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ABSTRACT

Electrical porcelaine are white wvitreous ware
insulators made from clay, feldspar, and quartz. There is
little or no local production of these porcelains inspite of
availability of raw materials and fuels required for their

manufacture.,

Little work has been done on developing bodies for the
porcelains using slip casting. The present work focuses on

developing low tension porcelain using dry pressing method.

Nine clays from different sources were studied for
important ceramic characteristics, based on which two clays,
namely, Kankara and Bida clars, with favourable
characteristics for dry pressing electrical porcelains were

chosen.

Four porcelain bodies, namely, body A (454 clay, 304
Silica sand, 254 feldspar), body B (454 clay, 254 silica
sand, 30% feldspar), body C (S04 clay, 204 Silica, sand, 304
feldspar) and body D (404 <clay, 254 silica sand, 354
feldepar) were studied. Four different firing temperatures,
namely, 1180, 1220, 1240, and 1300°C were wused. Dry

pressing mode of production was employed.

Kano KRD, Kankara, Cross River, and lkebedi clays are
most probably Kaolins while Bomo, Goronyo MWFland Bida were
found to be stone ware clays probably. Kaoje clay showed the

highest pfefferkorn plasticity index while Kano KRD showed
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the Towest, The minimum viscosity studies showed that cross

river had the highest while Eomo had the least.

Bedies “B’, ‘C’, and ‘D’ were very adequate for
producing dry pressed electrical porcelains using Kankara
and Bida clars, Okene feldspar arnd Danbatta silica =zand. HNo
good porcelain was found using a firing temperature of 1180
or 1220°C., Body ‘C” showed the most favourable green
properties, Firing temperature of 1240°C proved ta be the
best firing temperature, within the ipvestigated range, and
the ranges of the properties developed at this temperature

are shown on table 1.

TABLE 1: RANGES OF FIRED PRORERTIES OF THE DEVELGPED

PORCELAINS FIRED AT 1240°C.

Froperty Range
Linear firing shrinkage (¥ 7.94 - 8.31
Firing Weight loss A 5.41 - &4.77
Fired Density Kg< m® 2144 - 2238
Fired MOR KN/ em? 2.92 - .44
Apparent Porosity A 0.08 - &.92

Water zbsarption £V .04 - .21
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CHAPTER ONE

INTRODUCT 10N
Electrical porcelains are very important in
technological development, and presently, almost all

Nigerian requirements are being met through imports, though
raw materials needed Afor their local production are

abundantly available.

Previous investigations were in <€lip casting, which is
used to produce high tension insulators, mostly, Lower
shrinkages, which lead to ease of shaping intricate and
accurate shapes and dimensions are frequently very
necessary, and hence the need for dry pressing, though only
low tension porcelaine are normally produced with dry

pressing.

It is, therefore the objective of this work to employ
dry pressing together with local raw materiales to develop

low tension insulator bodies.

Nine clays from different sources, in Nigeria, were
studied for their physical properties, and two clays,
namely, KankKara and Bida clays, with favourable properties
regarding dry pressing and electrical porcelains were
chosen. Four different bodies, A,B,C, and U were used to
produce the test specimens Ffor both green and Ffired
properties, Firing was done at four different peak

temperatures; 1180, 1220, 1240 and 1300°C, and Soaking



times. Howewver, duration of heat treatment, in all cases,

was Kept same and equal to 23.75 hrs.

Test Specimens were tested only for phrsical properties
because according to Johnson and Robinson (1975), electrical
properties are not critical, in practice, insulator decsigns
bazed on mechanical considerations, generally have

sufficient electrical strength,

Once a good porcelain body has been developed,
commercialication could be done through scaling-up of the

processes aof manufacture,



CHAPTER TWO

LITERATURE SURVEY

2.1 _COMPOSITIONS

A ceramic material particularly suitable for electrical
insulation i1 obtained by firing a mixture containing 5-35%
beryl in addition to the usual ingredients, such as clay,

silica, and feldspar. British - Houston (1921).

Table 2. <chows the compositions used, by WatKins
(1923-4>, in his work on electrical porcelain. Compositions
shown in Figure | were used for work on high tension
insulators. Reichau (1924-5). A wide range of traditional
ceramic compositions are mixtures of clay, feldspar, and
flint, and these compositions include hard porcelain, table
ware, vitreous sanitary ware, hotel china, electrical
porcelain, and a host of others. Kingery (1%40). The amount
and Kind of clay used are largely determined by requirements
dictated by the forming technique; as more difficult forming
techniques are employed when & larger content of China clay
is required. Ball «clay is more plastic, and hence
facilitates use of eacsier forming techniques, but contains
much impurities. Consequently, a balance is struck by using
as much China clay as will permit successful forming.
Compositions such as low tension electrical porcelains are

not critical as regard either forming or firing operatioins.



TaBLE 2: Porcelain  Compositions with  their detecmined

Suitable Firing Temperatures Tried by WatkKin (1723-4) in hisg

Work on Electrical Porcelain

Number 1 2 3 4 2 é 7 8 b4 10
China Clay 30 3 30 30 30 30 15 - 20 30
Ball Clay 25 23 25 25 15 35 40 20 i 23
Flint 30 20 10 - 30 10 - 15 - 20
feldspar 15 25 as 95 25 25 43 30 35 10
Red Clay - - - - - - - 33 - -
Zirconium - - - - - - - - io0 -
Steatite - - - - - - - - - 13

Seger Cone MNumber 10+ 10 ? 8 24 ? 8 ? i 7
Watkin Recorder 32+ 32 31 30 31+ 31 30 29 3 29
Approximate

Temperature of 1310 1300 1280 1250 12%0 1280 1250 1230 1280 1230

firing?C







However, a balance is desired, which will lead to the most
economical ware; easy to Fform but also Ffired without

difficulty. Kingery (1%40).

Bodies suitable for electrical porcelain manufacture

must possess these properties:

i) Vitreousness over the required firing range.

11) Adequate plasticity and workability for the forming
procecses involved.

iii)» Adequate green strength

iv) Reasonable drying and Firing shrinkages to enabale
close tolerance to be maintained, and to minimise
distortion and crackKing.

vl Capability of taking glaze, this involves not only a
suitable match of body and glaze thermal expansions,
but also the absence of  wundesirable body-glaze
reactions.

vi) Adequate firing range to cover the variations in firing
obtained in large intermittent Kilns, and to enable
refiring for repairs of glaze faults, or the
glaze-jointing of sections.

vii) Minimum prroplastic deformation over its firing range

viii) Adequate Mechanical strength, and in some cases, good
resistance to impact and thermal <shock. All  thece
properties are enhanced when the porcelain is matched
with suitable glaze.

ix) Sufficiently low dielectric loss factor and adequate

electrical break down strength.



It may seem odd to place the electrical properties
last, but in practice this is not usually a critical factor,
and insulator designs based on mechanical considerations,
generally, have sufficient electrical strength. Johnson and

Richardson(1975).

2.2 AUXILIARIES

Some additives are normally used in dry pressing to
improve flowability, reduce abrasion, improuve bonding

strength, increase internal lubrication, and aid external or

die-wall lubrication. Ideal binder or combination of
addi tives is needed to achieve the aforementioned
objectives, Reed and Runk (1%27&). Some of the auxiliaries

together with their Ffunctions, given by Reed and Runk

(1974), are presented in Table 3.

A number of materials are employed as binders or
lubricants to assist in dry pressing. In the presence of
sufficient clay in the body, other additione are not
necessary. However, where insufficient clay is desired in
the body, the <selection and application of organic or
inorganic binders can be classified as the second most
critical factor in dry pressing processes.

Whittermore(1978)



TABRBLE 3: Functions of Additives in Ceramic Batches

Addi tive Function
Binder Green strength provision.,
Lubricant Provides mold release and interpar-

ticte sliding.

Plasticizer Improves flexibility of binder films,
allows plastic deformation of granules

and gives rheological aids.

Chealating or Inactivates undesirable ions

Segquestering agent

Fungicide and Stabilizes Ceramic mixes against

bactericide degradation with aging.

2.2.1 BINDERS

In has beer, generaltly, fournd that better results are
obtained by using water soluble bhinder {three percent) with
high melting micro-crystalline waxes (three percent) than by
emplorying only one type of binder. In addition binders
stioutd have low melting peints. Singer and Singer (19710,
Many binderz are compatible with others, that is
precipitation, gelatinization, or other detrimental effect
does not occur as a result of combining two binders

together. Onoda(1%?78>



2.2.2 PLASTICIZERS

i|
The function of a plaszsticizer i3 to develop the
acdhesiveness of the binder in the abzence of water. Singer
and Singer{l?71}, Flasticizers are the additions that
soften the binder in dry or near—dry state. Thery are lower

- molecutar-weight organic speciee that dissolve in the same

ligquid as the binder. Onoda (1978).

2.2.3 ANTISTICHKING AGEWTS (LUBRICANTS?

Lubricants have three functions according to Singer and

Singer (12713,

These are:

i iding flow of the particles of the hody in the die
while the forming pressure is applied.

iid Preventing the body from sticking {o the punches when
the forming pressure (s released,

tii?» Prowiding the “slip’ necessary to prevent the pressed
piecez from sticking to the walls anmd core pine when

ejected.

Waxee can be combined with +fats, fatty acid soaps as
antisticking agents, but not with oils. Singer and Zinger
(1¥#71>. Best lubricants, in practice, are those with polar
groups, and for oxide powders, oleic acid, stearic acid,
zinc strearate, alcochols, and waxes are commonly added in

minor amounts. Reed and RunkK{1?2724).
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2.2.3.1 IWTERMAL LUBRICANTS

Internal lubricante are added to impraove the 10w
praperties of the powder mixture and alsoc contribute some
strength, but toc a lesser degrese compared with binders.
Materials used include, Poly (ethylene? glycaol and paratfin
Wax . A large amount can be added and ie contained in the

void voltume of the particle mass, Whittermored(i?78),

2.2.3.2 MOLD LUBRICANTS

Meld lTubricants help in reducing the frictiocnal effects
at the mold walls, Lubricants such as colloidal graphite
and stearic scid are emploved, Ther may be wiped or sprayed
on the mold wall or pumped through portings,

Whittermorel{i®78).

2.3 SHAPING MIXTURE

The requirements that electrotechnical porcelain has to
meet standards with respect to properties, such as
mechatical strength, breakdown woltage, and dieleciric
losses, are particularly rigid. Thege requirements are only
satisfied i+ the porcelain iz densely sintered and has 3
homageneous structure with a minimum number of pores,
consequently, specially prepared mixtures and special
production conditionse different from those used for
household porcelain are required for electrical porcelsain,

Budnikovil®sd).



Ory pressing requires a powder that has uniform flow
characteristics ar a powder that exhibits good
"Pourability". Generally, coarser particles tend to flow
more uniformly than finer ones, and an ideal granular size
distribution is Known to be between 16 and 80 mesh. As
little as 104 finer material can impede the +Free pouring

characteristics of the powder. Reed and Runk (1%74&).

2.3.1 POWD

A powder consiste of individual crystallites bonded
together to form a particle, which may be decscribed as an
aggregate, an agglomerate, or a granule. Consequently, the
characteristics of both crystallite and particle are
important. The characteristice of a powder, at any stage of
processing, can be described by a large number of

parameters, which are summarised in Table 4 Matkin(1973).,

Ceramic powders can be prepared by comminution of bulk
material, by chemical preparation, or in a few specialised

cases, directly by vapour phase reactions.



TABLE 4: Important Powder

12

Characterisation Parameters

Parameters

Crrstallites

FParticles

Aggl omerate
aggregate

granule

and

Crystallographic form
Stoichiometry

Size

Size distribution

Shape

Impurity content and distribution
(including adsorbed gases on the
surface’.

Activity

Reactivity of syrface energy

Internal energy.

Size and cize distribution

Shape

State of agglomeration
Fore structure
Impurity content and distribution

Powder “Stickness" or “glidability
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2.3.2 PROCESSING

The treatment of the mixture before molding has
considerable effect on the porosity and other properties of
the insulators. For instance, aging, that is, allowing a
plastic mixture to stand for sometime, has a favourable
effect on the molding behaviour, the green strength, and the
properties of the final product, Deairing in special pug
millse has, nowadays, <uccessfully replaced aging. In
electrical porcelain production, dearing of the mixture is
very important because it substantially improves the
performance of the insulators. Budnikov (1%264). It is
establicshed that the characteristice of the initial powdered
material, determined by the initial powder preparation, and
by its subsequent treatment, <strongly influence all stages
of ceramic fabrication and, therefore, affect both the
microstructure and the physical properties of the Ffinal
ceramic ware, It has been pointed out that, powder
processing is an important stage of fabricating ceramic from
powder, but it has been found to be the most difficult to
characterise and control. The major aim of powder
processing is to obtain a reproducible powder with a set of
Known and required characteristics, in order to predict the
behaviour of the material during the subsequent fabrication

stages. Matkin (1973).
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For pracesses in which the body is formed by pressing
in an essentially dry state, material may be prepared either
by wet or dry process, The preparation of the bodyr for
cshaping is dipicted in Figure 2. Howeuwer, it is becoming
increasingly common to use the wet process in which the
materiale are milled together with whatever binder or
additives are requiraed. The material is then spray dried in
order to form small spherical granules which are Ffree

flowing and readily fi11 die cavities, Kingery (1%40).

2.2.2.1 CALCIMATION

Calcination is =aid to be the sufficient heating cof a
material to drive away water and alse burn most of the
organic impurities in the presence of air. Calcination
temperature depends on the material to be treated. Apart
from ite primary function, it alsc creates zome thermal
stresses in the calcined material when jt is cocled fast
encugh . Thise s being utilised to weaken the rockr

materials sc as to chip and crush them sasilr.

2.3.2.2 LCRUSHING AND GRIMDING

Crushing is the reduction of l1zrge lumps of materials
to convenient sizee Ffor cecondary reduction. There is
primary and secondary crushing. Maximum sizes of materials
from primary crushing are 7.42 -~ 15.24 cm. In =econdary
crushing, sizes from primary crucshers are reduced to cizesg

suittable for grinding or milliing.
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Grinding is usually done by means of ball mills or edge
runners, and could be wet or dry. In wet grinding, the
quality and fineness of the powder is governed by the weight
of the <ctones and the length of the time =zallowed, Hill
(1214-5). The variables Known to have influence ocver the wet
grinding in cylinder mills, according, to Creyke and Webb

(1940-1>, are:

i) Speed of rotation, diameter and length, nature and
shape of the interior surface of the cylinder. Speed
of rotation is fixed by equation (1)

N = 32/SORT (R—p)-——mc——mmm e e (1>

ii) Total weight, shape, and =size grading of grinding

Media.

iti) UWeight of charge, and its ratioco to the weight of
grinding media, and also the ratio of the solid charge

to water.

Cylinders were found to be more efficient in grinding
than balls. Zeemann etal (124%9). Grinding is a particle
cize reduction process by means of mechanical forces.
Greskovich (1974). Ball milling, according to Matkin

(1973), concsistse of three stagecs, namely:

i) Marked reductiocin in the sizes of aggregate by light
milling.
ii) Fracture of individual particles and formation of

defects and changes within the particles during longer

milling.
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111> Re-agglomeration at Prolonged periods of grinding.

Grinding i€ normally dependent on the viscosity of the
medium wup to about 20,000 mill revolution, and is then

independent. Somasundaran (1978)

2.3.2.2.1 MILL CHARGING

Ball mills are generally filled with grinding media to,
approximately, 50 percent of their total volume, while the
powder charge i usually 25 percent of the total volume for
dry milling and is 30 to 40 percent of the total volume for
wet milling operations. A grinding aid, such as stearic
acid or oleic acid, is usually added in small emounts (about
one percent weight) to powders under going dry milling in

order to enhance efficiency. Greskavich(l1974) .,

2.3.2.2.2 GRINDING AIDS

Grinding aids, in wvapour Fforms, such as ethylene
glycol, proprylene glycol, and butylene glycol were said to
be used commercially, in Germany and Yugoslavia, to improve
the efficiency of cement grinding. Amine acetates and
diethylene glycol were reported to be in use, in Japan, as

grinding aids in plant size reduction. Somasundaran(1978).

Some of the grinding aids currently in use are:

a) WATER

Grinding in water is more efficient than dry grinding.
This favourable effect of water has been ascribed to a

reversible reaction between unzatisfied surface bonds and
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water molecules., Cushioning effects due to the presence of
fines, also, will be less during wet grinding, since fines
tend to remain suspended in the water, than during dry

grinding.

b) ORGANIC LIQUIDS

Grinding in organic liquid ise noted to have more
efficiency than in water. Samasundaran<1978) reported a
12-¥old higher production of surface area for grinding in
organic liquids, such as isoamyl alcohol compared to that
in water. Carbon tetrachloride and Methylcyclohexane were
reported to give higher grinding rates than Nitrogen.
However, grinding efficiency was lower in the two organic
liquids than in water but became the same when small amount
of water were present in the organic liquids in dissolved

form.

c) SUSPENSION AIDS

Some of the dispersing agents commonly used are sodium

silicate and tetrasodium pyrophosphate. Greskovich(1%274).
2.3.2.2.3 THEORY _OF GRINDING

Yon Rittinger (1847) has proposed that the energy spent
in milling is proportional to the new surface formed., This

relation is given by equation (2)
J = B(1/Dy - 1/Dy)s——mm—mmmmmm (2

Kick(1885) applied the classical theory of elasticity and

strength to grinding process. Kick stated that & critical
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stress is required for fracture and that the same energy is
required to break up a large particle into an infinite
number of smaller particles, a step at a time. The relation

he gave is given by equation (32)
Jd = 0 10g(D;/Dal) mmmrees=mescenen (3

Bond(1952) stated that, the total work useful in
particle breakage is essentially inversely proportionzl to
the square root of the diameter of the product particles.
Bond’s mathematical expression, given by equation (4, is
actually empirical because it was formulated on laboratory

tests.
J = F SGRT (1/02 e 1Dy Yummrniims (4>

The above "laws" are emplored qualitatively because of
the many oversimplificatioine and assumptions used to derive
them. Rottinger’s law was szaid to be often applicable,
qualitatively, to the reduction of coarse particles, whereas
Kick’s hypothesis was said to be applicable to fine grinding
of particles, as rewvealed by empirical observations.
However, there are several objections to the use of these

laws .

Firstly, there is usually a big discrepancy between the
energy spent in milling and the surface energy of the newly
formed surfaces. Theoretical grinding effciencies are
usually low, of the order of 1, with most Kinetic energy

converted into heat.
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Secondly, it is doubtful that large particles have the

game critical stress for fracture as small particles.

Thirdty, it ie obviously very difficult to disintegrate
large uniform particles into tmaller particles of uniform
s5ize. This is implied in these postulated hypothesis of
milling since the effect of particle cize digtribution in
the feed or product material are not directly taken into

account.

Several attemptzs have been made to improve these
theorie<. However, the development of an edequately» unified
theory of miltling +Fraom Firet principles appeals to he

extremely difficult.

There are a wariety of complex comminution evente
cccuring that depend greatly on the nature of the material
and the twvpe of milling dewice employed. It is most
reasonable then, to make use of empirical observations and
relations which, i+ carefully interpreted in the light of
modern theories of comminution <an give a better
understanding of the hiI!ing procese and perhaps lead to 3

rational theoretical treatment., Greskavich(1974).

The {fracture of particle invalves the propagation of
cracks that are present or initiated in the particle.
The stress required for fracture iz given by Griffith

relationship. Samasundaran{1??8)

S = SORT (2E Y/L) =—mmmmmmmmmmmmem €5y



21

For brittle materials, 103¢ U < 104 erg/sq.cm.
However, YV is much greater than 109 erg/sq.cm for plastic
deformation. When a particle is repeatedly fractured, each
new fragment tends to be stronger. This happens because the
larger crackKs in the original particle propagate first,
leaving the finer cracks in the new particles and therefore,
the probability of +finding a flaw of a qgiven minimum
fracture <tress decreases. As fragmentation continues,
eventually the fracture stress required may increase to the
extent that some plastic deformation ie possible. With
plastic deformation occuring, the particles can not be
ground further, consequently, a limit of fineness in
grinding exists., The limit, he said, is reported to be 1UM
for quartz, and 3 to SUM for limestone. Fracture stress was
reported to have a gradual increase intially when the rate
of stress application is increased from slow compressions to
fast compressions. Fracture stress further increase with
low-velocity impact, but then decreases when the impact

velocity I1s further increased.
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2,3.3. BLENDING

Having been ground proportioned accordingly, the
materials can either be tempered in Fform of a liguid
suspension or in the dry state. Both methodes are =aid to

have their advantages and disadvantages.

When & suspension is mixed, the mixture attains
Momogeneity more quickly, but more often than not, on
account of targe difference in particle size, and sometimes
in the specific gravity of the particles, <separation inte
layers occurs, This resulte in separating the non plastic
materials and their accumulation at the bottom, while the
top lavers remain plastic. Hermce, it ie essential to Keep

stirring the ligquid mixture in the tarnks.

Making & mixture from dry powders is said to require
thore intensive and prolonged stirring than making a
suspension. The manner of mixing determines the method by

which the mixture is brought to the desired workKing moisture

cantent, For dry pretilending of the comporents in powder
form, small quantities of water is usually added. This
causes the formation of Tumpe in the mixture, and

necessitates the use of a tempering Mill to break the bond.
The water is added to minimise the entrapped air because the
finely porous structure of & powder mixture obtained by
preliminary dry mixing prevents air from being removed +rom
the powder during pressing, and this promotes the farmation

of laver cracks ("overpregzing'). Budnikou(ivsd),
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The main essence of bklending is to ensure uniform
distribution ot the additives required to aid the
fabrication process of a ceramic ware from a ceramic powder,

Matkin <1%73).

2,3.4 GRANULATION

Granulation techniques, to improve flowability and
packing efficiency of powders, must be applied in order to
facilitate precssing of finsg powders because of their poor

flow properties. Ddemans(1%45), Reed and Runk (1%974).

Binders are emplored in most granulation techniques. A
number of parameters which include granule size and shape,
and inter—grarular cohesion and friction are used to
deteﬁnine the flow properties and packing efficiency wof the
granulated powder. Sirength of the powder granules is also
important because they have to be strong enough to withstand
handling »et, i the granule structure i¢ not brokKen under
the compaction pressure during cold Fforming, then non-
uniform microstructure and Yow green densities result.
Since the Fflow properties and packing efficiency are
markedly influence by granute size distribution, the
classification of granule size s important in ceramic
prrocessing. The various classification techniques include

screening and air classification. Matkin{1%73).
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The following granulation techniques are used according

to Reed and Runk (1974), Whittermore(1978).

i) Compaction followed by crushing and screening
ii> Ball-milling and screening

iii> Spray drying.

Binders could be used for granulation process. In most
cases, the three techniques enumerated are emplored for
small, intermediate, and large quantities of powders
respectively. Spray drying permits close automatic control
over the final moisture, binder, and lubricant content to
within less than + 0.5%. It permits more precise control
over the powder characteristics by having all the process
parameters under high control. This ensures consistently
good flow properties, Reed and Runk (1%97&), Granulation,
usually in form of compaction, is often employed to
alleviate problems, such as low bulk densities, and high
compaction ratios {(ratio of compact density to powder bulk
density), associated with fine powders. Precompaction gives
rise to a large reduction in the compaction ratio and a more
uniform Final product. However , although high granule
density will reduce compaction ratio, coarce weak bodies may
result, with greater density variations within the compact.

Whittermore (1978).

2.4 DRY PRESSING

Dry prescsed electrical porcelain served well for low

frequency, low voltage insulation although, wet processed
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electrical porcelains have somewhat finer microstructure
which results in improvement of properties, particularly in

dielectric strength.

The rising demands on the size tolerance of ceramic
products used in electraonic and nuclear application is the
factor which brought the importance of shaping ceramic
articles by pressure application into picture. However,
even with drypressing, it is difficult to fulfill this
demand, though easier than wet methods of forming, because
of the linear firing shrinkage which ranges from 104 to 304,
This shrinkage causec discrepancies between the compact and
fired product in size as well as in shape. Oudemans (1%45),
The final product precicsion depends on many factors,
including powder mixing and sintering control.
Whittermore(1278). Dry pressing is a process of shaping
granular ceramic bodies in dies by application of pressure.
Singer and Singer(1%71), Dry pressing is <simul taneous
uniaxial compaction and shaping of a granular powder with
small amount of water and/or binders during confined
compression in a die. Reed and Runk(1%974). The main
objective of pressing is to turn a loose, unbounded powder
mixture into a Ffirm product of maximum uniformity and
density, of definite =shape, =size and hollowness.
Budnikov(1%944) ., Reduced cost of production, lessened cost of
installing expensive dryers or dry floors, more uniformity
and precision in <ize, improved refractoriness +for some
clays, better thermal shock resistance of large refractory

shapes, and poorer heat conductivity of dry precsced ware are
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some of the advantages claimed in making large shapes by dry
pregcing., Fleod (1922), The arezxter the pressure used
during molding, the smaller the firing and total shrinkKages.
1t was observed that the totzl shrinkage of pressed ware are
much Jlower than those of cast and molded bodies. RiekKe and
Keeding (1%303.

The advantages of prescing are the rapid molding rates Cup
to 5000 pieces per minute in rotary presses? and precision
(molded toclerance on the order of U.lmm). Reed and Runk

(1974 and Whittermore (1%78),

2.4.1 PRESSING

The shape, size, and hollowness of the compact are
determined by the structure, shape, and =ize of the press
dies. Strong green ware (compasctl} is obtained by densifying
the powder; the densification bringe the particles c¢lose
tocgether, increase their contact area and therebhy produces
considerable mechanical adhesion. Due ta the internal
friction which zccompanies powder compression, owing to its
low moisture content and poor slippage of the particles with
respect to one another, considerable pressure (100-150kg per
£q.cm? or mare is cequiced to make the materials strong.
Budnikou(1%44). Porosity» diminishes x5 the pressure js
increased +from 23KN/Sq.m  to 200KNASg.m. Foster and
Emery{(19?15~62, The greater the strength and therefore, the
density of the green ware, the higher the ctrength of the
fired parts, 211 other factore being equal., The volune of
air- in the loosze powder may attain 50¥ of the volume of the

mixture. This air fills the spaces between the grains and
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i#+ patially adsorbed on the surface of the particles
weakenning their cohesion. Far dense compact to result,
particular attention must be given to the grain composition.
Rensification of powdered mixture is accompanied by
expulsion of the air, which escapes through the gape between
the die and the motd. The air is partially forced inside
the compact and, it finds its way between the grains in the
precssed state, thereby lowering the cohesion and increasing
the amount of elastic deformaticon occuring during pressing,
and also the elastic atter effet, Howewver, larger amount of
dust and clay with a greater moisture content makes it
difficult far the air to espace, and may cause lamination of
the compact (formation of cracks parallel to the pressing
plane). @Application of pressure for a longer time and in a
staggered fashion makes !t easier for the air to escape.
Moisture enveloping the particles of the mixture hetps the
ctay particles to adhere to one another and reduces the
internal friction. The higher the moizture content of the

mixture, the lesser pressure regquired. Budnikou <(1%&44).
2.4.1.1 PBROCESS

Deneification requireg an increase in pressure and is
accompanied by a decrease in volume <(ShrinkKage) of the
mixture,. The shrinkage depends on the properties of the
mixture and the extent of the pressure, and is evaluated by
the compression coefficient (K_ ), that is, the ratic of the
height of the powder when poured into the mold (h;) *to the
height of the compact (ha). The value of K. is reported to

be wusually within the range 1.6 - 2.0. Ac the pressure



builds up, the shrinkage rate of the mixture is uneven.
Initially, there is more shrinkage principally» due to
wedging and mixing of the particles in the direction of
apptication of the force. On fuyrther pressure increase, lese
shrinkage toagether with plastic and brittle deformation of
the particles result. Further precssure increase makes
plastic deformation more snd more important, and increases
to such an extent that it results in a2 waste of energy and
demixing of the compact f{over preseing? and this is further
aggravated by the air pressed into the compact. Relaxation
of the load from the compact clamped by the sides of the
mald causes expansicon due to elastic deformation, but only
in the direction of the receding die. This is why the
lamination cracks lie parallel to the plane of pressure
application. While higher pressure than necessar)> causes
cverpressing, reduced pressure Cunder-pressing) produces
flimsy compact and fragile firced material. Budnikov (17847,
The moisture content at which maximum consolidation occuers
{critical moisture cantent) decreases as the forming
pressure is increased. The maximum amount of consolidation
produced at the critical moisture content increases with
tngrease in the forming pressure. For a particular
pressure, the critical moisture content is higher +for fast
than for sltow rates of loading. It was abszerved that, at
similar pressures, the critical moisture content for the
fine-grained clay ie higher than for the coarse grained
clay. The critical moisture range it narrower for the higher
pressures and for  the coarser grained material., Noble

etal(1938), Proalonged or repeated effect of a load makes it
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possibie to reduce considerably the elastic forces created
during pressing and to change elastic ta residual
deformation. Howewver, high productivity required from
presses 1imit the duration of the pressure to 2-2 seconds,
hence multistamp pressing is emplored in practice. Several
stagee helps to increacse the density of the compact and alzo
to decrease the deformation. Two stage pressing, with ratio
of primary to secondary pressure usually within the range of
1:3 to 1:4, is usual,. Budnikeov (17&842. Also bumping has a
marked sffect on the porosity of the compact. Foster and

Emery (1213-52.

During pressing, some of the ferce transmitted by the
die is spent in overcoming ¥friction inside the mixture
itsel¥ and against the wallsz of the mold. Hence layrers
further away Ffrom the die have reduced density.
Cansegquently, the thicker the layer of the mixture, the
greater the differential in the demsity of the caompact — the
so—called moneguidensity. This ie why articlese are pressed
in the direction of their smalliest dimension for biltateral
pressing, which is equivalent to halving the thickness of
the layer. Increase in moisture content of the mixture
decreaces nonequidensity tendency. The quality of the
compact, therefore, depends not only on the properties and
preparation mixture, but alza on the preszing conditions,
including thes final pressure and the Joad ratio, in

step~by—step~ precssing, Budnikou (1944),
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2.4.2 CLASSIFICATION

There are two extreme forme of dry pressing namely,
dust pressing and true dry pressing. Singer and Singer
(1971>. Pressing processes include dry pressing, which uses
up to 494 water, dust pressing or semi-dry pressing, which
utilises up to 20/ water, and isostatic pressing, which uses

less than 24 water. Reed and Runk (1%974&),

2.4.2.1..SEMI-DRY PRESSING

Semi~-dry pressing i the end point of the clay-water
combinations requiring more pressure, the lower the water

content,

These bodies contain clay and have about 10-154
moisture, although Reed and Runk{(1%97é> have reported the
moisture content required for semi-dry pressing to have
extended up to 20%. Under sufficient pressure plastic flow
into the die cavities occurs. In fact, <some of these
bodies, although appearing granular, will form a compact
when pressed in the hand. Semi pressed pieces are rather

fragile.

Vitrified bodies, shaped in this way, do not attain the
density of a truly dry pressed piece or one made by a wet
process. Therefore, electrical porcelain fabricated in this
way can only be for low-frequency, low-voltage applications.
Howewver the universal usage of dust pressing is for wall

tile production. Singer and Singer(1971).
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2.4.2.2 TRUE DRY PRESSING

Atthough true dry pressing mary contain up to 44 water,
it makes no use of the natural plasticity that could be
developed in any clay by the water that 1z present, Dy
pressed ware that will become hard on firing can be praoduced
from any raw materials, whether they possess any pasticity
or not, by szyitable additions of lubricants and binders,
Dry pressed wares are Known to have tittle or no drying
shrinkage and so cut out drying time. They can be made with

high dimensional accuracy, completely vitrified, with high

dielectric strength, and wi th special precautions,
vacuum-tight ware can be produced. Inm thic case, no flow of
the body will oecur under pressure, so the granules must be

correctly distributed in the die before pressing starts,
Means of over—coming the flow problems associated with the
production of zuitable electrical porcelain include proaper
design of shapes with regard to the method by which they are
made, avoiding unnecessary sharp corners, excrescenses,
weakness etc, and addition of =mall quantities of binders,
lvbricants and anti-sticking agents and plasticizers. Singer

and sunger (19712,

2.4.3 COMPACTION BEHAVIOUR

During compaction, the dispercsed powder becomes a
cohesive unit, the porosity decreases, single crystal or
aggregated gparticles +racture, and the number of
interparticle contacts and degree of particle interlocking

increase.



3z

The force applied by the moving punch i=s transmitted through
the compact via interaction forces at particle cantacts. AN
unbalanced srstem of normal and shear stresses at contacts

can lead to particle deformation and <liding and multiple

particle rearrangements, The reacticon forces of
neighbouring particles in contact restrict sliding and
trancsiation. It was said that, greater displacement of

particles in tine with the applied pressure are expected,
but lateral displacements are also possible, ecspecially
initally, due to the random blocking of neighbouring
particles and the random availability of nearby pores. As
the forge applied, increases, contact stresses increase and
therewith both rormal and Frictionzal +orces are increased.
The contact <stressese can cause elastic deformation and
perhaps plastic flow or Ffracture at local contacts +for
relatively low applied force because the zum of the contact
area iz only a small fraction Cas little as 1079 of the
total cross section. The increase in the number of contacts
per unit vaolume and a greater deformation at contacts would
tend to diminigh the strese multiplication at contact

points. EReed and FRunk (1974}

2.4.4. 5TAGES OF PRESSING

Knowledge of how compaction proceeds within, the die,
and what forces ogperate on the individual powder particles
and determine their movements individually or in small
assembrlages its tooc scanty. This is attributed to the

complexities of the experimental problems which tied down
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regearch publigations on compaction of dry ceramic powders

to only a few., Oudemanz(1945),

Reed and Runk {1%74) conveniently considered compaction
behaviour in four stages distinguished in terms of a range
of pressure and predominart mode of densification. These

stages are:

i} Particle =liding and rearrangement without fracture

e

This is the initial compaction characterised by
irreversible flow at applied pressures of less than &8.%5
N/Sg.cm for fine powders containing weakly agglomerated
particles, FPunch travel, within this stage, ranges between
0.25 - 0.50 of the totzl, depending on the porosity of the
feed material. Powder porasities on filling range typically
between 0.8B0 - 0.95 for bulky powder feed and between 0.&40 ~
6.73 for spray dried feed., Gas escaping between the die and
the puch causes "flashing" of the powder there, and
compression of air in the pare phase can occur i+ the strain
rate is high. The microstructure of the granuvlated (Spray
dried powders is quite diffterent from that of the bulky
powders. The particle pacKing in the granules and the
cohesive strength ot the aranulee can be quite important in
centrolling the pore structure and the degree of preferred

orientation of particles at this stage in the compact.

ti) Onset of local deformation and fracturing of particles

at points of contact
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s the applied pressure continued to increase, more
intimate particle configurations are Fformed and can only
caltlapse if lacal fracturegs occur at points of concentrated
strees. 1In this state, the grain sizesparticle size,
intergranylar strength, particle shape, and the modulus of
elasticity <fhardness) of the particle phase =zre quite
important. Densification, within this stage, exhibits a
linear relationship betwen relative density and Yog pressure
followed by arother tinear dependence of density» on log
presaure hut of greater slope. The c¢ritical stress
corresponding to the change in stope is interpreted as a
gqualitative index of the +rscture strese of the particle
leading to continued stiding and rearrangement. Compaction
slopes for applied prescures, exceeding the critical
pressure are similar for specimens of the same material
phase with different powder character, whereas the initial
compaction densi ty is very sensitive to the powder
character. $Several compaction studiesz indicated that the
relative densities at an equivalent applied pressure are
lower ftor powders containing particles with a higher Young's

modutus of elasticity and Moh“s hardness,.

iit> Elastic Compression

In the gpressure range between &.%7-20.7KN/Sq.cm, the
rate of particle fracturing and rearrangement drops
significantlry and elastic strain energy density in the
compact rises at an ing¢reaging rate. The use of pressures
in excess of <aome practicatl limit of approximiately

20.7KN/sq.cm for typical ceramics greatly maximises the
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difficulty in realising satisfactory compact and increases
die wear at an accelerated rate. This s because
differential elastic moduli for the powder and asdmixed
phases and elastic anisotropy of "brittle" powder particles
will cause Iinhomogeneous strain gradients with 1ncreasing
applied pressure and thece elastic strains are largely
reversible and can lead to complications in controlling

compact defects,
iv) Ejection

On ejecting the compact from the die, residual elastic
strains are relieved (poisson effect) and the dimensions of
the compact increase by as much as 0.54. Pore pressures are
also relieved on ejection, and entrapped gases must be
vented slowly if the permeability of the compact is low.
Lubricants can effectively drop ejection pressures from
zeveral thousand to several hundred N/Sq.cm. It was Ffound
that relatively s=mall stresses can cause fracture of the
compact on ejection because |t ie relatively weak in

tension.

Where the stages of ceramic powder compaction are die
filling, particle rearragement, and particle fracture, the
mechanisms are considered to be particle sliding, elastic
deformation, and fragmentation. However, it was noted that
description of compaction can be difficult because two
stages may be occuring simultanecusly and mechanisms
predominating during this stage cannot be clearly defined.

Whittermore (1978).
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2.4.59 COMPACTION MODELS

Seeling suggested that compaction behaviour may be
described by expressions presented in equations & -~ 8

Cooper and Eaztan (19421,

070, = EXp (—F/R‘)=—wmmmmmo o mecmme €&)
= B P e (7>
= T P e (8)

Theze expressions were found to be only meaningful
physically, if the compaction is achieved by & =ingle
procese, and there wereg several published zets of data that
do not fit them. 1% was concluded that the behaviour of the
four ceramic powders, used, depends markKedly on their
hardnecs, Work on model for compaction of cerami¢c powders
ted to the conclusion that the coviomb »ielid criterion may
be deed to compute load and stress distribution in the
compaction of ceramic powders. Schwartz and Weintein (1743
Cooper and Eaton have developed a formula that expresses
compattion az the sum of two distinct effects, Each effect
corresponds to a particular compaction mechanism, which is
allowed to occur according to a statistical probability
dependent on the applied compaction pressure only. COudemans

(1985).

_ | e ¥
Ug = W Mog = U 5>

U¥ = ap Exp (X /PO ey Exp(-Xyy opy === (10)
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However , 3pes the constants associated with particles

slippage, differ considerably at lower compaction pressures.

Analytical equation of state would be desirable for basic
understanding of powder compaction. However, inftformation
which includes Fflow properties of powderes wunder stress,
stress or pressure distribution within compact, particle -
to - particle stress distribution, and the cstress
distribution of ceramic particles would be required. Due to
the unsoluved analytical problems, ceveral empirical
equations have been proposed. These empirical correlations
have wvalue in understanding compaction. These equations,
include previous researches carried out to show the pressure

- volume relationship. Assuming that incremental pressure is

proportional to incremental energy expended, Balshin
developed the relation shown by equation———--- 4 5 p I
LOT P QAL B EF i ool s i o e i 4 14

The pressing modulus, L, is a function of the initial
material properties but was observed ta wvary during

pressing.

An equation developed by Heckel presented as equation

(12>, was proposed to govern the compaction of metals.
In (1/7C1-86) = K’P # ) ==—mwromme e 12
A= In I (1/1=86,) # B’ )--—=smcecescsu=ma €(13)

Equation (12 describes three compaction <stages:

densificatioin by die filling, In (1/1-SG,): densification
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by particle rearrangement, B3 and densification by particle
deformation. The foregoing expression was found to be wvalid
for fused pure Magnesia but not for alumina, mullite and
glass, Since fused pure Magnesia has some ductility, the
expression, he said, appears to be valid only for ductile

materials,

KawaKita and Ludde developed an equation relating degree of

volume reduction, C’, to the applied pressure P.

C* = a’bP/1#bP =m=mcmmem e e (14
P/C* = 1/a’b + P/a’==-=—m=memm—m—eeaa (15>
C* = (Y, ~ VI Yy=rmmemennnmeeneee (16>

Thic relation was found to be valid for soft, fluffy,
and pharmaceutical powders and also stainless steel and
copper oxide powders except for deviation at the lower
pressures,. Kowakitz’s equation has been applied to tapping
compaction and vibratory compaction, replacing pressure with
tapping number and wvibrating time respectively.

Whittermored(1278).
2.5 FIRING

During firing, at about SD0°C, China Clay gives up its
water content, and breaks up molecularly into silicic acid
and alumina at about $00°C. Portion of the free silicic
acid unites again with alumina, causing the development of
heat and forming an amorphous <ilicate with a composition

Al3035;0,, an amorphous sillimanite. At about 1100-1200°,
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the fetdspar im the body melts to form a wvery wviscous glass
and as the temperature risez further the glass acts on other
components, namely, silicic acid, alumina and silltimanite.
Consequently, the compaonents must possess the right form ang
the right grain size, 2o that the particles would have their
molecular <curface for the attack of the feldspar melt as
high as possible, but on the other hand, the material must
be able to withstand both a high and lengthy firing. It was
pointed that the higher the firing temperature rises and the

longer it can be maintained, the better the quality of the

body , since it ie only in a bodyr of this Kind can the
feldepar work intensively on all the individual components
of the mass, The feldspar melt dissolves the malecular

residus of silicic acid lett +rom the brezking up of the
China Clay and then attacks the free silica contained in the
material. It more or Jless dissolves it completelyr,
depending on the <size of the surface of the silica, and it
changes the impervious silicate into desmotrope crrstalline

form b» mass action. Reichau (1929-5),

The temperature at which hard porcelain must be fired
to give good results iz not so rigorously defined as is
generally believed, Badin and Gaillard (1929-307., During
firing, the bekaviour of ceramic bodies is largely
determined by the mineralogical compositicon rather than the
percent chemical composition, which is merely the sum of the
various mineralogical compocsitions., Ceramic firing includes
three essential factors. These are the temperature, the

durztion of firing, and the chemical nature of the Kilm
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atmosphere., Bremond (1%2%-303, Frevicus research with a
parcelain tody =showed that while the dielectric strength
increase from cone {80 to cone 15, PForosity remained
essentially zerc over the range. Higher temperatures were
noted for their considerable reduction in the mechanical
strength. @Also repeated firing haz hbeen tound ta increase
mullite formation but could also decrease the MOR and the
linear thermal expancsion, Harrig (1738-%9), The finatl
temperature to which a body is to be fired must be from 150
to 2009C telow the melting point of the body, so that the
temperature can be maintain for a 5ﬁ¥+icient length of time.

Reichau ¢19%24-52. Firing at 1Z80°C gave results that were

in general, &z good as 1320°C and in some cases even better
with regards to whiteness and translucence. He noted that
firing at 1410°C gave maximum whiteness, Berkman (19937,

Electric porcelainz are fired in periodic furnace or non

periodic tunnel Kilns.

The conditione and duration of firing are determined by
whether or not high-grade porcelain is required, as well as
by the size of the insulators fired and the volume of the
compartment or section of the tunnel. Bundnikav (1%54),
Most deposits of clay and china clay contatn iron compounds
in greater or =maller proportions, which may aqive the fired
material a more or lese distinct colouring. Firing is
controlled, conseguently, so that iron oxides in the bady of
a porcelain artware or tableware are reduced to
ferrcsilicates, the colour of which is near-ahite with only

a faint tinge of blue.
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Firing porcelain in a reducing (bloody smoke)
atmosphere, unlike oxidising atmosphere, solves the problem
of ware blistering caused probably by ferric oxide
dissociation, and also gives the ware a delightful bluish
white tint instead of the greyish yellowish off-white
obtained by using oxidising atmosphere. Rado(1%71). Bulk
density and firing shrinkage, increase while the apparent
porosity decreases as a ceramic ware is fired. On reaching
zero apparent porosity, the vitrification point, further
heating increases the bulk density to a maximum, and then
decreases as the closed porosity increases because of
bloating. MNorris et al (1%79). The temperature range for
firing electrical porcelain is 1260 - 1310°C. Ware may be
fired before glazing or glazed then fired. During firing
processes, either a wviscous liquid or sufficient atomic
mobility in the solid is developed to allow the forces of
surface tension to concsolidate the ware and reduce porosity,
The shrinkage which occurs, in this process, is equivalent
to the porosity decrease and wvaries from a few volume
percent to 30-40 volume percent depending on the fabrication
process and the ultimate density of the ware, Uneven
shrinkage rate can lead to the development of stresses,
warping and even cracks. Consequently, it is necessary to
avoid excessive friction when setting ware Ffor Ffiring,
control temperature uniformity, control the rate of firing,
and in addition to that, control the time and temperature
level., Particle size and <cize distribution of the raw
materials in the ceramic shape before firing are of

particular importance. Composition, firing time, viscosity
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of ligquid +formed during firing, dezirsd properties of the
product, and Kiln atmosphere are the factors affecting

firing.

2.5.1 DENSIFICATION

Densification of cCeramic wares on firing proceeds
mainty wvia two procesces, ramely, gintering and

vitrification.

Densification before wvitrification is governed by

equation (17 according to Norrte 2tal (19772,
DUAY = SV 2udr s s o 17y

Densification is not complete atter vitrification
because the surface tension forces exert a negative
pressure, on the closed pores, egqual to 2ZUrs/r. blhere r is the
pore radiuse. Attempts to define a rate of densification for
this stage were made by some workers, however, the process
ie complicated by» the presence of pores of different sizes
and that of soluble gases in the pores. The net effect is
that the pore volume continues to decrease at constant
temperature after yitrification. However, when the
temperature passes that necessary for wvitriftication, the
closed porosity increases because of the effect of
temperature on the rcesidual ogas in the pore, and the
occurence of decomposition reactions such as  the high
temperature conversion of F9203 ta Fe304 with the release of
oxygen, In a range curwve firing, the competing processesz of

final-stage densification and bloating (tendencies for the
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closed porasity to increase) cause the closed porosity to
attain a minimum at =ome temperature above the vitrification

temperature.

2.95.1.1 SINTERING

Sintering is a term which connotes either individual or
compound processes of bonding, densification, and/or
recrystallization of powder compacts. Some researchers in
1955 defined sintering as the extension of the contact area
be tween powder particles in  the <olid state, by the
transport of material acrosse or around pores, under
appropriate conditions of time, temperature, pressure, and
atmosphere. Sintering occurs due to the reduction in
surface energy which is associated with decreasing surface
area. According to the researchers, sintering occurs
through three stages and several mechanisms, whose relative
occurence is largely influenced by fabrication wvariables,

governing the rate of the sintering.

2.5.1.2 VITRIFICATION

According to Harris (1938-9), witrification is the
progres<sive formation in a body during heating, of a liquid
phase consisting of a molten glass, which is, Iin fact, the

bond existing in all pottery bodies.

A completely vitreous body is not completely deficient
of crystallization, but it is impermeable to even alcohol
solution of a dye, 1like analine, when subjected to a

pressure of 1.38KN/Sq.cm in its unglazed condition. The
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process of vitrification was influenced by many things,
among which the time, temperasture, and atmosphere of the
firing, the composition of the body, and the fineness of the

constituent materials may be cited.

A researcher noted that water vapour is cne of the
principal agent accelerating the procecss. Also, it iz wel)
known that a reducing atmosphere hacstenc the process, and
water wvapour is kKnown to be a powerful reducing =agent.
Vitrification is reached at a temperature at least 50°C
Jower than in an oxidising atmasphere, where time of firing

and body composition remain constant.

It waz found that hard porcelains rich in Kaolin and
lime, but with low Ffeldspar content are not readily
vitrified until about 1200%C, whereas the feldspathic
porcelains begin to wvitrify at about 1050 -~1100°C.

Bremond{1%2%>-30).

As the temperature rises, the vwiscosity of the feidspar
silica gltass falls and consequently, the wetting power of
this glass in contact with the surrounding crrstals s
increased, resulting in more intimate contact and more rapid

¢olutione. Harris(1%38-2).

Vitrification iz a time reaction, and the velocity of
the reaction is accelerated by raising the temperature. The
effecte, contraction, transluency, and <=6 on, produced
during prolonged low temperature firing (eazsy firing? can
be achieved in & shorter time by firing at higher

temperature thard firing). Experimental findings shaw that
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the vitrification of a body progreszes more when heated to
the higher temperature for a short time than when heated for
a long time at the lower temperature under conditions where
the work done on seger’s cones (s apparently the same,
Every condition which favours the heterogeous reaction, In
the constitutent mixture, will favour rapid vitrification.
The finer the textures of a body, the more rapidly will the
reaction and hence, the vitrification occurs. However ,
certain amount of irregularity in the sizes of the grains
facilitates close packing which in turn, facilitates rapid
vitrification. Overgrinding leads to rapid vitrification,
and by so producing a body of unusually close texture
leading to “"dunting" as wel)l as other defects. Contraction
and porosity of a fired body may be used as a measure of the
degree of wvitrification, time being constant. Effect of
varying fineness become more apparent if the firing
temperature is reduced. Finer grained particles get through
their work in the earliers of the firing much quickly than
the larger grained particles. At higher temperature, the
larger grained particles have more opportunity to make-up
for their slower speed at the beginning of the reaction.

Mellor <19%90-10),
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2.:5.2 FIRING SCHEDULE

Badin and Gaillard (1929-30) =suggested the follawing
schedule as an optimum satisfaction of the conditions of
modern kKilng, They divided the Ffiring time intc +four
perioads. Firet period: Rapid ftemperature rise at about
85°C/hr up to 1000 - 1050°C in the hottest parts, with an
axiditsing atmosphere after baiting the +fires, Second
period. From 1000 - 10S0°C to about 1100 - 1186°C in the
hottest parts, slow temperature rise of about 9°C/tr, and
strongly oxidising atmosphere of about 7 - 11X Oxvgen. This
period has & doublie object of equalizing the temperatures as
much as possible and of completely decarburising the body
and glaze. Third periocd: From 1100 =~ 11S0°C +to (300 -
1350°C, temperature rige should be about Z2Z%C/hr, Fires are
banked up at the beginning and canstantly reducing
atmosphere i madintained, with about 10~ CO in the Fflue
gases,

Fourth period: From 1325 to 14009C, heating rate should be
about 4°C/hr  and the atmosephere neutra) o slightly

reducing.

In ficing - schedule of hard porcelain, the initial
conditions must be oxidising so as toc burn off organic
matter. They said at a temperature of about 1050 - 1100°C
Just before sealing of the body or glaze takes place, the
atmosphere is adjusted to reducing, and ferric iron is
reduced to ferrous state. Formation of Ferroue iron

centributes to the fluxing of the bodyr, and seaxling takes
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place at a lower temperature than would be possible with
ferric present, =0 the body becomes impermeable at asbout
1200°C. At higher temperatures, the atmosphere can be
allowed to begome oxidising, which is, in fact, necessary to

praduce zatisfactory glaze colour. Williams etal (19432

2.5.3 SOAKING AND FIRING RANGE

Body and therefore, a porcelain also, is of better
quality the longer it it able to withstapnd the maximum
temmperature of the Kiln, Scaking means the maintainance of
the highezt possible temperature for some time, the length
of which depends on the type of the body being fired,
properties desired +rom the Sfired body, and of <course,
econamics., Beech et al (1941) emplored a firing rate of
40%C/hr and a4 scaking time ¢f two hours to fire a body
which normally vitrifies at ahcut 1180 - 1200°C, and could
be wuszed for insulatory, <sanitary, and vitreous china.

Reichauc1%24-52,

fccording to Beech et sl (1%941), firing range is the
temperature range over which the buli dengity is within
0.025%g/cc of the maximum, which ts equivalent to the range
over which apparent porosity is less than one percent the

closed-pore system being digcounted,

Properties for which each wvalue can oaccur at two
different temperatures can bDe plotted as a Function of
firtng temperature, for otherwise identical firing schedules

in terms of heating rates, cooting rates, and scakKing times,
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and these plots or curves Known as range curves could be

used to obtain the optimum firing range. Morpis et &1 (19279

2.5.4 CRYSTAL FORMATION

High temperature <seems tc be necessary for proper
development of crystals in feldspar, <clay and quartz
mixtures. At high firing temperature, the glaze reacts with
the chima c¢clay, in hard porcelain bodr, and on coaling, a
fringe of cr¥stals grows in the zone between the body and
the glaze. Theee crystalz bear a close resemblance to the
needles of sillimanite- an axluminum monosilicate Al 50,5.81045-
but for the absence of cleavage (Secondary) lines, which was
attritwted to the smaller size of the crretals. Later, the
crystals were identified as identical to sillimanite and it
was also chserved that both Kyranite and andalusite (icomeric
forms of sillimanite}? appear to pass into silliimanite at
about 1390°C Mellor (19205-4). Cryetals SFormation in &
ceramis body may be good or bad, dependiang upon the use of
the material and upon the nature of the cryetale, Howewver,
mullite formation, in electrical porcelain, is desirable
because it increases the strength and resistance to sudden
temperature changes but for ftranstucent porcgetain, it is

undesirable since it reduces the tranelucency.

fAFmorphous muilite forms at temperatures as low as
10009C but does not become crystal until fired to higher
temperatures, Fluxes which lower the wviscosity of the
mol ten part of the body such ag Calb, MgD or ZnQ, fzcilitate

the Formation of crystals in the body. Likewise 1ow
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viscosity glazes may develop cystals, whereas viscous glazes

may hinder their growth., Rieke (1%928).

The process of mullitization coincides with the second
exothermal effect in the heating curve of Kaolinite. This,
also concides with the chemical reaction of Alz0zand S,0, to
form mullite. Above 100°C (after the first exothermal
effect) and up to 1250°C, the Alx03and S0, are in an active
state which helps mullitization. Budnikov and Gevorkyan

(1951).,

2.5.5 COMPOSITIONAL EFFECT

For all bodies, depicted on Figure 1, except the two
with 45 percent clay, the maximum temperature is at least as
high as <ceger cones 14 and 14. Reichau <(1924-5> High
feldspar bodies start to vitrify about 10S0°C and then
vitrify wvery rapidly, becoming thoroughly wvitrified at

1250°cC.

Johnson and Robinson (1%975) observed that, lack of fine
particles can seriously retard vitrification, requiring an
increase of feldspar to give the same vitrification point as

the standard body.



CHAPTER THREE

MATERIALS AND EQUIPMENT

The list of the wvarious materials and equipment

employed in this research is presented below:

3.4

al

b)

)

d>

e)

$)

h)

MATERIALS

Kaolin from KankKara, known as KankKara clay, of Katsina
State.

Ground feldspar from OKene of Kogi state

Quartz, inform of Silica sand, from Kurnar Danjibga of
Dabatta in Kano State.

Binding Clay from Bida of Niger State.

Various type of clayse from Kano, Goronyo of Sokoto
State, Bomo of Kaduna State, Ikebedi of Kwara State,
Cross River State, Kaoje of Sokoto State, Bukuru of
Plateau State,.

Sodium Silicate (1.5g/cm3)

Hrdraulic oil

Copper (ii) oxide
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3.2. EQUIPMENT

ar

b
c?

d?

el

£

gl
b

JJ
K
1
m?
n?
)

q)

rd

Flat bottom $laske, Measuring Cylinders, Beakers, and
pipettes of various capacities,

2 Weighing Machines, of 1000g and 100Kg Capacities.
Pfefferkorn plastici ty defermination set.,

Brook-field synchro—-lectric wviscomster, Mode! RWUT, M+d
by Brook-field Engineering laboratory Inc. Stoughton,
Mas. LSH.

Ball mill fMedium, and small <size cylinders), M+d by
The paszscal Engineering Company» Lid., Gatwick Road,
Crawley, Sussex, England,

Pebblie mill, twpe 2x2, Mill rate 30.4.41 Wm Boulton
Ltd.

Stop clock and stop watch

Plagter of paris Molds for Cylinderical solid casting.
Gallenkamp QOwen, Model 0OV-420, App. No. 7?B-%$3800,
England.

2 Sieves of 500Um and 7?5Um sizes

1 Vernier calipers

t Micro-Meter Screw Gauge (0-25mm?

Earthen Ware containers

Filter Clath

Silica Trough=

Grinder C(Electric?, Type Ski, retsch KGE, 3437 HAAN
W/ Germany .

Stee)l {(Hardened) press Mold (Die aﬁd putichesY for

pressing rectangular test specimens.
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Hydraulic press, Model M SN.23505-208 Carver laboratory
press, M¥fd by Fred S. Carver Inc. Subsidiary of
Sterling Inc., Hydraulic equipment, Wi42 N2DSD Fountain
BLVD Mono Monee Falls, WIS S3051 USA.

Heraeus Hanau Furnace, Type TIK/R 11712, Tanuson P.D.
Box 208, Zoetermeter, Holland.

Water Heater

Denison Strength Testing Machine, Model No.T.42.C.2,
Load Capacity 44800Ib, Machine no.29401, Pat. No.571745
551722m M$fd by Saml. Denison and son Ltd, moor Road,

Leeds 10, England.



CHAPTER FOUR

4. EXPERIMENTAL DESIGN aND EXECLITI O

The design and execution of this ressarch work have
been summarized in Figures 2 and 4,
» detailed description is given in the Ffollowing

Sections.

4,1 DETERMIMATION OF IMTRINSIC PHYSICAL FPROPERTIES OF THE

SUPFLIEDR CLAYVS

Cltay lumpzs, whose sample names were Kankara, Hano KRD,
Garonyo MWF1l, Bomco, IKebedi, Cross River, BukKuru, Bida and
Kacje clars, sampled from wariocus parts of Nigeria, were
supplied for the determination of their intringic physical
properties and the subsequent selection of the clays to be
used in the development of drypressed elaectrical pgporcelain

bodies.

Each of the nine clarvs was processed as depicted in
Figure 3, and except for BukKuru clayv, whose specimens for
green and fired propertiee determinations, and Ikebedi clay,
whose specimens for Ffired propertiees determination, were
damaged in the course of fabrication, the intrinsic phrsical

properties of all the clays were determined.

Two Kitograms of each of the clay lumps were crushed,
in an electric grinder, to poawder. It i=s the powders that
were used for the <subsequent processes of Specimen

fabrication.
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4.1.1 PFEFFERKORN PLASTICITY TEST

Test for determining the Pfefferkorn plasticity index
was chosen as the basis of relative comparison, from

plasticity view point.

Three hundred grams of each powdered clay were weighed
and divided in to five batches of sixty grams. Known but
different quantities of water were added to each batch to
produce five clay samples of different moisture contents,
These moistened clays were used, with the aid of
cylinderical mold to fabricate five clay cylinders of

different moisture contents.

The moist crlinders were deformed, one after the other,
in Pfefferkorn apparatus by dropping ite Fflat headed
plunger, weighing seven hundred and eighty grams, on to the
clay cylinder, from a fixed height. Extent of deformations

of the crlinders were read from a graduated scale.

Plots of the five different deformations, referred to
as FPfefferkorn heights were made against the respective

moisture contents.

Moisture contents corresponding to a PfefferkKorn height
of fifteen Milimeters were the Pfefferkorn Plasticity

indices of the clays.

4.1.2. SOLID CASTING

The minimum wviscosities of the clay slips were

determined, and wused to solid cast cylinderical test
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specimens. These were further processed, far the
determinations of the phiyeical properties, such as
shrinkages, densitiesz, +firing weight lozzes, moduli of

rupture, apparent porosities, and water absorptions, of the

dried (green) and fired wares made from such clayvs,

a) Minimom Yiscosity Determination

Six batches of 130g clayr, all from the same clay
sample, were weighed, ¥nown, but =same amounte of water
{solitd to water ratior were added to the batches.
Deflocculant (Sodium Silicate) concentrations of 0.1 wt¥x to
0.6 wtiy were added, ope concentration to one batch, tao the
clayswater mixtures., Determinations of the correct solid to
water ratics, for the clay samples, that gave viscosities
meagurable with the RUT Brook field vizcometer, were done
through trial' and error, and with least deflocculant
additions. The clay-water~ deflocculant mixtures were ball
milted, each for one hour, to slake the clay particles amay
from the, probably, associated silte, Charge to pebble

ratic, weight basis, used for the milling was 1:1.,

The prepared clay slips were poured one at a time, into
a 7/7Smis glass beaker, and using spindle number 3 of the
Brooke field synchro-lectric viscometer, the viscosities of
the slips, corresponding to different defiocculant
concentrations, were determined. Other clays were treated

in the same manner.

Plotse o©of viscosities =againzt the respective

defloccculant concentrations were used to determine
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deflocculant concentrations corresponding to minimum

voscosities of the slips.

by Test Specimens Casting

The <=olid to water ratios, and deflocculant additions
that gave minimum wviscosities of the clay <slips, in the
rheological studies, were used to prepare slips for solid

casting the test specimens,

Eight hundred grams of each clay were weighed, on to it
the determined amounts of water and deflocculant were added.
The mixture was milled, wvia ball mill, with a charge to
pebble ratio of 1:1, weight basis, for one hour, to ensure

homogene i ty,

Slip, from each clay, was poured in to six plaster of
paris casting molds, whose cylindericas cavities had been
dusted with some +fine powdery qgrog. The female and male
parts of the casting molds were held tight together with
rubber bands before the slip was poured into them.
Reffilings were done as the poured slips were being
dehydrated to form =solid masszes in the molds. Casting was
completed with the solid mass filling the cylinderical
cavities of the molds, Casts were left, in the molds, to
dry further and shrink away from the walls of the casting

molds, then removed and air dried.

Casts were then oven dried, at 110°C, to constant

weight.
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Dimensions and weight of the dried {green) castes were
determined with microe meter screw gauge, wenier calipers,

and weighing machine (maximum capacity 1000g).

Green properties were calculated from the determined
dimensiong, weights, and chear breaking loads, The
procedure of determining the shear breaking loads on dried

casts has been out lined in section 4.4.1.

Three dried casts, of each clay, were {fired in an
electric furnace, in accordance with the firing schedule
given in Figure S5, to a peak temperature of 1290°C within
23.79 hours, and left to cool toc ambient temperature in a

periocd of & hours,

Dimensions, dry fired weights, caturated weights,
suspended weights, and Fired zhear breaking loades were
determined, and subsequent calculations of fired properties

were done,

Frocedures of determining shear breazking loads,
gaturated and suspended weights have been gutlined in

section 4.4.3 and 4.94.2 respectively.

4.2 ELECTRICAL PORCELAINM: RAW MATERIAL SELECTION

Having done the preliminary studies on the nine
gupptied clars, based on binding abilitiezs of the clars,
Bomo, Bukuru, and Bida claysgs were chogsen as poscible binder
clarys to be added to the four preselected, from literature,
possible poarcelain making compositiconzs for improvement of

the green strength of the pressed specimens. Kankara clay,
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and Okene feldspar were chosen for the Kaolin and feldspar
requirements of the classical electrical porcelain
respectively, based on availtability and purity. Silica sand
of Kurpnar Danlibga in Ranbatta Local Government of Kano
State was taken for the silica requirement on the basis of
raw materials proaximity and the relative low cost of sand

compared to silica rock.

4,2.1 PORCEL&IN TRIAL FRESSING

Trial pressings of the porcelain test specimens were
dore to find the pressure that could be employed for the
pressing, and select one of the three preselected binding

clays for use in pressing the porcelains,

Moisture content of 154 wt was choszen, from literature,
for the pressing to enabale good compaction with much tess
pressure relative to that required with tower moisture

content.

Out of the Four preselected posszible porcelain making
ctompositions, the compesition with the least clay content
was used for the production of the porcelain trial preessing
specimens, in which 10 out of the clay proportion was

substityuted with either Bomo, Bukuru, or Bids clay.

Two stage pressing was tried with primary to secondary
pressure ratio of 1:2, and Secondary pressure of 4.5TNS,
pressure was maintained for 10 seconds in each stage.
Singie stsge prezzing was tried with a pealk pressure of 2THS

because of excessive loss of porcelain mixture, through the
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punch/die clearance, in the course of being prezzed with
4.3TNS Peak pressure.

Specimens produced were compared an the basis of their
green Moduli of rapture and +fired colours. Based on this
comparison, the binding clay for the porcelain bodies, to be
developed, was chosen.

Two hundred and eighty grams of the lexst clax
containing body (Body tagged "0") was dry milled {charge to
ball ratio was 1:l, weight basis? for thirty minutes, to
makKe the mixture homogeneocus, Fourty two mililitrese of
water (fifteen percent weight basis?) were added, hand mixed,
and aged, for three hours, for meoisture homogeneity, and

precssed into the trial prescing porcelain test zpecimens,

4.2 DEVELGOPHMENT OF DRY PRESSED ELECTRICAL PORCELAIN BODIES

Procezses done to develop the dry pressed porcelain
bodies thave been summarily depicted in Figure 4,

description follows below.

Fifteen Kitograms of KanKara clay were ecrushed, dry
sieved through 300Um mesh, and made into sturry. The slurry
was thoroughly hand blunged, and wet <ieved with 7?3Um mesh.
The clars/water suspension was allowed to settle Ffor seven
days, supernatant liquid decanted, while the thickened clay
paste was transferred to earthen ware containers for further
dehydration. The paste was then finally filter pressed to
remove more water, The resultant moist clay cake was air
dried, followed by oven drying, at 1i09C, to constant
weight, The dried clay lumps were qQround, in an electric

grinder, to ¢lay powder.
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Five Kilograms of Bida ciay lumps were crushed, ground,
in an electric grinder, to powder, and dry sieved through
B00UMm mesh.

Five Kilograms of ground Qkene feldspar were dry sieved
through S00UM mesh.

Ten kKilogramz of Danbatta silica sand were wet milled
{Pebble toc charge to water ratio was 1:1:1.25) in a pebble
mill +or eighteen hours. The <cuspension was allowed to
settle, and the supernatant liguid decanted. The maist
silica sand, obtained wae air dried, followed by cuen
drying, at 1109C, to constant weight., The dried siltica sand
was cryshed back to powder in an electric grinder.

The composition of pebbles uced Ffor the wet milling of the

gsilica sand as given in Takle 5.

TAELE S: FEBELES COMPOSITION USED IN WET MILLIWG THE SILICA
SAND

Propertion of Pebbles Used Auverage Diameter
(We ight Basis) il imeter)
13 Greater than B30
1.3 Less than 80
{73 less than 50

The raw materials, Kankara and Bida clays, Ukene
feldspar, and Danbatta silica sand were proportioned to get
four different, poegsible, porcelain compositions. The
proportiones of Bida clary were Kept constant, and was alwars
constituting 10X out of the clay requirements of the recipe.
The Ffour compoasitions uwused in this research work were as

given in Tahle &,
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TABLE 4: BODY COMPOSITIONS USED

Designation Claxr wt Feldspari wt Silica Sandy wt
A 45 25 30
e 45 30 25
o 50 20 20
b 40 33 295

One Kilaogram of each body was weighed dry bal! milled
(charge to ball ratic was 1213 Ffor two hours, to make the
mix homogeneous. Orne hundred and fifty grams of water
(15%mwt) was then added, hand mixed, and aged Ffor three
hours. The moistened mixture was divided intoe batches of
fifty gram= each, then pressed into test specimens, batch

after batch.

The moald (Die and Punches) was lubricated with used
engine oil, positioned aon the hyrdraulic press, with one of
the punches pretrunding below the die, but blocking the die
cavity at the bottam. A batchk of the moistened porcelain
mix was poured into the die cavity, onto the vpper surface
af the lawer punch. The upper punch was then placed in

pesition on top of the moicstened mix, and pressurised untill

the hydrauvlic press read two metric tons. The pressure was
maintained &t its peak +for +ifteen seconds, The pressed
porcelain was then ejected aout of the die cavity¥. Eighteen

specimens were preseed out of each of the Ffour celected

bodies.
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The porcelains were air dried for eighteen hours, then
oven dried, at 110°C, to constant weight, and cooled to

ambient conditons.

Weighte, and dimensions of the dried specimens were

determined.

Four dried specimens of each of the four bodies were
crushed with a three point loading for transverse <chear
breakKing load determination as outlined in section 4.4.1.
Also other ogreen properties were calculated Ffrom the
determined data. Sample calculations have been provided in

Appendix E.

Four different peak firing temperatures, within the
range of 1180 to 1300°C , were used to fire the pressed
porcelains., Same firing schedule and time of total heat
treatment were used all through. Oxidising atmosphere was
maintained throughout the firing cycle. Three specimens
from each body were fired to each of the four peak firing
temperatures. The firing schedule has been shown on Figure
9,

The Ffired weights and dimensions were determined.
Saturated and suspended weights af the specimens were
determined as outlined in section 4.4.2. Transverse shear
breaking loads, for fired specimens, were also determined as
outlined in section 4.4.3. Fired properties were calculated
from the determined data. Sample calculations have been

included in éAppendix E.
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4.4 REPEATED PROCEDURES

Procedures referred frequently in the description of

the methodology of this work are outline below.

4.4.1 GREEW HMADULUS OF RUPTURE

Three of the dried soild casts of each clay, and +four
of the dried pressed porcelains, from each of the bodies
ueed, were sceubjected to shear breakKing load wusing three

point loading.

A specimen (rectangular or Crlinderical? was placed on
two Knife edged supports, 24.80mm apart. A rod was firmly
tied to the mid-bottom of a plastic bucket, and placed ontc

the specimen, midway hbetween the supports. later was then

poured into the bucket gradually, using & small diameter
hose, and water flow rate of 731/kr, till the specimen
fractured, The bucket together with ite contents and

accessories were weighed and taken as maximum shear breakKing
ioad. The green modulus of rupture was calculated from this
load, distance between supporte (Span), and some dimensions

of the specimen which depends on its geometry.
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4.4.2 SATURATED &MD SUSPEMDED BMEIGHTS

Preweighed fired specimens were boiled for two hours,
and left in the water +or eighteen hours,. Specimens ware
thern cleaned with & piece of saturated, with water, cloth

and weighed. These weights were the zaturated weights.

The Specimen were suspended in water, &t shown in
Figure 46, and the apparent weights found were the suspended

weights.

Apparent porosity and water absorption were czlculated

from these data.

4.4.3 FIRED MODULUSE DF RUPTURE

Three point locading was used to determined the maximum

shear breakking load resistance of the fired specimens.

Fired specimens <{rectangular and cylindericall) were
Flaced centrally on two support, separated 32,.00mm apart. A
small rod wae fixed ta the point of pressure application on
the Denison Srength Teszting Machine, Model T.42.£.2,
Pressure was applied ta the centre of the specimens untill
fracture ogccured. Dimensions at the point of rupture were
determined with vernier calipers, Madulus of rupture was

calculated from the acquired data.
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CHAFTER FIVE

= RESULTS

The resulte of this research are presented in Tables 7
- 14 and Figures 7 - 27, Detailed results have been

included in Appendices.

5.1 INTRIMWSIC PHYSICAL PROPERTIES OF THE STULIED CLAYE

Rezults from the plasticity tests, rheological studies,
and tests on the qgreen and +ired sclid casts of the clayvse

are presented in Table ? - 10 and Figures ¥ - 17,

JABLE 7: PFEFFERKOEN PLASTICITIES OF THE CLAYS

Clay Hame Desigratiocon Ffefferkorn Flaticity
Kaacje KJ 25,50
Bukuru BK 27.40
Bomo BM 31.00
Goronyo MWE} F 33.50
Bida BD 3%.50
Ikebedi 1K 43.50
Crozs River CR 45.00
White Kankara KK 45,10

Kano KRD R 44,50
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TaBLE ©: MIMIMUM MISCOSITIES OF THE Cléay SLIPS AND  THE

CEELOCCUIL ANT AND WATER ADDITIONS

S/MN. Clar Name Water Deflocculant Viscosity
Cantent Concentration
Aot “owt Cp
1. LCross River 70 0.445 g.00
2. Kaaoje 40 0.235 32.00
3. Bukuru 45 0.400 55.00
4. Kano KRD 45 0.380 54.00
3. Goronyo MWF] =0 0.35% &8.00
é. White Kankara 43 0.2835 82.00
7. lKebedi 70 0.54S 144.00
8. Bida &3 0.300 18%.00

?. Bomo 45 0,325 19z2.00
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TaBLE #: SUMMaARISED GREEW PROPERTIES OF THE ELAYS’S SaGLID

CASTS
Clay Name Linear Drying Green Green Modulus
Shrinkage Density of Ruptiurs
(LDSY X (GD)Kg/cm (GMOR} N/Sg.cm
Kacje 0.3& 1648.74 &8
Kano KRD 1.84 1449.494 74
White KankKara 2,85 1413.24 117
Iketedi 4.049 1511.77 158
Cross River 8.30 16464.33 170
Bida .23 180°7,597 233
Bomao ?.41 1894.1% 937
Garonyo MUWFEL 11.14 1943.35 704

Bukuru NA NA ' NA
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TABLE 10: SUMMARISED FIREDRD FROFERTIES OF THE CLAYS'S SaLID

CASTS

Clay Name Linear Firing Fired Fired Apparent Water Fired
Firing MWeight Density Moduluse Porosity Abeor~ Celour
Shrink~ Loss  FDCK of Rupt- (ApX{wti) ption (FC)

age(LF5) Rl Kg/m ure (FMOR) WAt}

wt¥, wti KN/cmZ
Kaoie 4.04 B.45 17256.%% 3.02 Z27.36 16,72 UWhite
Kano KRD 16,22 13.12 1B00.73 3.42 26,488 14.38 Pure-white

White Kankara t1,76 t2.87 1883,00 4.73 22.49 11.82  Dull #hite
Ikabedi 3 ) i3 2] Ha 1 HA Ha  Cream

Cross river 2.98  F.42 227374 1.4 12,03 .61  Dark Cream
Bida 7.85 P21 2049.08 3.53 14.74 7.4%  Light Brow
Bomo 4.726 9,07 Zlé7.B4 2.48 .00 0,00 Dark Brown

Goronyo MJF1  2.43 .35 2109.27 4.0 10,46 5.1% Yellowish Br

Bukuru kA A ¥ HA NA (] Brown




F‘

KK  BM

R

BD

KJ




Il -

{2

10 -




g

g

1700 -

1600 -







25
20 -

15 A

0 -

F

K Bt &R B K




20T

16 t

12 +

R F Kk B @® BD

EIGLREI7: AVERAGED WA OF THE VAROUS
S CLAYS



£4

S.2 GREEN PHYSICAL PROPERTIES OF THE TRIAL PRESSED

PORCELAINS

Recul ts of the test on the physical properties, namely,
linear drying shrinkages, green densities, and green moduli
of rupture, of the trial porcelains, produced using either
Bomo, Bukuru, or Bida clay as the binding clay, and a
pressure of either 2.0t (102.07kg per <sq.cm) or 4.5t
(229.67kg per sq.cm) are presented in Table 11 and Figures

18 and 17.

TABLE 11: SUMMARISED GREEN FROPERTIES OF THE TRIAL PRESSED

PORCELAINS

Binding Design- Pressing Linear Green Green

Clay tion Prescsure/ Drying Density Modulus of

Stage (t) Shrinkage (GD) Rupture
(LDS)Y% Kg/cu.m (GMORYN/Sq.cm

Bomo PHBMD 4.5/1.5:4.5 0.00 1879.62 88

Bukuru PHBKD 4.5/1.5:4.5 0.00 1861.27 94

Bida PHBDD 4.5/1.5:4.5 0.00 18%0.08 112

Bida PLBDD 2.0/Single 0.00 1807.88 &4

Stage
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3.3 GREEN anND FIRED PROPERTIES OF THE PRESSED PORCELAINS

FRecults of the teste Carried owt, for green and fired
phy¥stcal prcocperties, on the presed porcelains are presented

in table 12-14 and i1lustrated in Figures 20-27,

TABLE 12: SUMMARISED GREENM PROPERTIES (OF THE PRESSED

FORCELAING

COMPOSITION Liner Green Green

Drying Denzity Modulus of
Shrink-  (GD) Rupture
Body KK  ¥BD  ¥5.Sand YFeld- age. Ko/m3  BMOR N/Sg.cm
Clay Clay Spar (LD5)X

A 35 10 30 25 0.00 1756.22 62

B 35 10 23 30 0.00C 1813.38 9%

C 40 10 20 30 0.00 1821.27 43

D 30 10 29 35 0.00 1792.72 51
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TABLE  13: SUMMARISED FIRED FPROPERTIES 0OF THE PRESSED
PORCELAING FIRED TQ 11809C
Bady Linear Firing Fired Fired dpparent Water
Firing Weight Dencity Modulus Porosity Absor-
Shrink- Loss (FDY of Rupt- ption
age{LFS) <(FWL> ure{FMOR)Y (Ap3 (LA
Wt wt¥, Ko/m3  KN/em?2  wi¥ Wt
A 6.63 3.87 Z20535.15 2,38 12.74 $.15
B 718 5.89 2145.5% 2.40 11.20 3.29
c 7.29 6.54 2152.%1  2.5% é6.79 2.11
D 7.39 5.28 2157.06  3.04 4.%0 2.25
TABLE 14: SUMMARISECD FIRED PROPERTIES OF THE PRESSED
PORCELAINS FIRED TO 1220CC
Body Linear Firing Fired Fired dpparent  Water
Firing Weight Density M™Modulus Poreosity Absor-
Shrink- Loss (FD2 of Rupt- <ApiwtX ption
age({LFS) (FWL) Kg/m3 ure{FMOR) (W)
wtA wtx KN/Sq.cm wti
A 4.81 4,12 2031.44 2.3 12.64 .13
B 7.17 4.20 2132.83 2.30 #.45 4,23 |
c 7.05 .68 2144.,90 3.31 ?.14 4,30
D 7.32 5.30 2143.067 3.44 4,94 2.28
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TABLE  15: SUMMARISED FIRED PROPERTIES OF THE PRESSED

PORCELAINS FIRED TO 1240°C

Body Linear Firing Fired Fired Apparent Water

Firing Weight Density Modulus FPorosity Absor-

Shrink- lLoss FD{kg’ of Rupt- {Aplwt¥ ption
age(LFS) (FWL)  Kg/m3 ure(FMOR) (A wty

wt wti KN/Sq.cm
A 7.94 &.18 2164.11 2.92 é&.92 3.21
B 8,29 4.14 2238.42 3.44 4.%1 2.23
c 8.25 4.77 2183.28 2.96 2.48 1,12
0 g8.31 5.4 2201.23 3.35 0.08 0.04

TaglE 1£4: SUMMARISED FIRED PROPERTIES OF THE = FRESSED

FORCELAINS FIRED TO 130090

Body Linear Firing Fired Fired Apparent  Water
Firing Weight Density Modulus Porosity Absor-

Shrink- Loss FD{kg/ of Rupt- (Aplwti ption

agetLF8) (FUL Kg/m? ureFMOR) (WAt
wt# wt KN/Bq.cm
A g8.13 6.24 2125.83  35.4 0.98 0.45
B g.11 6.38 2171.94 3z2.9 0D.13 0.04&
C B.44 4.82 2231.19 34.3 ¢.00 0.00

D 8.41 w97 2033.44 34.4 0.00 0.00




88r
8t
80t
161
71t
68t

1300

1260

0

llzﬂJ



LEGEND
© BODY A
x BRBODY B
7-0r A BODY C
@& RIY D
66+ a//A
62}
58
5.“ , /
.
1180 1210 1260 1300
EIRNG TEMPERATIRE(FTYC



130

160

110

&0




LEGEND
e BODY A
x BODY B

K07 A BODY C
a BY D

36 ¢

3t

281

i










8

CHAFTER &IX

s, DISCUSSION OF RESULTS

Discussions are presented in two parts mainly, the
first relatee to the intrinsic phrsical properties of the
clars, and the other part centres on the properties of the

dry pressed electrical porcelains.

.1 INTRIMSIC FHYSICAL FROPERTIES OF THE CLAYS

The plasticities of the clars, and the dried phrsical
properties, such ag, lVinear drying shrinkKages, dried
denzities, green maduli of rupture, and the fired phrsical
properties, such as, linear firing shrinkages, firing weight
losses, fired densities, fired moduli of rupture, apparent
porozities and water abcorption of the caste were studied

and are discussed.

d.1.1. Pfefferkorn Plasticity Indices

The Pfefferkorn plasticity indices of the nine clayrs
showed 2 range of 24.530 - 44.30, with Kaoje being the mocst
plastic and Kano KRD being the least plastic. The clays
showed the Following pattern of decreazing Flasticity:
Kaojer Bukuru: Bomod: Goronyo MWF1X Bidar Ikebedi> Cross

river» Kankara> Eano KRD.
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6.1.2 Minimum Viscosities of the Clay slips

These were determined for the purpose of determining
the most suitable deflocculant concentration that would give

a better solid caste of the clars.

The minimum viscositiee of the clay slips were within 3
- 1%Z2Cp. The Ffollawing warder of increasing minimum
viscasity of the slips was observed. Cross river{Kzaje

{BukKuru<KanoKRD<Goronyo MWF14 Kankara<lkebedi <Bida<Bomo.

However, castability was best with the slips of Kano

KRD, Kankara, and Kaoje.

$.1.3 Breen Phrsical Properties of the Clavs Solid Casts

The linear drying shrinkages, dried dencities and green
mocduli  of rupture have been presented in Tabkle & and
depicted in form of histograms, for quick comparisons, in

Figure %-11.

Hano KRD, Kankara and Kaoje Clars have very low drxing
ShrinkKages relative to the rest. This probably points to

these clavs as Kaolin.l

Gorony¥o MWFLl, Bomg, and Bida Clars have the highest
linear drying Shrinkages, and aleso high dried Strengths.
These clarse might be stoneware clays. They showed high dry
strengths. Craoss river and IkKebedi clars had behaviours
in-between those of Kaoling and Store ware clars. Thus,

from the fired colours and plastic properties, it does seems



100

that no ball clay is among the samples investigated, though

lkebedi came cloze but waz not plastic enough,

é.1.9 Fired Froperties of the Clars’s Solid Casts

Linear firing <hrinkages, firing weight logses, fired
densities, fired maduli of rupture, apparent porosities and
water absorptions of the caste were presented in the form of

histogrames in Figures 12-17 and Table 72,

Zo0lid casts of lkebedi clay shatterred to pieces on
firing, as such, ite fired properties could not be

defermined.

Kano KROD, Kankara and Crose river Clays showed hbigh
linear Firing <hrinkagee which <c¢ould suggest high <lux
contents in these clars leading to high degree of

vitrification.

Kaoje Clay caste did not, however, show high linear
firing shrinkage probably due to higher degree of purity
leading to lesser wvitrificatian. Goronya MWF1, Bomo anrd
Bida showed very low linear ficing shritnkage probably due to
higher content of 4+ine particles which could bhe the poscsible
reason for their high linear drving shrinkKages, bulk green
denzities and moduli of ropture, However, relative to
Goronyo MWF! and Bomo, EBida clay had higher firing shrinkage
possibly due to higher content of carboneods matter, as
suggested by its unfired and fired calours, which were black
and tight brown recspectively, and its higher firing weight

loss.
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Kano KRD and Kankara clars showed the highest firing

weight lossec and white fired colours.

Bomo clay exhibited low firing weight loss, dark brown
fired colour, high fired density, low linear firing
shrinkage, no apparent porosity, and no water absorption,
together with low fired modulus of rupture. These indicates
the possible present of colour firing non volatile matter,
high content of +fluxes which made the +fired cast more
vitrified and hence more brittle and low content of volatile

matter,

Cross river clay showed appreciable firing weight loss
and linear firing shrinkage, the highest fired density,
lowest fired modulus of rupture, some apparent porosity and
water absorption, together with a dark creamy fired colour.
This points to the possibility of the clay containing
appreciable volatile matters together with high proportion
of fluxes, which densified the cast strongly. However
lowest modulus of rupture might be due to the brittleness of
the glass formed and the existance of body flaws, as
suggested by the existence of apparent porosity inspite of
the highest fired density and an appreciable linear firing

shrinkage.

However, these behaviours could have been influenced by
the differences in the particle sizes, and their relative
proportions, that made the respective clays. Beneficiation
could have helped in eliminating or reducing some of these

differences arising from sourcing. Beneficiation was not
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employed because the interest of the work was in intrinsic

properties,

4.2 Behaviours of the Dry Pressed Electrical FPorcelains

Green and +ired properties, such as ShrinkKages,
densities, moduli of rupture, weight losses, apparent
porosities and water absorptions of the developed porcelains

are discussed in this =section.

4.2.1 Green Properties

The green properties to be discussed are presented in

Table 11 and 12, and Figures 18 - 21.

Green properties <showed a higher bulk density and
modulus of rupture at a higher pressing pressure than lower
one . This was observed by comparing bodies made with the
same composition, including the binding clay (Bida clay),
but using pressing precsures of 10.01 MPa (102.07 Kg/5q.Cm)
and 22.53M Pa (229.47Kg/=sq cm)>. However, employing a
pressing preszsure of 22.52MPa, but different binding clars
namely, Bomo, Bukuru and Bida, showed higher bulk density
and green modulus of rupture with Bida Clay. BukKury clay
gave a higher modulus of rupture relative to Bomo, but lower

bulk density.

Substituting clay far either silica or feldspar gave
higher bulk density and green modulus of rupture. However,
substituting Silica +for feldspar gave higher modulus of
rupture but lower bulk density. Linear drying shrinkage

was, virtually, non existent,



4.,2.2 Eired Properties

The fired properties are presented in Tablesz 13-~14& and

Figures 22-27.

&.2.2.1 Eftects of Firing Temperzture

Linear firing shrinkage, aenerally, increases with
increasing firing temperature but the increase was sharper
in the ramge of 1220 ~- 12&80°C. Thiz was prabably because
mast of the feldspar in the bodies melted within this range.
Lower rate of increase of the linear firing shrinkage in
firing temperatures lower than 1220°C could probabkly mean
lower vitrification rate, and as & result more porous ware,
Lower rate of increage in linear Firing shrinkage in
temperatures higher than 1280°9C could mean wuvitrification,
practically, has been completed at about 1240%C, and hodies

tired much above this Yemperature could be owver vitritied,

Firing weight loss was, generally, increasing with
increase in firing temperature,. Rate of increase was
minimum within 1220 - 12409C range. This ig probably a

stable witrification zone, Ware fired below 12209 could he
very parous while those fired above 1240°C could contain
more closed wvoids than those fired within the vicinity of
12609C, and as a resuslt, might be less in bulk density than

those fired at 12640°C.

Fired bullk density was +ound to be decreacing within
1180~1220°C firing temperature range, and increasing within

1220-1260°C. &t firing temperatures greater than 1240°9C,
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bulk dernsity decreases with increasing firing temperature,
However, body C showed an iacreasing trend in bulk density

even at firing temperature greater than 1240°9C.

Bodies "B’ and ‘D’ fired at 12460°%C had bulk densities
within the range of 2208 - 2400Kg/cu m, which is reguired in
the <specifications for low tension porcelains. Body €7
needed higher temperature, 1300°C, firing to get its bulk
density within that range. However, body “A°, even at

1300°C, could not satisfr this requiremsnt.

Fired modulue of rypture, generally increases with
increaze in firing temperature. However, differences, as
regards the manner of increase existed with body
campaosition. Body ‘B had maximum fired modulus of rupture
at a firing temperature of 1280°9C and minimum at 1220°C,
While pbodiez ‘A, "C° and D had their maximum at 1300°C
with bodies “C° and ‘D" exhibiting a sag in the rate of
increase at 1240°C, Specification reguirements regarding
fired modulus of rupture ie 2.1 - 4.1 KM/sq.cm (21-41MPad,
All the bodies used had their fired moduli of rupture within

the range at all the firing temperatures ueced.

Apparent porosity, generally, decrezsed with increase
in firing temperature. Within 1130 - 1220YC, bodies of
composition ‘&7 and ‘D7 had their apparent porosities,
almost, unaffected by +iring temperature,. While within
1220-1300%C their pcrositiesz, decreased sharply with body
‘D7, almost, attaining zero porasity at a firing temperature

of 124090, Howewer, body “B” had its apparent porosity



105

decrezsing with incressing temperature, wWithin 1130 -
1220%C, while body “C” had itse poroszsity increazing with
ircrease in  temperature over the <same range. Within
1220-1200°C, bodies ‘B’ and ‘C° als=o had their porosities
decreasing with increase in firing temperature., Al bodies
virtually, had their apparent porosities reduced to zero at

1300°C.

Water absorption followed the came pattern a2z the
apparent porosity. Going by the Stadardszs quoted in Takble 2V
of fAppendix -F, only bodyr ‘D7 sztisfy the requirement of
water absorption 1imite at & firing temperature within
1180-1220%C. At a temperature of 12600C, bodies, ‘B, “C°
and ‘D’ proved satisfactory. Though at 1300°9C, all the
bodies csatisfy this requirement, bedy ‘&7 still is not
satisfactory becavse it could not catisfy the bulkK density

requirement.

&.2.2.2 Compositional Effects

Effect of substituting feldspar for zilica, clay being

constant, was studied by comparing the properties of body'a&’

and body "B tfired to the same temperature, This
substitution gave rise to higher Jlinear firing shrinkage,
except For samples Fireg at 12009, which showed no
appreciahle difference, Firing weight loss was essentizlly

unchanged. Bulk fired density increased. At 1120°C  and
1240°C, more feldspar resulted in higher fired modulus of

rupture, while at 1220 and 13200°C MOR was lowered by thie
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substitution. Apparent porosity and water absorption were

lowered by having more feldspar and less gilica,

Substituting feldspare for clay, stlica being constant,
resutted in higher linear +iring shrinkage, lower Firing
weight tTase, lower apparent porosity and water absorption.
At 1180 - 1220°C, bulk density wae enhanced. While &t
temperatures greater than 12209C, this substitution lowered
the bulk density. at 11806-1228°C bulk density increased,
praobably because of higher degree of witrification due to
more feldspar, while at higher temperzatures, witrification
paointe of the bodies being compared are, essentially, the
same and the effect of higher dernzities of clare relstive to
feldspar came in to playr. This observations were drawn by

comparison of body "B and body “07s” properties.

The effect of repltacing silica sand with clar, feldspar
being constant, was studied by comparing bodies ‘B and “C7,
At 1180 =~ 1240°C, linear ficing shrinkage was nat
significantly affected, and the insignificant change did not
follow any definite direction. MHowewer, at 1300°C 1linear
firing shrinkage increazed hy 0.54 as s result of this
change possibly due to the presence of more +Fluxes in the
clay thanm in the silica. Firing weight loss, generally,
increased, Bulk fired density increased at 11€0-1220 and
1300°E, while at 12809C, this change lowered the bulk
density. MOR was, almost, unaffected at 113090, whereass at
1220 and 130D0°C, more clay increased it, “t 1240°9C, the
change lowered MOR. éApparent poroszity and water absorption

were lowered all through.
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CHAFPTER SEVEN

CONCLUSION

Based on the findings of this research, the following

conclusion are drawn.

1.

Kano KRD, KanKara, Cross river and lKebedi clays are,

most probably, Kaolins.

Bomo, Goronyo MWFl, and Bida clays are stone ware

claye, probably.

Kaoje and Bukuru clays had behaviours in—be tween

Kaoline and stone ware clays.

Plasticity indices showed the following order of
decrease: Kaoje?> Bukuru?> Bomo» Goronyo MWFL1)> Bida>

lkebedi?> Cross river? Kankara?> Kano KRD.

Rheological studies showed the following order of
increasing minimum viscosity: Cross river{Kaoje{BukKuru

{Kano KRD{¢ Goronyo MWF1< Kankara{ IKebedi<{Bida<{Bomo,.

Bida and KankKara clays were adequate, in terms of
plastic and binding abilities, for production of dry

pressed electrical porcelains.

Body ‘C’ exhibited the most favourable green

properties,
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Prescsing Pressure of 10MPa proved to be adequate
enough, for dry precssing electrical porcelains, under

the conditions used.

Firing temperature of 1240°C proved to be the best

firing temperature used.

Bodies ‘B, ‘C’ and ‘D’ were wvery adequate for
producing dry precssed electrical porcelains wusing
Kankara and Bida clays, 0OKene Ffeldspar and Danbatta

Silica sand.

Body “A° was not good encugh due to high degree of
water absorption in all the cases investigated, and its
inability to satisfy the bulk fired density of low

tension porcelains as specified in appendix F.

No good electrical porcelain was found using a2 firing

temperature of 1180 or 1220°C.
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CHAFTER EIGHT

FECOMMENDATION

Based on the experience with this research, the

folloawing recommendations are made.

lkebedi, Croge river and Kaolde claye require a good

beneficiation prior to being used.

The deweloped low-tension porcelain could be
commercialised. Bodies ‘B, e and DT are
recoammended provided peak firing temperature is up
1Z80°C, and heat treatment time i¢ just a2 enough as to
satisfy the requirements of density, MOR, porosity and

water abscorption.

ey prescsing pressure should not be lecss than 10MFa

and <hould be higher if maoisture content is lezs than

144 wt.,
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AFFENDICES

APPEMDIX-A

TaBLE Al: FPFEFFERKORMN PLASTICITY TEST REGULTS

Clay MName Moisture Content FPfefferkorn
wt He ight mm
Kaaoje 20.00 2.5
25.00 10.5
27.00 14.5
29.00 24.0
30.00 25.5
Bida 30.00 3.0
35.040 7.0
37.50 12.5
40 .00 14.0
42.50 24.5
Kano KRD 35.00 2.5
40,60 6.5
45.00 13.0
47.50 21.5
50.00 24.0
Cross river 20.00 2.0
35.00 5.5
40.00 2.0
45.400 15.5
47.50 24.0

.
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Clay Name Moisture Content Pifefferkorn
Wi Height mm
Goronyo MWFI 30.00 &.8
31.08 11.5
32.350 13.0
34.00 17.9
35.00 14.0
White Kankara 35.00 2.5
40,00 5.0
42 .50 11.0
45.00 21.0
50.00 8.0
Bukuru 22.00 7.0
25.00 11.5
27.30 15.5
28.50 20.5
30.00 a7.0
Bomc 30.00 .5
31.00 18.5
22.00 22.9
33.00 22.5
35.00 z24.0
IKkebedi 20.00 2.9
35.00 4.0
40.25 lo.5
45,00 18.5
47 .30 24.5
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TaBLE A2: CLAY SLIPS DEFLBCCILATION RESULTS

Clax Type ater Deflocculant Viecosity
Content Concentration Cp
Wt Wt

Kana KRD 43 .1 520.00
0.2 &0.00
0.3 7a.00
0.4 58.00
0.5 76.00

Goronro MWFL 50 6.1 Too High
0.2 S570.00
0.3 72.00
0.4 73.00
0.5 @7.00

White Kankara 45 0.1 130,00
0.2 95.00
0.3 20.00
6.4 ¢5.00
0.5 110.00

Bomo 43 0.1 200.00
0.2 238.00
0.3 147 .90
0.4 230.00

0.5 254.00
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Clay Trpe Mater Deflacculant Viscosity
Content Concentration Cp
wtie Wt

Ikebedi i 0.30 355.00
0.40 130.00
0.45 40.00
0.50 z0 .00
0.40 25.00

Crozs River Pt 0.1 534.00
D.2 354.00
0.3 200.00
.4 20,00
0.5 12.50

BuKuru 45 0.1 100.00
a.2 40,00
0.3 54.00
0.4 35.00
0.3 57.50

Bida &5 L { 227.30
a.z 205,00
0.3 189,00
0.4 218.00
0.3 250.00

Kaoje 40 0.1 155.00
0.2 34.00
0.3 38.00
0.4 38.00
0.3 438.00




114

TARLE AZ: GREEM PROPERTIES OF THE ELAY'S SOLID £ASTS

Specimen Linear Drying Breen or Dried Green

Tag Shrinkage Density (GD? Modulus of
(LDS) % Kg/m3 Rapture ¢(GMOR)

Ki/cm@x 1073

R1 1.%8 1444.81 -

R3 1.80 1493.55 78.00

R4 1.91 1463.33 -

RS 1,714 1452.41 é8.17

Ré& 1.41 1391.00 80.34

MEAN 1.84 1449,44 753.57

Fi 11.34 1779.88 -

F2 11.74 185%,79 423.25

F3 11.13 2062.72 -

Fa 11.41 2067.02 -

F3 2.70 1944 .41 807.25

Fé 11.32 1924.26 487,47

MEAN 11.14 1943.35 703,99
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Specimen Lingar Drying Green or Dried Green
Tag 8hrinkage Density (GD) Modutus of
(LDS) % Kg/m3 Rapture ¢GMOR}
K/emx1073

KK1 3.22 1429.72 110.70
KK2 2.964 1397.28 115.14
KK3 2.48 1449 .36 124.44
KK4 1.78 1379,99 -
KKS 2.83 1433.80 -
KK 2.45 1387.64 -
MEAN 2.65 1413,34 1186.77
BM1 _ ?.09 1831.93 482.71
BM2 ¥.78 1931.26 540.78
BrM3 ?.26 1954.87 -
BM4 10.04 1940.00 -
BM5 B.74 1923.02 -
BM4 %.57 1783.08 348.1%
MEAN ?.41 1894.1% 537.23
1K1 4.94 13246 .44 158.04
1K4 3.43 134%.10 -
1K5 2.00 145%2.54 -

MEAN 4,54 1511.77 158.04
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Specimen Linear Dryinpg Green or Drijed Green
Tag Shrinkage Density <GD) Modulus of
(LDS) ¥ Kg/m> Rapture (GMOR)
KN/ cmZx 1073
CRi 7.83 1411.24 -
CRZ 8.78 1735.82 | -
CR3 8.78 1604.07 -
CR4 8,45 1744, 64 22719
CRS 8.78 1659.23 | 157.82
CRé g.37 143024 } 184,34
|
MEAN 8.50 1664.55 | 190,45
BD1 9.04 1814.47 E -
BD?2 8.74 1828.73 ' 215.49
BD3 9.13 1734.48 [ -
BD4 ?7.86 1848.72 1 -
BDS $.00 1806.45 25028
BDS 9.83 1792.19 |-
\

MEAN 8.93 1807.57 232,89
KJt 0.40 1647.94 |-
KJ2 0.99 1642.18 -
KJa b.09 1653.05 6. 61

Kié 0.3& 16351,78 70.04
!

MEAN D.5é 1448.74 48,33




(X

Specimen Linear Drying Green or Dried Green
Tag Shrinkage Density (GD) Modulus of
(LDS) % Kg/m3 Rapture (GMOR)
KN/cm?x 1073

BK1 D D D
BKZ2 D D D
BK3 D D D
BK4 D D D
BKS D D D
BKé D D D

MEAN - = .
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TABLE aA4: FIRED PROPERTIES OF THE CLAYS'S SOLID CASTE.

Specimen Linear Firing Fired Fired Apparent  Mater

TAG Firing Weight Density  Modulus  Porosity  Absorption
Shirin- Toss ¢FD} of Rap- (AP wts (WAY Yt
kage(LF5) (FWL) Ko/m®  turedFMOR)
wit wt% KN/eme

Ri 10.07 13.14 17%¢.14 3.3 28.17 14.18

R4 10.37 13.07 1805.31 3.%3 26,86 14.57

MEAN iv.22 13.12 1800.73 3.42 26,42 14.38

F1 2.83 4.33 2029.14 3.95 10.11 4.%0

F3 2,45 4,39 2172.62 4,76 10.78 5.23

F4 2.61 §.37 2125.08 3.3 i1.08 5.43

MEAN 2.43 £.35 2109.27 L 10.44 5.1%

KK4 12.00 12.88 1889.49 4,78 22,87 12.01

KKS 11.77 12.86 1841.%1 4,25 21.83 11.45

KKé 11.52 12,92 187,39 9.17 22.7%¢ 12.00

MEAN 11.74 12.8% 1883.00 4.73 22.4% 11.82

BM3 4.%8 5.58 2204.18 2.80 0.00 0.00

pM4 4,30 4,83 2147.47 2,60 .00 0.00

BMS 5.00 0,09 215).87 2.04 n.oD 0.06

MEAN 4.74 317 2147.84 2,48 0.00 0.00




Specimen Linear Firing Fired Fired Apparent  Water
TAG Firing Weight Density  Modules  Porosity  Absorption

Shirin-  loss (FI of Rap-  (AP) Wi  (W&) wtX

kage{LF3) (FlL) Kom?  ture(FMOR)

wii wi¥ KN/ cme
1K4 G b b b b L
IK3 o D 0 b b D
MEAN - - - - - -
cRi 2.43 2.43 2303.14 1.88 12.38 5.78
CR2 1.0 ?.39 2342.37 1.78 12.04 5.62
CR3 10.4% 2.42 2175.70 1.57 11.47 5.43
MEAN 2.98 2.42 2273.74 1.74 12,93 5.61
BDt 7.41 g.22 2ld1.90 4.49 14.81 7,50
803 7.61 %.23 207%.45 3.4 14,33 7.24
BD4 7.62 %17 1925.50 2.23 15,14 7.73
MEAN 7,58 7.2 204%.08 3.53 14.76 7.4%
Kdl 3.90 8.48 1757.40 3.38 28.67 16.14
KJz 4.1 8.42 1494.29 2.64 30.05 17.2%
MEAN 4.04 B.45 1726.%5 3.02 29.36 14,72




APPENDIX —H

TAELE Bi: GREEN PROPERTIES OF TRIal FRESSED WARES

Specimen  Pressing Water Linear Green or Braen
TAG Pressure Content Dryiag Dried Modulus of
(TNB) /App- wt Shrinkage Density Rupture
tication (LDS) wtZ (6D {GMDR)
Kg/mS KN/enx103
PHEMD1 4.5/1.5:4.5 15.00 g.00 1874.57 §9.98
PHEMDZ 4.5/1.5:4.5 15.00 g.40 189%.22 79,67
FHEMD2 4.5/1.5:4.9 15.00 0.00 1843.07 -
MEAN 4,5%/1.5:4.5 15.00 0.0D 187962 87.83
PHEMDI 4,5/1.5:14.5 15,00 9,00 1843,77 71,21
PHEMDZ 4,5/1.5:4.5 15.00 0.00 1825.23 126.53
PHEMD3 4,9/1.5:4.5 15.00 0.08 1844.82 -
MEAN 4.5/1.5:4.5 15.00 0.00 1861.27 95.87
PHEMD] 4,5/1.5:4.5 15.00 g.00 1867.00 124.50
FHBMD2 1.5/1,5:4,5 15.00 8.bo 1877.90 $7.10
PHBMD3 4.5/1.5:4.5 15.00 .00 105,33 ~
MEAN 4.5/1.5:4.5 15.00 £.00 18%0.08 111.80
PLBD! 2.0/8INGLE 15.00 ¢.00 1804,01 -
PLBD2 2.0/SINGLE 15.00 .00 1B11.84 44,44
PLED3 2,0/5INGLE 15.00 ¢.90 1805.7% 62.80

MEAN 2.0/5INBLE 15.00 0.90 1607.88 é3.42
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APPENDIX - C

TAELE C1: GREEN PROPERTIES OF THE PRESSED PORCELAINS

Specimen Linear Drying Green Density Green Modulus of
TAG Shrinkage (GD) Rupture (GMOR)
(LDS) % Kg/m3 KN/em2x10~3
Al 0.00 1770.35 56.77
Az 0.00 1731.%94 40.93
A3 0,00 1740.54 66.93
A4 0.00 1782.05 62,90
MEAN 0.00 1756.22 é61.89
B1 0.00 1811.53 57.10
B2 0.00 1814,09 57.25
B3 0.00 1824.41 40.0%
B4 0.00 1803.4% 59.48
MEAN 0,00 1813.,38 58.53
€1 0.00 1818.53 62,44
c2 0.00 1822.43 66.01
c3 0.00 1814.95 46.76
c4 0.00 18246.96 62.64
MEAN 0.00 1821.27 44.52
D1 0.00 1815.20 54.84
02 0.00 1784.18 52.36
D3 0.00 1808.%3 47.04
D4 0.00 1782.58 51.43

MEAN 0.00 1797.72 51.47




TaBLE D1: FIRED PROPERTIES OF FORCELAING OF COMPCSITION "A"

APPENDIY ~ D

Firing Specimen Linear Firing Fired Fired Apparent  Water
Temper- TaB Firing Weight Density Modulus Porosity Absorption
ature Shirin- Loss (FD) Rapture  (Ap) (A
FTo0) kage (FWL) (FMDR)
(LF$
wt/ Wtz Kg!m3 KN/ emd wt% wt’
AITL 7.96 6,03  2043.07 3.4B 0.43 ¢.20
AZT1 B.18 é.03 2113.59 3.39 1.08 0.50
1200 A3TI 8.26 6.70 2120.84 3.4 1.4 0,46
MEAN g.13 4.24 2125.83 3.54 0.58 0,43
AlT?2 g.11 é.14  2223.54 3.04 9.8 2.47
1240 AZT2 7.82 .14 2122.537 2.87 7.07 3.28
A3T2 7.88 .19 2144,22 2.8% 7,88 .47
MEAN 7.94 .16  2044.11 2,92 4.92 3.2t
AIT3 .89 4.07  2011.%0 2.20 13.43 4.48
1220 A2T3 6.94 .13 2030.73 2.45 11.3% 3.57
A3T3 £.61 .16 2030.B0 2.4 12.73 é.20
MEAN 4.8t 6,12 2031,44 2.43 12.64 4.19
AITY 4.51 5.83 2052,22 2.19 13.35 4.44
1180 AZT4 6.80 3.90  2070.71  2.70 12.0% 5.82
A3T4 6.57 5.68  2042.5%1 2.2% 12.78 4.18
MEAN 4.63 5.87 20535.15 2.38 12.74 6.15
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TABLE D2: FIRED PROPERTIES OF PORCELAING OF COMPOSITION "B

Firing Specimen Linear Firing Fired  Fired Apparent  lWater
Temper- TAG Firing Weight Dencity Modulys Porosity Absorption
ature Skirin- Loss {FD) Rapture  (Ap) wt¥  (WA) wiy
FT¢or) Kage  (FWL)  Kg/mS  (PMOR)
(LFS)  wtx KN/
wtil
BiT! B.08 .20 2107.21 3.40 0.05 .02
1200 B2T{ 8.17 8.30  2209.42 3,44 0.33 0.15
BaTi 8.0B 6.4 2199.20  3.02 0.00 0.40
MEAN 8.1i 8,38 2171.94 3.29 0.13 0.04
BIT2 B.22 8.15  2233.40 3.45 4.83 2,21
1249 B2T12 8.28 .09 2230.84 3.39 4.81 2.14
BaT2 8.38 8.17  2249.01 3.55 5.08 2.32
MEAN 8.2¢ .14 2238.42 3,44 4.91 2.23
BIT3 6.95 6.31 2138.42 2.%4 iD.88 5.18
1220 BZT3 7.20 .16 212748 2.7 10.23 4,81
B3T3 7.35 4,19 230,70 1,84 7.23 3,33
MEAN 7.17 6.2) 2132.83 2.30 %.45 4.23
BiT4 7.13 3.8% 2128,32 2.1D 10.90 5.13
180 B2T4 7.10 2.B7 214557  3.04 11.44 5.41
B3T4 7.20 3.8 218280  2.47 11.25 3.33
MEAN 7.159 3.89  2145.56 2.40 11.2¢ 5.29




TABLE D3: FIRED PROPERTIES QF PORCELAINS OF COMPOSITION “C*

Firing Specimen Llinear Firing Fired  Fired Apparent  Water
Temper-  TAG Firing Height Density Modulue Porocity  abserption
ature Shirin- Loss (FDX( Rapture (Ap) (WA
FT¢OC) kage (FWL) (FMORY
(LFS)
wt/, W% K/mS BV on?
CtT1 B.42 6,73 2238.92 3.17 0.00 0.00
1300 cmi 8,52 6.86 223975  3.01 §.00 .08
3Ty B.97 4.87 2214.B% 3.£2 0.00 6,00
MEAN B.64 .82 2231.19 3.43 0.00 ¢.00
CIT2 B.45 4,75 2284.84 2.2% 2.27 1.02
1240 C2T2 8.17 6,80 2143,48 2.8% 2.87 1.30
C3T2 7.92 8,73 2147.5t 3.74 2.3 f.04
MEAN B.23 6,77  2185.28 2.9 2.48 1.12
eIz 7.30 &7t 217004 2,40 8.11 3.50
1220 c213 6,85 6.67 2086.05 2.%6 8.7¢9 4.14
G313 /.20 §,67 178,62 2.54 10,52 4,96
MEAN 7.0% ¢.68 2144,90 3.3 .14 4,38
C174 7.2¢9 6.95 2118.25 2.85 7.5 .22
1180 £214 7.19 6.54 2172.42 2.8 8.91 3.13
i B 7.30 6,57 214800 2.13 4.4 2.%7
MEAN 7.9 4,54 2152.91  2.5% 8.7% 3.1
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TABLE D4; FIRED PROPERTIES OF PORCELAING OF COQMPOSITION "D

Firing Specimen Linear Firing Fired  Fired Apparent  UWater
Temper- TAG Firing lWeight Density Medulus Forosity Absorption
ature Shirin- Loss CFD Rapture  (Ap) (WA}
FT(OD) kage (FWL) (FMOR)
(LF3)
wt¥ wt?Z  Ko/mS  KN/cml
DITH 2.78 3.595  H82.7% 3.2 0.00 0,00
1300 0271 8.88 9.40  2049.B1 3.4% 0.0 0.00
pam 4.37 3.97  1987.71  3.54 0.00 .00
MEAN 2.4 .52 2033.44 3.44 0.00 0.00
D1T2 7.88 5.45  2174.70 2.9 8.10 0.26
{240 02712 8.34 5.40  2216.24 3.70 0.10 0.04
parz 8,48 .37 210,72 3.3% 0.05 0.02
MEAN 8.31 .41 2281.23 3.33 0.0B 0.04
DIT3 7.48 3.39  2040.73 3.14 4.74 2.18
1220 D273 7.94 5.35  2202.26 3.7 4.88 2,23
D3t 7,04 .16 2188.22 3,22 5,19 2.4D
MEAN 7.52 5.30 214307 .44 4.94 2.28
DIT4 7.44 .26 2143.%3 2.8 1.87 2.24
1180 D2T4 7.35 D.2%9  2150.356 2.9V 1,70 2.13
D3T4 7.3% 3,30 2154.8% 3.3 5.13 2,34
MEAN 7.3% 5.28  2157.08 3.04 4,90 2.2%
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AFPPENDIX - E

cALCULATIONS

a) Recipe:
Basi= kg of Recipe

i) Composition A had 4324 clay, 23 feldspar, and 30X silica
sand
Amounte of Respective Constituents:y

Clay Feldspar Sand

Kankara Bida Okene Dambatta

a5/100 = 1000g 107100 x 1000g 257100 = 1000g 30100 » 1000g

380g 100y 230g z00g

Moisture content waz 134 altlthrough

i Amount of water required for lKg of material =
157100 x 1000 = 130¢g

Similtarly for:

ii>» Composition B had 45X clay, 304 feldspar, and 234 silica

sand
Kankara Clay Bida Clay Feldspar Sand
250g 10ty 2004y ZS0g

Water = 150g



ibii) Composition C had 504 Clay, 304 feldspar, and Z0¥%

Silica sand.

Kankara €13 Bida Clay Feldspar Sand
400¢g 100g 300qg 200g
Water = 100y,

iv? Composition D had 404 Clay, 3594 feldspar, and 254

Silica santd

Kankara Clay Bida Clay Feldepar Sand

30049 ' 1009 2509 250g

Water = }50g

by Viscosity of Slip

Viecosity caleulations were done in the following H

Manner ;

Vigcosity = Uiscometer's Dial Reading @

multiplied by F Cp

Where F iz a conversion tactor which i3 a function of
viscometer model, Spindle MNumber, and rotational speed at
which the dial reading was noted. Spindle MNumber 3, and

Yiscometer model RUT were used through out this work.



c) Green and Fired Properties

i)

iid

i)

v

yid

viid

Viiio

ix)

x)

Xii)

LDS
LFS

GD

GD

FD

FlL

AP

WA

GMOR

GMOR

FMOR

FMOR

(L, - Ly x 1001, %

Wy x 2722 x 4/(d’xd”) x 1/L4 valid for

cylinderical samples.

W/ (LyxBd x Hy) valid for
rectangular samples

wf x 1000/ - W)
(Mg - W) x 100U,

(Mg = WE) x 100/ (W 4 — W) %
(Weap = Wed x 100/Wg %
8 x 7 x F’ x S"/(22xddxddxdd) valid
for cylinderical samples.

3 x F’x 8" (2xBdxHdxHd) wvalid for
Rectangular samples

8x7xF x S" (22xdFxdFxdF) walid

for crlinderical samples

BxF x §" /(2xBFxHFxHF) VYalid for

Rectangular Samples.
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APPENDIX —F

TABLE Fl1: STAMDPARDS FOR LOW - TEMSION

PORCELAIN INSULATORS AS GQUOTEDR BY THURMNAURCLI9S4)and

Llsman (198%)

Properties Range of Valuyes

Fired Bulk Dersity (x1000kg/mS) 1.9-2.48 2.2-2.41
Water absorption (3 g.2-2.4 0.5-2.0

Coef. of Linear Expansion:

Values2C x 10~% 2.5-5.5

Thermal Conductivity (C.g.s) 0.002 - 0.003%
Tensile Strength (Kg/=q.Cm> 195 - 422
Compressive Strength (Kg.sq.Cm? 210% - 4570

Modulus of Rapture  (Mpa) 20,49 ~ 58.44 24-411
Thermal shock (¥C) 370-840

Dielectric Constant (U/mmd 3540~-7870

Resistivity CobmAcem) 1.8 - 1@

M.B VYalues with 2 superscript 1 were FEanges of values given
by Thurnaur (1%734) . Qther wvalues were given by Haman

1285,
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