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Optimization of the Sintering Process:

Metal Matrix Composites and Zinc Oxide Varistors

Mohammad Durul Huda B.Sc. Eng., M. Sc. Eng.

ABSTRACT

The sintering process of Metal Matrix Composites and Ceramic Varistors has
been studied in this project. Metal Matrix Composites of AVALZ) 3and Al-6061/SiC and
ceramic ZnO varistors were manufactured through compaction and sintering process.
The compressibility of AUAIZ) 3was studied with respect to lubrication and volume
fraction of reinforcement. The effect of sintering temperature, sintering time and
volume fraction of reinforcement on the compressive strength and hardness of AVALD 3
composites has been investigated. Mathematical models for hardness of AUALZD3
composites and compressive strength and hardness of Al-6061/SIC have been developed
utilizing design of experiments and response surface methodology.

A theoretical model for the flow stress behaviour of Metal Matrix Composites has been
developed which considers the effect of the size and shape of the particles and the
volume fraction of the reinforcement.

For the sintering operation of zinc oxide varistors, two apparatus, one for controlling
the weight loss and other for controlling the shrinkage were developed and used to
obtain constant weight loss and shrinkage rates.

An optimized firing profile has been established which gives higher energy capability
of the product and simultaneously reduces the firing time.

A mathematical model has been developed for the failure analysis of the varistors in
relation to the weight loss rate and shrinkage rate. The microstructure of the samples
fired by rate controlled sintering has been studied by SEM.
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INTRODUCTION

Sintering 15 one of the main manufacturing processes to produce ceramic
products, namely those which are highly refractory or very high melting points. In this
project, both metal matrix composites (MMCs) and doped zinc oxide ceramics have
been produced by this technique,

Nowadays, there is an increasing demand for high-strength, high temperature materials.
Metals are not suitable for use at high temperature because their strength drops down
dramatically with increasing temperature. Ceramic materials withstand high temperature
but their brittleness limits their use. So, to meet this criteria, the composite material has
come to the front line by combining the strength of the ceramic with the ductility of the
metal.

The advantage of using MMC materials are the property combinations that can result
In anumber of service benefits. Among these are increased strength, decreased weight,
higher service temperature, improved wear resistance and higher elastic modulus . The
excellent mechanical properties of these materials, together with the weight saving and
the relative low cost in production makes them very attractive for a variety of
engineering applications in the automotive and aerospace industries.

MMC materials are in the immature stage in respect of the development of their
manufacturing system. There is also limited data for strength characteristics of MMC
at different reinforcement levels. The optimized sintering process of MMC has not been



yet established. Since MMC is a mixture of more than one material, the sintering
operation becomes complex.

Zinc oxide ceramics have several applications in the electronic industry such as resistors
for Cathocle tube displays, sensors and varistors amongst others. Varistors, are used to
protect the electrical equipment from power surges and lightning strikes. Zinc oxide is
an intrinsic n-type semiconductor. By doping zinc oxide with bismuth oxicle and other
suitable additives, it is possible to get a non-ohmic material, the resistance of which
changes dramatically with the applied voltage. At low voltage, the varistor material
hehaves like an insulator with resistivities of the order of 100to 102Q/cm. Ata certain
voltage, known as the varistors nominal voltage (Vram, the material becomes a good
conductor that can have 1 to 10 Q/em. This represents practically a change of about 12
order of magnitude. This electrical behaviour arises because of the remarkable
characteristics of the zinc oxide ceramic which are developed during sintering.

The sintering operation of varistors can be further optimized to enhance the properties
the properties of the final ceramic microstructure. During sintering, binder bum out and
volumetric shrinkage take place at low and high temperature respectively. Both
parameters must be controlled to obtain defect free products that in tum will exhibit
high electrical energy absorption capability.



The work programme of this project can be outlined as follows:

Process Sinter-Forming

MMC ZnO varistor
Materials

- AIZAJjO, doping

Al-6061/SIC additives-
BIjOj, Co,04,

MnO, etc.

Rate
Optimization General

. . controlled
technique Characterization sintering

Design of experiment Performance
(Response surface Evaluation
methodology)

Modelling for the flow Response
stress behaviour surface
methodology

There are three main objectives for the work of MMC:

(1) to study the effect of sintering parameters and volume fraction of reinforcements on
the strength of the composite.

(2) to develop the mathematical model for the strength in relation to the sintering
parameters and volume fraction of reinforcements applying design of experiments and
response surface methodology and establish the optimum sintering conditions.

(3) to develop an analytical modlel for the flow stress behaviour of metal matrix
composite,

The main objective of the work for zinc oxide varistors is as follows:

(1) to establish an optimum firing profile through rate controlled sintering which will
give a higher energy capability product and simultaneously preferably reduce the



sintering cycle time.

(2) to develop a mathematical model based on design of experiment and response
surface methodology for establishing the combined effect of binder burmout and
shrinkage on the electrical energy absorption capability of the products.

(3) to study the effect of rate controlled sintering on V-1 characteristics of varistors.
(4) to study the effect of rate controlled sintering on the microstructure of the zinc oxide
varistors.

To get the above objectives, two instruments which were developed before, one for
controlling the binder burn out and another for controlling the shrinkage have been
modified for the purpose of the present work.

This thesis contains eight chapters:

The first chapter deals with the literature survey of metal matrix composites, zinc oxide
ceramic powders and rate controlled sintering of ZnO varistors.

Chapter 2 gives a general discussion on sinter forming process covering the areas of
powder characteristics, blending and compaction. Also it includes description of
composite materials and zinc oxide varistors,

Chapter 3 describes the equipments which are used in this project and the experimental
technique. The compressibility of AUALZD 3 with respect to [ubricant and volume
fraction of reinforcement has been carried out. The effect of sintering temperature and
sintering time with volume fraction of reinforcement on mechanical properties of
AVALD 3are also discussed.

In chapter 4, rate controlled sintering of zinc oxide is presented. Two computer
programmes are described, one for weight loss control and the other for shrinkage
control. A relationship between heating rate and weight loss rate has been introduced



to obtain a linear weight loss to eliminate the organic additives in varistor materials.
Several temperature profiles are generated for the constant weight loss rate limit using
a computer programme developed for this purpose. Similarly several temperature and
shrinkage profiles are generated for the different shrinkage rate.

Chapter 5 describes the characteristics of varistors and performance evaluation through
electrical testing. The energy capabilities of discs sintered by the rate controlled firing
profiles are presented together with wattl loss, leakage and 1r values. The results
obtained through rate controlled sintering (RCS) are compared with the standard firing
profile. A microstructure analysis using scanning electron microcopy is also carried out
for the RCS samples.

Chapter 6 explains the modelling of the mechanical strength of MMC and electrical
enerqy capability of zinc oxide varistors. The models have been developed utilizing the
design of experiments and response surface methodology. The mathematical models for
hardness for AL/ALZ) 3 composites and compressive strength and hardness (2nd order
model) for Al-6061/SIC have been developed. The failure modelling for zinc oxice
varistors with respect to weight loss rate and shrinkage rate is also presented in this
chapter.

Chapter 7 describes the analytical modelling for the flow stress behaviour which Is
developed considering the volume fraction of reinforcements, shape and size of the
material. This model is based on the stress-strain curve of the matrix material and the
reinforcement. Chapter 8 contains the conclusions of the sintering process of metal
matrix composite and zinc oxide ceramics and provides suggestions for future work for
MMC and ZnO varistors,

1 energy rate



CHAPTER ONE

LITERATURE SURVEY

1.1 INTRODUCTION

A review of literature pertaining to sintering process of metal matrix composite
and zinc oxide varistors has been enumerated in this chapter. This work can be divided
Into three main sections as follows:

(1) Metal matrix composites
(2) Zinc oxide ceramic powers
(3) Rate controlled sintering of ZnO varistors

1.2 METAL MATRIX COMPOSITES

Metal matrix composites are advanced materials, used mainly as high
temperature, high strength and light weight materials in aerospace and automotive
industry. The literature survey on MMCs can be divided as;

(1) Manufacturing technigues
2) Materials
) Compaction
(4) Sintering
(5) Strength and



(6) Modelling

1.2.1 Manufacturing techniques

There are several fabrication techniques available to manufacture the MMC
materials: there is no unique route in this respect. Due to the choice of material and
reinforcement and the types of reinforcement, the fabrication techniques can vary
consiclerably from case to case.

To manufacture fibre reinforced MMC with sheets or foils of matrix material diffusion
bonding method is normally used. Chou T.W. et al [1] showed the different steps in
fabricating MMC by diffusion bonding. Normally filaments of stainless steel, boron and
silicon carbide have been used with aluminium and titanium alloys matrices [2-5].
The fabrication process of MMC by vacuum metal infiltration was used by Champion
et al [6]. These authors used aluminium oxide fibre FP (Polycrystalline fibre) of Du
Pont Company. In this technique, as the first step, FP yam is made into a handleable
FP tape with a fugitive organic binder in a manner similar to producing a resin matrix
composite prepeg. Fibre FP tapes are then inserted into a casting mould of steel or
other suitable material. The fugitive organic binder is burned away, and the mould is
infiltrated with molten metal and allowed to solidify. Metals such as aluminium,
magnesium, silver and copper have been used as the matrix materials in the liquid
Infiltration process because of their relatively lower melting points. This method is
desirable in producing relative small-size composite specimens having unidirectional
properties [2]

Bhagat [7] fabricated stainless steel wire reinforced aluminium matrix composites by

/



high-pressure squeeze casting and showed that these composites at a 40% fibre volume
fraction have a tensile strength that is more than three times greater than that of an
aluminium matrix cast under the same fabrication technique.

Fukunaga and Goda [8] fabricated composites of silicon carbide fibre reinforced Al and
Mg metals by squeeze casting and showed the existence of eutectic surroundings that
are independent of the squeeze pressure and depend on the alloy quantity and on the
fibres which lowered the tensile strength of the composite. However a machine part
with a complex shape can be constructed in a short time by this method [9].

Alcan has installed laboratory scale deposition (Spray-co-eposition) units at its Banbury
Laboratories to investigate the possibilities of manufacturing MMCs on an economic
scale, concentrated primarily on SIC as the reinforcing element. According to this
process, the shape of the final product depends on the atomizing condition and the shape
and the motion of the collector.

Singer and Ozbek [10] formulated this technigue (Spray co-deposition) to manufacture
a composite. They used various second-phase particles, namely sand, alumina, SIC,
chilled iron, graphite etc. Up to 36% of SIC, Al 3, chilled iron, graphite and sand
particles and a mixture of these, 75-120 ¢imin size, can be incorporated successfully
N aluminium at AL-5Si alloy matrices. Structural examination showed that a
homogeneous distribution of particles is obtained even with mixture of particles having
widely differing morphology and density, moreover the particles were surrounded
completely by the matrix material. No significant diffusion was obtained across the
particle/matrix interfaces because of the very short matrix solidification time.

White and Wills [11] used this technigue to manufacture SiC reinforced AL composites.
Full density is not achieved during this process and hot or cold rolling are used to
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densify the material prior to mechanical testing.

Hosking et al [12] used compocasting technique to fabricate the composites. This
method is useful to fabricate a composite with discontinuous fibres. The compocasting
apparatus consists of an induction power supply, a water-cooled vacuum chamber with
its associated mechanical and diffusion pumps and a crucible and mixing assembly for
agitation of the composites. Primarily the melt is formed by heating and continuous
stirring and then transferred into the lower die-half of the press and the top die is
brought down to shape and solidify the composite by applying the pressure. Abis [13]
and Kohara [14] used hot pressing and Miliere and Suery [15] used squeeze casting
after stirring to make a high density material.

The Powder Metallurgy (PM) route is the most commonly used method for the
preparation of discontinuous reinforced MMCs [11, 16-20]. Figure (1.1) shows the flow
chart of the general PM route. Several companies are using this technique to
manufacture MMC using either particulates or whiskers as the reinforcement materials.
Among them DWA, Silag and Novamet are well known leading MMCs manufacturers.
In this process powders of matrix materials and reinforcement are first blended and fed
into a mould of the desired shape. Pressure is then applied to further compact the
power (cold pressing). In order to facilitate the bonding between the powder particles,
the compact is then heated to a temperature that is below the melting point but
sufficiently high to develop significant solid state diffusion (sintering). Alternatively,
after blending the mixture can be pressed directly by hot pressing: however HIP is
helpful for securing high density material. The consolidated product is then used as a
MMC material after some Secondary operation.

DWA and Silag use the proprietary blending process to combine reinforcement with
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metal powder whereas Novamet employs the mechanical alloying techniques to combine
the reinforcement and matrix constituents.

Metallic materials such as copper, nickel, aluminium, cobalt, titanium, molybdenum
based alloy and steel are often used in the powder process as matrix materials [2] with
reinforcing elements SiC, graphite, Ni, Ti and Mo [21-22]. Since no melting and
casting is involved, the powder process is more economical than many other fabrication
techniques. This technique offers several advantages over fusion metallurgy of diffusion
bonding [23], some of these advantages being as follows:

1- Lower temperature can be used during preparation of a PM based composite.
This results in less interaction between the matrix and the reinforcement, consequently
minimizing undesirable interfacial reactions, which leads to improved mechanical
properties.

2- In'some cases PM techniques will permit the preparation of composites that
can not be prepared by fusion metallurgy. It has been reported [24] that SIC whiskers
will dissolve in amolten Ti-alloy matrix, while dissolution can be minimized by using
the PM route. Again it has been shown that SiC fibres are highly compatible with solid
aluminium but only fairly compatible with liquid aluminium [14]

3- The preparation of particulate or whisker-reinforced composites is generally
speaking easier using the PM blending technique than it is using the casting technique.

4- Particulate reinforcement is much less expensive than continuous filament of
similar composition.

In reference [25], the details of the fabrication methods were described. Table (1.1)
shows the comparison of different fabricating techniques. In the present study, PM
route has been used to manufacture the samples. The operation consists of mixing,
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blending, cold pressing and sintering. After Sintering the SampleS have been tested for
mechanical strength.

1.2.2 Materials

In metal matrix composite, metals are used as the matrix materials. Nowacays
the main focus is given to aluminium as a matrix material [26] because of its unicue
combination of good corrosion resistance, low density and excellent mechanical
properties. Titanium [27] has been used in aero-engines mainly for compressor blackes
and discs, due to its higher elevated temperature resistance property. Magnesium is the
potential material to fabricate composite for making reciprocating components in motors
and for making pistons, guageon pins, spring caps [28]. It is also used in aerospace due
to its low coefficient of thermal expansion and high stiffness properties with low
density.

Much work had been carried out on fibre as a reinforcing element. But for isotropic
property, nowadays discontinuous fibres are a main focus of interest. Among the many
ceramic reinforcements considered for making aluminium matrix composite, Al 3and
SIC have been found to have excellent compatibility with the aluminium matrix [13,29]

1.2.3 Compaction

The processing of metal matrix composites (MMCs) with  discontinuous
reinforcement involves mixing the powder with the reinforcing phase, cold compaction
and sintering [30]. So compaction is one of the important stages in sinter-forming route
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which gives the powder an initial shape and gives the compact the necessary strength
for handling at further processes.

To optimize the powder processing system and for proper handling of the compact, the
appropriate amount and type of lubricant must be admixed with the metal and
reinforcing element powder which facilitate the compaction and ejection process. To
minimize segregation during blending, lubricant particle size should be smaller than the
largest metal and reinforcing powder particles [31].

Frey and Halloran [32], Dynys and Halloran [33] studied the behaviour of spray dried
alumina and aggregated alumina powers respectively. They found that the density of
the green compact increases with decrease in the binder content, whereas it increases
with the increase in the moisture content.

Al-Tounsi A. et al [34] studied the compaction of agglomerated zinc oxice powder.
They concluded that the smaller average size gives better compressibility and a decrease
In the binder content gives better compressibility. Lubaba et al [35] studied the
compaction of MgO-flake graphite mixtures to the fabrication of composite refractory
materials. They showed that the porosities of compacted specimens containing graphite
are much lower than those of compacts containing MgO alone but having a consicerable
oxidle size distribution. Kim T.W. et al [36] studied the compaction behaviour of thick
composite laminates during cure. They concluded that the cure pressure played a
dominant role to the ultimate compaction rather than the temperature.

Reilly JJ. and Kamel I.L [37] studied the characterization and cold compaction of
polyether-etherketone powders. They concluded that compaction was successful at room
temperature using the 150 gracle powders with low viscosity grade but not with the 450
grade powders which possesses high viscosity.
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Huda D. et al [38] stated that the addition of 1% lubricant to AMC powder is good
practice in order to give the compact enough strength for handling and to lubricate the
die walls to facilitate pressing as well as ejecting the compacted part. However the
presence of lubricant in the finished part is not desirable, hence it should be burnt of
before sintering takes place. The bumt off temperature for lubricant is between 430 0
to 540 0 C depending on lubricant type and sintering atmosphere [39], The primary
requirement for a good composite structure is a homogeneous distribution of the
reinforcement in the matrix. This is achieved by a proper choice of blending time and
rotation of the mixture [40]. It is difficult to make the composite at higher volume
fraction of reinforcement by PM method [41]. However repressing and re-sintering may
improve the strength of the composite.

1.2.4 Sintering

Bassani JL. and Taggart D.G. [42] developed constitutive equations for
analyzing sintering of a powder compact around a rigid spherical inclusion. They
showed that the presence of the inclusion caused a build up of stress that retarded
sintering while creep would eventually relax this stress.

Kanetake N. [43] studied the alumina reinforced composite for the flow stress analysis.
The metal matrix composite was fabricated by sintering with sintering atmosphere, air
and subsequently extruding. He concluded that the flow stress increased by composing
alumina particles and extruding after sintering. The strain hardening rate had been
increased also by composing alumina particles and hot extruding.

Maclean M. and Dower R. [44] produced the aluminium alloy short fibre MMC using
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the PM route. They used short alumina fibre, Saffil with 2014 and 6061 aluminium
alloy. They sintered the samples at 580 °C and 630 °C for 2014 and 6061 alloy
respectively in vacuum with sintering time 45 minutes. After sintering, the samples
were hot extruded and heat treated separately. They concluded that in the extruded
condition the mechanical properties of both MMC systems increased with fibre content
but for heat treated condition, 10 wt. percent fibre addition showed the higher
mechanical value.

Jha A K etal [45] studied the sintering behaviour of 6061 aluminium alloy composite.
They used each of graphite, talc, alumina and TiC as dispersoid up to 14 vol%. After
pressing, the green compacts were sintered in a tubular furnace at temperature 615 °C
for 30 min. with sintering atmosphere, argon, vacuum and nitrogen. They concluded
that nitrogen atmosphere imparted minimum densification whereas argon atmosphere
resulted in maximum densification. Densification parameter of the sintered composites
increased with addition of hard dispersoid (alumina and TiC) whereas addition of
graphite particles resulted in a decrease.

1.2.5 Strength

Thellman et al [46] produced SICo/Al composite from powder (SICp=Silicon
carbice particles). Firstly powder was blended and then finished parts were procuced
by hot pressing. The product was then solution heat treated followed by artificial ageing
(Tt :heat treatment and artificial ageing). They concluded that 30 v/o SICJAI-6061-T6,
exhibited an 80% increase in modulus and a 35% increase in yield strength with only
a 5%increase In density.
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In reference [16], the composites were first normally casted and then remelted and
compressed over a porous ceramic plate in order to form a random mat of AD3
whiskers and SICw (SICweSilicon carbide whisker). Here it was shown that the
compressive strength for Al/SiCwwas higher than that of AVALZ 3composites.

Al/Cu and Al/Li metal matrix composites were produced commercially using SiC as the
reinforcement [47]. But the manufacturing route was not known. The composites were
tested by uniaxial compression. The tensile data supplied by the company was higher
than that of the tested compression data. In reference [48], the operations of producing
SICWAI composites were consisted of blending, hot pressing and extrusion or rolling.
Here it was shown that the strength values largely depended on the volume fraction of
reinforcement. Table (1.2) and (1.3) show the strength data for aluminium matrix
composite.

Table 1.2 Compressive strength data for aluminium matrix composite

Materials UCS References
Mpa
25 vlo SICHA| -6061 T6 531 46
30 v/o SICOAI-6061 T6 716
23vlo 254 16
0\\;/0 S Al 455-524
25 vlo S|CWAI h52-641
17 vlo SiC/AI-Cu 408 Is\l/Jleasiur d)1 47
13 vlo SIC/AI-Li Egsure
550 supplled
Hi SIC/Al 2024 rolling 619
Low SIC/AI 6061 rolling 500 13
1 by author
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Table 1.3 Harcness data for aluminium matrix composite

Materials Hardness References
30 v/0 SiCp/Al CT90-T6 9% (Rh) 46
15vlo SIC/Al heat treated , 18 ERb;
15 v/o SIC)/AI-7 W% S1, Squeeze casting 72 (Ro 15
17 vlo SIC/Al-cu %23 va 47
Measured)
1.2.6 Modelling

The property and strength of the composite depends on the type and amount of
matrix and reinforcement. The general criteria of these materials is shown in figure
(1.2). Normally the reinforcement deforms elastically and matrix deforms both
elastically and plastically. The important required mechanical properties of composites
are yield stress (ay) and work hardening rate (n), than other mechanical properties such
as stiffness E and fracture toughness K. The higher the yield stress and work hardening
rate of a MMC are the greater the compatibility of the MMC in sustaining a higher
applied load. This criteria of MMC increases the design flexibility of a component
made of such a MMC,

The yield strength of a ductile material can be greatly enhanced by homogeneous
dispersion of hard particles. These particles, such as oxides and carbides, often can
deform only elastically. So the plastic strain moreover is only contributed by the matrix
alone and its magnitude further reduced according to the volume fraction of these
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phases. These double effect may significantly increase the yield stress and work
hardening modulus of the composite system. Relatively much work has been carried out
on the elasto-plastic benaviour of fibre-reinforced composite. References [49-50] review
the different models used for the strengthening mechanisms of metal matrix composites.
Among them, the law of mixtures is used to predict the composite stiffness where the
strain in both matrix and reinforcement phases considered same. It is mainly used for
the fibre reinforced composite. The general equation of the law of mixture is

cre= E_yi CTi (1,1)

In the case of two-phase systems, matrix and one kind of reinforcing phase, the above
equation can be simplified as;

ac=V0a0 +Vlol
(1.2)

=V«Pm +Vf°f

where the matrix and reinforcing phases are denoted by subscript mand f respectively
and ¢ denoted by composite.

The shear lag model is best applied to an aligned short fibre composite loaded along the
fibre axis. Figure (1.3) shows the model for shear lag analysis. Primarily it was hased
by Cox [51] considering deformation of fibre and matrix elastically and considers load
transfer at the matrix-fibre interface to calculate the composite stiffness but later it was
extended by Nardone and Prewo [52] to predict the yield stress of @ MMC assuming
deformation of matrix plastically and the fibre remaining elastic. Since for the
particulate composite, the load transfer in terms of shear stress at the matrix-fibre
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interface becomes limited due to the shorter interfacial length, it can not be used for the
particle reinforced composite.

Since recently discontinuous fibre or particle dispersed composites having isotropic
property are expected as a new structural material, much attention has been given on
this new class of material. The beauty of this material is that it can be produced by the
conventional manufacturing system. Tandon and \Weng recently studied the spherical
particle reinforced elasticity [53] and plasticity [54] for the load carrying capacity of
particle reinforced composites. Their theories were based on Eshelby’s [55] solution of
an ellipsoidial inclusion and Mori-Tanaka’s concept of average stress in the matrix [56].
Kanetake N. and Ohira H. [57] considered the dislocation theory proposed by Ashby
[58] for the work hardening in a non-homogeneous material and used the theoretical
calculation method proposed by Tandon and Weng [54)] for the ellipsoidal particles.

1.3 ZINC OXIDE POWDERS

For varistors application, some oxides are added to the zinc oxice powder. The
common doping powders are oxide of bismuth, antimony, manganese and cobalt. Al
powlers are mixed by milling to give the sufficient energy for sintering and then spray
drying. The spray dried powlers are then pressed in different sizes. After forming, the
green-parts are placed in a kiln and sintered at high temperature. At higher
temperatures, grain growth occurs, forming a structure with controlled grain size. The
rate of sintering Is strongly influenced by the particle size and densification rate
Increases with decreasing particle size. Lange F. and Kellett B. [59] showed that a
small particle size was preferable for the sintering operation. Yeh T. and Sacks M. [60]
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showed that there should be uneven shrinkage if the green density was not uniform. So
a green body being dense and as uniform as possible is desired for the sintering,
Much work had been carried out on the effect of doping materials on sintering specially
with bismuth oxicle. Bijoy Sarmaand Rama Mohan T.R. [61] developed a mathematical
model for the study of sintering kinetics of zinc oxice. They suggested that the region
where rapid diffusion takes place not only for zinc oxicle but several oxides as well, can
be changed by a suitable calcination of the powders whereby surface defect
characteristics of individual particles are modified.

Senda and Bradtt [62] studied the grain growth for ZnO and ZnO with Bi20 3 addition
from 0.5 to 4 wt% for sintering from 900°C to 1400°C in air. For the pure ZnO the
average grain size increased proportionally to the one third power of the time, the grain
growth exponent or n value was observed to be 3 while the apparent activation energy
was 224 + 16 kj/mol. Additions of Bi2) 3 to promote liquid phase sintering increased
the ZnO grain size and the grain growth exponent to about 5 but reduced the apparent
activation energy to about 150 kj/mol.

Dey and Bragt [63] studied the grain growth of ZnO for Bi20 3 contents from 3 to 12
W% in sintering from 900°C to 1400°C. Here it was found that the rate of ZnO grain
growth was found to decrease with increasing Bi20 3

Kim et al [64] studied the densification and microstructure development in Biz0 3 doped
Zn0 on the effect of Bi20 3 content for sintering temperature 800°C to 1200° C. A
small amount of Bi203in ZnO (<0.1 mol%) retard densification, but the addition of
Bi20 3to more than 0.5 mol% promoted densification by the formation of a liquid phase
above the eutectic temperature (»740°C). The amount of Bi203 influenced the
microstructure of sintered body also. When the Biz20 3was small (< .5 mol%), a liquid
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phase penetrated into the boundaries between grains. At this doping level, an increase
In the amount of the liquid phase enhanced grain growth. Large grain boundary
mobility resulted in the formation of intragrain pores. The skeleton structure formation
was more pronounced with increasing Bi20 3 content, resulting in a reduction in grain
growth rate. Pores accumulated on the boundaries between ZnO grains and the liquid
phase, which decreased the sintered density.

Trontelj and Kojar [65] investigated the sintering on binary system ( Zn0-Ti02 ZnO-
K2, pure ZnO, Zn0-Lid) and Zn0-Sh203). They showed that sintering temperature
changes with the variation of the doping element. The shrinkage starts almost at 600°C
for Zn0-Ti02, pure ZnO and Zn0-Li2D hut for Zn0-K2) and Zn0-Sh20 3 systems, it
starts at 800 and 1000°C respectively. Among them, the rate of shrinkage is very rapid
in Zn0-Lid) binary system. The concentration of interstitial Zinc ions in ordinary Zinc
oxide is very small. The incorporation of Li into the ZnO lattice produces Zn interstitial
by displacement of lattice Zinc ions by interstitial lithium. A concentration gradient of
Znvinterstitial is set up between the surface and the interior of ZnO particles, which
could accelerate sintering. The K+ ion is large as compared to Li+and it is not likely
to be incorporated into the ZnO lattice. The influence of KZ) on the sintering of ZnO
IS slightly retarding,

1.4 RATE CONTROLLED SINTERING OF ZINC OXIDE VARISTORS

Normally after pressing the green disc has been sintered according to a firing
profile which is based on historical trial and error basis. In the firing process, two
important things happen. Firstly, organic binders are burnt out at low temperature and
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secondly shrinkage occurs at high temperature.

Binders are added to ceramic powders to improve their flowability, handling and
compressibility characteristics as well as to enhance the mechanical properties of the
green compact. The burning temperature of the binder should be less than the
temperature at which the compact shrinkage starts. This assists the binder insice the
compact to escape when shrinkage takes place.

I the binder burns at an inconsistent rate, it can adversely affect the quality of the
finished ceramic component due to the creation of micro cracks which will develop into
higger cracks at a later stage of the firing process or other defects such as explosive
spalling or bubble formation. The higher heating rate for the binder bum out also
procuces void and pores in the final product [66]

During firing densifications take place and the density of the fired compact could reach
the solid density depending on several parameters. Earlier densification rates are
excessive which create trapped pores. Itis also seen that the constant heating rate firing
curves produce rapid initial densification, pore entrapment and excessive grain growth
which in there will have a detrimental effect on the electrical properties of the blocks.
So for getting defect free samples with no microcracks, no bubble formation, no
excessive grain growth, no rapid densification and no pore entrapment, these two
parameters, binder burnout and shrinkage should be controlled.

Very little work had been carried out on this area. Chu et al [67] studied the heating
rate on densification of ZnO powder. They found that the higher the heating rate the
higher the temperature at which densification starts. They also observed that the final
densities obtained were independent on the heating rate. Kaysser and Lenhart [68]
sintered ZnO agglomerates at 1360°C in 0 2 They observed that directly heated samples
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showed large residual pores after sintering whereas presintered samples reached full
density.

Dong and Bowen [69] showed that bubble formation occurs during sintering through
polymer decomposition and developed a technique for observing bubble formation
during binder bum out in ceramic processing using hot-stage microscope. They studied
the effect of initially trapped gas bubbles, amount of resicual solvent, ceramic powder
surface and heating rate on ceramic processing. They concluded that (a) bubbles
resulting from polymer decomposition products tend to form cluster and coalesce, (b)
The final bubble size appears to increase as the thickness of the binder solution
increases, (c) Initial trapped gas bubbles and solvent bubbles shrink as the temp,
increases, () Bubble nucléation and bubble shrinkage temp, increase as the heating rate
InCreases.

Huckabee and Palmour 11l [70] studied the rate controlled sintering on MnO (.1%)
doped Alumina. The sintering particle was » 0.1 t00.2 xm With a specific Surface area
of 6 to 11 m/g. They studlied the linear-linear rate-controlled densification and lingar-
linear-log decreasing rate controlled densification with conventional isothermal firing
schedule and concluded that linear-linear-logarithmic rate controlled sintering gave
sintered parts with higher final density. The linear-linear-logarithmic decreasing
densification rate regime produces near-optimum firing condition readily attaining
density p=3.96 g/cm3 (99.3% of pth) with average grain size by a factor of 3 or more
when compared with conventional firing and produces a more uniform grain size
distribution.

Al-Tounsi A. et al [71] studiied the binder bum out using different temperature profile
for the firing cycle. It was considered that weight loss during the firing process can be
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controlled to a good degree by using a computer. It was also seen that the ratio of
surface area to volume seems to have an effect on the binder burn out stage in the firing
process. The higher ratio favours the elimination of binder at higher rates. The time for
bigger disc needed more time than that of smaller disc of the same weight.
Al-Tounsi A. et al [72] investigated the weight loss by controlling the heating rate for
the furnace using a specifically developed software package. The binder bum out stage
was controlled using a proportional method. It was shown that a temperature profile for
linear weight loss could be achieved through this close loop control.

Strauss J.T. and German R.M. [73] constructed a high temperature batch furnace for
real-time analysis of sample weight loss (thermo-gravimetric analysis-TGA), compact
temperature profile (differential thermal analysis-DTA) and evolved gas composition
using various gas analytical method. All those analytical capabilities were controlled by
a microprocessor coupled to a computerized controller. Their long-range goal was to
develop an expert systems software to fully govern the thermal and atmosphere cycle
In a closed-feedhack loop. They generated a preliminary data for the expert system and
indicated a complex series of interactions between powder compacts and the atmosphere
during heating.

Lockey et al [74] successfully controlled ceramic drying and calcining operation. It
ensured uniform gas evolution to prevent cracking on sudden release of gas. Instead of
Increasing temperature according to a preset schedule, the output signal from a
thermogravimetric analysis apparatus was used as an input to a computer system which
varies the temperature as required to cause mass loss to follow a preselected schedule.
Paimour H. et al [75] studied the microstructural development of chemically prepared
alumina by optimizing rate controlled sintering. They used a feed-back controlled
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dilatometer for the experiments. They claimed, it was evident that RCS profile has
resulted in a substantially finer, more uniform grain size, with remnant small pores
located as boundaries and at triple points, rather than being trapped within grains.
Verwel] and Bruggiink [76] investigated the reaction-controlled biner burmout of
ceramic multilayer capacitors. They used the maximum weight loss rate to design a
Wweight-time program for a reaction controlled process. The sample temperature set-
point control was performed by using a controller with proportional, integrative and
derivative action. The total burnout time can be reduced considerably and tuning and
control loop activation can be made such that the reaction rate varies gradually with
time and never exceeds a certain limit

Al-Tounsi A. et al [77] established a linear relationship between the current shrinkage
rate and the heating rate for the sintering of ZnO varistors. The shrinkage had been
controlled during the firing process at a constant rate using a feed back loop to control
the heating rate by using the above relation.

Winkler S. et al [78] studied the sintering operation of SiC and Zr02 with high-
temperature dlilatometer having rate controlled capability. They concluded that the same
densities were obtained at the same temperatures when comparing the measurements
with and without RCS. Speyer R.F. et al [79] studied the rate controlled shrinkage by
dilatometry. They used PID (proportional-integral-derivative) control system to see the
linear and curvilinear shrinkage of discs made from zinc oxide powders. They
concluded that an exponentially increasing temperature-time profile was required to
maintain the linear specimen shrinkage rate
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Figure 1.1 Flow chart for composite fabrication by powder
metallurgy.
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Figure 1.3 Shear drag model for aligned short fibre composite; (a) representative short
i e orore compsie; () rep

re, (b) unit cell for"shear drag analysis [2
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CHAPTER TWO

SINTER FORMING OF METAL MATRIX COMPQOSITES AND ZINC OXIDE
CERAMICS

2.1 INTRODUCTION

The sinter forming route has been used in this research project for the
manufacture of both the metal matrix composites and zinc oxide varistors. Hence, this
chapter has been mainly devoted to a general description of the following three main
areas.

(1) Sinter forming process

(2) Composite materials and

(3) Zinc oxide varistors

2.2 SINTER FORMING PROCESS

The sintering process is the most important step of PM route where the compact
made from powder becomes consolidated and strengthened by the heat energy. The
general process for making a product by powder metallurgy route is to mix the powder
called mixing, then blending and making a compact by pressing, called compaction and
then firing the product at high temperature called sintering. So the following material
and processing steps are described first as the performance of the sintering process
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clepends on them .
(1) Powder characteristics
(2) Blending and
(3) Compaction

2.2.1 Powder Characteristics

Relevant powder characteristics influencing the sintering process are the particle
size distribution, particle shape and interparticle friction. Particles are considered to be
below 1000 irn in size (below 1 mm). Both the particle size distribution and the particle
shape affect the compact packing. Usually, high packing densities are sought to ensure
strength and uniformity in the final product. Specific surface area indicates the nature
of powder size distribution with its shape. Normally higher surface area is desirable for
the sintering. Fine powders have more interparticle friction than coarse powders having
low flowability. But the finer particles give higher final density. Lubricants or flow
agents can be added to fine powders to lower the interparticle friction. There are four
main approaches to fabricating metal powders-mechanical, chemical, electrolyte and
atomization. Ceramic powders are produced by mechanical technique such as milling.
Most alloy powders are fabricated by atomization techniques. Figure (2.1) shows the
different shapes of the particle. Normally powders of spherical shape are taken for
analyzing the effect of particle size on strength and average particle size is used to
designate the particle size. Zinc oxide varistors powders are pressed in aggregate form.
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2.2.2 Blending

Mixing is needed if there is more than one powder. If mixing is performed for
prolonged times, the particle shape and hardness can be changed and there could be size
segregation of the components. So care must be exercised at this step. Most metal
powder mixing and blending are performed using rotating containers. Distribution of
mixing becomes uniform if mixing can be done three dimensionally.

2.2.3 Powder Compaction

Compaction is an important step for the manufacturing of composites using the

PM route. The most important effects of compaction are;

1. Increased density by reduction of the voids between powder particles.

2. Cold welding, mechanical locking and adhesion of the particles to produce
sufficient "green strength to permit handling of the powcer.

3.Plastic deformation of the powder particles to induce recrystallization during
sintering and

4. Increased contact area between the particles by plastically deforming the powder.
There are many parameters which affect the compressibility of composite powder.
Figure (2.2) shows the variable parameters for the compaction process. The variable
parameters related to powder characteristics are particle size, particle size distribution,
particle shape, binder and Iubrication addition while for compaction process, the
variables are compaction speed, compaction pressure, pressing action (single or double
action) friction between powder particle and die walls. The amount and type of
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reinforcement also affect the compressibility.

Normally higher grain size particles are better for compaction because of the less
friction between the particles but smaller grain size particles are better for sintering.
Narrow particle size distribution gives better compressibility. Usually high compaction
pressure is needed for solid phase sintering and lower compaction pressure is needed
for liquid phase sintering. Excessive compacting pressures may produce cleavage
fractures or slip cracks, especially in parts with thick and thin sections in the direction
of pressing. Insufficient pressure, on the other hand , produces fragile parts that will
not hold together during handling.

Powder compaction is divided into four steps:

(1) The first step is termed rearrangement wherein at low pressures the powers
achieve a denser packing by sliding past one another. Rearrangement is aided by coarse
particle sizes, hard particles and smooth surfaces.

(2) With increased pressure, powders form point contacts which grow in size by
a combination of elastic and plastic deformation. The growth of the interparticle contact
Z0ngs IS dependent on several material parameters including the elastic modulus, yield
strength and work hardening rate. Significant porosity reduction occurs during plastic
deformation.

(3) Depending on the nature of the material, eventually with high compaction
pressures the material becomes fully work hardened. Consequently any further increase
I density becomes dependent on particle fragmentation. With fragmentation, the
remaining void space slowly becomes filled with the resulting debris.

(4) Finally, at ultrahigh pressures a powder mass achieves a stable, high density.
Application of increased pressure results in bulk elastic type compression which tends
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to be non-permanent deformation. \ery infrequently are such pressures encountered in
practical compaction.

Material hardness hinders compaction but coarse particle size or the addition of a
|ubricant can aid compaction, however coarse particle size and lubrication both slow
sintering and reduce the green strength. Compaction is easier with mixed elemental
powders. In general, both the green and sintered strength are improved by higher
compaction pressures but the ejection force and die wear are both increased by high
Pressures.

2.2.4 Sintering

Packed particles heated above half the absolute melting temperature under a
protective or reducing atmosphere will stick together by a process known as sintering,
Most sintering treatments are conducted at temperatures around 75+ of the ahbsolute
melting temperature. This solid state welding together of particles leads to a decrease
In the surface area, an increase in compact strength, and in many cases a shrinkage in
the compact. With prolonged high temperature sintering there will be a decrease in the
number of pores, the pore shape will become smooth and grain growth can be expected.
The process of sintering is generally the result of atomic motion stimulated by the high
temperatures. The initial strains, surface area and curvatures existing in a pressed
powler compact drive and hias the atomic motions responsible for sintering. Several
different paths of atomic motion can contribute to the effect including volume diffusion,
plastic flow, grain boundary diffusion and surface diffusion. In most cases the sintering
kinetics are determined by several parameters including pressed density, material,
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particle size, sintering atmosphere, temperature and even degree of sintering. As mass
flow takes place, the geometric progression can be divided into three stages
representative of driving forces.

(1) During the initial stage of sintering, the particles are forming bonds between
each other with rapid mass flow localized to the interparticle neck (bond) region. Local
curvature gradients are the main driving force for mass flow. With longer sintering
time, the pore structure becomes smoothed, leading to an elimination of the major
curvature gradients, giving the intermediate stage of sintering,

(2) The intermediate stage Is driven by the inter-facial energy; surface tension
and grain boundary energy. These are weak forces hence the sintering rate is low and
sensitive to the pore-grain boundary morphology.

(3) Finally, grain growth occurs and the pores become isolated and near
spherical shape. Elimination of these isolated pores can be difficult and is dependent on
the presence of grain boundaries. Unfortunately, grain growth typically hinders final
stage sintering. Figure (2.3) shows the three stages of sintering. Here it is shown that
pore volume shrinks and the pore become smoother as sintering proceeds. As pore
spheriodization occurs, the pores are replaced by grain boundary.

The mass transport during sintering can be taken place by two ways, bulk and surface
transport. The bulk transport sintering process gives compact densification whereas a
surface transport process gives the same structural change without densification. In
general a finer particle size increases the shrinkage, similarly a higher sintering
temperature or longer sintering time tends to promote shrinkage. Alternatively, pressing
reduces the shrinkage and improves strength, thus high compaction pressures are used
to give good dimensional control in the sintered component. The electrical, magnetic,
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mechanical and physical properties are enhanced by high temperature sintering.
However, the sintering force (surface tension) is rather weak. To enhance the overall
process it is common to impose an external force through pressure or to provide a
highly active kinetic path through the addition of a second phase. Hot isostatic pressing
has been the most rapicly expanding commercial form of pressure enhanced sintering.
Besides pressure assisted sintering, there are two other procedures in use to enhance
densification during sintering-activated (olid state) and liquid phase techniques. These
both rely on second phase additions to promote rapid mass transport or to enhance the
operative driving forces. For metal matrix composite since aluminium s used, so it acts
8 an activated materials itself and for zinc oxide varistors, hismuth oxide accelerates
the densification due to its melting at the sintering temperature.

2.3 COMPOSITE MATERIALS

Composites are new types of material called advanced materials because of their
use at elevated temperature where existing materials are not suitable to use. The
following sections gives the general idea about composites especially metal matrix
COMPOSItES.

2.3.1 Definition of Composite

The following criteria designate a composite:
(8) It must be man mack.
() It must be a combination of at least two chemically distinct materials with a distinct
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Interface separating the constituents.

(c) The separate materials forming the composite must be combined three
dimensionally.

(cl) It should be created to obtain properties which would not otherwise be achieved by
any of the individual constituents [21].
S0 it is defined as:
A composite material is a materials system composed of a mixture or combination of
two or more micro-constituents differing in form and for material composition and that
are essentially insoluble in each other unlike metal alloys. The mother material is the
matrix whereas the other is called reinforcement.

2.3.2 Types of Composites

Several classification systems have been used to identify the composite [80],
such as
(a) by basic material combinations, €.., metal-organic or metal-inorganic,
(b) by bulk-form characteristics, e.g., matrix systems or laminates,
(c) by distribution of the constituents, e.g., continuous or discontinuous,
(d) and by function, e.g., electrical or structural.
As example, when the classification is based on the form of structural constituents, it
Is classified into five groups
(1) Fibre composites, composed of fibres with or without matrix
(2) Flake composite, composed of flat flakes with or without a matrix
(3) Particulate composites, composed of particles with or without a matrix
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(4) Filled (skeletal) composites, composed of continuous skeletal matrix filled by a
second material

(5) Laminar composites, composed of layer or laminar constituents.

Figure (2.4) shows the above five composites. But nowadays composite is widely
recognised according to its matrix. So they are classified into three groups as

MMC- metal matrix composite, where metal is used as a matrix material.

CMC- ceramic matrix composite, where ceramic materials are used as matrix
materials.

and PMC- polymer matrix composite, where polymer is used as the matrix material,

2.3.3 History of Metal Matrix Composites

Composites are not new. Serious development began in the 1960s with the
introduction of boron, graphite and aramid fibres. Work on metal matrix composite in
the late 19605 resulted in numerous boron/aluminium metal matrix composite parts.
However interest in MMCs diminished in the early 19705 as polymer matrix composites
became the dominant materials. The introduction of new fibre reinforcement materials
provided impetus for a MMC revival late in the last decade. Polymer matrix materials
are still the most mature of composite technologies. Ceramic matrix composites are the
least developed. Metal matrix composite systems lie somewhere between the two.

2.3.4 Matrix Materials and the Reinforcement

Metal acts as the matrix 1.e., bonding element. Its main function is to transfer
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and distribute the load to the reinforcements or fibres. This transfer of load depencs on
the bonding interface between the matrix and the reinforcement: however bonding
depends on the type of matrix and reinforcement and the fabrication technique.

The matrix can be selected on the basis of oxidation and corrosion resistance or other
properties [21]. Generally Al, Ti, Mg, Ni, Cu, Pb, Fe, Ag, Zn, Snand Si are used as
the matrix materials, but Al, Ti and Mg are used widely.

For the reinforcement, characteristics such as chemistry, morphology, microstructure,
mechanical and physical properties and cost have been considered, whilst for matrix
factors such as density, strength potential, strength retention at elevated temperature and
ductility/toughness are consiclered important. Again, matrix selection involves not only
desired properties but also which material is the best suited for composite
manufacturing. For example 7xxx" aluminium alloy rather than 2xxx aluminium alloy
exhibits best combination of strength and toughness for aerospace application, but
despite this, 2xxx aluminium alloy composite is used widely for the aerospace
application. This s because if 7xxx aluminium alloy composite is used, an interface is
developed between the 7xxx aluminium alloy and the reinforcement, which degrades
the strength of the composites [81].

The 2xxx (Copper aluminium alloys), 6xxx (Silicon, magnesium aluminium alloys), and
Txxx (Zinc aluminium alloys) have been widely used as the matrix material for making
composites. Recently aluminium+lithium alloy (8xxx) has been attracting the attention
of the researcher due to its good wettability characteristics. For the good bonding and
strength in the composite, metal alloys are used as the matrix element instead of pure
metal.

1 designated by Aluminium Federation Company
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Reinforcement: Reinforcement increases the strength, stiffness, temperature resistance
capacity but lowers the density of MMC. The prime role of the fibres (reinforcements)
is to carry the load. The reinforcements can be divided into two major groups,
continuous and discontinuous. The MMCs produced by them are called as continuously
(fibre) reinforced composite and discontinuously reinforced composites. However, they
can be subdiviced broadly into five major categories: continuous fibres, short fibres
(chopped fibres, not necessarily the same length), whiskers, particulate (or platelet) and
wire (only for metal)

With the exception of wires, reinforcements are generally ceramics, typically these
ceramics being oxides, carbides and nitrides. These are used because of their
combinations of high strength and stiffness at both room and elevated temperatures.
Common reinforcement elements are SIC, A0 3 TiB2, boron and graphite.
Continuous fibres in composite are usually called filaments, the main continuous fibres
including boron, graphite, alumina and silicon carbide. The fibre is unique for
uniciirectional load when it is oriented in the same direction of loading, but it has low
strength in the direction perpendicular to the fibre orientation.

Short fibres are "long™ compared to the critical length lc (Ic=d.S#Smwhere d is the
fibre diameter, Sfis the reinforcement strength, and Smis the matrix strength) and hence
show high strength in composites, considering aligned fibres. Short fibres namely Saffil
and Kaowool are used widely for the reinforcement of automobile engine components.
Whiskers are characterised by their fibrous, single-crystal structures which have almost
no crystalline defects. Numerous materials, including metals, oxides, carbides, halides
and organic compounds, have been prepared under controlled conditions in the form of
whiskers. Presently, silicon carbide whisker reinforcement is produced from rice husk
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which is a low-cost material.

Particulates are the most common and cheapest reinforcement materials. These produce
the isotropic property of MMCs which shows a promising application in structural
fields. Initially, attempts were made to produce reinforced aluminium alloys with
graphite powder [82-84], but only low volume fractions of reinforcement had been
incorporated ( (10%). Presently higher volume fractions of reinforcements have been
achieved for various kinds of ceramic particles (oxide, carbide, nitrice). Currently
Kohara [85] has worked on SICpAI and SICwAI composite materials, showing that the
SiC-particulate-reinforced aluminium matrix composites are not strong as the SiC
whisker reinforced composites.

Metallic filaments are called wire, and they are characterized by their high elastic
moduli. Among them, molybdenum and tungsten are the most outstanding. Presently
stainless steel wire is creating interest. However the main disacvantage of metal
filaments Is that their density is higher than that of ceramic whiskers, with the probable
exception of Beryllium. The details of reinforcement was given in reference [86].
The properties of MMC materials depend on the following.

(1) The properties of the individual components: for example, since the strength of
metal alloy is greater than pure metal, it is now used instead of pure metal.

(2) The relative amounts of the components: with increasing volume fraction of
reinforcement element, strength increases.

(3) The size, shape and distribution of the reinforcement: continuous fibres exhibit the
highest strength when oriented unidirectionally, whisker and particulate giving better
strength when distributed uniformly in the matrix.

(4) The degree of bonding between components : this is the most important parameter
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for updating the strength. It is advisable to choose the proper metal and reinforcement
with their suitable combination of CTE (coefficient of thermal expansion).
(5) The selection of an appropriate fabrication method.

2.3.5 Fabrication Route

Generally there are two types of fabrication methods:
(1) Solid-phase fabrication methods: diffusion bonding, hot rolling, extrusion, drawing,
explosive welding, PM route, pneumatic impaction, etc. and
(2) Liquic-phase fabrication methods: liquid metal infiltration, squeeze casting, compo-
casting, pressure casting and spray codeposition amongst others.
Normally the liquid-phase fabrication method is more efficient than [85] solid-phase
fabrication method because the solid-phase processing requires a longer time.
There are currently six manufacturing processes that have reached industrial status:
these are diffusion bonding, the powder metallurgy route, liquic-metal infiltration,
Squeeze casting, spray co-deposition and compocasting. All those routes are discussed
briefly in chapter one,

2.3.6 Applications

Presently, MMCs are not only used in aerospace industry but are also widely
used in the automotive industry, in leisure items, in sports goods and in structural
dlesign. Aluminium oxide reinforced aluminium has been used in automotive connecting
rods to provide stiffness and fatigue resistance with lighter weight. Aluminium
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reinforced with SIC whiskers has been fabricated into aircraft wing panels, producing
20% - 40% weight savings. In air frames, by using MMCs, the weight savings can be
upto 60% [87]. SICp reinforced aluminium is now widely used as a microwave
packaging unit. Compressor discs, blades, vanes, rotors of jet engines and guideline
components for Trident missiles have been successfully made by MMC. In the near
future, MMC and CMC will occupy the position of conventional metal alloys in
manufacturing jet engines [8s] and in air-frames [89]. SICPAI composites now are used
to make tennis rackets and the heads of golf clubs [90] and engine components and
pistons are made by SICWAI composite [91]. Carbon fibre reinforced composite is used
to fabricate fishing rods and squash rackets. MMCs are attractive for satellite
construction due to their higher mechanical damping properties [92] than those of other
common structural materials.

2.4 ZINC OXIDE VARISTORS

Zinc oxide varistors are ceramic materials, mainly made from zinc oxide
powers. Zinc oxides have moderate hardness and known as electronic ceramics due
to their application. The following sections deal with the function and actions of
varistors and discussed as:

(1) ceramic

(2) Voltage suppression device and

(3) Characteristics of zinc oxide varistors

2.4.1 Ceramic
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Ceramics are the "Art and Science of non-organic non-metallic materials™, These
are brittle and do not have significant amounts of plastic deformation at room
temperature. They are chemically inert and have low thermal and usually electrical
conductivities. Ceramic includes a very wide range of materials like heavy clayware,
refractories, cement, glass, abrasives and pure oxices. Oxides are the largest group of
ceramics. These include the majority of the traditional materials which are generally
based on silica, alumina, magnesia or two or more of these. The following table (2.1)
[93] shows the different class of ceramic with their composition and function.

2.4.2 Voltage Suppression Device

A voltage suppression device is needed where deleterious transient overvoltages
can oceur. Zinc oxide varistors are used as transient overvoltage suppression devices.
These are used to protect the electrical devices from transient overvoltage created by
lighting strikes or power surges through diverting the overvoltage transient from the
sensitive load in order to limit the residual voltage. There are two major categories of
transient suppression:

(a) those that attenuate transients, thus preventing their propagation into the
sensitive circuit and

(b) those that diverts transients away from sensitive loads and so limits the
residual voltage.

The filter, generally of the low-pass type, connected in series within a circuit acts as
the attenuator which attenuates the transient (high frequency) and allows the signal or
power flow (low-frequency) to continue undisturbed.
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Voltage clamping device and crowbar are used for diverting the transient. Unlike
voltage suppression device, the crowbar device has limitation such as delay time. The
delay time is typically microseconds, during which the load is unprotected for the case
of crowbar. The voltage clamping device is a component having a variable impedance
depending on the current flowing through the device or on the voltage across its
terminal. These devices exhibit a nonlinear impedance characteristics-that is, Ohm’s law
15 applicable but the equation has a variable R.

An Important advantage of this type of device is that the functional characteristics of
an electronic or electrical circuit are not affected by the insertion of such a device either
before or after the transient for any steady state voltage below the maximum clamping
voltage of the device. Figure (2.5) shows the transient voltage and the location of
crowhar and the clamping device in the circuit. Voltage clamping devices are selenium
cells, zener diodes and varistors which are either silicon carbice or metal oxide.
Selenium cells: Selenium transient suppressors apply the technology of selenium
rectifiers in conjunction with a special process allowing reverse breakdown current at
high-energy levels without damage to the polycrystalling structure. They do not have
the clamping ability of the more modem metal-oxicle varistors or avalanche diodes. So
their field of application has been considerably diminished.

Zener diodes: Silicon rectifier technology has improved the performance of regulator-
type zener diodes in the direction of design of surge suppression type avalanche diodes.
The major advantage of these diodes is their very effective clamping system but they
have low energy absorption capability, therefore at high voltage line, zener diodes are
not used.

Varistors: The varistor functions as a nonlinear variable impedance. The relationship
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between the current in the device | and the voltage across the terminals V, is typically
described by a power law:

=K V° .1

Where

logXa-1°gX 1
logVj-logVi

and K'is a proportional constant relate to the non-ohmical behaviour. The a exponent
In the equation represents the degree of nonlinearity of the conduction. A lingar
resistance has an a=1. The higher the value of a, the better the clamp and so better
the performance. Therefore higher alpha values are desired for the varistor application.
Silicon carhide varistors have relatively low a values which are mainly used in high-
power, high-voltage surge arresters. Metal oxide varistors are primarily zinc oxide
varistors which have a values considerably greater than those of silicon carbice
varistor. Figure (2.6) shows the V-1 characteristics of the above four transient
suppression devices and table (2.2) shows the characteristic and different features of
transient suppression [%4]

2.4.3 Characteristics of Zinc Oxide Varistors

ZInc oxide varistors are ceramic, semiconducting N-type element manufactured
through sinter-forming route. Small additions of bismuth, cobalt, manganese and other
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metal oxides are responsible for the nonlinearity characteristics of ZnO varistors. Their
non linear current voltage behaviour (V-1) is shown in figure (2.7) [94]. This curve
shows the leakage, nominal varistors's operation and uptum region. By varying the
overall chemical composition and the processing conditions during manufacturing of the
varistors, this V-1 curve can be shifted up, down or the left or right and the values of
a may be changed.

The structure of the body of varistors consists of a matrix of conductive zinc oxide
grains separated by grain boundaries providing P-N junction semiconductor
characteristics. These boundaries are responsible for blocking condition at low voltages
and are the source of the non-linear electrical conduction at higher voltages. When
exposed to high voltage transients, the varistor impedance changes many orders of
magnitude from a near open circuit to a highly conductive level, thus clamping the
transient voltage to a safe level. The potentially destructive energy of the incoming
transient pulse is absorbed by the varistor, thereby protecting vulnerable circuit
components.

Each ZnO grain of the ceramic acts as if it has a semiconducting junction at the grain
boundary. Figure (2.8) shows the typical varistor microstructure. Since the non-lingar
electrical behaviour occurs at the boundary of each semiconducting ZnO grain, the
varistor can be considered as a “multi-junction” device composed of many series and
parallel connection of grain boundaries. The nominal varistor voltage Vn depends
basically on the thickness of the device which has a number of grains "n" are in series
between electrodes. The voltage drops varies 2-3 V (barrier voltage is normally 3V per
grain boundary) per grain boundary junction and does not vary for grains of different
sizes. Therefore mean grain size and grain Size distribution play a major role in
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electrical behaviour. So smaller grain size with uniform distribution are always
desirable for the high performance of the varistors. Rate controlled sintering may play
an effective role on this.
The relationship of varistors voltage with grain size is very simple and stated as
follows:

Ve 3V)n
where n is the average number of grain boundaries between electrodes and 3 V is
barrier voltage per grain boundary. 1f D is the varistor thickness and d is the average
grain size then

D=(n+1) d

* Vnd/3

S0 for increasing the Vnwith the same thickness, the grain size should be small. The
varistor voltage Vi is defined as the voltage across a varistor at the point on its V-l
characteristics where the transition is complete from the low-level linear region to the
highly nonlinear region. If the grain sizes become uniform, during pulse, all the grains
"switch on"* together having uniform heat generation through the whole body of the
varistors and no cracks occur for the pulse. On the other hand porosity is a bad thermal
conductor, so the heat generation in the body becomes uneven due to the presence of
porosity and varistor cracks or fail due to the thermal shocks. Therefore product of
minimal porosity is desired. Rate controlled sintering also may improve the distribution
of the phase material and reduce the porosity.
Figure (2.9) shows the different steps for producing the varistors. Bismuth oxide is
molten above 825 °C, assisting in the initial densification of the polycrystalline ceramic.
This polycrystallinity is the key to varistor action in ZnO. The addition of Bi20 3 has
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been found to be essential for forming non-ohmic behaviour. However, addition of
transition oxides such as Co30 4and Mn02also enhance nonlinearity. Similarly, multiple
dopants such as a combination of Bi203 Sh03 Mn02 Si02 Co304 and others can
procluce greater nonlinearity than a single dopant [%5]

The nonlinearity in the ZnO varistor is a grain boundary phenomenon. There are
different models to describe the nonlingarity, among them, the Schotty barrier model
IS wicely accepted which can explain the non ohmic properties, the temperature
dependence of the I-V curve, effect of additives, dielectric properties, bias voltage
dependence of capacitance, transient conduction phenomena and degradation of the I-V/
curve [96].

According to this, the grain boundaries contain defect states which trap free electrons
from the n-type semiconducting ZnO grains, thus forming a space charge depletion
|ayer in the ZnO grains in the region adjacent to the grain boundaries [97], The figure
(2.20) shows an energy hand diagram for a ZnO-grain boundary-ZnO junction which
explains how the varistor action changes from leakage region to normal varistor region.
In this figure (2.10), the left hand grain is forward biased, VLand the right sice is
reverse biased to VR The depletion layer wiaths are XLand XR and the respective
barrier heights are ¢t.and OR The zero biased barrier height is 2. As the voltage bias
IS increased, <b.is decreased and  is increased, leading to a lowering of the barrier
and increase in conductance.

The low current linear region is controlled by the impedance of the ZnO grain
boundaries and the High-Current Upturn region is controlled by the impedance of the
grain in the ZnO microstructure.

48



spherical

angular
rounded .
ZJIeOF drop
_ sponge or
MAporous
cylindrical
ligamental
«™ fibrous
polygonal
aggregate
aendritic

Figure2.1  Different shapes of powder [98].
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Figure 2.2 Variable parameters for compressibility.

(after A.N.M. Karim)
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Figure 2.3 The steps of the sintering operation with formation
of grain boundaries [98].
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Figure 2.4 Classes of composites [80]
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Figure 2.5 (a) Voltage transient cause by fuse blowing during power fault [94].

Figure 2.5 () Location of voltage clamping device and crowbar showin
: (d)IViS(I)OH of voltage v%ith varj?ab?e Impedance suppressor [94"g
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VOLTAGE - VOLTS

Figure 2.6 V-I characteristics of four transient suppressor devices [94]

Figure 2.7 Typical varistor V-1 curve [94]
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Figure 2.8 (3) Optical photograph of a polished and etched section of a varistor [94].
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Figure 2.9 Schematic flow diagram of varistor fabrication [],



Figure 2.10 Energy band diagram of a ZnO-grain boundary-ZnO junction. [94]



Function

Elcctrical

Magnetic
Nuclear

Optical

Mechanical

Thermal

Chemical

Biological

Aesthetic

Table 2.1  Classification of ceramics by function [93]

Clnss

Insulation
Ferroelectrics
Piezoelectric

Fiixl ion coiuliKiion
Superconductors
Soft ferrite

Hard ferrite

Fuel
Gadding/shielding
Transparent envelope
Light memory
Colon

Structural refractory
Wear resistance
Cutting

Abrasive
Construction
Insulation

Radiator

Gas sensor

Catalyst carrier
Electrodes

Fillers

Coatings

Structural prostheses
Cements

Pottery, artware
Tile, concrete
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Nominal Composition’

a-Aljo,. MgO. porcclnin
BaTiO,. SrTiO,

Phzr,, ,Ti, ,0,
ft-Al.0,. ilnjvil /.it).
Ba,YCu,O0,.t

Mn,, 4Zn,, »FejOj

BaFe)20 lv. SrFc,.0,"

Uuo2 UQOj-PuOj

SiC, B4C

a-AljO,. MgAI.O,

doped PbZr,, Ti,, ,0,

doped ZrSi04, doped

ZrO,. doped AI.O,
a-Al,0,, MgO, SiC. Si,N4
AIRSijO,j

a-AljOj, ZrQj. SiC, Si,N4,
toughened A 1,0,

a-Al,0j, ZrQj, TiC, Si,N4,
SIALON

a-Al,0j, SiC,

toughened A1,0,, SIALON

Al1,0,-Si0,, Ca0O-AljO,-SiO

porcelain

a-Aljo,, ZrOj, Al,SLOM.
SiOj

ZrO}, TiO,

ZnO. ZrOj. Sn().. FCc..0,
Mg2A14Si,OIR, AI.O,
TiOj, TiBj, SnO,. ZnO
SiOj, a-AljoO,
NaO-CaO-Ai.O,-Si02
a-AljO,, porcelain
CaHPO04-2HjO
Whitewarc, porcelain
Whiteware, Ca0-Si02-H 20



Table 2.2 Characteristics and features of transient voltage suppressor technology [%4].
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CHAPTER THREE
EXPERIMENTAL TECHNIQUES AND RESULTS

3.1 INTRODUCTION

In this chapter, the descriptions of the materials and equipment which were used in
this project are given. The experimental procedure has been enumerated and the
compressibility of MMC hes been discussed. Also some results of MMC showing the
relationship between the mechanical properties and the sintering parameter have been
presented here. So the writing is divided as follows:

(1) Materials
(2) Tools and Equipment
(3) Experimental Procedure and
(4) Results and Discussion

3.2 MATERIALS
3.2.1 Metal Matrix Composites

Two Kinds of matrix powders were used, pure aluminium powder and aluminium
alloy powder. Their grades are Al-1000 and Al-6061. The physical characteristics and
chemical composition of these powders are shown in table (3.1) and table (3.2). Aluminaand
SIC powders were used as the reinforcement. The physical characteristics of these powders
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are shown in table (3.3) and table (3.4). The reinforcement powders are mixed in different
proportion with matrix powders. After mixing of matrix and reinforcement with lubricant,
these powders were analyzed for their particle size distribution. The analysis sheet (1) shows
the particle size distribution for 20%of volume fraction of alumina in aluminium matrix
composite powaders whereas analysis sheet (2) shows the particle size distribution of the Al-
6061/SIC composite powers for 23 %volume fractions of SIC. From analysis sheet, the 50%
value give the mean particle size. The mean particle size of Al-6061/SIC composites is lower
than that of AUAL203 composites.

3.2.2 Zn0O Powders

Stancard powders were used for the zinc oxide varistors. The general criteria of this
powder is shown in table (3.5).

Table 3.1 Physical characteristics and chemical composition of aluminium powder
Powder Conditions

Pure AL Atomised, Max{' particle size 400 xm, purity 99.5% and density 2.70 g/cc

Table 3.2 Physical characteristics and chemical composition of aluminium alloy powder

Powder Compositions %

Al alloy 6061, Max™ ~ Silicon Iron Copper Magnesium Chromium Aluminium
particle sizz 5 /m 075 016 030 101 018  halance
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Table 3.3 Physical characteristics and chemical composition of alumina powder

powcler Conditions

Alumina Atomized, Mean particle size 45 /;in and density 3.90 g/cc

Table 3.4 Physical characteristics and chemical composition of SIC powder

Powder Conditions

Silicon carbide  Electrical, Mean particle size 75 rim, purity 98.7% and
density 3.2 g/cc

Table 3.5 Ceramic powder characteristics

Powcer Average Density Binder ~ Moisture  Binder
particle content  content  type
szeqi kg gk

glcc  glec
Standard 15-20 1785 202 15 0.90 B

3.2.3 Lubricants

To facilitate compaction and ejection, zinc stearate was used in solid form. For
compression test of the compacts, a thin sheet of teflon (0.125 mm) smothered with a film
of petroleum jelly was used as the lubricant. The physical characteristics of zinc stearate
|ubricant is given in table (3.6).
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Table 3.6 Physical characteristics of zinc stearate powder

Lubricant Characteristics

Zinc stearate  Boiling temperature-120 °C, density-0.1 g/cc, particle size-0.5 ixm

3.3 TOOLS AND EQUIPMENTS
3.3.1 Powder Mixing Tool

Metal powder mixing was carried out using a double cone mixture of 1.25 Itr.
capacity made of stainless steel. Plate (3.1) shows the photograph of the mixer.

3.3.2 Powder Compaction Tool

A die set was used to produce discs of 17 mm diameter with different thickness. The
punch tips and the die wall were made of tungsten carbide while the rest of the die parts
(base, die body, guide rods, lower punch and upper punch) were made from high carbon
high chromium steel (D2 material). The die was designed as a floating die set where the die
body was supported by springs, to produce double sided compression with an option for a
single action pressing. Figure (3.1) shows an assembly drawing of the die set and plate (3.2)
shows the photograph of the die assembly.
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3.3.3 Compaction Rig

A 50 kN INSTRON testing machine of model 4204 was used for making the green
compact from the powders using the above die set. The same maching was also used for
compression testing as described in section 3.3.5.

3.3.4 Sintering Unit

A box furnace (LENTON THERMAL DESIGN LTD) was modified to carry out the
sintering operation of MMC. The maximum operating temperature of this furnace was 1200
°C. Figure (3.2) shows the box furnace and plate (3.3) shows a photograph of the sintering
unit.

For the sintering of ceramic powder compacts, a pot furnace (TLB 34) was used. This will
be described in chapter four.

3.3.5 Compression Testing Machine

A 50 kN INSTRON universal testing maching of model 4204 was used for the
compression test of AUAL0 3 composites. The compression test of Al-6061/SIC composite
was carried out by 100 kN AVERY DENISON universal testing machine,

The INSTRON machine consists of a loading frame and a control console as a separate
assembly accompanied with a plotter. The basic operation of the instrument consists of
selecting a load cell for a particular testing application, mounted the load cell in the moving
crosshead within the loading frame, then setting a specimen in position so that the load
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applied can be measured. Appendix A gives the full specification of the machine and plate
(3.4) shows a photograph of the machine.

3.3.6 Hardness Tester

A micro haroness tester of type LEITZ MINILOAD 2 was used to measure the
harcness of the specimens. This tester is capable of measuring three kinds of hardness-
Vickers, Knoop and Scratch hardness by changing the diamond head. In this project, Vickers
hardness method was employed to measure the hardness. The tester was calibrated first by
the calibration tool. Then the load was applied to the specimen for a certain period.
According to the indentation diameter of diamond indenter (pyramical shape), the hardness
was calculated or chosen from the tables. Always load 1.961 N was used for this work.

3.3.7 Grinding and Polishing Equipment

DAP-V (Struers) was used for the grinding and polishing operation to prepare a
sample for harcness testing and for microstructure analysis. DAP is a complete programme
of relatively small motor-driven machines for wet grinding and for alumina and diamond
polishing of metallographic, ceramic and mineralogical specimens. For automatic polishing
Pedimin-2 (Struers) was used which hold the polishing disc, mounted on DAP-V.
Prestopress-3 (Struers) was used for making the polishing disc of the samples. Plate (3.5)
shows the grinding and polishing equipment.
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3.3.8 Optical Microscope

The optical microscope metallograph Reichert MeF3 was used for the microstructure
analysis of AL/ALZ) 3 composite. A camera with providing polaroid film was attached with
this microscope.

3.3.9 Scanning Electron Microscope (SEM)

Fine scale structural, topographic and dimensional measurements, beyond the scope
of optical microscopy, Were carried out using a Scanning Electron Microscope. The
microstructure of the rate controlled sintering samples were taken by SEM manufactured by
JEOL Ltd., model 840 A .

3.3.10 Weight Loss Equipment

The weight loss equipment consists of a balance, a PC, furnace, programmable
furnace controller and serial communication interface adapter. It is described in the following
chapter four.

- A balance of METTLER PM 6100 was used to monitor continuously the weight loss
as a function of the furnace temperature. It was connected to an Amstrad computer through
a RS 232 interface in COM1 port. It has a handshake mode facility and data can be sent
bidirectionally by both the computer and the balance. The balance can weigh up to 6.1 kg
with a resolution of 0.001 g.

- A personal computer (AMSTRAD 1512, 614 kB) equipped with a communication
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card SIO-2 was used. It has two ports with 25 pins and 9 pins. The 25 pins port was used
as COM2 for the communication with the furnace controller and 9 pin port was kept iclle.

- Apot furnace type Surefire TS 25, K+F was equipped with WEST 2054 controller
programmer to execute the temperature profile in the furnace. The controller programmer
has 8 temperature control modules and each module has 4 stages. Each stage consists of a
ramp and dwell. The modules can be linked together to form a recipe or recipe and modules
together can form a macro which gives a complex temperature profile. For the operation, it
has two modes, slave and master with option X02 and X10 respectively. By slave mode, it
can be controlled externally. For the communication with a personal computer, it is equipped
with RS 422/RS 485 interface. For this project a RS 422 interface was used. To drive the
controller programmer by computer, the com option of the controller was kept EN.

- The SCIA-30 serial communication interface adapter was used to convert the signal
from the computer to a suitable form for the controller and vice versa. Itwas connected with
the computer through a RS 232 interface by COM2 port and with the controller through RS
422 interface using a terminal block of 8 contact point.

3.3.11 Shrinkage Monitoring Equipment

The shrinkage monitoring equipment consists of a PC, furnace, controller, transaicer,
transducer conditioner and SCIA-30. This setup is fully described in chapter four.

- The personal computer AMSTRAD 1512, 614 kB was the same one as used for the
Wweight loss equipment.

- The Pot furnace type Surefire TS25, K+F equipped with WEST 2054 controller
programmer was the same one as used for the weight loss equipment.
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- A displacement transducer with a spring retum armature (LVDT type ACT/500/A,
RDP Group) was used to measure the shrinkage of the sample during sintering. The
transducer can measure displacements of upto = 12.5 mm. It was calibrated and fixed +20
mm for measuring the contraction and -5 mm for the expansion. It was mounted through the
top of the furnace using a vertical stand.

- A digital transducer indlicator and condiitioner (model 400/LVDT, RDP Group) was
used to convert the electrical signal from the transducer, from analog to digital suitable for
computer logging. The indicator has a resolution of 1/;m

- The interface SCIA-30 and the RS 232/RS 422 signal converter were the same ones
as described earlier for the weight loss equipment.

3.4 EXPERIMENTAL PROCEDURE

3.4.1 Powder Mixing

A powder volume between 20 and 40% of the mixer capacity Is usually optimal for
powder mixing [98], So 500 g of matrix material with different volume fractions of
reinforcement (alumina and SiC) was loaded separately into the double cone type mixture.
Zinc stearate was adced in the ratio of 1% by weight as a lubricant to reduce friction
between the powder particles and the die wall during compaction and ejection. To test the
effect of amount and type of Iubricant, zinc stearate and calcium stearate in different
proportion 1, 2, 3, 4 and 5%by weight were used with the alumina composite powders. The
loaded powder was held in a lathe and rotated at 40 rpm for 60 min. for the Al-6061/SiC
composite powder and 90 min. for AL/A23 composite powder. After each operation, the

67



powders were unloaded and the mixer was cleaned for the subsequent run.

3.4.2 Powder Compaction

The die set unit was first placed on the anvil of the INSTRON machine. Then a

precetermined quantity of powders was weighed to an accuracy of £ 0.01 g with the help
of a boatlike plastic container and poured into the die cavity. The upper punch was then
replaced manually into the die cavity. The load was applied gradually until the level of the
required density was reached. Since different volume fractions of reinforcement were used,
the applied load were varied to keep the green density the same. For AUAL203 composite
powders, the density of the green compact was 2.38 g/cc and for Al-6061/SiC composite
powers, a78% theoretical relative density was maintained for the green compact. For this,
Initial compaction tests were carried out before producing the compacts to find the
compressibility curves of these powders. Figure (3.3) shows the compressibility curve for
AUAL0 3 composites whereas figures (3.4 to 3.8) show the compressibility curve for Al-
6061/SIC composites of 8, 10, 15 23 and 28% volume fraction of reinforcement
respectively. From these curves, the load was determined which was set as a limit to stop
the compaction load to get the same density. 50 kN load was used for the compaction of
powder of the highest volume fraction of reinforcement. After reaching the maximum load,
the load was held for 5 seconds and then released.
Ejection was done by removing the upper punch and placing the ejection tool at the top of
the dlie body and reapplying the load to eject the compact. The compaction speed was used
2 mm/min. throughout the experiment and 10 mm/min. for the ejection. After each
operation, die cavity wall and the punch tips were cleaned if needed.
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3.4.3 Sintering

Before starting the sintering operation, the furnace was calibrated to get the actual
temperature. The base dimension of the furnace was 8 x 12", The temperature varies on the
hottom surface of the furnace and the centre region of 4 x 4* shows the constant temperature
region but it always 10-20 °C lower than that of set limit temperature. So for setting the
sintering temperature always 15° C was added to the required temperature. The temperature
Inside the furnace was stabilised after 15 min. Therefore, soaking times were considered after
that. To maintain the sintering atmosphere a small hole was drilling at the bottom and at the
top position of the rear side of the furnace and each hole was fitted with a small hollow tube.
Argon gas with s« hydrogen was used as a protective atmosphere. The gas was fed through
the bottom tube. After charging each batch of compacts to be sintered, the gas was allowed
to pass at a high flow rate ( about 12 cffmin) for certain period between 10 to 15 min. to
purge the air inside the chamber. The flow rate of gas was then kept low and maintained
throughout the sintering cycle. The compacts were placed on a ceramic plate and kept at the
centre of the furnace. These were sintered in batches of 6 at set sintering temperatures. The
heating rate should be low. Plate (3.6) shows the defects of the samples for high heating rate
due to the high rate of lubricant burnout. 1t was seen that below the melting temperature of
Al, the sintering operation was not effective since no liquid phase sintering took place. The
sintering temperature for AUALO3 were 650°, 700°, 750° and 800°C and four different
sintering time of 30, 60, 90 and 120 min. But the Al-6061/SIC compacts were sintered at
570°, 600°, 675°, 760° and 800°C for sintering time of 2.43, 3, 5, 8.3 and 103 hrs. For
hoth cases the controlled atmosphere was created by Argon gas with s« hydrogen. The
compacts passed through a burnout stage at 540 °C for 30 minutes to burnout the fugitive
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|ubricant. The compacts were then allowed to cool to room temperature inside the furnace.
The flow of argon gas maintained during the whole cycle of heating, soaking and cooling.

3.4.4 Measurements

All dimensional measurements were taken using a micrometer with an accuracy of +
1fim. The weight of the powder and the sample after pressing and firing were carried out
using an analytical balance with an accuracy of 0.01 g.

3.5 RESULTS AND DISCUSSION
3.5.1 Compressibility

To study the compressibility of the composite powders, AUA203 and Al/SIC
composite powders were used. The compressibility curves were generated from the load
displacement curve. Single action pressing were used to assess the compressibility while
double action pressing was used to study the strength of green and fired compacts.

Figure (3.9) shows the compressibility curves for the 10% volume fraction of AL203
reinforcement with varying 1,2, 3, 4, and 5% by wt. of zinc stearate [ubricant. The curves
show that there is very little effect of the amount of Iubricant on the density. It is shown in
figure (3.10) the compressibility curves for 2% by wt. of zinc stearate lubricant for varying
volume fractions of AL03 reinforcement. This figure shows that with increasing
reinforcement, the density decreases. It can be seen that for a given compaction stress,
compacts made with 10%reinforcement have a higher density than those made with 20, 30
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and 40% reinforcement,

Figure (3.11) shows compressibility curves for 20% alumina reinforcement with calcium
stearate lubricant of 1, 2, 3, 4 and 5% by wt.. These curves also show that there is little
effect of the amount of lubricant on compressibility. The compressibility curves for 1% by
wt. of calcium stearate with 10, 20, 30, and 40% alumina reinforcement are shown in figure
(3.12). Here, it is seen that the density decreases with the increase of reinforcement at a
given compaction stress,

Figure (3.13) shows compressibility curves for 30% alumina reinforcement of 1% by wt.
of zinc stearate and calcium stearate. It is seen that there is no effect of lubrication type on
the compressibility. The compressibility curves for 20% SIC reinforcement with varying zinc
stearate is shown in figure (3.14). It is seen that there is little effect of lubrication amount
on the compressibility.

Compressibility curves for 5%zinc stearate with varying SIC reinforcement are shown in
figure (3.15). These curves illustrate that with increasing reinforcement, the density decreases
at a given compaction stress. Figure (3.16) shows compressibility curves for different
reinforcements. It is seen that at zero stress, the density of compact made by SiC is higher
than that of the compact made with AL03 due to the rearrangement of the particles. Its
density at the middle is lower than that of the compact made with Al03 But at higher
stress, the density of compacts made from SiC and AL20 3 becomes the same showing that the
relative density of specimen made from SiC is higher than that of specimen made from
aluming, since the theoretical density of SIC is lower than that of AL203

Generally it is seen from all of the compressibility curves that there is a sharp increase in the
density at the beginning of the compaction process then it starts to slow down at high
pressures. This sharp increase in the curve is due to the particles rearrangement where
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particles try to occupy the smallest place. As the pressure increases, the particles start to
deform and fracture and leads to further densification by the fact that the newly formed small
pieces can move into the remaining pore spaces between the larger particles. Moreover after
releasing the load it can be noticed from the load-displacement curve that there is a reduction
in the density. This is due to the spring back effect where the compact recovers elastically
and It increases with the increase of reinforcement and compaction pressure. TiC was also
used to see the compressibility. Titanium is a hard dispersoid and not suitable for cold
compaction, since a heavy friction force developed resulting ejection force is greater than
compaction load. So it was rejected though it imparts high strength and wear resistance to
the base material.

3.5.2 Mechanical Strength

The mechanical strength of the green body is an important factor. Firstly, because
unreliable green compacts lead to unreliable final product and secondly, it is important that
the compact has sufficient strength for hanaling purposes. It has been observed that the
distribution of large flaws in the green body remained unchanged through sintering,
Furthermore, additional flaws can be introduced by grain growth (99) which in tum weaks
the fired sample. Normally green bodies of 50% theoretical relative density are produced
during stanard manufacturing conditions. It has been suggested that the strength for most
ceramic green bodies varies from 1 to 2 MPa (99). With the increase of volume fraction of
reinforcement, the compaction pressure increases producing the green compact of same
density for further operation.

Griffith’s flaw theory (100) can be used to predict the strength of brittle materials. It assumes
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the presence of intrinsic flaws of a specific shape, and there is always one with the least
favourable location and orientation and that the crack growth from this flaw causes failure.
This theory ignores the statistical nature of the problem. The statistical approach is widely
used for predicting the strength but in this case, it does not specify the nature of the flaw.
Normally Weibull’s distribution is used for the statistical analysis of strength of materials
due to brittle fracture, of crack initiation toughness or fatigue life. The Weibull distribution
function P(a) is defined as:

<g-g0)j "1

P(a)-1-e b for o) o0 G.D
P(p=0 for o (o0

Where a0 b, and mare the three Weibull parameters which define this distribution function.
For the strength study, P(0) is taken as the probability of failure when a stress a is placed
on the specimen. The parameter ao is the zero strength since P(0)=0 for a<ao. The
constants b and m are known as the scale parameter and the Weibull slope parameter
(modulus) respectively. The probability of failure P(a) at a load a is determined from

where k= the order number of the sequenced data
and n= the total sample size
From equation (3.1) it can be written
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Taking the natural log of both sides of equation (3.3) yields

, Da=in[l-P(a)]-1 (3.4)

Taking logDo+ both siaes o+ equation (3.4) gives a relation for the slope parameter m. Thus

m (log10 (O-00)-10g10jb) =logl10In[I-P(0) ]-1 (3.5)

considering aqand b are zero, the equation (3.5) becomes

/n[log (a) J=1og In [1-p(o0) ]_1 (3.6)

login [I-P(q) ]-1 (3.7)
log (strength)

where m s slope of the straight line. So higher the value of slope, higher the reliability of
the sample.

The Weibull approach [101] for predicting the probability of failure of a structure involves
dividing the total volume into many volume elements, each element having a small
probability of failure. The probability of survival of the part as a whole is then found by
multiplying together the probabilities of survival of all the elements. The elements are
consicered to be similar to the links of chain, with the weakest link determining the strength
of the chain. Thus the properties of a volume element, as inferred from the statistics of
fracture in simple tension or bending, played a central role in Weibull’s theory. The theory
states [102] that the probability that rupture will occur within a given volume subjected to
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any uniform stress is assumed to be completely determined by a quantity = which may be
calculated from the three principal stresses.

3.5.3 Diametral Compression Test

The green strength of the compacts was measured using the diametral compression
test. This test had been performed by placing the compact between two flat surfaces as shown
In figure (3.17). The force was applied along a diametral plane of the compact. The loading
produces a biaxial stress distribution within the specimen which constant all along the
cylindrical axis Z of the specimen. This stress distribution consists of a tensile stress at the
plane where the force is applied and a compressive stress which acts along the loackd
diameter [103]. Compacts were tested in both the green and fired states using this test. The
recorced load was used to calculate the tensile strength of the compact using the following
equation according to reference [104]

Wwhere a is the tensile stress, h is the compact height, D is the compact diameter and P is the
recorced fracture load.

The diametral test was carried out on 10 green specimens for each powder compact. The
results of the test were used to calculate the probability of failure for brittle materials using
Weibull’s theory for strength of brittle materials [105]. Plate (3.7) shows the fracture of the
samples in diametral compression test.

Figure (3.18) shows probability curves for the green compacts of 10% volume fraction of
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ALD 3reinforcement with 1%by wt. of zinc stearate and calcium stearate lubricant. It is seen
from these curves that the strength of the compact using zinc stearate is higher than that of
the compact using calcium stearate. However, the slope of the curve for the calcium stearate
is higher. It means that the strength of the compact is more reliable than that of the compact
made from zinc stearate. The probability curves for the green compacts of 20% volume
fraction of ALD3with 1, 2, and 3% by wt. of zinc stearate [ubricant are shown in figure
(3.19). It is seen from these curves that there is not much difference in strength for the
different amounts of lubricant. But for 1% lubrication, the strength is little bit higher than
those for the others. Also the slope of the curve is the highest showing that the strength of
this compact with 1% ubrication is more reliable than the others.

Figure (3.20) shows probability curves for the green compacts of 10, 20, and 3% AlD3
reinforcement with 1% by wt. of zinc stearate. These curves show that the strength of
compact made from 10% reinforcement is the highest and most reliable than the others. The
probability curves for the fired compacts of 20% ALD 3 reinforcement with 1, 2 and 3% by
Wt. of zinc stearate lubricant is shown in figure (3.21). This figure shows that compacts have
higher strength than those of green compacts but less reliability, where it can be seen that
the slope of the curves deteriorate in respect of the curve

3.5.4 Compressive Strength Test of AUALD 3 Composites

After firing, the compressive strength test is also carried out. With the increase of
reinforcement, ductility of the samples decreases and the samples were broken down
suddenty without preliminary cracks during testing for higher reinforcements. The load at
breaking point of the specimen for higher volume fraction of reinforcement are taken to
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calculate the compressive strength. Plate (3.8) shows the sintered samples of different volume
fraction of ALD)3

The effect of time on compressive strength has been analyzed for different volume fraction
of reinforcement (10, 20, 30 and 40%). These are shown in figures (3.22) to (3.25)
respectively. Itis shown from both figures (3.22) and (3.23) that the strength increases with
increasing sintering temperature and time. This could be due to the uniform distribution of
the particles and higher soaking time which allows uniform grain growth. In addition the
slopes of the curves increase with increase of sintering temperature greater than 700° C.
For 30% and 40% reinforcement figures (3.24) and (3.25) show respectively that generally
the strength increases with increasing sintering temperature but the trends of the curves for
30 and 60 min. sintering time are different from those of the curves for 90 and 120 min,
sintering time when the temperature is greater than 750° C. This could be due to the longer
soaking time at higher temperatures which changes the density simultaneously with the
microstructure of the material.

The relationship between compressive strength and volume fraction of reinforcement has been
presented for different temperatures 650, 700, 750 and 800 °C in figures (3.26) to (3.29)
respectively. Figure (3.26) shows for temperature 650° C that the compressive stress
decreases with the increase of reinforcement. The value of compressive stress for different
time at certain reinforcement becomes same but at time 60 min. gives higher values. It is
shown in figure (3.27) for temperature 700° C that compressive stress decreases with the
Increase of reinforcement. At lower reinforcement, the value of compressive stress at 120
min. is higher than that of other time but it decreases with increase of reinforcement and
becomes same at higher reinforcement. The compressive stress in figure (3.28) for
temperature 750 °C shows that it decreases with increase of reinforcement but the value of
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compressive stress increases with increase of time. Figure (3.29) shows for temp. 800° C
that the compressive stress cecreases with increase of reinforcement. There is significant
difference of compressive stress at 20% reinforcement for sintering time 120 and 30 min.
respectively and has higher value in time 120 min. but at higher volume fraction the
compressive stress for different time becomes same.

In all cases the compressive stress decreases with increase of reinforcement. It could be due
to the achievement of small relative density of the green compact for higher reinforcement.
Since no shrinkage takes place and in some cases swelling occurs, density actually decreases.
At higher reinforcement, the bonding between the matrix and the reinforcement deteriorates.
Therefore the material has the lower resistance to deformation. As apreliminary experiment,
the particle size was taken very high. The larger particles retard shrinkage and thus causing
less bonding between the particle and keep the strength low.

3.5.5 Hardness of ALJALZ) 3 composites

Hardness is defined as the resistance of the material to indentation or scratching.
Microhardness tester was used and Vicker’s hardness was measured. For each sample, 15
readings were taken and the average values were represented the hardness of the sample. For
the measurement of hardness, at first the top face of the samples was ground and polished
by the polishing machine.

The effect of time on hardness has been analyzed for different volume fraction of
reinforcement (10, 20, 30 and 40%). These are shown in figures (3.30) to (3.33)
respectively. Figure (3.30) shows at 10% reinforcement that for sintering time of 30, 60 and
90 min. the Hardness increases for up to 750 °C sintering temperature and then decreases
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showing that at 750 °C, the bonding between the matrix and the reinforcement Is the
optimum. However for sintering time of 120 min., the hardness increases with sintering
temperature of up to 800 °C . This could be due to the improvement of bonding with the
soaking time. It is shown in figure (3.31) that at 20% of reinforcement the harcness becomes
greatest at 750 °C except for 30 min. sintering time which shows an irregular pattern. This
could be explained by the fact that the distribution of the particles and the bonding between
the matrix and reinforcement can not reach uniformity during this short period of sintering
time. For 30% reinforcement it is seen that the hardness becomes maximum at sintering
temperature of 700 °C. It implies that the bonding between the matrix and the reinforcement
15 better at this temperature than compared to other temperatures. Figure (3.33) shows that
at 40% reinforcement for 30 and 60 min. sintering time, the hardness is maximum at about
770 °Cand 730 °C respectively but for 90 and 120 min. sintering time, it is about 800 °C.
The irregular nature of the curve corresponding to the higher sintering times is most likely
to be due to different grain growth mechanisms.

The relationship between hardness and volume fraction of reinforcement for different
temperature 650°, 700°, 750° and 800 °C has been presented in figures (3.34) to (3.37)
respectively. At 650° C It is seen that the haroness increases with the increase of
reinforcement only at higher sintering times. This could be, due to the improvement of
bonding with the soaking time. It is shown in figure (3.35) for temp. 700° C that the
hardness increases with increase of reinforcement for all of the sintering time which is
expected. But the irregular nature of the curves corresponding to the lower sintering time (30
and 60 min.) is most likely to be due to different grain growth mechanisms. Figure (3.36)
shows for temp. 750° C that the hardness becomes maximum at the highest reinforcement
but minimum at 30 percent reinforcement for 30 and 60 min. sintering time. This could be
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due to the degradation of bonding at this reinforcement. Itis shown in figure (3.37) for temp.
800° C that the hardness becomes maximum at the highest percentage of reinforcement. But
the pattern of the curves from 10 to 30 percent of reinforcement is irregular. This could be
due to the different grain growth mechanism.

The values of hardness and the compressive stress are generally lower than the available data
in the literature. Since after sintering, no shrinkage takes place, the density decreases giving
lower strength. To improve the sintering operation, alloying aluminium with sintering catalyst
such as Fe, B, must be introduced.

3.5.6 Microstructure

A brief study was carried out on the microstructure of AVALD 3composite. The study
was carried out by optical microscopy. The microstructures are taken for only 10% and 20%
reinforcement to see the distribution of reinforcement in the matrix and grain growth. The
temperatures are taken as 750° C and 800° C, since these temperatures played a vital role
for the hardness and compressive stress values. Different times are taken to study the effect
of soaking temperature on the microstructure. It is evident from figures (3.38 a) and (3.38
b) for 10% reinforcement and for time 60 min. at temp. 750° Cand 800°C respectively that
the structure of the sample sintered at 750 °C is rather dense showing small porosity than
that for temp. 800° C. This results in greater hardness as shown in figure (3.30). For 10%
reinforcement at temperature 800° C and time 120 min. shown in figure (3.38 d), the grains
grow but they are of smaller size than that of specimen produced at 750 °C for time 120
min. (fig. 3.38 ¢) giving also higher hardness as shown in figure (3.30).
In figure (3.39 @) and (3.39 b) for 20% reinforcement and for time 60 min. at temp. 750°
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C and 800° C respectively, it Is seen that the distribution of alumina is uniform with less
porosity at 750° C. This results in greater harcness as shown in figure (3.31). In figures
(3.39 ¢) and (3.39 d) for 20% reinforcement and for time 30 min. at 750° C and 800° C
respectively it is shown that the distribution of alumina in the sample at 800 °C is also
uniform with less porosity giving greater harcness than that of the specimen sintered at 750
°C (see figure 3.31).
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M > 1 I M E R N 02 Jun 1994 11:38 an
Instrunents SB.OB

Matrix- Pure Aluminium
Reinforcement- 20% volume fraction of alumina 0000006252

1978 pii 1JP337

High Under High Under High Under High Under High Under High Under  Span

Size % Size % Size % Size % Size % Size % 1.00
564 100 254 21.2 114 3.9 51.3 0.5 23.1 0.3 10.4 0.3 D[4,3]
524  90.9 236 18.4 106 2.9 47.7 0.4 21.4 0.3 9.64 0.3 355.89pm
488 81.8 219 16.3 98.6 2.2 44.4 0.4 19.9 0.3 8.97 0.3
454  73.0 204 14.8 91.7 1.7 41.2 0.4 185 0.3 8.34 0.3 D[3,2]
422 64.5 190 13.7 85.3 1.4 384 0.4 17.2 0.3 7.76 0.3 231.18pm
392 56.3 176 12.6 79.3 1.2 357 0.4 16.0 0.3 7.21 0.3
365 48.7 164 11.5 73.8 1.1 33.2 0.4 14.9 0.3 6.71 0.3 D[v, 0.9]
339 41.6 153 10.1 68.6 0.9 30.8 0.4 13.9 0.3 6.24 0.2 520.81 pm
315 35.3 142 8.6 63.8 0.8 28.7 0.4 12.9 0.3 5.80 0.2
293 29.7 132 6.9 59.3 0.7 26.7 0.4 12.0 0.3 D[v,0.1]
273 249 123 5.3 552 0.6 24.8 0.4 11.2 0.3 151.53pm
Source = :Sample  Beam length = 14.3 nm Mode' indp
Log Diff. = 3.119 D[v,0.5]
Focal length = 300 mm Obscuration = 0. D051 Volume Cone. = D.0027% 369.42pm
Presentation = pil Volume distribution Sp.S.A 0.0260 ml/cc.
100
X 50
100

Particle size (un).
HARRIS IRELAND

Analysis sheet 1 Particle size distribution of 209% volume fraction of reinforcement for
3composites.
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M 11 Aug 1994 1:50 pn
> 1 I IVI E R N Instrunents SB.OB

23 % volume fraction of reinforcement
Al-6061/SiC composites 000000006564

1978 pii 1JP337

High Under High Under High Under High Under High Under High Under  Span

Size % Size % Size % Size % Size % Size % 1.18
118 100 53.3 96.7 24.0 36.1 10.8 4.1 484 0.0 2.18 0.0 D[4,3]
110 100 49.5 93.2 22.3 31.3 100 2.9 450 0.0 203 0.0 29.40pm
102 100 46.1 89.0 20.7 27.1 9.31 2.2 4.19 0.0 1.88 0.0
95.2 100 42.8 84.3 19.3 23.6 8.66 1.7 3.89 0.0 1.75 0.0 D[3,2]
88.6 100 39.8 79.0 17.9 20.4 8.05 1.4 3.62 0.0 1.63 0.0 23.51pm
82.4 100 37.0 73.3 16.7 17.7 7.49 1.0 3.37 0.0 151 0.0
76.6 99.9 34.4 67.2 155 151 6.97 0.7 3.13 0.0 141 0.0 D[v,0.9]
71.2 99.8 32.0 60.8 14.4 127 6.48 0.4 2091 0.0 1.31 0.0 46.83pm
66.2 99.8 29.8 54.3 13.4 10.3 6.02 0.2 271 0.0 1.22 0.0
61.6 99.7 27.7 47.8 125 8.0 560 0.1 252 0.0 D[v,0.1]
57.3 98.9 25.8 41.7 11.6 59 521 0.0 2.34 0.0 13.27pm
Source = .Sample Beam length = 14.3 nm Model indp

Log. Diff. = 6.407 D[v,0.5]
Focal length = 63 mm Obscuration = 0. 5883  Volume Cone. = 3.0642%  28.40pm
Presentation = pil Volume distribution Sp.S.A  0.2552 mVcec.

HARRIS [RELAND

Analgsis sheet 2 Particle size distribution of 23+ volume fraction of reinforcement for
Al-6061/SIC composites.
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Plate 3.1 Photogarph of the \V-mixer.

Plate 3.2 Photograph of the 17 mm diameter die set.
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Plate 3.4 Photograph of the INSTRON machine.
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Plate 3.5 Photograph of the grinding and polishing machine
with Presto-press.

Plate 3.6 Defects of the sample, right one (left one 1is
defect free) due to high heating rate.
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Plate 3.7 Fracture of the samples in diametral compression
test.

Plate 3.8 Defect free samples of the A1/A1203 composites.
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Figure 3.3 Compressibility curve for 10, 20, 30 and 40%
volume fraction of reinforcement of A1/A1203 composites
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Compaction stress MPa

Figure 3.4 Compressibility curve for 8% volume fraction of
reinforcement of Al-6061/SiC composite.

Compaction Pressure MPa

Figure 3.5 Compressibility curve for 10% volume fraction of
reinforcement of Al-6061/SiC composite.
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Compaction Pressure MPa

Figure 3.6 Compressibility curve for 15% volume fraction of
reinforcement of AI-6061/SiC composite.

Compaction Pressure MPa

Figure 3.7 Compressibility curve for 23% volume fraction of
reinforcement of AI-6061/SiC composite.
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Compaction Pressure MPa

Figure 3.8 Compressibility curve for 28% volume fraction of
reinforcement of Al-6061/SiC composite.

compressibility of A1/A1203 composites for 10% volume fraction
of reinforcement.
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compressibility of A1/A12D3 composite for 2% zinc stearate.

compressibility of A1/A1203 composite for 20% alumina.
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Al1/A12D3 composite for 1% calcium stearate.

Figure 3.13 Effect of lubrication type on compressibility of
AI/AI23 composite for 30% alumina.

9%



compressibility of Al/Sic composite for 20% Sic.

Figure 3.15 Effect of SiC reinforcement on compressibility
of AI/SIiC composite for 5% zinc stearate.
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Figure 3.16 Effect of type of reinforcement
compressibility of MMCs for 1% zinc stearate.

Ram

Sample

Anvil

Figure 3.17 Set up for diametral compression test.
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-0.18 -0.16 -0.14 -0.12 -0.1 -0.08 -0.06 -0.04 -0.02 0 0.02

Log (strength)

Figure 3.18 Probability of failure for green compacts of
A1/A1D3 composite of 10% alumina for 1% zinc and calcium
stearate.

Log(strength)

Figure 3.19 Probability of failure for green compacts of
Al1/A1203 composite with varying lubricant for 20% alumina.
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A1/A12D3 composite with varying reinf. for 1% zinc stearte.

Figure 3.21 Probability of failure for fired compacts of
Al12D3 composite with varying zinc ste. lub. for 20% alumina.
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Temperature ° C

Figure 3.22 Effect of time on compressive stress of A1/A1203
composite for 10% reinforcement.

Temperature ° C

Figure 3.23 Effect of time on compressive stress of A1/A123
composite for 20% reinforcement.
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Figure 3.24 Effect of tinte on compressive stress of A1/A1203
composite for 30% reinforcement.

composite for 40% reinforcement.
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% of Reinforcement

Figure 3.26 Effect of time on compressive stress of A1/A1203
composite for temperature 650 °C.

% of Reinforcement

Figure 3.27 Effect of time on compressive stress of A1/A123
composite for temperature 700 °C.
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Temp 750 ° C

time 30 min.

% of Reinforcement

Figure 3.28 Effect of time on compressive stress of A1/A1203
composite for temperature 750 °C.

0 i i i i 2 1 2
5 10 15 20 25 30 35 40 45

% of Reinforcement

Figure 3.29 Effect of time on compressive stress of A1/A123

composite for temperature 800 °C.
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Temperature ° C

Figure 3.30 Effect of time on hardness of A1/A1203 composite
for 10% reinforcement.

Temperature ° C

Figure 3.31 Effect of time on hardness of A1/A1203 composite
for 20% reinforcement.
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Temperature ° C

Figure 3.32 Effect of time on hardness of AI/A12C3 composite
for 30% reinforcement.

Temperature ° C

Figure 3.33 Effect of time on hardness of A1/A1203 composite
for 40% reinforcement.
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S 10 15 20 25 30 35 40 45
% of Reinforcement

Figure 3.34 Effect of time on hardness of A1/A1203 composite
for temperature 650 °C.

% of Reinforcement

Figure 3.35 Effect of time on hardness of A1/A1203 composite
for temperature 700 °C.
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Figure 3.36 Effect of time on hardness of A1/A1203 composite
for temperature 750 °C.
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Figure 3.37 Effect of time on hardness of A1/A1203 composite
for temperature 800 °C.
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CHAPTER FOUR

RATE CONTROLLED SINTERING OF ZINC OXIDE VARISTORS

41 INTRODUCTION

The computer controlled weight loss and shrinkage for sintering have been
discussed in this chapter. Two software programmes have been specially developed for
controlling the weight loss and shrinkage to obtain a linear weight loss and linear
shrinkage. The relationship between the heating rate and the weight loss rate has been
established to get the linear weight loss curve. The size effect of the discs on the firing
profile for a specific binder burnout rate has been also studied.

42 COMPUTER CONTROLLED WEIGHT LOSS

The binder burnout stage is the initial stage of sintering. During this stage, the
fugitive binders and other organic additives used in the compaction of ZnO varistors
discs are eliminated at temperatures from 20 to 450 °C. Binders are added to the
powder to give it necessary plasticity required for compaction and necessary strength
required for subsequent hanaling. Figure (4.1) shows the binder burnout of the samples
when they are fired by constant heating rate of 2.5 °C/min. It is seen from that figure
that the initial burnout rate is too high and shows a maximum of 13 g/kg/h but at higher
temperature it becomes small. This maximum weight loss rate will increase if the

110



furnace heating rate is increased. This uneven binder burnout rate can create defects
such as voids, cracks, bubbles insice the discs. An attempt has been made during the
present research work to achieve linear weight loss by controlling the heating rate of
the furnace through a computerized feedback loop. For operating the system, interfacing
and instrumentation has to be properly integrated.

4.2.1 Design Interface and Instrumentation

The following instruments are used for the weight loss control set up:
Balance (METTLER PM 6100) with interfacing facility and resolution 0.01 g
Pot furnace (Surefire TS25, K+F Ltd.) equipped with WEST 2054 controller
programmer.
Personal computer (AMSTRAD 1512, 614 kB).
SCIA-30 serial communication interface adapter.
The balance s connected with computer through COML serial port. The connection
between the balance and the computer should be implemented according to table (4.1).
The computer works as a data logging terminal and process control console. In this
work, the balance is connected to the computer through a 25 pin connectors. The
connection has been made according to the table (4.2).
The interface command for balance is as follows
OPEN "COM1:2400,E,7,1,CS,DS,LF"" FOR RANDOM AS #1
where COML: designated for the first RS 232C data interface
2400 - transmission rate for data transfer (called 2400 baud rate)
E - even parity
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7 - number of data bits

1 - number of stop bits

CS -CTS (clear to send) do not processhandshake signal

DS - DSR (cata set reacly)donot process handshake signal

Table 4.1 Pin/cable connection in multipin connectors for balance and computer.

rercr0"0"crj 1

ouniiBUior, view iruiu uctuie biiu

0000 ' oap 13 mgrbo 0\s
S L ey O Description of MWEE666600000°0 ) (SO U0 it
ELEU <l |,  the function
DTE DCE DTE DCE
Balance
2
2 green data (commands) 3 2 3
for balance
12, brown data from balance 2 3 2 3
7
13, white signal ground 7 ° °
3, yellow handshake for balance 4/20 5/6 4l 6/8
Short-circuiting h— 20/4 6/5 74 8/6
link (optional) — 5 4 ) 7
6 20 6 4
8 1

Table 4.2 Connection used for balance and computer

Balance Computer
PIN PIN
2 Qreen 2
rown 3
13 white !

LF - data string automatically terminated with CR and LF (CR-carriage retum
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and LF- line feed)
The test program for transferring the data from the balance to the computer is given in
Appendix B.
The computer is connected to the furnace controller through a WEST SCIA-30 serial
communication interface adapter. The computer is connected with SCIA-30 by RS 232C
and SCIA-30 with controller by RS 422 interface. The layout for the interfacing is as
follows:

RS422/RS485 SCAI30 V24/RS232C
23 GND 2(GND) 2 Red 2(TxD)
Orange »
B(RX+/Tx+)<~ 3(Tx+/Rx+) 3 3(RxD)
Yellow
ARX-ITx+)<- 4(Tx-/IRX-) 5 5(CTS)
Green
19 BHARx) <- 5(Tx+) 6 6(DSR)
Brown
20 A/(Rx-) <- 6(Tx-) 7 7(GND)
Black
21 B(Tx+) 7(Rx+) 20 20(DTR)
2 ATx) 8Rx) 1
J D-Type D-Type
Controller +5v DC 25-way 25-way Computer

socket plug
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The interface command for controlling the controller through SCIA-30 by the computer
is OPEN "COM2:4800,E,7,1,RS,CS0,0S0,CDO,,PE™ FOR RANDOM AS # 2
where this command opens communication channel 2 in random access mode at a speed
of 4800 baud, even parity, 7 data bits and 1 stop bit and data will be save in file
numoer 2.

The test program for checking the command transfer to the controller is given in
Appendix B.

4.2.2 Experimental Setup

The set up for weight loss control is shown in figure (4.2). This setup is the feed
back loop control system. The weight reading from the balance is monitored at regular
interval by computer and according to the weight loss rate calculated, a command is
given to the controller to change the heating rate and continues up to the completion of
the binder burnout process. A small hole of 12 mm diameter was made at the middle
of the bed of the furnace. The balance was placed underneath the fumace. A rod
containing a bench for holding the disc passing through the furnace was placed on the
stand. The stand placed on the balance. The balance was connected to the personal
computer through a communication link to transfer the weight of the samples to the
computer. The furnace controller was connected to the personal computer through a
communication link to sustain the feed back loop. Plate (4.1) shows the photograph of
the weight loss control set up while plate (4.2) shows the actual layout of the samples
Insicle the furnace.
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4.2.3 Results and Discussion

A computer software developed by Al-Tounsi A. [106] was modified to control
the weight loss routine. The flow chart of the programme is given in figure (4.3). The
computer programme operates as follows:
The weight reading is transferred from balance to computer at a predetermined time
interval. Normally 6 minutes were taken as the time interval. The weight loss and
weight loss rate are then calculated according to the following equations

A== g/kyg “.1)

WO

where: W is the weight loss in g/kg

W, is the weight of the samples at time § and

WOIs the initial weight of the samples before the firing starts.
The weight loss rate was calculated as follows:

W+i-Wi

W g/kg/h

where: W, is the weight loss rate at time »
Wit, Is samples weight at time t+1

and ti+- is the time interval which is set in the software and equal to 6 minutes.
According to the current weight loss rate, the heating rate was calculated and the
software gives commands to the furnace controller to change the previous heating rate
of the furnace. Initially during running the programme, it was necessary to specify only
the initial temperature which is normally taken as room temperature, then automatically
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this software will create the temperature profile for a certain weight loss rate limit. The
source code of the software is shown in Appendix C. The previous researcher [106]
used three different functions for the relation of heating rate with current weight loss
rate. These functions were exponential the decay function, the elliptical function and
the linear function. It was concluded that a linear relationship between the heating rate
and weight loss rate was the best suitable to control the weight loss at a certain rate
But the relationship between the heating rate and the weightloss ratewas not
established. So a relationship between heating rate and weightloss ratehas been
established to get the linear weight loss as

H=muwx+ C (4.3)

where: H is the heating rate

mis the ratio of maximum heating rate at weight loss rate zero and the

maximum weight loss rate limit at heating rate zero, m s therefore the slope of

the line.

W, is the current weight loss rate

and Cis the maximum allowable heating rate which corresponds to a weight loss

rate of zero. C was set in the software to 2.5 °C/min,
The samples were fired for the weight loss rate limits 0.75, 1, 15,  2and 3 g/kg/h.For
all of the firings 6 discs of 49 mm diameter and 51 mm height were used. The initial
total weight of the discs was about 2 kg. Figures (4.4), (4.5), (4.6), (4.7) and (4.8)
show the weight loss, weight loss rate and temperature profile for weight loss rate limit
0.75, 1, 1.5, 2 and 3 g/kg/h respectively. From these figures, it Is seen that for the
lower weight loss rate limit, the linearity of the weight loss curve has improved and a

116



perfectly straight line can be seen. So equation (4.3) is capable to generate a
temperature profile that will produce a linear weight loss curve. It is seen from each
figure that at the starting time for few minutes the weight is increased about 0.1 g
though temperature increases, o weight loss rate becomes positive value. It seems at
the initial time, the discs gain some weight by absorbing some volatile materials exist
In the furnace. This creates the unstable weight loss rate with temperature. It can be
minimised by either controlling the atmosphere or preheating the feeding zone at very
low temperature 30 to 40 °C for 6-10 minutes. Appendix D shows the sample of the
data file for the weight loss rate limit 0.75 g/kg/h. The firing time increases with
decreasing the weight loss rate limit. Table (4.3) gives the weight loss rate set up,
initial and final weight, total weight loss, duration for completing binder burnout and
final temperature.

Figure (4.9) shows the resultant temperature profiles which were generated through the
above 4 weight loss rate limit 0.75, 1, 1.5 and 2 g/kg/h. From each of these curves it
Is seen that the first and second ramps are high and after that it becomes low and again
high after 300 °C. The first ramp corresponds to moisture evaporation. This ramp is
high enough as the moisture percentage in the sample is very low. The second ramp Is
high because after moisture evaporation, there is less material to be eliminated. At
about 175 °C , the organic binders start to burnout. To keep the weight loss rate
constant, a large number of ramps and dwells are generated and these increase with
lower binder burnout rates. So, the firing time increases with decreasing of weight loss
rate limit.
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Table 4.3 Wt loss and temperature data for different wt. loss rate limit

Figures  Weight  Iniial  Final Total Total Final
loss rate  weight ~ weight ~ weight  time(n) temp.

limit 0) 0) loss (°C)
(G/kglh) (9kg)
44 075 193178 190139 1574 227 416
45 1 194034 190853 -1639 191 49
46 15 1912 190127 1597 128 Al
41 2 199758 190627 -1616 99 419
48 3 193349 190279 1588 76 439

To see the effect of the device size on the firing profile, three sizes of discs were
studied. Their dimensions were:

Green size

Diameter in mm  Height in mm

Size A 3 42
Size B 13 22
Size C 38 50

The temperature profile for weight loss and weight loss rate curve are drawn in figures
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(4,10), (4.11) and (4.12) for the sizes of A, B and C respectively for the weight loss
rate limit 1.5 g/kg/h. The total weight losses for the discs of size A, B and C are
12,67, 13.39 and 12.95 g/kg respectively. The discs of size A and C have the same
hinder percentage. This can be cleared from the figure (4.13) which shows the weight
loss curves for the above discs. Itis seen that though the binder percentage for the disc
Aand Cis same, but the slope for the weight loss is different. This is because of the
variation of the surface to volume ratio. The surface to volume ratio for the discs of A
and Care 1.5288 and 1.452 'em respectively. The temperature profile is also different
for the above two disc size. This is shown in figure (4.14). Since the surface to volume
ratio is low for the case of C type disc, they have smaller area for the binder burnout
and 5o the heating rate should be high as the weight loss rate is low. So the disc of
lower surface to volume ratio have the lower firing time to complete the bincer
burnout. The surface to volume ratio for the discs of Bis 1.457. So though the surface
to volume ratio is same for the discs C and B, but the temperature profile is not same.
It Is because of the variation of the binder percentage.

Figure (4.15) shows the temperature profile, weight loss and weight loss rate curve for
the weight loss rate limit 0.56 g/kg/h. Here the same dimensional discs were used as
for 0.75 g/kg/h. Since the binder percentage is smaller for the case of 0.56 g/kg/h, &
the total weight loss for 0.75 g/kg/h was 15.74 and for 0.56 g/kg/h was 12.22, s0
though the weight loss rate is smaller for 0.56 g/kg/h but the firing time is relatively
smaller than that of 0.75 g/kg/h. So the temperature profile varies with the binder
percentage. As the binder percentage increases, the firing time also increases. So an
average temperature profile should be taken for the same weight loss rate curve.
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43 COMPUTER CONTROLLED SHRINKAGE

Shrinkage starts at about 825 °C when bismuth oxide melts. The peak sintering
temperature is about 1100 to 1200 °C. At the initial stage of shrinkage it starts rapicly
and then slow down. Figure (4.16) shows the shrinkage and shrinkage rate curve for
the heating rate of 5 °C/min.. Itis seen that after 900 °C, the shrinkage is very high
up to temperature 1000 °C. This uneven shrinkage can cause defects such as cracks,
trapped pores etc. So a set-up has been done to get the lingar shrinkage by controlling
the heating rate of the furnace through a computer.

4,3.1 Design Interface and Instrumentation

The following instruments were used for the shrinkage control setup.

PC (AMSTRAD 1512, 614 kB), the same one which was used for the weight
loss equipment.

Pot furnace (Surefire TS25, K+F Ltd.) equipped with WEST 2054 controller
programmer the same one as used for the weight loss equipment.

Displacement transcucer with spring retum armature (LVDT type ACT/500/A,
RDP Group). The transaucer can measure displacements of up to £ 125 mm.

Digital transducer indicator and conditioner (model 400/LVDT, RDP Group).
The indicator has a resolution of 1«m.

SCIA-30, the RS 232C/RS 422 signal converter, the same one as used for
weight loss equipment.
As the signal condiitioner was connected to the PC through the communication link via
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COML port, it transferred the shrinkage data to the computer. The connection for the
transducer conditioner is shown in table (4.4).

Table 4.4 Connection of transducer conditioner
RS 232 connect, wiring

DPM 25 PIN
TXD 4 3RXD
DSR 3 6 DSR
GND 2 1 GND
DTR 1 20 DTR

The interface command for the transducer signal conditioner is:

OPEN "COMI :4800,N,8,1,DS,ASC"* FOR INPUT AS #1

where COMI: designates the first RS 232C data interface (communication porti-
serial port)

4800 - transmission rate for data transfer 4800 baud (speed)

N - no parity (type of error checking)

8 - number of data bits : 8 (number of cata bits per byte, one must specify eight data

hits when transmitting or receiving numeric data)

1 - number of stops bits

DS - DSR (dlata set ready)

ASC - Ascii mode

This program fragment opens the communication channel 1 in input mode at a speed

of 4800 baud, no parity bit, eight data bits and one stop bit. Input will be in the ASCII
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mocle as file number L The test program is given in Appendix B. The interfacing of
SCIA-30 was the same as for the weight loss equipment.

4.3.2 Experimental Setup

The schematic diagram for the shrinkage setup is shown in figure (4.17). Plate
(4.3) shows the photograph of the set up, while plate (4.4) shows the actual set up
Inside the furnace. A green disc was placed on the platform inside the furnace. The
transcucer extenced by a metallic rod was fitted with a ceramic rod and mounted on a
stand with X-Y-Z movement facility. The transducer was lowered until the ceramic rod
touched the plate which was placed on the top of the disc. If the ceramic rod directly
placed on the samples, during shrinkage as bismuth melts, the rod penetrated the
surface and the cata transfer will be incorrect. Before putting the ceramic rod, the bed
of the green disc must be levelled.
Some powders were distributed on both the top and bottom surfaces of the disc and one
small plate placed on each of the top and bottom surface. If the powder was not used,
the plate adhered to the surface during shrinkage and creates a crack. If the plate
dimensions becomes large, it also accelerated the cracking as the contact surface area
with the sample increased. Plate (4.5) shows the crack generated due to the use of large
plates on top and bottom of the disc.
The operating temperature of the transducer is 50 °C. Care was taken so that the
surface temperature of the transducer does not exceed the limit. In order to protect the
transducer, some metal sheets were placed around the ceramic rod which pass through
the furnace vent to radiate and dissipate the heat coming from the vent.

122



Before starting the experiments on shrinkage, the transducer has to be calibrated. The
calibration was done according to the instruction manual (RDP 400/LVDT) and fixed
20 mm for shrinkage and 5 mm for expansion. So according to the calibration the
the condition of zero reading of transducer conditioner. For getting the true shrinkage,
at first the expansion of the whole unit at different temperature must be known. In orcer
to 0o that, a fired ZnO disc was placed into the surface with placing extension rod of
transducer on it and the furnace was run at a constant heating rate up to 1250 °C. The
reading for the expansion of unit were taken at a certain interval. For getting the
shrinkage reading instead of fired disc, green disc were placed and reading from the
transducer were taken. This reading combined with expansion and contraction of the
setup. Then if the expansion data is subtracted from this, the value of contraction can
be obtained. The expansion of the unit is shown in figure (4.18) where the expansion
and contraction can be seen in figure (4.19).

4.4 RESULTS AND DISCUSSION

The shrinkage and shrinkage rate were calculated as follows:

(4.5)

SURY
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where 0 is the shrinkage

¢ 15 the shrinkage rate

D is the initial height of the disc

1 is the current height at time t

li+L s the current height at time il
and 4] is the time interval, taken 8 minutes,
The software was modified to get the actual data from the transducer for getting the
linear shrinkage curve. The relationship between heating rate and the current shrinkage
rate which was developed by the previous researcher [106] was modified and put as

H =m S+C (4.6)

where: C represents the maximum allowable heating rate which corresponds to a
shrinkage rate of zero. C was set in the software 0.125 and 0.3125 °C/min
corresponding up to 900 °C and after 900 °C respectively, m is the slope of the line,
It IS the ratio of maximum heating rate at shrinkage rate zero and the shrinkage rate
limit.

Two slopes were necessary to maintain the shrinkage linear. Since at the initial stage
shrinkage is very high, the heating rate should be low as C is taken 1.25, whereas to
keep the slope of shrinkage constant, since shrinkage is low after 900 °C, the heating
rate fixed high by taking C=3.125. The flow chart of this software works according
to the figure (4.20). To run the program, first a constant ramp of 2.5 °Clmin. up to
1200 °C was set in the programmable controller. When the program was run, the
temperature of the furnace was only monitored up to temperature 620 °C, after that the
controls of the heating rate starts for the constant shrinkage and data were saved in a

124



file. The data for shrinkage from transoucer conditioner were collected after 8 min. in
the computer and calculated the shrinkage and shrinkage rate according to equation
(44) and (4.5) respectively. When calculating shrinkage, the shrinkage cata was
corrected considering the expansion of the unit. After calculating the shrinkage rate, the
heating rate was calculated according to the equation (4.6) and the command was sent
to the controller to change the heating rate and works up to 1200 °C. The source code
of the software is shown in Appendix E. Appendix F shows the sample of the data file
for the shrinkage rate limit 10 ;im/mm/h. According to equation (4.6), for the shrinkage
rate limits 10, 20, 30, 40, 53 ¢im/mm/h, the temperature profiles were generated.
Figures (4.21), (4.22), (4.23), (4.24) and (4.25) were obtained for the shrinkage rate
limits 10, 20, 30, 40 and 53 /;m/mm/h respectively. It is seen that the equation (4.6)
IS capable to control the sintering process to get lingar shrinkage. According to the
above figures it Is seen that as there is very little shrinkage up to temperature 800 °C,
S0 the heating rate up to this temperature is very high. Then according to the shrinkage
rate limit, the number of ramps and dwells varies and these increase with decreasing
shrinkage rate limits. So the firing time increases with decreasing the shrinkage rate
limit. This can be seen from the temperature profiles which are shown in figure (4.26)
for the shrinkage rate limits 10, 20 and 40 /xm/mmvh. The ramp are high at the initial
stage to keep the shrinkage rate constant and then low enough and then high again to
keep the trend.

125



Plate 4.1 Photagraph of the weight loss control equipment.

Plate 4.2 The layout of the samples inside the furnace for the
weight loss control experiment.
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Plate 4.3 Photograph of the shrinkage control setup.

Plate 4.4 The layout of the transducer and the sample inside
the furnace for shrinkage measurements.
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Plate 4.5 Photograph of the cracked disc due to the use of
large plates on top and botton surfaces of the disc during
sintering.
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Firing time in h

Figure 4.1 Weight loss, weight loss rate and temperature vs.
firing time for heating rate of 2.5 °C/min.
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Figure 4.3 Flow chart of the software for controlling the
disc"s shrinkage
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Figure 4.4 Weight loss, weight loss rate and teemperature vs
firing time for weight loss rate Ilim it 0.75 g/kg/h.
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Figure 4.5 Weight loss, weight loss rate and temperature
curves vs. Tiring time for weight loss rate limit 1 g/kg/h
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Figure 4.6 Weight loss, weight loss rate and temperature

curves for weight loss rate lim it 1.5 g/kg/h.
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curves for weight loss rate limit 2 g/kg/h.

curves for weight loss rate limit 3 g/kg/h.
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for the discs of 1/d ratio=22/73 using 1.5 g/kg/h.

for the discs of 1/d=50/38 using 1.5 g/kg/h
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Firing time in h

Figure 4.13 Comparison of the weight Iloss curve for the
different sizes of discs with wt. loss rate limit 1.5 g/kg/h.

Firing time in h

Figure 4.14 Comparison of temperature profiles for the
different sizes of discs with wt. loss rate limit 1.5 g/kg/h.
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curves for wt. loss rate limit 0.56 g/kg/h

137



1
o1
o

1
(BN
o1
(e

Shrinkage (rate) um/mm(/h)
AR
o
o

1
N
o
o

20 200 400 600 800 1000 1200

Firing temperature °C

~ shrinkage + shrinkage rate

Figure 4.16 Shrinkage and shrinkage rate curves vs. firing temperature for the heating
rate of 5 °C/min.
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Figure 4.18 Expansion of the unit for callibration
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Figure 4.20 Flow chart of the software for controlling the
shrinkage of the disc.
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Figure 4.21 Shrinkage, shrinkage rate and temperatue curves
shrinkage rate limit 10 /m/mm/h.
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for shrinkage rate limit 20 jun/mm/h.
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Figure 4.23 Shrinkage , shrinkage rate and temperature curves
for shrinkage rate Ilim it 30 /¢m/mm/h.

142



mpaw 9

0 2 4 6 8 10
Firing time in h
temperature -t_sgrinkage ~shrinkage rate

Figure 4.24 Shrinkage, shrinkage rate and temperature curves
for shrinkage rate limit 40 /in/mm/h.
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Figure 4.25 Shrinkage, shrinakge rate and temperture curves
for shrinkage rate limit 53 /;m/mm/h.
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Figure 4.26 Comparison of the temperature profiles for the
different shrinkage rate limit.
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CHAPTER FIVE

CHARACTERISTICS OF VARISTORS AND PERFORMANCE EVALUATION

5.1 INTRODUCTION

Varistors are essentially evaluated by their electrical properties. Their main
electrical properties are Vrom IRvalue, clamp ratio, nature of V-l curve and energy
absorption capability. The electrical properties depend on the ceramic microstructure
of the varistors. Further details on the properties of zinc oxide varistors and their
electrical characterization can be found in reference [94]. The electrical properties and
microstructure of the samples which were obtained through rate controlled sintering has

been analyzed for discs of 42 mm diameter with Vrom=5 kV.

5.2 ELECTRICAL CHARACTERISTICS

To study the effect of rate controlled sintering on the varistor electrical

characteristics, the samples were sintered using different rate controlled sintering profile

and tested electrically to know the improvement of the process. The electrical property

has been improved using firing profile through rate controlled sintering.

5.2.1 Samples Preparation
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Figure (5.1) shows the different steps for manufacturing the varistors. For doing
the experiment, Green discs were collected from the production line. Six different
temperature profile were used for sintering, five profiles from rate controlled sintering
and the conventional profile as control. The rate controlled sintering profiles were
chosen to see the combined effect of binder burnout rate and shrinkage rate. Table (5.1)
shows the profile number, weight loss rate, shrinkage rate and total firing cycle time

of the above six firing profiles.

Table 5.1 Firing profile numbers with weight loss rate and shrinkage rate and total

firing time
Profile number Weight loss rate Shrinkage rate Total firing cycle
[9/kg.hr] [/¢m/mm. hr] time [hrs.min]
1 0.75 10 64.27
2 3 10 49.11
3 0.75 40 53.29
4 3 40 38.13
5 15 20 47.42
6 (conventional 69.15
profile)

The complete sintering profile for the rate controlled sintering and conventional profile

were shown in figures (5.2), (5.3), (5.4), (5.5), (5.6) and (5.7) as denoted by profiles



numbers 1, 2, 3, 4, 5 and 6 respectively. Every time 40 discs were sintered in a pot
kiln atthe Development Facility of Harris Ireland using each one of the above sintering
cycles.

Grinding: A fter sintering, the black discs were ground the top and bottom surfaces as
they were not smoothed. The grinding was done by the diamond cutter with the
accuracy of 0.0001 inch deviation of the cutting plane.

Ultrasonic Wash: after grinding, the samples were passed through an ultrasonic
cleaner. The cleaning was carried out by cold water. The samples were placed on the
rack of the rotating belt. First the samples were washed and then dried with a hot air
jet. During washing, the samples were vibrated minutely and thus cleaned properly with
water. At the end of cleaner, the samples were 100% inspected. Norm ally, there are
two types of problem that can be seen here. One is bad edges and other is chips. Since
the black discs are brittle, the edge of the samples sometimes showed rough, and
broken down. The samples containing bad edges or chips were reground if the height
ofthe chips or bad edges were not so high as after regrinding the length of the samples
were within the standard limits. The standard height for this sample is 42 + .75 mm.
Electroding: The next operation is electroding (coating with aluminium). The
electroding was carried out by spraying aluminium particles on top and bottom faces
of the discs by an automatic machine. Electroding is the crucial step for preparing the
samples.

Buffing: The surfaces become rough after electroding. For proper working of the
product, these surfaces should be cleaned. So after aluminium spraying, all the samples
were cleaned by a grinding wheel which contains wool on the grinding surface by

holding the sample against the wheel manually. This operation is called buffing.
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Rewash: As during buffing the surfaces becomes full of dust, these are again washed
by the ultrasonic bath and checked again whether the surfaces are properly electroded
and cleaned. Norm ally all samples pass after rewash if electroding was done properly.
Glassing: The last stage for preparing the samples for electrical test is glassing. The
side surface of the varistor block must be passivated to avoid flashover, i.e. the
dielectric breakdown of the block surface-air interface. Passivation is achieved by
coating the blocks with a glass coating. First the samples were preheated in a furnace
and passes through the spray booth. As the sample crosses the spray booth,
autom atically glass were sprayed by the spray gun. After this, the samples were passed
to the main oven to fire the glasses. Plate (5.1) shows chips, bad edge quality, bad

electroding and non uniform diameter of the varistors.

5.2.2 Electrical Test and Results

Electrical test: The samples were classified into two groups. 24 samples were taken for
the strength testing and 8 samples were used further electrical characterization. The
strength test was carried outusing a HAEFELY generator. During this test, the energy
absorption capability ofthe disc was measured by passing adetermined electrical energy
through the samples. The product which absorbs more energy without failure,
represents the better product. A current pulse of square wave form was passed through
the samples for 2 mili seconds three times (three shots test). The electrical energy was
increased with increasing the charging voltage. The initial charging voltage was selected
in such a way that at first shot there should be no failure. It was found that 22 kV was

a suitable initial charging voltage. For each consecutive test, the charging voltage was
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increased by 1.2 kV. During each shot, the sample temperature increased significantly
due to the electrical energy being absorbed. Before the subsequent shots, the samples
were cooled down using an electric fan and this process continued up to the complete
failure of the lot. Normally the initial energy was exhibited 108 j/cc and with each
consecutive shots, it was increased by 14-15 j/cc. Figure (5.8) shows the testing
procedure of the strength testing. This test is a time consuming process. |f the
equipment was available, then in a day only a maximum of 4 shots could be done and
to complete this test for one type of sample, 4 to 5 days were needed. The energy was

calculated by

E=K. V. I. t G.1)

where E is expressed as joules, K is a constant, it's value is 1.14 for square wave, V
is the voltage in volts, | is the current in amperes and t is the time in secs. The energy

absorption capability Ecwas calculated by

where Ecis expressed as joules/cc and v is the volume of the disc.

Results: The percentage of cumulative failures of all types of samples can be seen in
figure (5.9). It is seen that the samples which fired with number 1 profile i.e. profile
for binder burnout rate 0.75 g/kg/h and shrinkage rate 10 /xm/m m/h show the highest
electrical energy absorption capability. The first failure occurs at 267 j/lcc. Norm ally
in the present situation the absorption energy of the disc is considered 100 j/cc.

Research is going on to improve this absorption energy capability. The starting failure
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for number 6 (conventional profile) curve is 122 j/cc whereas curves for No. 2, 3, 4
and 5 show the improvement of the absorption capability of the products. So the rate
controlled sintering improve the energy capability of the product. The initial failure of
no. 2 curve is 149 but the initial failure for no. 3 and 4 are 232 and 200 j/cc. It
indicates that by increasing the binder burnout rate, the absorption capability of the
product is negatively affected. Itis better to use a profile generated by very low weight
loss rate.

One thing can be noticed, especially for no. 2, 3 and 4 is that, when samples starts to
fail, the slope of the curve is very steep. Since the condition of the samples deteriorates
with each shot, the increase of charging voltage for the consecutive shots is taken the
same for all types of samples. A replication was done for no. 1 and no. 6 profile by
taking samples of different powder lots. The results can be seen in figure (5.10). Here
we can see also, the failure starts for no. 1 at 248 j/cc. So a product can be made with
200 j/cc by this no. 1 profile. The curve for replication of no. 6 is shifted right side
showing improvement of the product. This could be a kiln effect. Because the samples
for the replication of no. 6 were sintered in a different kiln (the same one, used for no.
1, 2, 3, 4 and 5) than the original no. 6. The types of failure is also recorded. This will
be discussed later.

Electrical characteristics test: The varistors were characterized at low, medium and
high current. The low current characteristics (mA’s) of a varistor block are associated
with the leakage currents. The medium currents are in the working range of the blocks,
usually from a few hundred amperes up to 5 k or 10 kA depending on the block type.
The high current properties of the block will give a measure of their power withstand

capability. The leakage currents were measured using the watt loss tester. The
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HAEFELY strength tester was used to measure the energy capability of the blocks
when subjected to long duration square impulses. The high current region was
characterized using the high amplitude short duration tester (HA-SD test). For the 42
mm blocks, the peak current amplitude was 100 KA. This region represents the power
limiting condition for protection from high-current spikes as those generated by
lightning strikes.

In the watt loss tester, one sample was placed each time in the measuring chamber and
electrical pulses with peak currents of 100 /¢A, 500 (iA, 1 mA and 5 mA were given
to the sample at room temperature and the corresponding peak voltage was recorded
from the display. The watt loss was also measured at a peak voltage for currents 100
and 500 nA and 80% of peak voltage at 5 mA.

For the 100 A and the 10 kA tests, the samples were placed in a fixture at the base of
the classifier. The charging voltage was maintained at 29.9 kV and the charging time
at 5 sec. The set up was different for the 100 A and 10 kA test. The results for 100 A
were recorded from the display and voltage for 10 kA was marked automatically on the
sample after correcting this voltage for an exact current of 10 KA. The 100 KA test is
very critical, because at this test an electrical charge with very high frequency is passed
through the disc for very short period as to simulate the test with an actual lightning
strike which have very high frequency components and its duration is of the order of
4 [is. Two shots were given simultaneously with 8/20 (is pulse to the samples where 8
Hs is needed for the peak and 20 @isis the decay time for 50% of the peak pulse. The
shape of the test waves varies with the nature of application. For power apparatus
1.2/50 /is and 8/20 us waveshapes are used whereas for communications equipments

10/560 (is waveshape is used [94]. Normally the short duration pulse is more
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detrimental than the long one and cracks of the samples are observed both longitudinally
and cross wise.

Results: Figure (5.11) shows the V-l characteristics of the samples which were
prepared using sintering profiles no. 1, 2, 3, 4, 5 and 6. All the curves at the leakage
region coincide. So leakage is not affected by rate controlled sintering. Nevertheless,
a better leakage is observed for lower nominal voltages. The V-1 curve for profile no.
1 shows a better leakage than the others. In the varistor operating region, it is seen that
the curves for profile no. 3, 4 and 5 coincide and no. 1 and 2 coincide but with higher
voltage value. The V-1 curve for profile no. 6 shows the highest voltage value. It is
important to know the clamp value to see the improvement of the varistor. The clamp
ratio is defined as the ratio of voltage at 10 kA and 5 mA. Itis seen from the following
table (5.2) that although the voltage at the varistor operating region for profile no. 1

Table 5.2 Voltage in kV at different currents and clamp ratio for each profile

Profile 100 500 1 5 100 10 kA 100 clamp ratio
number HA liA mA mA A kA

1 1.26 6.39 8.80 9.30 1159 16.48 28.07 1.77

2 141 6.62 7.89 8.72 11.19  15.93 27.55 1.82

3 150 6.94 8.15 8.90 11.44  16.2 27.87 1.81

4 1.43 6.92 8.61 9.28 11.72  16.55 28.43 1.78

5 1.29 6.29 8.07 8.80 11.16  16.05 27.46 1.82

6 1.36 6.62 9.09 9.60 1195 17.18 29.2 1.78
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and 6 are higher than that of profile no. 2, 3, 4 and 5, the clamp value shows the lower

value. So for a better clamping, profiles no. 2 or 3 can be used.

The most desirable device should have a high value of nonlinear coefficient, a low

value of leakage current, a long time stability life and a high energy absorption

capability. Table (5.3) shows the values of nonlinear coefficient, nominal voltage,

leakage current, life stability and energy absorption capability.

Table 5.3 Values of nonlinear coefficient, nominal voltage, leakage current, life

stability and energy absorption capability for different firing profiles.

Profile Nonlinear

Number coefficient a

1 29.12
2 16.09
3 18.28
4 21.47
5 18.58
6 29.48

Nominal voltage  Leakage

C=V at 1 mA current IR

8.80

7.89

8.15

8.61

8.07

9.09

0.022

0.0494

0.0461

0.031

0.0274

0.0271

Life

pass

pass

pass

pass

pass

pass

Energy
Absorption

jlcc

267

149

232

200

197

122

The nonlinear coefficient was calculated by equation (2.2) where I12and Ij are 5 and 1

mA respectively and V2 and Vj are corresponding to 12and Ij.

No. 1 and no. 6 profiles show the higher value of nonlinear coefficient indicating a
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better device and a lower value of leakage current. It is needed to get a disc of higher
energy capability and simultaneously withstand the high peak pulse for a /x sec. The
discs sintered using profile No. 1 shows the higher energy capability, however its
performance at HA-SD test does not show a significant improvement. This is because
the failure mechanism is different as that observed with low amplitude- long duration
pulses. The type of failure and failure percentage in HA-SD test is shown in table

(5.4).

Table 5.4 Failure analysis in HA-SD test for the different firing profile

Profile number  No. of failure % of failure Failure pattern
1 2 22.22 mixed and long, crack
2 2 16.66 mixed split
3 0 0 no crack
4 2 18.18 mixed and long, crack
5 2 33.33 crack
6 1 25.00 crack

The above table (5.4) shows that the profile no. 3 is the best for making a sample of

withstanding high amplitude-short duration pulses. So according to the application of
the varistors both no. 1 and no. 3 sintering profile can be used. Plate (5.2) shows the
failure pattern in HA-SD test.

The watt loss is presented in table (5.5). The lower value of watt loss is seen for profile
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no. 1. The low value is better showing less power loss. Normally the power loss data
was taken at the 80% of the voltage at 5 mA before and after 100 kA test. Since after
100 kA test, there is a local charge redistribution, a higher watt loss value is desired.
In the present data, the watt loss values were taken at three different currents but the

watt loss value after 100 kA test was not measured.

Table 5.5 Watt loss (Pd at 100, 500 /xA and at 80% voltage of 5 mA

Profile number Pdat 100 nA  Pdat 500 nA Pdat 80% peak voltage at 5 mA

1 0.012 0.1408 1.7058
2 0.0119 0.3273 1.7179
3 0.0116 0.3206 1.7528
4 0.012 0.2146 1.7327
5 0.015 0.1726 1.71
6 0.0153 0.18 1.75

Table (5.6) shows the types of failure during strength (destruction) test. The good disc
should not fail by flash over. But flash over may happen due to improper glassing,
buffing and aluminium in chips during electroding. During flash over the electrical
charge passes through the weak region of the product. A pin hole can be formed for
various reasons. It may be a powder problem. If there are particulate contaminants in

the powder, then pin hole occurs at the particulate position. If the spray
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Table 5.6 Types of failure during strength test.

Profile Pin hole Flash over Puncture FO+PH FO+Punc.
number (PH) (PO)

1 1 1 1 8 9

2 3 1 1 14 3

3 9 0 0 12 9

4 7 0 0 13 4

5 5 3 0 5 11

6 9 2 3 7 3

dryer is not properly cleaned organic, particulates can contaminate the powder. It can
also happen if the additives are not properly mixed during the milling operation. Plate

(5.3) shows the failure of the disc for pin hole, flash over and puncture.

5.3 MICROSTRUCTURE ANALYSIS

The microstructure of the samples sintered with profiles no. 1, 2, 3, 4, 5 and
6 were analyzed by SEM. The secondary emission image (SEIl) and backscattered
electron image (BEI) of samples sintered with profiles no. 1, 2, 3, 4, 5 and 6 are
shown in plates (5.4 a, b), (5.5 a, b), (5.6 a, b), (5.7 a, b), (5.8 a, b) and (5.9 a, b).
In each plate the top photograph is taken by SEI and desinated as a and the bottom

photograph is taken by BEI| and designated as b. The BE| photograph is taken at the
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same place where SEI is taken. SEI| photograph shows the topography of that place
whereas the different phases of that place can be clearly seen by BEI| photographs. The
four basic compounds formed are ZnO, spinel, pyrochlore and several bismuth rich
phases. The location of spinel and pyrochlore is the intergranular phase between the
ZnO grains. Bi-rich phases exist mainly at the Triple point.

In plate (5.4 a, b), it can be seen thatthe grain size range is between 5 -20 /xm (average
10 /xm). Porosity is evenly distributed and is intergranular. The pore size s
approximately 1-8 [um. Twinning is evident. Antimony spinel phase and glassy bismuth
phase are visible with good distribution between the zinc oxide grains. The grain size
range for plate (5.5 a, b) is between 3-20 /zm (average 10 /im). The porosity content
is low and intergranular. The pore size is approximately 1-4 /xm. Twinning is evident
in some grains. Antimony spinel phase and glassy bismuth phase are visible, however
these phases are not evenly distributed between the zinc oxide grains, and can be seen
that they are clumped together. In plate (5.6 a, b), it is seen that the grain size range
between 3-20 /xm (average 10 /xm). Porosity contentis low and prim arily intergranular,
pore size is approximately 1-4 /im. Twinning is evident in some grains. Antimony
spinel phase and glassy bismuth phase are visible. However, in some areas these phases
are not evenly distributed between the zinc oxide grains and can be seen that they are
clumped together.

Grain size range in plate (5.7 a, b) is between 5-20 /im (average 12 /xm). Porosity
content is low and primarily intergranular, pore size is approximately 1-10 /xm.
Twinning is evident in some grains. Antimony spinel phase and glassy bismuth phase
are visible. These phases are reasonably well distributed between the zinc oxide grains.

Grain size range in plate (5.8 a, b) is between 5-15 /xm (average 8 /xm). Porosity is
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prim arily intergranular with some intragranular. Pore size is approximately 1-5 /¢,m.
Twinning is evident in some grains. Antimony spinel phase and glassy bismuth phase
are visible. These phases are reasonably well distributed between the zinc oxide grains.
It is seen in plate (5.9 a, b) that the grain size range is between 5-25 /xm (average 10
/xm). Itis very porous. Porosity is prim arily intergranular with some intragranular. Pore
size is approximately 1-20 /xm. Twinning is evident in some grains. Antimony spinel
phase and glassy bismuth phase are visible. These phases are reasonably well distributed
between the zinc oxide grains.

In comparison the samples with firing no. 1 and no. 6 profiles, it is cleared why no.
1 gives the better energy capability than that of no. 6 which is very porous. Thus for
improving the energy absorption capability of the product, the phases should be well
distributed and porosity should be low and also distributed uniformly. The pore should

be intergranular.
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Plate 5.1 Photograph of rejected varistors due to chips, bad
electroding and non uniformity.

Plate 5.2 Photograph of varistor®s failure in HASD test.
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Plate 5.3 Photgraph of wvaristor failure due to pin hole,
puncture and flash-over during strength test.
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Plate 5.4 SEM photograph of the disc fired by weight loss rate
and shrinkage rate I|im it 0.75 g/kg/h and 10 ¢m/mm/h.
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Plate 5.5 SEM photograph of the disc sintered by weight loss
rate and shrinakge rate Ilim it 3 g/kg/h and 10 (m/mm/h respe.
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Plate 5.6 SEM photograpg of the disc fired by weight loss rate
and shrinkage rate Ilim it 0.75 g/kg/h and 40 ¢(im/mm/h.
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Plate 5.7 SEM photograph of the disc fired by weight loss rate
and shrinkage rate Ilim it 3 g/kg/h and 40 /¢im/mm/h.
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Plate 5.8 SEM photograph of the disc bired by weight loss and
shrinkage rate Iim it 1.5 g/kg/h and 2 pim/mm/h.
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Plate 5.9 SEM photograph of the disc fired by conventional
temperature profile.
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Figure 5.1 Flow chart of the different steps for preparing
the samples.
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Figure 5.4 Complete firing profile for weight loss rate limit 0.75 g/kg/h and shrimkage
rate limit 40 um/mm/h



Figure 5.5 Complete firing profile for weight loss rate limit 3 g/kg/h and shrinkage rate
limit 40 um/mm/h



Firing time In h
Figure 5.6 Complete firing profile for weight loss rate limit 1.5 g/kg/h and shrinkage
rate limit 20 um/mm/h
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Figure 5.9 Percentage of cumulative failure vs. energy
capability of the discs for different temperature profiles
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Figure 5.10 Replication of the strength test for the samples
for the temperature profile no. 1 and no. 6.
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Figure 5.11 V-1 curves of the discs using temperature
profiles no 1, 2, 3, 4, 5 and 6.
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CHAPTER SIX

DESIGN OF EXPERIMENTS AND RESPONSE SURFACE METHODOLOGY

6.1 INTRODUCTION

The design of experiments utilizing response surface methodology has been used
to develop mathematical models for MM Cs and zinc oxide varistors. The mathem atical
models have been developed for predicting and optimizing the hardness and
compressive strength of MM Cs and the electrical energy absorption capability of zinc
oxide varistors. The aim of developing the mathematical model is to optimize the
process which gives a better performance in relation to strength, time and cost. The
work is divided as follows:

(1) Design of experiments

(2) Hardness modelling of A1/A120 3composites

(3) Compressive strength and hardness modelling of AI-6061/SiC composites

(4) Failure modelling for ZnO varistors

6.2 DESIGN OF EXPERIMENTS

Statistically designed experiments are needed to replace the traditional one-
variable-at-a time approach which is evidently inadequate and time consuming. Awell
designed experiment can substantially reduce the number of experiments. Suppose that

there are four factors (independent variables) which have to be investigated with three
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level each, then 81 (3*3*3*3) numbers of experiment should be needed to determine
the effect of those factors. But with proper design, it can be done only by 24
experiments. Factorial designs are widely used in experiments involving several factors
where it is necessary to study the joint effect of these factors on a response. The
factorial designs are expressed as 2k, 3k etc where 2 and 3 are the no. of levels and k
is the no. of factors. The design of experiment utilizing response surface methodology
has been developed [107] in the study of optimization problems in chemical process
engineering. Response surface methodology (RSM) has been used due to its successful
application, in tool life [108], surface roughness analysis [109-110]. The general steps
involving for the application of RSM was described in reference [111].

RSM is a collection of mathematical and statistical techniques useful for analyzing
problems in which several independent variables (input) influence a dependent variable
or response (output) and the goal is to optimize this response [112]. It is assumed that
the independent variables are continuous and controllable with negligible error. The

response is assumed to be a random variable.

6.3 HARDNESS MODELLING OF A1/A1D 3COMPOSITES

6.3.1 Introduction

This work presents a study of the development of a Hardness model for
aluminium matrix composite (A1/A120 3) which was made by powder metallurgy route.
The mathematical prediction models for Hardness were developed in terms of sintering

temperature, sintering time and volume fraction of reinforcement. The effect of these
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manufacturing parameters on the Hardness had been investigated using design of

experiments and response surface methodology.

6.3.2 Postulation of the Mathematical Model

The functional relationship between response (Hardness) after the sintering
process and the investigated independent variables can be represented by the following

form:

Hardness = f(sintering temperature, sintering time, volume fraction of reinf.)

and mathematically it can be written as

H=CTkt 1vm (6.1)

where H is the Vicker’'s hardness (Hv), while T, t and v are the sintering temperature
(°C), sintering time (min.) and volume fraction of reinforcement (%) respectively. C,
k, 1 and m are the model parameters to be estimated from experimental data.

Equation (6.1) can be written as

InH=InC+kInT+IInt+minv 6 .2)

which may represent the following linear mathematical model

I=pX0+pix1+p2x 2+p3x 3 (6.3)

where £ is the true response of Hardness on a logarithmic scale, x0 =1 ( a dummy

variable), x,, x2, and x3are the logarithmic transformations ofthe temperature, time and
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volume fraction of reinforcement, while j30, P\, P2 and / are the parameters to be
estimated.

Equation (6.3) can also be written as

Y=Y-e =b0x 0+b1x 1+b 2 2+b3x 3 6.4

where Y is the estimated response and Y is the measured hardness on a logarithmic
scale, eis the experimental error, and b’'s are the estimates of the /3 parameters by the

least square method. The basic formulae of b is given as

b= (XTX)~IX TY (6-5)

where b is the matrix parameter estimates, X is the calculation matrix, XT is the
transpose of X, X TX is the variance matrix, (XTX) 1lis the covariance m atrix which is
the inverse of XTX and Y is the matrix of measured response (output) on a logarithmic
scale.
6.3.3 Experimental Design and Conditions

A design consisting of twelve experiments has been used to develop the first
order model. Eight experiments represent a 23factorial design, where the experimental
points are located at thevertices of a cube as illustrated in figure (6.1).
Four experiments represent an added centre point to the cube,repeated four times to
estimate the pure error. The complete design consists of twelve experiments in two
blocks, each block containing six experiments. The first block of experiments includes
numbers 1, 4, 6, 7, 9 and 10.

The four parameters in the postulated hardness equation can be estimated using these
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six experiments and the adequacy of the first order linear model can also be checked.
The central experiments provide the estimate of the experimental error.
The second block of six experiments (hnumbers 2, 3, 5, 8, 11 and 12) has been added

to provide a more precise estimate of the parameters. The design m atrix is shown in

table (6.1).

Table 6.1 Experimental Conditions and Results

Trial Block Temperature Time Volume fraction Coding Hardness
N o N o T (°C) t (min.) ofrein, v (%) X! x2 x3 H (Hv)
1 1 700 30 10 -1 -1 -1 25.38
2 2 800 30 10 1 -1 -1 28.93
3 2 700 120 10 -1 1 -1 25.68
4 1 800 120 10 1 1 -1 29.78
5 2 700 30 40 -1 -1 1 36.80
6 1 800 30 40 1 -1 1 42.90
7 1 700 120 40 -1 1 1 38.02
8 2 800 120 40 1 1 1 39.02
9 1 750 60 20 0 0 0 36.02
10 1 750 60 20 0o 0 O 37.30
11 2 750 60 20 0 0 o0 35.30
12 2 750 60 20 0O 0 o 36.80
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The design provides three levels for each variable.

These variables are coded for

convenient identification and for easy calculation. The levels adopted are indicated in

table (6.2).

Table 6.2 Levels of the Independent Variables and Coding

Low Centre
Coding -1 0
Temperature T (°C) 700 750
Time t (min.) 30 60
Volume fraction ofrein, v (%) 10 20

The independent variables were coded as follows

_ Inr-In75Q
1 In800-1n750

X In.t-1n.6 0
2 Inl20-1n60

Iny-In20
3 In40-1In20
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High

800
120

40

(6.6)

®&-7N

(6.8)



6.3.4 Experimental Procedure

Powder mixing was carried out using a double cone V shape mixture.
Aluminium powder with reinforcementelement A120 3in differentvolume fraction were
loaded separately into the mixture and zinc stearate was added in the ratio of 1% by
wt.. The blender was held in a lathe and rotated at 40 rpm for 90 minutes.
Compaction was carried out using the INSTRON universal testing machine and a 17
mm diameter die compaction set. The compacts for the hardness test had an average
green density of 2.38 g/cc (relative density 84% for 10% reinf.). The green compacts
were sintered in a box furnace for three different durations of 30, 60 and 120 minutes
and at three different sintering temperatures. These temperature were 700, 750 and 800
°C. The compacts passed through a bum out stage at 540°C for 30 minutes to bum out
the undesirable lubricant. After sintering the surface of the compacts was ground and
polished for the hardness test. The die set and sintering unit are shown in figure (3.1)

and (3.2) respectively in chapter three.

6.3.5 Analysis of Results

The first order model ofthe hardness was developed by utilizing the least square
methods. Using the first block of 6 tests, the parameters in equation (6.5) were

estimated, yielding the hardness predicting equation

Y=3. 5379+0. 07115 ~+0.0098 x2+0.1923 X3 (6.9)

To increase the precision associated with the estimates of the parameters of the model,
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the second block of 6 tests was added. Combining the results of all 12 tests, the fitted

Hardness predicting equation was found to be

Y=3 .5243+0.05921 X~0 .0007375 X210 .180385 x3 (6.10)

This predicting equation (6.10) can be represented graphically in a three dimensional
space of temperature, time and the volume fraction as depicted in figure (6.2). Since
the equation is a first order linear equation, the response surface (surface of constant
hardness) are planes. Planes of constant hardness of 28, 30, 32, 34, 36, 38, 40 and 42
Hv are shown in figure 6.2 (a) and (b) respectively. These planes are obtained utilizing
an Autocad Computer software Package.

Equation (6.10) can be transformed using equation (6.6), (6.7) and (6.8) to provide the
hardness (Hv) as a function of the sintering temperature (°C), time (min.) and vol.

fraction of reinf. (%) as follows

H=0 03612t °-9179Bt~°" cozsmav ° - 26805 6 .11)

This equation is valid for calculating hardness of AMC where pure aluminium powder
is the matrix using powder metallurgy route and

700 < T < 800 °C

30 < t < 120 min.

10 < v < 40 %
Equation (6.11) indicates that an increase either in temperature or the volume fraction
increases the hardness while an increase in the time decreases the hardness. However

it should be noted that the volume fraction of reinforcement has the major effect on
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hardness.

6.3.6 Utilization of the First Order Hardness Model

Equation (6.10) has been plotted in figure (6.3) as contours (sections) for each
of the response surface at three selected levels of time. These selected level were
chosen as low (t=30 min.), centre (t=60 min.) and high (t= 120 min.).

Fig. (6.3) shows the contours of Hardness H atthe selected levels of sintering time (30,
60 and 120 min.) in planes containing the sintering temperature (°C) and the volume
fraction (v). These contours were obtained utilizing the M ATLAB Computer Package.
It can be seen from figure (6.3) that Hardness increases with an increase in sintering
temperature and volume fraction of reinforcement. It is also seen that there is very
small effect of time on Hardness. Hence, a better hardness is obtained at combination
of high temperature and high volume fraction of reinforcement. However, in order to

make the object under PM route, the temperature must not be so high.

6.3.7 Adequacy of the predicted model

The analysis of variance technigue was used to check the adequacy of the
postulated models. As per this technique for the first order model the calculated ratio
(Fg ofthe mean square of lack of fit to the mean square of pure error is 24.14, while
the tabulated F ratio for 95 % confidence at 1 (lack of fit) and 1 (pure error) degree of
freedom is 161. Hence the model is adequate. The results of analysis of variance is

shown in the following table (6.3).
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Table 6.3 Analysis of variance for the first order model

Source of Sum of Degrees of Mean Fcal LD Remarks
variation squares freedom squares
(SS) (DF) (MS)
Zero-order 75.10 1 75.1
terms
First order 0.1679 3 0.0559
terms
Lack of fit 0.014 1 0.014 24.14 161 Adequate
Pure error .00061 1 0.000609
Residuals 0.01531
Total 75.2818 6

Conclusion

- A reliable Hardness model has been developed and utilized to enhance the production
system of metal matrix composite when using pure Al as the matrix element.

- The first order hardness prediction equation is valid within the temperature range of
700-800 °C.

- The effectof temperature and the volume fraction ofreinforcementis very dominant

w hile time effect is not so significant
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An increase in either the temperature or the volume fraction of reinforcement
increases the hardness while sintering time has the little effect on hardness.
- Contours of the Hardness outputs were constructed in planes containing two of the

independent variables.

6.4 COMPRESSIVE STRENGTH AND HARDNESS MODELLING FOR Al-
6061/SIC MMCs

6.4.1 Introduction

Compressive strength and hardness of metal matrix composite fabricated by
powder metallurgy route is dependent on various parameters such as density of the
green compact, volume fraction of reinforcement, size of the particles, sintering
temperature and time. This work presents the development of a compressive strength
and hardness models for aluminium matrix composite (AlI-6061/SiC) which are made
by powder metallurgy. The mathematical prediction models for compressive strength
and hardness have been developed in terms of sintering temperature, sintering time and

volume fraction of reinforcement.

6.4.2 Postulation of Mathematical Models

The functional relationship between response (compressive strength and

hardness) after the manufacturing process and the investigated independentvariables can
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be represented by the following equation:

S=C1Tklt vl (6.12)

(6.13)

where S and H (AVSIC) are the compressive strength (MPa) and hardness (Hv)
respectively, and T, t and v are the sintering temperature (°C), sintering time (hr) and
volume fraction of reinforcement (%) respectively. CI5 k1? Ij and mt are the model
parameters for the compressive strength model and C3, k3, 13 and m3 are the model
parameters for hardness model to be estimated from experimental data.

Equation (6.12) and (6.13) may be written as

In .SMn Cx+izl 1n T+l In t+ml In v (6.14)

in HUUSIC)=1n C3+k3 1n T+I3 1n [+M3 1n. (6.15)

which may represent the following linear mathematical model:

N=px0+pIx 1+p2x2+p3X 3 (6.16)

where nis the response of compressive strength on alogarithmic scale, x0=1 (a dummy
variable), x,, x2 and x3 are logarithmic transformations of the temperature, time and
volume fraction of reinforcement, while /30, ft, & and /33 are the parameters to be

estimated.

189



Equation (6.16) can also be written as

Y=Y-e =h0x 0+b1x 1+bh2x 2+b3x 3 (6.17)

where Y is the estimated response and Y is the measured compressive strength and
hardness on a logarithmic scale, eis the experimental error and b0, bx, b2and b3 values
are estimates of the j3 parameters. This is the proposed first order model.

The second order model can be extended from the first order model's equation as

Y-e =h0+bDx 1+h2x 2+h3x 3+blxx f +b22x | +b33x | (6.18)
+012% 1%2 +013x & 3+023x 2 3

where b0, bl5 b2). . etc. are to be estimated by the method of least squares, and the

basic formula is

b=(XTX)-IXTY (6-19)

where b is the matrix of parameter estimates, X is the calculation matrix, X 7 is the
transpose of X, XTX is the variance matrix, (XTX ) 1lis the covariance matrix which is
the inverse of XTX and Y is the matrix of measured response (output) on a logarithmic
scale. Hence upon determining the b values by using equation (6.19), the proposed

second order model is rewritten as:

9=Y-e =h0x 0+hix 1+b2x 2+b3x 2+blxx | +h22x | +b33x* (6.2 0)

+bi2XiX2+¢13% 1*3 +4,23% 2*3

where Y is the estimated response on a logarithmic scale.
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6.4.3 Experimental Design and Conditions

A design consisting of twelve experiments has been used to develop the first
order model. The 12 tests consisted of a 23 factorial design and four centre points as
shown in figure (6.4). These twelve tests were divided into two blocks (blocks 1 and
2) of 6 tests each.

As the first-order model is only applicable over a narrow range of the variables, the
experiments were extended to obtain a second order model. Six augment points were
added at the face of the cube, where each was chosen at a selected augment length of
V2. The implications of selecting the distance from the centre of the design of these
augments have been discussed in references [112, 113]. These six experiments were
repeated twice for increasing the model accuracy as shown in figure (6.4).

Table (6.4) shows the manufacturing conditions and the compressive strength and
hardness results. The resulting 24 experiments form a central composite design [107].
A ll these 24 experiments were performed in four blocks. The first block consisted of
experiments 1,4,6,7,9 and 10, while the second block consisted of experiments
2,3,5,8,11 and 12. These two blocks were used to develop the first-order model. The
third block consisted of experiments 13,14,15,16,17 and 18, while experiments
19,20,21,22,23 and 24 formed the fourth block as shown in figure (6.4).

The central composite design with 24 experiments provided five levels for each
independent variable, as shown in table (6.5); and were used to develop the second-

order model.
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Table 6.4 Experimental conditions and results

Trial Block Temperature Time

No. No.
1 1
2 2
3 2
4 1
5 2
6 1
7 1
8 2
9 1
10 1
11 2
12 2
13 3
14 3
15 3
16 3
17 3
18 3
19 4
20 4
21 4
22 4
23 4
24 4

T(°C)

600

760

600

760

600

760

600

760

675

675

675

570

800

675

800

675

675

675

675

ofrein

10.3

10.3

Volume fraction

LV (% )

10
10
10
10
23
23
23
23
15
15
15
15
15
15
15

15

28
15
15
15

15

28
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Coding Compr.

X, X2 X3 S (MPa)
1 -1 -1 200
1 -1 -1 243
-1 1 -1 206
1 1 -1 251
-1 -1 1 267
1 -1 1 324
-1 1 1 386
1 1 1 396

0 0 0 285
0 0 0 275
0 0 0 290
0 0 0 272
'VZ 0 0 260
V2 0 0 320
o V2 0 275
o V2 o 295
0 0 'V2 250
0 0 V2 400
V2 0 0 250
V2 o 0 322
0 -al2 0 271
0 al2 0 301
0 0 'V2 245
0 0 V2 410

Streng. Hardn.

Hv

33

29

48

59

73

88

105

158

44

54

38

28

29

36

39

39

32

143

27

47

35

37

27
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Table 6.5 Levels of the independent variable and coding identification

Lowest Low Centre High Highest

Coding Vv 2 -1 0 1 V2

Temperature T(°C) 570 600 675 760 800
Time t(hr) 2.43 3 5 8.33 10.3
Vol. Frac. Rein., v(%) 8 10 15 23 28

The independent variables were coded as follows:

|
A uTmets, (6-20)

—Iéwt In5 (6.22)
In8.33-1n5

Iny _2pl )
X3 ‘Iné’S-Pn?E (6-23)

6.4.4 Experimental Procedure

Powder mixing was carried out using a double cone mixer. Aluminium alloy
powder and SiC reinforcementin particulate form with differentvolume fractions were
loaded separately into the mixture and the solid lubricant (zinc stearate) was added in
the ratio of 1% by weight. The blender was held in a lathe and rotated at 40 rpm for
60 minutes for the homogeneous and uniform distribution and mixing of the powders.
Compaction was carried out using a 50 kN INSTRON-4204 universal testing machine
and a 17 mm diameter die compaction set. The compacts for the strength test had an
average relative density of 78 %. The green compacts were sintered in a box furnace

using five different time durations of 2.43, 3, 5, 8.33 and 10.3 hours and at five
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different sintering temperatures 570, 600, 675, 760 and 800 °C. The volume fractions
of reinforcement are taken as 8, 10, 15, 23 and 28% . The compacts passed through a
bum out stage at 520 °C for 30 minutes to burn out the fugitive lubricant.

For compression testofthe compacts, a thin sheetofteflon (0.125 mm) smothered with
a film ofpetroleum jelly was used as the lubricant. The test was carried out using a 100
kN AVERY DENISON universal testing machine at a load of 25 kN/min.. The test
method ASTM D 3410 [114] was used for the evaluation ofthe compressive properties
of unidirectional or cross-ply fibre-resin composites. This test method is an indirect
compressive test method best for fibre matrix composites. These specimens were made
by particulate reinforcements making the samples isotropic and the test was carried out
according to IS/EN 10,002. W ith the increase ofreinforcement, ductility ofthe samples
decreases and the samples were broken down suddenly without preliminary cracks for
higher reinforcements. The load at breaking point of the specimen for higher volume
fraction of reinforcement was taken to calculate the compressive strength. At lower
volume fraction ofreinforcement, the cracks were generated atthe edge of the samples
and the load was taken at the point of cracks for calculating the compressive strength.
Plate (6.1) shows the sintered disc with and without the adherance of the low
temperature material. Plate (6.2) shows the two parts of the disc after cutting while
plate (6.3) shows the fracture in compression test. The die set and sintering unit used
for this experiments are shown in figures (3.1) and (3.2) respectively of chapter three.
For the hardness testing, the samples were cutoff 1 mm from the top and then ground
by DAP-V (STRUERS). The readings were taken throughout the surface by Micro-
hardness tester (LEITZ M INI LOAD) and the average value was taken as the hardness

6.4.5 Analysis of Results

The firstorder model ofthe compressive strength was developed by utilizing the
least square method. Using the first block of 6 tests, the parameters in equation (6.19)

were estimated, yielding the compressive strength prediction equation

194



Y(con,P.stren.)=5-6377+0.013~ +0.1005~ +0.22 8*3  (6.24)

To increase the precision associated with the estimates of the parameters of the model,
the second block of 6 tests was added. Combining the results of all 12 tests, the fitted

compressive strength predicting equation was found to be

2 {e0BpStrOTI)-5. 6241+0.0764"~+0. 07 89*a+0.2074*3 (6.25)

and the hardness predicting equation as:

Yhazdness =4 .0028+0.0841.~+0 .2541X2+0 .4589*3 (6.26)

Equation (6.25) has been plotted in figure (6.5) as contours (sections) for each of the
response surfaces at three selected levels of sintering time. These selected levels were
chosen as low (t=3 hr), centre (t=5 hr) and high (t=8.33 hr).

Figure (6.5) shows the contours of compressive strength, S at the selected levels of
sintering time (3, 5 and 8.33 hr) in planes containing the sintering temperature (°C) and
the volume fraction (v). These contours were obtained utilizing the M ATLAB software
package. It can be seen from figure (6.5) that the compressive strength increases with
an increase in sintering temperature and volume fraction of reinforcement. It is also
seen that there is considerable effect of sintering time on the compressive strength and
it increases with the increase of time. Hence, a better compressive strength can be

obtained atcombination ofhigh temperature and high volume fraction ofreinforcement.

The predicting equation (6.26) for hardness can be plotted in figure (6.6) as contours
for each of the response surfaces at three selected levels of sintering time chosen as low
(t=3 hr), centre (t=5 hr) and high (t= 8.33 hr). These contours were obtained by a
computer package "G T". It can be seen from this figure (6.6) that hardness increases
with increase of sintering temperature, sintering time and volume fraction of
reinforcement but volume fraction ofreinforcement has more effect on it. This figure

also shows that a varieties of combination of sintering temperature and vol. fraction of
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reinforcement can be chosen for getting the same hardness value.

Equations (6.25) and (6.26) can be transformed using equations (6.21), (6.22) and
(6.23) to provide the compressive strength S (MPa) and hardness H (Hv) as a function
of the sintering Temp (°C), time (hr) and volume fraction of reinforcement (% ) as

follow s

S:.874l r0-6441t 0.1545v 0.485 (6.27)

HAI/SIC=0.0132 r0.7090t 0.4977v 1.0735 (6.28)

These equations are valid for calculating compressive strength and hardness of AMC
where aluminium alloy AI-6061 is the matrix and SiCp as the reinforcement, produced

by powder metallurgy method and

600 < T < 760 °C
3 < t < 8.33 hr

10 < v < 23 %

Equation (6.27) indicates that an increase in either the temperature or the volume
fraction ofreinforcementincreases the compressive strength; an increase in time also
increases the compressive strength. However, it should be noted that sintering
temperature and the volume fraction of reinforcement have a major effect on the
compressive strength.

Equation (6.28) indicates that an increase in either the temperature or the volume
fraction of reinforcement increases the hardness; an increase in time also increases the

6.4.6 Developments of the Second Order Model

The second order model was developed to extend the variable range to describe
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adequately the relationship between the sintering operation output (compressive strength
and hardness) and the investigated independent variables. The model was developed
utilizing the composite design as shown in figure (6.4) and table (6.4).

The second-order model for the compressive strength, including only the significant

terms in its transformed state is given by:

Ycon».StieN.=s 6678+0. 0789%1+0.0549%2+40.1908*3  (6>29)
-0 .0221*%i-0 .0236*|+0 .0286%*2

and the second order model for hardness is

Mardness =3 w5716 +0 .1102*70 .1320*2+0 .5122*3

+0 .0329*i+0 .0825*|+0 .36 09*2 (6.30)
+.0696*i*2+. 0649*i*3-0 m0171*2*3

6.4.7 Utilization of the 2nd Order Models

As can be inferred from figure (6.7) for second order model of compressive
strength a better compressive strength is obtained at combination of high temperature
and high volume fraction of reinforcement. However, in order to make a component
using PM route and solid phase sintering, the temperature must be below the melting
temperature of the material of lower melting point. From the contours shown in figure
(6.7), it is possible to selectacombination of volume fraction and sintering temperature
that reduces the processing time and the cost without decreasing the compressive
strength, since there is a large number of combinations ofvolume fraction and sintering
temperature which produces the same compressive strength. These contours are straight
lines so that the 2nd order model is not necessary.

The equation (6.30) has been plotted for hardness in figure (6.8) as contours (sections)
for each of the response surface at a selected level of sintering time of 3, 5 and 8.33
hours. These contours were constructed by GT graphics package for determining the
optimum operating condition of sintering process for a required hardness. From the
contours shown in figure (6.8), it is possible to select a combination of sintering

temperature and volume fraction of reinforcement that reduces the operating cost
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without reducing the hardness. The contours are all curves, so adequacy of the model

is checked in respect of second order model.
6.4.8 Adequacy of the Model

The first order model was tested for compressive strength model by analysis of
variance. The calculated ratio (Fca) of the mean square lack of fit to the mean square
of pure error is 6.44, while the tabulated Fub ratio for 95% confidence at 5 and 2
degrees of freedom is 19.30. Hence the model is valid. The result of analysis of

variance is shown in the following table (6.6).

Table 6.6 Analysis of variance for the first order model for compressive strength

Source SS DF M 'S Foal Ffab Remarks
Zero order terms 379.56 1 379.56

First order terms 0.44 3 0.146

Lack of fit 0.01364 5 0.0087 6.444 19.30 Adequate
Pure error 0.0027 2 0.00135

Blocks 0.03 1 0.03

Residuals 0.04634 8

Totals 380.046 12

The second order model for hardness was tested by analysis ofvariance and showed the
model was valid for 99% confidence interval. The result of analysis of variance for

hardness model is shown in the following table (6.7).
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Table 6.7 Analysis of variance for the second-order hardness model

Source SS DF M S Fcal Ftab Remarks
Zero order terms 363.01 1 363.01

First order terms 4.6705 3 1.5568

2nd order terms 1.6057 3 0.5352

Interaction terms 0.593 3 0.1976

Blocks 0.384 3 0.128

Lack of fit .898 3 .299 4.957 7.59* Adequate
Pure error 0.4681 8 0.0585

Residual 1.75 14

Total 371.629 24

*999% confidence probability for |m, 3¢

Conclusions

(1) Reliable compressive strength and hardness models have been developed and
utilized to enhance the production system of M M C materials when using sinter forming
route.

(2) The first-order compressive strength prediction equation is valid within the
temperature range of 600-760 °C and can be extended up to the range of 570 -800 °C.
(3) Although the model has been developed and tested from very few experimental
results, it can be used to predict the compressive strength for any conditions within the
boundaries of this research.

(4) It is evident that a second order equation would not be appropriate for compressive
strength model.

(5) The first-order hardness prediction equation is valid within the temperature range
of 600-760 °C.

(6) By utilizing the second- order model for hardness, it is possible to extend the
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variable range. The predicting equation is valid within the temperature range o0f570-800
°C, the volume fraction range of 8-28 % and sintering time range of 2.43-10.3 hour.
(7) An increase of temperature and volume fraction of reinforcement and time
increases the hardness.

(5) Response surface methodology provides a large amountofinformation with a small

amount of experimentation.

6.5 FAILURE MODELLING FOR ZnO VARISTORS

6.5.1 Introduction

In this work, the electrical energy capability of the varistor disc with a Vnom=5
kV and a diameter of 42 mm during strength testing by giving various electrical
charging shots had been analyzed in respect of different binder burnout rate and
shrinkage rate. A mathematical model had been developed for the electrical energy
during the initial failure and 50% failure ofthe samples to get the optimum temperature

6.5.2 Postulation of the Mathematical Model

The energy capability of the varistors deteriorates if the binder burnout and
shrinkage of the discs are not properly controlled. So, in this postulation of the
mathem atical model, the energy capability is assumed to be a function of wt. loss rate
(w (g/kg/h)) and shrinkage rate, (5 (/¢ m/mm/h)) and can be written as

Energy capability = f(w,5)

The above form can be expressed mathem atically as

E= Cwl (6.31)

W here E is the electrical energy capability (joules/cc) of the varistors, w is the binder
burnout rate of the samples and 5 is the shrinkage rate of the samples during sintering

operation and C, 1and m are the model parameters to be estimated using experimental
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data.
Equation (6.31) can be written as

In i?=In C+| I1n wtm 1n 6 (6.32)

Equation (6.32) can be written as linear equation
pyazistor =0OX 0+h 1x 14D 2x 2 (6.33)

where yaris the proposed predictive response of energy on natural logarithmic scale,
while x0=1 and x,, x2the coded values of w and s with logarithmic transformations
respectively and b’s are the model parameters. The basic formula of b is given as

b=(XTX)~IXTY (6.34)

where b=h0, bj and b2is the matrix parameter estimates, X is the calculation matrix,
XTis the transpose of X, XTX is the variance matrix, (XTX) Lis the covariance matrix
which Is the inverse of XTX and Y is the matrix of measured response (output) on a
logarithmic scale.

6.5.3 Experimental Design and Conditions

In order to estimate the model parameters of the equation, a first-orcer

orthogonal design was used. This design consists of nine experiments which have been
used to develop the first - order model. Four experiments represent a 22 factorial
design, where the experimental points are located at the corner of a square as shown
In figure (6.9). Five experiments represent acded centre points to the square, repeated
five times to estimate the pure error.
The variables are selected according to the experience in this field which can cover the
whole range for binder bum out rate and shrinkage rate. The coded values of the
variables used for this analysis shown in table (6.8). The independent variables were
coded as
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_ 6.35
1 In 3-In 1.5 ( )

In 6-1In 20 (6-36)
2 In 40-1In 20

6.5.4 Experimental Procedure

First, the temperature profiles for different bincer burnout rates and different
shrinkage rates were generated. Then 40 samples were sintered using the above
temperature profile in a pot kiln at the Development Facility of Harris Ireland. After
sintering, the black discs were ground, electroded and glassed. The procedure of
preparing the samples for electrical testing had been discussed before in section 5.2 of
chapter five. The failure test was carried out by the strength tester (HAEFELY). The
square wave form was given each time for 2 mili seconds. Initial charging voltage is
the crucial one. It was selected in such a way that at first shot there should be no
failure. A voltage of 22 KV had been chosen as the initial value. Each time the charging
voltage was increased by 1.2 kV. During the shots, the sample temperature increased
significantly due to the electrical energy absorbed by the ceramic. Thus the samples
were cooled down by fan before testing at the next higher energy level. This work
continued up to the failure of all samples. Normally the initial energy value was
exhibited 108 j/cc and with each consecutive shots, it increased by 14-15j/cc. A set of
24 samples were used for this test from each trial. The initial failure energy is
Important to look at due to its relevance for the arrester field performance. Normally
If there are 5 discs fail on the sample lots of 350-400 discs, the lots are rejected or
tested again. So the energy capability at the initial failure was considered as an output.
The enerqy at 50% failure of the samples has been also analyzed to see the actual effect
of binder bum out rate and shrinkage rate. The results and conditions are shown in
table (6.9).
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Table 6.8: Levels of the independent variable and coding identification for electrical
enerqy capability at the initial failure and at the 50% failure of the samples

Levels in Coded form

Independent variables AW 0(entrd)  +1(high)
Binder burnout rate w, g/kg/h 0.75 15 3
Shrinkage rate 5, Am/mm/h 10 20 40

6.5.5 Analysis of Results

The first order model of the electrical strength capability failure was developed
by utilizing the least squares method. The parameters of the model were calculated with
the help of equation (6.34). The mathematical model for the electrical energy capability
at the initial failure can be developed by substituting the model parameters as:

y (initial failure) m2259%0.1830 *1+0.0385 *2 (6.37)

Similarly by substituting the model parameters, the mathematical moel for electrical
enerqy capability at 50% failure can be expressed as:

&(atso%fa”UFE) w5767 ~0 .0385 X"0.0130 X2 (6.38)

The predicting equations (6.37) and (6.38) are plotted in figures (6.10) and (6.11)
respectively. These contours were constructed by computer utilizing the "GT" package.
Figure (6.10) shows that the failure energy decreases with the decrease of wt. loss rate
and slightly increases with the increase of shrinkage rate during the initial failure. But
in figure (6.11) shows that the failure energy decreases with increase of wt. loss rate
and shrinkage rate. So the lower values for shrinkage rate simultaneously wt. loss rate
are desirable for increasing the performance of the discs.

Equation (6.37) and equation (6.38) can be transformed using equations (6.35) and
(6.36) &s:
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E(initial failure) =17 5-308 60-0656 (6 . 39)

N50% failure) =370 .42 *-0.05!:4-0.i0=3 (6.40)

Equation (6.39) indicates that the energy at initial failure of the disc decreases with the

Table 6.9: Results and testing conditions for electrical energy capability during initial
and 50% failure,

Trial Wt loss  Shrinkage  Coding Energy Energy
No. ratew rate$ capability at capability at
gkgh  wmimmh w4 yp initial failure  50% failure
enifail. JJOC E o0 . /CC

1 5 10 11 %7 310
23 10 11 149 210
3 15 40 1 1 23 252
4 3 40 1 1 20 248
5 15 20 0 0 138 258
6 15 20 0 0 197 284
! 15 20 0 0 10 250
8 15 20 0 0 23 286
9 15 20 0 0 7 230

increase of binder burnout rate but increases with the increase of shrinkage rate. It is
shown that there is considerable effect of binder burnout rate on the initial failure. But
equation (6.40) shows that energy at 50% failure, decreases with the increase of binder
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bum out rate and shrinkage rate. So for increasing the performance of the disc, the
hinder burnout rate and shrinkage rate should be as low as possible. These equations
are valid for disc of Viom=5 KV and of diameter 42 mm. and

75< w < 3 glkgh

10< 5 <40 fimmmh

6.5.6 Adequacy of the Predictive Model

The first order model was tested by analysis of variance. The calculated F value
for the lack of fit and pure error is 1.983 whereas the tabulated value is 6.94. So the
model is adequate. The result of analysis of variance is shown in the following table
(6.10).

Table 6.10 Analysis of variance for the initial failure energy model for varistors

Source SS DF MS ral Flab Remarks
Zero order terms 24582 1 245.82
Istorcer terms 01398 2 0.0699
Lack of fit 013086 2 00654 1983 6.94*  Adequate
Pure error 013195 4 0.0329
Residual 026281 6

9

Total 246.22
*95% confidence limit for F4

Conclusions

(1) Reliable predictive electrical energy capability models for predicting the
energy at initial failure and 50% failure have been developed for varistors with a
Vile5 KV and a diameter of 42 mm,

(2) Although the energy capability model has been developed and tested from
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few experimental results, it can be used to predict the mean resultant energy capability
for any condiition within the boundaries of research.

(c) Energy capability at initial failure decreases with increase of binder burnout
rate but slightly increases with increase of shrinkage rate.

(d) But energy capability at 50% failure decreases with increases of bincer
burnout rate and shrinkage rate.
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Plate 6.1 Sintered Al-6061/SiC composites disc with and without
the adherance of the low temp, materials.

Plate 6.2 Photograph of two parts of Al-6061/SiC composite
after cutting crosswise.
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Plate 6.3 Photograph of fracture of AlI-6061/SiC composites
during compression test.
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Figure 6.1 First-order orthogonal design for 3 factors (K=3)
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Figure 6.2 Hardness response planes, (a) H=28, 32, 36 and 40 Hv planes
(b) H= 30, 34, 38 and 42 Hv planes



t= 60 min. (b)

t =120 min.

(c)

Figure 6.3 Hardness contours in Sintering temperature-Volume fraction of
reinforcement at the selected levels of sintering time
(8) t=30 min. (b) t=60 min. and (c) t=120 min,
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Figure 6.4 Central composite design for 3 factors (K=3)
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Figure 6. 5Compre33|ve stren?th contours (First order mog I) n sintering
temperature-volume fraction planes at the selected Iéve sofsmterlng time
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Fiqure 6.6 Hardness contours (1st order model) for Al-
600L/SIC composites in temperature-vol. frac. of reinf.
planes at selected levels of sintering «m .



Figure 6.7 Compressive strength contours (2nd order model) in sintering temperature-
volume fraction planes at the selected levels of sintering time
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[%ure 6.8 Hardness contours for second order model for Al-606L/SIC composites in
temperature-vol. frac. of reinf. planes at selected levels of sintering time.
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Figure 6.9 First-order orthogonal design for 2 factors (K=2)
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Figure 6.10 Energy capability contour at the initial failure (1st order model) for
X 1699 varistors in Wt. loss rate-shrinkage rate planes.

Figure 6.11 Energy capability contour at the 50% failure (1st order model) for
X1699 varistors in wt. loss rate-shrinkage rate planes.
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CHAPTER SEVEN

THEORETICAL MODELLING FOR THE FLOW STRESS BEHAVIOUR OF
MMCs

7.1 INTRODUCTION

The stress of MM Cs varies with the volume fraction ofreinforcement, alignment
of the fibres, size and shape of the particles and with the mismatch of the coefficient
ofthermal expansion. In this chapter the stress equation has been developed considering
the effect of volume fraction of reinforcement, size and shape of the particles. The
theoretical data are compared with the experimental results. There is good agreement
between the experimental and theoretical data when considered the effect of volume
fraction only. But theoretical value increases when the effect of the size and shape of

the particles are considered.

/.2 DEVELOPMENT OF THE MATHEMATICAL MODEL

Consider an inclusion or inhomogeneity of ellipsoidal shape which is embedded
in an elastic body (m atrix). The elastic body has a domain Q which has a non elastic
strain or eigenstrain due to the inhomogeneity. If the total domain is D, the domain for
the matrix is D'fl The elastic modulus tensor Cikl induces a stress field within and

outside the inclusion. The Eshelby’'s model is shown in figure (7.1). According to
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Eshelby [55], the average stress and strain of the inclusion becomes

0=C (e-e*) (7.1)

where eis the total strain and e* is the eigen strain and C is the elastic moduli tensor.

The eigenstrain is determined by the Eshelby’s tensor S by the relationship:

6=SE* (7-2)

Therefore

0=C (S £*-€*) (7.3)

In the above case, the elastic modulus tensor is considered the same for the inclusions
and the matrix. But in an actual case, such as in composites, the stiffness tensor of the
inclusion and the matrix are different. Suppose Cfand Cm are the stiffness tensors for
fibre and m atrix respectively.

Let an stress tr be applied to the body, a perturbed stress and strain are developed due
to the mismatch of the elastic tensors of inclusions and m atrix. So the stress in an

inclusion becomes

af=a+ opt=Cf (em+ept) (7.4)

where n—Cm em, a{is the stress in the particle, emis the strain of the matrix and (fl
and ept are the perturbed stress and strain respectively.

The eigen strain e*is only for inclusions, so its value will be zero in the matrix region.
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If this inhomogeneity problem is reduced to the equivalent inclusion problem, then it

can be written as

Cf (em + ept) =Cm(em +ept -e*) (7.5)

of=a +apt=Cf Umrept) =Cin(emtept-e*) (7.6)

The actual problem and the inclusion equivalent problem are shown in figure (7.2). In
the above case, only the single inclusion inhomogeneity is considered where there is no
interaction between the inhomogeneities. But in actual composites, there will be
numerous inclusions and interaction between inhomogeneities will be important then.
So we have to consider the effect of volume fraction in the actual case.

At finite concentration of particles, say with a volume fraction Vf (0<V f< 1), the
average stress and strain in the matrix will be higher than that of only considering
single inclusion and some additional value a~ and e~, should be considered [56].

So the average stress and strain in the matrix will be U+a~ and em + e~ respectively.

Therefore equation (7.6) can be modified as

af=za+a~+apt=Cf (emte~+ept) =Cm(emre~+ept-e*) (7.7)

W ith the further constraint, equating the strength of composite to the strength of m atrix

and reinforcements
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a=Vf af+(1-vF) (ct+o")
Thus (7.8)

a~=-Vf apC

Based on the above equations, using the elastic moduli of particle and a matrix and the
Eshelby’'s tensor, the stress-strain relation of both phases can be determined. But in an
actual case, there is same plastic deform ation of the matrix which should be taken into
account. So the above equations are not sufficient to calculate the deformation
behaviour of the composites.

To facilitate the analysis for the elastic-plastic deformation of the composite let us
introduce an identically shaped comparison material, with the property of the matrix as
shown in figure (7.3).

Let the composite and the comparison material be both subjected to the same stress U

. The strain in the comparison material e(m) is given by

(7.9)

where C(m)sis the secant moduli tensor of the comparison material at the applied stress
state. The subscript, s and a parenthesis in a subscript represent a secant modulus and
a comparison material respectively. Because of the inclusions of the particles, the

average stress and strain in the m atrix a.rnand em are given by

an<J+0=Cnt (eW +e> (7.10)
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and

- 1)

For elastically deforming particles, the average stress and strain, af and ef are given

af~ata~topc=Cf (e{m)+e~+ept) (4.12)

and

ef =Emrept (7.13)

and again using Eshelby’s tensor Smcorresponding to Cm, according to equation (7.2)

can be written as

a~=-Vf opt
(7.14)

ept=5ms £*

Now from equations (7.9) and (7.10)

0--(C,* (7.15)

and from equation (7.10) and (7.12)

apt=Cm (ept -e= Oms @¢ms-|) e~ (7-16)
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If .- and -« are substituted to equation (7.14), then

e~= ~vf (sn'-D €* -

(I~Crr 1 CO)$> 4(x)
St optevt BEog i 710

where CS1 is the inverse of Cs.

So from equations (7.12), (7.14) and (7.17)

when e*is known, the total strain of the composite is given by the weighted average of

those of its constituents: this leads to

(7.19)

Based on the above mentioned model, the stress-strain behaviour of the particle
reinforced composite can be calculated using the elastic moduliand the Eshelby’stensor

of the particle and the stress-strain curve of the matrix.

The strain-stress curve for the matrix is generally represented by the following

equation:

(7.20)

where h is the strength hardening constant and n is the strain hardening index. The
value of h and n can be estimated from the experiment. When the stress strain curve
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of matrix material has been determined, then simultaneously the corresponding stress-
strain curve of composite can be drawn from equation (7.18) and (7.19).

The Eshelby’s tensor Sm deals with the geometry of the particles, and Mori-Tanaka's
[56] conceptfor average stress considers the effect ofvolume fraction ofreinforcement.
In reality, there is an effect of particle size on the strength of the composite. So the
equation (7.20) should be modified taking into account the effect of particle size.
During plastic flow in the matrix, the moving of dislocations may be restricted by the
particles or secondary dislocations may be generated around the particles. The
accommodating plastic flow shall give rise to a substantially increased dislocation
density and hence to hardening of the matrix. Ashby [58] proposed a secondary slip
model for explaining such a effect of a non-deforming particle in a plastic matrix.
According to Ashby, the increase in the flow stress A<rmo f the matrix for a composite

containing equiaxed particle is given by

(7.21)

where d is the diameter of the particle, b is a Berger's vector and Kcis a constant, the
value of which can be taken as 0.75 for the aluminium matrix composites and G is the
m atrix shear modulus.

So the general equation for the stress- strain relation of the matrix in the composite is

represented as

(7.22)
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Equation (7.22) in many cases can also be written as

V oo y+* <7p)n (7.23)

where amm the flow stress at the plastic strain ep and Gy, h and n are the initial yield
stress, the strength coefficient and the work-hardening exponent.

In a composite system, the stress and strain state of the matrix is usually triaxial.
Equation (7.23) can be generalised to such a state by means of Von Mise’'s effective

stress a and strain ep* as

(7.24)

(7.25)

where bOis the stress concentration factor which is a function of Eshelby’s constant,
volume fraction ofreinforcement and shear modulus of the material [54].
So forunder uniaxed compression, the constitutive equation (7.24) can be rewritten as

to provide the flow stress of the composite as

*=ir Cay+ h (eP+) n] (726)

The details of the equations and calculations can be seen in Appendix G.
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1.3. NUMERICAL RESULTS AND COMPARISON WITH EXPERIMENTS

A composite of AI-6061 reinforced with SiC particles has been considered for
the comparison. The composites are manufactured by the sinter-forming route. Green
disc of composites were produced by cold pressing at volume fractions 0, 10, 15, 23
and 28 % of SIiC of particle size 75 /¢m. The green discs were fired in a pot kiln at 700
°C for 1 hour keeping sintering atmosphere air. After firing, the compression test of
these discs was carried out by INSTRON machine. True stress and strain were
calculated from the compression test. Figure (7.4) shows the effect of volume fraction
of SiC particles which is drawn from the experimental data. Here the work hardening
rate and strain hardening index are calculated from the experimental data of the matrix
and the values are 124 and 0.23 respectively. The value of h is low, since the sintered
sample’'s density has not been achieved as theoretical density. Figure (7.5) shows also
the effect of volume fraction of reinforcement where the data taken from theoretical
calculation. The theoretical calculation has been done with the help of equations (7.20)
and (7.25) where secondary dislocation has notbeen considered. Figure (7.6) shows the
comparison between the experimental and the theoretical results. Here the theoretical
value always gives the lower value than that of experiment. It is because in theoretical
calculation the effect of particle size is not considered. Figure (7.7) shows the effect of
volume fraction considering the dislocation model. Equation (7.22) is used for the
calculation. In this case the stresses are higher than those which are calculated without
dislocation model. The value of the stresses are also higher than those of the
experimental values. The effectofthe ratio of the length and diameter ofthe cylindrical

particle is shown in figure (7.8). The calculation is based on Ashby’'s [58] secondary
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slip model. The stresses for the 23% volume fraction are higher than those of the

stresses for the 10% volume fraction for the same 1/d. The strain-stress characteristics

of composites mainly depends on the strain-stress relationship of the matrix material.

Since the strain-stress characteristics of matrix material varies with the sintering

parameter, the deformation nature of the <composites will be also changed

simultaneously. In this present case, the calculation is valid only for the sintering time

1 hr and sintering temperature 700 °C with air as a sintering atmosphere. This model

can be generalised for the sintering process by using the mechanical properties of

m atrix and reinforcement materials for different sintering condition.
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Figure 7.1 Eshelby"s model.

c5

(a) (b)

Figure 7.2 Infinite matrix with 1inhomogeneous particle
subjected to applied stress (@ actual problem (b) equivalent
inclusion problem.
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Figure 7.3 Schematic representation of the avearge stress
and strain state of the constituents.

Strain £

Figure 7.4 Stress-strain curves of the AlI-6061/SiC
composites under uniaxial compression (exp. data).
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Strain 8

Figure 7.5 Stress-strain curve (theoretical data)

Strain €

Figure 7.6 Comparison of the theoretical predictions with
experimental data.
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Figure 7.7 Stress-strain curve with considered slip model.
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Figure 7.8 Stress-strain curve considering the size effect.

232



CHAPTER EIGHT

CONCLUSIONS AND RECOMMENDATIONS

8.1 CONCLUSIONS

8.1.1 Metal M atrix Composites

In MMCS, m atrix powders of pure aluminium and aluminium alloy were used
Wlth pal'tIC|e SIZE 400 and 45 /(,m respectively. As reinforcement, A120 3 and SiC
pOWdel'S Were USed with average particle sizes 45 and 75 |Xm The compressibility and
strength of the A1/A120 3 and AI-6061/SiC composites were determined in respect of
|UbrICatI0n amount, lubrication type, amount of reinforcement and sintering time and
temperature.

The compressibility does not vary with the lubrication amount and type but
decreases with increase of reinforcement. W ith probability of failure, it shows that the
1% amount Of lubrication gives the higher reliability. Though <calcium stearate
lubrication ShOWS some increase in reliability of the green product, it gives a lower
strength value than that obtained with zinc stearate.

The compressive strength of A1/A120 3 composites decreases with increasing
amount of reinforcement. Because an expansion ofthe disc takes place as a big particle
size of matrix powder was used which retards the sintering operation. But higher

sintering temperature and longer sintering time accelerates the sintering process.
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The hardness value of A1/A120 3 increases with an increase of sintering
temperature and volume fraction of reinforcement but slightly decreases with an
increase of sintering time.

Al-6061/SiC composites give better performance over A1/A120 3 composites
mostlikely due to the use of smaller particle of matrix.

The theoretical model for the flow stress behaviour of MMCs has been
established taking into account the particle size, particle shape and volume fraction of
reinforcement. A good agreement between theoretical data and experimental data has

been obtained.

8.1.2 Zinc Oxide Varistors

Two computer programmes have been developed, one for controlling the binder
burnout and the other for controlling the shrinkage which are fully capable of
generating a temperature profile autom atically that produces a linear wt. loss and a
linear shrinkage of the discs at predetermined rates.

The temperature profile generated by the wt. loss rate lim it 0.75 g/kg/h and the
shrinkage rate lim it 10 /xin/mm/h gives the optimum firing profile as regarding the
energy capability of the product. Normally some of the discs will fail before 150 j/cc
when sintered using the conventional firing profile. No disc w ill be failed before 200
j/lcc when using this optimized rate controlled temperature profile. This optimized firing
profile also improves the leakage current characteristics.

This firing profile simultaneously reduces the sintering time which can

eventually reduce the production cost and increase the productivity.
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The rate controlled sintering also produces smaller grain size with more uniform

distribution and reduces the porosity. These improvements in materials characteristics

can translate in enhanced electrical properties.

The optimized firing profile does notimprove the failure characteristics at high

amplitude-short duration pulses (4/10 current waves). But the firing profile with wt.

loss rate lim it 0.75 g/kg/h and shrinkage rate lim it 40 /tm/m m /h shows a better result

as compared with those obtained with the other profiles.

The model for energy capability failure was developed with respect to wt. loss

rate lim it and shrinkage rate limit. This model shows that at the initial failure, the

energy capability increases with the decrease of wt. loss rate but slightly increases w ith

increase of shrinkage rate. For 50 % failure, the model shows thatthe energy capability

of the product decreases with increase of wt. loss rate and shrinkage rate. So lower

value of wt. loss rate and shrinkage rate should be chosen for the best performance of

the firing profile.

8.2 RECOMMENDATIONS

8.2.1 Metal Matrix Composites

The work of composite was carried out to see the sintering parameters on the

mechanical strength of composite mainly hardness and compressive strength. It is

recommended to work on the following areas

In this project, large particle sizes of the matrix and reinforcement were used.

A further work can be carried out using small particle size in the range of 15 to 20 /¢ m.
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Aluminium alloy with different grades such as 8xxx and magnesium alloy can

be used as matrix materials for the further works.

TiB2 and Si3N4 can be used as the reinforcement materials for further

investigations.

A further study can be carried on compaction to see the effect of other

compaction parameters such as holding time, load releasing time, binders.

Other mechanical properties, such as tensile strength, fatigue can be investigated

to see the effect of the compaction parameters as well as sintering parameters.

A study can be done to increase the density and strength of the fired disc using

hot and cold extrusion after sintering.

Further study can be done using CIP and HIP for the manufacturing of

composites.

8.2.2 Zinc Oxide Varistors

The study ofrate controlled sintering was carried out for the varistors ofV nom=5

kV and diameter of 42 mm. So it is recommended to use and for further works on the

following areas:

The rate controlled sintering technology can be used for other varistors powders

such as MEO (multi- elemental oxides).

This rate controlled sintering technology can be expanded for other ceramic

products such as multilayer devices.

Since the firing profile varies with the size of the product and the binder

percentage, the optimized firing profile will be also varied. It is better to use an average
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firing profile can be used for the sintering operation. To find out this temperature

profile a series of experiments can be carried out by varying binder percentage and

using different sizes of discs.

Shrinkage plays a dominant part for the high amplitude short duration pulses.

So a further study can carried out to find out a new temperature profile combining the

firing profile for different wt. loss rate and shrinkage rate which gives no failure in 100

kA test.

The two computer programmes developed during this present work can be

updated for a "Windows" platform by using Visual Basic.

To monitor and control the evolved gas composition during sintering, chemical

sensors can be incorporated which can be coupled with the computer for further control

and optimization of the profile. These programmes then can be modified to control the

atmosphere conditions in the furnace.
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APPENDIX A

Technical Data for. the INSTRON
Universal Testing Machine

SPECIFICATIONS
Capacity

Force_ rating:

gensmn and
ompression below

moving crosshead)

Load Range:
FUsmg inferchangeable
oad cells)

Load Weighing System
(Accuracy at digital
readout accessory or
analog output)

Strain Measuring System
(Accuracy at digital readout
accessory or analog output)

Position Measuring Accuracy (mo toad)

Position Measurement Repeatability
(no load)

Crosshead Speed range
Crosshead Speed Accuracy
Return Speed

Crosshead Alignment

Axial Stiffness

Testin? (sample) Space
Lateral:
Front to back

Power requirements
Voltage:

Frequency:
Power:

Model 4204
50 kN, or 5,000 kg

25 kN up to 500 mm/min.

50 kN up to 100 mm/min.

0.1 N to 50 kN

+ 1% ofreading to 1/50 of
load cell capacity.

+ 1 count of the display

+ 0.6% of reading + transducer

linearity, 1 count of the display

+ 0.05 mm

+ 0.05 mm

0.05 to 500 mm/min.
+ 0.2% over 100 mm
500 mm/min.

+ 0.20 mm over 25 mm travel

+ 0.51 mm over total travel

175 KN/m m

560 mm

Unlim ited

100/120/220/240 volts + 10%, single
phase

47 to 63 Hz

2000 VA max.
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APPENDIX B
rest PROGRAME FOR BALANCE

OPEN "COM1:2400,E,7,1,DS,CS,LF" FOR RANDOM AS #1

DO

PRINT #1, "S" ' give transmit command to balance
INPUT #1, S$ "receive weighing result to computer
CLOSE n " close file

WEIGHT2 = VAL(MIDS$(SS$, 3, 11)) " select data

PRINT WEIGHT2 " display weighing result on screen
SLEEP 60 ' stop data file

LOOP ' execution starts again

rest PROGRAM FOR CONTROLLER

OPEN "COM2:4800,E>7,I[RS,CS0,DS0O,CDO,,PE" FOR RANDOM AS #2

commandIS = "R" + "1" + "R ‘interrogation command
PRINT #2, command 1$ "print in file

reply 1$ = INPUTS (5, #2) ' data receive from controller
IF reply1$ = "R1?A*" THEN PRINT "controller is on line"

rest procram FOR TRANSDUCER CONDITIONER

OPEN "COMI :4800,N,*,21,DS,ASC" FOR INPUT AS #1 " interface

command

DO
a$ = INPUTS$(16, #1) "input all data
CLOSE n " close file
FORj = 1TO 16
sign$ - MID$(a$, j, 1)
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IF sign$ = "+ " OR sign$ = THEN GOTO process

NEXT j
PRINT "error in data transmission from LVDT"

process:
heights = M ID $(a$.,j, 6) ‘receive string value
powers = MID$(a$,j + 6, 1) "receive string value
power = 10 A (-VAL(power$)) covert numeric value
height = VAL(height$) * power " actual numeric value
PRINT height " the display in transducer
"conditioner w ill show in the monitor
SLEEP 60 ' stop acquiring data for 60 seconds
LOOP ' execution starts again.
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DECLARE
DECLARE
DECLARE
DECLARE
DECLARE
DECLARE
DECLARE
DECLARE
DECLARE
DECLARE
DECLARE

DECLARE SUB Initialization 0
DECLARE SUB ControllerInit. 0
DECLARE SUB PointSet (temp %)

DECLARE SUB Commands (a$, p$, decimal$, num %)
DECLARE SUB RampTime (temp2%, timel96, time% )

APPENDIX C
PROGRAM FOR CONTROLLING WEIGHT LOSS

SUB currenttemp O
SUB Massage2 (massage$, replyS)
SUB WeightRead 0
SUB Printout ()

SUB InputData ()

SUB WeightLoss ()
SUB W eightLim it ()
SUB FinalRecipe ()
SUB StartProgram O
SUB FinalRampTemp ()
SUB Program Setting ()

'DIM SHARED a$, p$, decimal$, num%, reply3$, reply4$

co
co
coO
co
co
co
co

CA

DO

M
M
M
M
M
M
M

L

M O N
M O N
M O N
M O N
M O N
M O N
M O N

SHARED weightO, weightl, weight2, wkgO

SHARED wloss, wirl, wir2, wlirlim

SHARED i%, dt%, delay, hour, weighttime, hrmax
SHARED dtmax%, setpoint%, setpointO%, ramptemp%
SHARED deltatemp%, current.temp%

SHARED shrinktemp% , firingtemp% , firingtime%
SHARED outfileS

L InputData
OPEN outfileS FOR OUTPUT AS #3
CLOSE #3

CLS

CALL
CALL
CALL
CALL
CALL
CALL

CALL

Controllerlinit.
W eightRead
Initialization
W eightLoss
Printout

W eightLim it

FinalRampTemp
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CALL ProgramSetting
CALL StartProgram
SLEEP delay
CALL WeightRead
CALL WeightLoss
CALL WeightLim it
CALL PointSet(ramptemp% )
CALL currenttemp
CALL Printout
LOOP UNTIL ramptemp% > = shrinktemp%

CALL FinalRecipe

CALL PointSet(setpointO %)
CALL StartProgram

END

SUB Commands (a$, p$, decimals, num%)

Subroutine for communication with the furnace controller
Two commands are used for the communication

The first one gives the parameter and its new value

and the second command is to make sure that the controller
implement the changes in the first command.

For more information about these commands refer to

the instruction manual of the controller. These

commands are: Command 3 and Command 4

OPEN "COM2:48(X),E,7,1,RS,CSO,DSO,CDO,,PE" FOR RANDOM AS #2
num$ = RIGHTS("0000" + LTRIMS$(STRS$(num %)), 4)
' OPEN "COMZ2:4800,E,7,I,lRS,CS0,DS0,CDO0" FOR RANDOM AS #2

command3$ = a$ + "1" + p$ + + num$ + decimal$ + "*"
command4$ = a$ + "1" + p$ + "|*"

’ OPEN "COMI:4800,E,7,IRS,CS0,DS0O,CDO0O" FOR RANDOM AS #2
c$ = "z"

DO WHILE NOT c¢c$ = "I"
PRINT #2, command3$;

reply3$ = INPUTS$(10, #2)
c$ = MID$(reply3%, 9, 1)
LOOP
FOR|j = 1TO 5: NEXT j
PRINT #2, command4$;
replyd$ = INPUTS$(10, #2)
crose Nl
END SUB

SUB Controllerlnit.
CcLS
PRINT
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PRINT

PRINT
FOR module% = 1TO 4
PRINT " Initializing module module%
a$ = “R"
p$ = "S"
onum% = 1
decimals = "0"

CALL Commands(a$, p$, deeimal$, module%)
FOR stage% = 1TO 4
p$ = "A"
num% = 1
decimals = "0"
CALL Commands(a$, p$, decimals, stage%)
p$ = "B"
num% = 0
CALL Commands(a$, p$, decimals, num %)
p$ = "C"
decimals = "2"
CALL Commands(a$, p$, decimals, num %)
p$ = "E"
CALL Commands(a$, p$, decimals, num %)
N EXT stage %
EXT module %
END SUB

z

SUB currenttemp

a$ = "L"
p$ = "M "
massageS = a$ + "1" + p$ + "P*"

CALL Massage2(massage$, replyS)
current.temp% = VAL(MID $(reply$, 4, 4))

END SUB

SUB FinalRampTemp

Subroutine to calculate the final ramp temperature

which will be given to the controller
ramptemp% = ramptemp% + deltatemp%
END SUB

SUB FinalRecipe

Subroutine to make the necessary commands for the
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Controller to make the temperature profile for firing

after the binder burnout has been completed.

Calling module No. 1

a$ = "R"

p$ = "S"
deciinal$ = "0"
num% = 1
module % - 1

CALL Commands(a$, p$, decimal$, module%)

Calling stage No. 1

p$ = "A"
num% = 1
stage% = 1

CALL Commands(a$, p$, decimals, stage%)

Setting the ramp time to zero to make the programmer

starts from the previous ramp temperature.

p$ = "C"
decimals = "2"
num% = 0

CALL Commands(a$, p$, decimals, num %)

Calling stage No. 2 for heating to sintering temperature.

p$ - "A"
decimals = "0"
num% = 2
stage% = 2

CALL Commands(a$, p$, decimals, stage%)
setting the ramp temperature

p$ = "B"
CALL Commands(a$, p$, decimals, firingtemp% )

Calculating the ramp time from the end of the bum

off temperature to the firing temperature.

CALL RampTime(firingtemp%, ramptemp% , total.ramptime%)
p$ = "C"
decimals = "2"

CALL Commands(a$, p$, decimals, total.ramptime%)

setting the dwell time for the firing
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p$ = "E"

CALL Commands(a$, p$, decimals, firingtime% * 100)
»

Calling stage 3 for cooling.
»

p$ = "A”

decimal$ = "0"
"num% = 3
stage% = 3

CALL Commands(a$, p$, decimals, stage %)
Setting the ramp temperature for cooling.

p$ = "B"
CALL Commands(a$, p$, decimals, setpoint0% )

setting the ramp time for cooling.

CALL RampTime(firingtemp%, setpointO% , total.ramptime%)
p$ = "C"
decimals = "2"
CALL Commands(a$, p$, decimals, total.ramptime% )
END SUB

SUB Initialization

weightO = weight2
weightl = weight2
i% = 0
delay = dt% * 60 " Time interval in seconds.
wkgO = weightO / 1000 " Initial weight in Kg
weighttime = 60 / dt% / wkgO
deltatemp% = 0
setpoint0% = setpoint%
ramptemp% = setpoint%
END SUB

SUB InputData

INPUT "INITIAL WEIGHT OF DISKS IN GRAMS weightO
INPUT "TIME INTERVAL IN MINUTES M, dt%

INPUT "MAXIMUM TEMPERATURE INCREASE IN C dtm ax%
INPUT "WEIGHT LOSS RATE LIMIT IN g/kg/h w Irlim

INPUT "INITIAL SET POINT IN C setpoint%

INPUT "TEMP. WHEN WEGHT LOSS ENDS IN C shrinktem p %
INPUT " FIRING TEMPERATURE IN C firingtem p %
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INPUT "SOAKING TIME IN HOURS firingtim e %

INPUT "M AXIMUM HEATING RATES IN C/MIN hrm ax
INPUT "OUTPUT DATA FILE outfile$
END SUB

SUB Massage2 (massage$, reply$)

OPEN "COM2:4800,E,7,1,RS,CS0,DS0,CDO,,PE" FOR RANDOM AS #2

DO UNTIL a%$ = "A"
PRINT #2, massagesS;
reply$ = INPUTS$(10, #2)
a$ = MIDS$(reply$, 9, 1)
LOOP

CLOSE #2

END SUB

SUB PointSet (temp%)
’ Subroutine to make the required command for the
' controller to change the setpoint.

as$ =

ps$ = "s"

" num% = ramptemp%
decimals = "0"

’ PRINT ramptemp%
CALL Commands(a$, p$, decimals, temp%)
END SUB

SUB Printout

wilrl = wir2
hour = i% * dt% / 60
1]
PRINT USING ###### i% ; hour; weight2; wloss; wlr2;

current,temp %

OPEN outfileS FOR APPEND AS #3

PRINT #3, USING "#####ﬂ "; hour; weight2; wloss; wlr2;
current,temp %

CLOSE #3

i% = i% + 1
END SUB

SUB Program Setting
Subroutine to set the programmer parameters for

' temperature profile

Calling module No. 1
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a$ = "R"

p$ = "S"

' num% = 1
decimals = "0"
module % = 1

CALL Commands(a$, p$, decimal$, module%)

Calling stage No. 1

*
p$ = "A"
stage% = 1
CALL Commands(a$, p$, decimals, stage%)
*
’ setting the ramp temperature.
t
p$ _ "b" >parameter nam. B for ramp temperature
CALL Commands(a$, p$, decimal$, ramptemp% )
' Setting the ramp time.
p$ = "C*" ' Parameter name. C for ramp time.
nnn
decimals = 2
CALL Commands(a$, p$, decimals, dt% )
END SUB

SUB RampTime (temp2%, tem pi%, time% )

ramptime.in.ininutes% = INT(ABS(temp2% - templ% ) / hrmax)
hours.ramptime% = INT(ramptime.in.minutes%/ 60)
minutes,ramptime% = ramptime.in.minutes% M OD 60
minutes.ramptimeS = "00" + LTRIMS$(STR$(minutes.ramptime%))
minutes.ramptimeS = RIGHTS (minutes.ramptimeS, 2)
total.ramptimeS = LTRIM$(STRS$(hours.ramptime% )) + minutes.ramptimesS
time% = VAL(total.ramptimesS)

END SUB

SUB StartProgram

subroutine to run the program in the controller

J

a$ = "R"

p$ = "K"

decimals = "0"

num% = 21

CALL Commands(a$, p$, decimals, num %)
END SUB

SUB W eightLim it
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This subroutine is to calculate the temperature

mcrease Ue to the resultant welght 1SS rate

The temperature Is |n% reased accord |n% to the

\I,|vrt1eair rela t|ons Ip of heating rate and Current
deltatemp% = CINT dtmax% dtmax% (ABS(wIr2 / wirlim)))
dJF Celtatemp% > i
eItatem 0o = dtmax%

END

IF deltatem})% < () THEN
delta emp 0

END IF

D

CD
_‘I'fc:

END SUB

SUB WeightLoss

fouslgrog\tine to calculate the weight loss and weight

onss = we|%ht2 wqu]tO
= (Wel welghtl

we Sgbt = |g?ht

SUB Weight Read

Subroutine to read the value of the
current weight of the fired samples.

oren ~com L2400ET,1CS,DS,LF" FOR RANDOM AS
PRINT o1

ﬂ11w$
weug%tz VAL(MIDS(WS, 3, 10)

hitime
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APPENDIX D

DATA FILE FOR WEIGHT LOSS RATE LIMIT 0.75 glkg/h

Tlme Current Wt |OSS W t. loss Given Actual
m Wt m rate in temp by temp, in

In program furnace

g g/kg g/kg/h  in °C  in °C

=

0.00 1931.78 0.00 0.00 20.00 20-00
010 193181 0.02 016 3500 22.00
020 193193 0.08 062 4700 41.00
030 1931.88 0.05 -0.26 5000 53.00
040 193179 001 -047 60.00 58.00
050 193166 -0.06 -0.67 66.00 66.00
060 193149 -0.15 -0.88 68.00 70.00
070 193130 -025 -0.98 68.00 70.00
080 193113 -0.34 -088 68.00 68.00
090 193098 -041 -0.78 68.00 68.00
100 193083 -049 -0.78 68.00 68.00
110 193071 -0.55 -0.62 68.00 68.00
120 193060 -0.61 -0.57 71.00 70.00
130 193050 -0.66 -0.52 75.00 74.00
140 193041 -0.71 -0.47 80.00 79.00
150 193033 -0.75 -041 86.00 85.00

21.60 190190 -1547 -0.47 311.00 310.00
21.70 1901.82 -1551 -0.41 317.00 315.00
21.80 1901.74 -1555 -0.41 324.00 323.00
2190 190166 -1559 -041 331.00 330.00
22.00 1901.60 -15.62 -0.31 338.00 337.00
22.10 190153 -1566 -0.36 347.00 346.00
2220 190148 -1569 -0.26 355.00 354.00
22,30 190144 -1571 -0.21 365.00 363.00
2240 190142 -1572 -0.10 376.00 375.00
2250 190140 -1573 -0.10 389.00 387.00
22.60 1901.39 -15.73 -0.05 402.00 400.00
22.70 1901.39 -1573  0.00 416.00 414.00
2280 190138 -15.74 -0.05 431.00 429.00
2290 190138 -1574  0.00 445.00 444.00
23.00 190138 -1574  0.00 460.00 459.00
23.10 1901.37 -15.74 -0.05 475.00 474.00
2320 190137 -1574  0.00 489.00 488.00
23.30 1901.37 -15.74  0.00 504.00 502.00



PROGRAM FOR CONTROLLING SHRINKAGE

DECLARE SUB
DECLARE SUB
DECLARE SUB
DECLARE SUB
DECLARE SUB
DECLARE SUB
DECLARE SUB
DECLARE SUB
DECLARE SUB
DECLARE SUB
DECLARE SUB
DECLARE SUB
DECLARE SUB
DECLARE SUB
DECLARE SUB
DECLARE SUB
DECLARE SUB

APPENDIX E

PrintOut ()

abortion ()

Commands (a$, p$, decimal$, num &)
Controllerlnit. ()
CurrentTemp ()

Delay (time&)

Expansion ()

extension ()

Initialization ()

InputD ata ()

Lim it ()

Massage2 (massage$, reply$)
NewTemp ()

PointSet (temp&)
RampSetting ()

RunProgram ()

TimeSetting ()

COMMON SHARED dt&, dt.second&, current.temp&, setpoint&

COMMON SHARED setpointO&, ramp.temp&, delta.temp&, i&

COMMON SHARED delta,temp.maxé&, tem &, temp2&,

rod.expansion2

COMMON SHARED heightO, height, disc.height, unit.shrink
COMMON SHARED shrink.rate, total.shrink 1, total.shrink?2

COMMON SHARED shrink.rate.limit, dt.hours, current.expansion
COMMON SHARED outfile$, correct.file$, total.expansion

CALL InputData

"CALL extension

CALL Initialization
CALL RunProgram

DO UNTIL current.tempé& > = 600
CALL Delay(dt.second&)

CALL CurrentTemp

PRINT current.tempé&

LOOP
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PRINT "Program Aborted"
CALL abortion

setpoint& = current.temp&
shrink.rate = 0

CALL PointSet(setpoint&)
CALL Controllerinit.
CALL TimeSetting

CALL Lim it

DO UNTIL current.itemp& > = 1200
CALL NewTemp
CALL RampSetting
CALL RunProgram
CALL Delay(dt.second&)
CALL extension

CALL CurrentTemp

CALL PointSet(current.temp&)

CALL Expansion
CALL PrintOut

i& = i& + 1
CALL Lim it
LOOP

CALL PointSet(setpointO &)

SUB abortion

s = IIRI

p$ = "K*"
decimals = "0"
numé& = 5

CALL Commands(a$, p$, decimals, num &)
END SUB

SUB Commands (a$, p$, decimals, num&)
Subroutine for communication Wlth the furnace C0ntr0”er

Two commands are used for the Communlcatlon The fIrSt
one gives the parameter and ItS neW Value and the SGCOﬂd
command is to make sure that the COﬂtl’O”EI’ |mp|ement

the changes in the first command.

For more information about these COmmandS rEfer tO the
instruction manual of the COﬂtI’O”EI’ These COmmandS al'e
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Command 3 and Command 4

num$ = RIGHTS$("0000" +
command3$ = a$ + "1" + p$ +
command4$ = a$ + "1" + p$ + "I*"

OPEN

DO UNTIL a$ =
PRINT #2, command3$;

reply3$ = INPUTS$(10, #2)
a$ = MIDS$(reply3%, 9, 1)
LOOP
FORj = 1TO 5: NEXT j
PRINT #2, command4$;
relpy4d$ = INPUTS$(10, #2)
cLose N
END SUB

SUB Controllerlnit.

modulc& = 1

PRINT Initializing module
a$ = "R"

p$ = "S"

decimal$ = "0"

CALL Commands(a$, p$, decimals,
FOR stage& = 1TO 4

+

LTRIM$(STR$(num &)), 4)

num$ +

"COMZ2:4800,E,7,IRS,CSO,DSO,CDO,,,PE" FOR RANDOM AS #2

module&

moduleé&)

PRINT Initialization of stage

a$ = "R"

p$ = "A"

decimals = "0"

CALL Commands(a$, p$, decimals, stage&)
a$ = "R"

p$ = "B"

numé& = 0

CALL Commands(a$, p$, decimal$, num &)
a$ = "R"

p$ = "C*"

decimals = "2"

CALL Commands(a$, p$, decimal$, num &)
a$ = "R"

p$ = "E"

CALL Commands(a$, p$, decimals, num &)

NEXT stage&
END SUB

SUB CurrentTemp
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a$ = "L"

p$ = "M"

massage$ = a$ + "1" + p$ + "2*"

CALL Massage2(massage$, reply$)
current.temp& = VAL(MID$(reply$, 4, 4))

END SUB

SUB Delay (time&)

SLEEP time&

END SUB

SUB Expansion

total.expansion = heightO - height
OPEN correct.file$ FOR INPUT AS #1

DO
INPUT #1, temp2&, rod.expansion?2
IF temp2& > = current.temp& THEN GOTO process?2
templ& = temp2&
rod.expansionl = rod.expansion2
LOOP
process2:
CLOSE #1
IF temp2& = current.temp& THEN
current,expansion = rod.expansion2
ELSE
current.expansion = rod.expansionl + (((current.tempé& - templ&) / (temp2& -

templ&)) * (rod.expansion2 - rod.expansionl))

END IF

total.shrink2 = total.expansion - current.expansion

unit.shrink = total.shrink2 * 1000 / (51.46 + total.shrinkl)

shrink.rate = (total.shrink2 - total.shrinkl) * 1000 / (51.46 + total.shrinkl) /
dt. hours

total,shrinkl = total.shrink2
END SUB

SUB extension
*

the subroutine tor reading the current extension

from the signal conditioner.
»

OPEN "COM1:4800,N,8,1,DS,ASC" FOR INPUT AS #1
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a$ = INPUTS (16, #1)
CLOSE ffl

FORj = | TO 16
sign$ = MID$(a%, j, 1) )
IF signs = "+ or SIgn§ = THEN GOTO processi
NEXT j
PRINT o
PRINT “Error in (ata transmision from the LVDT"

processi:
height$ = MID$(a$, j, 6)
power$ = MID$(a$,j + 6, 1)

power = 10 ™ (-VAL(power$))
height = VAL(height$) * power

END SUB

SUB Initialization
heightO = 10.056
i& =0
current.temp& = 0
dt.second& = dt& * 60

dt.hours = dt& / 60
total, shrink1l = 0
OPEN outfile$ FOR OUTPUT AS #1

CLOSE #\

END SUB

SUB InputData
INPUT "Time interval in minutes dt&
INPUT “Initial set pointin C SetpOI_ntO& o
INPUT "Shrinkage rate limit (+/-) ) shrink.rate.limit
INPUT "Maximum temperature INCErase in ¢ delt, temp, max&
INPUT "Disc height in mm dlSC.hel_(I]ht
INPUT "Correction filename Corr_eCt.ﬂe
INPUT "Output file name outfile$

END SUB

SUB Limit

X1 = ABS(total.shrink?2)

IF X1 < 2.799 THEN

delta.temp& = CINT(.5 * delta,temp.max& * (1 - (shrink.rate / shrink.rate.limit)))
ELSE
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delta.temp& = CINT(1.25 * delta,temp.max& * (1 - (shrink.rate
shrink.rate.limit)))

END IF
IF delta.temp& > delta.temp.max& THEN
delta.tempé& = delta,temp.max&

END IF
IF deltatemp& < 0 THEN
delta.temp& = 0
END IF
END SUB

SUB Massage2 (massageS, reply$)
OPEN "COM2:4800,E,7,,RS,CS0,DS0,CDO,,,PE" FOR RANDOM AS #2
DO UNTIL a$ = "A"
PRINT #2, massageS;
replyS = INPUT$(10, #2)
a$ = MID$(reply$, 9, 1)
LOOP
CLOSE n

END SuB

SUB NewTemp

ramp.temp& = current.temp& + delta.temp&
END SUB

SUB PointSet (tempé&)

subroutine to make the required command for the controller
to change the setpoint

J

a$ = "L"

p$ = "S"

decimal$ = "0"

CALL Commands(a$, p$, decimals, temp&)
END SUB

SUB Printout
time.in.hours = i& * dt& / 60
PRINT USING ", time.in.hours; currenttempé&;
PRINT USING "### ### "; unit.shrink; shrink.rate;
PRINT USING "###.### ", total.expansion; height; ramp.temp&
OPEN outfileS FOR APPEND AS #1
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PRINT #1, USING "##M M time.in.hours; current.temp&;
PRINT #1, USING "####.### '; unit.shrink; shrink.rate;
PRINT USING "#### ### ', total.expansion; height; ramp.temp&
CLOSE n
’ PRINT unit.shrink, shrink.rate
END SUB

)SUB RampSetting

Subroutine to set the programmer parameters for
temperature profile.

Calling module No. 1

a$ = "R"
p$ - "S"
decimals = "0"

module& = 1
CALL Commands(a$, p$, decimals, module&)

Calling stage No. 1

a$ = "R"

p$ = "A"

CALL Commands(a$, p$, decimals, module&)

Setting the ramp temperature.

a$ = "R"
p$ = "B" ’ Parameter name. B for ramp temperature.
decimals = "0"
CALL Commands(a$, p$, decimals, ramp.temp&)
END SUB

SUB RunProgram

a$ = "R"

p$ = "K"

numé& = 21

decimals = "0"

CALL Commands(a$, p$, decimals, num&)
END SuUB

SUB TimeSetting
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Subroutine to set the programmer parameters for
temperature profile.

Calling module No. 1

a$ = "R"
p$ = "S"
decimals = "0"

module& = 1
CALL Commands(a$, p$, decimals, module&)

Calling stage No. 1

a$ = "R"

ps = "A"

CALL Commands(a$, p$, decimals, module&)

Setting the ramp time.

a$ = "R"
p$ = "C" ’ Parameter name. C for ramp time.
decimals = "2"

CALL Commands(a$, p$, decimals, dt&)

END SuB
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APPENDIX F

DATA FILE FOR SHRINKAGE RATE LIMIT 10 “m/mm/h

Firing Given  Shrinkage shrinkage Current Amount Actual

time temp by rate height of con- temp, in
in program in in in traction furnace
h in °C surn/mm  jum/mm/h mm mm in °C

0.00 612.00 -6.761 -5.709 2.107 7.953 610.000
0.13 617.00 -6.196 4.585 2.162 7.898 612.000
0.27 629.00 -6.177 0.117 2.227 7.833 632.000
0.40 639.00 -6.147 0.220 2.284 7.776 639.000
053 649.00 -6.173 -0.198 2.335 7.725 649.000
0.67 658.00 -5.837 2.522 2.399 7.661 659.000
0.80 669.00 -5.833 0.015 2.459 7.601 671.000
0.93 679.00 -5970 -1.026 2.507 7.553 679.000
107 687.00 -6.141 -1.275 2.543 7.517 688.000
120 695.00 -5.669 3.548 2.612 7.448 696.000
133 707.00 -6.249 -4.367 2.662 7.398 709.000
147 71400 -6.170 0.616 2.718 7.342 713.000
1.60 72400 -6.514 -2.580 2.770 7.290 725.000
173 731.00 -6.400 0.865 2.820 7.240 731.000
187 740.00 -6.433 -0.249 2.875 7.185 742.000
2.00 749.00 -6.452 -0.139 2.933 7.127 750.000

19.73 1072.00 -190.346 -17.683 -2.380 12.440 1079.000
19.87 1075.00 -191.442 -4850 -2.385 12445 1072.000
20.00 1084.00 -193.128 -11.711 -2.380 12.440 1088.000
20.13 1086.00 -193.363 0.504 -2.360 12.420 1084.000
20.27 1099.00 -195.602 -16.893 -2.346 12.406 1106.000
20.40 1102.00 -196.128 -0.636 -2.327 12.387 1099.000
20,53 1116.00 -197.532 -10.406 -2.288 12.348 1122.000
20.67 1118.00 -198.158 -2.636 -2.289 12.349 1116.000
20.80 1130.00 -199.394 -8.747 -2.245 12.305 1136.000
20.93 1135.00 -199.790 -1.224 -2.212 12.272 1133.000
21.07 1149.00 -201.216 -10.447 -2.171 12.231 1155.000
21.20 1152.00 -201.456 0.307 -2.149 12.209 1149.000
21.33 1165.00 -202.387 -7.046 -2.101 12.161 1172.000
21.47 1173.00 -203.086 -3.820 -2.068 12.128 1172.000
21.60 1185.00 -203.785 -4.462 -2.019 12.079 1188.000
21.73 1196.00 -203.890 0.123 -1.960 12.020 1199.000
21.87 1205.00 -203.920 -0.254 -1.920 11.980 1216.000
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APPENDIX G

Equations for the stress-strain analysis and numerical calculations

The domain of an ellipsoidal inclusion is bounded by

where alb a2 and a3 are the principal axes of the ellipsoid and coincide with the x5 x2
and x3 axes, respectively. The Eshelby’s tensor SmeSijki=Sjikl=S ijlk

For the case of sphere particles

al=a2=a3
G.2)
6.3
The S is composed of the hydrostatic and deviatone components as
S=(a,0) (G-5)

The a and 13 values are
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1.1ty

15 1-v

For the case of circular cylinder
al=a2 < < a3= o

5-4v
8(1-1/)

c _ 5-4»/
2222— S(I_i.)

S 3333-

4v-1
1,2 8(1-p)

q 4i/-1

B>2M 8(1-»/)

Sy A

c =
28 2 (1-»/)
S3AI0

c = v
xm 2{1-v)
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N3322—

i *5-8y
212 16 1-1>

Sgp =1

The a and R values in this case are

gz 5-4f
8(1“ *I)
B=. 4" 1

Computer programme for calculating stress and strain

CLS

(G.11)

(G.12)

DIM EzeroS(i), NewzeroS(i), MewzeroS(i), BetazeroS(i), Bzero(i), Sigmaone(i),

Sigmazero(i)

Newzero = .34 ’ poisson’s ratio of matrix

Newone = .22 ' poissons’s ratio of the particle
Sigmay = 100 " Yield stress

h= 124 ’ work hardening rate

n= .23 " work hardening exponent

Ezero = 655 * 10 * 3 ’ Young’s modulus of Al (matrxi)
Eone = 350 *10”73 ’ Youngs modulus of SiC (particle)
‘c =0

'c = .05

c= .1

'c = .15

c=.23

'c = .28

* = 1044.98'for I/d =8
k = 660 'for I/d=20
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Mewzero = Ezero / 2 * (1 + Newzero) ' shear modulus of matrix
Mewone = Eone / 2 * (1 + Newzero) " shear modulus of particle

OPEN "B:\diSiC10.dat" FOR OUTPUT AS #1

10 DATA .002, .01, .05, .1, .15, .2, .25, 3
READ absilonP(i)

EzeroS(i) = 1/ (1 / Ezero + (absilonP(i) / (Sigmay + h * (absilonP(i) A n))))
" equation 1
’EzeroS(i) = 1/ (1 / Ezero + (absilonP(i) / (h * (absilonP(i) * n))))

EzeroS(i) = 1/ (1 / Ezero + (absilonP(i) / ((h * (absilonP(@i) ~ n) + (k * (c *
absilonP(i)) ~ .5)))))
NewzeroS(i) = 1/ 2 - (1 / 2 - Newzero) * (EzeroS(i) / Ezero)

’ equation 2
MewzeroS(i) = EzeroS(i) / (2 * (1 + NewzeroS(i)))

’ equation 3
BetazeroS(i) = (2/ 15) * ((4 - 5 * NewzeroS(i)) / (1 - NewzeroS(i)))
" equation 4

Bzero(i) = (BetazeroS(i) * (Mewone - MewzeroS(i)) 4- MewzeroS(@i)) / ((c + (1 - ¢)
* BetazeroS(i)) * (Mewone - MewzeroS(i)) + MewzeroS(i)) ' equation 5
’Sigmaone(i) = 1/ Bzero(i) * (Sigmay + h * (absilonP(i) An))
’Sigmazero(i) = Sigmay + h * (absilonP(i) * n)
Sigmaone(i) = 1/ Bzero(i) * (h * (absilonP(i) A n) 4 (k * (c * absilonP() * .5)))
Sigmazero(i) = n * (absilonP(i) » n) 4 k * (c * absilonP(i) A .5)

’Sigmaone(i) 1/ Bzero(i) * (h * (absilonP(i) * n))

’Sigmazero(i) = h * (absilonP(i) ~ n)

PRINT USING EzeroS(i); NewzeroS(i); MewzeroS(i); BetazeroS(i);
Bzero(i); Sigmaone(i); Sigmazero(i); absilonP(i)

PRINT #1, USING "MM ### absilonP(i); Sigmaone(i)’ ; Sigmazero(i); EzeroS(i);
NewzeroS(i); MewzeroS(i); BetazeroS(i); Bzero(i)

IF absilonP(i) = .3 GOTO 20

GOTO 10

20 END
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