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ABSTRACT
Characterization of ceramic waterisls is important in order to improve
their guality. In this study ultrasonic nondestructive technique has
been used to characterize some Kenyan clay vrefractories. Ultrasonic
parameters used for characterization were velocity and frequency
dependent attenuation measurements. It was found that the ultrasonic

parameters are influenced by the material fabrication conditions.

The measured ultrasonic velocity in the clay refractories was found to
increasse as the firing temperature and/or the compaction (loading)
pressure were increased. Meanwhile the ultrasonic  attenuation
decreased with increase in the firing temperature and/or the
compaction pressure. Further, clay refractories fabricated from
different types of clay, (red firing clay -RFC and red hill clay -RHC)
gave different velocity and attenuation values. Ultrasonic velocity in
refractories fabricated from the clays with a “finer  psrticle size
distribution (RFC) was higher than that in refractories fsbricated

from clays with a “coarser” particle size distribution (RHC).

The material properties such as bulk density and shrinkage (both
linear drying shrinksge —%LDSf and linear firing shrinksge —%LFSd)
were also found to increase with increasing firing temperature or
loading pressure. Further, high shrinkage values were noted in samples

with a "finer particle size distribution (RFC).

X-ray diffraction (XRD) and chemical (rationsl) snslysis showed that
the proportions of most of the major clay minerals (such as quariz,
mics and feldspar) increased as firing temperature was increased. The
proportion of kaolinite however dropped with temperature.
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CHAPTER ONE

INTRODUCTION

1.1 Introduction

Clays form & class of traditionsl ceramics. This class of ceramics
include also materials such ss cements and silicate glasses [Kingery,
1975]. In Kenya’'s ceramic industry, local clays are the principal raw
materiasls. The manufscture of most ceramic products such ss saniltary
ware and refrsctory products (fire clay bricks and thermal
insulstion bricks), is based mainly on clays. Furthermore, the art
of forming and burning of clsys has been in practice for many decades

in this country.

The principal clays used in Kenya's ceramic industry include; Red

firing clay, Red hill clsy and Ball clay. Red hill clay is

obtained from volcano ashes. This clay has a high thermal
stability snd is & good candidate for furnace linings. Red
firing clay, as the name suggests becomes red in colour when fired

and it is the most locally available clsy. Red firing clay has found
wide application in manufacture of refractory products; thermal
insulation bricks, fire clay bricks and in pottery. Ball clasy is =
white plastic clay which, in Kenya, is found mostly within coastal
regions and sround river banks. This clay is an essentisl ingredient
for cerasmic body msmufacture as binding sagents for imparting
plasticity, workability and green strength to raw materials [Kshems et
al, 1992]. However, in most cases, it is rare thst any clay can be
found which satisfies all the mamwfacturing reguirements of any one
product [Kshams et al, 1992; Venisle et al, 1982; Abdel-sziz et al.
19917, For this resson, blended clays are produced consisting of
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many components from severasl individual seams esch contributing to the

physical properties of the final blend.

Despite the wide use of clays in the Kenyan cersmic industry, the
properties of these clays as well as the clay products have not been
well characterized as compared to most modern ceramics (such as
borides, carbides, nitrides, single and mixed oxides, silicates
etc.). The lack of characterizastion of local clays has led to poor
quality and unreliable local ceramic products. Characterization of

local clays would not only improve the performance of these materials

out widen their spplication in the ceramic industry as well.

1.2 Statement of the Problem

The problem of poor quality of most local refrsctory products, for
example, the low mechanical strength of fire clay bricks could be
solved by proper control of fsbrication conditions and controlling of

the microstructure of the materisls.

Scientific studies have shown that the strength of most ceramic
materials is dependent on fabricating (processing) conditions. For
exsmple, Ibisi, (1881) has shown that incresse in firing temperature
increases the density, percentage shrinksge and the modulus of rupture
in some Nigerian clays. Klims et al, (1987) showed that the loading
pressure  and firing  temperature determine the density and
microstructure in sintered ceramics of silicon carbide and nitride.
The packing of grain in a sample during compaction has been shown to
be influenced mostly by the compaction and distribution of particle
sizes [Kshema et al, 1882]. However, in our local ceramics, little or
no scientific study has been carried out to assess the effect of

2



processing conditions on the strength of ceramic materials.
Investigstion of the effects of fabricstion psrasmeters on the materisl
properties such as density and elastic moduli of the final product 1is

hence vital.

Further, in order to improve the guality and relisbility of our local
ceramic products, it is necessary to gain insight into the material
properties by controlling their microstructure. This is possible on
the basis of ultrasonic parameters if the investigation of the
effect of fabrication parameters on the material properties of =
f{nal cersmic  product is possible through the ultrasonic

nondestructive evalustion (MDE} method.

1.3 Objectives of the Present Study

The primary objective of this study is to investigate using the
ultrasonic nondestructive evalustion (NDE) technique, the effect of
processing conditions such as compaction pressure, firing temperature
and particle size distribution on the material properties of the final
refractory clay products. Samples of Red firing clsy and Red hill clay
hereafter designated RFC and RHC respectively were chosen for this
study. Variations in the materi&l properties such as density,
ultrasonic velocity and hence Young's modulus (E), and ultrasonic
atternuation were determined nondestructively via interaction of sound
waves with the microstructure and morphological factors (i.e. particle
size and shape) of the material. Changes 1in the minerslogical
composition developed in the samples on firing were determined by
Rational anslysis and X-Ray diffraction studies (XRD). Further, the
sample s microstructure were determined through observing thin sample

sections under optical microscope.



The sims of the present study sre fourfold:

(i) To study the effect of different fabricating or processing
conditions i.e. particle size distribution, compaction pressure
and firing temperature on the materials properties such as  bulk
density and Young' s modulus.

(i1) To investigate the effect of material microstructure and
morphology (particle size and shape), on the speed of wave
propagation (velocity) snd wave energy loss (attenuation)

{(iii) To correlate the two ultrassonic parameters 1i.e. (velocity and
attenuation) with the material’s bulk density and Young’'s modulus

(iv}y Estimate the Elsstic constant (E} from velocity measurements.

The samples used were processed st verious conditions; The compaction
(loading) pressure ranged from 64 MPa to 255 MPaz, While the firing

temperature ranged from 8000 c to 8500 C.



CHAPTER TWO

REVIEW OF ULTRASONIC CNDED> TECHNIQUE FOR CERAMIC MATERIALS

2.1. Characterization of Microstructure

Many studies have deslt with the spplicstion of nltrasonic
testing to characterize and monitor the properties of ceramic
materisls nondestructively [Klima et al, 1987; Gieske et al, 1991;

Gzult, 1989; Ruppermsn et al, 1984; RKreher, 1977].

The principle of ultrasonic material characterization is bssed on the
measurement of the velocity of sound waves and the loss of wave energy
when the wultrasonic wave traverses the material under test and
frequency snalysis. Klima et al, (1887) hsve unsed the ultrasonic
parsneters (velocity snd sttenustion measurements) for density sand
microstrmcture  characterization in sintered silicon carbide and
nitride. They reported an increase in ultrasonic velocity with density
in these cerasmics as shown in fig 2.1. Rapperman et al, (1884) also
reported 3 similasr trend in the vsriation of ultrasonic velocity with

density in green MgO.

L& — /
2 LI8[—
E
e —
B
$ Ll Data obtained for alpha
§ silicon carbide in as-fired
S | and hot Isostatically pressed
5 conditions
S Specimens wilh three grain
L10— sizes were ylilized
- " 0%
o : dens!
o, M= T (N Y (NN W (N BN [
2.%0 2.9 3.0 3 310 3.20
Density, G/cm
Fig. 2.1. - Ultrasonic velocity as a function of bulk

density for alpha silicon carbide (Klima et al. 1937).
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Kreher et a&al. (1977) mwmeasured ultrasonic velocity in electricsal

porcelsin bodies fabriested in varying mass of K.,0/ SiOZ/ Alqu as a

function of porosity and pore shspe at different firing
temperatures. They sssumed uniform elsstic properties and non
spherical pores in the medium snd showed that there exists a

mininmm  porosity, obtained st sn optimal firing temperstare,

for which the maximam ultrssonic velocity W3S obtained. The

resnlts obtsined by Rreher et al, (1977), for some of the compositions

are shown in figures 2.2 snd 2.3. In these figures the genersl

variation of porosity and ultrasonic longitudinsl velocity relsted to

the firing tempersture for different compositions of electricsl

porcelsin sre shown.

Porosity (%]

0 : 1 1 1 | 1 | 1 y|
1250 1290 1330 1370 1410

Firing temperature [°C]

Fig. 2.2. -Curves of the porosity versus firing
temperature CKreher et zl, 1977.
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|

| —-—

1
1420

Fig. 2.3. -Ultrasonic wave velocity as a function of
firing temperature (Kreher, 1977).

The material microstructure is known to influence the propagation of
ultrasonic parameters in the materisl [Vary, 1988]. As most materisl
properties such as density, snd Young’'s modulus, and microstructure
Ire determined by fsbricating conditions, it is no doubt that the
nltrasonic parameters will be dependent on sample fabricating
conditions. For exsmple increasse in firing temperature has been shown
to increase (though non linearly) the density, percentsge shrinksge
and the modulus of rupture in some four Nigeyian clays designated MPP,

KAP, RKWP and AFP 3s shown in figures 2.4s and 2J4b [Ibisi, 1991].
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Fig. 2.4a. —=Variation of bulk density with temperature
for some Nigerian clay samples (Ibisi, 1991).
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Fig. 2.4b. -The percentage shrinkage of some Nigerian
clay samples as a function of temperature (Ibisi, 1991).



Robsyashi et a1, (1992) has reported an 1initisl incresse in bnlk

density in three porcelain bodies A, B and C with incressing firing

tempersture as shown in Fig 2.5. Bodies A asnd B had quartz, feldspar

and ksolinite ss thelr msin constituents while boby € wass composed of

sericite, ksolinite and lsrge smounts of qusrtz. According to

Kobsyasshil et al. further tempersture incresse, beyond T, causes the

bulk density to drop from its msximum value which was observed st

temperatnre T, The wvaristion of appsrent porosity with firing

temperature in these materials was observed to be sn  inverse to the

bnlk density resnlts.

2.5
L s i
E 2.4
Q
N
=2 23 .
b %
ot
g
O 22r b
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-
2 aal .
2.0
&
- 15
b
]
~
=
=]
2 10} ]
£ S
=]
g
=}
o 5
«
1100 1200 1300 1400

‘Firing temperature (°C)

Fig. 2.5, -The effect of firing temperature on bulk densi't

and apparent porosity in porcelainbodies (Kobaysshi et al
1992).



Klima et al, (1987), have shown that the loading pressure (compaction
pressure) and firing tempersture influence the density  snd
microstructure of sintered cersmics (silicon carbide and silicon
nitride). Further, Klims et al, observed that sintered msteriale with
a fine microstructure were significantly stronger at room terpersture
than the materisls with cosrser microstructure. Figure 2.8 shoue arl

exsmple of 3 fine and cosrse microstructure.

a. fine microstructure

b. coarse microstructure

Fig. 2.6. -An illustration of *fine’ and “coarse’

microstructure

The pscking of particles in s cersmic ssmple during compsction  l=-
been shown to be influenced mostly by Lhe degree of compscticn  and
distribution of psrticle sizes [Kshama et 21, 1992]. The nltrssrnic
rarameters are therefore dependent on materisl processing conditione.
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One of the methods for sssessing microstructure is that of measuring
attermation csused by the grain structure of polyerystalline solids
[Vary, 1988]. Vsristions in microstructural festures such as
grain size or shape, have been found to have a pronounced effect
on nltrasonic sttemstion [Klims et al, 1987; Vsry, 1988; Ganlt,
19897. High ultrasonic sttenustion hsve been reported in inhomogeneous
msterizsls such ss biologicasl materials-hmman tissues [Wesr. et al,
1993], concrete [Gaydecki et al, 1991; Lefebvre et al, 1980},
composite materials, and sea bed sediments [Chivers, 1991]. Klims
et al, (1937) found that attenmiation in large grained materisls of
sintered ceramlcs wss much more thsn the attemmation in  the small

grained materisls ss shown in figure 2.7 below.

ATTENUATODN, /(M

0 | | 1 J

75 100 15 150 175 X0
FRIQUENCY, MHa

Fig. 2.7. -Effect of microstructure onattenuation
in sintered silicon carbide (Klima et al., 1987).
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Evans et al, 1977, have quantitatively shown that sttermstion in =
porous resction-bonded 813N4 derives primsrily from a narrow rangde
of grain (pore) sizes. Purther theoretical anslysis of the effects
of grain size distribution in polycrystalline materizls on the
frequency dependence of the ultrasonic attermstion has been
presented by Smith, (18982). Smith hass shown that two specimens with
the ssme mesn grain dismeter csn have significantly different
ultrasonic attermations 1if thelr grain size distributions are

different.

In green ceramics, conventional ultrasonic technigues are usually
difficult to spply for sample characterization because of the high
attermation in these specimens, fragility sand the couplant-
absorbing properties of these materisls [Ruppermsn et al, 1984].
However, Ruppermsn et al 18984; Jones et al, 1988, hsve studied and
assessed the effectiveness of ultrasonic methods in green (unfired)
ceramics by pressure coupled transducers and dry coupling (vis
elastomers) respectively. In these studies it was found possible
to relste pertinent materisl properties such ss the moduli of
sintered ceramics to their green-state elasticity. Accordingly,
such studies could lead to  rejection of ceramics possessing poor
green—-state elastic properties and thereby avoiding further

costly processing.

It is generally recognized that the strength of ) specimen
is dependent on its porosity and grain size. Krndsen et al,
(1959) proposed = formuls relating the wvariation in strength S of
porous brittle polycrystalline specimens with changing porosity
(py and grain size (D) that hss proved to be vaslid for various

12



types of strength tests; compression, tension or bending etc. This

expression is written as

where a, b, and Kiare empirical constants. Further, Knudsen showed
thet wvariations in the degree to which specimens were fired
sppeared o have an effect on the final specimen strength
exclusive of the strength sttributable to the resultant changes in

porosity and grain size.

2.2. Elastic moduli

The measurement of elsstic moduli is fundsmentzl to understsnding snd
predicting material behavior. Becaunse they are related to interstomic
forces, elastic moduli govern attainable strengths. Elastic moduli
also govern the strain energy release rate and the stress wave
propagation properties sssocisted with shock, impsct, fracture, etc.
[Vary, 1988]1. Ceramic materisls generszlly require ultrasonic velocity
measurements to evaluste elastic moduli since tensile tests produce
either poor or no results. Further, moduli of ceramics are easier to
determine ultrasonically since they exhibit very small strains under

tension {Vary, 1988]

Many studies have dealt with the application of ultrasonic velocity
measurements to determine the elastic moduli in cersmic materiazls.
For example Klima et al, 1987, reported an exponentisl wvariation of
Young ‘s modulus E with incressing density, which in terms of porosity

(py 1is written as

13



........................

where Eo iz Young 's modulus st zero porosity and b 1s a2 constant.
Nagarsjsn, (1870), deduced a quadratic relation for the
dependence of Young's and shear moduli on porosity. Kreher et al,
(1970), demonstrated relations among transverse and longitudinasl
velocities and elastic moduli of porous cersmics. Fanzy et al,
(1985 ), have reported a mathematical correlastion betweer the
ultrasonic velocity and the dynamic modulus of elasticity in five
fired refractory products (high slumins, super—duty fireclay,
vitreous silica and carbon). Further, Fanzy et al, confirmed the
nsefulness of the modulus of elssticity messurements to generste

valid strength estimates for a variety of refractory products.

Kathrina et al, (1981}, have monitored the setting process of
phosphate-bonded, alumina-filled, magnesis cerasmics using ultrasonic
double-probe method in ssmples with slumina content in the range

0- B0% weight. The elastic properties determined from ultrasonic

velocity meassurements were found fto be dependent upon  the
filler volume fraction, while the reasction rate was found to
increase with increasing overall filler volume fraction
According to Kathrina et a1, (1891}, the measured elastic mochali

increased exponentially with decreasing porosity. Panskksl, (1881) has
compared the reported values of elsstic moduli of uraniuvm dioxide and
ultrasonic velocity in these materials for different pore volume
fractions. He has shown that longitudinsl velocity may be used as =
predictor of elastic modulus of sintered ursnium dioxide without
messuring density.

14



Phani et al, (1886} developed an expression relsting Young's wmodulus
(E) to porosity (p) for four gypsum  systems. This relstion was
found spplicsble over the entire range of porosity (py. Phani et

al’s expression is of the form
B sl T
E = EO( R (2.3

where EO is the Young’'s modulus at zero porosity, n is a material
constant, while a is the packing geometry. In the derivation of
equation 2.3, Phani et el, (18986), assumed that the physical
process such as stress distribotion and elongation are dependent

only on total porosity. However, Wagh, (1991} criticized the

sbove expression since it does not involve msterisl’'s
microstructural festures like the random shspes of the pores and

their random size distribution. Wagh, (1981) developed z model that
takes account of the microscopic details of the structure of
ceramics (such as alumina, silicon nitride, silicon carbide and
YBazCu307_d superconductor), the irregular shapes snd size of the
pores, and the random distribution of the grain and pore size. The
equation developed by Wagh, (1981) is of the form

E(p) = E(1-p ) (2.4)

where E(p) is Young s modulus at porosity p, while m is = constant.
Some of the relations that have been proposed to relate the elaskic
moduli of brittle solids to their porosities are given in Table
2.1 below. In Table 2.1, E(p) is the modulus of elasticity at
porosity p, Eo is the theoretical elastic modulus at zero
porosity, a and n are materiasl constesnts relasted to the packing

15



geometry and pore structure of the materisl, while m, b, h, A

and ¢ are simply constants.

TARLE 2.1.
Some empirical and semi empirical expressions relating

porosity to elastic moduli.

Equation Parameters CECp)) Source

E(p) = E_(1 - p)" Young s Wagh (1991)

E(p) = E_(1 -ap)" Young s Phani (1986)

E(p) = Eo { - (bp + cpt )«} Young s Wang (1984)

E(p) = Eo(l -hp) Young s Hsynies (1871}

E(p) = Eo[ 1 - _&p ] Young's Hassellman (1964
1+ (A - 1y

E(p) = Eoexp (~bp) Young s/shear Krmdsen (1859)

Az cited in the litersture review (section 2.1 ) such has been done on
nondestructive evaluation (NDE) of modern ceramic materiazls. In Kenya,
little or no nondestructive evalustion techniques have been carried
out with the aim of charscterizing 1local ceramic products. The
present study is therefore aimed at using ultrasonic nondestructive
tectnique to characterize clay based ceramic products fabricated under
various conditions.
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CHAPTER THREE

THEORY OF ULTRASONICS
2.0, Introduction
Various kinds of nondestructive evalustion (NDE) technology can be
used to charascterize mechanical properties of materials, e.g.,
electromagnetic (eddy currents), radiogrsphy snd ultrssonics studies,
[Vary et al, 1988]. In this study only the ultrasonic technigue has
been considered in the characterization of the clay products. The
ultrasonic technigue has become one of the generally accepted
techniques for evaluating and compsring product properties, quality
and uniformity of industrisl ceramic products [Bhardwsj, 1986]. This
technigue allows the detection of areas of low density, and
other defects, hence it permits good oversll characterization of
the aquality of refrasctories [Aly, 1985]1. It is for this reason that

the technique was chosen for clay materizl charscterization.

The ultrasonic technigue depends on measuring physical and acoustical
properties via the interaction of elastic stress waves with

microstructural and morphological features [Fu, 18827.

3.1. Ultrasonic Parameters

The ultrasonic parsmeters used for material characterization sare the
'velocity of propsgation of the elastic waves, frequency-dependent
attenuation and frequency spectrum changes. Velocity as & psrameter 1s
dependent on the psrticular combinstion of materisl fabricating
conditions and is strongly influenced by the microstructure [Kreher,
19%7]. Ultrassonic  velocity increases with the decreasing
microstructure dependent porosity. Porosity depends on the shape,
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srrangement snd the size distribution of the grains. Velocity
measurements provide a possible way of determining the mechanical
properties of a material [Gaydecki et &1,1881)], for exsmple elastic
constants, tensile strength, vield strength [Vary, 18881, residusl
stress [Vary, 1985], density of sintered ceramics [Klima, 1887;
Kupperman et &1, 18984; Ranschowski, 1975] and porosity [Kreher et al,

1877].

Ultrasonic attenuation is related to materials conditions that govern
mechsnical properties snd dynamic  response, for exsmple,
microstructure [Evang et al, 1978; Kreher et al, 1977; Mittlemsn et
al, 1989871 and morphology (grain size, shape, sand distribution) [Vary,
19881. Attenmation measurements can provide informafion on grain size

snd shape [Vary, 18881, and porosity, [Runerth et ai, 188871.

Frequency spectrsl anslysis is based on the principle that the higher
frequency components of the propagsted pulse sre preferentislly
attermated with incresse in path length than the lower frequencies.
Thus the pulse experiences not only =& decresse in amplitude with
increasing frequency but also a gradusl shift of the frequency
content to the lower end of the frequency spectrum [Serabian 1868].

Figure 3.1. shows an illustration of s frequency spectrum.
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v

Frequency (MHz)

Fig. 3.1. -An illustration of a fregquency spectrum.

3.2. Types of Ultrasonic waves

Depending on the mode of particle vibration relative to the direction
of wave propsgalion, ultrasonic wsves can be classified into three
msin categories. When vibrstions tske plsce in the direction of  wave
motion AB, (Fig. 3.2), longitudinal or compressionsl waves are said to
be propsgsted [Blitz, 1964]. The lsyers in the medium sre slternstely
conpressed and expsnded. When vibrations occur in & direction at
right sngles to that of the wsve motion AB, transverse waves are
propagated (Fig. 3.3). Transverse waves are also known 8s shear waves
The third category of ultrasonic waves, knéﬁn_as Surfsce or Rayleigh

v

waves sre chsracterized by complex motion of — longitudinal and
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shear waves, in which, the vibration direction is perpendicular to
the surface of the material AB as shown in Fig. 3.4. [Bhardwaj,
19867. Surface waves operate within a small “skin® of the material
surface and are attenuated rather rapidly within the bulk. An example
of surface waves is the ripples or currents on the surface of water
in which rippling is confined only to the surface while

underneath the ripples, the material is relatively calm.

W

— T

!

vibrat ion propagation

direct ion direct ton

Fig.3.2. Longitudinal waves

T I I I propagation
l l l l direction

N us)

A

.|
1

——y

vibration direction

Fig. 3.3. Transverse waves
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propagation

|

vibraotion direction

Fig. 3.4. Surface or Rayleigh waves

3.3 Propagation of Ultrasound in Material

When ultrasound is introduced from its source into a material, a
variety of phenomena take place. These phenomena are described
depending on the direction of wave propagation relative to the

material surface [Bhardwaj, 1988].

At the boundary between two different media, the geometry of
the propagation of sound is the same as that of electromagnetic waves.
Snell’s law is valid i.e.
Sin © v
A
Sin & v
2
where V1 ig the velocity of ultrasound in the medium of incidence,
Vz the velocity of ultrasound in the medium of refraction, while
e1and ez are the angles of incidence and refraction respectively. When
ultrasound hits an interface at an obligue angle other than =zero,
besides transmission and reflection, it is also refracted and its mode
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converted (e.g. 8 longitudinal wave msy chsnge to a8 shear wave).

Figure 3.5 shows an exsmple of mode conversion.

Incident
Longitudinal Tcgeg:ltcc? |
Wave v

Wave

Medium 1 1

Lucite Vi
rsq‘il%(éllum 2 " Transmitted
| Shear Wave
, |
1 |
(Vi \ |
04" = sin ( — =0 |
vyl [

Fig. 3.5, -Generation of shear waves by mode conversion when

the incident longitudinal wave is at its first critical
angle C(w) or more.

In zero degree of incidence, a part of ultrasonic energy is

transmitted into the materisl while the other is reflected from
the materisl surface (Fig 3.8). The amount of transmission and

reflection of ultrssonic energy is defined by the acoustic densities

of the medinm from which the wave is originsting and the medium

into which 1t is propsgating [Bherdwsj, 1986]. The alternating



displacement of particles in = median i coupied with
alternating pressure cslied the sound pressure.
MEDIUM 1 MEDIUM 2
inecrdent wave
[ > Transmilled wvave
< ]
Relflocted vave
. )
(o ¥ 2 3 { Y ,Z 3 Z 7
L) 1 3 1 > 1 7 \Pz 3 z 3 2 rd 2 1
L 2 '4
2 i
2
zZ - Z 12 Z
R = { 2 i = 2 1
zZ + Z 2
2 1 (Z_ +2 %
2 1
Fig 2.6, Zerodegree of incidence of a plane wave
froma mediom of low acoustic impedance, 21, into
a medium of high acoustic impedance, Zi
The ratio of the sound pressure and particle velocity is
the specific acoustic impedsnce, zsp’ {Drury, 188731. i.e.
sound  pressure
2 = ‘!-") 4 .
'SQ - T T s hieEie i s s e a (e T 3

)
[#5]

particle velocity



and the ratio of the specific impedance 2 __  to the cross sectionsl

U
e

ares (A} scross which the sound waves propagste 1is the acoustic

impedance Za

In BEan. 3.2, Rapiﬂ the scoustic resistance or charscteristic impedance
and it 1s sassociated with dissipation of energy. jX is the
reactive term and is due to the inertis and the stiffness of the

med iumn. Rac iz diven by

where © and ¥ sre the density sand soond wvelocity respectively
{Frederick, 1985]3. Since neglecting the complex term results in no

significant difference, then the acoustic impedsnce is

If the ratic of the cherscteristic impedsnce of the two media is M

where

then the transmission coefficient (T) and reflection ccefficient (R}



will be given respectively by+

;oo %A -
M +1)° ¢ z, + 21;2 )

2
z zZ -2
M -1 2 1
R = |—— = 1 ... (3.6
M+ 1 zZ + 2
2 1
and T + R = 1 rule iz obeyed
3.4, Geometrical Acoustics
Ultrasonic waves from & transducer into s medium  of interest

can be regarded to heve rectilinesr propagstion. Like all forms of
wave motiong, ultrasonic waves salsc exhibit the phenomens of
interference and diffraction. Interference effects are stronger at
some distesnce close to the transducer. This region is known as  the
near field or Fresnel zone and the extent (nesr field distance, NF)

can be calculsted from eguation 3.7. [Drury, 18871 as

In equstion 3.7, D is the transducer dismeter and A 1is the
wavelength of sound in the material. Due to interference effects, the
acoustic pressure mexims =nd wminims close to the trensducer-face sre
rather "crowded” as shown in figure 3.7. 1If observations sre made in
this region of the wsve propasgation, slight chenges in the location
of reflectors in the medium would csuse significant variations in the
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smplitude of reflections. Situations may slso exist when a reflector
may be located on s minimam, yielding no cbservsble reflected signsl.
Due to these difficulties, observations in the region close to the
transducer face [also called "zone of confusion”], are usually
avoided. On the other hand, diffraction occurs in the region
beyond the first maxims, or the far field also known as Fraunhofer
zone. In the Fraunhofer =zone, there is no crowding of sacoustic

pressure mexXims and minima.

& : L8t .
I i1 mEXimam
near field far fiseld o
interference diffraction
é—
; , | =
e——————~+, 1NF ZNF 3NF dist
“zone of D™ fan

confusion”

Fig.3.7. The figure shows the variationof pulse intensity

against distance from a probe [After Drury, 1887].
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35, Ultrasonic Parameters and their Significance

3.5.1 ., Ultrasonic Velocity

The ultrasonic velocity (longitudinal, transverse or surface) changes
in magnitude according to the quality of materisl (solids, liguids or

gasesy through which they propagate respectively.

Ultrasonic velocities are related as in equations 3.8 to 3.11, to the
properties of the materisl such as Young' s modull (E), Poisson’s ratio

(o) snd density (o). [Bhardwsj, (1886, Gsult, 1883].

E (1 <) }"’2 _ [ K+ (3/46) }“2
Vl: o(1 + o)1 - 20) B F s imaemEs (3.8)

The shear modulus of elasticity G is given by
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ia defined as s function of freguency. Figure 3.8 shows a  gdeneral

relstion of freguency dependence of ultrasonic attenuation.

Attermstion
or absorp.
coeff. o

v

Frequency (£} —

Fig. 3.8 —Aschematicrelation between frequency and
attenuation coefficient, ¢, frequency dependence of

attenuation. (After Bhardwaj, 1886}.

The attenustion coefficient can be broken down into two
components; the absorption coefficient oea and the scatbter

coeffiecient a_;
D=

Pt



& = o&S + T R £3.13)
The abscrption is msinly csused by internal  friection, elastic
hysteresis, hest conduction, dislocation damping and other  factors
like relsxastional phenomens and moleculsr structure [Vary, 18985;
Szilard, 1982]1. In solids only the internal friction and elastic
hysteresis are dominent. Scatiering of ultrasound is csused by any
acoustic impedance mismatch occurring in the medium. The scattering
regime 1is closely related to the size of the scatterer with respect to
the ultrasonic wsvelength in  the  medium. In polycrystalline
sggregates, loss of ultrasonic energy due to scattering, accounts for

the greater portion of the losses [Vary, 19881.

Depending on the ratio of the wavelength of the wave to the scatterer
dismeter, three scattering regions have been identified {[Smith et al,

1882; Vary, 1985; Gaydecki et a1, 19917. If » iz the wavelength, D

the mean dismeter of the inhomogensities, and £ the frequency,
then for s variety of crystal structures sanslytic expressions
sres

(ay The Rayleigh scattering range, (i.e. » >> D .}

(b} In the Random scattering phase (Stochastic scattering); range,
{(i.e. » =D

a_ =CD e (3.15)

S

30



In equations 3.14 to 3.18, & is the attermation due Lo scattering and
C's are single crystal elastic constants. In the Rayleigh scattering
region the scatterers can be assumed to be independent. i.e, there is
no malttiple scattering. This asssumption however iz not true in the

other two regions.

The ultrasonic sattermstion cen be estimsfed by comparing the
amplitudes of successive reflections from 2 materisl. However, this
is only true if asttemmation does not depend on frequency. On basis of
comparison of successive reflections of & pulse, the relative

attenuation is estimsted using Hauation 3.17  [Gieske, 18811.

- A
< : +1 . N
Relstive Attenustion (Rel att; o} = C log { An } ..... {(3.17>
T

In Eguation 3.17, An+1 is the smplitude or voltage of = maltiple

reflection, An is the asmplitude or voltage of sanother reflection

immediately preceding An+1} while C is constant for =z given test

material.

3.6 Ultrasonic methods.

The methods used in ultrasonic nondestructive evaluation (NDE }
tectnique are classified depending upon the modes of ultrasonic
transmission and reception in & test msterial. In single transducer or
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the "pulse-echo” method, = single transducer is used simmltsneocusly as

both the transducer snd receiver of ultrasound as shown in figure 3.9.

TCO FLOW
> DETECTOR

& FIXED WEIGTH

& TRANSDUCER

THIN LIQUID COUPLANT
] 2, J, GREASE

T 111 .

Fig. 3.8 -Single transducer or ®pulse-echo’ method
of ultrasonic testing

The transducer can be coupled to the test specimen by direct contact,
solid delay line contact or liquid delsy line contact {[Bhardwsi, 198867
In direct contact, the transducer is directly placed or coupled to the
test materisl surfsce by a liquid couplant such as o0il, grease or
glycerene. The couplant reduces the acoustic impedance mismatch

between the transducer snd the test materisl.

In through transmission method, two transducers are placed opposite
each other on the two surfaces of a test materisl. One transducer acts
as the trsnsmitter, while the other is the receiver. The other
method used in ultrasonic nondestructive technique is the transmission
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ancd reflection or the “pitch-catch”™ wmethod. In this wmethod two
transducers sre plsced side-by-side and sre slightly angulated and
separated by & thin wedge to meximize the ultrasonic response from

within the test specimen.

3.7 Attenuation Measurementis

The ultrasonic sttermation can be messured by comparing the
ultrasonic pulse smplitudes on the cathode ray tube screen of
the flaw-detector, either sfter 1t has travelled two different
known  distsnces in the msterisl in question, or before and
after it hass travelled = known distance. This is true if there is
no dispersion snd slso 1if the frequency-sttenustion dependence 1is

neglected.

In maltiple reflection technigue, a fraction of a pulse is picked
up by the probe, a3 the pulse bounces back and forth in the
specimen. This provides & messure of the samplitude between  each

round trip of the pulse.

If the log of the ratic of the twWo subsequent pulse amplitudes
An+1 and An {shown in figure 3.10} is denoted by H and expressed in

decibels as in equation 3.18;

A
H = -log {—f‘—“—} = Rel. 8EED & o, (3.18)

n

then, the attemnuation coefficient (in decibels per millimeter) for
direct contact will be given by equation 3.18 below.
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-HAPTER FQUR

EXPERIMENTAL DETAILS

4.1a Materials

Raw clay samples of red firing clay and red hill c¢lay, hereafter
dezignated RFC and PRHC respectively were obtained from Kenya

Industrial PResearch Development Institute (KIRDI), Nairobi, Kenys.

4.1b. Fabrication of test specimens

The as-received clay samples were further ground into fine
powder uzing a pestle and mortar. RFC was ground into finer form than
RHC. Particle size distribution of the ground powder was done by wet
sieving; to find the average particle size and to eliminate

particles greater than 800 um.

The clay powders were thereafter moistened with 20% of clean tap water
and weighed into small samples of 45.0 £ 0.1 g each from the bulk. The
weighed portions were formed at various loading pressures ranging from
B4 MPa to 255 MPa into dises of about 5.00 2 0.0l em in diameter
and about 1.40 * 0.01 cm in thickness in a hardened steel mould
(Fig.4.1). Grease was used as a lubricant to prevent sample stickage
in the steel mould as well as to reduce friction between the piston
and cylinder during compaction. The discs were thereafter left to

[u] .
dry at room temperature (= 22.0 C) for about 10 days. The forming

of the disc dimensions was chosen fellowing the near field  distance
{NF) value, which by u=zing eguation 3.7, was found to be sbout 1.00 =%
0.0l em. The wvalues of D and A used were 10mm and 0.25 om

respectively,
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4.2. Firing
Prior to Ffiring, the disecs were oven-dried at = 110.0° ¢ £ar

two hours to drive off any remaining moisture content The discs were

then fired 1in an electric furnace to varicus temperastures

2
(n

33

follows: a few discs were heated in the furnace to 200.0° C

0

the rate of 12.0° C per minute and thereafter scaked at that
temperature for two hours. This steady heating rate was nccessary on
order to prevent exposure of the discs to thermal shock. The furnace
temperature was steadily raised at the same rate of 12.0° ¢ per
minute to 600.°C and maintained at that temperature for eight
hours. The process was repeated for another lot of discs to

700 °C, 850 °C, and 950 °C respectively.

After firing, the specimens were subjected to natural cocling inside
the furnace. This prevented thermal shock, which may cause microcracks

in materials [Hefet et al, 1992; Orenstein et al, 1992].

4.3. Bulk density, porosity and shrinkage measurements

The dimensions and mass of the dried unfired and fired discs were
measured for the determination of linear shrinkasges and bulk density.
The percentage linear drying shrinkage (3£LDSf) on the formed baszsis

and the percentage linear firing shrinkage fZLFSd) on the dried basis

were calculated for each dise using equation 4.1 and 4.2,
respectively.
bp = L
%S, = —— %100 ...l (4.1
Lf
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In the equations 4.1 and 4.2, Lf iz the as-formed dimension Ld iz the
dimension of the dried unfired piece while LF represents the fired

dimension.

The bulk density of each sample was calculated as a ratio of sampls

mass to its bulk volume. The total porosity pT in a sample

evaluated using equation 4.3 given below.

In equation 4.3, ¢ is the bulk densgity while ptis the density of =

completely dense sample or the true density of a sample. To find

the

true density of a sample it was necessary to find the true volume VT

O

of the sample. The true volume of a semple was determined by th

immersion method in which a known weight (30.0 £ 0.1 g) of 2 =ample

was immersed in a known volume of boiling water. Boiling

drives off any enclosed air in a sample. The volume of the displaced

water was taken to be the true volume (VT) of a sample. The
densgity was then evaluated using equation 4.4, given as;
sample dry weight
pi = TR i e s e e Lot
true sanple volume VT
The total porosity of a sample was then evaluated by substitubting
© in eguation 4.3 above

Y
JO

true



4.4. Mineralogical analysis

Both the X-ray diffraction (XBRD) and chemical methods were employed

b

for mineralogical analysizs. The XRD patternz for the samplez st
various firing temperatures were obtained by means of = Philips 1
diffractometer using Ni filtered Cqu radiation with & scanning {28}

o . . . .
of 3-507 In chemical analysis samples were first ground to fine powder

of 250 mesh. 0.1000 * 0.0005g mass of a =zample was put in

w

100 ml
plastic container and 0.5 ml of concentrated hydrochloric acid and
0.5 ml of nitric acid added to the mixture in the container.
The mixture was left to stand overnight. Thereafter, 3.0 ml of
concentrated hydrofluoric acid (HF) was added to the mixture and this
again left to soak overnight. 50.0 ml of boric acid was then added
and the solution left to stand for an hour. The solution was then
topped to 100 ml by adding 46 ml of distilled water. Atomic sbsorption
spectrometry was then carried out on the solutions thereby obtaining

the percentage composition of the constituent elements

The mineralogical compositions were caleculated by the rational

analysis method. Appendix 1 shows the rational analysis method.

4.4. Velocity Measurements

Samples were polished prior te velocity measurements. First, they were
polished on wet B00 grit SiC paper and then finished with
carborundum 1200 powder. This provided smooth sample surfaces o the
order of 1200 mesh. During polishing, care was taken to provide

uniform sample thickness.

The longitudinal velocity waz obtained by measuring the delay
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time of ultrasonic pulses propagated in a clay sample. A single
transducer or "pulse and echo” method showm in Figure 3.9 was used. A
2 MHz probe (10 mm in diameter) was emp loved for measurements.
Medium grade petroleum-based grease was used as a couplant. Grease wag
used since it is a prefershle couplant for inhomogenscus surfaces
[Gaydeckl et at, 1992]. Although grease may contaminate porous
samples, no possible contamination was cbserved with the samples used

in this study. A small weight was attached to the transducer to ensure

]

a constant coupling force at the sample-to-probe interface.

Measurements were made at three loecations on each test dise, sversged

and recorded.

The measured nltrasonic longitudinal velocity (Vl) was evaluated Ffrom

equation 4.5,

ot
0]
o+
g
@
ot
o
@

where d is the thickness of the test piece and t represen

taken for a sound. wave to make a round trip through the thickness.

4.5, Ultrasonic attenuation measurements
The ultrasonic attenuation was determined by comparing the ratic of
two subsequent amplitudes An+1 and An as seen previcusly in
figure 3.8. However, the following assumptions were made [Bilgutay =¢
al,1988]:
{a) The energy due to  mnmultiple scattering was assumed
negligible (i.e. Rayleigh scattering was assumed since
the ultrasonic wavelength was generally much larger than the
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CHAPTER FIVE

EXPERIMENTAL RESULTS AND DISCUSSIONS

The resultse obtained sare given and discussed below:

5.0 Characteristics of fired clays

5.1 Particle size distribution

Tables 5.1a2 and fig. 5.1 show the particle size distribution in the
clay szmples. RFC samples were found to have a higher percentage of
"finer  particles than RHC samples as shown in Table 5.1b. The
particle sizes less than 75 pm in RFC and RHC were ©96.7%4 and 87.8%
respectively. This difference in the particle size distribution
observed in the RFC and RHC was due f£o the grinding of the ss-received

clays. RFC samples were ground into more finer form then RHC ssmples.

5.2, Chemical composition
The chemical snalvsis of the raw and fired samples sre presented in

g

Table 5.2s8. Compositionslly, both the raw clay samples were rich in
silica and alumins with raw BRHC having the highest percentage of
silica (78.7%) and & lower smount of slumina (21.5%). Raw RFC hsd

65.4% of silica but & slightly higher samount of alumina (22.3%)

compared Lo the 21.5% in RHC.

In fired RHC samples, an overall decrease in the composition of S$Si0,
was observed with incressing Tiring temperature. In fired RFC samples,
an  incresse  in 5102 content was noted with increasing firing
tempersture. The composition of A1203 in both RFC and BRHC generslly

decreased with incresse in firing tempersture. Also in Table 5.2s, it
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wass noted thst the composition of fluxes (i.e. TiOZ, FeZDB‘ Cal, Naéj,
KZG’ and MgQ) in both RFC snd RHC ssmples incressed as the firing
temperasbure wss  incressed. Marther, RHC samples hsd highey
percentsge of fluxes compsred to RFC samples for any psriicular firing

temperasinre.

TABLE 5.1a

Particle size distribution of the clays

Particle size Total percentage o
(%}
RHC RFC
425um <x< B00um 6.0 0.9
300pum <x< 425um 2.2 0.3
212pmm <x< 300pm 2.0 0.4
150pm <x< 212um 20 1.7
7hum <x< 150um 3.2 10.8 V
X< THum 84 .6 86.1

The clasy ssmples were classified according to particle sizes as
follows; silt ( x<75 pm), fine sand (75 <x<212 pm), snd mediuom ssnd
(212<x<600 pmy. Bssed on this clsssification, the percentage

compositions in the clay samples is shown in Table 5.1b.
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TABLE 5.1b

Percentage classification of clay particle sizes.

% composition of Clay sample
RHC RFC
silt 84 .6% 86.1%
fine =snd 5.2% 12.3%
medium sand 10.2% 1.6%
The AlZOSis 8 major constituent of the clay mineral-Ksolinite

(AL203.ZS:'LOq HéD). This clasy minersl decomposes st temperabtures as
low 85 450 °C into metskaolinite (A1281207). Such s resction was
probably the meior csuse for the observed genersl decreaze in  the
corposition of AlZU3 as the tempersture was increased. On  the other
hand, %102 exists as free gusrtz as well s a constituent in other
clay minerals such ss ksolinite, Soda mics (NaZO. 3A1203.88102.2H20)
snd Potssh mics (Kqﬂ 3A12 3 SSiOZ.ZHZO). These minersls decompose or
transform with tempersture. These transformstions subseguently slter
the compositions of the respective constituent oxides euch ss Al;ﬁg
and 8102. For exsmple micas  have  dehydration charscteristics
remarkably similar to those of ksolinite [Worrsll, 19881. Further,
srtz SiQZ) ig cosrse grained and reacts with other fluxes sithongh

little. The cobserved high composition of fluxes in RHC samples  is
probably due to the ce of this type of clay. As earlier ststed in
introductory chspter, RHC was obtained from volecano sshes. Volesno
clays have high proportions of fluxing ions compsrable to clays found

in platesns {worrsll, 1986].



TABLE 5.2a

chemical analysis of clay samples

RAW AND FIRED CLAY SAMPLES Cwt20D
ELEMENT
OXIDES RFC RHC
raw | 600c|700c|850c| raw|600c|700c|950c
510, 65.4172.8|73.6(68.8|76.7|71.6(70.3]|73.8
Ti0, 1.2] 1.4] 1.4 1.1} 1.3} 1.2] 1.2]| 1.2
Fe O 4.8 4.6 4.9 6.8] 4.7 7.3] 7.1] 7.6
Cs0 0.3] 0.4 0.4] 0.7| 0.4| 0.6 0.7] 0.7
Na, O 0.5 0.6] 0.6y 2.7 0.5 2.7 2.8 2.9
K O 0.7f 0.8] 0.8 2.7 0.8 2.9| 2.8 2.9
Al,O 22.3121.1119.7]117.6121.5]18.2]19.8} 18.1
MgO 0.2 0.2} 0.2] 0.3 0.3| 0.3] 0.3} 0.3
Fluxes 7.7 8.0] B.3114.4} 8.080{15.0]|15.1]15.2

5.3. Mineralogy

The resnlts obtsined by rationsl snslysis for the composition of
minersls present in the clay samples is given in Table 5.2b. The X-rsv
patterns are shown in Fig 5.2. From both Table 5.2b and figure 5.2, it
was observed that the major minersls in raw samples were kaolinite and
gquartz and low amounts of micas. From rationsl anslysis, it wss found
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that raw RHC contained higher smount of qusrtz i.e, 51.4 % while in

RFC, ksolinite wss the masjor mineral, constituting 45.1 %.

TABLE S.e2b

Rational analysis of clay samples

RAW AND FIRED CLAY SAMPLES C(wt30

CLAY
MINERALS e .
raw | 600c|700c|850¢c| raw | B600c| 700c| 950c
Sods micsa 6.1717.03|6.91|32.9({6.66|33.3{32.4{35.4

Potash mics [|5.92(6.43[6.987|6.77|6.68|24.2|24.0(24.6

Kaclinite 45.1140.1136.3[4.65{41.2]4.41|6.56|5.11

Quartz 39.1118.3({30.4148.1|51.4142.981339.1143.4

Miscellsneous
oxides, orgs-

o mumtter |3-68]28.2]119.415.58) - _ B )

In fired samples, X-ray pstterns showed higher pesks for mica and
feldspasr while the peak intensities of kasolinite dropped especizlly in
RFC (see Tsble 5.2). Rational asnalysis indicated a drastic incresse in
the pereentaée of mics snd 8 drop in the percentage of ksolinite =t
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temperatures where the respective chemical constituents of these

minerals increased and dropped respectively.

The decrease 1in kaolinite content was probably due  to its
decomposition by losing its hydroxyl groups as water according to
reaction below; [Worrall, 1986; Nosbusch et al, 1988].

450 ¢
A1,81,0,_(OH), > ALSiO + 2H0

Kacolinite Metakaolin

However this dehydration may occur at 6800% for well-crystallised

kaolinite and at sbout 58000 for all kaolinite, [Worrall, 18867.

5.4 Drying and firing shrinkage

The results calculated as a percentage of the dry size 1i.e. the
percentage linear drying shrinkage (% LDSf) and the percentage linear
firing shrinkage (7£LFSd) at various processing conditions are given in

Tables 5.3 and 5.4, and plotted in figures 5.3 and 5.4 respectively.

From Fig. 5.3, the linear drying shrinkage in both RFC and RHC samples
was observed to fall almost linearly with incressing compaction
pressure. RFC samples were observed to have higher percentage of

drving shrinkage compared to RHC samples.

The percentage linear firing shrinksge C%LFSd) in the clay samples was
observed to increase with increasing firing temperature as shown in
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Fig. 5.4. RFC samples were sgain observed to have higher percentage of
firing shrinksge compared to RHC samples. Agsin the trend of variation
was nearly linear. Such & linear wvaristion of firing shrinkage with

temperature has been observed in some Nigerian clays {Ibisi, 18811.

Kshama et al, (1882) has observed that high values of wet to dry
shrinkage sre ususlly associsted with a high proportion of fine
particles. Further, larger particle size clays have poor plasticity
and strength snd show faster dewstering, lower drying and firing
shrinksge. As seen from Table H.1s and Fig. 5.1, RFC had a higher
percentage of "finer’ particles and hence would be expected to have
higher shrinkage values, both drying snd firing shrinksge. This is in
line to our findings that ssmples of RFC had higher firing shrinkages

than those of RHC.
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TABLE 5.3

The linear drying shrinkage of the clay samples

Compaction Percentage LDSf
Pressure
(*2. 5MF=a) RFC Samples RHC Samples
64.0 8.00 3.40
8.00 3.80
7.60 3.40
7.40 3.20
8.40 3.20
8.00 3.00
8.00 3.40
128.0 7.20 3.00
7.40 3.20
7.00 3.20
8.00 3.00
7.60 3.20
7.60 3.40
7.40 3.40
7.40 3.00
7.20 3.20
7,20 3.20
255.0 7.60 2.00
7.40 2.60
8.00 2.40
7.20 2.60
7.40 2.60
7.00 2.40
6.80 2.00
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TABLE 5.4.

The linear firing shrinkage of the clay samples

Compaction Firing Average percentage LFSd
Pressure Femp.
(+2.5MP3) (¥10%¢) RFC RHC
64 .0 600.0 1.970 0.640
700.0 2.308 0.800
850.0 2.510 1.100
850.0 2.647 1.250
128.0 600.0 0.867 0.520
700.0 1.2995 0.750
850.0 1.835 0.870
8950.0 1.845 0.870
255.0 600.0 0.800 0.450
700.0 1.180 0.730
850.0 1.500 0.810
8950.0 1.700 0.880
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5.5, Bulk density and porosity

The bulk density (o) values for the samples fabricated at various
processing conditions are given in Table 5.5. The average true
densities (pt) in RFC and RHC were found to be 2.140 * 0.001 g/omS

and 2.220 £ 0.001 g/0m3 respectively.

Figure 5.5 shows the wvariations of bulk density with compaction
pressure at various firing temperatures (following Table 5.5). In all
cases, bulk dénsity increased with increasing compactilon pressure and
firing temperature. Kobayashi et al, (1992) have reported a similar
trend in porcelain bodies. Kobayashi et al. (1992), observed an
increase in density with firing temperature upto a maximum followed by
a drop with further increase in firing temperature as was shown in Fig

2.5. However, such observations were not possible in our study since

our samples were fired upto only a maximum of 950°C.

The effect of compaction pressure on bulk density shown in Fig 5.5,
was more pronounced in RFC samples than in RHC samples. The former
showed the highest increment rates in bulk density as the compaction
pressure was increased. Below the compaction pressure of 190
MPa, RHC samples had higher density values compared to  EHC
samples fired at the same temperature. This was because, from
chemical analysis (Table 5.2a) BRHC samples contained a  high
percent.age of fluxes (F6203 E NaZO, KZO’ Cal and Mg() which
constituted denser elements. However, above compaction pressures of
190 MPa the bulk density of RFC samples were higher than those of RHC
samples due to the high densification rate in RFC samples attributed

to its high percentage of finer particle size distribution. Since
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TABLE 55

Sample bulk densities at various processing conditions

Firing Compaction |[Disc bulk densities
Temperature |Pressure (p) g/cm’
(+10%¢ ) (2. 5MPa)| R.F.C R.H.C.
600.0 64.0 1.536 1.582
1.545 1.586
1.545 1.5983
128.0 1.548 1.613
1.584 1.608
1.557 1.612
1.610 1.612
180.0 1.624 1.625
1.636 1.8635
1.641 1.630
255.0 1.642 1.630
1.660 1.828
1.652 1.632
700.0 64.0 1.548 1.613
1.543 1.610
1.543 1.612
128.0 1.5892 1.631
1:612 1.629
1.612 1.628
180.0 1.648 1.645
1.651 1.851
1.653 1.643
255.0 1.680 1.662
1.668 1.655
1.668 1.650




TABLE 5.5 cont.

Sample bulk densities at various processing conditions

Firing Compaction |Disc bulk densigies
Temperature |Pressure (p) €/cm
(+10%¢ ) (*2.5MPs)| R.F.C. R.H.C.
850.0 64.0 1.548 1.630
1.545 1.628
128.0 1.607 1.642
1.620 1.643
1.618 1.643
180.0 1.6867 1.655
1.680 1.653
1.663 1.653
255.0 1.878 1.665
1.685 1.663
1.8683 1.663
950.0 64.0 1.550 1.635
1.562 1.629
1.548 1.637
128.0 1.622 1.646
1.631 1.651
1.628 1.648
180.0 1.668 1.665
1.666 1.6863
1.671 1.680
255.0 1.692 1.670
1.688 1.671
1.885 1.8673
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sample densification is dependent on  the initial fabrication
conditions such as the shape, size, size distribution and mode of
packing of particles, a sample with a finer  particle size
distribution will be expected to be denser than a sample with
‘coarser particle size distribution when the two are compacted at the
same conditions. At high compaction loads ( > 230 MPa) one expects a
lower rate of densification in both the two types of clay samples.
This is because the grains flatten out becoming oval in shape;

[Kendall, 1990; Knudsen, 1859].

It was also observed that the densification rate in both clay samples
slowed down at temperatures above 750°C. This trend of variation in
bulk density with firing temperature could be attributed to the
processes that occur during firing, such as a decrease in the
specimens total surface area. In the process of firing, a decrease in
the specimen’ s total surface area (dependent on the shape,
size, size distribution and modes of packing of the particles)

occurs [Nosbusch ef al 19886]7.

In the initial firing stages the predominant feature is an
increase in the inter-particle contact areas with time accompanied
by a rounding off of the sharp re-entrant angles at the
points of contact. These can lead to the development of
microstructural imperfections that may dominate the performance of the
fired ceramic ware [Waiser et al 1986]. Also still in this early
stages of firing, water vapour is formed and exerts pressure on the
solid matrix, giving rise to microcracking or re-opening of
pre-existing cracks or microcracks [Arnould et al 1985]. During these
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geometrical changes and subsequent specimen  densification, the
distances between particle centers decreases. (Stewart, 13962).
This decrease in the distance between particle centers results in a
decreazse 1n the volume of the inter-particle pore spaces  which
at this stage are interconnected. In this stage, the densification
rate is higher as was observed in Fig. 5.4. At high temperatures of
abont 800° C, slower densification resulting from low rate shrinkage
is observed and this is expected to go on until the minimum number of

closed and i1solated pores are attained.

In this study, the highest bulk density was 1.885 * 0.001 g,/cm3 at 255
MPa, 950°C and the lowest bulk density was 1.536 + 0.001 g/cm3 at b4
MPa, B00°C. Both these values were reported in RFC samples. RHC
samples had medium bulk density values with a maximum of 1.673 * 0.001
g/om” at 255 MPa, 950°C and a minimum of 1.592 + 0.001 g/em” at 64

MPa, 600°C . The behaviour of the apparent porosities were the reverse

of the corresponding densities as was expected.
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5.6, Ultrasonic velocity
The results relsting to longitudinsl velocity in the sanples are

described as follows:

The longitudinsl velocities (Vl) obtained at various sample bulk
densities (porosities) sre given in Tables 5.8 and 5.7 for RFC and

RHC samples respectively.

Figure 5.8 shows & linear variation of the messured wultrasonic
velocity with bulk density. while in Fig. 5.7, the wvariation of the
longitudinal velocity with porosity is shown. In these figures, it was
cbserved that in both RFC and RHC samples, the longitudinal wvelocity
incressed with increasing sample bulk density (Fig. 5.6) or decreasing
ssmple porosity (Fig 5.7). This observstion was within the porosity
range of investigstion i.e. 20.8 % to 28.2 4. Further, tfhe measured
velocity values in RFC samples were obgerved to be higher than those

in RHC samples at same porosities.

These cobservations are is in  agreement with results that velocity
decreases as porosity increases [Gaydeckl et af, 1882; Ranschowski,
18757, Despite the fact that below & compsction pressure of 180 MPs
RHC sanples were denser than RFC samples (Fig 5.8), velocity values in
RFC sarples were consistently higher than those in RHC ssmples. This
showed thst ultrasonic velocity was affected by the microstructure
{propably pore sizes). The cozsrser psrticle size distribution in RHC
ssmples compared to that in RFC ssmples may hsve resulted in  larger
pores which consequently reduced the speed of sound waves in these

products.



TABLE 5.6
Measured longitudinal velocities in RFC samples at various

sample densities and porosities

Firing Compaction Bulk Sample Ultrasonic
Temprature| Pressure |[Densities| Porosity Velocity.
c+10° Cx2 5MPad |Cpd g/cm3 p) V) /s
600.0 64.0 1.536 0.282 _4121.7
1.545 N.278 4075.5
128.0 1.549 0.276 4216 .1
1.584 0.260 | 43001
1.557 . 0.272 | 42447
B o 1.610 0.250 4502.72
190.0 1.624 0.241 1358 .5
1.6386 0.236 92020 .1
1.641 0.233 ___5145.3
255.0 1.642 0.233 ~110.4
1.660 0.244 2150.5
- 1.652 0.228 2250.3
700.0 64 .0 1.548 0.276 4140.9
1.543 0.279 4102 .9
128.0 1.592 0.256 |  4585.4
1.592 0.258 __4432.3
1.612 0.247 46112
190.0 1.648 0.230 | 4923.0
1.651 0.229 | 5240.7
1.653 0.228 232821
255.0 1.680 0.215 | 52B7.4
1.680 0.21% n298 .4
1.668 0.221 2287 .3
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TABLE 5.6 cont.

Measured longitudal velocities in RFC samples alt various sampl

densities and porosities

Firing Compaction Bulk Sample Ul tr asonic
Temprature| Pressure |Densities| Porosity Velocity,
c+10°C C+2.5MPa)|Cod> gromS 2 55) VI mos
850.0 64.0 1.548 0.276 4221.1
1.545 0.278 1257.9 |
128.0 1.607 0.250 4810.6 |
1,820 0.243 2o062.1
1.618 0.244 5060.7
190.0 1.563 0.223 | o09z2.92
1.660 0.22 2645.3
1.667 0.221 9517, @2
255.0 1.879 0.215 | 042z20.0
1.685 0.213 5580.% |
. 1.683 0.214 _.9520.9 !
950.0 64 .0 1.550 0.276 4262.7
1.552 0.275 4325.3 |
1.548 0.276 4266.75 |
128.0 1.622 0.242 8207.3 ‘_,i
| 1.631 | 0.238 | 52051
1.628 0.239 0287 .0 '
190.0 1.666 0.221 oo na ’
| 1.668 U:221 9280, 3 !
- 1.671 0.218 ond7.8 ’
255.0 1.682 0.209 c701.7
1.689 0.211 o785k
o 1.685 0.213 5624 '
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TABLE 5.7

Measured longitudinal velocities in RHC samples at various

sample densities and porosities

Firing Compaction Bulk Sample | Ultrasonic
Temprature | Pressure |Densities| Porosity Velocity.
c+1n0c Cx2 5MPa)|CpD g/om3 Cp) V2 m/¢e
500.0 64.0 1.593 0.282 | 3775.0
1.582 0.282 3640.3
- 1.598 0.281 _ﬁzgg;iwm-ﬁ
128.0 1.612 0.274 382Q;;hw_q
1.613 0.274 3816.1
B 1.608 0.277 3809.8
190.0 1.625 0.268 3902.0
1.635 0.264 | 39682.0
1.630 0.2686 3920.5 |
205.0 1.630 0.268 3930.4
1.628 0.267 3945.0
1.632 0.2685 3862.1
700.0 84 .0 1.612 0.274 3810.1
1.613 0.274 3862.2
) . 1.610 0.275 3841.3
128.0 1.631 0.265 ~4060.1
1.629 0.267 4059.5
B 1.629 0.287 3985, 7
190.0 1.645 0.260 _4102.10
1.643 0:.259 4125.4
- 1.651 0.256 4141.8
255.0 1.655 0.256 4100.0
1.662 0.251 | 4221.1
L B 1.650 0.256 4111.0 |
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TABLE 5.7 cont.

easured longitudinal velocities in RHC samples at various

ensities and porosities

Firing Compaction Bulk Sample Ultrasonic
Temprature| Pressure |Densities| Porosity Velocity.
c+10°® C*2 5MPa)|{Cpd g/cm3 p) (VD m/s
850. 64.0 1.830 0.266 4121.1

1.628 0.287 4107 .8

1.830 0.266 4121.1

128.0 1.642 0.259 4240.0
1.642 0.259 4236.7

190.0 1.655 0.2586 4342 .1
1.653 0.256 4344 .1

255.0 1.665 0.251 4474 .1
1.663 0.251 4289.4

950.0 64.0 1.635 0.264 4275.0
1.637 0.263 4004.1

1.829 0.287 4197 .8

128.0 1.6486 0.260 4210.1
1.848 0.258 4318.2

1.851 0.256 4225.0

190.0 1.665 0.250 4461.0
1.860 0.252 4443.8

1.683 0.251 4369.9

255.0 1.870 0.248 4500.0
1.873 0.2486 4093.8
1.671 0.247 4435.42
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Fig 5.8 shows the varistion of the average longitudinal velocities
in the samples with sample firing tempersature for wvsrious loading
pressures. From figure 5.8, it was observed that the speed of sound
incressed with ssmple firing tempersture with most samples showing =
higher rate of incresse in longitudinal velocity at temperatures upto
750°C. The rate of incresse of sound velocity with temperature slowed
down in most samples st Lempersiures sbove 750°C. Gieske et al, (1981}
have zlsc reported sn incresse in ultrasonic longitudinsl velocity
with firing temperature upto 12000C in fused silics. In cur study it
was Purther noted that for samples of both clays compacted st 255 MPa
and at 180 MPa, the messured velocities were not mach different. This
iz in contrast to the csses when the compaction pressures were belween

84 MPs =nd 128 HPa.

From previous results; (Fig 5.5) it was noted that the bulk density
had a higher rate of increase between Lemperatures of 600°C and 750°C
and loading pressure of B84 MPa and 180 MP=. A similsr trend in the
longitudinel velocity within this same range of temperature and
compaction pressure was expected since the dependence of longitudinsl
velocity on sswple bulk density was linesr. The linesr dependence
means that the variaftion of longitudinal velocity with compaction
pressure and firing temperafure should be similar to the varistion of
bulk density with compaction pressure and firing  temperafurew
respectively. This shows that the wave speed is dependent on  initisl
sample processing conditions, in this case the firing temperature and

cotpaction pressure.
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5.7 Modulus of Elasticity (MOED
The Young s modulus of elasticity was calculsted for multiple samples
of esch clay by substiiuting Vlg (Z)O'SVS [Gealt, 18891 in eguation

3:11 1.e

z [ .2 z
pVS { 3Vl ~ 4VS}

where o is the sample density and V1 is the longitudinal velocity in
the sarple. In this case the clay samples were assumed to be
isctropic. Table 5.8 gives the calculated values of Young s modulus

for various sample porosities.

Of the eguations that describe the porosity dependence of Young's
modulus in brittle solids thst were given in Table 2.1, the equations
given by Phani et af, (1986) and Wagh et al, (1881) reproduced below
were chosen to find the one that best describes the

dependence of Young s modulus E on porosity p. These equations are;

Eaquation 5.2 was proposed by Phani ef al., while egquation 5.3 was given
by Wagh et a2/. In these equations, E and Eo are the Young s modulus st
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values

TABLE 5.8

Calculated log of MOE (E) values for various sample Porosity

RFC Samples

RHC Samples

POreslY | Log (1-py| E copad rorest | tog (1-p)| E (gPs)
0.209 0.102 54.99 0.247 0.123 32.87
0.211 0.102 55.96 0.248 0.124 33.82
0.213 0.104 53.50 0.250 0.125 33.13 |
0.214 0.104 51.30 0.251 0.126 31.76
0.215 0.105 51.35 0.252 0.126 32.78
0.221 0.108 51.50 0.256 0.128 29.47 |
0.223 0.120 52.02 0.258 0.130 30.73
0.229 0.113 45.34 0.259 0.131 29.52
0.233 0.115 43.44 0.260 0.131 29.18
0.236 0.117 41.23 0.263 0.133 26.25
0.241 0.120 38.33 0.264 0.133 29.88
0.243 0.120 41.51 0.265 0.134 26.89
0.244 0.121 a1.44 0.274 0.140 23.52
0.247 0.123 34.72 0.275 0.140 23.76
0.250 0.125 33.63 0.282 0.144 22.70
0.256 0.128 33.47 ||
0.260 0.131 29.29
0.272 0.138 28.05
0.276 0.140 28.20
0.278 0.141 28.01
0.279 0.142 25.98
0.282 | . 0.144 26.09

71



porosities p snd zerc respectively, a8, m and n are material
constants. "a° is relsted to the packing geometry and the pore
structure of & material while n” and "m° are dependent on grain
morphology snd pore geometry of & material. Equstion 5.2 shows that E

O when a2 = 1/p

e is the critica osity s hich
A where B is the critical porosity at which

E becomes zero. This suggests that a 1is always greater than 1.
RKrudsen, (1958) showed theoretically that the value of the packing
geometry factor (&) lie in the range 1 = s £ 3.85 for polycrystalline
materials composed of uniform spherical particles arranged in cubic,

orthorhombic, or rhombohedral arrays.

Fig. 5.98 and 5.9b show the theoretical and experimental curves for
Yourig s modulus RFC and BHC samples respectively. The curves shown
correspond to equations 5.2 snd 5.3. For Equation 5.2, the curves
were fitted for the best fits by plotting log E versus log (1 - ap)
for values of ‘&’ that msximize the regression coefficient. A

commercial softwsre was used for this purpose.

Table 5.8b gives the values of sll the parsmeters corresponding to
both equations 5.2 and 5.3. Of the two equations fitted over the
entire range of porosity (20.8 - 28.2%), equation 5.2 provided =«
fit in both RFC and BRHC with the minimum standard error of
estimste in the theoretical values of E. For this equation the vslues
of EO obtained in both RFC and BHC were 371.5 GPa and 186.2 GPs
respectively. These values of Eo sre comparsble with those  obtained
for a wide range of polycrystalline brittle solids [Phani et al.
18987]. For both equations, the values of n” in both RFC =and RHC
(Table 5.9) were greater than 2 but lay within the range of ceramics
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given by Phani et al, (1887) of 0.85 and 8.57. Comparatively, the
lower value of n observed in BRHC could be sttributed to the wider
range of particle size distribution in RHC (Table 5.1) compared to
that in RFC. A wide range of particle sizes facilitated better
compaction in RHC ssmples compared to RFC samples which had a

‘narrower  range of particle size distribution.

A comparison of n’ snd ‘m” values obtained in our study with those
cbtained for other ceramics [Phani et al, 18987; Wagh 19911 indicate
that the pores in our samples deviaste from spherical shape and might
have been interconnected. Most ceramic materisls with closed
spherical pores and disordered structures (such as a-slumins, sintered
glass and some gypsum systems had values of n approximstely equal to 2
{Phani et al, 1887]. Disordered structures and non-sphericity of pores
were possible in our ssamples since the samples were formed by
compaction. Further, photomicrogrsaphs (see section 5.9) show such

discrdered structures in our clay ssmples.



TABLE 5.9

Summary of parameters of regression lines for Young s modulus of RFC

and BHC ssmples.

Equation

Clay sample

RFC

RHC

B N
E-Eo(l £

E=E _( 1-ap)

502398.11 m=8.33

a=1.46 EO:3?1.54 n=4.84

E
a

a=1.46 E
o}

=229.8 m=B8.76

= 186.2 n=3.87

In summary, it seens that within the porosity range investigated (20.9

- 28.2), both the two eguations give nesrly the same results.




5.8. Ultrasonic attenuation

The ultrassonic sattenuation values at various ssmple  processing
conditions are given in Table 5.9. Variations of this parameter with
sample density and firing temperature is shown in figures 5.10 and
5.11. respectively. In these figures, it was observed that the
ultrasonic atternuation decreasses with increasing sample bulk density
(Fig. 5.10) and firing temperature (Fig. 5.11). In both types of
clay samples, the rate of decresse in sttenustion was high at low bulk
density values (Fig 5.10) and at low firing temperatures (less than
7500C). Figure 5.12 shows the varistion of ultrasonic attenustion with
sample porosity. The trend in both clay samples was linesr with RHC

sanples showing a steeper slope compared to RFC samples.

On the average, RHC samples showed high and significant variations of
attemation with sample density within small bulk density and porosity
ranges. Further, from Fig. 5.10 and 5.1l it was observed that
samples fired at low temperstures were more attenuating compared to
those fired st high tewmperatures. Between the tewmpersture range of
600°C ard 750°C, the rate of decrease in the ultrasonic attenuation
was higher than at higher temperstures. As cbserved earlier (Figs. 5.5
and 5.8), it was within this same temperature range that high rates of
increase in bulk density and ultrasonic velocity in the clay ssmples

occurred.

Since the ultrasonic attenuation due to scattering 1s microstructure
dependent (i.e.depends on grain size, shape and size of the pores),it
therefore means that during firing, the extent of microstructural
changes in a ssmple determine the smount of attenustion in a ssmple.
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For exsmple, photomicrograsphy studies (section 5.9) revealed the
growth in size and ruamber of quartz phases with increasing firing
temperature. Since large phases provide few scatterers compared to
small phases the ultrasonic attenuation in most samples will be
expected to decresse with increasing firing tempersture (Fig 5.11).
Further, during compsction, particle rearrangement in samples with &
wider range of particle sizes results in a denser matrix. The measured
attermation in samples with & denser matrix will be observed to
decrease more with incressing compaction pressure or density (ss seen
inn RHC samples, Fig 5.10) compared to the attenuation in a less dense

sample (1.e RFC ssmples).

Fig. 5.12 shows that RHC samples were more attenuating st higher
porosity values {i.e. grester than 27.0%7 compared to RHC ssmples.
This was attributed to the larger size of scatterers (grains) in  the
RHC samples due to its coarser particle size distribution. Ultrasonic
attermation in the rayleigh scatiering regime depends on the cube of
the scatterer’ s diameter. However, st high firing temperatures, RFC
samples mast have developed larger pores as a result of deconposing
organic matter which was observed to be present in RFC samples (Tsble
5.2by. The overall effect of incressed pore sizes in RFC sawmples on
the ultrasonic sttermation may have dominated the attenustion due to
larger grains in RHC samples resulting in higher attenuation values at
higher temperatures (lower porosities) in RFC samples as observed in

Pig. 5.12,
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TABLE 5.10
Measured attenuation in clay samples at various sample processing

conditions

Compaction| Firing RFC RHC
Pressure Temp.

" » . Average | Average| Average| Average
(+2.5MPa)| (£107¢c) o a{db/um ) o a(db/mm
84.0 600.0 1.541 0.572 1.584 0.712
700.0 1.546 0.440 1.612 0.475

850.0 1.548 0.275 1.629 0.283

850.0 1.550 0.180 1.6834 0,208

128.0 600.0 1.800 0.435 1.611 0.485

700.0 1.602 285 1.830 0.36

850.0 1.608 172 1.642 0.204

§50.0 1.827 0.120 1.648 0.150

255.0 600.0 1.6581 0.300 1.630 0.373
706.0 1.874 0.220 1.656 0.289

850.0 1.682 0.140 1.56864 o 2

850.0 1.689 0.110 1.871 0.145

s
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Ca) -fired at 600°C (h) -fired at 700°C

Cc) —~fired at 850 C Cdd -fired at 950°C

Fig.5.13. -RFC samples compacted at 64 MPa. The white
phases are quartz particles.
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(a) -RFC sample fired at 600°C

(b) -RHC sample fired at 600°C

Fig.S.15.=-RFC and RHC samples compacted at 255 MPa and

fired at 6500°C. The white phases are quartz particles.
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5.10 Relations between ulirasonic signals and micrositructure.

Photomicrography studies have revesled that the microstructure
depends on ssmple processing conditions such as firing fempersture and
compaction pressure. The gquartz phases were observed 1o increase 1in
size snd number with incressing temperatdre. Incressing compaction
pressure was observed to reduce the distance between the gquartz phase

centres.

The incresse in wlirasonic velocity and the decrease in ultrasonic
attenmation with increasing firing tempersture and ssmple bulk density
respectively could be attributed to the microstructural changes  that
occcur on firing such as the change in size of quartz phases and pores.
Both pores sand quartz phsses were cobserved to influenced  the
ultrasonic velocity and sttenuation respectively. The very lsrge
phases found in samples fired at higher temperatures provided few
scatterers compared to the smaller phases that were observed to exist
at low Tiring temperatures. For zll phases, Rayleigh scattering regime

was still assumed.

In summary, the internsl structure of the clay ssmples influence the

propagation of ultrasonic parsmeters in the ssmples
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CHAPTER SIKX
CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK

6.1 Conclusions

The propasgation of ultrasonic waves in fired local clay samples has
been studied and the effectiveness of the ultrasonic parsmeters for
the nondestructive evaluation of these clay products assessed. 1t has
been shown that the ultrasonic parameters i.e. ultrasonic sttenuation
and velocity in clay product ssmples are dependent on sample
fabrication conditions (such as compaction pressure and firing

temperature).

The fabricating conditions i.e. particle size distribution, firing
tempersture snd compsction pressure were cbserved to affect the drying
shrinkage, firing shrinksge asnd sample bulk density. High drying and
firing shrinksge were cbserved in ssmples with a “finer  particle
size distribution, in this case RFC. The bulk density of the
samples incressed with 1ncreasing loading pressures ss well sas
with increasing firing temperature. In both cases, the rate of
increase of bulk density was linear at first, followed by a slow down
in the rate. The dependence of sample bulk density on  compaction
pressure and firing tempersture showed that not only is the maximum
specimen density achieved at high compaction pressures but also at a

high firing tempersture.

The mineralogical proportions in the samples and the sanp les
microstructure were observed to alier with iring temperature.

Huartz phases were aobzserved to increase in size with incressing firing
temperature.
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The varistions of the messured longitudinsl velocities with firing
temperature and compaction pressure wWere similar to the trend of
variastion taken by the bulk density with these fsbricating parsmeters
respectively. This cobservation showed that longitudinsl velocity in
the samples was determined by fthe ssmples microstructure via the
fabricating conditions. Further, the linesr relation between the
longitudinal velocity with bulk density shows that not only can the
density of & ssmple be determined from longitudinal velocity
measurenents, but other microstructural dependent material properties

such as elastic modulil can be evalusted from velocity measurements.

The ultrasonic atterustion in  the ssmples was  observed to
decrease  with increasing  firing  temperature and increasing
sample density {decressing porosity ) respectively. This
variation was attributed to the microstructural changes
sssociated with firing temperature where by an increase in size of for
example, duartz phases and pores was observed. The ultragonic
attenustion can therefore be said to be dependent on the internal

structure of the sanples.

It is clear that there is a strong dependence of ultrasonic signals on
material microstructural details such as the arrangement of particles
and particle size distribution. Since the microstructure in the clay
sarples was found to be dependent on fabricating conditions, it can
be concluded that the fabricating conditions affect the ultrasonic

signals via the microstructure.

Further, since fabricating conditions especially the firing
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temperature and compaction pressure has been found to  influence the

taherial properties and the microstructure, controlling
fabrication parameters cart improve the materizl
properties.

6.2 Suggestions for further work

The present Ultrasonic study was limited to a meximum firing
temperature of 950°C. Extension of this work to higher temperstures
will make it possible to determine the optimal firing temperature at
which the sample bulk density and the messured ultrasonic velocity

attsin mesximum values.

In the present study only two types of local clays were studied.

ot

Extension of this work to other types of loecal c¢lsys is vital.
Further, since most ceramic products sre fabricated by mixing several
types of clays, ultrasonic studies of different compositions of clsy

mixtures will be helpful in determining the best clsy composition for

a3 Cceramic ware.

It is hoped that such studiles will be useful to our local ceramic

industry.
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APPENDIX 1
“Rational’ and “Proximate’ analysis
The chief wminersls present in local clays are ksolinite, micas and
quartz. The formals assumed for these minerals, with their respective

molecular welght, are shown in Table A below [Worrsll 18867.

TABLE A

The chief minerals present in local clays

MINERAL FORMULA MOLECULAR WEIGHT
Raoglinite Al O .25i0_ .2H.O 258,17
Z 3 2 2
Sodas mics NaZO.SAlea.GSiDz.ZHZO 764 .43
Potash mics K O.3A1 O .68810_ .2H O 7896 .65
a 2 3 F) 2
Guartz Sﬁ% 60.08

Te ecalculaste the mineralogical composition in a clay sample from the
nltimate chemical sanalysis (proximate snalysis) of Table 5.2a, one
has to commence with the alkslis for simplicity. Since the molecular
weight of Nazo is 61.98, it will be seen from Table A that 61.98 parts
by weight of NaZD correspond to 764.43 parts by weight of soda mics,
Therefore;

764 .43/61.98 parts of =ods mica

i

1 part of NazO

12.33 parts of =sodas nica

From Table 5.2s, the percentage of NazO in green (unfired) BRFC iz 0.5,
hence the percentage of sods mica is 0.5 x 12.33 = 6.17%
In exsctly the same wsy, it is found that 1 part by weight of KZG is
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equivalent to 8.46 parts of potash mica, snd hence the percentage of

potash in the clay is 0.7 x 8.46 = 5.92%

To caleulate the smount of kaolinite in this sample {(green unfired
RFCY, one has to find the smounts of slumina (fotal 22.3 from Table

5.28) contained in potash and soda mica whose smount is  known. Th

o

n

calculated percentage of alumina in soda mics is 40.02 % and so  the
percentage slumina combined ss sods mica isg 6.17 x 0 .4002 = 2.47%.
Similarly, the percentage of alumina in potash mica is 38.40% and so
the amount of alumina combined as potash mica is 5.92 # x 0.3840 =

2. 270 %

Hence the total slumina in the form of micaz = 2.47 + 2.22

4 .59%.

Therefore, remainder of the alumina {(combined in the form of
keolinite) iz = 22.30 - 4.69 = 17.61 %. From the molecular weight of
Alzoa’ 101.96 parts of Ale3 correspond to 258.17 parts of ksolinite.
Therefore, 1 part of AlZO3 correspond to (258.17/101.96) parts of

kaolinite

Therefore, 17.61 parts of AlZO3 (258.17/101.96) x 17.61

il

44 .58 %

The smount of "free silics’™ or quartz is calculated in the same way by
first calculating the amount of combined silica (in the same way as
for slumina) and then subtracting this amount from the totsl silics,
giving the quartz. In this way the combined silica wass found te be
28.25% so that free silica = 685.40 - 26.25 = 39.15%, the percentage of
quartz.
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The rational snalysis results are supmarized in Table 5.2b It wil
constitnents fall short

noted in most csses that the totals of msdjor
miscellanscus

F 100%. The unrepresented percentage 1s assumed to  be

oxides snd corganic matter that are not indicsted in the calculation.
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