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1. 
ABSTRACT  

Samples of commercial polycrystalline alumina have been 

characterised in terms of their porosity, pore distribution, mean 

grain size, grain size distribution, density and the minor phases 

present. The acoustic emissions from these samples were monitored 

during modulus of rupture and fracture toughness testing. 

At room temperature, emissions attributed to subcritical 

crack growth were observed prior to 	catastrophic failure in 

the three different test piece geometries commonly used for fracture 

toughness determination. The reliability of the test geometries and 

test procedures were evaluated from the fracture toughness and 

acoustic emission data, and the need to correct the initial stress 

intensity factor values for subcritical crack growth has been 

established. 

The acoustic emission correction procedures were successfully 

applied to the experimental data for aluminas and porcelain, giving 

consistent results for the fracture toughness values. A theoretical 

expression has been derived on the basis of experimental results 

which relates the generated stress wave emission and the stress 

intensity factor of the material. 

The influence of microstructural variables, such as grain 

size, porosity and second phase particles, on the acoustic emission 

and fracture toughness of alumina at room temperature, has been 

studied. For all microstructures the fracture was mainly inter-

crystalline, but some transcrystalline failure was also observed, 

usually confined to isolated large grains. However, the acoustic 

response and fracture toughness varied considerably with micro-

structure. 

It was found that in aluminas of similar porosity, the 

stress wave emissions increased with increasing grain size, and the 

critical stress intensity values decreased with increasing grain 

size. If the porosity varied significantly, it was predominant in 

determining both the acoustic emission and fracture toughness 

values. Incorporation of second phase Zro2  particles in the 



alumina matrix was found to increase the fracture toughness and 

acoustic response of the material, reaching a maximum at a certain 

volume fraction of Zr02. 

Acoustic emission monitoring has also proved suitable 

for fracture toughness measurements at elevated temperatures. 

Deformation attributed to the flow of a grain boundary glassy phase 

was observed in alumina at high temperatures. Fracture surfaces of 

specimens tested above 650°C exhibited indications of the glassy 

phase flow at the grain boundaries. The temperature dependence of 

the fracture toughness, and the acoustic emission of different 

aluminas has been measured and the results interpreted in terms of 

the microstructure. 
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1. 
CHAPTER 1  

INTRODUCTION  

The mechanical failure of ceramic materials is almost 

completely controlled by brittle fracture. The brittle behaviour, 

combined with the presence of inherent, and sometimes machining, 

flaws leads to poor mechanical properties compared with ductile 

metals, and puts a severe limitation on the use of ceramics as 

structural materials. 

Brittleness is an inherent characteristic of ceramics 

and they often exhibit low and unpredictable tensile and bending 

strength. Any improvement in the mechanical properties of ceramics 

would be aided by a better understanding of: '(i) the current 

testing procedure for fracture toughness determination, and (ii) the 

effect of microstructure on the mechanical properties. Both these 

aspects are covered in the present work. 

The mechanical properties of ceramics are discussed in 

terms of their fracture strength and toughness, and these parameters 

are defined on the basis of the "flaw" concept introduced by 

A.A. Griffith in 1920(18 . Analytical solutions for the fracture 

strength and toughness are available for a variety of test-piece 

geometries.Specimens used for fracture toughness determination 

generally contain an initial crack, and it is assumed that no crack 

growth occurs prior to catastrophic failure. The standard procedure 

for brittle ceramics is to accept a fracture toughness test if there 

is a linear relationship between the load and displacement up to the 

point of failure, i.e. assume there is no subcritical crack growth. 

Fracture toughness is a material constant, thus if the standard 

procedure is met, the values obtained for a given material should 

be independent of the test geometry. 

Alumina is a high quality ceramic having a fairly good 

strength and toughness, compared with the majority of ceramics. 

The strength and toughness of alumina have been the subject of 
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much investigation, but discrepancies still exist, and the precise 

role of microstructure in determining these parameters requires 

further study. 

A comparison of the values reported for the room temperature 

fracture toughness of alumina does not always reveal clear trends. 

Some variation will undoubtedly be due to differences in the 

microstructural characteristics that influence toughness, and the 

difficulty of studying them independently. Nevertheless, toughness 

values have been reported, which, for example, either decrease(1-3)? 

or increase(4)  with increasing grain size. Furthermore, the values 

reported for the fracture toughness of a given material vary with 

test-piece geometry(5,6,3)  especially as grain size increases. 

Simpson(6)  concluded that the discrepancy was due to the use of 

different test geometries, and Pratt(7)  subsequently suggested that 

the disagreement in the dependence of toughness on grain size could 

also stem partly from the fact that different test procedures were 

used. Thus it is essential to establishthe reliability of the 

various test procedures if the influence of microstructure on 

fracture toughness is to be understood. 

The single edge-notched beam (SENB), double torsion (DT) 

and double cantilever beam (DCB) specimen geometries are the most 

widely used for determining the fracture toughness of ceramics. 

These geometries contain a flaw,. either in the form of a sharp 

pre-crack or a blunt machined notch. This difference in the flaw 

type has been an additional complication in comparing published 

data. Some reports indicate an increase of toughness in blunt-

notched specimens(8'9)  compared with sharp-cracked, whereas others 

show a decrease(3'
10). 

Thus there are conflicting views as to which test 

procedure should be employed for the purpose of comparing the effect 

of microstructural variables, on mechanical properties. The 

objective of the present work was: 

(i) 
	

An assessment of the reliability of selected fracture 

toughness test-piece geometries by means of acoustic emission 

monitoring. 
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(ii) An evaluation of bow reliability is influenced by 

specimen preparation and test procedure, and therefore to 

establish optimum test conditions. 

(iii) To apply the findings of (i) and (ii) in a study 

of the influence of microstructure on the mechanical 

properties of polycrystalline alumina. 

A pure mechanical approach to the testing of ceramics does 

not reveal much information regarding the behaviour of the material 

during crack propagation, deformation and fracture. Thus a new 

technique capable of continuously monitoring these processes is 

required. The acoustic emission technique can provide such 

information. 

Acoustic emission (AE) is the term applied to the stress 

waves released as a result of dynamic processes, such as crack 

growth and plastic deformation, occurring within a material. With 

modern equipment the stress waves associated with these processes 

can be monitored. Consequently the acoustic emission has great 

potential as an in—service surveillance technique. At present the 

use of acoustic emission as a surveillance technique is limited by 

the lack of knowledge of the acoustic response of materials and 

the difficulties of detecting emissions from deformation processes 

and growing flaws against the high background noise usually present. 

Nevertheless, acoustic emission is a suitable technique 

for the continuous monitoring of fracture toughness tests under 

controlled laboratory conditions. The technique has been widely 

used in deformation studies on metals, but as yet limited 

information is available on the acoustic response of ceramics. 

With current interest in using ceramics as structural elements, 

the desirability of extending acoustic emission technology to the 

study of such brittle materials is obvious. 

The continued application of acoustic emission as a 

technique for monitoring the deformation and fracture processes in 

materials, may lead to increased understanding of fracture in 

structural components. The technique is established as the only 



method of non-destructive inspection which can be correlated with 

the crack tip stress intensity factor(10. This correlation 

creates the demand for the development of acoustic emission test 

facilities, and the application of the technique to failure 

prediction in large structural systems. 

11. 



5. 
CHAPTER 2  

BASIC PRINCIPLES AND LITERATURE REVIEW 

2.1 	ALUMINA (A12031 

2.1.1 	General Considerations  

Alumina is among the most abundant constituents of the 

earth's crust and represents approximately 259 of the weight of 

. solid rocks on the earthos surface(12). Pure free alumina, 

corundum, is, however, a comparatively rare mineral. Essentially 

composed of alumina hydrates such as A1(OH)3  Eor A1_3.3H2O] 

known as gibbsite or hydrogillite, Al2(0)(OH)4  [or A1203.2H20] 

known as bauxite, and A100H Dr A1203.H2OJ known as boebmite and 

diaspore. In most cases these minerals are mixed together and, in 

addition, exist with other oxide hydrates such as Fe203, TiO2'  SiO2  

and Cr203. 

Technologically the most important aluminium mineral is 

bauxite, which is used for the production of alumina. Several 

techniques have been used to produce alumina on a commercial scale 

from its minerals. These techniques are based. on decomposition of 

ores at high temperatures using chemicals, such as Na2CO3  and Na2SO4. 

High grade commercial alumina contains impurities of about 0.1-5 9, 

usually of the above-mentioned oxides. High purity alumina (99.999 

pure) produced by more expensive processes is called Lucalox. 

2.1.2 	Strucure of Alumina  

The most well-defined crystalline modification of aluminium 

oxide is alpha-alumina, which occurs naturally as corundum and is the 

terminal product of calcination of any other form of alumina above 

12000C(13). The crystallographic structure of OC-alumina has been 

determined by W.H. Zacharian (Fig. 2.1) in which hexagonally close-

packed oxygen atoms enclose aluminium atoms. The density of zero 



0 Oxygen 

• Aluminium 
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aluminium atom 

(a) 

l b) 

6 

Fig.2.1. The structure of a= -alumina. 

a - Ref. (98) 

b-Ref. (13) 
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porosity cc -alumina is calculated(13) to be 3.89 g/cm3. However, 
values obtained from direct measurements of pure corundum range 

from
(14,15) 

3.9 to 4.0 g/cm3, and as a result of accurate 

determinations from X-ray data it is generally accepted that 

defect-free alumina would have a theoretical density of 3.986 g/cm
3 (14)~ 

2.1.3 	Fabrication Techniques  

Alumina is available in dry powder form, having been 

prepared by chemical processing of less pure materials. The raw 

alumina has a fine particle size, but further grinding and milling 

may be necessary according to the fabrication process employed. 

There are several fabrication methods available which are 

characterized by their ability to form alumina components of 

different shapes and sizes, and to produce aluminas with a range 

of physical properties. These processes are: 

(i) Powder Pressing. This process is used for forming the 

majority of ceramics and is accomplished by compacting a dry or 

damp powder in a metallic die under pressure. 

(ii) Isostatic Powder Pressing. The powder is compacted under 

uniform pressure. This is carried out by charging a rubber mould 

with the powder and immersing the mould in a suitable fluid through 

which the pressure is applied. 

(iii) Sintering. 	The "green" pressing from (i) and (ii) is 

dried and heated to elevated temperature so that sintering can 

take place. Sintering is the consolidation of an aggregate of 

fine particles into a dense product. 

(iv) Uniaxial Hot Pressing. Ceramics made by cold pressing 

followed by sintering are generally porous owing to the difficulty 

of achieving complete densification. Also grain growth occurs 

when high sintering temperatures and long sintering times are 

employed. Hot pressing is a technique whereby densification of a 

compact occurs under the dual influence of high temperature and 



pressure. A correct combination of temperature, pressure and 

time results in high ceramic density without extensive grain 

growth. 

(v) 	Hot Isostatic Pressing. The process consists of placing 

the component to be hot isostatically pressed into a pressure 

vessel and applying high temperature and pressure. An inert gas 

is used to transfer the pressure(16). Alumina specimens with 

densities up to 3.98 g/cm3  (virtually theoretical density) can be 

produced using the HIP technique. 

2.1.4 	Microstructure of Alumina 

The term microstructure is used to describe the internal 

structure of the material which can be seen using a light or 

electron microscope. The microstructure of alumina consists of 

CC—alumina grains, pores, cracks and second phase distributions. 

The mechanical properties of alumina are strongly dependent on its 

microstructure and the microstructure is controlled by the choice 

of raw material and fabrication technique. 

The body of pure alumina is very strong and consists of a 

network of fine—grained microscopically small, crystallites, bonded 

together without any foreign binder. Examination of a polished 

surface of alumina in an optical microscope reveals irregular 

grains of varied size, ranging from a few microns in diameter up to 

sometimes 109)dm. The irregularity of grain size is a result of 

fabrication. Hot pressing techniques provide aluminas of fairly 

uniform grain size, whilst the distribution of grain size in 

aluminas produced by cold pressing and air—sintering is quite 

extensive. The mean grain size and grain size distribution will 

normally influence the mechanical properties of the material and 

this influence will be discussed in more detail in Section 2.2.4. 

Pure corundum contains no porosity and its theoretical 

density is 3.986 g/cm3. Commercially produced aluminas contain 

porosity to.a varied extent, which again is dependent on fabrication. 

8. 



9. 
Materials produced by hot pressing techniques normally contain less 

porosity than those produced using cold pressing followed by 

sintering. Two types of pore occur in alumina; those situated 

intergranularly, being irregular and sometimes quite large, and 

those situated intragranularly being spherical and generally small. 

Some porosity observed in microscopical examination may be due to 

grain pull—out during polishing; this normally appears as irregular 

sharp—edged shapes. 

The presence of other phases in alumina could produce 

inherent microcracks during fabrication, if the thermal expansion 

coefficient of the second phase is considerably different from that 

of the matrix. The existence of microcracks in some dispersed 

aluminas has been shown(17)  using transmission electron microscopy. 

In less pure aluminas, impurities form a glassy phase which is 

situated predominantly at grain boundaries. The glassy phase 

cannot be easily observed, but its .presence is particularly important 

in determining the high temperature mechanical properties. 

The intracrystalline forces, holding the crystal lattice 

elements together, and the intercrystalline forces, acting between 

the individual crystallites, can sometines be equivalent in 

magnitude(18)  especially in regions of large grain size. However, 

scanning electron micrographs of alumina fracture surfaces reveal 

that fracture is generally predominantly intercrystalline, but there 

is also evidence of intracrystalline failure. 

2.2 	FRACTURE 

2.2.1 	General Considerations  

Most structural materials contain flaws or cracks that are 

introduced during fabrication or service. Under various combinations 

of static and alternating loads, and reactive environments, these 

flaws may grow slowly and stably. Unstable fracture occurs in a 

structure when a flaw has reached a critical size. 
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One of the earliest models for a crack system was that 

due to Griffith(10  who considered the crack system in terms of a 

reversible thermodynamical process. He discussed the total 

energy, U, of an elastic body subjected to external loading and 

containing an internal crack, in terms of three individual energies. 

These were: the work of the applied load causing some displacement 

on the outer boundary, WL, the strain potential energy stored in the 

body due to the presence of the crack, UE, and the energy required 

to create new crack surfaces,US: 

= (-WL  + UE) + us  (2.1) 

Thermodynamic equilibrium is then attained by balancing the mechanical 

and surface energy terms over a virtual crack extension, da, i.e.: 

dU _ 0  
da (2.2) 

For plane stress conditions, the Griffith equilibrium equation leads 

to a critical stress for fracture given by: 

a = (2E 
' ) 2  na (2.3) 

where: o' is the applied tensile stress,ō is the surface energy 

per unit area, a is the crack length, and E is the Young's modulus. 

This equation was later modified by Irwin(19)  and Orowan(20)  to the 

form of: 

2E7. 
_. 7(-7-1)2 (2.4) 

for plane stress conditions, and: 

for plain strain conditions, where li  is the effective surface 

energy for fracture initiation, C is the flaw size, U is the 

Poisson's ratio, and Y is a geometrical constant. 
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2.2.2 	Fracture Strength  

The strength (ðf) of ceramics is discussed generally in 

terms of the modified Griffith equations, (2.4) or (2.5). The 

relevant textural parameters are those that affect Yi  and C. The 

microstructural dependence of i  varies from one material to 

another and will be discussed for alumina in Section 2.2.4(II). 

The flaw size, C, has a direct influence on the strength as•illustrated 

in the equations, i.e. the decrease in strength with increasing 

flaw size. For most materials, the flaw size can be related to 

the pore size or the grain size. It is the largest flaw that 

affects strength and the relative size of the pores and grains 

dictates which of these is important. 

The strength of a ceramic can be measured in a modulus 

of rupture test(21), in which the specimen is broken in bending in 

a 3— or 4—point loading system. Since the compressive strength of 

ceramic materials is much greater than the tensile strength, the 

tensile stresses are responsible for failure in bending. 

2.2.3 	Fracture Toughness  

The presence of cracks in materials under stress causes 

stress concentrations at crack tips. Fracture occurs when the 

stress at the tip of a stable crack has reached a critical value, 

or when a moving crack has developed to a critical size.: The 

fracture toughness of a material is a measure of its resistance to 

failure in the presence of a crack. It is sometimes given the 

term "notch brittleness"(22). Low values of fracture toughness 

indicate brittle materials. There are two main approaches for 

measuring the fracture toughness of a material: 

(i ) 
	

The Stress Intensity Factor: 

From the Griffith equation (2.3)', a simple criterion for 
7 

fracture is that cla exceeds a particular value for a given material. 

The square root of the parameter TC 62a is defined as the stress 

intensity factor and denoted by K: 
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K = cfVf57 	 (2.6) 

Thus, K is a direct function of the applied stress and the crack 

length. Introducing the geometrical parameter, Y, and the mode of 

fracture being theopening mode (mode I) for most fracture tests 

in ceramics 2 i~en the stress intensity factor is given by: 

KI = Y e a2 (2.7) 

It is reasonable to consider that in ceramics fracture occurs when 

the stress intensity factor in the vicinity of the crack tip reaches 

a critical value: 

KIB = Y 
6F 

a2 (2.8) 

where .dF is the fracture stress. The geometric factor of Y can be 

calculated from the appropriate elasticity equations given by Paris 

and Sih
(24) 

(ii) 	Surface Energy and Strain Energy Release Rate: 

Fracture problems can also be investigated using the 

surface energy method, which is based on the calculation of the 

energy required to create new surfaces. A general relationship 

between the fracture load, P, surface energy, -yj , and experimental 
parameters can be derived(18) using the mechanical energy balanced 

with surface energy. The relationship is:. 

2 rft 

'1 - 4b(Sa) (2.9) 

where b is the specimen thickness, and i\ is the elastic compliance. 

The strain energy release rate, G, may be defined as the crack 

extension force per unit area of crack 	and is equal to 

twice the fracture surface energy
(23)

: 

G = 2'~i 	 (2.10) 

Thus to obtain values for Tor G, a suitable load monitor and 

compliance calibration is required. 



In parallel to the critical stress intensity factor defin-

itions, there is also a critical strain energy release rate for 

catastrophic failure, 
GIC, 

 which is related to KIC  by the 

following equations(  ): 

K

2 

GIC = ĒC 	
(2.11) 

for plane stress conditions, and: 

"IC'  -V 2) 
GIC - 	E 

(2.12) 

for plane strain conditions. E and V are the Young's modulus and 

Poisson's ratio, respectively. K and G are the fracture toughness 

parameters of a material and depend on the physical processes 

occurring at the crack tip during fracture. 

The correct use of equations (2.11) and (2.12) requires 

a knowledge of Young's modulus which varies with porosity(1)  and 

temperature(26). Young's modulus of alumina can be measured by a 

resonant bar technique(27)  Knowing the Young's modulus of fully 

dense material, Eo, Kingery(20  showed that the modulus values for 

the same material of other densities could be calculated using the 

expression • 

E = E0(1 - 1.9P + 0:9 12) 	(2.13) 

where E is the Young's modulus for a material of fractional porosity, 

P. Spriggs
(29) 

 obtained another expression for cold-pressed and 

sintered materials, i.e.: 

E = E e-3'0  (2.14) 

where E, Eo  and 1' are the same as those defined for Kingery's 

equation. The Young's modulus of monocrystalline corundum at room 
(94)  

.temperature is reported to be 	14xl Nm . 

13. 
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(iii) 	Stress Intensity Factor-Crack Velocity Diagram 

The dynamic of crack propagation can be described 

uniquely by the stress intensity factor (K ) and the crack 

velocity (V) for many ceramics(63). An idealized K-V diagram 

is shown in Fig. 2.2.a. There are up to three regimes of crack 

growth as KI  varies from ̀ SIO  to Kig. K10  is considered to be a 

threshold value of K1  below which no crack growth occurs in the 

particular test environment. There is still considerable debate 

on whether a true threshold value of KI  exists or KI0 reflects 

the lower limit of the sensitivity of the current techniques for 
crack monitoring. However, particularly in glasses there is 

some evidence for the occurrence of unique K10  values. The 

concept of the existence of KIO  in a ceramic enables safe region 

of operation to be defined. 

At low K1, the rate of the chemical reaction (adsorption, 
diffusion,etc) near the crack tip controls growth. This sub-critical 

crack growth which is attributable to the chemical..reaction is 

of course a form of corrosion. In this region: 

V.  = KĪ 

whereby and n are constants. At intermediate KI, region II, the 

sub-cratical growth is controlled by the supply,probably by diffusion, 

of the corrosive species to the crack tip. In region II,V is 

cons tant, i . e . : 

V=a2  

Region III occurs when K1  is close to KiC. In this 

region there is a mixture of corrosive and mechanical failure, 

with the mechanical aspects generally predominant. In most cases 

the time spent by cracks in regime III is small. The K - V 

diagrams are particularly useful in determining the time dependence 

of strength. 
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A number of test techniques may be used to obtain 

K -V curves. The DCB and the DT tests are the most widely used 
(see section 3.4.4.). For transparent materials it is possible 
to follow the crack optically to obtain values for both V and 

KI  at constant load. Alternatively, for both transparent and 

opaque materials, the crack velocity cam be obtained using DT 

geometry as described by Evans(63)• The crack velocity is 

measured from expression: 

V= 
al  PI  fdP\  

P2 	dt/)  

in which V is obtained directly from the rate of load relaxation 

at constant displacement. A specimen of initial crack length, 
ai, is loaded up to a load Pi  at high crosshead speeds so that 

no significant crack extension occurs prior to relaxation. 

When P. is reached the test machine is held at constant deflection 

(load relaxation ) and the decay of load with time dt 
 is analysed. 

The corresponding values of KI  are found directly from the 

load P (for each di  ) via equation : 

K= AP 

where A is a geometry factor (see Section 3.4.4.ii). 
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2.2.4 	Fracture Strength and Toughness of  
Alumina at Room Temperature  

In assessing the potential of alumina as an engineering 

ceramic, the important mechanical properties include fracture 

strength and fracture toughness. 

(i) 
	

Fracture Strength: 

The fracture strength of alumina is influenced by its 

microstructure. Data showing the effect of porosity on the strength 

of alumina are presented by Coble and Kingery
(
30)  who showed a 

decrease in the strength with increase' in porosity. The relationship 

was of the form of: 

6 f  = ō e (2.15) 

where ō 
 is the strength of a zero-porosity body, 3' is the fractional 

porosity, and B is a constant. A value of B 4 was obtained for a 

series of alumina specimens containing 5-10% porosity. 

The percentage porosity, 13, may not be the only important 

porosity parameter. The shape of the pores and their size 

distribution are probably important but have not yet received 

much investigation. However, there are some results concerning the 

effect of surface flaw size on the strength of alumina. A study by 

Bradt and Tressler(31)  on surface finish strength-grain size 

relationship, of dense aluminas showed that, in large grain size 

materials, surface finish did not affect the strength as long as 

the sample preparation flaws were smaller than the intrinsic 

microstructural flaws, which in that case were the grains. The 

effects of extrinsic surface machining flaws were more serious in 

the fine-grained dense aluminas, where they were predominantly 

strength controlling. In studies on porous aluminas, Meredith et al 

reported that specimens of 10-20% volume porosity with surfaces 

polished to 1 ti..m, gave a = 5% increase in strength compared with 

specimens prepared by normal sawing and grinding with 40 f.t.m silicon 

carbide abrasive. 

(2) 
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The inherent flaw size, i.e. pore size or grain size, 

has always been considered an important factor determining  the 

strength of alumina. The basic idea is the Griffith equation: 

2E 1  1( 	2 
c - f 	Y C 

i) 
 

(2.16) 

where the flaw size C, could be pore size or grain size depending  

on which is larger. Knudsen(32)  was one of the first to show the 

dependence of the strength of polycrystalline brittle materials 

on the grain size in the expression: 

df  = A g 2 (2.17) 

where g  is the grain size and A is a constant. Here the flaw size 

in the Griffith equation is substituted by the grain size. Another 

form of strength—grain size relationship is attributed to Petch(33), 

who showed: 

1 
6f  =  6O + Ag2  (2.18) 

where 6o is an empirical constant. The data obtained by Carniglia(54) 
 

for dense aluminas of large grain size fitted the Knudsen equation 

and those of fine grain size, the Fetch plot. The combined effect 

of porosity and grain size on the strength of brittle polycrystalline 

materials was considered by Knudsen, who proposed a general equation: 

f 
 = (a.0 

 A g c)e—B1) (2.19) 

which is effectively a combination of equations (2.15) and (2.18). 

Rice(35)  measured the strength of a wide variety of dense 

hot—pressed and sintered aluminas and obtained a decrease of 

strength with the increase of grain size. For sintered aluminas, 

be found that strengths agreed quite well with those of denser 

materials, when corrections were made for porosity by means of 

equation (2.19),with B—.•7  compared with a value of 4 originally 

reported by Coble and Kingery. Rice(36)  then later suggested that 
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in aluminas of g> C, grain size directly influenced strength by 

limiting crack growth, leading to the Knudsen equation. In 

aluminas of g < C, the strength was indirectly influenced by g, 

through the g—dependence of -yi  and possibly of flaw shape. Thus 
a non—zero intercept on a Petch equation was obtained. The two 

plots met each other at the point of C g, as shown in Fig. 2.2. 

The strength—grain size relationship obtained by different authors 

for porous and dense aluminas are shown in Figs. 2.3 and 2.4, 

respectively. For porous aluminas, in general, the Knudsen 

equation is applicable whilst for the. dense materials a combination 

of Knudsen and Petch plots can be fitted with the experimental data. 

(ii) 	The Fracture Toughness of Alumina: 

The fracture toughness of a material should be independent 

of the test method, but the values reported for the room temperature 

fracture toughness of alumina vary with test—piece geometry. A 

number of factors contribute to this conflict of findings, such as 

the material microstructure and the specimen preparation method. 

It was the work of Simpson(6)  which first suggested that the test—piece 

geometry used could also be an important factor. For 3 p.m grain 
size alumina be reported comparable results from SENB and DCB test— 

pieces, whereas for a material of 20 p.m grain size, the DCB 

values were almost twice those from SENB tests. The DCB specimens 

were pre—cracked, whilst the SENB specimens contained blunt notches. 

Further work by Simpson, Ritchie and Lloyd(37)  suggested that the 

DCB test was the more reliable since the effect of machining a 

blunt notch in the SENB geometry may be to form isolated microcracks 

at the notch root which link during loading to give a discontinuous 

form of subcritical crack growth. Thus the crack length at the 

point of fracture would be longer than the pre—loading value and 

correcting for this behaviour would increase the fracture energy 

towards agreement with DCB results. In addition, their DT specimens 

yielded fracture energies which were in agreement with DCB data. 

The toughness values obtained by Meredith and Pratt (2) 

with DCB tests on alumina of mean grain size 3.5 µm were only 
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slightly higher than those obtained from SENS tests. Dalgleish, 

Pratt and Sandford(3)  reported that the fracture toughness of a 

given alumina varied with test geometry in the order DCB.? ÐT> SENB. 

Their SENS and DCB data showed a decrease in fracture toughness with 

increasing grain size, although the DCB results were consistently 

the higher especially when coarse-grained alumina was subjected to 

repeated crack propagation. Double torsion values showed little 

variation with grain size. The discrepancy between SENS and DCB 

data was less pronounced when the SENS specimens contained sharp 

pre-cracks. However, they suggested that in DCB specimens some of 

the energy supplied by the loading system was absorbed in opening a 

network of cracks inclined to the main crack. 

Thus there are conflicting views as to which test geometry 

should be employed for the purpose of comparing the effect of 

several microstructures on mechanical properties. Although there 

is some discrepancy in the literature., it would appear that, in 

general, the fracture toughness values obtained using the DCB test 

geometry are often over-estimated, whilst the SENB values are slightly 

under-estimated. The more accurate results are perhaps those 

obtained using DT specimens which yield values falling between those 

obtained using DCB and SENB specimens. 

Additional complicating results concerning the type of 

initial crack have been reported for fracture toughness of a given 

alumina. Simpson' 
gq 
 results from a study of fine-grained alumina 

showed that the fracture energies determined from SENS specimens 

with as-cut notches of 0.75 mm and 0.20 mm widths and pre-cracked 

DCB specimens were different. The wider notch yielded considerably 

larger fracture energies and the results for the narrow notched SENS 

specimens were about 15% higher than those of DCB. In contradiction 

to these results, Dalgleish, Pratt' and Sandford(3)  and Evans, 

Linzer and Russell(10  found that notched beams gave KIC  values up 

to 10% lower than pre-cracked specimens. Dalgleish et al found 

that the 10% increase achieved by pre-cracking was insufficient 

for agreement with DCB data. On the other hand, Davidge and Tappin(38)  

reported that for coarse-grained alumina, machining damage during the 

18. 
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sawing of the notch was sufficient to yield results in agreement 

with those for specimens containing sharp cracks. Claussen, Pabst 

and Lehmann(8)  also concluded that no sharp crack is needed in 

SENB specimens, as long as the notch width, R, is small enough, 

i.e. R <50 pim will yield suitable KIC  values. 

It appears that the state of the notch root is important 

in determination of fracture toughness. The reported values show 

an increase in KIC  for blunt notched specimens compared with sharp—

cracked values, but in these cases the specimens may have been 

notched very carefully. Other less consistent values may well have 

been obtained using poorly machined specimens. However, although 

the mathematical solutions for the fracture toughness test geometries 

describe zero volume cracks, introducing sharp cracks is difficult 

especially in the SEND case. The use of `sawn notches also gives 

realistic results, if notches are introduced with sufficient care. 

The microstructure of alumina also plays an important role in 

determining fracture toughness values, some examples have been 

already mentioned. In the effect of density on fracture toughness, 

it is to be expected that increasing the density or reducing the 

porosity, will improve the mechanical properties of a material. 

This is found to be so for alumina(1'8'39), as shown in Fig. 2.5. 

But a review of the literature on the grain size 

dependence of the fracture energy reveals a conflict of results. 

Many workers agree with the simple prediction that the strength, cf, 

and thus fracture toughness should decrease with increase of grain size. 

Some others report either no effect or an increase. Gutsha] and 

Gross(4)  reported an increase in the fracture energy of Lucalux 

with increasing grain size which was related to an increase in the 

extent of transgranular fracture, whilst in aluminas examined by 

Dalgleish et al(3)  the fracture toughness values measured using DT 

tests showed little variation with grain size, and those obtained 

by SENS and DCB showed a decrease in KIC  with increase in grain 

size (Fig. 2.6). Simpson(1)  measured the fracture surface energy of 

alumina with a range of density and grain size using both the 

Tattersall—Tappin(66)  technique and analytical methods. In most 
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cases both techniques followed the same trend, although the values 

were not necessarily equivalent. Simpson's results showed a 

considerable fall of fracture energy with increase in porosity in the 

low density (<97% of theoretical density) materials, in contrast 

to the behaviour of dense (>97%) materials where the grain size 

effect appeared to predominate and the inverse fracture energy—

grain size dependence existed. He concluded that the inverse 

dependence of fracture toughness on grain size might result from the 

increase in residual strain energy with increasing grain size due to 

anisotropic thermal contractions during cooling after sintering. 

Claussen et al(8)  presented fracture toughness data for 

commercial sintered alumina and concluded that "a straight line 

dependency between 	and density or grain size is not readily 

apparent". 	However, they believed that as long as the fracture 

is mainly intercrystalline, KIC  is higher for small grain size 

materials than those with large grains. In a review of the 

influence of microstructural factors controlling the fracture energy, 

Davidge(40)  concluded that because of the numerous factors affecting 

the grain size dependence of the fracture energy, no general 

conclusion can be drawn. However, in materials where there is a 

transition from intercrystalline to transcrystalline fracture with 

increase in grain size, the fracture energy should increase, and 

in materials without a transition the fracture energy should 

decrease. 

2.2.5 	High Temperature Fracture Strength  
and Toughness of Alumina  

Davidge and Tappin(38)  examined the temperature—dependence 

of the strength of a pure (99.5%) and a debased (95%)  alumina 

(Fig. 2.7). They observed a decrease in the strength of pure 

alumina with temperature, due to the temperature dependence of 

Young's modulus. In contrast, the debased material showed a peak 

at 850°C, and their conclusion was that plastic flow of the glassy 

phase was responsible for this phenomenon. Later, Meredith, Newey 

21. 
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and Pratt(21)  investigated the strength of three debased aluminas 

with purities of A = 95.5%, B = 89.5% and C = 94.4%, Fig. 2.7.InR-700Crange, 
the strength rose to a maximum at X150°C in alumina A and C, then 

fell slowly to .':.700°C, while the strength of alumina B rose to a 

broad maximum at s 300°C before falling to 700°C. In the temperature 

range of 700°C to 1000°C the strength of alumina C decreased 

slowly, but A and B showed a pronounced strength peak at * 850°C. 

They concluded that the higher peak in material B resulted from 

the greater volume fraction of glass in this material compared with 

A, but A and B glasses had a similar temperature-dependence of 

viscosity. 

The temperature dependence of the fracture toughness of 

Lucalox was studied by Evans, Linzer and Russell(10). The K
IC  

values obtained using DT specimens were constant up to about 600°C 

and decreased at temperatures above 600°C (Fig. 2.8). The lack of 

impurities in the Lucalox showed no evidence of a peak in the K
IC  

temperature curve and the decrease of KIC  above 600°C was perhaps 

due to grain boundary softening. 

Claussen, Pabst and Lahmann(8)  investigated the fracture 

toughness of a range of aluminas with densities of 3.82, 3.65 and 

2.58 g/cm3. There was no difference in composition except in the 

case of alumina of density 3.65 g/cm3, which contained a greater 

volume of the glassy phase (Fig. 2.8). The KIC  values of all the 

materials was constant up to x 600°C. Above 600°C the low density 

aluminas showed a small increase in KIC  before the typical drop at 

higher temperatures. The high density material exhibited a 

decrease of KIC  at temperatures above 750°C. Alumina containing 

the glassy phase showed a sharp increase in fracture toughness 

above 700°C with a maximum at 960°C followed by a decrease beyond 

this temperature. Claussen et al supported the conclusion of 

Davidge et al that at temperatures above 700°C, energy was 

dissipated by deformation of the softening glassy phase., whilst at 

still higher temperatures the viscosity became so low that the 

resistance to fracture was considerably reduced. 
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2.2.6 	Second Phase Dispersion of Zr02  in an Alumina Matrix  

The fracture energy of alumina can be increased by a 

dispersion of second phase particles such as Mg0 and Zr02
(17). 

The increase in fracture energy is attributed to interaction of 

the crack front with the second phase, the possible energy 

absorbing mechanisms being crack blunting, crack deviations and 

crack front elongation. Another mechanism which can also improve 

fracture toughness under certain conditions is the interaction of 

the crack front with pre—existing microcracks. The safest method 

of creating controlled microcracks in a ceramic matrix is the 

incorporation of second phase particles with a considerably lower 

coefficient of expansion than that of the matrix. When such a 

composite is cooled from its fabrication temperature, highly 

localized stresses arise which can cause cracking of the matrix. 

Claussen(17)  used two—phase composites of alumina 

containing different percentages of Zr02. The fracture toughness 

values vs. the volume fraction of Zr02  are shown in Fig. 2.9. The 

increased KIC  of the composite, compared to that of the single—

phase A1203  was explained in terms of energy absorption in an 

extended microcrack zone in front of the crack tip. The absorption 

processes were assumed to be microcrack opening and subcritical 

crack propagation. The density of microcracks increased with 

increasing number of Zr02  particles, which in turn increased the 

toughness of the material. At volume fractions beyond the optimum, 

the microcracks joined up between the particles, thus decreasing KIC. 

2.3 	ACOUSTIC EMISSION 

2.3.1 	General Considerations  

Acoustic emission (AE) or stress wave emission is the noise 

emitted by materials undergoing deformation, fracture or phase 

transformations. In materials under stress, the source of emission 
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might be dislocation motion in ductile materials, interparticle 

motion or microcracking and fracture in brittle materials. 

Historically, the earliest use of acoustic emission 

analysis occurred in seismology. Analysis of the elastic waves 

produced by an earthquake was used to characterize fault movement 

in terms of energy released, location and depth. In 1923, Hodgson(41)  

proposed the use of subaudible noises to predict rock bursts and 

earthquakes. Early indications of acoustic emissions in metals 

were made by "tin cry" which is produced when the metal twins, and 

steelworks have long noted audible clicks caused by martensitic 

transformations. 

Josef Kaiser's research(42)  published in 1950, is 

generally considered to be the beginning of the present era of 

acoustic emission study. Although his conclusion that the noises 

were produced primarily by grain boundary sliding has since been 

disproven, his observation that the noises were of two types, a 

low amplitude continuous sound with high amplitude bursts super-

imposed, has been confirmed many times. Probably his greatest 

contribution was the observation of the irreversibility of acoustic 

emission, i.e. no emissions were generated in a previously loaded 

sample during reloading until the stress level exceeded its previous 

value. The behaviour has been named the "Kaiser effect" and it has 

been utilized in determining the stresses which structures have 

undergone in service. 

Kaiser's work was furthered in 1958  when Lean, Plateau, 

Backet and Crussand(.43)  investigated the deformation processes in 

materials, using electronic instrumentation to record the acoustic 

emission. Somewhat later, Schofield(44)  and Tatro(45)  initiated 

research in an attempt to identify the sources of acoustic emission. 

Schofield discovered that the grain boundaries were not the sole 

sources of emissions, since single crystals also emitted noise under 

stress. Further investigations led him to tentatively conclude that 

dislocation motion was responsible for acoustic emission. Tatro 

supported this, suggesting that barriers to dislocation movement, 

such as surface oxide layers, changed in emission spectra. 



In 1964 a mechanical engineer suggested that the "new" 

technique of acoustic emission would be suitable to test the 

integrity of an engineering structure. Since then, acoustic 

emission has been applied to industrial problems. The technique 

has developed rapidly, mainly because the inherent sensitivity of the 

technique enabled microscopic processes occurring in materials to be 

studied. Consequently extensive research has started in many 

different fields. Metallurgists have used the technique to study 

the effect of structural and microstructural variables on the 

acoustic response of metals(67 69).  Materials scientists have 

applied the phenomenon to study dislocation and fracture 

mechanisms(69,70). The detection of growing flaws and cracks has 

been found to be an important application for acoustic emission, and 

the feasibility of using this technique has been studied(70-73). 

More recently, the possibility of using the acoustic emission 

technique for in-service surveillance of structures, especially those 

operating in a hostile environment, has received increasing attention 
(73-76)  Much of the work in the field of acoustic emission has 
been carried out on ductile materials, whereas ceramics have received 

very little attention. Nevertheless, some excellent papers 

have been published describing the use of the AE technique to 

investigate various ceramic and glassy systems. The technique 

has proved useful for both the technological application and 

fundamental scientific study(77)  of this type of brittle materia. 

2.3.2 	Generation of Acoustic Emission  

The generation of emissions is best explained by using 

an analogy(43). Consider a mass suspended between two stretched 

springs and held in position by a string, as shown in Fig. 2.10. 

If the tension on the string is released suddenly, i.e. in a time 

which is short compared to the resonant frequency of the system, 

then the mass will oscillate about the equilibrium position. If, 

on the other hand, the tension is released slowly, i.e. in a time 

which is long compared to the resonant frequency, then the mass 
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will proceed smoothly to the equilibrium position and fewer 

oscillations will be observed. Putting this analogy into perspective, 

if the mass represents an atom and the springs the binding forces 

between other atoms in a crystal, then the slow release of 

tension in the spring is a crude description of a ductile deform-

ation, while the sudden release of tension is a description of a 

brittle fracture. The oscillation of the mass after the release 

of tension models the source of a stress wave emission. 

An estimate of the amount of energy released during a 

deformation or fracture process in a material can be made (Section 

2.2.3). Some of the energy released is transferred to the stress 

waves. The amount of energy carried by a stress wave depends upon 

the time during which the deformation process takes place, the 

extent of deformation giving rise to it, and the magnitude of 

deformation, as was shown in the spring-mass analogy. 

From the theoretical point of view, Stephens and Pollock (52) 

believed that the source stress waveform has an essentially 

broad-band spectrum. They proved that only a pulse-like function 

of stress for the emission source wave could satisfy the physical 

constraints. 

2.3.3 	Propagation of Stress Waves  

The generated stress waves are radiated in all directions 

and travel both through the bulk and along the surface of the 

material, where they are attenuated or reflected. Only a fraction 

of the generated waves reach the detection system. Attenuation of 

acoustic waves is caused by the physical structure of the material 

and can be explained in terms of scattering and absorption. The 

former is due to the partial reflection of the propagating waves 

by the distributed discontinuities and the latter refers to loss 

of energy due to transformation into other forms of energy. 

Acoustic waves undergo reflection at the specimen surfaces, 

and attenuation on reflection occurs when some of the wave energy is 



transferred into the neighbouring medium. The multiple reflected 

waves provide a large contribution to the final signal reaching 

the detector. Acoustic waves travel through the bulk of material 

in two different modes, longitudinal waves and transverse or shear 

waves. Surface or Rayleigh waves propagate in a combined mode. 

The velocities of propagation and the rate of attenuation vary 

for each mode and conversion from one mode to another occurs on 

surface reflections. Thus the stress waves arriving at the 

detection system have different characteristics to those of the 

source emission. 

2.3.4 	The Detection of Stress Waves  

The key to effective utilization of stress waves to 

provide information about material failure, is a transducer capable 

of efficiently and faithfully converting the mechanical waves into 

electrical signals. The low energy content and high bandwidth of 

acoustic emission waves restricts the choice of transducer types to 

two broad categories: piezoelectric and capacitive transducers. 

Piezoelectric transducers are made from materials which 

generate a surface charge density under an applied stress. The 

appearance of the piezoelectric effect arises from the lack of 

symmetry in the structure of the crystal (see Fig. 2.11(53)). 

Several naturally occurring substances, notably quartz, produce 

the effect, but the most popular piezoelectric material for acoustic 

emission work is polarized lead—zirconate—titanate, because of its 

low electrical impedance and high electromechanical coupling 

coefficient. The problem associated with the use of a piezoelectric 

transducer is a restricted bandwidth, due to the fact that it is 

inherently a resonant device. 

Capacitive transducers, as their name implies, depend 

upon changes in capacitance for their operation. Capacitive trans-

ducers are inherently broadband, but they suffer from lack of 

sensitivity. The choice of transducer for the detection of stress 
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waves depends on the test conditions, environment and material 

under test. Compromise may be achieved between the response of 

the transducer and the frequency band width. A transducer provides 

a good sensitivity to a given input when it responds fairly linearly 

over a relatively wide frequency range. 

The acoustic emission signals which are picked up by a 

transducer are converted into a varying electrical voltage which 

can be further processed. Fig. 2.12 shows a typical transducer 

output signal which represents one of the hundreds of similar 

acoustic emission bursts produced from an experiment. 

2.3.5 	Signal Processing  

Signal processing for acoustic emission is defined as the 

analysis of collected data in order to obtain meaningful information 

about the process under observation. Part of that is dedicated to 

collecting only the data which is relevant to the experiment, and 

the other part to analysing that data with the use of some known 

experimental conditions. 

Good experimental design is the first step to eliminating 

extraneous signals from a stress wave emission. Particular attention 

must be paid to the loading mechanism because it is the primary 

cause of external noise, both mechanical and electrical. 

Satisfactory results can be obtained using commercial universal 

testing machines, provided that the specimen—loading jigs and 

gripping systems have been designed with care (see Section 3.4.2). 

Noise transmitted through the air, i.e. air—borne electrical 

interference, can also be removed by surrounding the sample with a 

mesh box (see Section 3.6.2). Thus careful attention to details 

during experimentation will ensure that only specimen—created 

signals will be present in the output signal. 

The wave—form of an output signal from the transducer 

which is shown in Fig. 2.12 may be conveniently represented as a 

decaying sinusoid oscillation, Fig. 2.13, by the equation(54)
: 
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Fig.2.12. A typical acoustic emission signal 
output of the transducer,(Ref.55). 
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V = V 0e-)Bt  sin 2Ttft 
	

(2.20) 

where V0  is the peak amplitude of a signal, f is the frequency, t is 

the time and /3 is the decrement factor. 

Once an electrical analog of the desired acoustic emission 

event has been obtained, the next step is to amplify the low level 

signal to a value which can be conveniently handled and then 

filtered to remove unwanted frequencies, such as low frequency 

vibrations from mechanical equipment, which are filtered out below 

about 100 kHz(55). 

Having attained a useful signal level, several different 

signal processing techniques can be used. Fig. 2.14 shows, in 

schematic form, an acoustic emission measuring system. 

a. 	Ring-down and event counting: 

The principle of ring-down counting is to count the 

number of times a threshold voltage is exceeded by the oscillating 

transducer output caused by acoustic emission. For the idealized 

signal in Fig. 2.13 the detector will only recognize three waves 

in the pulse. If the signal is then fed into a counter, a count 

of three will be recorded. Thus larger bursts will record larger 

counts. The alternative is to count a whole burst of oscillations 

as one event(56). Ring-down counting has an advantage over event 

counting in that the count obtained from a given event increases 

with signal amplitude and there are consequently more ring-down 

counts for events of larger energy. The number of ring-down 

counts which results from an input signal will be given by(46): 

_ f V 

NR'T 	F 1n  Vt  
(2.21) 

where f is the frequency of the signal, /3 is the logarithmic 

decrement factor, V is the initial output voltage of the transducer, 

and Vt  is the threshold voltage. The signal produced by the 

transducer will be proportional to the energy released in the 

acoustic emission source event. Therefore the number of counts 



recorded will also be proportional to the energy released, and 

will indicate the amount of damage occurring per second, thus 

obtaining the rate at which damage is occurring in the sample. 

This type of analysis is both useful and easy to perform, but it 

is, however, subject to the criticism that it is a function of 

frequency. It also considers the signal amplitude only indirectly 

and no direct relationship between the count and a physically 

meaningful parameter can be obtained. 

b. 	Amplitude Analysis:  

In any test, the peak amplitudes of the individual emissions 

vary over several orders of magnitude. It is commonly found that 

larger numbers of emissions are present at lower amplitudes(54). 

A distribution of peak amplitudes can be obtained by using a 

convenient threshold level. Pollock(56)  showed that the fraction 

of the emission population whose peak amplitude exceeds a certain 

level is given by: 

n(V) = (VV (2.22) 

where V is the amplitude of the level in question, Vt  is the lowest 

detectable amplitude, and b is termed the amplitude distribution 

characteristic. The parameter b has a physical meaning. When a 

deformation or fracture process proceeds by a large number of 

small steps, i.e. in an almost continuous manner, there is a large 

proportion of low amplitude emissions and the value of b is large. 

But when the deformation or fracture proceeds in a small number of 

large steps, a larger proportion of high amplitude emission can be 

obtained, and b is small. Thus the type of failure process can be 

identified by measuring the value of b. 

It is possible to relate the number of acoustic emission 

ring—down counts above the threshold level Vt, to the b value if 

it is assumed that: (i) equation (2.20) describes the emission 

waveform, (ii) the peak emission amplitudes are distributed 

according to equation (2.22), and (iii) the number of counts for 
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each event is given by equation (2.21). 

of NET  events with amplitude in excess o 

count, Nm,, above the threshold level is 

NRT — NET b p 
(vt) 

This equation gives an approximate theoretical relationship between 

ring—down counts and system gain (which affects V), the threshold 

level and the amplitude distribution parameter, b. It must be 

noted that the logarithmic form of the number of counts for a 

single event, equation (2.21), is replaced by a power—law 

relationship when we take into account that not all emissions have 

the same amplitude. 

c. 	Spectral Analysis of Acoustic Emission: 

Emission waveforms carry information about the structure 

of the source event(52). They are often modified by reflection and 

the transducer response, but they can be obtained in a specially 

designed specimen, using an oscilloscope equipped with a camera. 

The main advantage of examining waveforms is that very small 

perturbations of shape can be easily recognized, allowing minute 

variations of the acoustic emission process to be detected. 

Frequency spectra of emission are fairly difficult to 

obtain, but can be produced using a transient recorder to capture 

an individual emission, and then transferring the output of the 

recorder to an analog frequency spectrum analyzer where the 

frequency of emissions may be obtained against their amplitude. 

This method has the obvious limitation that only post—test analysis 

is possible, and it is also very difficult to ensure that emissions 

are processed one at a time. An alternative method uses a high 

speed analog to digital converter to enable a computer to perform 

a fast Fourier transform of the emission data in real time. 

Some information regarding the source properties such as 

size, shape, proximity to neighbouring surface and interfaces, and 
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For a set of emissions 

f V, the total ring—down 

equal to(57): 

(2.23) 



0 

w 
= R f V2(t)dt (2.24) 

load stiffness in the region of deformation can be obtained by 

emission spectral anaiysis(58). In practice some difficulties 

arise from frequency-dependent modification processes close to the 

emission source, to the position of the detector and to the whole 

specimen geometry. Also, there are limitations of bandwidth in 

the detector and associated electronics. Nevertheless, the 

acoustic emission spectral analysis can be used as a complementary 

technique to the other acoustic emission methods. 

d. 	Energy and RMS Measurement: 

Two physically meaningful parameters of the signal, i.e. 

the energy and the power, are measured by these techniques. The 

energy of a transient signal in the transducer can be defined as(59): 
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where V(t) is the time dependent voltage, and R is the impedance 

of the circuit. Inserting equation (2.20) into equation (2.24) 

and integrating between 0 and T, where T is the time taken between 

the two crossings of the signal with the preset voltage of Vt, 

leads to: 

V
t  
2 e2aT C - 

G  4R13(1+ 2) 
(2.25) 

Thus the energy is proportional to the square of the preset voltage 

and is related to T through the term e2 15 T. The result is based on 

the assumption that the decrement factor, ,3 , does not change from 

one signal to another. The measurement of absolute Eis very 

difficult due to the dependence of j3 on many variables and the 

difficulty of its analysis. 

The RMS voltage measurement is perhaps the simplest 

technique which can be used for AE analysis due to the availability 

of the commercial RMS instruments. The technique consists of 

measuring the average voltage of input signals over a certain period 

of time, which is the response time of the meter and is in the order 



of a second, instead of measuring an instantaneous voltage, and 

taking the root mean square (RMS) of the data. Thus the technique 

is only useful for continuous signals. 

2.3.6 	Factors Influencing the AE Results  

In analysing the AE data, the factors governing the experi-

mental results have to be considered. As mentioned by Pollock(6o): 

source and structural characteristics, 

location and coupling of transducer, 

frequency passband, and transducer sensitivity, 

gain of amplifier and threshold, 

are the important factors which operate successively in shaping the 

signals that are finally recorded as emission data. 

The acoustic behaviour of a material depends on both its 

internal and external variables. The important external variables 

that influence the source and hence the emission data are: the 

specimen geometry, test environment and loading rate. The internal 

variables, i.e. the structural, microstructural, chemical, physical 

and mechanical characteristics of a material, all partially 

influence its acoustic response, providing considerable differences 

in the acoustic behaviour of different materials. The microstructure, 

for example, determines the deformation and fracture mechanisms and 

hence source characteristics. Microstructure can also affect the 

measured AE data through changes in attenuation by scattering at 

grain boundaries, second phase particles, etc., although only likely 

to be important in large specimens. The importance of understanding 

the material behaviour in relation to its acoustic emission is basic 

to the further development of this technology. 

The stress waves undergo considerable changes between 

leaving the source and appearing at the transducer (see Section 

2.3.3). Thus the location of the transducer on the specimen has 

to be considered. The further the transducer is from the source 

of emission, the more change in the wave characteristics may occur. 
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The coupling of the transducer to the specimen under study 

is of considerable importance, since a minor change in the thickness 

of the coupling media could affect the emission data, and very often 

calibration of the transducer coupling is needed. Several methods 

of calibration have been suggested(61'78,79) by various workers and 

these include: 

(a) Dropping a small ball—bearing from a known height on 

the specimen to produce a constant amplitude pulse. The 

technique is simple and practical but produces unrealistically 

large pulses of around 10 ms impulse time. 

(b) Generating a fast rise time ('1 }_.$) thermal stress 

pulse of known amplitude in the specimen by passing a current 

pulse, — 320 nsec long and up to 100 ams amplitude, through a 

point contact formed by anelectrode and the specimen 

surface(61). This method can be applied only on conducting 

specimens. 

(c) Producing a stress pulse of known characteristic by 

coupling a double action transducer to the specimen. The 

transmitter section is connected to a pulse generator, and the 

receiver part to the AE system. 

The direct effect of frequency on the AE data is clear 

from equation (2.23). Furthermore, the attenuation of the signal 

in the transducer is proportional to frequency so that the value 

of fT is constant, T being the duration of the source event. The 

frequency bandpass of the transducer is limited, i.e. any transducer 

could operate to its highest sensitivity within a range of 

frequencies. The response spectrum of the structure and transducer 

is then integrated by the resonances which are excited by the source 

of emission, and the result appears in the output waveform. 

Finally the gain and threshold level which are the 

variables of the electronic system, and can be changed according to 

the test environment, will normally affect the AE data. The gain 

dependence of the ring—down count rate was measured by Brindley et 
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al(56)  for a period of constant emission activity during plastic 

zone growth; the results showed that the AE count rate. increased 

with(gain)
1.6  . The effect of threshold level was mentioned by 

Pollock(54)  who indicated that the lower the threshold level 

amplitude, the higher the number of emissions obtained. 

2.3.7 	Acoustic Response of Alumina  

A variety of processes give rise to stress wave emission 

in different materials. Dislocation motion and twinning occur 

mostly in ductile materials, but microcracking, crack growth and 

interaction with secondary phases can occur in both ductile and 

brittle materials. 

Attempts have been made to relate the AE characteristics 

of ductile materials, such as metals, with their fracture toughness. 

A theoretical model presented by Dunegan, Harris and Tatro(11)  is 

based on the assumption that the AE count, N, is proportional to the 

size of the plastic zone in front of the crack tip. The plastic 

zone size in the vicinity of the crack tip is controlled by the 

stress intensity factor, K, of the material. Thus the AE:can be 

related to K, the relationship taking the form: 

N = A Kn 	 (2.26) 

where A and n are constants. The value of n = 4 was obtained 

theoretically for ductile materials, while the experimental results 

for aluminium and beryllium indicated n values of 6 to 8. A value 

of n = 5 has been reported(62)  for stainless steel. 

However, Brindley, Holt and Palmer(56)  considered that 

equation (2.26) is inadequate for situations which involve 

appreciable yielding. They found that the emission behaviour of some 

ductile materials showed that the total count versus load fitted the 

relationship: 

N = D a {sec (III)
— 

11 
I 

(2.27) 

38. 



where D is a constant of proportionality, depending on strain rate, 

temperature, geometry and microstructure, a is the crack length, 

a the applied stress and dl  the yield stress. 

The acoustic emission of brittle materials has not been 

the subject of extensive investigation 	. Nevertheless, Evans 
h(62 U65J) 
et al have used the technique to study a few ceramics, and some 

conclusive results have been reported. In his work with Linzer and 

Russell(10, Evans used the model proposed by Dunegan et al(11)  for 

brittle materials, substituting the crack increment of 0 a as the 

cause of AE instead of the plastic zone. The DT results of the AE 

count rate versus the stress intensity factor for Lucalox, tested 

at low loading rates, are shown in Fig. 2.15. Later, Evans and 

Grahanpi) developed a model for crack propagation in polycrystalline 

ceramics. Their model was based on experimental acoustic emission 

amplitude studies, and incorporated the analysis of the stress 

intensity factor variation along a contoured crack front, and the 

local variation in crack propagation resistance. 
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CHAPTER 3  

APPARATUS AND EXPERIMENTAL PROCEDURE 

3.1 	MATERIALS 

The aluminas used during this investigation were supplied 

by commercial manufacturers, and were fabricated using different 

procedures and techniques. Therefore, materials of varied micro-

structure and properties were made available. 

(i) Cold-Pressed and Sintered Aluminas: 

The standard commercial alumina manufactured by Smiths 

Industries, FAO, was produced by isostatically cold-pressing and 

firing on commercial schedules. The FAO alumina was then refired 

up to eight times on the commercial schedule to produce specimens 

designated FA1 to FAS. 

The polycrystalline aluminas A and B supplied by Anderman 

and Ryder Ltd. were also produced by isostatically cold-pressing 

followed by firing on commercial schedules. The A and B aluminas 

are standard commercial materials, whereas alumina C was produced 

by refiring the alumina B on the commercial schedule. Aluminas A and D 

were also isostatically cold-pressed and fired materials produced by 
Anderman-Ryder Ltd.. 
(ii) Hot-Pressed Alumina: 

A few bars of this material were supplied by Max-Planck 

Institut fur Metallforschung, in West Germany. Alumina powder was 

hot-pressed in graphite dies under vacuum at a pressure of about 

40 MN/m2  for one hour at 1400°C. The resulting discs, 35 mm in 

diameter and 8 mm high, were cut into bars of 32 x 8 x 3 mm3. 

(iii) Alumina with Zr0 Dispersed Phase: 

Composites were manufactured and supplied by the Max-Planck 

Institut. The compositions contained A1203  powder with 12, 15 and 



18% by volume of unstabilized Zr02  powder. The powders were mixed 

in water in a planetary ball mill and hot-pressed using the same 

conditions as the above-mentioned hot-pressed pure alumina. 

3.2 	CHEMICAL AND MINOR PHASE ANALYSIS  

A semi-quantitative analysis of the chemical composition 

of the aluminas A_ E, 	and FA was performed by the Analytical 

Services Laboratory of Imperial College, using X-ray fluorescence. 

The aluminas were mechanically ground, sieved, and the -400 mesh 

fraction was compacted with cellulose to produce a specimen in the 

required pellet form. 

X-ray analysis, using CuK «, was obtained from a powder 

sample (-400 mesh) of each material. The measured interplanar 

spacings were compared with the ASTM powder index to identify the 

minor phases present. 

3.3 	MICROSTRUCTURAL ANALYSIS  

Optical microscopy and scanning electron microscopy have 

been used to determine the microstructure of the aluminas. 

Polished surfaces for optical microscopy were prepared 

by carefully grinding samples on 600 grade silicon carbide papers, 

and subsequent polishing on 6 µm, 3 t..t.m and 1 I.I.m diamond 

impregnated laps. Further polishing was carried out on nylon cloth 

loaded with OC-alumina powder (4 p.m) using water as lubricant. 

The polished samples were then etched either with 2% HF solution 

for 2 to 4 minutes, or by thermal treatment in air at 1600°C. 

Scanning electron microscopy was used to examine 

fracture surfaces. The specimens were cleaned and 

mounted on standard aluminium stubs and their fracture surfaces 

were vacuum-coated with a 200°A layer of gold. 

42. 



43. 

	

3.3.1 	Grain Size and Pore Size Measurement  

Optical micrographs taken from the polished surfaces of 

the specimens were used for pore size determinations and the grain 

size was measured from micrographs taken from the etched surfaces. 

All measurements were performed using the linear intercept method 

on several randomly selected areas. The mean grain size, the 

maximum grain size, the maximum pore size, and grain size and pore 

size distributions were obtained. 

	

3.3.2 	Density Measurements  

Density measurements were made using a displacement 

technique in which each specimen was weighed in air and in distilled 

water at room temperature. Weighings were made on a balance 

reading to 1 x 10-5  g and for each specimen the mean value of ten 

weighings was used to calculate the density. The density of a 

specimen is given by: 

WA  .A WA  — WW  

where WA  and WW  are the weights of the specimen in air and in water 

respectively. 

3.3.3 	Porosity Measurements  

The porosity of each material was calculated from its 

density data using the following relation: 

100(p T - E)  
Porosity ō - 	 (3.1) 

YE 

where J3 is the theoretical density of the material. A value of 

3.986 g/cm3 (14")  was used for the theoretical density of pure alumina 

and values of 3.3(+4), 3.57(14),  2.65(28), and 6.1(80)  g/cm3  were 

employed for the theoretical density,p
T1 
 ,of the impurities, CaO, MgO, 



8i02,and Zr02  respectively. The theoretical density of an alumina 

containing H4  percent impurities or second phase.particlss,was 

calculated using the following simple relation: 

	

_ 	PriH;+ 3.986 (100-EH;)  

	

-PT - 	100 (3.2) 

Having measured the theoretical density and experimental density 

for each composite, the porosity was then determined from equation 

(3.1). The use of mercury porosimetry(81)  was limited by the 

extent of closed porosity in the aluminas which prevented efficient 

access of mercury into the sample. 

3.4 	MECHANICAL TESTING  

3.4.1 	Specimen Preparation  

Specimens were cut by diamond sawing from alumina plates 

in a Capco (Model Q-35) cutting machine using oil for lubrication, 

and a Maco slit-grinding machine using a water solution of ethyl 

alcohol (C2H50H) as lubricant. The as cut surfaces of specimens 

were sufficiently smooth (average machined flaw size <50 p.m), 

thus no special treatment was carried out on specimens used for 

fracture toughness measurements. With the presence of machined 

cut notches and grooves on these specimens, further surface treat-

ments, however, did not make much difference. Unnotched and 

ungrooved specimens used for strength measurements were, however, 

subjected to surface preparation prior to testing. 

3.4.2 	Loading Techniques  

All tests were performed in air using a universal Instron 

machine for loading the specimens. A compression-tension load cell 

with a maximum loading capacity of 500 Kg was used. Simple jigs 

were designed for different test geometries enabling easy access to 
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the specimen for coupling to the AE transducer. The loading jigs 

consisted of an upper ram, which was attached to the load cell, and 

specimen mount which was fixed to the Instron cross-head. With the 

specimen in position, load was applied when the specimen mount was 

driven against the upper ram via the cross-bead movement. Cross-bead 

speeds in the range 0.001 to 0.1 cm/min were used. 

To avoid monitoring extraneous noise due to the jig system, 

all loading points which were in direct contact with the specimen 

were acoustically insulated from the specimen by coating with PTFE 

tape. Furthermore, before testing commenced, a large or unnotched 

specimen was loaded to twice the estimated fracture load of test 

specimens to check the efficiency of acoustic insulation and to 

reduce noise in the loading system by the Kaiser effect. 

3.4.3 	Fracture Strength Determination at Room Temperature  

The modulus of rupture tests were carried out using the 

3-point bending jig shown in Fig. 3.1 for fracture strength measure-

ment. The specimens, typically 4 x 3 x 2 5 mm3  in size, were 

loaded between three parallel stainless steel rods so that the upper 

rod was situated exactly in the middle of the two lower supporting 

rods. The rods were 3 mm in diameter and were covered by PTFE tapes 

for acoustic insulation and fixed in grooves machined on the upper 

ram and the specimen mount. A number of grooves were machined in the 

specimen mount to allow for variation of the loading span. The 

specimens were broken using a 20 mm span. Since the use of a 1 p.m 

specimen surface gave modulus of rupture values only A.03%  higher 

than those obtained for specimens with as-ground surfaces (600 grade) 
(21), hence specimens were subsequently tested with the convenient 
as-ground surface. The AE sensor was attached to one side of the 

specimen approximately 10 mm from the centre using a high vacuum 

grease. 

The modulus of rupture values were measured using the 

equation
(21): 

af  
3ps 

2b 
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where P is the fracture load, s is the distance between the outer 

knife edges (span), and b and w are the breadth and depth of the 

specimen respectively. 

3.4.4 	Fracture Toughness Determination at Room Temperature  

The fracture toughness parameters may be measured either 

by the analytical methods in which the stress intensity factor is 

measured for a given geometry, or by determination of the surface 

energy and the strain energy release rate directly from the 

modified Griffith's equations. These are, however, related to each 

other by the equations (2.10), (2.11) and (2.12). 

The fracture toughness parameters in this study were 

measured using analytical solutions for three different test 

geometries, i.e. single—edge notched bend specimens, double torsion 

specimens, and double cantilever beam specimens. The techniques 

were based on the assumption that crack motion occurred when the 

stress intensity in the vicinity of the crack tip reached a 

critical value. The analytical solutions of the modified Griffith 

equation for SENB, DT and DCB geometries(24,83)  were used, in which 

KI  was expressed as a function of applied load, crack size and 

sample dimensions. (DT geometry was independent of crack length.)  

The critical stress intensity factor was then calculated from the 

critical load at failure. 

(i ) 
	

SENB Specimens in 3—Point Bending: 

The specimen geometry and recommended proportional 

dimensions are shown in Fig. 3.2. The SENB specimens were compact 

and of simple geometry, so they were easily and cheaply prepared. 

They were typically 2 x 4 x 25 mm3, but occasionally due to 

experimental limitation or material availability other sizes were 

also produced, taking care that dimensional proportionality was 

maintained. A blunt notch of length, a, approximately half the 

width of the specimen,.was introduced midway along the specimen 

length in one of two ways: 



(a) Sawn notches were made using a Capco diamond cutting 

machine, in which the specimen was moved forwards and against 

a high speed (4000 rpm) diamond blade of 0.25 mm cutting 

thickness. The specimen movement was stopped once the length 

of cut was achieved, and had to be reversed manually. Honilo 

43—red oil flowed on the cutting point for lubrication and 

cooling the blade. 

(b) Sawn notches were made using a Maco slit grinder in 

which the specimen moved under a diamond blade rotating at 

2800 rpm. The blade height could be adjusted to give the 

required depth of cut. The cutting width of the blade was 

0.3 mm and water solution of ethyl alcohol was used as the 

lubricant. 

The SENB specimens were tested in a 3—point bending jig 

using a 20 mm loading span so that the upper rod was situated in 

the same plane as the notch and in the middle of the two lower 

supporting rods, as shown in Fig. 3.3. The AE sensor-  was coupled 

to one side of the specimen approximately 10 mm from the root of 

the notch. 

The stress intensity factor was determined from the 

expression given by Paris and Sib(24): 

w2  

1 
K 	P_ Hi = _ 	b 

where KI  is the stress intensity factor, P is the load, 

a is the crack length, b is specimen breadth, w is specimen width, 

s is loading span and y is a dimensional calibration factor to 

account for allowed variations in the ratio (a/w). The values of 

y calculated by Srawley and Brown(82)  are shown in Fig. 3.4. 

(ii) 	DT Specimens in 4—Point Bending: 

The specimen geometry and loading configuration are shown 

in Fig. 3.5. DT specimens were plates typically 20 mm wide, 50 mm 

long and 2 mm thick, and grooved on one side to channel crack 
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Fig.3.6. The DT specimen in 4-point bending. 
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propagation during testing. The depth of the groove was half the 

plate thickness. Blunt notches 8 mm long were introduced using a 

Capco diamond machine and sharp subcritical cracks were formed at 

the notch roots using the technique described in Section 3.8. 

The DT specimens were tested in 4-point bending using the 

jig shown in Fig. 3.6 which is based on the technique developed by 

Kies and Clark(83). The upper ram had two steel bearings set in 

its end surface so that the distance between the centres was 18 mm. 

Specimens were positioned in the system as shown in Fig. 3.5, the 

system being so aligned that the four bearings at the loading end were in 

the same plane perpendicular to the specimen notch with the specimen centrally 

placed between the bearings. The two halves of the specimen were, thus, 

subjected to equal torque by a four-point application of load. The 

AE transducer was situated on the specimen approximately 35 mm from 

the root of the blunt notch. 

The values of stress intensity factor were calculated 

from the expression: 

1  - P m 

^ 1 
3(1+v)12 

-wb3b 
n 

where P is the 	load, wm  is the distance between the inner 

and outer loading points on each beam, w is the specimen width, 

b is the specimen thickness, bn 
 is the crack plane width, 

(3)  is a thickness factor = 1 - 4(d/w), and .0 is PoissonIs ratio. 

(iii) 	DCB Specimens in Tension: 

The DCB specimen geometry and loading system are shown in 

Figs. 3.7-3.9. The specimens were typically 20 mm high, 50 mm long 

and 5 mm thick, and contained a groove on each side to channel crack 

propagation. The depths of the grooves were such that the crack 

plane width was half the plate thickness. Two loading holes were 

drilled symmetrically about the crack line using a diamond core 

drill. A blunt notch was cut along the grooves using the Capco 



O 

O 

LOADING JIG 

r 
SPECIMEN 	 

1_ 

PINS COVERED 
BY PTFE TAPE 

(a) SIDE PROJECTION 

(b) SURFACE PROJECTION 

(c) GENERAL VIEW 

Fig.3.7. The DCB specimen geometry. 	 Fig.3.9. Side view of the DCB teat jig. 



54 

Fig.3. 8. The DCB loading system. 



machine so that it extended 5 mm past a line through the centres of 
the loading holes. Specimens were subjected to subcritical crack 

growth, as described in Section 3.8, to produce sharp pre-cracked 

specimens. 

The DCB specimens were tested in tension, the load being 

applied via stainless steel rods which passed through the loading 

boles. The loading jig (Fig. 3.9) was designed so that there was 

no contact with the specimen except by the two loading rods which 

were covered with PTFE tape to ensure acoustic insulation. The AE 

transducer was situated on one side of the specimen, 35 mm from the 

blunt notch root. 

The stress intensity factor was calculated from the 

expression(3): 

b i  

KI - b b
-771[3.467 

   + 2.315(ā)] (bn)2 

n 

where P is the 	load, a is the crack length, bn  is the crack 

plane with, h is the beam half-height, b is the plate thickness and 
i  

factor (n)2  accounts for the effect of side grooving. 

3.5 	MECHANICAL TESTING AT ELEVATED TEMPERATURES  

The furnace (Fig. 3.11) consisted of a silica tube, 8 cm 

in diameter and 18 cm high, housed in a 20 x 20 x 20 cm3  asbestus 

box, which was mounted on a frame bolted to the Instron cross-head. 

The furnace was mounted on the frame in such a way that it could be 

moved up and down against two counterbalances. Provision was made 

for the thermocouple leads and the AE waveguide to pass through the 

top of the furnace to the specimen. The upper ram-load cell 

coupling was water-cooled to protect the load cell. Power was 

supplied to the furnace through a controller, and the position of the 

furnace over the specimen was determined after calibration to find 

the hot zone. 
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For high temperature tests, specimens were loaded and 

fractured in essentially the same way as for room temperature 

tests, except that asbestos string was used instead of PTFE as the 

acoustic insulator. The transducer was coupled to a stainless 

steel wave guide which was attached to the specimen using high 

temperature grease and asbestos string. 

The fracture toughness parameters were determined using 

the DCB test piece since it proved to be fairly convenient 

geometry in terms of loading, and preliminary room temperature 

investigations had shown that it was acoustically more responsive 

than the SENB and DT geometries. 

3.6 	ACOUSTIC EMISSION MEASUREMENTS  

3.6.1 	Data Acquisition Techniques  

The stress waves generated within the specimen during the 

fracture process were picked up by a transducer coupled to the 

specimen, and converted to very low energy electrical pulses. The 

output voltage of the transducer was then processed using the 

experimental set—up shown in Fig. 3.12. The AE equipment utilized 

was manufactured by Dunegan—Endevco (DE) and Acoustic Emission 

Consultants Limited (Tek). 

The instrumentation consisted of a MC500 sensor 

(manufactured by Acoustic Emission Technology Corporation), a Tek 

pre—amplifier, a 105 Tek totaliser, a 921 DE amplitude detector, 
a DE 920 distribution analyser,. and a DE 922 external memory. 

These items were connected together with two Omniscribe recorders, 

a 25000 A4 Bryans X—Y recorder and a Solatron oscilloscope, to 

form a system capable of providing a record of acoustic emission 

amplitude and pulse width distributions and the ring—down and 

event counts as a function of specimen load. Fig. 3.13 illustrates 

the AE equipment and the loading machine. 
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3.6.2 	The Transducer and its Coupling 

The transducer utilized was small and thus suitable for 

the small specimens employed in this investigation. It was 3.81 mm 

in diameter and 2.54 mm high and was easily coupled to the side of 

the specimen using vacuum grease and a small clip. The frequency 

response of the transducer is shown in Fig. 3.14(84)  which shows 

an average response of about —85 dB over a range of frequencies 

from 150 KHz to 600 KHz. The calibration of the transducer—

specimen coupling was carried out by dropping a small ball bearing 

from a known height at the beginning of experiments. A steel mesh box 

earthed together with the pre—amplifier to the loading system, was 

used around the specimen under test to prevent the outside electronic 

noises from reaching the transducer. 

3.6.3 	Pre—Amplifier  

The pre—amplifier was a fixed gain amplifier which provided 

40 dB of gain. The gain, i.e. the amplifying power, of the pre-

amplifier is determined from the expression: 

Gain (dB) = 20 log V
out  

V. in 

.where V
out 

 is the output voltage of the pre—amplifier, and Vin  is 

the input voltage which is equal to the output voltage of the 

transducer. The gain is measured as dB, therefore an amplifier 

with Vout/Vin = 100 has a gain of 40 dB. The amplified signals 

were then processed using two different techniques: 

(i) At a constant threshold voltage, further amplification was 

provided for the ring—down counting technique, i.e. the gain of 

the system was increased to a value where the electronic noise 

level was below the pre—set threshold voltage. 

(ii) At the constant gain provided by the pre—amplifier, 

the threshold voltage was changed to just above the background 

electronic noise level. 
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3.6.4 	The Ring-down Counting Technique  

The pre-amplified output was fed to the totaliser module 

for further amplification, filtration and ring-down counting. At 

a constant threshold voltage of 1 volt (selected by the manufacturer(85)) 

a further 55 dB gain was achieved from its maximum gain of 65 dB. 

The overall gain of 95 dB was constantly used in all experiments 

to eliminate the influence of the gain variation on AE results. 

The totaliser also acted as a filter covering the 

frequency range of 20 KHz to 2 MHz, with the choice of operating 

within four frequency ranges, depending on the frequency response of 

the transducer in use. The frequency range 100 KHz to 300 KHz was 

that selected for the above-mentioned transducer. The signal output 

of the totaliser was displayed on an oscilloscope for the visual 

inspection of the background electronic noise level. 

For AE ring-down counting, the totaliser measured the 

number of emission peaks exceeding the pre-set threshold voltage. 

Either the total number of AE ring-down counts was measured during 

a test, or a certain time interval, usually 1 sec., was selected 

and the counts were totalized over the chosen time interval to 

give the count rate. The output of the totaliser was recorded on 

the Omniscribe recorder against the output of the loading system, 

i.e. the Instron. The chart speed provided approximate data for the 

time lapse between crack initiation and final failure. 

	

3.6.5 	Amplitude and Pulse Width Distribution  

The amplitude detector(86)  provided the chance of selecting 

a suitable threshold level for the output signals of the pre-amplifier 

before they were fed to the distribution analyser for further 

processing. A threshold level of 24 dB was selected (this was often 

up to 3 dB above the electronic noise level) and kept the same for 

all tests. The use of a constant threshold level for all experiments 

eliminated this parameter as a variable to AE results. 



The amplitude detector measured the peak amplitude of 

AE bursts exceeding the threshold level and converted them to 

logarithmic signals. Pulses proportional to the log of the peak 

amplitude (i.e. in dB) were sent to the distribution analyser for 

amplitude analysis. The distribution analyser(87) sorted the peak 

amplitudes of AE signals into 101 dB steps and then stored them in 

a memory containing 101 storage slots, each capable of storing a 

maximum 4095 events. An X—Y scope was driven by the distribution 

analyser for direct readout of the memory content. For permanent 

records the display was transferred to an X—Y recorder. 

The amplitude distributions were output in two forms: 

(i ) 
	

In the normal—linear mode, the histogram of the 

number of events versus their amplitude was obtained. 

In the sum—log mode, the events of each successive 

element were added to the higher elements for display on a 

log scale. 

The slope of the distribution curve in the latter mode gave a 

measure of the b—value of the amplitude distribution (discussed 

in Section 2.3.5). The value of b and also the number of events 

were continuously recorded on a chart recorder. 

The distribution analyser operating in conjunction with 

an external memory(88)  was also used for the pulse width analysis. 

Operating in the pulse width mode, the distribution analyser 

contained a re—triggerable one—shot that was energized at the first 

pulse of the burst, remained energized during the burst and, after 

the last pulse of the burst, stayed energized for the period of time 

selected (dead time = 50 )u sec in the present work). Fig. 3.15 is 

a schematic diagram of the pulse—width measuring technique. The 

end of the envelope time was defined as the end of an event and the 

duration of the envelope processor was the burst pulse width. The 

measured pulse widths were then fed to the external memory. The 

memory sorted the data, by appropriate selection, from 0 to 1000 

f.Lsec in tens of microsecond increments, or from 0 to 104  !.Lsec in 
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hundreds of microsecond increments, and stored them in its 101 

storage slots. The external memory content was displayed on the 

oscilloscope and recorded on an X—Y recorder in the same way as 

described for the amplitude distribution. 

3.7 	DETECTION OF AE AT ELEVATED TEMPERATURES  

The use of a wave guide for transferring the AE signals 

from the specimen to a transducer situated outside the furnace was 

unavoidable, since presently available transducers cannot be used 

at temperatures higher than about 500°C. 

Rods of alumina, stainless steel and brass were compared 

for their suitability as high temperature wave guides and their AE 

behaviour at elevated temperatures was assessed. 

The alumina wave guide had the advantage of having the 

same beat expansion coefficient as the specimens and therefore could 

be efficiently attached to the specimen. However, it was difficult 

to shape the alumina to serve in the specimen—furnace system 

employed, and the material was found to exhibit significant acoustic 

response during temperature changes. 

The brass rods were more flexible and had reduced AE 

response during beating and cooling. However, they suffered from 

being easily deformed and oxidised at high temperatures, and had 

an increased expansion coefficient compared with alumina. 

The stainless steel rods had the disadvantage of having 

a different expansion coefficient than the alumina specimens, and 

became oxidised at high temperature. However, the steel rods were 

ideal for shaping to the furnace and specimen system and their 

acoustic response was minimal as the temperature changed. 

Stainless steel was therefore the material chosen as the. wave guide. 

The acoustic response due to oxidation during testing was minimised 

by heating for a short while at a temperature just above the test 

temperature and subsequently reducing the temperature to that 

required for testing. 
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The coupling of the wave guide to the specimen for high 

temperature use proved to be a problem, since none of the commonly 

used coupling greases and clips were stable at the temperature 

employed. Finally a high temperature grease was used as the 

intermediate coupling layer and asbestos string was used to bind the 

wave guide to the specimen. The grease contained graphite, so that 

at high temperature the oil evaporated leaving a thin layer of 

graphite between the specimen and the wave guide. Fig. 3.16 shows 

a wave guide attached to the specimen under test. 

The use of the wave guide made it possible to employ a 

bigger and more sensitive transducer. Nevertheless, some loss in 

sensitivity was inevitable using the wave guide and remote trans-

ducer system. A Dunegan-Endevco D-140B transducer with an 

average response of -75 dB over the frequency range of 150 to 300 
was used, which was 10 dB more sensitive than the small transducer 

employed for room temperature tests. 

3.8 	r11E USE OF AE FOR SUB-CRITICAL CRACK MEASUREMENTS 

The AE technique was used to monitor the slow crack 

growth in alumina specimens subjected to subcritical crack measure-

ment. The blunt-notched SENB, DT and DCB specimens were loaded in 

the Instron at a low cross-bead speed (normally 0.01 cm/min) using 

all the loading and AE monitoring procedures required for a fracture 

toughness test. Soon after the first indications of acoustic 

emission and before specimen failure, the Instron cross-head 

direction was reversed (at faster rate of 0.05 cm/min) and the 

specimens were removed for sub-critical crack observation and 

measurement. A water-based dye penetrant was used to reveal the 

cracks and assist in the measurement of their length. The 

procedure was repeated, if necessary, until the required sharp 

crack length was obtained. 

The crack growth was sufficiently controlled in DT and 

DCB specimens to allow each specimen to be used for several 

progressive crack extensions at relatively high cross-bead speeds 
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for sub—critical crack and corresponding AE measurements. The 

control of crack growth in SENB specimens was poor and many 

specimens failed during the first loading. 
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CHAPTER 4  

RESULTS AND DISCUSSIO\N  

4.1 
	

CHEMICAL ANALYSIS  

The trace impurity levels present in the aluminas are listed 

in Table 4.1, which indicates that aluminas produced by Smiths 

Industries (FAO-FA8) were 95% pure, whilst aluminas manufactured 

by Anderman Ltd. (A, B, C, D and E) were = 97 % pure. These 

values are given by the manufacturers but these impurity levels 

were qualitatively confirmed by-X-ray fluorescence measurements 

at the Imperial College. 

X-ray analysis showed that the major phase in all materials 

was a -alumina, but also demonstrated the presence of minor phases. 

The principal minor phase in aluminas A to E was spinel (Mg0.A1203); 

whilst there was some evidence for the presence of gehlenite 

(2Ca0.A1205.Si02),  and calcium hexaluminate (Ca0.6A1203). In 

addition, the presence of anorthite (CaO.A1205.2Si02) in these 

aluminas was indicated. The level of impurity was much higher in 

FAO to FA8 aluminas compared with A-E. The major minor phases in 

FAO-FA8 aluminas were calcium-based phases, mostly calcium 

hexaluminate and anorthite. There were also indications of the 

presence of sodium fluorouranate (7NaF.6UF4), gehlenite and spinel 

in these aluminas. Finally, it was expected that all the aluminas 

contained a glassy phase. 

TABLE 4.1  Chemical Analysis of Sintered Aluminas 

Aluminas 
%_Elemental Impurity 	. 

Si 0, 1 O Ca U Zr02 

A,B,C,D,E 1.75 0.8 0.4 - 

FAO-FA8 2.5 0.5 2 <0.3. 
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4.2 	MICROSTRUCTURAL ANALYSIS  

4.2.1 	Grain Size and Pore Size  

The microstructure of alumina FAO consisted of large 

grains of alumina up to 35 p.m in diameter, within a matrix of 

finer-grained material and intergranular porosity, as shown in Fig. 

4.1a. The mean grain size 41.1.m and a maximum pore size of 30 p.m 

were measured by the linear intercept method. The effect of 

refiring alumina FAO on the standard production schedule was to 

coarsen the grain size, with a small increase in the total 

porosity, as illustrated in Figs. 4.1 and 4.2. The values of the 

mean grain size, the maximum grain size and the maximum pore size 

for all FA materials are presented in Table 4.2. The size of the 

intergranular pores increased correspondingly, as can be seen in 

Fig. 4.1, and the maximum grain size increased from 35 p.m  in FAO to 

50 p.m in FA4 and 75 p.m in FA8. 

The distribution of the grain size vs. their relative 

frequency for aluminas FAO, FA4 and FA8 is shown in Fig. 4.3. Less 

than 5% of the FAO grains were larger than 20 1.1.m,  while about 12% 

of FA4 and nearly 50%  of FA8 grains 	_ were 	greater than 

20 p.m. The most frequent grain size corresponded to 2 to 4 p.m 

in FAO, 10-12 p.m in FA4 and 18-20 1.1..m  in FA8. Fig. 4.4 shows the 

pore size histograms for FAO, FA4 and FA8 aluminas. In FAO, 15% 

of the total pores were larger than 20 p.m, while in FA4 about 21% 

and in FA8 about 19% of the pores were greater than 20 p.m in 

diameter. Comparing the histograms for the grain size and the 

pore size, it can be seen that in all materials the maximum grain 

size is larger than the maximum pore size. 

Alumina A consisted of grains up to 15 p.m in diameter, 

within a matrix of fine-grained material with an average grain size 

of 2.8 p.m as shown in Fig. 4.5a. Intergranular porosity was 

evident, some regions of which were interconnected, but generally 

it consisted of isolated voids, although these cannot be seen on 

the micrograph, Fig. 4.5a, due to etching. 
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Alumina B had a mean grain size of 3.8 J.1.m and maximum 

grain size of 20 p.m and was slightly less porous than alumina A. 

Isolated voids approaching 17 ..l.m in size were present, and a 

general increase in the size of the intergranular pores was 

observed, as illustrated in Fig. 4.5b. 

A mean grain size of 12/.Lm was found for aminina C, 

while the maximum grain size was 60p1.m and the total porosity 

increased by about 34% compared with alumina A and about 85% 

compared with alumina B to 7.12%. The size of the intergranular 

pores in the finer—grained matrix increased correspondingly with the 

increase of the grain size. Fig. 4.8a shows the microstructure of 

alumina C. 

The histograms for the grain size and pore size of aluminas 

A, B and C are shown in Figs. 4.6 and 4.7, respectively, which 

illustrate that the microstructure of these aluminas is more even 

compared with FA aluminas. 

Alumina D consisted of fine grains with the mean grain 

size of 2.3 J.a.m and maximum grain size of 26 p.m (Fig. 4.5c), whereas 

alumina E consisted of very large grains with the mean grain size of 

23 f.tm, and maximum grain size of 98 }lm. Fig. 4.8b shows the 

microstructure of alumina E. 

The hot—pressed pure alumina had an average grain size 

of12 p.m and was very much less porous than sintered aluminas, as 

shown in Fig. 4.9a. The grain sizes were fairly uniform, with the 

largest grain size of 5 p.m. Pores were distributed intergranularly 

with some isolated pores approaching 3 p.m in size. 

The two—phase A1903.Zr09  composites showed a microstructure 

very similar to that of hot—pressed alumina except for the 

presence of small—grained Zr09  particles which had a mean grain size 

of 2 	H. m. The Zr02  gr ains could be easily identified on the 

optical micrographs by their white appearance, as can be seen in 

Fig. 4.9b. The microstructure of these composites is shown in more 

detail in scanning electron micrographs taken from the polished 

and thermally etched surfaces (see Fig. 4.10. X—ray maps can be 
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produced from any field to identify the regions of Zr0o, by 

locating the Temscan probe on a Zr02  grain and using the char-

acteristic Zr wavelength for analysis. The regions of ZrO0  

appear in brighter areas, which also correspond to brighter grains 

on the SEM pictures. The mean grain size of the alumina matrix was 

1.2 p,.m and the maximum grain size was about 8 p m. Intergranular 

porosity was also observed in the composites with a maximum pore 

size of 3 p.m. 

4.2.2 	Density and Porosity 

The alumina FAO had a density of 3.75 g.cm 3  and 4.99% 

porosity. The effect of subsequent refiring on the commercial 

schedule was to increase the total porosity and thus decrease the 

density as shown in Fig. 4.11. Aluminas A and B had a higher 

density than FAO, being 3.785 and 3.84 g.cm3, respectively, 

corresponding to porosities of 4.7321 and3.02 ō. The density of 

alumina D, 3.9 g.cm 3, was among the highest that could be achieved 

for 97% pure alumina produced by conventional pressing and 

sintering techniques. The total porosity of alumina D was 2.00%. 

The aluminas C and E had an increased porosity of 6.31% and8.98% 

and reduced density of 3.72 and 3.63 g.cm 3, respectively. 

These data show that, in general, aluminas produced by 

isostatic cold—pressing followed by sintering contained between 2 

and 9% porosity by volume. 	'Achieving complete densification 

is difficult. In sintering cold—pressed aluminas, grain growth 

occurs during the latter stage4 as a result many pores become isolated 

and consequently the rate of densification is sharply reduced. It 

follows that sintering for longer periods to obtain improved 

densities becomes impracticable. As is illustrated by the specimens 

which have been refired, subsequent refiring on the commercial 

schedule not only enlarged many of the isolated pores at the 

expense of small ones, but also slightly increased the total porosity. 

The hot—pressed alumina contained 1.68% porosity and had 

a density of 3.92 g.cm 3. The improved physical properties of the 
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hot-pressed alumina compared with the sintered aluminas indicate 

the greater technical potential of the hot-pressing technique. 

The A1203.Zr02  composites had increased densities compared 

with the pure bot-pressed alumina, due to the higher (1=e-1.53 times)  

specific gravity of Zr02  compared with A1203  (see Table 4.2). 

However, the total porosity of the composite slightly increased 

with the increase of Zr02  content, as shown in Fig. 4.12. This is 

partly as a result of increased microcracks with increase in the 

amount of dispersed Zr02  particles. The microcracks were produced 

as a result of differences in the expansion coefficients of Zr02  and 

alumina. 

4.2.3 	Youngos Modulus  

The modulus of elasticity of the aluminiums at room temper-

ature was calculated from the porosity data using the equations given 

by Kingery(28)  ( equation (2.13)) and Spriggs
(29)  (equation (2.14)) 

for porous materials. The Youngps modulus of corundum (4x1ONm 
2)(9 4) 

was used as the modulus of zero porosity alumina. 

The modulus data determined using equation (2.13) were 

slightly greater than the experimental elastic moduli reported in 

the literature(8)  for aluminas of similar porosity. In contrast 

the values obtained using Spriggs  equation were in good agreement 

with the reported experimental values. Thus the latter were employed 

in GIC  and 'Yi  determinations. 

4.3 	EVALUATION OF FRACTURE TOUGHNESS TESTS BY ACOUSTIC EMISSION  

4.3.1 	Subcritical Crack Growth during Fracture Toughness Tests  

The standard, procedure for brittle ceramics is to accept 

a fracture toughness test if there is a linear relationship between 

load and displacement up to the point of fracture. Even though 
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TABLE 4.2 
	

Physical Properties of Aluminas. 

Material 
Grain 
Mean 

Size (p.m) 
Maximum 

Maxmum 
PorelSize (µ m) 

Density 
g/cm3 

Porosity 

% 

Young's Modu~us 
x10i 1 	Nm ` 

Kingery 
Equation 

Spriggs 
Equation 

Sintered Al203 	FAO 
Sintered Al 0_ 	FA1 
Sintered A1203 	FA2 
Sintered Al 0. 	FA3 
Sintered A1203 	PA4 
Sintered A1003 	FA5 
Sintered Algo 	FAG 
Sintered A1,03 	PA7 
Sintered A1203 	FA8 

Sintered A1203 	A 

Sintered A1203 	B 

Sintered A1203 	C 
Sintered A1203 	D 
Sintered A120 	E 
I1ot-pressed Ai203 II 

A1203. Zr0ec1 	IIZ12 
2 3 	2 

tpr cc1 	IIZ15 A1. 2O 3 Lr0 2 
Ilot-pressed HZ Al 203.7r02 	181.2 

4 
5 
7 
8 
10 
10 
14 
17 
20 

2.8 

3.8 

12 
2.3 
23 
2 

1.2 & 2 

1.2 & 2 

& 2 

35 
38 
44 
49 
50 
54 
60 
72 
75 

15 

20 

60 
15 
98 
15 

6 

5 

6 

30 
32 
39 
44 
45 
38 
52 
50 
58 

14 

17 

50 
12 
55 
13 

3 

3 

3 

3.750 
3.736 
3.734 
3.716 
3.712 
3.705 
3.696 
3.693 
3.690 

3.785 

3.840 

3.721 
3.900 
3.630 
3.920 

4.168 

4.224 

4.280 

4.99 
7.38 
5.45 

6.p 
6.26 
6.52. 
6.60: 
6.69 
4.32 

3.02 

6.31 
2 
3.98 
1.68- 

1.73 

1.89 

2.10 

3.63 
3.60. 
3.59 
3.56. 

 
3.54 
3.52 
3.51 
3,50 

3.68 

3.,88 

3.53' 

3.87 

3.36 
3.31 
. 3.30 

3.21 
3.18 3.17 
3.16 

3.43 

3.59 

3.20 

3.77 



83. 

there was a linear load-displacement up to PF  for the SENS, DT and 

DCB specimens tested at a cross-bead speed of 0.01 cm/min., acoustic 

emission commenced at a load Ps, which was less than the fracture 

load 	as as can be seen in Fig. 4.13. 

The emissions started at particularly low loads in DCB 

and DT tests. Furthermore, the data for all geometries showed that 

emissions commenced earlier in the coarse-grained aluminas. 

Microscopical examination has clearly demonstrated that those 

emissions which occur prior to catastrophic failure are associated 

with subcritical crack growth, as illustrated in Fig. 4.15. Other 

mechanisms, such as twinning, have been reported(89,90)  in room 

temperature compression and bending tests on alumina, but scanning 

electron microscopy of the subcritical cracks (Fig. 4.16) and 

catastrophic fracture surfaces (Fig. 4.28) revealed no evidence of 

this mode of deformation. 

Both the ring-down and event counting rates increased 

with load up to fracture. At or within 0.5% of P, there was a 

rapid increase in count rate which was associated with the final 

fracture process. The number of ring-down and event counts, 

during the final fracture stage were surprisingly low, being 

approximately 50% and 20% of the total ring-down counts and events, 

respectively. 

It may be that the response time of the equipment was such 

that not all the counts associated with catastrophic failure were recorded 

especially in the 	event counting module (DE 920). Average 

_values for the number of ring-down, NRT, and event, NET,  counts 

due to subcritical crack growth were obtained by measuring emission 

counts occurring up to 99% of the fracture load, PF. These are 

given in Table 4.3. The DCB test-piece produced the largest values 

of NRT  and NET.  This was consistent with the microscopical 

examination which revealed that subcritical crack growth was more 

extensive in DCB specimens than in the DT and SENB test-pieces. 

The subcritical crack length was carefully measured in 

SENB, DT and DCB specimens subjected to progressive slow crack 
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growth, and the subcritical crack area i.e. crack length x specimen 

thickness) was plotted versus the corresponding AE data. The 

results are illustrated in Figs. 4.17-4.22, which show that the 

number of ring—down and event counts are both a linear function of 

subcritical crack length or area. 

These figures also demonstrate that the number of 

emissions from a given area of subcritical crack is different for 

FA aluminas compared with A, B, C. However, the emissions from 1 mm2  

of subcritical crack area are very similar for FAO, FA4 and FA8 

aluminas, and for A, B and C aluminas. This indicates that for a 

group of aluminas of similar composition and manufacturing 

procedure, the acoustic emission generated is predominantly determined 

by the extent of subcritical crack area produced. The microstructural 

variables play their role in producing the extent of the subcritical 

crack. 

Replotting Figs. 4.17-4.22 in Figs. 4.23 and 4.24 and 

comparing the slope of the curves, it can be seen that the NET  and 

NRT  values per unit area of subcritical crack are in the order of 

DCB < DT < SENB. The attenuation of emission amplitudes during 

propagation from the emission source to the transducer is partly 

responsible for the reduced NRT/mm2  and NET/mm2  values in DCB tests 

compared with DT and SENS tests. Fig. 4.25 compares attenuation of 

a known characteristic electronic signal produced by a pulse 

generator and passed into SENB, DT and DCB specimens by a transducer 

coupled to the specimen in front of the initial notch. The results 

clearly indicate that the shorter travelling distance for emissions 

in the SENB geometry compared with the DT and DCB geometries is a 

possible reason for the high NET/mm2  and NET/mm2  values in the former 
case. The reduced thickness of DT specimens compared with DCB 

specimens also contributes to increased NRT/mm2  and NET/mm2  values 

in the former geometry. 

Fig. 4.26 compares the amplitude distribution of the AE 

events obtained during subcritical crack growth and final fracture 

for the three geometries. The distributions generally indicate that 

the emissions due to subcritical crack growth are mostly of low 
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amplitude events and those produced at final fracture are the high 

amplitude emissions. The proportion of low amplitude events 

decreased in the order DCB > DT >SENB. 

The overall results of amplitude distributions are reflected 

in the exponent b as shown in Table 4.3. The values of final b 

varied in the order DCB > DT > SENB. 

The results of acoustic emission pulse width distributions 

(Fig. 4.27) indicated that the emissions produced during subcritical 

crack growth were those of narrow pulse width, compared with those 

obtained at final fracture. The proportion of narrow pulse width 

emissions obtained varied according to DCB > DT > SENB, i.e. in the 

same sequence as the proportion of low energy emissions. 

Evans, Linzer and Russell(10 showed that acoustic emission 

in alumina at room temperature occurred from increments in the primary 

crack and from subsidiary microcracking in the process zone around 

the crack tip. The scanning electron microscopical examination of 

the notch root of specimens revealed microcracks originating from 

the root of the notch, as shown in Fig. 4.31. Further evidence 

(Fig. 4.15) suggested that microcracks extended in a stable manner to 

a relatively large subcritical crack before final failure, especially 

in the DCB and DT specimens. Subcritical crack growth was detected 

using the acoustic emission technique and was also identified at 

final failure by its comparatively low rate, low amplitude and 

narrow pulse width emissions. Although most emissions were of low 

amplitude and narrow pulse width, the wide range of values obtained 

for emission amplitude and pulse width during a test indicated that 

the subcritical crack moved intermittently, with the amplitude of 

each burst depending on the area swept out by the crack in each 

increment. 

It follows from the preceding discussion that as a result 

of subcritical crack growth, the true crack length at failure, aF, 

is greater than the initial crack length ao. It is aF  that should 

be inserted into the equations to evaluate fracture toughness 

parameters. The extent of subcritical crack growth, and hence aF, 

may be obtained by acoustic emission monitoring via curves such as 



those given in. Figs. 4.17-4.24. This approach also gives some 

indication as to which test geometry gives the most reliable and 

reproducible fracture toughness data in comparing the effect of 

several microstructures on mechanical properties. 

4.3.2 	The Influence of the Test Geometry  

The values of critical stress intensity factor, KIC, were 

determined for the SENB, DT and DCB specimens from the fracture load 

PF  and are presented in Table 4.3. The data for a given material 

varied with the test geometry in the order DCB> DT> SENB. 

Furthermore, the SENB and DCB data indicate that the fracture 

toughness of the fine—grained aluminas is greater than that of the 

coarse—grained material, while no significant variation of fracture 

toughness with grain size was observed in the DT geometry. The 

values for the FA aluminas were consistently higher than those 

obtained for materials A, B and C, although the latter were less 

porous and of higher purity. 

The acoustic emission ring—down and event counts due to 

subcritical crack growth varied with the test geometry as well as 

with the material. For a given geometry increased emission was 

often obtained from the coarse—grained aluminas compared with the 

fine—grained materials. This was due to more extensive subcritical 

crack growth in coarse—grained aluminas, as revealed by microscopical 

examination. 

Adding the subcritical crack length, as, to the initial 

crack length ao  (using the AE data given in column 5 of Table 4.3 

and Figs. 4.17-4.24, the corrected KIC  values were determined 

(column 9, Table 4.3). It should be noted that the DT values 

remained unchanged as the fracture toughness in this test geometry 

is crack length independent, whereas the values for SENB and DCB 

have increased. 

There is a good agreement between the corrected SENB 

values and the DT values. However-, the DCB fracture toughness 
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values, even after correction for subcritical crack growth, are 

much larger than those obtained from the other test pieces. This 

would support the suggestion that, due to the geometry of the DCB 

test pieces, energy is absorbed in opening a network of cracks 

inclined to the main cracks(3). 

Scanning electron micrographs taken from the fracture 

surfaces of SENB, DT and DCB alumina specimens (Fig. 4.28) showed 

very similar features in all geometries, i.e. fracture was 

predominantly intercrystalline. Evidence of crack branching was 

observed in all geometries, as shown in Fig. 4.28d—f, but this was 

more evident in the DCB specimens. 

The SENB results show that there is negligible difference 

between the corrected Ric  for fine and coarse grained aluminas. 

The same conclusion may also be drawn from the DCB results, although 

for the reasons already mentioned, the values are greater in this 

case. With the limited amount of information available, it would 

appear that much of the grain size dependence of the fracture 

toughness reported in the literature may be due to differences in 

the extent of subcritical crack growth; acoustic emission and light 

microscopy have shown that the larger the grain size the more 

extensive is subcritical crack growth. The fact that no grain size 

dependence of the fracture toughness was observed for DT tests in 

the present work and in some other reports(3)  supports this argument. 

Acoustic emission monitoring, together with microscopy, 

can provide a calibration curve of the type shown in Figs. 4.17-4.24 

to correct for subcritical crack growth. However, the determination 

of such curves is expensive in terms of specimens and time and a 

less tedious method would be desirable. A simple correction 

procedure which requires only the monitoring of the load Ps  at 

which acoustic emissions start has been successfully used for alumina. 

Fig. 4.29 shows that to a good approximation for both fine and 

coarse grained material, tested using the DCB, DT and SENB geometries: 
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(4.1) 



This equation was obtained for the linear load-deflection 

conditions with a cross-head speed of 0.01 cm/min. 

Thus, at least for this type of alumina and the above-

mentioned conditions, aF  can be determined without interrupting the 

test or carrying out any microscopical examination. 

From the above discussion it appears that due to sub-

critical crack growth prior to catastrophic failure, certain 

geometries should be treated cautiously before they are accepted as 

reliable tests for fracture toughness determination. These results 

suggest that DCB geometry is the least reliable of the geometries, 

which is in contrast to the conclusions of Simpson et a1(37). 

The double torsion geometry is found to be the most 

reliable for both fracture toughness and AE measurements, since it is 

a crack length independent test with high acoustic response. 

However, due to the limited amount of material available, the SENB 

geometry was employed to investigate the effect of environment and 

microstructure on fracture toughness and acoustic response. Apart 

from the problem of reduced control over subcritical crack growth 

in SENB specimens and the slightly underestimated fracture toughness 

data that results, the geometry has the advantage of being simple 

and small so that it could be easily and economically prepared in 

large numbers and conveniently tested in a comparatively short time. 

Thus the rest of the experiments at room temperature were performed 

using SENB specimens. 

In order to assess the general applicability of the 

acoustic emission technique described in Sections 4.3.1 and 4.3.2 

for the investigation of the validity of fracture toughness tests 

the same procedures were employed during the fracture toughness 

testing of porcelain in two microstructural conditions. The 

details of the results are described in .the Appendix. In both 

porcelains the critical stress intensity factor varied with geometry 

in the order DCB > DT > SENB, i.e. in the same sequence as for 

aluminas, and when correction for subcritical crack growth was 

applied the SENB results increased to nearly the same level as DT 

values, whilst the DCB discrepancy increased. 
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TABLE 4.3  

Test 
geometry Alumina P %P s 	I' 

NBT 	NET 
due to subcritical crack 

x 102 

Ave. final 
b .value 

As-measured 

KIC 

MNm 3~2 

As-calculated 

GIC - 2V. 

J m_2 

Corrected 
K1 

MNm ~2 

Corrected 

G 1C 
J m

-2 

A 0.94 27 ± 8 33 7 15 0.9!t 3.82 ± 0.31 40.4 4.00 44 

B 0.93 46 
± 

9 110 ± 35 1.02 3.95 ± 0.29 41.2. 4.20 46.7 

SENB 
C 

FAO 
0.8 
0.96 

125 
140 

± 30 
- 84 

215 
100 

± 73 
- 32 

1.18 
1.02 

3.51 
4.85 - 0.20 

± 0.18 	36.6 
66.5 

4.03 

5.05 
48.2 

72.1 

FA4 0.84 820 
± 

250 790 ± 110 1.12 4.52 ± 0.15 60.0 	• 5.12 77.1 

FA8 0.85 500 
± 

150 490 ± 105 1.00 4.28 ± 0.12 55.1 5.03 76.0 

A 0.75 150 
± 

40 260 ± 60 1.20 4.17 ± 0.3 48.2 4.17 48.2 

B 

DT 
C 

FAO 0.73 2400 ± 1300 1615 ± 540 1.50 4.69 ± 0.2 62.2 4.69 62.2 

FA4 0.71 3850 ± 1800 1835 ± 620 1.55 4.85 ± 0.18 69.2 4.85 69.2 

FA8 0.69 2700 ± 1050 1580 
± 490 1.45 4.68 

± 0.15 65.8 4.68 65.8 

A 0.74 130 ± 30 240 ± 40 1.20 4.40 
± 

0.8 53.6 4.51 56.3 

B 0.7 190 ± 30 340 
± 45 1.25 4.70 ± 0.26 58.5 4.90 63.5 

DCB 
C 

FAO 
0.62 
0.66 

410 
4700 

± 98 
± 

2800 
750 
2125 

± 180 
± 
840 

1.30 
1.60 

4.08 
5.50 

- 0.51 - 
0.4 

49.4 
85.5 

'4.41 
5.97 

57.7 
100.7 

FA4 0.64 10200 
± 3000 5050 ± 1080 1.70 5.08 ± 0.98 75.9 6.10 100.8 

FA8 0.59 6150 
± 

2400 3840 ± 950 1.65 4.73 ± 0.22 67.3 5.71 98.0 
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The AE data also varied with geometry, as in the case of 

alumina. The total number of counts decreased in the order 

DCB >DT >SENB while the NRT/mm2  and NET/mm2  for each geometry 

varied in the order SENB > DT > DCB. In fact the agreement of 

the results of alumina with those of porcelain in many aspects 

not only supported the validity of the technique but also indicated 

its possible application to other ceramics. 

4.3.3 	The Influence of Notching Technique  

The mathematical solutions for the fracture toughness test 

geometries describe zero volume cracks. However, the introduction 

of sharp cracks in SENB specimens is difficult and time-consuming, 

and the use of machined-notched specimens is more convenient. In 

this section the 	values obtained for specimens of three aluminas 

of differing microstructures,and having different notches, are 

compared with the results of sharp-cracked specimens. The validity 

of the machined-notched data is assessed using microscopical 

examination of the notch roots and the obtained AE responses. 

SENB specimens of aluminas A, B and C, containing sharp 

cracks and blunt notches were tested in 3-point bending under the 

same conditions. Blunt notches were produced on Capco and Mac o-

machines using 0.25 mm and 0.3 mm thick diamond blades, respectively. 

The details of sawing techniques are described in Sections 3.4.1 and 

3.4.3. The sharp cracks were produced from notched specimens using 

the technique discussed in Section 3.8. 

The KIC  values and AE data are summarised in Table 4.4. 

In general, the KIC  values obtained from blunt-notched specimens 

showed reduced values compared with data obtained for sharp-cracked 

specimens, as shown in Fig. 4.32a. However, Capco-notched KIC  values 

for the fine-grained aluminas A and B compared very favourably with 

sharp-crack values, indicating that damage introduced by diamond 

notching, in some cases, can effectively sharpen the notch. Light 

microscopy and dye penetration revealed no evidence of serious 
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machining damage drastically increasing crack length for fine-grained 

material (see Fig. 4.30a). On the other hand, in the coarse-grained 

aluminas more serious damage was observed in the Capco-notched 

specimens (see Fig. 4.30b) and KIC  values for coarse-grained 

material were lower than the sharp-crack values. 

The fracture toughness values obtained for the above-

mentioned alumina specimens notched in the Maco machine generally 

showed overall reduced values compared with sharp and Capco-notcbed 

specimens. The micrographs taken of the root of Maco-notched 

specimens indicated a damage zone for both fine- and coarse-grained 

materials. 

The scanning electron micrographs taken of the fracture 

surface of the notch roots, indicated a series of microcracks 

originating from the notch tip, as shown in Fig. 4.31. 

It has been shown that the apparent KIC 
 value increases 

with notch root width($). However, in the case of Maco-notched 
specimens this effect is masked 	by the extent of the damaged 

region (in coarse-grained alumina as large as 160fi.m in length) which 

results in significantly reduced KiC  values. More accurate KIC 

values could be obtained if the length of the damaged zone was added 

to the initial notch length. 

The accurate measurement of this zone was only possible 

if specimen surfaces were carefully polished for optical examination 

under the microscope. When the notch root damage (see column 3 of 

Table 4.4) in the blunt-notched specimens was measured and added to 

the initial notch length, KIC  values increased (Fig. 4.3b). 

Dalgleish et al(91)  showed that subsequently annealing 

Capco-notched specimens of A, B and C aluminas had a significant 

effect on the measured KIC values. The effect in materials A and B 

was to increase KIC 
 to values higher than sharp-cracked values, i.e. 

annealing appeared to have healed the notch-root damage to yield the 

more realistic blunt-notch toughness values. The effect of annealing 

blunt-notch specimens of material C was to increase KIC 
 to a value 

almost identical to the sharp-crack value. 



On the basis of the results for aluminas A and B there 

appears to be no need for sharp-cracking fine-grained aluminas, if 

the blunt notches are carefully produced using a fine diamond 

wheel, as in the Capco machine. It is clear that for coarse-grained 

materials, KIC  values are best measured using pre-cracked specimens. 

If not, correction must be made for the increased notch length. 

From the acoustic emission point of view, a similar 

response was obtained for all blunt-notched specimens, although 

alumina C was acoustically noisier than A and B (see Fig. 4.33). 

Sharp-cracked specimens produced slightly less emissions prior to 

failure than those of blunt-notched specimens, indicating that the 

generation of a series of microcracks in front of the notch tip and 

the subcritical crack growth before failure was more pronounced in 

blunt-notched specimens. In fact, the KIC  values should also be 

corrected for the subcritical crack length. 

The values obtained for subcritical crack length were 

measured from Fig. 4.18 using the respective NET  values from Table 4.4, 

'rand are summarised in column 8 of Table 4.4. Comparing the data 

obtained for subcritical crack length, as, with those measured for 

the damaged zone, ad, two situations may exist, as shown in Fig. 4.34. 

For true KIC  measurements, the initial crack length, ao, cannot be 

used, unless correction for damaged zone and subcritical crack length 

is made. When as  > ad,  then (ao+as) should be used, but when 

ad  2> as, then (ao+ad
) should be employed. However, the results 

of alumina A, B and C showed that in almost all cases as  was 

greater than ad. Thus if correction is made for subcritical crack 

growth, the damaged zone is also being considered. 

The corrected KIC  values are shown in column 9 of 

Table 4.9. From these results it appears that the SENB specimens 

of fine-grained aluminas, blunt-notched in the Capco machine, could 

be used for fracture toughness measurements instead of the less 

convenient sharp-cracked specimens, since its KIC  data both before 

and after correction are consistent with those of sharp-crack 

specimens. For the coarse-grained aluminas, the as-measured KIC 

data obtained from Capco-notched specimens should be treated with 
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TABLE 4.4 
	

Effect of Notching Technique on 1{
IC 

and AE Response. 

Aluminas 
Notching 
technique 

Ave. extent 
of damage 
(mm.) 

NRT 	NET 

due to subcritical crack 

KIC 

MNm 
-3/2 

KIC correction 
for the d mage 

MNm -
3 

Subcritical 
crack length 

(mm.) 

KIC after 
correction 

for subcritical 
crack  
MN 2 

notched x 0.12 4800 ± 1200 105 ± 35 3.40-0.24 3.76 0.125 3.8 

A notched 
0.025 2700 - 800 33 ± 15 3.82±0.31 3.90 0.06 4.0 

Sharp-
cracked 

- 1200 - 400 25 ± 11 3.83-0.25 - 0.05 3.97 

Maco- 
notched 

0.10 3400 - 1150 78 - 23 3.72±0.22 4.02 0.08 4.0 

B notched 
0.02 4600 ± 1900 110 ± 35 3.95-0.29 4.03 0.12 4.2 

Sharp-
cracked 

- 2800 - 800 4 - 18 54 + 3.99-0.4 - 0.065 4.18 

notched 
0.16 11800 - 1300 245 ± 85 3.20-0.13 3.66 0.175 3.84 

C notched 0.09 12500 ± 3000 215 ± 53 3.51±0.18 3.77 0.22 4.03 

Sharp- - ±1410 ± 
+ 

cracked 6600 138 3 	- ~6 3.75-O.15 - 0.1 4.04 



some caution before accepting them as true values. For the aluminas 

used in the present investigation, an increase of --7% should be 

applied to as-measured Ric  values of coarse-grained materials to 

increase the data to the same level as those obtained by the 

sharp-crack specimens. However, if the true values of KiC  are 

needed, all measured data should also be corrected for the 

subcritical crack growth according to their acoustic response 

prior to failure. 

The true KIC  values determined for SENB specimens having 

various types of initial crack indicated that when the necessary 

corrections for the damaged zone and subcritical crack length are 

made, very consistent results are obtained. 

4.3.4 	Mechanical Testing and AE at Various Strain Rates  

There is some evidence in the literature(38'92) suggesting 

a strain rate dependence of the strength and toughness of alumina, 

and of the slow crack growth prior to catastrophic failure. This 

section deals with the effect of strain rate on the strength, 

toughness and acoustic response of alumina.. The influence of strain 

rate on the acoustic emission of alumina, indeed on ceramics in 

general, has only received limited attention to date. 

The modulus of rupture beams and SENB specimens of Capco-

notched alumina were tested in 3-point bending at various cross-bead 

speeds ranging from 0.01 to 1 mm/min. using a 20 mm span between 

the two outer loading points. The strain rate is directly related 

to the cross-bead speed, the relationship for rectangular beams 

being(92): 

y 6b o 	o 
= 2  

s 
(4.2) 

where el is the strain rate, yt is the cross-bead speed, and b 

and s are the specimen thickness and testing span, respectively. 

Thus for specimens of 2 mm thickness tested at a cross-head speed 

of 0.1 mm/min. a strain rate of 5 x 10-5  sec-1  is obtained. 
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The results of modulus of rupture tests at various strain rates 

showed that over the above-mentioned range of cross-bead speeds, 

the load deflection curves were linear up to catastrophic failure. 

The fracture loads increased slightly with increasing strain rate, 

indicating a small positive strain rate dependence of the strength, 

as illustrated. in Fig. 4.35. The acoustic response for all cases 

was similar, i.e. the emission occurred only at the point of failure, 

and no appreciable difference was observed in either the total 

number of ring-down counts (NRT) or events (NET), as the strain rate 
was varied (Fig. 4.36). 

The decrease in fracture strength of alumina with a 

decreasing strain rate followed the trend reported by Davidge et 

al(93), i.e.: 

~9 

‘0.
2
/

1 m+1 - 1 	 (4.3) 
 £2 

where al and a2 are the mean strength at Ei and E.12 
strain rates, 

respectively, and m is a constant. Fig. 4.37 was obtained by 

substituting in equation (4.3) for al and a2 corresponding to , 

appropriate values for E1 and el from Fig. 4.35. The average m-value 
of 45 was measured from Fig. 4.37, which is approximately twice 

the value of 21.5 reported by Davidge et al for a 95% pure alumina. 

A reason for disagreement in m values is probably due to using wider 

specimens (4 mm compared to 3 mm) in the present work, which results 

in a comparatively stiffer system. Both results suggest, however, 

that as the strain rate decreases the material exhibits the 

phenomenon of delayed fracture or static fatigue, in which failure 

occurs under the application'of stress less than that required for 

short-term failure. The effect is believed(93) to be due to a 

stress-dependent chemical interaction (stress corrosion) between 

the material and the environment. 

On the other band, AE results indicate that there are no 

emissions prior to failure even when strain rate decreases. This 

suggests that the emissions occurring due to stress corrosion of the 

material are probably those of very low energy events, the peak 

amplitude of which remains below the threshold of the AE equipment. 
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Alternatively, it is possible that so few emissions 

occur that they are not distinguishable from the occasional 

background noise that exceeds the threshold voltage and are, 

therefore,insignificant compared with the emission associated 

with final catastrophic failure. The fact that the amount of 

sub-craticai crack growth associated with stress corrosion at 

slow strain rates is insufficient to produce a reasonable number 

of detectable emissions can be demonstrated using information 

obtained from fracture toughness tests. 

The flaws from which fracture originates in un-notched 

alumina specimens are usually of two types (2) as shown in Fig. 

4.34.a. 

(i) The semieliptical or semicircular flaw situated at the 

specimen surface which usually comprises several grains and pores. 

Flaw extension occurs when ligaments of material connecting pores 

and grains fracture. 

(ii) A sub-surface flaw, which is extended by the fracture of a 

ligament connecting such a flaw to a surface flaw. 

The Griffith equation (2.5) has to be modified to account 

for flaw shape by introducing a constant Z such that 

1 
__ Z ( _..2E ~i  1 z 

df Y lC(141) 

using equations 2.10 and 2.12 then: 

Z K1C 6f = Y C—~- 

For the case of a semielliptical surface flaw, perhaps the more 

significant in alumina,it has been shown (99) that: 

1.68 K1C 
f Y A4 

where A is the area of the flaw. If the fracture toughness is a 

material constant, the value of flaw size, A, at failure can be 

estimated using the above equation by measuring the strength. 

(4.3b) 
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For the alumina used in the experiments on the effect 
3 

of strain rate, K1C = 4.6 MN m-̀  was measured. The average geometry 

factor obtained for the beams was Y = 1.8 (obtained from Fig.3.4. 

for flaw depth a = 30-300pm). At fast strain rate (tit= 50x1Ō -sec) 

the strength,d f1, found to be 375 MN m-2. Putting these values in 
equation 4.3b,leads to the approximate flaw size of: 

A1= 1.72 x 1 2 	2 Ō  

From Fig.4.18 the number of AE signals expected for this fracture 

area is about 22 events. This is a small number of events but 

would have been detected if the amplitude of signals was above 

the threshold voltage of equipment. Emissions were not detected 

prior to failure; this suggests that pores link up together in a 

number of stages. In each stage only a fraction of the total flaw 

area is formed; this area is so small that the amplitude of emissions 
produced remains below the threshold level of acoustic emission 

equipment. This is consistent with the finding of Meredith and 
Pratt(2)  who demonstrated, by microscopical examinations, that 

pores link together at different stress levels prior to the 

fracture stress. 

At slow strain rate (0.5 x 10-6-sec) where stress 

corrosion effect is more considerable and strength is reduced. 

to 6f2= 345 MN m `, the flaw size at failure was increased to:. 

A2 2.40 x lŌ 2  mm 2  

This shows that the maximum value for the flaw extension due to 

stress corrosion in the range of strain rates employed is : 

A2-111= 0.68 x 10- 2mm 2  

The additional number of emissions expected for this fracture 

area is about 8 events. In addition to the previous discussion, 
this value is insignificant compared with the number of emissions 

obtained at failure (60 
t 
 20). Thus the stress corrosion of 

alumina at room temperature.in air does not produce an appreciable 
number of detectable acoustic emissions even at very slow strain rates. 



O 
Fig.4.34.a. Schematic views of pores which link up 

together at sub—critical stresses to 
form a fracture initiating flaw. 
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The load—time and the AE events time curves for the SENB 

specimens tested at various strain rates are shown in Fig. 4.38. 

The load—time curves were linear for cross—head speeds ;3=0.1  mm/min, 

and failure occurred catastrophically at the maximum load, i.e. 

PF =  Pmax. The critical stress intensity factor was measured from 

PF  and the results are presented in Fig. 4.39. The acoustic 

emission started at about 96%  of the fracture load, and the emission 

rate increased with the load reaching a maximum at fracture. 

Using a cross—head speed of less than 0.1 mm/min, the 

positive loading rate decreased at a point A before the maximum load, 

and anon—linear region appeared. As the cross—bead speed was 

reduced, increased non—linearity was observed. AE commenced just 

before the beginning of non—linearity and increased with time until 

the load dropped to zero. The load Ps, at which AE commenced, remained 

unchanged with strain rate until a cross—head speed of 0.01 mm/min 

was used, at which Ps  was slightly reduced. 

The maximum load decreased with decreasing strain rate, 

as did the stress intensity factor corresponding to the maximum load, 

Kim  (Fig. 4.39). 

Evans(63)  described the strain rate—stress intensity 

factor relationship for alumina using double torsion specimens as 

follows: 

(4.4) 

The present results agree with the above equation. The value of 

n = 26 was measured from Fig. 4.40, which was obtained by substituting 

for the F„1 and E2 the corresponding values of KIl  and K12  from Fig. 

4.39 using the equation: 

`1 — (I1)n+l 
62 	KI2 

(4.5) 

K11  and K12 
 are the apparent fracture toughness values obtained from 

the loads PFl  and PF2'  respectively, for a constant initial notch 

length, ao, thus: 
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KI1 	PFl  

''I2 	PF2  
(4.6) 

The AE behaviour of specimens also varied with strain 

rate. In general, the total ring—down and event counts increased 

with decreasing strain rate (see Fig. 4.41) but the rate of 

emission was increased with increasing strain rate. 

At cross—head speeds of :;.=0.1  mm/min there was a high 

rate of emission at the point of failure, but very little response 

before and after failure. As the strain rate was decreased, 

increased low rate emissions before the maximum load were recorded 

and a high rate of emission occurred at the load drop. Low rate 

emissions also continued after the load drop, until finally the 

load became zero. In contrast to the low strain rate modulus of rupture 

tests the extent of the sub-critical crack growth was such that .a. low rate 

of acoustic emissions were detected before the maximum load. 

The number of high amplitude emissions recorded during 

the test did not vary very much with strain rate. However, with 

decreasing strain rate, low amplitude emissions associated with 

subcritical crack growth were observed and consequently the b—value 

increased with decreasing strain rate, as shown in Fig. 4.42. The 

pulse width distribution histograms are presented in the same way 

as the amplitude distributions, and the results showed that the 

fraction of low pulse width events was increased as the cross—head 

speed decreased, as shown in Fig. 4.43. This is, again, consistent 

with subcritical crack growth being more extensive at low strain 

rates, as it has been shown previously in Figs. 4.26 and 4.27 that 

the emissions during subcritical crack growth are of low amplitude 

and low pulse width. 

In fracture toughness determinations, critical values of 

the fracture toughness parameters, Kic  and GIc, are defined for the 

condition that unstable fracture occurs, i.e. the load—deflection 

curve is absolutely elastic and no subcritical crack growth takes 

place. In practice, however, subcritical crack growth may occur 

even though a linear load—deflection curve exists (see Section 4.3.1). 
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As a result of increasing subcritical crack growth with decreasing 

strain rate, the fracture toughness values obtained from the 

maximum load are less than KIC, as shown in Fig. 4.39. Thus for a 

true measurement of the KIC 
value of a material with a given 

specimen geometry, the strain rate employed must be that which 

leads to unstable fracture. This condition can be established only 

by AE monitoring; that is, when no emission occurs prior to 

failure,a linear load-displacement curve is an inadequate criterion. 

The strain rate corresponding to such a condition is the optimum 

for KIC measurement. 

The extent of subcritical crack growth may be estimated 

by measuring the emission prior to failure, as shown in Section 4.3.1. 

These emissions are distinguished by,their low rate and low energy 

characteristics. The increase in the number of ring-down and 

event counts prior to failure, and the increase in the b-value with 

decreasing strain rate indicate an increase in the extent of sub-

critical crack growth as strain rate decreases,ie subcritical crack 

growth is mainly responsible for reduced KIC  values at low cross-head 

speeds. No indication of other fracture modes, such as plastic deformation 

or twinning, was observed on fracture surfaces of specimens tested at 

room temperature using different strain rates. The strain rate 

independence of Ps ,  i.e. the acoustic emission starting load, suggests 

that sub-critical crack. growth occurs to an extent sufficient_to 

produce detectable emissions, when this particular required load is 

reached regardless of the loading rate. Under defferent conditions, 

e.g. a more reactive environment, the load required for detectable 

emissions may be less than Ps  observed for the present tests in air. 

The extent of subcritical crack growth produced at 

strain rates less than the optimum can be estimated by considering 

the fact that the critical stress intensity factor of a material 

is independent of the test condition, but dependent on the fracture 

load, PF, and the square root of the crack length at the point of 

failure, aF, i.e.: 



Therefore the specimen failing at a low strain rate, E!, and having 

the failure load, PFi, must have an increased crack length of ai, 

compared with the specimen failing in the absence of subcritical 

crack growth, and having a strain rate of Eo and fracture load of 

PFo
. From equation (4.7) Kic  is a material constant when: 

PFo(ao
)1 _ 
' 	PFi(ai)2  

(4.8) 

where ao  is the initial crack length in the absence of subcritical 

crack growth. 

From equations (4.5), (4.6) and (4.8) the following 

equation can be obtained: 

9 	a. nn±l 

El _ (al) 2 
O 

(4.9) 

which gives the extent of subcritical crack length, as  = ai—ao, for 

a given material at a reduced strain rate. 

The subcritical crack growth rate can be fitted to the 

following approximate relation
(10): 

da s 
 dt 

(4.10) 

For SEMB specimens: 

K 	
i 

K11  = A P.(ai.)2  (4.11) 

where A is a constant depending on the specimen geometry. Therefore: 

dts OC  CPi(ai)t  n  
(4.12) 

The acoustic emission counts, N. , increase linearly with increasing 

subcritical crack area (see Figs. 4.17-4.24) and for a constant 

thickness specimen with increasing subcritical length, i.e.: 
I, 

N 	Ol as  (4.13) 

117. 
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If N1 	and N2 	are the AE total counts obtained at strain rates 

of Fl and E, respectively, then from equation (4.13): 

N1 	asl 

N2 	as2 

and from equation (4.12): 

asl 	131 n al n/2 T1 
a = (^) (—) ;f — 
s2 	P2 	a2 	2 

(4.14) 

(4.15) 

where T1 and T2 are the times taken for the crack to propagate to 

the lengths 
as1 

and as2, respectively. Since n in ceramics is much 

larger than 1, to a good approximation n/2 x (n+1)/2, and from 

equations (4.6), (4.9), (4.14) and (4.15): 

E2 T1 
l N 	= ( 1)n ( T 
2 	-12 — 2 

(4.16) 

Equation (4.16) gives the major factors influencing the acoustic 

response of a material with a given geometry. Thus in general the 

total acoustic emission counts can be shown as: 

N 	= 
A(K1)n (7

,0 (4.17) 

where A is a constant depending on the specimen geometry, test 

environment (such as temperature), the physical and chemical 

characteristics of the material, and the acoustic emission measure-

ment technique. For the count rate, equation (4.17) reduced to: 

d = 
A(K1)n 

~9 

and at constant strain rate equation (4.18) takes the form: 

dN 	n 
dt = B KI 

(4.18) 

(4.19) 

Equation (4.19) provides a correlation between the acoustic emission 

data and the fracture toughness of the material. This equation is 

the same as that obtained by Dunegan et al(11) for ductile materials 

and used by Evans et al(10) for brittle materials. 
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4.3.5 	The Influence of Initial Notch Length on  
Fracture Toughness and Acoustic Emission 

The accurate measurement of KIc  is reported(82)  to be 

limited to cases where the Or ratio is within a certain limit for 

each test geometry. Using SENB specimens, a valid KIc  value can be 

obtained when 0.3 .4 a/w < 0.6, but the recommended limit is 0.45 

a/w < 0.55. The dependence of subcritical crack growth and acoustic 

response on notch length has not been previously investigated. This 

section deals with the study of the acoustic emission and the 

fracture toughness of SENB specimens having varied a/w ratios, all 

other factors such as strain rate, being kept constant. 

Typical load—deflection and AE—deflection curves are shown 

in Fig. 4,.44. Tbey illustrate the effect of varying the notch 

length on the state of subcritical crack propagation and the 

generated acoustic emission. For specimens with a/w up to =0.5, 

a linear elastic condition existed and high rate emissions occurred 

at the point of failure. As deeper notches were used, the. failure 

load decreased (Fig. 4.45, and stable crack propagation increased 

until for a notch ratio a/w =0.7 it approached 100%. Although the 

instantaneous rate of emissions decreased, the total number of 

counts increased with increasing a/w, as shown in Fig. 4.46. The 

b—value in the amplitude distribution also increased with 

increasing values of a/w (see Fig'. 4.47). 

The load deflection curves and AE data indicate that as 

the a/w ratio increases the stiffness of the system is decreased 

and the extent of subcritical crack growth increases. However, the 

validity of AE data in the region of valid K10  values  

0.6) is important. The experimental data for the number, of ring-

down counts in this region had a mean value of 87 x 103  and a 

standard deviation'of — 58 x 103  where the value corresponding to 

a/w = 0.5 was (83 — 20) x 103.. The average of the experimental data 

for the number of events in the valid KIc  region was 726 — 450 

compared with the experimental value of 800 ± 220 obtained for 

a/w = 0.5. Such a comparison indicates that the variation of AE in 

the region of valid KIc  is further than the limit of experimental 
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error. Thus the 0.3 a/w < 0.6 is not an accurate limit for 

valid AE determination. In contrast, the variation of AE data in 

the region 0.45‹ ā/w < 0.75, which is recommended for accurate 

KIC  measurements, i.e. NRT  = (85 - 18) x 103  and NET  = 780 - 170, 

is not considerable and is within the standard deviation of 

experimental data for a/w = 0.5. 

The apparent stress intensity factors calculated from the 

maximum loads, and illustrated in Fig. 4.45, indicate a decrease 

with increasing a/w. In the recommended region for a/w, the 

variation of KIC  is, however, less than the 

the results obtained for specimens of a/w = 

being 4.5 - 0.11 MNm 312  and the latter 4.5 

standard deviation of 

0.5, the former value 

—0.15MNm312. 

From the above results it would appear that the variation 

of initial notch length does not have a considerable effect on either 

AE response or the critical stress intensity factor as long as Or 

is kept within the recommended limits. Therefore subsequent tests 

used SENB specimens having notch lengths within the range 0.45 E  a/w 

0.55. 

4.4 	THE MICROSTRUCTURAL DEPENDENCE OF MECHANICAL 
PROPERTIES AND ACOUSTIC RESPONSE OF ALUMINA  

4.4.1 	The Microstructural Dependence of Fracture Strength and AE 

The modulus of rupture and AE data obtained for the varied 

alumina microstructures are summarised in Table 4.5. For all 

materials, the load-deflection curves were linear up to fracture, 

and failure occurred catastrophically at the maximum load. There 

was no emission prior to failure, but a high rate of emission was 

recorded at the fracture point. 

Comparing the modulus of rupture values for FAO, FA4 and 

FA8, there is a general decrease in strength with increasing grain 

size and pore size. This is consistent with the modified Griffith 
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equation, in which the flaw size is the strength-determining factor. 

The acoustic emission counts for these aluminas increased as the 

materials became microstructurally coarser and more porous. 

The improved strength of alumina B compared with FAO, 

both materials having a mean grain size of.-4 rm, was mainly due to 

the reduced porosity of B. The total emissions were also greatly 

reduced in alumina B compared with FAO. Comparing alumina A with 

the coarser material B, the slight increase in strength observed 

for the latter was due to its increased density, although alumina A 

had a slightly finer microstructure. The acoustic response of the 

two materials was very similar since the coarser microstructure of 

B and the increased porosity in A were equally important in 

determining the acoustic response. Alumina C had reduced strength 

and increased emissions compared with A and B, due to the coarser 

grain structure and increased porosity. 

A substantial increase in strength was observed when 

the hot-pressed alumina H was compared with the conventional air-

sintered aluminas, because of the very fine microstructure and 

-much reduced porosity of the hot-pressed material. As expected, 

the acoustic response of the hot-pressed alumina was significantly 

less than that of the air-sintered materials. 

In the acoustic emission amplitude and pulse width 

distributions, for all aluminas, there were some events of high 

amplitude and large pulse width as well as the low amplitude and 

narrow pulse.width events (Fig. 4.48). However, the number of events 

and ring-down counts decreased as the microstructure became finer 

and less porous. For coarse-grained, porous aluminas, the 

exponent b in the amplitude distribution power law, increased 

slightly, indicating that a larger proportion of low amplitude 

events was produced. 

The low b-values for the modulus of rupture tests 

(0.55-0.70) compared with those from the SENB tests (0.94-1.18) 
at similar fast strain rates is consistent with the small amount of 
sub-critical crack growth that occurs in the rupture tests. The 
extensive sub-critical crack growth in the SENB tests results in 
many low energy emissions and hence high b-values. 
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TABLE 4.5  

Material 

cr
f 

-2 
MNm 

Acoustic Emission Poros- 

ity 

p 

Max. 

pore 

size 

Grain size Max. 

pore 

ar a 

mm 

Max. 

grain 

ar a 

mm 

Flaw 

area 

2 

 mm 

Total counts 

NuT  

Total events 

NET 
b exponent 

max. 

ym 

mean 

ym 

x10-3  X103  X10-3  

FAO 340±20 2800 ± 400 45 ± 17 0.68 4.99 30  35 4 0.71 0.96 31.4 

FM 302±14 3950 ± 800 63 ± 15 0.72 6.06 45 50 10 1.59 1.96 38.4) 

FA8 295±18 3830 ± 510 67 ± 24 0.70 6.69 58 75 20 2.64 4.41 32.1 

A 414±14 980 ± 185 25 ± 9 0.60 4.32 14 15 2.8 0.15 0.17 5.52 

B 439±11 1010 - 480 24 ± 12 0.65 3.02 17 20 3.8 0.22 0.31 4.97 

C 270±17 1200 ± 510 47 ± 15 0.68 6.31 50 6o 12 1.96 2.82 21.6 

II 550±26 280 ± 94 11 ± 4 0.55 1.7, 3 5 1.2 0.007 0.02 1.11 
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In assessing the dependence of fracture strength of a commercial 

alumina on microstructural features, such as the largest pore size, the 

maximum grain size, etc., an estimate of the failure initiating flaw size 

is important. As described in section 4.3.4, the area of the flaw at fracture 

can be caculated from the strength and toughness values using equation 4.3.b. 

The results are presented in table 4.5. A comparison of the fracture origina-

ting flaw area with the area of the largest pore or the largest grain ( the 

latter are assumed to be areas of circles with diameters equal to the 
maximum pore size and the maximum grain size, respectively ) indicates that 

the flaw size at fracture is considerably greater than the -largest grain 

size and the largest pore size. 

Assuming that no defects of the flaw size at failure existed 

in the material before testing, some subcritical crack growth must have 

occurred by fracture of ligaments connecting pores. Thus in commercial 

aluminas the failure originating site is a region of material comprising 

several pores and grains. These are situated in a such a way that they 

could link up, as discussed in section 4.3.4, at stresses less than that 

required to propagate a single flaw. 

The fracture strength is not always a monotonic function of 

the fracture toughness, This was the case for the aluminas used in the 

present work, as shown in Fig.4.50. On the other hand thereids a trend 

for the strength decreasing with the fracture initiating flaw size, as 

can be seen in Fig. 4.49. This indicates that the flaw size is a 

significant factor in determining the strength of alumina. 

4.4.2 • 	The Microstructural Dependence of Fracture  
Toughness and Acoustic Emission of Alumina  

The fracture toughness and acoustic emission data obtained 

for SEND alumina specimens are presented in Table 4.6. The tests 

were performed on Capco-notched specimens in 3-point bending using a 

cross-head speed of 0.01 cm/min. The load-deflection curves were 

linear up to the point of failure and the critical stress intensity 

factor, K1C, was measured from the fracture load, PF. The strain 
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Fig.4.52. Fracture faces of aluminas. 
a-Modulus of rupture test, general view, FA 4, 

b- tension face,FAO. 
c- „ 	 face, FA 8. 
d- SENB test, general view , FAO. 
e- „ 	., 	 FA 4 

f- FA8. 



energy, GIC, data was then calculated from the KiC  and Young's 

-modulus for each material using the equation: 

(1 — V2) 
GIC  = 2 Ti  =  

The value of Poisson's ratio used was 	= 0.22(94 . 

The emissions started at loads Ps, less than the fracture 

load, the Ps' F ratio being dependent on the material. The KIC  and 

GIC  values were then corrected for subcritical crack growth. The 

subcritical crack length was determined from Fig. 4.29. 

(i) Comparison of Aluminas FA1 to FA8 with standard FAO: 

The standard FAO alumina had a measured 	value of 

4.85 — 0.2 MNm 3 . As discussed in Section 4.2.1, the effect of 

refiring the FAO material from one to eight times on the commercial 

schedule was to progressively coarsen the grain size (see Fig. 4.2) 

and to increase the maximum pore size and total porosity, as 

illustrated in Figs. 4.4 and 4.11. The as—measured fracture 

toughness results showed a decrease in KIC  as the grain size 

(number of refirings) increased. The 	values after correction 

for subcritical crack growth, showed consistent results with increasing 

grain size (porosity range 6.3 to 8%). 

The decrease in the as—measured 	and GIC, with 

increasing average grain size (Fig. 4.51), is in agreement with 

some previous work(1-3) 	The inverse fracture toughness grain—size 

dependence is believed(2)  to be partly due to the increase in the 

residual strain energy with grain size, caused by anisotropic 

thermal contractions during cooling from the firing temperature. 

In contrast, other work(4)  indicates an increase in fracture 

toughness with increasing grain size, attributed to an increase in 

the extent of transgranular fracture. In the present work, 

scanning electron micrographs taken from fracture surfaces showed 

that fracture was predominantly intercrystalline with some trans— 

crystalline failure occurring in isolated large grains of fine—grained 

aluminas, and increasing in extent in coarse—grained aluminas. 
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Fig. 4.52 shows a general view of the fracture surfaces of aluminas 

FAO. FA4 and FA8. 

The AE results show a rapid increase in the number of counts 

due to subcritical crack growth up to a grain size of x 7µm, then 

decrease with the grain size (see Fig. 4.53). The li—exponent also 

shows a peak at grain size s 7'.i.m and then a fairly constant value 

of 1 for the remainder of the materials (Fig. 4.53). Thus it 

appears that there is not a unique correlation between the grain 

size and the number of emissions produced. When considering the 

total porosity versus the number of emissions (Fig. 4.54),a similar 

conclusion to that of grain size effect is obtained. The results, 

however, suggest that subcritical crack growth reaches a maximum in 

these aluminas at around 7µ.m grain size. Therefore probably other 

microstructural variables are involved in determining the extent of-';ftbe 

subcritical crack, and thus AE. 

The size of the pores, for example, is of considerable 

importance, as observed by Nadeau(95)  for silicon carbide. Since 

the AE in alumina is produced during microcracking and subcritical 

crack growth, the interaction of the growing crack with flaws is one 

of the determining processes in AE. Flaws can be pores or large 

grains which pin the crack by blunting it and the local stresses 

increase before breakaway can occur. At breakaway the crack moves 

forward locally at various speeds, and sweeps surfaces of different 

areas. The speed of the crack determines the emission rate(95), 

and the area covered, the emission amplitude(95). Thus a 

breakaway could result in a pulse of acoustic emission. The high 

number of emissions of various rates and amplitudes generated during 

the fracture of alumina, indicate that the fracture process in this 

material involves many small breakaways. The number of breakaways 

and thus the number of emissions is directly related to the number 

of flaws which could arrest the moving crack. 

In the effect of pore size, Nadeau indicates that pores 

are strong pinning points but they produce acoustic emission only 

when they are big enough to pin a significant length of the moving 

crack. On the basis of this theory, and with reference to the 
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micrographs and pore size histograms for FAO, FA4, and FA8 (Fig. 

4.4) and the schematic Fig. 4.55, it can be said that in the fine-

grained FAO and FA1 aluminas, some large isolated pores and grains 

could arrest a short length of the crack and produce some events 

before the final breakaway took place. But there were also many 

small pores and grains that did not play a role in crack arrest. 

After two and three refirings, many more isolated large flaws were 

produced at the expense of small pores and grains. Thus the number 

of crack breakaways and arrests increased, and so also did the 

acoustic emissions. As the number of refiring schedules increased, 

large interconnected pores were produced, and thus the number of 

breakaways and the total emissions decreased. 

From the above results and discussion it would appear 

that the microstructural variables influence the fracture toughness 

of alumina, and determine the extent to which subcritical crack 

growth occurs and thus the AE. The microstructure of aluminas 

FAO-FA8 influences the --IC and AE as follows: 

(a) The as-measured fracture toughness decreased with 

increasing porosity, whereas there was a tendency to a larger 

number of acoustic emissions, particularly as the number of 

large isolated flaws increased. 

(b) An increase in grain size led to a decrease in the 

as-measured Ku  values; however, when the results were 

corrected for the subcritical crack length, mere consistent 

--IC values were obtained. 

(ii) 	Comparison of A, B and C Aluminas: 

The fracture toughness and acoustic emission data for 

aluminas A, B and C was discussed in Section 4.3.3, when the effect 

of notching technique was considered. In this section the results 

will be discussed in terms of the microstructural variables. 

The as-measured fracture toughness of alumina A (KIC - 
3.82 ± 0:31) was slightly less than that of alumina B (KIC = 



134. 

3.95 ± 0.29) due to the slightly increased density of the latter. 

Alumina C had a reduced 
KIC  value compared with A and B, mainly 

because of its increased porosity and grain size. When the 	data 

was plotted versus porosity and grain size (see Figs. 4.56 and 4.57), 
the greater dependence appeared to be on porosity, the fracture 

toughness decreasing with increasing total porosity. In this 

respect these results are in agreement with those for the FA 

materials. 

The acoustic response from aluminas A, B and C due to subcrit- 

ical crack growth, are shown in Table 4.6. Alumina B had higher 

counts compared with alumina A, mainly due to its increased number 

of large isolated flaws, arresting more of the crack. In comparison 

with both A and B, alumina. C produced a higher number of emissions 

since the material contained significantly more large isolated pores 

and grains. Fig. 4.58 shows scanning electron micrographs taken from 

fracture surfac e3 of aluminas A, B and C. The fracture in these 

materials was also predominantly intercrystalline wilb some trans- 

crystalline fracture, especially in large-grained alumina C. 

(iii) 	Comparison of FAO, A and Hot-Pressed (H) Aluminas: 

The fracture toughness for FAO alumina was considerably 

higher than that for alumina A, although the latter had a finer 

microstructure and higher density. A possible reason for such 

behaviour may be due to the presence of the secondary phases in the 

less pure FAO alumina. Due to the different thermal contraction 

coefficients of the phases(8'17), on cooling from the firing 
temperature, a micro-stress system is set up around the secondary 

phases, and microcracks may be produced. As a result, energy is 

absorbed in , opening the microcracks and thus KIC  is increased. 

Compared with the sintered aluminas, the hot-pressed 

alumina showed a considerable increase in fracture toughness. 

Such behaviour was to be expected from such a highly dense and 

fine-grained material. The 	valuee of 6.09 MNm 3I2  was about 

26% higher than that for FAO, and 60% higher than that for 

alumina A. 
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The acoustic response for these materials was consistent 

with their microstructure. The alumina FAO produced the largest 

values of N- and NET, since this material had the coarsest micro- 

structure , 	the greatest amount of porosity, and a significant 

number of isolated large flaws. As the microstructure of the 

aluminas became finer and porosity decreased, along with the number 

of large isolated pores, the acoustic emission decreased in the 

order FAO -..->A>  H. Fracture surfaces of alumina H (see Fig. 4.59) 

were'smooth compared with aluminas FAO and A, and failure occurred in a-

predominantly intercrystalline manner. 

From the above results and discussion, it would appear 

that there is no simple correlation between the values of critical 

stress intensity factor, KIC, and the acoustic emission data (NRT, 

NET and b). However, all the parameters showed a dependence on 

microstructural characteristics. In particular the acoustic emission 

was directly related to the amount of porosity and the number of 

isolated large pores and grains., 

From the Griffith equilibrium criteria, brittle fracture 

occurs when the mechanical energy (stored energy + work of applied 

energy) of the system is balanced with the energy required to create 

new fracture surfaces. Thus the major part of the total energy 

released during brittle fracture is the surface energy, ~ji. Some 

energy is also converted into heat and acoustic emission. 

The energy of an AE signal can be obtained from: 

6 	 S V2 dt R O (4.20) 

where V is the time—dependent amplitude and R is the proportionality 

constant. In discrete form, the above equation becomes: 

- Vi2 ~t (4.21) 

where Vi is the amplitude (voltage) of each signal and At is the 

time interval. Equation (4.21) was used for the measurement of the 

stress wave energy at the transducer, using the amplitude and pulse 
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width distribution histograms obtained for various aluminas. The 

total acoustic energy is equal to: 

100 

GT =  A 	ni Vi2  t 
i=24 

where Vi  is the output voltage of the transducer, which can be 

calculated from the amplitude (in dB) of the ith  slot in the amplitude 

distribution histogram. ni  is the number of emissions counted by 

the slot i, t is the average pulse width, and A is the proportionality 

constant. 

In amplitude distribution histograms, the peak amplitudes 

of AE bursts exceeding the threshold level (24 dB) are presented on a 

logarithmic scale (i.e. in dB), as slots of 1 dB steps, up to 100 dB. 

Thus, i varies from 24 to 100. The amplitude of slot i in dB was 

converted to the output voltage of the transducer using the spec-

ifications given for the 921 amplitude detector(86). For a 40 dB 

pre—amplifier, 20 dB in amplitude distribution corresponds to 10 

}!.volts output voltage of the transducer, 40 dB to 100 pV, 60 dB to 

1 mV, 80 dB to 10 mV and 100 dB to 100 mV. The value of t was 

obtained from the pulse width histograms in which the threshold 

crossing time of emissions (pulse width) is classified from 0 to 

103  }u,sec in 10 J.tsec steps. The equation: 

 

100 

  

t = nj  tj  (4.21) 

j=0 

was used for the average pulse 

number of emissions counted by 

width of tj  in the pulse width 

total number of emissions. 

width measurements, where nj  is the 

the j 	slot corresponding to the pulse 

distribution histogram, and N is the 

The link between the stress wave (mechanical) energy 

given to the transducer and the energy of the electronic pulse 

generated was established by dropping a small steel ball of mass m 

onto the transducer from height h, and recording the generated 

amplitude V, and duration t. Assuming that all mechanical energy 

is transferred to the transducer, the proportionality constant 

between the mechanical energy, E = mgh. and the converted electric 



TABLE 4.6  

Fabrication Code 
Number Ps/PF 

Fracture Toughness 
(measured) 

Acoustic Emission 

KIC 

MNm-3!2 

GIC 2Vi 
-2 Jm 

NilT 
x102 

NET b-value IJAF 
~~ 

Jm
- 

Sintered A1203 FAO 0.96 4.85 ± 0.2 66.5 140 ± 84 100 - 32 1.02 0.45 
(Smiths 
Industries) 
production. 

FA1 0.9 4.72 ± 0.11 63.9 502 ± 125 535 ± 115 1.05 2.3 

FA2 0.88 4.47 - 0.18 57,5 680 ± 205 655 ± 110 1.11 2.7 

FA3 0.81 4.49 - 0.12 58.9 880 - 240 8`)0 - 250 1.24 3.16 

FA4 0.84 4.52±0.15 60.0 820±2507100 ± 110 1.12 3.02 

FA5 0.84 4.52 ± 0.08 60.4 740 ± 130 803 ± 120 1.20 3.11 

FA6 0.845 4.37 ± 0.10 57,7 675 ± 105 705 ± 95 1.13 2.63 

FA7 0.85 4.34 ± 0.06 57.2 690 ± 89 695 ± 91 1.14 2.5 

FA8 0.85 4.28 ± 0.12 55.1 500 ± 150 490 ± 105 1.00 1.83 

Sintered A100„4 A 0.94 3.82 ± 0.31 40.4 27 ± 8 33 ± 15 0.94 0.16 
(Anderman Ltd. 
production B 0.93 3.95 ± 0.29 41.3 46 ± 9 110 ± 35 1.02 0.51 

C 0.80 3.51 - 0.18 36.6 125 ± 30 215 ± 53 1.18 0.06 

Hot-pressed 11 0.98 6.09 ± 0.67 93,5 14.6 ± 6 30 ± 16 0.74 0.16 
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energy, E = V2t, was established, which is: 

1(volts2sec) = 0.375 x 103  Joules. 

The stress wave energy values at the transducer obtained by this 

method are shown in column 9 of Table 4.6. The released fracture 

energy is proportional to the surface energy, 1c. 

Comparing the X data with the results obtained for the 

stress wave energy for each alumina, it can be seen that although 

the acoustic emission is part of the released fracture energy, it 

has no direct proportionality to the amount of released energy. 

In fact, the above approximate measurements showed that the 

detected acoustic energy is inversely proportional to the fracture 

surface energy. 

4.4.3 	The Influence of Second-Phase Dispersions in Alumina  

increased by a dispersion of Zr02  particles in the alumina matrix(17). 

The toughening mechanism is considered to be dependent on the 

interaction of the crack front with pre-existing microcracks. 

The microcracks occur in the alumina matrix due to the smaller 

coefficient of thermal expansion of Zr02  compared with alumina. 

This section discusses the fracture toughness and AE of Al203.Zr02  

composites containing different volume fractions of Zr02. Both 

Capco- and Maco-notched specimens were used to investigate the inter-

action of microcracks produced during diamond sawing with those 

inherent in the material. 

SENB specimens of the hot-pressed two-phase Al2
0
3
.Zr02  

composites with 12, 15 and 18 volume % of Zr02  were tested in 

3-point bending using a cross-head speed of 0.01 cm/min and the 

results were compared with those of hot-pressed alumina H. The 

load curves were linear up to the point of catastrophic failure, PF, 

and the 	values were measured from 	The The emissions started at 

load Ps, prior to the fracture load, and the emission rate increased 

to a high rate at fracture. 

The fracture toughness of alumina can be significantly 
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The KIC  values for the composites are plotted versus 

volume fraction of Zr02  in Fig. 4.60. The 	curvess exhibit a 

maximum before decreasing with increasing volume fraction of Zr02. 

The increased KIC  of the 12 volume % composite compared to the 

value for Al203  can be explained on the basis of energy absorption 

mechanisms. The absorption processes are assumed to be microcrack 

opening, subcritical crack propagation, and crack branching, as 

suggested by Claussen(17)  in his studies of similar materials. The 

density of microcracks increases with increasing volume fraction of 

Zr02,  and the toughness increases. At volume fractions beyond the 

maximum, the microcracks join up between the particles, thus 

decreasing KIC. 

Although a similar trend was observed for the KIC  data of 

Capco- and Maco-notched specimens, the results for the latter were 

slightly higher in the case of the pure hot-pressed alumina and very 

similar for the 12%.vol Zr02  composite. However, this trend was 

reversed at high Zr02  contents and the rate of decrease in KiC  from 

the maximum was more rapid for the Maco-notched specimens compared 

with those notched with the Capco. Earlier it was shown (Section 

4.3.3) that the diamond machining of a blunt notch produces a 

damaged zone in the notch root. In sintered aluminas of 3 to 121.Lm 

grain size, the extent of damage was shown to be higher in Maco-

notched specimens compared with Capco-notched, and the extent of 

damage. increasing with grain size increase. Since the pure hot-pressed 

and A1205.Zr02  materials were of very small grain size (^' 2 µm) the 

machining damage caused by the two techniques was small and similar 

in extent. Thus the slightly increased KIC  values for the Maco-notched 

specimens of pure and 12% Zr02  aluminas resulted from their increased 

notch root radius. As the volume fraction of Zr02  increased, so did 

the amount of microcracks associated with the particles, and hence 

the effect of notching damage became more pronounced. This resulted 

in the previously observed trend with the Maco-notched specimens 

having higher 
KIC  values than the Capco-notched specimens. The high 

proportion of large microcracks also accounted for the fall in KiC 

with increasing volume fraction of Zr02  (Fig. 4.60. 
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The acoustic emission results followed the same trend 

with volume fraction of Zr02  as the fracture toughness values (see 

Fig. 4.61). The pure alumina H was acoustically very quiet but the 

emission increased with increasing volume fraction of Zr02  to a 

maximum at 12 volume %. As the volume fraction of Zr02  was 

increased further, the AE response of the material decreased. The 

AE results of the Maco-notched specimens showed a reduced number of 

ring-down counts and events for materials with up to 12% Zr02  and 

higher values for the rest of the composites, compared with the 

results of Capco-notched specimens. The emissions were attributed 

to microcrack opening and subcritical crack growth, the extent of 

which varies not only with the volume fraction of Zr02, but also 

with the specimen notch. The acoustic emission results indicate that 

the increased NRT  and NET  for the 12 volume % composite compared with 

pure alumina is also a result of extensive microcrack extension. At 

volume fractions beyond 12 vol. %, some microcracks are already 

connected, thus the AE is decreased. 

In fact, the extent of subcritical crack growth must be 

added to the initial notch length for true KIC  measurements. The AE 

data could provide such a correction, as discussed in Section 4.3.1 

if the subcritical crack length-AE curves such as those shown in Figs. 

4.17-4.24 were available. Although such curves are not available 

for quantitative analysis of the fracture toughness results, nevertheless 

the emission data suggests that if such correction were to be made 

the maximum 	wouldd increase to an even more distinct value, and 

the data from Capco- and Maco-notched specimens would be more 

similar. 

Direct evidence for the existence of microcracks in the 

Al203.Zr02  composites is shown by the scanning electron micrographs 

taken from the carefully polished and etched surfaces of the 

composites. Fig. 4.62 illustrates microcracks in an unstressed 

region running from Zr02  particles into A1203  matrix. Some microcracks 

were also observed within the Zr02  grains. Scanning electron 

micrographs taken from the fracture surface of the composite revealed 

that fracture in Al203.Zr02  occurred mainly by separation at the 

grain boundaries, as illustrated in Fig. 4.63. However, trans-

crystalline fracture was also evident in larger grains. 
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Fig.4.62. SEM from polished & thermally etched 
faces of Al203Zr 02 , showing pre 

existing microcracks: 
a-around Zr02  grains, 
b- inter-connected microcrac►cs. 
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Fig. 4.63. SEM, showing the fracture facesof A[20jZr02: 
a -general view , 

b-x-ray map of (a), for Zr. 

c- intergranular fracture, 
d- fracture of Zr 02 grains. 
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4.5 	CORRELATION OF FRACTURE TOUGHNESS WITH AE 

The correlation of fracture toughness and the acoustic 

emission data has always been considered as a major task in acoustic 

emission study of materials. The interesting area for application 

lies in failure prediction and the characterization of microscopic 

processes occurring in materials during deformation and fracture. 

Some progress has been made in this respect for ductile materials as 

discussed in Section 2.3.8, but very little work has been done in 

ceramics. In this section the correlation of AE with impending 

failure toughness values of alumina is discussed using SENB, DT and 

DCB specimens subjected to monotonically increasing loads. 

The results are shown in Fig. 4.64, which demonstrate that 

the acoustic emission ring-down count rate, dN/dt, in alumina 

specimens containing a crack, is related to the applied stress 

intensity factor, K, in the following way: 

dN 	
1 

g~ n 
dt = B K (4.24)  

where n and B are constants. This equation has already been obtained 

theoretically in Section 4.3.4, indicating the agreement of experimental 

results with basic theoretical solutions. These results illustrate 

that the exponent n and the B constant in the above relationship 

are dependent upon the material, its structural variables and the 

geometry of the cracked body. These constants also vary with the 

rate of load application and variables in detection equipment, as 

shown in Section 4.3.4. 

In fracture toughness tests on steels(11,67), and in the 

first stage of stress corrosion cracking of porcelain in water(65), 

the exponent n was found to be ^-5 and -,30  respectively. As shown 
by Fig. 4.64, the general equation (4.24) was obeyed for alumina 

which had the average exponent n = 18 in SENB, n = 17 in DT, and 

N = 14 in DCB specimens. Furthermore, the n values also varied 

slightly with the structural variables of alumina, such as grain 

size. 
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The consensus of 	opinion 	in the fie1d(70-7))  is that 

the sources of acoustic emissions in a cracked crystalline solid are 

the newly formed plastic zone (only in ductile materials), subcritical 

crack growth and the final catastrophic extension of the crack. 

Thus the acoustic emission is capable of detecting processes 

occurring prior to failure, and it has the potential of an in—service 

surveillance technique which may be used for failure prediction and 

prevention of catastrophic failure. In this respect the KI  

dependence of dN/dt can often be used to identify the primary processes 

occurring prior to failure. A knowledge of the origin of the acoustic 

emission is not needed, of course, for the practical application to 

failure prediction. Once it has been established that dN/dt is 

uniquely related to KI, then it is merely required to measure the 

acoustic emission rate associated with crack propagation to obtain 

an estimate of the stress intensity factor of the component compared 

with its critical value, and perhaps predict the remaining lifetime(49)  • 

There are clearly many practical difficulties associated with 

isolating the acoustic emission due to crack growth from that of 

other sources, but the latter will not be discussed in 

this work.. However, it must be pointed out that the suitability 

of the technique as an effective failure indicator must be established 

for each material. In the case of ductile materials, where n is 

relatively low, the first indications of the stress waves appear, 

normally, before the yield point where there is a distinct period 

before final failure and the structure can be unloaded. 

'In the case of ceramics, where n is large, the effectiveness of 

acoustic emission for failure prediction is limited and depends largely 

on the rate of loading and the extent of subcritical crack growth that 

can be tolerated before final catastrophic failure. 

4.6 	FRACTURE TOUGHNESS AND AE AT ELEVATED TEMPERATURES  

Some measure of the mechanical behaviour of alumina at 

elevated temperature has been obtained by means of three—point 

bending(21,89) and compression testing
(21,90),  but limited 

information(8'10) is available on the temperature dependence of 
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fracture toughness. Some AE data has been reported for temperatures 

up to - 400°c(96), but the acoustic response of alumina at higher 

temperatures has not been investigated. This section is concerned 

with the fracture toughness testing of alumina at temperatures up to 

1000°C with concomittant monitoring of the acoustic emission. 

Although the room temperature tests suggested that the DCB 

geometry is the least reliable test—piece for fracture toughness 

determination, the specimens showed a high acoustic response for a 

longer period of time compared with DT and SENB specimens. Further-

more, the DCB specimens could be fairly easily and conveniently 

mounted in the Instron, and sufficient crack growth control could be 

achieved with this geometry. These factors contributed to the DCB 

geometry being the most convenient for elevated, temperature tests. 

Some loss in sensitivity was inevitable when employing a 

wave guide for transferring the AE signals from the specimen to a 

remote transducer. Most of the attenuation occurred at the specimen—

wave guide coupling and very little change in amplitude was observed 

when the signal travelled along the wave guide. However, a 

comparison of room temperature DCB data with and without a wave guide 

(Figure 4.68 and Figure 4.69 ) showed that, although the wave 

guide reduced NET  and NRT, the stress Ps  for the onset of emissions, 

and the distributions, were only marginally affected. 

The oxidation of the wave guide and expansion of the whole 

system at elevated temperatures were the major sources of emissions. 

Fig. 4.65 shows the acoustic response of the wave guide during the 

first beating—cooling cycle. The rate of emissions was high only 

when the temperature was changed, whereas, at constant temperature, 

the emission rate was almost zero. The emission rate was observed 

to be much higher during cooling from elevated temperatures to room 

temperature, and was probably due to cracking of the oxidised layer 

during contraction of the wave guide. The rate of oxidation decreased 

as the number of heating—cooling cycles increased, and thus the 

emission rate decreased significantly after three beating cycles. 

Fig. 4.66 shows the acoustic response of the testing system Ater the 
range employed before any load was applied. There was a high rate of 
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emission around 450°C mainly due to the expansion of the system. 

A similar rate was obtained during each heating cycle, and thus the 

detection of emissions from the test specimens at around 450°C was 

difficult. 

The load—deflection curves, together with the associated 

acoustic response, for a number of tests in the temperature range 

RT-1000°C are shown in Fig. 4.67. At temperatures below =.1.600°C  in 

all materials there was a linear relationship between load and 

displacement up to the fracture load, PF, yet acoustic emission 

commenced at a load less than PF. Non—linearity of the load—deflection 

curves was observed at temperatures in excess of x 600°C, and 

increased with increasing temperature. Acoustic emission 

commenced prior to the load deflection curve becoming non—linear. 

The amplitude and pulse width distributions obtained at the end of 

a test are presented in Figs. 4.68 and 4.69, respectively, the former 

also including values of the b—exponent. It is clear that with 

increasing temperature there is a change in the mechanism(s) 

responsible for acoustic emission, since at the higher temperatures 

there is a greater proportion of low amplitude events and low pulse 

width events, and a much larger total number of events (see Fig. 4.70a). 

The mechanisms are believed to be softening of the glassy phase and 

the flow of the grain boundary glassy phase. 

At a given temperature the acoustic response was influenced 

by the material grain size and porosity. For 97% pure alumina, 

increased emission was recorded in the range RT-600°C for the 

coarse—grained alumina E, compared with the fine—grained (2 im) 

material D, but at temperatures above 600°C the reverse was the 

case. The 95% pure alumina (grain size = 41.41m) was generally noisier 

at elevated temperatures compared with the 97%  pure materials. 

Comparison of the amplitude distributions of the three 

materials obtained at room temperature, Fig. 4.71, and 	900°C, 

(see Fig. 4.72) showed that the proportion of low amplitude events 

at room temperature was in the order FAO > E > D, whilst at 900°C 

the order was FAO > D > E. Thus, at elevated temperatures the 

proportion of low amplitude events increased with increasing impurity 

content, but decreased with increasing grain size. Fig. 4.70b shows the 

temperature dependence of fracture toughness values for aluminas FAO, 

D and E. 
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Fig.4.67. Load-deflection and AE-deflection curves at 
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The fracture toughness of all the aluminas between room 

temperature and 600°C remained fairly constant and the as—measured 

KIC  values varied in order FAO > D >E. The AE data indicated that 

subcritical crack growth occurred during tests at temperatures up 

to 600°C. Consequently the low temperature K1C  values were 

corrected for subcritical crack growth. The corrected KIC  values 

shown in Fig. 4.73 were calculated assuming the room temperature 

curve of Fig. 4.29 was applicable up to 600°C. After correction the 

KIC  values varied in the order FAO >D>  E. The KIC  results, both 

before and after correction, showed that, of the two 97%  pure 

aluminas, D was tougher than E probably because of its much reduced 

porosity and finer grain size. A possible reason for FAO being 

tougher than the denser material D, was the increased impurity 

content of the former. In the presence of second phases, microcracks 

may be produced in cooling from the sintering temperature and thus 

more energy was absorbed in opening the microcracks, as discussed 

in Section 4.4.2(iii). 

At temperatures between 600°C and 1000°C, the fracture 

toughness of alumina. C increased slightly before decreasing to 

roughly the same value as that obtained at room temperature. 

Aluminas D and FAO, on the other band, showed a pronounced 

toughness peak at ^850°C and-750°C, respectively. This is due to 

the softening of the glassy phase so that energy is dissipated at 

the crack tip by deformation of this phase. The peak tougbnesses 

were respectively 1.13 and 1.05 times those obtained at room 

temperatures. At still higher temperatures the viscosity becomes so 

low that the resistance to fracture is markedly reduced. Thus at temper- 

ratures above that for maximum fracture toughness, the IiIC  value 

of both aluminas decreased sharply; so that at '1000°C the 	values 

were 85% of the RT value in the case of alumina D, but 60% of the 

RT value in the case of alumina FAO. The higher grain boundary glassy 

phase content in the latter is probably a reason for its sharper KIC 

decrease. 

The scanning electron micrographs of Figs. 4.74-4.76 

show, respectively, the fracture surfaces of alumina D specimens 

tested at RT, 550°C and 1000°C. For all samples, the micrographs 
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show that fracture took place predominantly by separation at the 

grain boundaries. Some cleavage fracture was observed, but was 

less evident in specimens tested at temperatures above 650°C. 

Fracture surfaces of specimens tested above 800°C exhibited some 

voidage and cracking at the grain boundaries. Furthermore, the 

fracture faces of alumina FAO, containing Ca base impurities, tested 

above 600°C showed flow of glassy phase on the grain boundaries, as 

shown in Fig. 4.77. These observations are consistent with grain 

boundary deformation due to viscous glassy phase. 

Comparing the fracture toughness and AE results obtained 

for the three aluminas above 600°C, two features can be discussed. 

Firstly, the large difference in the height of the peaks for aluminas 

D and E, both 97% pure, implies that the smaller grain size of D, 

and thus the larger grain boundary area for flow of glassy phase, 

is responsible for the increased peak height, and acoustic response 

of the material. Secondly, the KIC  maxima for FAO and D occurred 

at different temperatures. This implies that the FAO and D glasses 

have different temperature dependences. of viscosity; FAO has the 

lower value since the Ca base glasses are more viscous compared with 

Mg base glasses. Furthermore, the decrease in KTC  after the 

maximum is more pronounced in FAO compared with D, mainly because 

of its increased impurity content. 

159. 
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Fig.4.74. Fracture surfaces of alumina D tested 
at room temperature. 
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Fig.4.75. Fracture surfaces of alumina D tested 

at 550 °C showing 
a-general micrograph 
b- a region of cleavage fracture 

c- - 	weakly sintered . 
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Fig. .77 Fracture faces of alumina FAO,showing 

the flow of glassy phase: 

a- tested c` ,700 °C , 

b- 900 °C. 
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CHAPTER 5  

CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK 

5.1 	CONCLUSION  

5.1.1 	Effect of Test Geometry, Notching Technique  
and the Notch Length  

Acoustic emissions associated with subcritical crack 

growth were detected in SENB, DT and DCB specimens of alumina at. 

loads less than the fracture load. These emissions were more 

marked in the DCB and DT test—pieces than the SENB specimens. 

Emissions due to subcritical crack growth were mostly low rate, low 

amplitude and narrow pulse width events, whilst those obtained at 

the final failure had generally a high rate and more events of 

high amplitude and wide pulse width. 

A linear relationship was obtained between the subcritical 

crack area and the generated acoustic emission counts for all 

geometries. For a given geometry the emissions obtained from 1 mm2 . 

of subcritical crack area were similar for fine and coarse—grained 

materials, but varied with geometry in the order DCB < DT < SENB. 

This variation can be attributed in part,to attenuation of emission 

amplitudes in the order DCB > DT > SENB. The quantitative measure-

ment of the emissions lost due to attenuation was not possible; 

however, the emissions recorded prior to failure from each test 

geometry suggested that the acoustic response and so the extent 

of subcritical crack growth was in the order DCB >DT > SENB. As 

the result of subcritical crack growth, the true crack length at 

failure was greater than the initial crack, and correction for 

subcritical crack growth was found to be necessary for an accurate 

Kic  measurement. 

The apparent Kic  values varied with geometry in the order 

SENB < DT < DCB,but after correction for subcritical crack growth 

the KIC  value obtained from SENS tests was in good agreement with 
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that obtained from DT. The DCB exhibited, even after correction, 

abnormally high values for Kic. The scanning electron micrographs 

taken fromthelfracture surfaces of SENB,DT and DCB specimens showed thatfractuie 

was predominantly intercrystalline with some transcrystalline failure 

in all geometries. Evidence of crack branching was observed on the 

fracture faces of all geometries, but it occurred more often in DCB 

specimens. Thus the DCB geometry was found to be the less reliable 

compared with DT and SENB geometries. The double torsion geometry 

was the most reliable, as it is a crack length independent test. 

Notching technique also influenced the as-measured KIC 

values. Machine—notched specimens resulted in a reduced fracture 

toughness compared with that of sharp-cracked specimens. The reason 

was found to be the damaged notch roots which were observed on the 

optical and scanning electron micrographs. However, when considering either 

the damag& zone or the subcritical crack length and adding the larger 

one to the initial notch length, the results from all different 

notches were very consistent. 

The initial notch length was found to affect the acoustic 

emission and the apparent fracture toughness. In SENB specimens, as 

the a/w ratio was increased, the extent of subcritical crack growth 

increased and thus the acoustic emission. The apparent stress 

intensity factors calculated from the maximum loads decreased with 

increasing a/w. However, it was found that if the a/w ratio is 

kept within the recommended limits, i.e. 0.45 a/w C 0.55, the 

variation of the critical stress intensity factor and acoustic 

responses with a/w is not considerable. In other words, it is within 

the limits of standard deviation of the results obtained for 

specimens of a/w = 0.5. 

5.1.2 	Effect of Strain Rate  

The mechanical properties and acoustic response of alumina 

were affected by the strain rate. The modulus of rupture decreased 

slightly with decreasing 	strain rate, but the acoustic emission 



in the rupture tests occurred only at the failure points, and the 

number of counts remained unchanged at different strain rates. The 

apparent fracture toughness values obtained by SENB specimens also 

decreased with decreasing 	cross—bead speed, but the emissions 

from these specimens obtained prior to fracture increased with 

decrease in strain rate. It was found that the acoustic emission 

count rate dN/dt can be related to the strain rate, Ea, and the 

stress intensity factor, KI, by an equation such as: 

dN 
d = A(K1)n  Ēa 

where A and n are constants depending on the material and test 

conditions. This equation provided a correlation between the 

acoustic emission and the fracture toughness of the material. 

5.1.3 	The Influence of Microstructure  

The microstructure bad a considerable influence on the 

mechanical properties and acoustic emission of alumina. There was 

a decrease in both fracture strength and fracture toughness with 

increasing porosity which varied with the grain size. When 

correction was made for porosity using the equation suggested by 

Knudsen, the strength decreased with increasing grain size. This 

was also the case for strength and toughness of aluminas with a 

similar porosity. The inverse grain size dependence of fracture 

toughness was found to be partly due to the subcritical crack 

growth and more consistent Ric  values obtained for aluminas of 

different grain sizes when correction for subcritical crack was 

made to the as—measured KIc  values. 

The acoustic emission 	increased with increasing 

porosity, but there was a tendency toalarger number of emissions, 

particularly as the number of large isolated pores and grains 

increased. The results showed that there is no simple correlation 

between the fracture toughness values and the acoustic emission 

data. A crude measurement of the acoustic energy from the amplitude 

166. 
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and pulse width distributions showed that although acoustic emission 

is part of the fracture energy released, 	it has no direct 

proportionality to the released energy. In fact, the detected acoustic 

energy is inversely proportional to the fracture surface energy. 

The dispersion of second phase Zr02  particles in the alumina 

matrix influenced the fracture toughness and acoustic response of 

the composite. Both KIC  and the acoustic emission exhibited a maximum 

before decreasing with increasing volume fraction of Zr02. The 

increased 	and AE were explained on the basis of energy absorption 

in the opening of pre—existing microcracks and subcritical crack 

growth in front of the notch tip. 

5.1.4 	High Temperature Toughness and AE 

Acoustic emission was found to be suitable for 

monitoring fracture toughness tests at elevated temperatures, and 

the technique was successfully used up to 1000°C. It was found 

that there was a change in the mechanism responsible for acoustic 

emission from test specimens at temperatures above 650°C which 

resulted in a much larger number of emissions, most of them of low 

amplitude and pulse width. These were associated with the 

softening and flow of the grain boundary glassy phase, since 

aluminas of higher impurity content and finer grain size produced 

more emissions. The scanning electron micrographs from fracture 

surfaces tested above 650°C illustrated evidence consistent with 

grain boundary deformation due to a viscous glassy phase. 

The fracture toughness results showed fairly constant 

values between RT and 650°C, whereas above 650°C the fracture 

toughness increased with increasing temperature before decreasing 

rather sharply. The increase was attributed to the dissipation of 

energy at the crack tip by deformation of the softening glassy phase. 

Aluminas containing more impurity and finer grain size exhibited 

more pronounced maxima in KIC. As the temperature increased above the 

maximum KIC, the viscosity became so low that resistance to fracture 

was markedly reduced. 
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5.2 	SUGGESTIONS FOR FURTHER WORK 

1. The present work has demonstrated the influence of test 

geometry on fracture toughness and acoustic emission of alumina. 

It has been shown that both 	and AE vary with specimen geometry. 

This was found to be mostly due to the difference in the extent of 

subcritical crack growth, which varied also with the microstructure of the 

material and the test environment. The specimen size, surface 

finish, and condition of side grooves may also have considerable 

influence on K, and acoustic response, 	and should be studied. 

2. The measurement of strength of alumina using the modulus of 

rupture test at room temperature andvarious strain rates showed 

that in notchless specimens, subcritical crack growth did not occur even 

at low strain rates. But stress corrosion took place which 

resulted in the decreased strength at low strain rates, without 

considerable change in acoustic response. More detailed investigation 

of stress corrosion of alumina is needed using the AE technique and 

microscopical examination. Effects of temperature and environment 

on A1203  fracture should be investigated. 

3. In the comparison of the strength, and toughness of 

alumina FAO with alumina B, both having the same mean grain size 

but the latter being denser, it has been shown that the strength of 

alumina B is greater than FAO but the toughness of B is less than 

FAO. Some reasons for this behaviour have been suggested, but a 

more detailed study is required to obtain an unambiguous explanation. 

4. Fracture toughness testing of different aluminas at 

elevated temperatures showed a maximum in KIC  at around 800°C. 

This was attributed to the flow of the glassy phase which was 

accompanied by more acoustic emissions. The AE monitoring of 

modulus of rupture testat elevated temperature is required, since 

'subcritical crack growth does not occur in rupture tests and 

the emissions due to the flow of the glassy phase can be monitored 

without being accompanied by the emissions from subcritical crack growth. 

Furthermore, the temperature dependence of the strength of 

different aluminas is also valuable. 
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5. The acoustic response of alumina in the present investig-

ation has been obtained during failure of specimens either in bending 

or tension. The study of the acoustic response of different aluminas 

in compression would also be interesting. 

6. The stress intensity factor has been correlated to the 

AE count rate by the equation dN/dt = BK. It has been shown that 

the values of B and n vary with the material and the specimen 

geometry. The variation of these constants with test environment 

and condition is not yet known and is an interesting subject for 

further work. 
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APPENDIX 

THE FRACTURE TOUGHNESS AND AE OF PORCELAIN 

To assess the general applicability of the AE technique 

for the evaluation of the validity of fracture toughness testing of 

ceramics, the procedures employed for alumina (Section 4.3) were 

used for two porcelains with different microstructural characteristics: 

(i) The as—received porcelain (PI) was a commercial 

material produced by slip—casting and fired at 1140°C for 

46 hours. 

(ii) Heat—treated porcelain (PH) was produced by 

subsequently refiring PI  in the laboratory at 1100°C for 

24 hours. 

The effect of refiring PI  was to increase the grain size 

and pore size and reduce the total porosity from a value of 6% by 

volume in the as—received material to about 2% in the heat—treated 

material. The porosities were measured using a mercury porosimeter(81)  

Fig. A.1 shows the microstructure of the two materials. The 

microstructure of porcelain is very complex, consisting of large 

grains (mainly quartz) surrounded by very fine multiphase crystals 

formed from the clay component. A number of intergranular pores, 

some very large, were present. Shrinkage cracks within the body 

of as—received blocks were often observed. Microcracks produced 

during firing were also observed, mainly originating from pores 

and moving into the large grains. Since on cooling from the 

refiring temperature the crystalline quartz contracts on average 

ten to fifteen times more by volume(97)  than the other constituent 

phases of the material, it is not surprising that cracks are seen 

in the larger quartz grains present in the porcelain. This thermal 

mismatch, which causes a micro—stress system to be set up in the 

porcelain, has been considered by some workers(97)  to have a 



strengthening effect on the porcelain. This effect was confirmed 

by the modulus of rupture results (see Table A.1), which showed a 

27% improvement in strength of the beat-treated porcelain compared 

with the as-received material. 

The fracture toughness of each material was measured 

using SENB, DT and DCB specimens, and the acoustic emission was 

monitored. At a cross-bead speed of 0.01 cm/min, the load-deflection 

curves were linear up to a point just prior to failure where a 

non-linear region was observed, as shown in Fig. A.2. The non-

linearity was also observed at the increased cross-head speed of 

0.05 cm/min. The stress intensity factors were measured from the 

maximum load, PM, and are summarised in column 4 of Table A.2. 

The as-measured KIC  values from all geometries showed an increase of 

up to 18% for beat-treated porcelain compared with the values for 

as-received material. The increase in KIC  for beat-treated 

porcelain resulted mainly from the decreased porosity of the 

material. The microcracks produced due to the thermal mismatch of 

the phases may also be another reason for the increased Hie  in the 

heat-treated porcelain, as discussed in Section 4.4.3 for A1203.Zr02. 

The KZC  data for a given material varied with test geometry in 

the order DCB > DT > SENB, as observed for alumina. 

Acoustic emission started at a load P s in the linear 

region of the load-deflection curve, the rate then increasing with 

load and reaching its maximum at failure (Fig. A.2). The emissions 

commenced at particularly low loads in DCB and DT tests (column 3 

of Table A.2) as in the case of alumina. Microscopical examination 

demonstrated that subcritical crack growth had occurred prior to 

failure, producing the emissions detected between Ps  and PM,  many 

of them of low amplitude and narrow pulse width events (see Fig. A.3). 

The average values for the total number of ring-down counts NRT 

and events NET  associated with subcritical crack growth are given in 

columns 5 and 6 of Table A.2. The values varied in the order 

DCB >DT >SENB, which was again consistent with the results obtained 

for alumina. 

Subsequently some specimens of all geometries were 

subjected to progressive crack growth at the same cross-bead speed 

171. 
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(0.01 cm%min) and the subcritical crack length was measured using 

a dye penetrant to reveal the crack. The subcritical crack area 

was then plotted against the corresponding AE data. The results 

are shown in Figs. A.4 to A.7, and illustrate that the emission 

counts are a linear function of subcritical crack area. The 

results were consistent with those obtained for alumina, indicating 

that the acoustic emission technique can successfully monitor the 

subcritical crack growth in different ceramics. The curves of 

Figs. A.4 to A.7 were used to correct the measured Kw  values for 

subcritical crack growth in porcelain. 

The subcritical crack lengths obtained during the fracture 

toughness tests were determined using the AE data given in column 6 

of Table A.2 and Figs. A.7 . 	Adding the subcritical crack 

length to the initial notch length, enabled corrected KIC  values to 

be determined (column 7 of Table A.2). When the corrected data 

(see Table A.2) is compared with the as-measured values, it is 

observed that SENS values have increased to the same level as those 

for DT specimens which remain unchanged. The DCB values, after 

correction, become even larger than the SENB and DT values, which is 

in agreement with the conclusion obtained for alumina ; 	the DCB 

geometry appears the least reliable. Unlike alumina which showed 

little difference between the corrected K1C  for fine- and coarse-

grained materials of similar porosity, the K1C  results of porcelain, 

botb before and after correction, were always larger in the case 

of the beat-treated material. 
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Table A.1  

Material Code Density Porosity 
Maximum 

Pore Size 
Modulus of 
rupture Number a/cm3 (p.m) MNm 

As—received P1 2.244 6% 110 29.5 ± 0.8 

Heat—treated P11 2.265 2% 150 37.5 ± 0.6 

Table A.2  

Test 
Geometry 

Material P /P 
s 	M 

Measured 
KK~ 
--1C 

MN 	3/2 

AE due to 
subcritical crack 

Corrected 
K IC 

MNm 3/2 NRT x 103 NET 

SENB 
P1 0.87 0.75±.05 45.7 ± 21 790 ± 280 0.93 

P11 0.82 0.79±.02 139 ± 38 1020 ± 405 0.97 

DT 
P1 0.78 0.91±.04 67.6 ± 33 3400 ± 1500 0.91 

P11 0.68 1.05±.08 162 ± 45 4000 ± 1600 1.05 

DCB PI 0.77 0.95±.02 4?3 ±180 4560 ± 1400 1.25 

PII 0.66 1.12±0.2 159 ± 46 20?5 ± 950 1.36 
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