general and detailed view of the triple
Junction respectively. The dominant feature is the high degree of
penetration of barium oxide into the zircon zone. This contrasts
with the minimal penetration of Bal inte the alumina zone clearly
showing the preferential mode of action of Ba0 in this system.

Very 1ittle reaction was visible in the atumina zone being 1imited
to the edges of the alumina compact. EDS showed the formation of
celstan (Bal.A1,0;.2510,}, which showed columnar needle-iike for-
mation similer Lo mullite. A1} the other features were tdentical
to those observed in Section 5.2.1 beiween zircon and barium
oxide.,

P



102

{2isigg"

- ——

PLATE 15: General view of tripie junction

PLATE 16: Detail of triple junction
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Although barium oxide has a substantial effect on the decomposi-
tion of zireon it has no effect on alumina for the temperature
studied, A eutectic formed by barium oxide and zircon does react
with alumina as a result of a capillary action drawing the liquid
into the alumina compact. HNo mullite was clearly identified in
this system.

5.3 DETERMINATION OF THE EFFECT OF Ba0, Ca0, TIME AND TEMPERATURE ON

ZIRCON DECOMPOSITION AND DENSIFIGATION

The effects of Ba0, Ca0, sintering time and temperature on the
deasification and decomposition of zircon were studled using @
24 factorial design. This destgn results in 16 experimental sot-
tings as shown in Appendix AS. Each parameter betng fnvestigated
was set at a high and low level as described 1n Table 23.

TABLE 23: Parameter level settings

Level
+ -
Yariable
wt.% Bad 2.0 0
wt.% Ca0 2,0 0
Temperature of sintering (C} 1 450 1 350
Time of sintering (minutes) 150 30

The effects of these rarameters on density, apparent porosity,
Young's modulus and 7 » intessities were measured. ¥RD diffraction
intensities were mea.sred on the 101, 200, 112 and 301 zircen
refiections. These were nommaiized and averaged. The resuits are
presented as normal probability plots as Jescribed 1n Appendix AS.
These are used as they distinguish rea) affacts from experimental
error.
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8.3.1 The Effect of the Faramatsrs on Density

Figure 67 shows a norma) probability plot of effects on density.
There are two significant parameters and one significant interac-
tion effect, all of which are positive ir enhancing density. The
most outstanding is temperature, with time and the dopant interac-
tion showing a lesser effect.

5.3.2  The Effect of the Parameters on Apparent Porosity

Figure 68 illustrates the effect of the parameters on porosity.
In this case only temperature and time are significant with tem-
perature showiug a more strongly negatfve effect than time. This
15 in agreement with the density results.

5.3.3  7he Effect of the Parameters on Young's Modulus

Figure B9 shows the c¢ffects of parameters and inte:actio
Young's medulus. In this case all four main parameters are s..
nificant with temperature and time siowing positive effects and
€a0 and BaQ shewing negative effects. The dopant interaction is
also present showing a positive affect.

5.3.4  The Effect of the Parameters on Zircon XRD Intansities

Figure /0 i1lustrates the effects of Ca0 and 8aC on the zircen XRD
intensity., Only the dopants h. significant effects, namely Ba0
at 8% decomposition and Ca0 at 17%.  TYable 24 sumarizes the
weight percent and molar percent effects of the dopants. The
table presents the data in terms of percent effect per percent of
dopant 1n each case.

This shows that mole for mele Bab has a greater decomposing effect
than Ca0.
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TABLE 24: Weight and molar percentage effects

DOPANT
Bal Ca0
Percent effect of 1 wt.% 4 8,5
Percent effect for 1 mol.% 6.3 4,8

5.4 SUMMARY OF PRELIMINARY STUDIES

The preliminary studles cover a wide range of dopants and estab-
Tished the groundwerk for @ mechanistic study of the reaction
process in this system. The purpose of t: .ok was to butld up
a more comprehensive picture of reaction-sintered zircon-alumina
undei 4 range of conditions. Some generalizations can be drawn
from the resuits on the dopants. The two major groups of dopants
show two significant differences in behaviour, The caleia group
exhibits 1iquid phase exudation accompanying the reaction to
zirconig-muliite whereas the magnesia group dves net, The nature
ot densification alsa differs in that the caicia group shows a
general decline in density with reaction whereas the magnesia
greup shows an initial decline followed by an increase in density.
This Indicates that after r>ction the zirconia-muliite continues
to sinter which may be indfcative of an increase in lonic mobility
in the muliite in the presence of these dopants. The magnesia
group shews overall poorer densities than the calcia group, which
eaphasizes the importance of 1iquid phases in sintering.

oth groups of aopants show some similarity §n reducing the reac-
tion temperature although mole-for-mole the calcia group are more
effective than the magnesia group. A combination of two dopants,
one from each group, showed a similar densification pattern to the
cateia group, with the added advantage of a 50 C drop in reaction
temperature.
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In the calcia group differences were noted between members in that
strontia showed a noticeably lower liquid phase exudaticn than
efther calcia or baria. Calcia and baria were shown to differ in
their respective effects on the degree of decomposition of zircon
in the factorial analysis. The main differcnce between N10 and
Zn0 was thet InQ resuited in higher densities than NiQ.

The problem of selecting a dopant for optimization is necessarily
somewhat arbitrary., The most promising material studied from the
sintering perspective was the Sr0/Zn0 double-doped system due to
the low reaction temperature. It was decided rather to study a
single dopant system initially, and SrO was selected since it min-
fmized the problematic phenomenon of 14quid exudation. The excel~
Tent mechanical properties also made the Sr0-doped matertal worthy
of further study.
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6. OPTIMIZATION OF SrO-DOPED ZIRCON-ALUMINA WITH RESPECT TQ
DOPANT, SINTERING TEMPERATURE, STGICHIOMETRY AND PARTICLE SIZE
6.1 FIRST ORDER STRATEGY

The first order design for optimizing Sr0-doped zircon-alumina
invelved a 24 factorial studying four parameters. These were
molar quantity of dopant, stoichiometry, sintering temperature and
particle size. The reaction equation was

a 500 + (3¢at8)Al,0; + (242a40' JZrS104 (27)
2 Sr0.A1303.251C, + BAI0; + B'Z1510, + 3A1503.2510; + (2+2a)Zr0,

bf + b b b,
and azo, 02b2a0.

aand b are two independent parameters which contra) the stofchi-
ometry of the equation, a is the molar quantity of Sr0 and b is
related to the molar excess of alumina if 1t is positive, and zir-
con 1f 1t is negative.

The design for a four parameter experiment 15 shown in Appendix
A5. The level settings are shown in Table 25.

TABLE 25: Parameter level setting

LEVEL SETTING
Codey Parameter
- 13 +
A | 5rQ dopant molar quantity (a){moles)| 0,1 0,3 0.5
B | Stofchiometry in balance (v)(moles) | -0,4 | 0 0,4
C | Sintering temperature {¢} 1430 1460 (1450
o |Particie size (um) 3,1 2,5 | 1,0
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The material being developed was for abrasive wear resistant
applications. The difficulty with optimizing on wear resistance
is the time consumed tn the tests and the large number of varia-
bles affecting the results. These variables finclude the test
conditions, and the properties of the abrasive medium as wel} as
target properties. Evans et al. [77] proposed the #ollowing ero-
sion  model for impact damage in the elastic-plastic response
régime based on tmpact dynamics and fracture mechanics.

E o Vi Ry 025 g,oLi3 p028 (28)

This can be compared with the Wiederhorn and Lawn model [78] on
abrasion of glass where

£ VR RT 12 K13 O (29)

where ¥, = particle velocity
> = particle radius

pp = density of impacting particle

K. = frau.ura toughness of target meterial
H = hardness of target

In both cases the important properties of the target material are
hardaess and toughness with hardness being more important. It was
therefore decided to optimize initially on hardness. A 2¢ facto-
rial requires 16 runs to which were added two centre points. Each
run was measured three times for hardness. The results are 1isted
in stendard Yates order in Appendix B.l. Figure 71 1s a normal
probability plot of the calculated effects which are shown in
Table 26.

The normal probability plot of evfects agrees with the variance
analysis in Appendix B.2. Clearly sintering temperature (C) is
by far the most powerful parameter emhancing hardness, although
all main parameters have a positive effect to some degree. There
are two interactions which have an effect namely the dopant/
temperature, and stoichiometry/temperaturs interactions.
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TABLE 26: Estimates of hardness effects
Factor Effect Factor Effect
A 0,70 AD 0,02
B 0,30 3D -0,07
AB 0,10 ABD 0,08
c 3,87 co «0,05
AC 0,48 ALD -0,33
BC 0,43 B8C0 0,16
ABC 0,09 ABCD 0,21
o 0,87 Averige 4,99
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Figure 72 is & more conventional representation of the data show-
ing the 95% confidence intervals for factor means for ail 18 runs.
The centre point (runs number 17 and 18) exhibited the highest
hardness of 8,8 GPa of all the runs suggesting an optimum had been
straddled. A residuals analysis plot (Appendix B.3) shows fair
agreement with normality.

95 Percent Confidence
infarvals for Factor Means

1 (1]

gs_ II III ]

I

2 I ]
gl rl ]
°'x|-‘-.:.'...y.\..y,4

1234586789100 2131458161710

results in Yates' order

FIGURE 72: Prot of confidence intervals for hardness means ver-
sus coded parameter setting

The effect of the selected parameters on other variables was also

measured. The results for Young's modulus, demsity and strength

showed similar trends to the hardnzss data as indicated by the

strong correlations between them. .igure 73 shows the relationship
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Regression of hardness on density

hardness (GPa) x (08

density (g/cm)

FIGURE 73; Plot of hardness versus density

between density and hardness which exhibits a 94% Tinear cerrela-
tion, Similar relationships exist between hardness and Young's
modulus, and hardness and strength with correlaticns of §2% and
90% respectively. The main difference in effects was that of per-
cent dopant which had a “egative effect on Young's modulus but &
positive effect on the other variables. This can be understood in
that the dopant would promote the cheiical change from zircon and
alumina to zirconia and mullite,

Tonghness could not be relfably measured on these materials owing
10 the diversity of sampies ranging from highly porous crystailine
to low porosity materials containing large amounts of glassy phase
as exhikited by 1iquid phase exudation. Toughness probably ranged
from 2,5 to 4,5 MPa.mit,
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The effects of the main parameters on the measured preperties are

summarized in Yable 27.

TABLE 27: Effect of parameters on four properties (%)

Parameter Hardness | Strength | Young's Mcdulus Density
Percent dopant 14,1 11,7 -18,0 2,5
Stotchiometry 6.1 - 1,7 1,8 1,0
Sintering temperature | 73,5 4,5 27,8 7,9
Particle size 13,4 15,4 8,6 2,3

The effect of tncreasing dopant 45 marred by weakening the

material. The increase in hardness is probably . ie to increasing
the density but the presence of glassy phases would reduce the
toughness and hence strength.
increasing the alumina content has & slight weakening effect and

although hardness is

improved this

effects of the other parameters.
size, however, shows a reascnable improvement {n both strength and
hardness, Although not as powerful as temperature it provides a
practical option for improving the properties given the limita-
tions imposed by the results and production requirements.

is small

The effect of stoichiometry or

retative to the
The effect of decreased particle

iable 28 11sts the significant interactions and their effects on

the four properties being studied.

ATl two-factor interactions

and only one three-factor interaction showsd some effect on at

least onc property.

Of these only three showed an effect on

hardness.  The temperatyre/depant interaction showed a simiiar

effect to the dupant effect, with the increase
at the eupense of sirengtn,

in hardness being
The 4nteraction of temperature and

excess alumina, however, showed positive effects on both strength
and hardness. The three-fold interaction of temperature, dopant
and particle size showed a negative effect on both hardness and
strength this being the result of excessive 1iguid phase genera-

tion and exudation,
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TABLE 26: Effect of interactions (%)

Interaction Hardness | Strength | Young’s | Denstty
Modulus

AB - dopant/stoichiometry - - - L1

AC - dopant/temperature 9,6 -11,2 “8,& 1,8

AD - particie size - - 10,2 -

BC - stoichiometry/ 8,6 3,u - -
temperatura

DB - stoichiometry/ - 2,2 -8,8 0,7
particle size

€0 - temperature/ - -2,1 - -0,9
particie size

ACD- dopant/temperature -6,6 -6,2 - -4
particle size

Table 29 lists the sum effect of increasing the parameter level
when taking into account the interactions. The problem now arises
as to how te improve the experiment., Although the centre point is
a maximum, the hardness 1s only 8,8 GPa which 15 considerably
Tower than the 12,8 GPa quoted for undoped zirconia-multite [15].

TABLE 29: Sum percent effect of increasing parameter levels

Parameter Hardness Strength
Percent dopant 17,1 -28,1
Stoichiometry 14,7 2.2
Sintering temperaturﬁ 85,1 19,0
Particle size 6,8 10,3
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These results indicate that the design was approximately central
to the line or plane of optimization. This 1s t*Justrated in Fig.
74. TYhe true optimization path lies along the 1ine of one or in
the plane of twu of the axes indicated by the dotted lines. The
situation is complicated by the possibility that there may be more
thea one possible optimization path. The mest powerful effect is
sintering temperature. In order to increase this substantially to
attain greater hardness and strength it would eventually be neces-
sary to reduce the dopant because of the negative effect this has
both T its own right and tn Its interaction with higher tempera-
tures. Owing to the magnitude of the effect of temperature this
would te the favoured route for optimization if this was the caly
redquirement,  However, owing te preduction Hmizations 1t is not
feasible t& ncrease tompurature  substantially. Likewise,
whalaneing the fchiomeiry in favour of excess alumina could
not be censidered as @ practical path as this would contradict the
7110 purpose af the 1usearch,

FIGURE 74; Possible optimization pa.

As @ result of these considerations the Teast attractive path for
optimizing hardness, that of decreasing the particle si-.. is alt
that remains.
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6.2 HILL CLWJING STRATEGY

Four mixes were prepared by milling for different times to reduce
particie size. The camposition and sintering condiiions were the
same as the centre point for the first order strategy. The
results of hardness and average particle size are listed in Tablz
30, Figure 75 is & schematic showing the hil) climbing strategy
with respect to three of the parameters, Hardness figures are
showr (GPa).

TABLE 30: Results of hil1 cimbing strategy

Average particle size (ym) | 2,5 1,8 1,4 1,0 0.5

Hardness (GPa) 8,8 9,3 9,7 10,2 11,2

The results show a major overall improvement im hardness as parti-
¢le size i3 reduced, The final particle size giving a hardness of
11,2 GPa is much closer to that of 12,6 GPa for the undoped
material.  This illustrates an important aspect of interpreting
factorial experiments. Relatively small effects may ultimately
lead to major improvements in areas beyond the initial experimen-
tal region.

Milling te 0,6 ym average particle size was the practical limit of
the capability of the at- “ur mill. It was decided at this stage
to remove particle size a parameter by using 0,5 wm powder and
begin a second, first o) design based on sintering tempurature.
stoichiometry and percent dopant.
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FIGURE 75: Djagrammatic representation of hil) climbing strat-
egy and resulis

8,3 SECOND, FIRST ORDER STRATEGY

The second first order design was a 2% factorial with leve! sete
tings as 1isted in Table 31 below and the results are listed in
Table 32, The hardness and strength data show th-. the centre
point is once again a maximum, In order to generate a response
surface of this region a second order design was superimpased on
the first. The second order design for a three parameter facto-
rial is shown in Table A.G of Appendix A7,

_ e A m o

% Dopant
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Paramcter levels

TABLE 313
LEVEL SETTING
Code Parameter
- 0 +
A Dupant molar quantity (moles) 0,2 0,3 0,4
B | Stoichiometry (moles) u4| 0 0,4
¢ | stntering temperature (C) 1430 (1460 |1 490

Hardness and strength results

FACTOR AND SETTING
A c

TABLE 32:

Haruness| Strengtl

(GPa) {WPa)

- - 9,98 202,4
- 8.95 197,0

* - 10,00 198,98
+ - 9,63 208,2
- + 10,24 182,46
- + 9,75 185.4
+ + 10,12 180,58
+ o+ 3,81 199,2
0 o 11,2 227,86

Young's Modulusl Density
{GPa) (a/end}
230,6 4,08
g2 1 4,03
154,2 4,02
217,4 4,02
2144 3,94
193,89 3,91
195,7 3,86
187,58 3,88
240,0 4,11

6.4 SECOND ORDER RESULTS

The results for hardness as determined by multiple regression are
shown in Table C.1, Appendix C.1. From
polynomial generated is

the significant effects the

Hardness = 11,29 - 1,25A + 0,68 + 0,6C + 0,55AR - 1,4A%

- 1,358 - 3,65¢% (30)
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where A, B and C are the coded parameters for dopant concentration,
stofchiometry and sfntering temperature respectively. A residuals
analysis shows that the data 1s approximately normal and evenly
distributed. These results are plotted in Figs C.2 - Cud in
Appendix C.2.

Flgures 76-78 are response surface plots of hardness versus all
paired compinations of the three parameters, with the third being
set at zero. In all cases the resuits show that a maximum hard-
ness has been straddied. Examinaticn of the averaged data in
Teble C.2, Appendix C.3, shows that the centre point has a hard-
ness of 11,3 GPa. This is the same hardness as one cther point
namely that fired at 1 510 € for 0,3 mojes of dopant and stoichio-
metry set at zerc. This would suggest the possibility of further
optimization at higher temperatures. However, a reasonable mate-
rial with acceptable hardness has been processed at 1 460 C which
s within the requirements of the production limitatjons.

dopant (moles) 04

FIGURE 76: Plot of hardness versus dopant and temperature
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FIGURE 77: Plot of hardness versus dopant and stoichiometr,’
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FIGUPE 78: Plot of hardness versus stoichiometry and temperature
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The regression result for strength data are listed in Table C.3,
Appendix C.4, The data shows that only dopant and sintering tem-
perature Tevels are important with their sguared functions. The
palyaomial generated is:

Strength = 227,6 - 2,85C ~ 5,2AZ - 10,807 (31

This is simpler than the previous expression for hardness and gen-
erates only one response surface as shown in Fig. 76. The reqres-
ston analysis and residuals plots are shown in Appendix C.4, Figs
C.5 - €.7. The data is shown to be normally distributed, as sup-
ported by the probability plot in C.8, This validates the use of
the analysis of variance techniques used on this data.

e
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FIGURE 79: Plot of strength versus dopant and temperature

The hardness and strength data as analysed once again suggests a
maximum has been reached for strength and hardness.  The maximum
hardness achieved was at the centre point and was 11,3 GPa. It
1s, however, known that zirconia-muilite of a hardness of 12,6 GPa

e e & e e s -
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was achieved for undoped material. It 1s possibie that the second
order design is too insensitive to pick up a second optimization
path.  This could happen as shown in Fig, 80, where the best
optimization path runs througi the design points.

FISURE 80: Rypothetical case where second order design may miss
an optimization path

Another important aspect of this system is 11quid phase exudation
that occurs whenever substantial reaction occurs. The optimum
hardness occurred at maximum density and Young's modulus repre-
senting @ fully densified zircon-alumina with partial reaction as
represented by the micrograph n Plate 4, Section 5.1.2. When
resction occurs the samples exude a 1iguid phase onto the surface
with consequent reduction in properties. With these materials
therefore the optimum hardness is achieved at the maximum density
prior to reaction.

6.5 REMOVAL OF LIQUID PHASE EXUDATION AT 1490 C

Stofchiometric samples were prepared with various quantities of
dopant. These were fired at 1 490 C for 3 hours to determine the
leve) at which 1iquid exudation ceases. The mixes were made in
accordance with the stoichiometry of equation (22) Section 5.1.2
the moYar ratios, densities and hardnesses are listed in Table 33.

2
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TABLE 33: Denstty and hardness data for varivus compositions fired
at 1490 C for 3 hours

Composition | Dopant Additien | wt.% Density  Hardness

(g/cn®) (&Pa)
1 0,02 0,30 3,810 11,25
2 0,03 0,45 3,860 11,78
3 0,04 0,80 3,890 12,25
4 0,05 0,74 3,875 10,10
5 0,06 0,83 3,860 9,80
8 0,07 1,02 3,838 9,30

Compusitions 1-3 showed no 1iquid exudation while compositions 4-8
did. A plot of compositicn and sintering temperature versus den-
sity is shown in Fig. 81, The shaded area shows the approximate
area where Tiguid exudation occurs. Composition 3 borders this
region, therefore from a safety point of view composition 2 is to
be preferred. This is due to it being sufficiuntly dense yet
avoiding the chance occurrence of liquid phases exuding due to
uncontrolied furnace temperature variations.

An XRD trace (Fig. 82} of materfal of composition 2 fired for 3
hours at 1 480 C shows that reactien due to zirconia-mullite for-
mation is approximately 50% complete. The degree of reaction
appears to be related to the degree of densification achieved
prior to reaction, This in turn is related to the degree of
porosity removal or by the increase in reactant intergranular
contact.

8.6 COMPARATIVE EROSIVE WEAR EVALUATION

Three sintered zircon-alumina materials were tested by comparative
erosive wear tests by the method described in Section 4.2.2.5.
These were compared against a $0% commercial alumina. The abrasive
materials used were SiC grit with 110 ym average diameter and
ouartz sand with 150 pm average diameter. The angle of abrasion
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FIGURE 81: Plot of density versus sintering temperature and
composition

used was 90°, Erosion was measured as mg of target material lost
per kg of erodant used. The compositions of the samples tested
are listed in Table 34, The compositions were stoichiometric
zircap-alunina mixes based on the reaction chemistry of the
dopants. The alumina was sintered at 1 490 C. The results are
shown in Table 35.
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,’ FIGURE B2: XRD trace of zircon-alumina with 0,02 moles Sro
after sintering for 3 hours at 1 480 C

|
i TABLE 34: Composition and sintering details
I

Composition | Dopant | Dopant (%) | Sintering Temperature (€)

1 $r0 8,45 1 480
2 $r0 3,7 1 460
3 no 4,0 1478

TABLE 35: Erosion results in mg loss per kg of erodent

Wear (mg/kg of erodent)
! Target Material

sic Quartz
- Composition 1 446 6
Composition 2 589 75
Composition 3 €43 89
90% Alumina 600 74
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The results show that composition 2, which was the centre potnt of
the second, first order strategy (Section 6.4}, had similar ero-
sion properties to the atumina as tested. This fulfils the origi-
nal requirements of the preject. This material was only partially
reacted as was the case for composition 1. Compositien I, however,
showved a significant improvement in ercsion properties being 25%
more resistant to SiC and 12 times more resistant to quartz under
the conditions used. This {5 probably due to the lower glassy
phase being present in compositien 1.  Composition 3, however,
showed poorer erosion properties compared to alumina despite being
fully reacted to zirconta-mullite. A possible explanation is that
weak grain boundaries are present.

A study of the effect of average particle size of starting materi-
als was carried out to determine the effect on wear resistance of
the final product. The results are presented in Fig. 83. The com-
position was varied with particle size by adding dopant in Suffi-
cient guantities to result in densification but at the same time
avoiding liquid exudatien., The sintering temperature was 1 490 C,
The results show a Steep increase in wear resistance as particie
Size decreases from 0,7 to 0.56 microns, Combined with the previ-
ous results this shows the importance of red:ed dopant ¢id parki-
cle size 1in achieving a wear resistant cera~, body in this
system.,



130

Plof of wear rate - ¢ particle size

weor vate {ng/kg quartz}

CUaLl L P AN A i

083 osa ows .63 0.93% 103
Particle size {micron)

FIGURE 831 Piot of erosion versus raw material particle size of
target materia)
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7. DISCUSSION AND CONCLUSIONS

7.3 DiSCUSSION

Reacttan-sintered zircon-alumina has been studied with a range of
novel dopants in order to develop a tlearer understanding of the
nature of the reactions. On the basis of these results one of the
dopants, $rQ, was selected for an optimization exercise. Through
a aumber of iterations the material was impraved on a range of
properties, particularly hardness with respecs to a comercial
atumina material,  Final comparative studies were carrisd out
using particle impact erosion and showed reaction-sintered zircon-
alumina to be comparable and in some instaices superior to the
atumina. In particutar a zircon-alumina sintered at 1 460 C was
shown to be equivalent to the alumina, and a zircom-aiunina
sintered at I 490 C was shown to be vast)y superfor. The goals
set at the beginning of this work have therefore been met. There
are, however, some general comments to be made on the experimental
design techniques used and some observatfons on reaction-sintered
zircon-alumina,

Tie use of factorial designs has shown jtself to be & usefu! too)
in systematizing the study of mulij-parameter effects on systems.
Howeyer, it compliments rather than replaces conventional research
techalques, In order to be efficiently used 1t is necessary to
have a good understanding of the system under evaluation. It was
twice shown during this study that whereas the mathematical anaiy-
sis showed an optimum had been straddled by the experimental
poiats, in fact petential optimization paths were not revealed by
the statistical dasign alone. These paths were identified by a
knowizdge of the system built on empirical experimentatiocn during
the preiiminary studies. The use of these technigues in general,
however, is a safer and more economical way of approaching compiex
problems. The safety factor s that more meaningful experimental
conditions can be covered, thus minimizing the chance of missing
an important factor.

Reaction-sintered zircon-alumina is a complex system, Depending
on the setting of experimental parameters products with poten-
tially good prope~ties can, for 2 siight shift in paremeter values,
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give medlocre pr poor properties. This point was emphasized by
Prch and 8iry {79] who stated that the main dra & to reaction-
sintering was sensitivity to powder characterie s, which makes
it difficuit to conirol. As a result of this vbservation they
doubted whether zirconta-imullite was commercially viable. The
results of this investigation indicate that as long as the source
of variation is known and monftored other parameters may be manip-
ulated to matntain the desired quality within defined limits. In
order to define these 1imits and respond efficiently to variation
the processing parameters should ideally be numerically defined as
shown in developing response surfaces.

Althougn further study is required some tentative comments can be
made on the effect of microstructure on the properties of sintered
zircor-atumina for the Group i1 A doped materials. The properties
of hardress, strength and wear rexistance reached an optimum {n
this material with a combination of high density and Iimited
degree of reaction., This contrasts somewhat with N2+ and Zn?*
satertals which achieved optimum properties with full reaction.
Ancther important difference was the high degree of densification
achieved for the Group Il A doped materials prior tu full reactton
as opposed to the Tesser degree of deasification for the N12t and
Zn? doped materials.

There are considerable dangers in making general statements on
microstructura) effects on praperties of zircoeia-mullite per se
owing to the complexity of competing physico-chemical processes in
conjunction with competing toughening mechanisms. Far this reason
only the SrO-doped material will be considered as information on
the other systems is incomplete.

A number of aspgcts are javolved during the sintering process
which have differing effects on the properties, The first is the
process of densification which is a sine qua nes for structural
ceramit processing and requires 1{ttfe further commant. In the
SrQ-doped system the demsification of reactants prior to full
reaction Js partisutarly proncunced. Densification is uswally
accompanied by grain growth which is generally deleterious to
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mechanical properties, part of which may be attributed to a juwer-
ing of the internal surface energy with reduced grain boundary
4reés.  Assoviated wiih this 1s an increase in width of inter
granu)ar ooundarias occurring with reduced interna) surface area.
This ts a result of the distributfon of a fixed volume of Impurity
or dopant phases over reduced areas. Since many of these grain
boundary phases are elther amorphous or less robust than the
grains this phenomenon fncreases the probability of crack initia-
tion occurring for a particular event.

The zircon-a)umina to zirconia-mullite reaction occurs by a solu-
tton-diffusion-precipitation process similar to that described in
Fig. 15 [32]. Being essen.laily a recrystallization process,
Jmpyrities which existed in the zircon will be concentrated in the
intergranular boundary phases, ultimately tncreasing the volume of
these phases. This would combine with the grain growth effect to
the detriment of the properties.

Asspciated with the reaction §s a volur) increase which must
resytt in major changes in internal stresses. MWith the related
increase in more grain poundary mebility, siress relaxation could
vccur.  Alternatively microcracking at the grain boundaries may bhe
the mechanism of stress relaxation, Microcracking appears to be
an me cant tougherting mechanism in zirconia-mullite as suggested
from the literature [42,60], However, ajthough microcracking can
provide toughening to the bulk of the materiai, it fs more Iikely
to e deletertous at a microstructural level where erosion by par-
ticle impact s operative since the initiation sites for crack
growth have aiready been provided, The anergy of impacting, abra-
stve, angular particles is generally transmitted at a concentrated
peint,  This results either in grain chipping or crack growth
atong grain boundaries resulting in grafns failing out, The lat-
ter mechanism is 1ikely to be assisted by pre-existing microcracks.
ihis may explain the poor performance of In?* doped zirconia-
muilite to abrasive wear reported in Table 385,

Finally, in the Sr0-dopad system reactfon 15 accompanied by the
appearance of & permanent 1iquid phase which is  dupendent on the
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concentration an¢ dopants and can reach excessive proportions,
This results in a deterioratfon tn properties. In summary, it
appears that any advantage in achieviag full reaction to zirconia-
mui1ite 1n these systems is more than cutweighed by the disadvan-
tages. The best material achieved is a partialiy reacted fine-
grained, dense budy with minimal intergranular phases.

The question remains as fu the nature of toughening mechanisms in
such a body. Although transformation toughening has been shown to
be gffective tn an undeped zirconia-mullite {58] this is likely to
be a small contribution in 2@ partially reacted body where tetrago-
nal zirconia may make up as little as 4% of the total volume.
Such a bedy, which contains four major phases, is Tikely to have a4
nigh degree of internal stresses due to thermal mismatch. It is
probable that this resulis in toughening due to crack bowing and
deflection mechanisms. These have been specifically mentioned as
possible mechanisms in the literature for mullites containing
embedded alumina and zirconia particies [16,43]. Grange et al. [16]
concluded that published toughening mechanisms cannot explain, by
themselves, the mechanical properties of the composites they
studied, Rather a combination of different mechanisms iy opera-
tive each of them being more or fess effective according to compo-
si*ion and microstructure. These conclusions are equally valid
for the $rQ-doped zircon-ajumina-zirconia-mullites described fn
this study. The mafn difference between the current wark and that
reparted in the literature is the use of finer particle size and
partial reaction to achieve the best results with a navel dopant.

It has been demonstrated that the processing of a commercially
vianle reactfon-sintered zircon-alumina 45 possible. This can be
done by a pragmatic quantification of processing parameters in
relation to properties within the restrictions applied by basic
commercfal realtties. It has further been demonstrated that sub-
stantial improvements in properties are possible which suggests
that these materials may have wider applications than originaliy
envisaged.
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7.2 CONCLUSIONS

Some general conclusions can be made on both experiwental design
techniques and on the nature of zircon-alumina ceramics studied in
this wotk.

+ Factorial designed experimentation has been shown to be a pow-
erful research tool when used in conjunction with conventional
procedures. The main benefit is through provisfon of a wider
net in covering potentially important parameters in a Yabour
efficient manner.

«  Multifactor optimization technigues are not infallible when
used in the absence of critical evaluation of the meaning of
the results. Important optimizatien routes can be missed
which would only be picked up by a good knowledge of the
system.

+ a0, Sr0 and Bal show themselves to be efficient dopants in
the zircon-alumina system in assisting demsification. Owing
to 1liquid phase exudation occurring with fuil reaction, the
best properties were achieved with partial reaction when using
these doparis.

*  NiG and ZnO-doped zircon-alumina exhibit pest properties with
ful) reaction but fail to demsify fully, under similar proc-
essing conditions as used for the group II A dopants,

* A double-doped system of Sr0 and Zn0 showed a 50 C reduction
in reaction temperature over the single-doped systems.

o Particle size of zircon and alumina prior to sintering has a
major effect on wear resistance of partially reacted SrO-doped
zircon-ajumina. Particie sizes of 0,5 ym produce ceramics 10
times mare resistast to quartz erosion than particle sizes of
0,7 .
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= In partially reacted zircan-alumina-zirconia-muilite ceramics
which fave peen found to pe particularly wear “esistant, a
combination of toughening mechanisms are probably ac:.'ve. It
seams probable that crack bowing and defiection toughening
mechanisms would be more important than micrecracking and
transformation toughening.

7.3 SUGGESTIONS FOR FURTHER WORK

The range of dopants studfed and potential tateractions of dopants
in conjunction with material characterization pose an almost end-
1ess prospect for further study, As a result only the key possi-
bilities can be 1isted:

1) TEM anmalysis of microstructure, especially anaiysing the
nature of qrain boundaries in canjunction with erosfve wear
evaluation.

2} Definition of fully cptimized zircon-aiumina by dopant reduc-
tion towards an undoped material.

3) CQuantificatfon of the effect on properties of anneaiing of
high-dopant materials,

4) Establish a lower optimization temperature using a doubie dop-
ant system such as Sr0/Zn0.
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APPENDIX A
BASIC PRINCIPLES OF ORTHOGONAL DESIGN AND OPTIMIZATION

A.1 Soma Protams with (lassical Experiments {adapted from
Box et al. [69) Chapter 15)

Classicaj research, in determining the effect of variables on a
measyred parameter, is based on the one-parameter-at-a-time
(OPAAT) metnod. This method, in which experimental factors are
varied one at a time, with tee remaining factors held constant,
is widely used to conduct research, This approach provides an
estimate of the effect of a single variable at a selected fixed
point in a nultivariable space. Howaver, for such an estimate to
have any general relevance, it is necessary te assume that the
effect woul? be the same at any other peint in the multivariable
space. In “eality, this is rarely the case, as can be sppreciated
by considering Fig. A.l. The situation represented shows the
weakness of the OPAAT approach by illustrating two facets of a
hypothetical sintering scheme for a ceramic, Dependent on the
selection of the time variable complstely different information is
received on the effect of temperature.

Another prehiem typically assaciated with the OPAAT approach can
be demonstrated by aitempting to optimize on the system just
described.  An attempt to maximize the strength of the ceramic
with respect to time and temperature might follow the course
11lustratec. 1 the temperature is fixed at T = 1225C and
siatering vime was varied from 60 to 180 minutes the results on
strength would resemble that shkown in Fig. A.2a, This would tead
1o the conclusion that the best sintering time was .30 minutes for
this fixed temperature.

Following OPAAT strategy, 130 minutes would be chosen as the
"best® fixed value and temperature would be varied. This could
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versus sintering time and temperature, with points
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give a graph similar to that shown in Fig. A.2b. The maximum
strength obtained is at a temperature of 1225 L. The conclusion
now sesms Justified that the overall maximum strength of 85 MPa
s achieved by sintering for 130 minutes at } 226 C. In the hypo-
thetical example chasen this would be erroneous as can be appreci~
ated by considering Fig. A.3.  The real maximum strength fs
approximately 105 MPa at sintering time of 65 minutes and § 285 C.
The faijure in this case of OPAAT strategy to correctly optimize
strength s that the approach tacitly assumes that the maximizing
value pf rie parameter is independent of the level of the other.
In most systems this 1s not true.

temperature (C}

fime {min)

FIGURE A.3:  Possible true response surface representing strength
versus sintering time and temperature with points
shown per OPAAT approach

A.Z An Example of a Simpfe Factorial Experiment

In a 22 design cach parameter under investigation is coded ini-
tially at two levels. The high level is represented by '+' and
the Tow tevel by '~'. There are two parameters of interest in
this case, namely temperature and time. The pius and minus sigr~



are short-hand notation for +1 and -1 respectively and can be
multiplied 2s such to provice parameter interactions. The design
of the experiment contains every possible combination of high and
Tow settings and 1s usually represented in standard Yates order as
shown fn Table A.l.

TABLE A.1:  Standard Yates order for a 22 factorial design

Number Observation Parameters Interacttons
A B A
1 . - B N
2 + + - -
3 + - - -
3 + + + +

Assuming the evels of temperature and time chosen for the experi-
ment were t 220 and 1 230 C, and 120 and 150 minutes respectively
the points would be represented as shown in Fig., A4, If for
exampie, the strengths of each experimental setting were found to
be §2, 76, 72 and 75 MPa respectively, & first order polynomial
can be calculated as described in Table A.2, The measured
strength for each experimental setting is written in across ail
the columns fin the design and takes on the sign of each position
as shown. Each column is then summed and divided by the dppropri-
ate qivisor ta provide the relevant coefficient. The first degree
polynomial is taken from the coefficients as shown by the equation

STRENGTH = 71,75 + £ 2 - 25 . L3 a3 (wpa) Al

where A and B are the temperature and time codes respectively.

Equation A1 summarizes to a first approximation the situation as
affected by the chosen parameters. In this case an increase in
the sintering temperature has a positive effect on strength
whereas an increase in  sintering time has a negative effect, A
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FIGURE A.4:

TABLE A.2:

1280 |-

1240

1220 |

1210 -

80 S0 20 50 180
time (min}
Representation of hypothetical case for a 22 facto-

+1al experiment with factar codes

Calculation of results for hypothetical 22 facterial

Number Observation Parameters Interactions
A 8 A8
i + 68 -6 -8 + 69
2 +77 £ -7 -7
3 +71 -7 a7 -7
4 +70 £ +70 +70
Divisor 4 2 2 2
Coeffictent 7,78 +3,5  -2,5 - 4.5

positive increase in the interactien {i.c. increasing or decreas-
ing both temperature and time simultaneously) has a negative effect




on strength. In aerder, therefore, to achisve tie maximum strength
within the set parameter levels in this case one should select the
high temperature setting with the low time setting. This is
described by Yates experiment No. 2 fn Table A.l. Substituting
the level codes into A, B and AG 1n equation A.I ylelds a strength
of 77 MPa. For optimization it is assumed that further increases
in temperature and decreases in sintering time should improve the
strength. This 15 discussed in Appendix A.d.

A.3 Interaction and Curvature Check

The interactions, if present, are indicative of a certain degree
of curvature. The interaction effect is calculated for the exam-
ple just described in exactly the same way as for the parameters
as shown in Table A.2. In this tase the interaction coefficient
{s -4,5 MPa. The meaning nf this can be seen by referring to Fig.
ABa-c.

figure A.5a represents the simple effect of the two parameters
with no interactions. The offects are additive and so gives a
planar response surfage. Figure A.5b shows the effect of the neg-
ative {nteraction giving a °minimax* response surface where the
centre fs a col between two hills, This can be compared to a pos-
itive interaction of the same magnitude described by Fig. A.Sc.

The curvature 1s a measure of the discrepancy between the average
of the results for the four coded settings and the centre point
which has the coding (0,0). It is marked as run number 0 in Fig.
A5, The mathematical meaning of variance between the centre
point strength value is described by the coafficients of the
squared terms ir a second degree polynomial. A second degreg pol-
ynomial takes the form

2w By + BA + BB + ByAZ & BygB2 4 BppB? + ByoAD A2

where By represents the average of the coded points, By and g, the
effects of the parameters, (By + By) the variance becween the
centre point and the average, and By the interaction effect, A
Aand B are the coded paramcter values, For a full estimation of
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FIGURE A.5: Plot of strength versus temperature and time for

hypothetical example showing effect of parameter
interactions
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FIGURE A.6: Plot of strength versus temperature and time for
hypothetical example showing effect of central
curvature



Strenagth

Temperature

FIGURE A.7: Plot of strength versus temperature and time for a
hypothetical situation described by the polynomial
in eguation A 3

2= 71,75 + 10X - 5Y + J0X2 - 5Y2 + 8,5XY A3

a1l the coefficients, higher order experimental dasigns and least
squares regression are required. These are briefly discussed in
Appendices A.7 and A.B.

The topoghraphical effects of the degree of crrvature is i1lus-
trated in Fig, A.6a-c, Figure A.62 and b shows the effect of a
positive and negative deviation frem centrality as described by
one squared parameter. Figure A.6¢ shows the effect of two posi-
tive squared terms. A typteal recpanse surface of a full second
order polynomial is iilustrated in Fig. A.7 showing the potential
complexity that can be employed.

A4 The Path of Steopest Ascant

The path of steepest ascent {5 calculated from the first order
poiynomial A.1. Starting at the centre of the experimencal region
where the coded value of A and B are both zerc, the path is fol-
lowed by moving 3,4 units along the A axis for every -2,5 units
along the B axis. This {s 11lustrated by the dotted Tine in Fig.
A.8, The length of the steps can be varied in size, A conven'ent
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set of points on the path of steepest ascent are also shown in
Fig. A.8 and Table A.3. This path is followed until & maximum has
been found and then a second first order design is plamned close
te the maximum, The exercise 15 repeated unti) the centre point
gives a strength figure that is larger than the other coded points.

1230

5 §
g 3

temperature {C)
B

time {min)

FIGURE A.8:  Path of stespest ascent wi.h convenient set pcints

TABLE A.3: Points on the path of steepest ascent, hypothetical

Coded T
Conditions | Temperature | Time Run Observad
) (mins) Number | Strength
A B
Cantro
conditions 3 0 1225 138 o 71,78
1,4 -1 1230 120 1 78,0
Path of 2.8 -2 1238 108 2 83,0
steepest 4,2 -3 1246 80 3 90,0
ascent 5,6 -4 1253 75 4 10,0
7.0 -5 1 260 60 5 80,0
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This impiies that the other points straddl: a maximum, at which
point a second arder design is employed whi . will be descrived
later,

AJ First Order Factorial Designs

Table A.4 summarizes the design matrices for 22, 23 and 2% facto-
rial experiments, for 2, 3 and 4 factors respectively. This
results in 4, 8 and 16 ¢xperimental settings, and shows the pat-
tern of factorial designs. The farger the design the more complex
the nature of the interactions. 1In general the large interactions
such as ABCD tend to zerc as one of the parameters is 1tkely to be
acting against the trend of the others. The result is potentially
redundant information. It {s possible to reduce the size of the
higher order factorials such as 25 which requires 64 experimental
settings ) a half or a quarter of the original sfze. If this is
carefully done the effects of the parameters and most of the
important interactions can still be analysed, This is discussed
in most texts on factorial designs [67-70].

TABLE A.4: Design matrices for 22, 2% and 24 factorial experiments

A B AB[ C AC BC ABC| D AD BD ABD CD ACD BCD ABCD
N R B TR T
D B Y R R T T
D I L A I T
D I L T T T
L N T T S S
s - L ) L T S
B . T T A P R S
L e T N T T B
I T T S
L S LT S
L R T TR R T
ok o+ - R
R T S R S Y
L - T T T S R
L S S S S R S
L T T S S S T P Y
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A.B Analysis of Factorfals Using Normal Probability Flots

ine problem of determining whether a measured effect fs due to
axperimsntal error or 1s real can be analysed using norma} proba-
bility piots. This technique is generaliy only useful for facte-
rial gestgns of 4 factors or more.

A normat distribulic- 5 shown in Fig. A.9a for a set of data pre-
sented by the black , ts, If these poinis are ranked from low-
est to highest the probabiiity of their appearance can be
approxinated by the equation,

100 {1-4)
—w

far 1= 120000,

Ca gt app vy
(o) Normal distribution

100~ e

Pl

=
o= P ey L e e e

i) Ordinary graph paper fo) Normmt prohability popar

FIGURE A.9: Normal probability plots
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If the data is normaily distributed and the probabiiity of each
point s plotted against 1ts value the craph will be sigmoidal as
shown in Fig. A.Sb. When the same points are plotted on normal
protability paper they fall on a straight line as shown in Fig.
A.9c. The use of this analysing real effects in a 2% factorial
experiment can be demonstrated by considering Fig., A.10. Al the
effects due to experimental error will tend to follow a normal
distribution and fall os a straight line as shown. Any peints
falling off the line cannot be =xplained as normal varfance and
has to be a real sffect. In this case ail four parameters and one
interaction are real while the remainder can be considered as
being due to experimental error.

% Probability
8

e

Effect (GPa)

FIGURE A.10: Plot of probabi)ity versus Young's modulus effects

v o R R —
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If the data is normally distributed and the probabiljty of each
point is plotted against its value the grapa wil) be sigmoidal as
shown in Fig, A.Sb. When the same points are plotted on normal
probability paper they fall on a straight line as shown in Fig.
A.Bc.  The use of this analysing real effects tn a 24 factorial
experiment can be demonstrated by considering Fig. A.10. A1} the
sffects due to experimental error will tend to follew a normal
distribution and fal) on a straight line as shown. Any point:
falling off the line cannot be explained as nomal variance and
has to be a real effect. In this case all four parameters and cne
intersction are real while the remainder can be considered as
being due to experimental srror.

EX

005}
0.1

o o4

@
we

20 0 20 40 &0

Etfect (GPa)

FIGURE A1) Plet of probability verses Young's modulus effects




A.7 Second Order Factorial Designs

In order to estimate regression coefficients for a second degree
polynomial each variable must have at least three different
Tevels. Some of the most effective designs of this nature are
central composite rotatable designs.  The matrix for two and
three parameters are given in Tables A.5 and A.6 respectively.
The geometry of these designs are shown in Figs A.11 and A.12
respectively.

TABLE A.5: Central composite rotatabie design for two paraneters

Average A 8 A2 82 AB
1 -1 -1 1 1 1
1 1 ~1 1 -1
1 -1 1 1 1 -1
1 1 1 1 1 1
1 -1,414 o 2 0 ]
1 1,414 Q 2 o 0
1 0 ~1,414 0 z 0
1 4 1,414 0 2 0
1 0 [ ] 0 0
1 0 o 0 0 0
1 Q ] 2 L] [}
1 0 2 o 4 a
1 a a a [} Q
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TABLE A.61 Central composite rotatable design for three parameters

Average| A 8 c A2 82 (3 AB | AC { BC | ABC
1 ~1 -1 -1 1 1 1 1] 1| 1|«
1 1 -1 -1 1 1 1 sl )t
1 -1 1 -1 1 1 1 LS IR RN S
1 1 1 -1 1 1 1 1i-18-1«1
1 ~1 -1 1 1 1 1 l-1j-1} 1
1 1 -1 1 1 i 1 iy 1{=l{-1
1 ~1 1 1 1 1 1 RS R N
1 1 1 1 1 1 1 PUNS AN I |
1 ~1,682 0 o 2,828 0 Q 0o, of of o
1 1,683 0 ] 2,828 0 0 ojojojo
1 0 j -1,682 0 0 2,828 0 of oy oo
1 a 1,682 © 0 2,828 0 el ojo|eo
1 ¢ -1,584 o 7 2,828 0| 0| Of O
1 0 [ 1,682 © Q 2,828 0| 0| ¢f 0
1 9 0 a 0 0 0y 0y 00 0
1 o @ 0 0 0 0 Gy oy 0fo
1 0 o 0 0 0 Q0 ol of ¢f o
1 0 ) 0 [ 3 afoj oo
1 Q ¢ 0 0 o ¢ 0| @
1 0 0 0 o 0 0 oi o0l oleo
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FIGURE A.11: Central composite design for two parameters

FIGURE A.12: Central composite design for three variables
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A.8B Analysis of Varfance of Replicated Designs

If the measurement for earh point is replicated the use of the
powerful analysis of variance technique, based on the fixed
effects linear statistical model can be employed. For a two-
parameter factoria) design the results can be described by the
Tinear statistica) model

Y= o Ty By (TB)iy 4 ey A8

where = 1,2 0
® 1, 2, «aes b

k = 1,2, .«

and ¢ 15 the overall mean effect, Ty 15 the effect of the i-th
level of the row parameter A, By s the effect of the j-th level
of cojumn parameter B, {18)y; is the effect of the interaction
between ty and By, and €y3 is a random error component. The data
arrangement is shown in Table A7.

TEBLE A7: Oata arrangement for a two-parameter design
PARAMETER 8

1 2 b
L Yz Yizn Yoz YistaYpz
veiaVig Set tyon consafipn
2] YauiYara Yo Yoz yzbl.;zbh
B o s ooy
PARMMETER A " = "
2| YarsYaze Yaor fazos Yano Yabze
o v R ool ' P 7o

Analysis of variance for the data in thi. format by Stvatgraphics
statiscical computer package is genmerated fn an analysis table of
the form shown in Table A8,
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TASLE A8: Ana1ysis of variance table for two-parameter factorial
pr 1st degree polynomial

Source of | Sum of [ Dagrees cf‘ Mean Fo Proba-

variation | squares| freedom sguare bty
$3; LY

Atreatnent S5 | a1 WSy, 24 Fou gt | P

8 treatment{ S5 | b -1

Interaction  SSg | {a~1)(b-1)

wopg + RE ¢ Gum or errors = §5p ¢ Mean absolute error = M.

55
where NS¢ = it o

R? = correlation coefficient and Py, Py and Pyp are the probabiti-
ties that the parameters can have an F ratio as calcwlated. This
probability is usually set at §% as whether to accept or reject
the effect as belng real or part of the experimental errer. The
coeffictents for cquatfon A5 are cafculated by least squares
regression. The basic principles of two-pa, <ter analysis can be
extended 10 any number as long as the principies of facterial
designs are maintained.

A8 Normaiity Assumption and Centraf Limit Theorem

The analy.is of variance in the previous sectien is purely an
algebraic relationship. However, the use of the F test to deter-
mine whether there are significant differences in treatment meany
requires certain assumptions to be satisfled. These assumptions
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are that the observations are adequately described by the appro-
priate model such as equation AB, and that the errors are normally
and independently distributed with mean zero and constant but
unknown variance. In practice, these assumptions usually do not
hold exactly. It is therefore, necessary to check the validity of
the analysis by examining the residuals prior to accepting a given
model. This 1s discussed 1n the following section.

Should the residuals analysis fail to satisfy the assumptions ff
is possible to attempt transformation of date to provide 2 more
reasonable data set which more closely fits these assumptions.
The transformations possibie are discussed at some length in ref-
erences [84 and 69]. One method of 'improving' the normality of a
data set is by making use of the central Timit theorsm. There are
two important ramifications of this theorem.

Firstly, 1f random sampies, size n, are taken from a distribution
with mean x and standard deviation g, then the sampling distribu-
tien will be approximately normal with mean x and standard devia-
tion o/¥n, the approximation 1mproving as n increases.  This
simply states that a non-pormal distribution can generate approxi-
mately normal data by the use of a suitable sampling technique.

The second important ramification is that in the real world of
exparimentatior a measured quantity is usually affected by a
series of small errors due to sample and measurement jimitations.
These can be rapresented by a linear equation

€8 a0 g e . gty 26

Such a linear function of errors will tend to normality as the
number of tomponcnts becomes large, almost irrespactive of the
individual distributions of the components. An important provise
45 that several of the sources of error must wuke important con-
tributions to the sverall err¢r and that no single arror dominatesn
the others.




A.10 Residuals Analysis

Residuals analysis s a check after analysis of varfance, that
there 15 a good approximation to normaiity, It i5 essentfal to
conduct this analysis as maverik points or serious deviations from
aormality can result in totally incorrect conciusions which can
Tead to costly time wasting. The first step in residuals amalysts
1s a normal probability plot an example of which s shown in Fig.
AJ13.  This data is cdraws from & MOR example, The residuals
shoutd fall close to a straight line. This iz approximately true
in this case.

4 Pravatiity

235

P
3

2339
® 8 6 8 10

Renidusiy

FIGURE A. Normal probabiiity plot of residuals

Two other plots of residudls are typically carried out as i1lus-
trated in Fig. A.143 and p. The residuals are plotted in the
order they are presented and against thelr predicted values. Any

B me—d——
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pattern such as a tendency to drift across the zero line or taper
off at one end are violations of the assumption of normality and
equivalence of variance.

An example of the usefuiness of residuals analysis js 11lustrated
in Fig. A.15. In this case one residual {s cleariy well clear of
the normality plot and is therefore regarded as a maverick obser-
vation, This !s usually due to exverimental error and retesting
the point can correct the probiem.

% Probatulity

Rasiduals

FIGURE A.15: Normal prebability plot of residuals shawing presence
of Maverick observations
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APPENDIX B
RESULTS OF FIRST ORDER FACTORIAL

8 U Table of Maans for Hardness for Each Run

Level Count Average
(x10%)

1 3 2,87

2 3 2,60

3 3 2.83

4 3 2,86

5 3 5,39

6 3 5,98

7 3 6,14

a 3 7,82

9 3 3,34

0 2 4,05

1 3 311 '
12 3,86

13 3 252

14 3 6,92

18 3 6,86

16 3 8,21

17 3 8,85 ’
18 3 8,86

.= — - ot i e R srer - O ere—
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B.2 Analysis of Variance of Hardness Effects

TABLE B.1: Anaiysis of variante for hardness

Source of veriation | Sumof [d.f.] Mean | F-ratio| Sig.
squares square Tevel
rmm EFFECTS 174 x 102 4 14,36 x 1049 3147 | 00
DOPANTS 5.96 x 1018} 1 [5.96 x 1018) 43.2 | .00
TEMP2 1.61 x 100) 1 {1.61 x 102[1000.0 .00
STOICH2 1.10x 108 1 1.1 x 018l 8.1 |07
MiLLz 5.40 x 1018] 1 15.40 x 1018} 39.1 | .00
[2-FACTOR INTERACTIONS{5.17 x 1018] 6 4,34 x 1019)1000.0 | .00
DOPANTZ  TEMP2  [2.77 x 108] 1 {2.77 x 1018} 20.9 | .00
DOPANT2  STOICHZ |1.13 x 10771 {1.13 x 10V7] 8| .
TEMP2  STOICHZ |2.18 x 1018} 1 |2.18 x 1018 15.8 | .00
DOPANTZ  MILL2 7.7 X 10151 1 (7,17 x 1018 RO 73
TEMPZ MILLZ 3.36 x 10071 3.36 x 10%F 2 f .82
STOICHZ  MILLZ  16.26 x 101 [ 1 16,26 x 1016 N 1
RESTOUAL 5.10 x 108 37 [1.39 x 1017

B.3 Residuals Analysis of Hardness Data

Normai prabobility ot

Cumuiotiva percent

140 60 160 200 220 240 260

FIGURE 8.1 Normal probability plot of residuals for hardness
data

. ———rm——
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APPENDIX C

RESULTS OF SECOND ORDER STRATEGY

C.1 Regression Analysis for Hardness

Independent
varial

Coefficlent | Std. error | t-valve |Sig. level
(x1010) (x107)

B Constant
) Dopant (A)
; Temperature {8}
. Time ()
. A2

B

LhenBhdinnhd
@
2
&
b4

s
g
8
3
8

LlkbRborllG
@
2
2
8
8

0.2575

= 0,74%

ige)

27
" v
H
5 o1
8
o7
. o7
87 o7 07 nr 127
’ Fredicted (sizs)
}‘ e FIGURE C.1: Plot of predicted versus observed data for hardness
Lo ° results
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C.2 Residuais Analysis of Hardness Data

Normal probability siot

Cumutive parcent

)

Reajduals

FIGURE C.2: Normal probability plot of restduals

Residuat plot
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Residuats
o
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Residuals

FIGURE C.4:
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Rosidual plof

9.4 08 02 0.8 " XS
(x1E8)

Predicted

Plot of hardness residuals against predicted Tevel

€.3 Average Results for Hardness

TABLE C.2: .erage results for hardness

Level Count [ Average {x109)[{ Level Count | Average (x109}

1 6 10,2 10 8 10,9
2 6 9.2 1 6 10,7
3 6 10,2 12 6 10,3
4 [ 10,0 13 6 11,3
5 6 10,3 u 8 9.4
3 6 8.9 15 6 9,0
7 6 10,3 16 6 11,3
8 6 10,0 17 [ 11,3
9 6 10,1




C.4 Regresson Rasults for Strength

Regression results for strengtt

Independent
variable

Std. errar
{07}

t-value

Constant
Dopant (A}
Yemperature ()

T2|me {)

e

= 0,85

Obsarvad

Hean &

erage err

FIGURE C.5:

Prodloted

Plet of regression estimates vs observed data for

|
i
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C.5 Residuals Analysis for Strangth Data

Residust piat

Residuals

Index

FiGURE C.8: Piot of strength residuals in order of testing

Resigual plot

2
Residusis.

Pradicted

FIGURE C.7: Plot of strength residuals against estimated vaiues
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FIGURE C.8: Normal probability plot of streagth data
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