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ABSTRACT,
/

This work inYolves the study of crack-p~rticle inter-

action in model brittle particulate composites where,

;) the interfacial bonding 'st~ength ~etween second
..

phase and matrix'was contin~ously varied (glass .. partly

ox i d; zed 'N i s Ys t em) and

,i.o the presence, and absence of elas,tic mi)~atch between

secon~, pha~'e and, mat,rix Which gives r.ise to stressconcen-, .
tratio~ afourid the particle was monitored. An ultrasoni~ ,

, .
f.r act ur~ sur fa c e m() du1a t ion t e c hni que was use d whie him pr"j nt s

the 'det-ai"ls, of local ,~rack-..~particle interaction on fracture

surfqce.

, ,

a'I

1

that Qf ~atrix sheuld be used.

. \... ,

1') Both the interfa·ci.al strength and elastic mismatr

p1ai imp 0 r t"a nt r ole s ~ n imp r 0 v 1'n 9 the to 'u 9hne s s 0 f a par t , ".

culate ~omp6site; o'ptimum bond strength -alone; ~ithout

conSideration of ela~tic mismatch may not improve tough~e~s

of a composite b~ a significant amount.

;i) For opt;'mum toughen-ing, second phase partie.les ,q

{J •• , ..
with a high intrinsic toughness which are well-b~nded. to "tbe-;

matrix a~d. whose' 'elas~tic moduli a,re equ?" to or l~ss ,than

"

The~ importa'nt resu~ts of" this study are: .. -
" \.

l'
I

}
\
{
', .•,1,
1.

j

.j

i
1
~

~
~

I

I
4 .' ';'ii l. '()~e ,toth~ presence of elastic stress co.ncentration,

,.
for second phase particles whose elastic moduli exceeds that

iii
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of the matrix, a, ra.ther weak interfacial bonding is preferred

to a strong interfacial ponding for effective crack particle
<14'

1nteractiDn which will improve the tQugh~ of a composite.

In summarYt this wo~k provides spme guidelines for
I .

choi ceo f pro p·e r s e·c 0 nd phas epa r t; c1esan d mat r i x i nthe
'\

'\ design of brittle particulate composites for o~timum toughness.

...

J
i.
1

1

r'I

...
~~..

,--..
f

"
t..... " \ i

i
t·~ .
I

I
~ f 1

L

t.•
( I. f·.. '

1
~

(
j

iv

"



I express my thanks to my supervi sor Or. 'P. S.'

"

Nicholson for

·those ,members

~ .

'ACKNOWLEDGMENTS,

, ,

his continued interest i~ thiS~{k ~~d

of the faculty who ~ffbred~9ni~ctive

I

~ I
, . 1,

I
r

c r i tic ism s· fro m tim e tot i me dur; n,g the per i 0 d 0 f t his
"

"

()
work. My sincere acknowledgment to my colleague M~. V. D.

Krstic with whom I' had~'ountless dis·cussions to clear our

understandings of fractuj·oe mechanicaL.behaviour of br.ittle

. materials'.

..



'~

FIGURES

. 1 .

2

3

. 4( a)

4(b)

j ,

v

LIST OF FI GURES

Crack Propagation in Ideal Griffith Material

Schematic of Crack Propagation Behaviour. in
Multlphase Material (after 3)

Variation of o22(=Oyy) and o33(=o~x) in front of
an"elliptical hole (the behaviour of 'the streSs
compon~nt of ~ sharp cr~ck is also similar to this
kind of variation. This is the.limiting case
when radiu~" of curvature approac,hes zero).

Schematic Representation -of stress Varifrtion
around a Po~nt 0(0(8» and the stress Needed to
Break an Interface (oT) that, lies at an A~gle 8

to the Applied Stress. a) Interface Not Fai~ed

b) Interface Faileet.,

Formation of,Pseudovoids aro~nd Non-bonded 6~

~eakly-bonded Second Pha~e Particles in a.Body
Under Tension.

PAGE

2

2

9

18

18

J
f

j i
, I
j

5(b)

Sea) .Model used by tange to represent the interaction'
of a crack with a linear array of dispersed~'
, .,. ..
dimensionless inhomogeneities equally~spaced by.. ,

.' ·.a distance 2R•.The s'traight'liJle illustrates the
crack front. prior to stressing. The bowed po~ition

shows the situation just prior to breakaway and
fracture.

Fr~ctur~ surface'~ner9Y ver~us the inverse of 'mean
free 'path for a'sodi-um bor6snic;ate glass containing

",3, size dispersions .(3.5, 11, & 44\.1m) ,Of .,A1 203• 'Yo \

is the fracture surface energy of the g1ass without
the dispersed phase. '

20

20.

, ).

vi .-



. "
• I

\./ FIGURES

6(a)

6(b) .

7

8

9

10

11

12

13(a)

13(b}

Model used by Evans to represent interaction of crack
front with a lin~ar array of impenetrable obstacl~s

by considering the motion of secondary semi-~lliptical

flows in the stress field of the primary crack.

Plot of °A against e/ro (after ·Evans(14)).
°c

Isostress concentration lines for 0rr/oapp around
inclusion in glass. The digits represent the value

oT a given.orr/oapp'

Isostress concentration lines for 0ee/oapp around
inclusion. The digits represent the value of a

given 0ee/oapp'

Isostress concentration lines for 0ee/o around
'. app

po~~ (£i=O). The digi~~ represent the value of a

gfven 0ee/oapp'

The interaction between an inclusion and a crack
in the matrix in the near vicinity of the inclusion.

Specimen geometry for doubie cantilever beam
fracture toughness testing.

Specimen confi gurati on and idea1i zed moment and
loading distribution for a four point fracture test.

Co-ordinate system for the theoretical discussion
,of interaction of elastic waves with a crack front.
?A 9~notes the quasi-static apijlied tensile stress
in the y directioh. The normal of the mQdulating
wQve is in the Xl direction. The change in crack
direction is denot~d by the angl~ y.

Ultrasonically-modulated fracture surfaces for two
~amples broken under tension. Specimen a) courtesy
of Or. F. Kerkhof 2 Freibur9, b) courtesy of Or. J. A

E. Field, Cambridge.
,

vii

PAGE

24

24

34

35

36

39

49

55

59

62

\
I.
I



71

PAGE

63

15(a)

Principle of viewing the ultrasonic lines using a
defocussed optical image.

Particle size distribution of as-received nickel
spheres.

15(b) Weight gain as a function of oxidation, time for 73
nickel particles.

FIGURES

14

16 The hot pressing arrangement. 75

17(a) Polished section of a min. oxidized nickel particles 79
in nickel - 5 glass composite, (X480).

l7(b) Polished section of 30 min. oxidized nickel particles 79
in nickel - ~ glass composite, (X680).

17(c) Polished section of 60 min. oxidiz.ed nickel particles '0 79
in nickel - S glass composite, (X68O).

17(d) Polished section of 90 min. oxidized nickel particles 79
in nickel - S glass ~ompo~ite, (X680).

17(e) Polished section of 120 min. oxidized nickel pa~ticles 80
in nickel - S glass composite, (X680).

18 Polished section of 2 hour oxidized Al particles in M 80

\ glass - a~uminum composite, (X580).

19 Fracture section of A1
2
0

3
composite. Note the parosity 80

. inA12°3' (X600).

20 Design for .DCB loading fixture. 84

21 Design for four point bend strength testing rig. 87

22 D.C.B. fracture test for ultrasonic fractography. 89

23 Desiqn for ultrasonic transducer. 90

24 o 4 plot of Grc vs. oxidation time for partially
oxidized Ni (vol. fraction = 7%).
A·~ plot of Grc of 'special particulate composite',
(see Chapter 5.2.3).

93

viii



". )

d ' .

of.-,

FIGURES PAGE ..
25 Plot of GIC vs. oxidation time for S glass - partly 95

oxidized nickel (vbl. fraction ~3.~5%).

26 , Plot of GIC vs. volume fraction for composites I ,
/{

96
II, & III at given oxidation times.

'~

27 o - plot of fracture strength of S glass - partly 99 ..
oxidi~ed nickel compos~te-'as a function of oxidation
time.
~ - strength value of I spci a1 particu,late composite'
(see Chapter 5.2.3).

28 Observed crack path in glass -'well-bonded Ni/NiO, 101
composit~,where effect of stress concentration

-,
is ..

observed (120 min.' oxidation time). ......

29 Fracture surface when bonding 'between particle and 101
,") .

matrix is weak.
c-

The stress concentration at poles
t of the inclusion did not effect crack pa~h.

,

30 SEM micrograprr of 60 min. oxidation time nickel - ,103

glas~omPQsite (X95) [7% voJ .. fraction].
•

·31 SEM mi rograph of 60 min. oxidation time nick&l gJ'ass 103
compos i te (X50) [7% vol. fract ion] ..

,.

Mixed made of fracture 'fo~ well-bonded (120 min.)
\

32( a) ani! 104 . ,

weakly bondeq Ni particles (30 min.) in the 'special
compos He " (Chapter 5.2 .J-) .( X50) .

.)

32(b) Fracture surface ~f the same composite as Figure. 32{a} 104
, .

at higher magnificatio~ (X95). _

"'33(a)
1

106Ductile (Al) particle in a glass matrix. Note that

in this case E;= Em' Inherent toughness of (Al)
•

particle is utilized to some ~xtent.

}.. ;.
ix v~

I
\
\

~
( I

/
J

-I



'.,

•"I

108
r

PAGE

106

I

Crack bowing ~s shown by ripp}es between tw~ (Ni)
partic~es. Nf~kel partiCles were weakly: bonded to
the matrix (30 ~tn. oxidation time.)

~~-- - .
Crack b~g around w~aKly bonoed Ni particles (30 min. 108
oxidation time) .

36

Ductile failure of (Al) .,rtic~es in a glassy matrix.
Here Ei=Emand crack did not avoid the (Al) particles
(X500). Note crack~ng 1n the interface. ~

34 Tilted image of failure of ductile (Al) particles in a 106
glassy ~atrix (X200).

35

FIGURES

33{b)
(

, .
~.

37
..

Crack bowing around a nickel particl~ intermediately,.
bonded, to.glass (60 min.) .

no
..

38 'lC Crack.bowi~g arQund a nickel particle intermediately
~onded to- glass (90 min.) w

110

'­
interaction in a glass - well-
(by ultrasonic modulation)

39

40

, '

,fl 41

\.

42

r 43

Plot of angle of bowing of crack front versus oxidation
time. ' , ) tJ

When .!?ondiAg between particle (Ni·) and ,glas~ was
improved, ~rack avoided the particle, thereby
producing no effective interact jon. (120 min. ~

oxidation'time).

Local crack particle
Donded'Ni composite,

. (120 mi n. ).

Att~ction of crack front towards stress concentration
in good bonding ~ase (oxidation tim~ -120 min.). _

Plot'of change of velocity of crack front'in near
. vicinity of'iociu,sian (-80 min.), when crack fliont

approaches inclusion-and finally avoids it~_

"

111

113 ,

113

114

11'6

. .

#.

I .,

',. .
x

...



\

TABLE OF CONTENTS

CHAPTERS -PAGE NUMBER

1. INTRODUCTION:

1.1 Importanc.e of Composite Materials
•

1.2 Basic Fracture Mechanical Parameters 5

~ LITERATURE REVIEW: 10

2.1 Energy Absorbing Proc~~ses in Fracture 10

of Brittle Materials
.

~
2.1.1 ' General Discussion 10

2.1.2, Discussion Pertaining to Particu- / 1S'

-'
late Composite

2.2 Crack Particle Interactions in Brittle 27 \

Particulate,Composites
2.2. -1 Eff~t of Elastic and-Thermal 27

Mi s tch

2.2.2 Effect of Interfacial Bonding 31 ~ ,

'\

III. THEORETiCAL BAOKGROUND: 33

3. 1 ~ature of Elastic and Thermal Concentrations 33
,/ In Compos i tes

38

45

'K I

Model to Calculate Change Qf I Near
Elastic Disturbance

3.

Summary of Possible Effect of Stress
Concentrations and Interfacial Bonding

.-' Strength on Toughness ~

3.4 Theoretical Background of Experi~ental M~thods 47
=:;>

..

•
.'

• xi

) '.



I, f

CHAPTERS PAGE NUMBER

:3.4,,1 Measurement of GIC In Brittle 47
Materials

3.4. 2 Fracture Strength by Four Poi At 53
Ben'd Method

3.4.3 Ultrasonic Eractography 56

IV. EXPERIMENTAL METHODS:
()

4.1 Overview of Experimental Programmes

4.1.1 Formulation of Model Composite
Systems

6'5

65.
65

)

\

4.2

4.3

4.4

4.5

Preparation of Model Composite Systems

4.2.1 Making of G1asses
4.2.2 Second Phases

4.2.3 Oxidation of Nickel Particles
4.2.4 Mixing and Hot Pressing 'of

Glass Composites .

Characterization

4.3.1 Density Measurement?
4.3.2 Microstructural Examination of

Fabr.icated Samples

Mechanical Testing

4.4.1 DCB Testing fQr GIC Values
4.4.c Four Point Bend Test for Fracture

Strength

Fractography
4.5.1 Ultrasonic fractography

4.5.2 General Observation by SEN ~~

69
69

70 •

72
74

76

77

n

83

83

86

88

88
88

•

•

'-

v. RESULTS AND DISCUSSION:
5.1 Fracture'Toughness and Strength Results'

5.1.1 ' Fr~cture Toughness Resul ts
5.1.2 Strength Results

xii

92

92
92

98



CHAPTERS

5.2 Fractographic Results
5.2.1 Fractographic Observations by SEM

~

5.2.2 Ultrasonic Fractography ReslJ.lts

PAGE NUMBER

, 100
100
107

5.3· Discussions

Appendix

Appendix II

J
VI

5.3.1

5.3.2

Effect of Eiastic Mismatch on
Cr-ek Path and}To»ghness
Effect of Inte~f;~al Bonding
Strength on Crack1larticle
nteractions

Crac~ Front Bowing and its
Contribution to the Toughness

The Special Particulate Composite'

115

115

119

124

129

131

133

136

References

xiii

138



,

/

CHAPTER I

INTRODUCTION ~

1.1 Importance of Composite Brittle Materials:

It has long been recognized that highly brittle

ceramic materials possess many attractive properties such

as hardness, chemical inertness, low th~r'mal and electrical

conductivity and high temperature st~bility. The serious

drawback of these materials is their proneness to catas­

trophic fai'lure under thermal" shock and'mechanical impa'ct.

The addition of a second phase influences the resistance

to crack propagation (or toughness) of the ceramic. The

following treatment shows that the production of tough

ceram~cs may not b~ possible from single phase homo~eneous

materials but may follow from the developmen~ of multiph~se

composites.

A~cording to Griffith [1], the energy balance for

fracture'of'an ideal homogeneous brittle material conta~n­

;n'9 an eflipttcal flow of major axis 2a, perpendicular to

a uniform tensile field can be represented by the curve

shown in Figure 1 (from [2] ). The energy demand curve

is a ~traight line represented by Wd .= 4ay w~ere y is the

.'

surface energy~ The

pa~abdla 9fv en bj Wr

energy release curve is ~ second power
. 2

a
2

= rOE where E is the Young's modulus

1.




























































































































































































































































































