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. ABSTRACT. .
s —_—

This work involves the study of crack-particle inter- °

' act%op in mdde]rbrittle pérticu]ate composites where,

i} the interfacial bonding 'strength ?etween‘second
phase and matrix was ;ontinpous]y varied (glass - partly
oxidized'Nj system) and

‘1f)_ the presence and absence of elastic migmatch between
second. phase and‘matrix which gives rise to stress .concen-
tration around the particle was monitored. An ultf;sonit .
ﬁr?cture surface modulation technique was used'which impr%nts
the 'detaiTls of ]oca],éréck¢pgrt%c1e interaction on fracturé

surface.

-

The important results of this study are:

L f)L gbth the interfacial stfength and elastic mis@atiﬁ
pigf;importhnt roles in improving the ﬁohghness of a part?-
culate gompdsite;vobtimum bond strength -alone; githout‘ ‘
consideration of e1§&tic mismatcb may not impfove toughpe§§
of a composite by a signif{cant amount. ' w
ii) For optimum toughening, second phése pgrticjes YA
with a high intrinsic toughness which are wé11-bqﬁded‘to {heg
'matrix and,wbosg'élas;ic'mbduTﬁ are equg]'fo or léss than
that of matrix sheuld be used. J . | B o
R%i)"Dde.tO'the presence of e]ﬁstic stress concéntratiop,
N for séﬁondhphase particles whose elastic moduli éxdeeds that
iid
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of the matrix; a_rather weak interfacial bonding is preferred
to a‘strong interfacia1‘ponding for effective crack paftic]e
.1nteractibﬁ which will improve the tqughdegg of a compogite.
In summary, this work provides some guidelines for

choice of proper second phase particies‘and métrix in the

\\ design of brittle particulate composites for optimum toughness.
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CHAPTER I
INTRODUCTION v

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, 16w thermal and electrical
conductivity and high temperature stability. The serious
drawback of these materials is their proneness to catas-
trophic fat#lure under thermal shock and-mechanical impact.
Tﬁe addition of a second phase influences the resistance
to crack propagation (or toughness) of the ceramic. Theo'
following treatment shows that the production of tough
ceramics may not be possible from single phase homogeneous
mategials but may follow from the development of multiphase
composites. “ )

chorqing to Griffith [1], the energy balance for
fracture of ‘an ideal homogeneous brittle material contain-
ing an glliptical flow of major axis\éa, perpendicular to
a uniform tensile field can be represented by the curve
shown in Figure 1 (from tZ] ). The energy demand curve
is a straight line represented by wd = 4ay whetre y is the
§urface energy. The.énérgy release curve is a second power

2,2

parabola given by W = 19Ei— where E is the Young's modulus
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Figure 1: Crack Propagation in Ideal Griffith Material
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Figure 2: Schematic of Crack Propagation Behaviour in.
Multiphase Material (after 3) Y
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he .
of the material. Crack instability occurs when the slopes
of the two curves are equal i.e. o
W, } 5wd .
ga - da ‘ (1)

2

The implication of Equation 1 for an ideal Griffith

material is that the 'instability' (propagation) is assured

s

in égvance, once the crack is initiated. The instabjlity
is thus 'built-in' in Griffith's criteria of brittle frac-

ture. In a sing]e'phase homogeneous brittle ma

tion and proﬁagation of a crack therefore‘éoincid
fracture is instantaneous, as in giass. .In the deve]opéent
of ‘tough'ceramiés' the objéctive is to promote a stage

of stable crack propagation.. This is denied to a sing]e‘
phase homogeneous brittle material irrespective of its
strength [2]. The situatipn is different, however, for
multiphase ma%eria]s. When crack Srrestprs.(which includes
any second phase mai:erila]) are p‘resent(in a brittle matrix
the energy demand curve is no;linear [?]tin contrastQto

the linear demand curve for the Griffith materia]. In |
multiphase ceramics there is a distinct division in energy

demand between the various phases, so the stages of initia- .

tion and propagation are separate. A crack may exist in the - .

weaker phase and whilst propagating may encounter a zone of

- o\

tougher ‘!second phase'. To clear this obstacle, the crack
N >4

v hamrd Al o g e b N A et e
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must cut through or detour around. In either case, the
ener&y demand will increase and the propagation may be
halted unless there is an increment in the "operating
Steess”. Following the above concebt Gluklich [3] proposed

!

that the enerqgy demand curve for a heterodeneous mqtéria]
is nohlinear in cont:ast to a linear curve for the homo-
geneous material, as shown in Figure 1(b). 'Iﬁe nonlinerity
arises from the ability of the secondary phase to stabilize

- a growing crack by requiring ;ore energy to "clear" the
obstacle, Figure 1(b) represents a high]f idealized case
of a tai]oted.brittle material where the crack as it grows
encounters an inc;easingly tougher medium. Crack propagation
in real mu1tipﬁase ceramic materials may differ in.dgta{1,
bu% the overall crack growth methanism will be similar to
that illustrated in Figure 1(b).

. It has Tong been ﬁecognjzed, {4, 5} that secoﬁd phase
inclusions {or pores) of different elastio mbdu]i and thermal
expapsivity than the matriiwgifé rise ;o local stress c;ncen-
trations in'a particulate composite. Also interfacial prd-
perty differences Between the second phase and matrix influ-
ence.to a great extent the fracture mechanical properties
of particulate composites [6, 7]. However no consistent
and detailed study has been made of loéa1 créck-partic]e

interactions and their influence-on the overall toughen-

ing of the composite. It is the intention of this work to



e
£+

study in détait such interactions when elastic mismatch
exists between thelﬁnCTQSion and matrix and also when the
interfacial bond strength between the inclusion and the
matrix is coﬁtinuou%]y varied. Model particulate systems

were chosen for this study i.e.

i) glass with partly oxidized Ni particies. (The

>

elastic mismatch between glass and Ni is significant).

The oxidation time of the Ni is varied to produce
different NiO thicknesses and therefore varied
interfacial ‘bonding strength between the matrix
and inclusion, and

ii) glass with partly oxidized aiuminum spheres. -In
this case strong bonding exists and no elastic .

mismatch,

1.1.2 Definition of Basic Fracture Mechanical

Parameters
The basic concepts and important parameters of
. fracture mechanics will now be summarized for reference

~

in later chapters. ,
i) For an ideal brittle material {assuming no
plastic deformation prior to fractﬁre), the Griffith

criteria [1] for unstable crack propagation is:

' o > = [2Ey (2)

¥

e A~ &
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where %, is the applied stress, o, is the fractu?e stress,

£
E the Young's.modulus, 2a the crack length in the materiel
and vy the surface energy per unit area of éeparated surface. <
The Griffith analysis istvilid for Mode I type fracture ‘\
where a tensile 1oad is aé}Tied orthogdna]ly to the plane
of the crack. The Mode I type fracture test is.the most
common one. The Griffith expression is the outcome of an
energy balance only and does not'taZe into account the
nature of the crack tip stress field.

i1)  The stress, intensity factor Ky (for Mode I)
relates the applied stress to the stress concentration at

*

the crack tip. For Mode I type fracture [8]} ‘

Ky = aa(Ya)”2 ) . (3a)

where Y is a‘geometrgcaT factor dependant on the te§t
geometry; Y = m for uniaxial tension.

When a c#itica] stress level KIC is reached, unstable
crack propagation w111;occur and catastrophic failure follows.
The concept of a 'critical stress intensity factor' is the
basis of the fracture Foughnesslappréach [8] to évafhating
materials and can be tdken as an intrinsic parameger.of a
material. For Mode g type fracture the.followinq impor-
tantqrelation ho]d:%

>

Kigw = EG . = 2Ev, | ‘ ( 3b) )

-

where GIC z'critical strain enérgy release rate at unstable
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propagation of existing flaws in the material and is termed
the "fracture-toughness® of the material, vq is the effective
surfaéL energy which, apart from the thermodynamic surface '
energy, takes 1nto‘account all irreversibly dissipated eﬁergy
(including plastic deformation) at the crack tip. Obviously
from (3)

Gre = 2y (4)

Henée, the concept of. modern frgcture mechanics
deve1opeq by Irwin can be ipterconnectea\wigh Grfgfith's
original formulation through equations 3(a),‘}(b) and (4).

When KI < KIC’ stable crack growth may ocfur. The
rate of crack growth is in turn, influenced by the micro-
structure or second phases present in the path of the crack

front. A study of the crack-front velocity.and crack front

shépe will yield useful information on the influence of

second phase (or microstructure) on the overall toughening

of particulate composites.

iii) For Mode 1 type fracture in brittle materials,
the components of the stress field at a point (r, 6) near

the crack tip are given by the continuum approach of linear

»

elastic fracture mechanics [8], i.e. S
K
Ox L cos % [1" - sin % sin %91
/2ur
K .
Oy = l cos % (1 + sin % sin %Q] .
v2ur Y
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@

(5)

36 _.
cos 3= sin

rojo

¢ = Cos

rn
=
=

The component ¢ is the crack driving stress and

yy
Oeyx 1S parallel to the crack-front. oxy =0 at 6 = 0.

The variation of these stress fields in front of an ellip-
tical hole (which becomes a sharp crack as the radius of

curvature goes to zero) along 6' = 0, are shown in Figure 3.

L
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Variation of 022(=0yy) and 033(=02Z)\1n front of an
elliptical hole {the behaviour of the stress component
of a sharp crack is also similar to this kind &f
variation. This is the limiting case when radius of
curvature approaches zero).
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CHAPTER 11
LITERATURE REVIEW

(3 :
2.1 Energy Abs&?bigg Processes in the Fracture

of Brittle Materials

2.1.1 General Discussion:

For well developed cracks in highly brittle materials,
such as covalent and some ionic-cd&a]ent solids at ambient
temperatyres, f;acture will occur by bond rupture at an
atomically sharp crack tip. The elastic stress field should
describe the situation well though mbdificatioﬁ must be
applied to account for any microstructural gnteractions.
Defectg‘such as dislocations are expected tq7be immobite.

It is necessary to account for‘the'enefgy e;benditure in

L)
such systems in terms of the interaction of the crack tip

stress field and the microstructural features. Such an

.understanding allows the characteristic fracture parameter

q;/a material to be determined but more importantly it max
suggest techniques to control thé toughness by microéﬁruc-
tural design.,. Thefe are several energy absorbiﬁg processes
in tﬁ; fracture of brittle materials (apart frém the
expénditure of thermodynamic equilibrium surfatg energy in
creation‘of new surface area)'and these will now be dis-:

cussed.[9]

10.

e g sl W =t



.

i) Surface Roughness:

. In many m;\erials crack propagation does not proceed
in a planar fashion. For example, in po]ycrys%a]s the
crack may tilt and twist as it follows the cleavage planes
far transgranuljar ;ailure. Iﬁ particulate composites, the
stress field around the partic&es may alter the crack path
and lead to surface rodughness. In absolute terms-the
increase in fracture resistance-should be rglated to the
increase in surface area [10].

Grain boundaries and other interfacial defects
constitute 1ocatioQ§ of relative weakness in a polycrystal.
This 1is particular{y true in ceramic materials where the |
diréctionality and charge requireménts of cbva]eht—ionic
bonds can lead to substantial redudtion in interfacial
cohesion. Such interfacial weakness may be further empha-
sized by the presence of internal stresses due to elastic
mismptch between phases [11], phase transformations {12]
or anisotropic }herma] expansioné [13]. 'Cracks tend to
propagate aloné these interfates. 1In a particulate compo-
site there is a tendency for decohesion of the particles
(12, W3]. Intergranular fracture is often characterized
by a zlig-zag crack path leading to greater variations in

fracture energy than expected for transgranular failure. .

For intergranular failure, the fracture energy may be

\
\

writtey (after Gilman) as, [14] ~

- . e J '
ZYeff 2y - v { (6)

o
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where Y5 is the reversible interféce energy and Yaff the
effective fracture energy. In deramics Yy values are
usually high due to unsatisfied covalent or ionie bonds.
Hence Yo ff is usually low. In polycrystalline ceramics,
cracks usually propagate through the gnﬁin boundaries. A
series of experiments by Class and Macthlin {15] on KCL
bicrystals clearly demonstrated the weakening effect of
grain boundarie’s. However, though the grain.boundaries
‘may be inhi;ently weak in highly brittle materials, the
abrupt changes in crack path at each grafn will lead to a

) substantial reduction in the Jocal mechanical energy release
rate and hehce the zig-zag nature of the crack path will
apparenf]y tncrease the fractu*g surface energy. This
problem may be accentuated at larger grain sizes for then a
crack approaching an interface may 1§ad to its decohesion.
.This problem has been discussgh by Cook and Gordon ([16] for
the special case of an interface at right angles to-a crack.
Such a crack is locally blunted and the local stress distri-
bution changed.~ further probagation of such a crack requires

~ an increase in stored energy before the sufficient criterion
for failure is reached. It is clear from the above discussion
that crack propagation Rn polycryskalline materigls is a
complex process invq}ving a number of microscopic events.
In particulate composités, the equivalent surface roughening
process for the dissipation of mechanical energy could be

[ 2

the local plastic deformation of part{c]es (ahead of the

f

/
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crack tip) weaker than the breaking strength ogéurmund-
ing matrix. In this case the bonding strength between the
second phase and the matrix must be.equal to or greater
than the matrix strength.

=y

ii) Microcrack Zones:

If weak interfaces exist in suf%icient density within
a single phase (grain boundaries) or a multiphase material,
it is conceivable that the region ahead of a well-developed
crack may consiéﬁ of a decohesed zone. This will increase
the fracture tohghness of the material if the fracture area

ssociated with .such a zone is large. Furthermore its exis-
tence should lead to a period of slow stable cragk growth
as this zone develops. There is evidence of such behaviaur
in many bripf]e materials.

In polymers the production of a "crazed" zone is a
related mechanism. In concrete, the formation of discrete
cracks ahead of the primary crack has been observed [17].

In a ﬁtudy of\the fracture of rocks, Rosenfield et. al [18]
obseé&ed such béhaviour and pointed out that the energy
dis;{ﬁated in the fracture of rocks is associated with the
creation of a large amount of surface area. In ceramic
materials, similar behaviour was observed in the calcia :
partia]l& stabilized zirconia {19, 20] system. In this .

case the weakness was proposed to occur at the grain boun-
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aries as a result of the phase transformation of pure Zro2
precipitated there. Anisotropictﬁemm] expansion in some
ceramics also leads to microcrack fotpation [21, 22]. More
recently Claussen et. al [23, 24] have used this idea to
design ‘'tougher' microstructures where effective use can

be made of microcrack formation. .

The formation of a large microcrack zone is unlikely
in a glass-particulate composite; however, an equivalent
mechanism of decohesion, namely- that of wegkly bonded part-
icles, may be identified as an important energy absorbing
mechanism for such composites. In particulate composites,
the interface between the particles and the matrix may be

a source of weakness when decohesion takes place. This

is discussed in section 2.1.2.

iii)- Crack Blunting:

A crack front will be locally blunted when it inter-
sects pores, weak interfacés, grain bounddries etc. Such
a process will alter the local stress distributions ahead
of the crack. Berry [25] showed that, in terms of an
energy criterion, the value of the critical applied stress
changes by aonly 1% for most cases. However in terms of
a limiting stress concept we have [26]

0p = 0g (r/32) 1/ | (7)
i '

e [N

where ag is the fracture stress in the absence of a pore of
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4

radius r and ao is the atomic radius. Using a value of
r ~ 3 x ]O4 ags Ofp = 100 og results, and hence a much
higher stress must be applied to the body, leading to a
“xhlgmgr value of the critical stress 1ntens1ty “factor.
ﬁbnke the energy criterion of Berry [25] is 1nsuff1c1ent
‘ to indicate the effect of pores, grain boundariées and weak

. interfaces in blunting an .approaching crack.

2.1:2 Particulate Composites

For a simple model system where particles are dis-
persed in a glass mairix several workers [27, 28, 29, 30] have
observed that the effective fracture enerqy of the system 1is increased
over that of g]ass. Severa] mechanisms could be 1n‘91ved
with this increase*i? toughness. The energy dissipative

mechanisms which may be opepative in these particuiate s

systems are now summarized.

i) Particle-Decohesion and Crack Blunting:

In a part}cu]ate composite, the interface between-
the particles and the matrix may be-a source of weakness. .
Hence the stress componert oyy ahead of the cracg front may
decohese such weak interfaces, and relieve some of its
strain energy in do}ng so. Further, once the crack front

meefs‘the "decohesed-zone",, blunting eccurs and, as des-

cribed in section 2.1.1, a higher opérating stress is

Ed
-
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"
necessary to extend the crackf%ont further.

The size of the decohesed zone can be estimated [9]
assuming that the interface will fail when the stress normal
to the interface exceeds a critical value. For the decohe-

- v
sion of spherical obstacles, there should always be part of
the interface }hat is subject to the maximum normal stress
so that all the particles within the zone should decohese
to some extent. This approach assumes the particles are
small compared to the zone size. It is also possib1g to
estimate the effect of such a zone on the fracture energy.

: :)

From a mechanistic viewpoint,” the contribution to fracture

surface energy of zone formation i% (9]

—

~

Yzone - 2 Na ATC(OTao) ) .(8)

where, for the two diménsidna] case, A is the area of the
T& ; ’j"“""

critical decohesed zone, NA the number of particles per unit

area, o; the critical stress needed to decohese the inter-

faces and a0 the interatomic distance. For a random distri-

. . . F
bution of uniform spheres of radius r?(r31]
' ‘ 3V,
Ny = (9)
A Zﬂrz - . '

.

where Vv is the volume fraction of particles.
From the trkatment,of the formation of microcracks

in a ceramic matrix by Hoagland et. al. [32],

-1

k. e
= 1.12(5—I£) ' ,. (10)

A
TC T
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The variation of oT(e) needed to break an interface
and the variation of stress o(6) around a point for a -

weakly bonded inclusion are shown in Figures 4(a), 4(b) [9]
for the case when the interface failed and also for the

X
‘case where the interface remains intact.

Using Equations (10) and (9) in (8), it follows that,

K. a v
= IC 0 v

Yzone - &% ——3— (=) (1)
oy r

It is obvious from Equation (11) that contributions .
from decohesed zones could be substantial for low values '

Of,oT as Yzone a'—l§ . The value of 2
: )

' o
determine experimeﬁta]]y but the form of Equation {(11) is

is difficult to

of importance. Hence, apart from completeyly nonbonded
composites for which Equation (11) is not valid, the equa-

tion’§hows that for ‘constant r and Vv, the contribution

of the decohesed zone will be 2 maximum for the weakest
interface. This concept will be tested in thé presen£
work for a glass/partly-oxidised-Ni composite where the
oxidation time of the Ni paftic]es is varied from 0 to

120 minutes in steps of 30 minu tes. The-assumption

made in this case is that the increasiﬁg thickness of
oxide ltayer on‘the Ni increases the-interfaciaT bond \
strenggp between the‘glasé matrix and the particles. —That

this is the case was shown by Stett and Fulrath [11].

From this discussion it is clear that the formation

/
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Figure 4}a) Schematic Representation of Stress Variation around a Point

" 0(o(8)) and the Stress Needed to Break an gpterface (oT)
that lies at an Angle 6 to the Applied Stress. a) Inter-
face Not Failed b) Interface Failed.’

[

]

v :
Figure 4(b) , Formation of Pseudovoids around Non-bonded or Weakly-
bonded Second Phasé Particles in a Body Under Tension.
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of weak bonding between particies matrix and hence a
detohesed zone in front of a crack tip in brittle materials
could be a useful way to increase the toughngss of the
material, It must Qg pointed out hdwever, that this is
likely to lead to a decrease in strength as weak inter-

faces will act as sites for crack nucleation.

| ‘ <

. ii) Crack Front Shape Changes in the Vicinity

of Inclusions -

L 4

e There is substantial fractographic evidence in the

literature [33, 34, 35] that indicate a tendency for a

crack front to change shape as it approaches a second

phase particle. The shape change may be the result of an

jncrease in the elastic strain energy of the body as the
Palhas

] ' crack circumvents the particle, especially if.the particles

act to momentarily pin the crack front. 7This interaction

was first conceived By Lange [36] to explain increases in

N the fracture energy of g]ass A1203 composites [35] He
| . ‘ proposed that the increase in crack length as the crack
front changes shape, could contribute significantly to
the fractufe energj of a brittle, dispersed-phase compo-
site. Lange's model is shown in Figure 5(a) wherein ;
portion of a cnaek front is shown to intersect a 1inear;
ér}a& of é;ua11y spaced pinning positions. Prior to

stré%sing (and also whilst the crack is approaching the

-
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Figure 5(a)

o

Figure 5(b)
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Model used by Lange to represent the interaction of a
crack with a linear array of dispersed, dimensionless
inhomogenetties equally spaced by a distance 2R. The
straight line illustrates the crack front prior to stress-
ing. The bowed [gdsition shows the situation just prior to
breakaway and fracture.

-~
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< Inverse Interparutts Spaang a1l o

Fracture surface energy versus the inverse of mean frée path
for a sodium borosilicate g]ass conta1ning 3 size dispersions
(3.5, 11, & 44u%% of Al 0 is the fracture surface energy
of the glass wi outthe d1sper3ed phase.
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obstacle), it was assumed that the crack front is straight.
As the appTied stress increases the crack front bows between
the particles and so increases its length. Hypothesising
the existence of a "line-energy", the increase in length
can be related to an increase in elastic strain energy:
Qésed on the assumption that the pinning positions are
dimensionless points and that breakaway occurs whén the
crack front is semicirCU1ar;;Lange [36] geometrically
derived the following expression for the effegtive frac-

Wi
ture energy oT the composite

Yepr = Yo * T/ - (12)

»

where T is the crack line energy per unit length, d the
interparticle spacing and’yo the fracture energy of fhe
pure matrix. To determine the validity of his modé]

Lange [35] investigatgd the fracture energy of glass- -
A1203 composites and his results are shown in Figurg 5(b)
for three different size dispersjons. Thodgh the experi-
mental results verify the 1/d relationship, they a]éo
indicate that the increase in fracture energy depends on
the particle size. This was not predicteq by the original
model. To overcome this difficulty Lange further postu-
lated that the size of the particle may control its pinning
ability. A value for 1ipe energy per unit length, T, was

" -
estimated by dividing the elastic strain energy associated
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with a semicircular crack by its length:
T = —~g——-
3y,d _ (13)

-7 ’

The Lange Model suffers the following limitations:
¢ i) * the concept of associating the increased strain
energy due to the crack with its peripheral length may be
}easonab1e for a dislocation with its % - dependent stress
field but for a crack front stress field with a (-2:)l§ depen-
dence, it is not ctear that integration”resu1ts in a unique
line tension. In a recent review, Thomson [37] points this
out and stafeg that the‘tension will depend critically on
the cragk sh@pe. Thegefore, although tbe line tension
conEéfEihas been successful in modelling a pinned dislo-
cation, an ana]og&us treatment for a pinned crack may not

t

be*Suitable.

i:) ‘ tée‘iffect of the stress field of the particle
is ignorea”as also are any chanées of crack shape as a
result of this interacti%n. There is evidence that a
crack changes its shape.as it approaches a particle (Figure
. 4 and 5). The reason for this change is the elastic mis-
matgh between the inclusion and matrix. This will be
discudsed in detail in Chapter II1I.

iii) the particles themselves must make some contri-

bution to the fracture resistance and the mechanism of par-

o
¥

ticle cleavage or interfacial decohesion must be inqluded

M

MOy

~_.
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to understand the fracture process in such composites.
The problem of particle decohesion is often overlooked and
it may be that for maﬁy systems, the crack front is inter-
secting a decohesed particle (i.e., a\void) rather than well-
bonded second phase particles. It wa:\emphasized earlier
that in many brittle systems, the inter>hce between the particle
and matrix can be a source of inherent weakness. Ffurther,
there will be a tendency for a crack front to avoid well-
bonded particles of higher elastic ﬁodu]us than the matrix
duelto the location of e]astic‘stress concentrations, as
discussed in Chapter IIl. Lange also ignores the problem
of crack path.

Evans [38] modified Lange's treatment, taking a
fracture mechaniéa] approach to the problem. He relaxed
the following assumptions implicit in Lange's treafment;
(a) no interaction of the stress fields between different
line segments 'bowing' between pairs of obstacles, (b) the
line energy per unit length of fhe crackfront T is assumed
to be constant and independent of the shape of the crack-
front and (c) the maximum stress position for 'breakéway‘
is always at the ‘semi-circular' condition of the crackfront.
Evans [38] computed the elastic stored energy associated
with different crack shape configurations and in particular
compared the stress to move secondary Fracks between the

obstacles o with that to move the primary crack in the

—

~
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Model used by Evans to represent interaction of crack front
with a linear array of impenetrable obstacles by considering
the motion of secondary semi-elliptical flows in the stress
field of the primary crack.

'Figure 6(a)
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Figure 6(b) Plot of BA against c/t‘0 (after Evans(14)).
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absence of obstacles o, [Figuré 6(a)]. The significant
conclusions of Evan's model pertinent to the present study ;
are:

i) the ratio oA/oC is not constant but debenas
critically on the crack front shape at breakawayz Figure
6(b). Obviously the higher is the curvature of.the crack-
front, i.e. the larger is the angle of bowing, the-higher
is the ratio oA/oC 1'.e.~ the higher is the resistance to
crack propagation, '

EEED! the shape of the semielliptical cracks at
breékaway is always less eccentric than semicircular.

However, Evans also fgnored the problems of the
obstacle's elastic stress field, the-obtacle's failure
mechanisms i.e. cleavage or decohegfon and the crack path. <

u

ifi) Plastic Deformationspof the Second Phase AN

at the Craqk Tip

A second phase particle can only caugqe toughenin

if the partic1e.is more resistant to crack pr

than the matrix. For a system in which the particle
and matrix have comparable elastic and thermal expansion
properties, a toughening qan.on1y be obtained if G for
the pérticle‘exceeds G, for the matrix. It is feasible

that high stresses in the vicinity of a crack tip could |

induce plastic flow in second phase particles. Under.
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conditions of plain strain, the size of the plastic zone
(rg)~in front of a crack tip is éiven approximately by [39)
Kie 2
SR Y (14)
y 6n y
/

P

It is apparent that the size of the plastic zone will
increase as the yield strength of the second phase particles

decrease. Assuming reasonable values of'oy = 170 M.P.a and

KIC -1 MN/m3/2 for Ni particles in a glass matrix, a
plastic zone size of r - 2.0p m results. However, when
oy = 34 M.P.a and KIC =1 MN/m3/2 (for Al particles’™iwm

glas§§matrix)d a plastic zohe S0um in size results. For |
p1asticKQeformation of the sectnd phase particles, good L
bonding Between the matrix and particles must exist to
effectively transmit the high stress ahead of the crack
tip. fﬁrthe;’the stress field due to elastic or thermal
mismatch ‘between the par?ic1e and matrix should be negli-
giﬁle so as not to alter the crack path thereby causing
i(;to avoid the particles. In the latter case the inherent
toughness of the particles is not used. Plastic deforma-
tionN\of particles.in a brittle matrix was observed by
Menq§1son and Fine [40] for Fe in magnesiowustite. However
Hing ana Groves [41] did not obsgrve a significant increase

in fracture energy in MgQ crystals containing a ductile

dispersed phase.
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2.2 Crack Particle Interaction in Particulate

s

Composites

The interaction of & crack front and an array of
obstacles is influenced to a great extent by the nature
of the stress field developed around the inclusion due
to elastic and thermal mismatch between the inctusion
and matrix, and the nature and strength of the interfacial
bond between them. Tpe importance of the contributions
of such interactions to the overall toughening, tHough
recognized for some time, haF not been studied in detai]i
The available information on the nature of such stress
fields and their influence upon the toughness of the

particulate composites will now be summarized.

2.2.1 Effect of Elastic and Thermal Mismatch

on Toughness

If elastic constants such as Young's modu]%,
Poisson's ratio and Rigidity moduli are different for
tRe 1nc]usi$ns and matrix, e1gstic stress concentrations
rétated to the applied stregs will result. The stress
concentrations din an infin{te matrix due to the presence
of a circular and spherical inclusion (well bonded to

the matrix) were worked out by J. N. Goodiér [42] using

linear elastic theory, For simplicity, the radial (o ..) and
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tangential (068) components of the stress field around

a circular inclusion are: (in a polar co-ordinate

system)
o ; 2 4 .2
= -3 AL rr_cr
Opp = 3 (1+cos 28) + 20a[ A(S) + (B54 CSZ) cos 28]
Y 2 4
= 2 (1-cos ne _ gk
S = 7 (1-cos 26) + 20, LA(S) ‘B 4 oS 26} (15)

S

where r is the radius.of the bonded inclusion and s the
distance from the centre of the particle. The coefficients
A, B, C are retated to the elastic properties of the matrix

and inclusion ingﬁhe folTowing manner [42]:

. (1-2v;)6, - (1-2V )G, . G, - 6,
4[(1-2v,)6, +6] , 416, +(3-4V_)6;]
G, - G, - ,
¢ = (16)

2[6,+(3-4V _)G.]

In Equatilon (16) 6w 6. are the modulus of rigidity

of the matrix and in;lusiontanq Vo Vs

the Poisson's ratio of
the matrix and inclusion respectively. For a pore, Gi =0

which simplifies Equation (15) to

2 4 2 o
- 3 . 2
Opp = 20, i<l + (4 7" 2) cos 28] + 5 (1+cos 2¢)
2 4 :
r 3r )
Ogg ° 20,[—> - 7 =g cos 26] . (17} ,

x 45 S

. Lange [37} invesf%gatedr?hé’fracture methanicéi
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behaviour of g]ass—A1263 pa?tié%}ate composites. A signi-
ficant increase’ in fracture enerdy was obseryed and the
increase was attributed to an increase in crack front
length due to bowing. No attempt was made to include the’
effegi of the elastic mismatch between g]as; and A]203.

7

This, howevef, ig significant as EA1203: 6 Eg]ass' In
work on the glass-partly-oxidized-Ni system, Stett and
Fulrath [11] indicated that the stress concentrations
developed due to the elastic mismatch, may give rise to
Griffith flaws of 1eng§h such as to dggrade the composite
strength on 1linking up to form a crack of critical length.
However the interaction between this elastic field Qfd
the crack tip stress field was ﬁot studied. Also not
consideréd was the effect of this interaction on 16c51
crack shape, crack path and the consequeht overall toughenQ
ing of the composite.i These interactions and their effect
on the overall toughening will be gtudiea on the present
work for model Eomposite_systems.

If the thérma] expansion coefficients of the two
phases are different, hydrostatic stresses will result

in the particles [é] and shear stress a}ound the particle as the body
cools from its fabrication temperature. The elastic stresses developed by
this thérma1 contraction were calculated by Sef%ing (5].

He con§ider;d a sphérical inclusion of radius r in an

elastic matrix and showed that the stresses expressed as
, . ; .
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radial and tangential components are given by:

Ao AT 3 .
Opp ° (E) *

14V 1-2V,
mo i

2Em Ei‘_

& Ao AT r3
and . Ggg = 7 (;) (18)

1+V 1-2V., R
m-+ 1

2E E.

,om i

where Aa[=(am-ai)] is the difference of thermal expansion
coefficient of the matrix and the inclusion, AT the

temperature difference, and Em, E. the Young's moduli of

i
the matrix and inclusion respectively. Now if SRR

from (18), OrR is tefisile whereas o is compressive.

86

When o > a,.on the other hand, o, fis compressive and o

rr 88

is teﬁsilef With good bonding between the inclusion-and
matrix, the internal stress will be stored in the matrix

as "residual stress"”, wh;n a pre-existing crack approaches
a "residual st}?ss" zone, the crack stress field Oyy (for-
Mode I opening) is [influenced by this residué] stress. As -
a result a microcrack zone might form ahead of the main
crack. For example, Davidge and Green7[13] observed in the,
glass-thoria system that cracking -occurs around the inclu-
sion when the inclusion size is greater tham a critical” . a

size, though the magnitude of thermal stress is ‘independent

of particle size. Lange [45} pointed out that for a crack

-

-
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LY

to develop around an inclusion as a result of an internal
stress, Otota] r >(consfénw, where the constant depends

on the nature of the combosite. Hence éor a given system .‘
when otota]is fixed r has to have a certain value. In the
présent work the effect of thermal stress is eliminated

by matching the thermal expansion coefficients of the

glass and the inclusions. In this way the influence of

the elastic mismatch and interfacial bonding on toughen-

ing of the composites is studied exclusively.

2.2.2 The Effect of Interfacial Bonding: .

The inf1uencé of interfacial bonding on toughness has
receiQed the most attention in polymeric partic&]ate’bompo-'
siteé. In these materials the degree of bonding is con-
trolled by pretreating the particulate phase with‘coup1ing
ageﬁts. Sahu and Broutman [43] madeoa detailed gtudy of

an egoxy-g]ass sphere system. They found that the strength

‘of these system§ decreases with increasing volume fraction

glass spheres with a larger decrease for poorly bonded
systems. It has already been poinfed out (Section ?.1.2)'
that in weq?!y_bonded systems decohesion of tﬁe particles
may occur and, for these polymeric rticutate systems,

a drastic decrease in modular ratio will also occur. Hence

.the strength behaviour is similar that .associated with
. . ®

porosity: ‘Stett and Fuira;h [11] investigated the mechanical
- . > 4 A4 d

™

Lm' N



strength of glass-nickel sphere systems. By oxidizing
_the nickel, they formed a good bond and so increased the
strength of the composites dramatically for gfven volume

fractions of nickel. They a]so'reponed that the optimum

-bond strength depends upon the thickness of the oxide 1ayeF.

In tﬁe'present whrk it is also assumed that increasing the
thickness of the oxide layer is reflected by increasing
bond strength betweenﬂthe nickel and the g]assﬁ Tﬁis is
demonstrated via polished sections in Chapter IV. 1In the
Stett-Fulrath studies, [44, 11] the effect of the contin-
uously varying bond ;??gngth on the %ractu;e properties of
the pa§ticu1ate composite was not/studied in detail por was

its effect om:the local drack-particle interactions.

-~
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CHAPTER IT1I

THEORETICAL ANALYSIS .

. 3.1 The Nature of Elastic Stress

g» Concentration iﬁ Brittle Composites

' It is lnown that [4, 3] secbna phase inclusions
with different elastic moduli than the matrix give rise
to stress concentrations when a load is applied to a
particu]aEF composite. The form of this stress_concentra-
tion was degcribed id section 2.2.2 for a well bonded
circular inc]u@iqn. Based on Equation (15), the two
dimensional form of th% i;ostress contours for both the
radial and tahgential components of stress ?orr and cée)
are plotted in Figuré’7 and Figure 8 for Ni particles in
a glass matrix. Figure 9 shows the'isostres§ contouQ%Q
for the tangentia\ component, ogg, fOr a pore in glass.
From %hese plots and-the equations for stress concentration
arouhd an fncfusion, the following points can be noted:

i) ' for the glass-well bonded Ni particles, the .
maximum stress concentra?ion does not occur at the particle/
matrix interface but at a point in the g}ass slightly away .
from the interface (assuming the 'Ni particles to be well
bonded), For this case, the rigidity moquus for the Ni, (Gi)

is greater than that of the glass (Gm). The stress
) 14
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maximum gccurs in the radial component of the stress field
along thé'e = 00 direction (Figure 7.). The tangentja]
component oggg S tensile along e = 900 but less than\oapp.
This may however influence the velocity and shape of a
crack front approaching the second phase particle.

‘ ii) For a pore, thé\maximum stress concent;ation
occurs in the tangential component (°ee) of the stress

0 .
system (Figure‘s) along 6 = 90 . The maximum value of o,

; Y

for a pore is greater than the maximum value of o, for an

inclusion.
iii) If G, <Gm, Equation (15) indicates that
Tg6>>0, and is tensile in nature for the 6 = 900 orienta-

0
tion. For the orientation o = 0 , is compressive and

Y
" becomes tensile further into the matrix (Figure 9). 1In the
case of G]. > G, ‘Eq(uation (15) also indicates that 98 is always

smaller than o_ for any direction (Figure 8). is tensile

a Y

along both 8 = 900 and 00. There js a comppessive region in
the radial compo%ent 0. Near 8 = 900 for Gi > G; (Figure 7);
however the value of this compressive field is smal],’a1though
it may retard the local velocity of an approaching crack front
to a limited extent. = ,

Hence, dépending on the value of the elastic properties
of the second phase and the glass, the crack front velocity,
shape and crack'pathwil1 change. This is studied in detail

for the g]ass"— partly oxidized nickel system using an

ultrasonic fracture - surface modulation technique discussed
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in Chapter 1iv.

\

3.2 Model to Calculate the Change of KI Value

of a Moving Crack in the Presence of an

Elastic Mismatch:

. Using the complex variable approach and the elastic
solutions given by Muskhelishvilli [44], Tamate [45] and
Tirosh and Tetelman [46] showed that numerical solutions
can be obtained for the change of local stress intensity
factor for a crack approaching a cylindrical inclusion.
However,an estimate of the change of local KI values for
a crack, due to the presence of stress fields around
cylzndrica] as well as spherical inclusions, ﬁan be made
by adopting the concept of an "image stress” on the
crack front due to the inclusion it is approaching [47].
This approach gives a simple analytical solution for the
change of local crack driving force caused by elastic and
‘thermal stresses around inclusions. In the present
%nalysis the infiuence of thermal stress in not tféated as
the model composites investigated were designed to minimize
these stresses.

- Considering a crack moving on an infinite plane
coincident with the equatorial plane of an inclusion T e
(Figure 10); a biaxial stress condition exists aiong this

plane. If o, is the applied stress }n a hody containing

a
N
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Figure 10 The interaction between an inclusion and a crack in the
matrix.in the near vicinity of the inclusion.
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Fal

no inhomogenitics, the introduction of a second phase of
different elastic properties will change the stress

condition of the body i.e.

due to oa . a

4

Onew = (%4 T % (18)

where Oi is the stress concentration due to the presence

of the inclusions in tﬁe applied stress field, Oqs in

Lo

the absence of a crack. When a crack front is very near

the inclusion, 95 will mostly result from the on compo-

nent of t;j/yrack field and theggﬁfect of Iy will be
i

negligib19~in this case. Hence under this condition

¥

0nev;f T (Oi)due to o

o 0 (19)
Yy .

yy

The o, along the equatorial plaine of a circular
and spherff%]iinc]usion due to‘an'applied stress (in
this case the biaxial crack front stress ny = Oy
6 = Oborientation) can be found from Goodier's solution

along

[49] for the tangentiad component of the stress field

around a circular inclusion (Equation 15; rewritten for

Oa . ' ‘r r 2 r 2 .
0gp = 7 1-Cos 20) + ?oa[/\(.-s-) - B(3)  cos 26) | (20)

and around a spherical inclusion:

-

. : 3 ¥y C' 3 5
. % O a T mor By
Oge = 7 (1-c08 20)+53l(-A' =5 - g~ - =5~ )
s “'m s
3 5 .
+ {3C'—% - 2I1B' =) cos 28] . (21)
53 52 ~

N4

R
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In Equations (20) and (21), r is the radius of the
inclusion, s is the distance from the centre of the inclu-
sion (Figure 10) and A, B, A', B' and C' are constants

whose value depend on the elastic mismatch:

(1-2v.)6 _
A = 17 m , o Yy
4(]‘2Vi)Gm+Gi

A Gm - Gi (]—Zvi)(s-svm)ZGﬁ+(3+19Vi_20vai

X
2(7-5v )G _+(8-10V )G, (1-2v,)26 +(1+V,)G,

, [(1=V,) (149 /(14V )=V, ]6,-(1-2V )6 ’
(1»2V1.)ZGm + (1+Vi)Gi

B - Gm - Gi B = Gm - Gi

4(6,+(3-4Y)6.] 2(7-5V, )G +(8-10V )6,

T

5(1-2v )(6_-6.)

c' =
2(7-5V,)6,+(8-10V_ )6

For 6'= 8 + n/2 it follows, from Equation (20),

that. fon a circular inclusion:
. ‘% orn/2 T E“( cos 20) + 20, pe B(S) cos 26]

Hence in any direction, the biaxial tangential
component of stress due to the inclusion is [by addifion

of equations (20) and (22)];
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2

< o, oD = (o)) (23

(Oee)biaxial due to O,

When the crack front is very close to the inclusion
and is running in the 68' = 0° direction (Figure 10),

¥

Equation {23) modifies to;

\ 2

(oee)biaxial ) (Oyy)e=0 ¥ 4[(°yy)9'=0°]A(£o E(01')due to o (24)

Yy

as g >> 0
Yy a

Hence the "new stress" acting along the crack front

when it is close to the inclusion is [from Equations (19)

and (24)];,
Snew (Oee)bjaxial (oyy)6'=00
. |
2 -~
= v
= 4A(s) (°yy)e'=o
K ’
’ Jont { VT (25)

A

where %vis the distance of the crack front from the centre
of the inclusion and KI the stress intensity factor N
(Mode 1) .atfthe crack tip in the absence of the inélﬁsion.
This-o . wle.change the value of the crack intensity
factor KI of the.crack front by, "aK" undef the restriction
of the following boundary condition for the cfack—shown

in Figure 10:.
.l "

-
-
-

£
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kS
-
. ps=t
v ! 2 —
AK - f; Oimage [—5—— ds = 0 (26)
<= n(s-t)
where °1mage is equal to O ew given’in Equation (25) but
is acting in the opposite.direction so as to satisfy the
condition given in Equation (26). Hence from (26);
g s=t
2
PR
new
3 S = "(S_t)
2 s=t
. 4Ar~K ‘ 2
= I = -ZAY‘ KI' (27)
@ TVt s=o 2( t)2 t

For circular inclusion therefore, the effective

stress intensity factor for the crack front as it approaches

the-inclusion, is:
2Ar2)
2

» — £ »
(Knewlelastic mismatch "‘KI - AK K1+ N

(28)

Y .

Similarly for a spherical inclusion, using Equation

(21) for Goq and .the same procedure from Equations (22) to

(28), the effective stress in;enéity factor for the crack

front as it approaches .a sphericaf inclusion is,

3 0.78V C' 33
G-

new' elastic-mismatch =K [] -0. 39A

, 5
—(ﬁ—zv—T 3 - 0.820B '-‘15]

t

From the foregoing analysis (Equation.29),'it is

A

(20)

g

- Ao — —

.
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evident that the nature of the influernce of an inclusion

and a pore on thé crack driving force KI(Mode I) of an
approaching crack front is clearly different and charac-
terized by the value of the elastdc mismatch coefficients
A, B' and C'., If the values of A", B' and C' are such that
Knéw<K’ then the velocity of the }yﬁckfront will decrease

as it app4§aches the inclusion. On the other hand, if

the value of A', B' and C' are such that Kn w>K, then the

e
ve}ocityiof the crack front will increase as it-approaches

the inﬁbmogeneity. For example, in a gfass/we]]-bonded

Ni composite, A'=0.458, B'=-0.166 and C'=0.50, so that,

. Knew<K,(from~équation (29)) and the velocity of the crack N
front should locally decrease as it ;pproaéhes a spherical
well-bonded nicke] inclusion in a glass matrix. In fact

the velocity will be decreased for a spherical inclusion

for which 6,>6 . On the.other hand, fér a-pore Gi=61kd;)

so that Knew > K (from Eqﬁption 29) and an approaching

crack front wij be locally acée]grated towar@sjé pore.
However“thése changes ip the KI vaJues are smail for

example >12% well-bonded: Ni ‘particles and ~25% for-a pore

in é]ass. 'This kind of local decelerationor accg]eration

of the crack??oqt“neaf an inclusion or pore will change

the shape of the crgckfront as it approaches. Hence

from the experimental observation oé whether the crack

front is repelled or attracted or unaffected, the extent -
‘ , : .

\
v

>



and nature of the'interaction between the crack front and a

second. phase particle can be ififerred. In the case of a
L% I
well-bonded inclusion with G, >> G, the influence of ‘the

radial stress concentration o

rp at the poles Ff the

d
inclusion (Figure 7) may alter the crack path, influencing

i
the crack to avoid the particle &nd minimizing the inter-

action in such composites.

& 3 Summary of the Possible Conséquences of

Elastic '"Mismatch and Varying Interfacial

-and Strength: o , . - "

<

i) For elastic stress concentrations to deve&&p
as a résult df elastic mismatch between inclusion and
~matrix, good bonding is a prerequisite. If streﬁs conceﬁ-
trations do develop and the stress field ahead of an approach-
ing érack front cannot decohesé the intérface, the track,
may alter its path and thus totally avoid interaction with
the second ph;se. In this case tﬁe inherent toughnesé of
second phasé.is,not‘uti1ized and the improvement iéntoughf
ness may be insignificant. [In this £;se th'e only contfi-
bution to fracfure energy will be dug~to"thg creatifon of
~additiona1 surface as the crack avoids the particle. “Th{s ’

isﬂgiven by:

by, = Y. . AR = Yo -+ F . AS =" Y, F ar?

W e n cm e —a e
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‘o o
Qhere, for a bherica} partic]é’B Nradius r is the
.areal fraction of sgcﬂ‘particles oévthe fracture surface
and AS the increase in area (= nrz). ’

. ii) For particles which are-unbonded to the matrix,
there may be some toughening due to the local blunting of
the crack front, as discussed in Section 2.1.2. For weak
interfaces, decohesion may occur due to the stress field
ahead of the crack and the crack may then interact with
these 'pseu&oﬁores'. This may be an interesting toughen-
ing mechanism if the elastic m%smatch betweén inclusion
and matrix cannot be eliminated. The decohesion mechanism‘
6f toughening particulate composites is also discussed in
Section 2.2.2. ‘ .

iii) Thaisystemﬂwhere ;he elastic and thermal
mi}match‘between the matrix and second phase are minimized,
ﬁ‘and the,bpnding between the matrix and inclusion is hdigher
than the yielﬁ strengtﬁ of second phase, will give optimum
toughness. \ ’ »

These aspects of fracture and 6f‘]oca1 crack-pgrticle
interac}iop’qre studied in the p;esent work uTing fracture
toughness 'data, S.E.M, fractography and ultrasonic fracto-
graphy on model composite systems. The bonding strength’
betweeh matrix and inclusion is continuously varied with:

fixed.elastic mismatch. Thermal stresses are eliminated.
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The glass we{]-bonded‘paﬁtially—oxidiied aluminum composite
was studied to check the experimental findings for optimi-

zation of the toughness of a brittle particulate composite.

o .

3.4 Theoretical Basis of the Experimental Methods:

3.4.1 Measurement of GIC in Brittie Materials:

In fracture mechanics testing, a crack of known
length is introduced into a sample and from a knowledge of
1c °" Krc
- be determined. For brittle materials, it is usually

the applied load at failure, the values of G can
assumed that fracture occurs when the normal strgss in

the vicinity of the crack tip reaches the critic;H value
for bond rupture. There will be a critical value of Kic
corresponding to this condjiion‘ahd this is a material
parameter. The measurement of stress inténsity for fast
fragture, KIC’ has shown this to be the case when fracture
occurs by Mode I opening under plane strain conditions.

For very br%tt1é matéria]s the Jlateral constraint along

the crack front generally ensu;es the plane strain condition.
In less brittle materiélﬁ, plastiq flow can relax this
consf?aint prpducing11arger plane stress regiohé. To0

ensure blane sgrain conditions in the present caée,!the
sampie thickness 1is choseﬁ to be greater than 2.5(;12)2

[8). "The thickness constraint is often satisfied for

- >
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highly brittle materials though the sample must be thick

enough to be microstructurally representative. The 2
limited pfﬁsticity generally allows fracture mechanics to o
be used in an ideal way. '

The specimen geometry chosen for this work was the
double cantilever beam (Figure lf). This specimen geometry
was first adopted for brittle materials by Gi]mann (48] .

An expression for&the stress intensity factor was worked

out by Weiderhorn et al [57]:

3 Pa .
KI = 3.45 B—h—37—2-{] + .66 h/a]

Evans [56] pointed out that the use of the bCB test
for opaque samples 1is difficuﬁt as thé crack Yength is
difficult to measure ana also because of slow crack growth
before the onset of critical failure. To remove these N
difficulties, Kannien [49] and Hoagland [50] ‘suggested

that the G values can be obtained by compliance measure-

IC
ments. The- strain energy release rate GI is related to

ch'through the following Equation [8]:
K‘Iz p? ¢ .
T ET o S 50
where ¢ is the compliance of the sample = % , Y being the

-

deflection at Toad P, dA the change of area due to crack

extension i.e. the change of crack length 'da' for unit

<

s
.
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Figure 11 Specimen Geometry for Double Cantilever Beam Fracture.
Toughness Testing.
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N

N
thickness. of the sample. From expression (30) for GI’
for unit thickness,
) a
¢ 5‘5 g? G, . da . b '
P &

The bending moment of a cantilever beam rigidly

attached at one eﬁd is given by [58];

3
_ 2Pa .
Y o= 3E (31)

where Y is the total deflection of both beams, I the
moment of inertia of the be4@=§bout its neutral axis
(= 623) and E the Young's modulus of the beam.

Expression (31) does not account for shear deforma-
tion in the beams. .Further, for double cantilever beam
specimens, the ends of the beams argvnot rigidly fixed
but are attached to the rest of the sample. Recently,
using the beam on elastic foundations approach, Kannien
[49] gave the following expression for the deflection of
the beam as a function of crack length ‘'a’';

2P 3

- h .
Y = — (1 + .68 1) (32)
¢ 3E1 ac :

From Equation (30) therefore;

LN ZFP a ' -
(= g+ 64\uc) (33)

-

e e
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It is clear from Equations (33) and (30) that load-

daflection measurements can be used to determine K and

IC
consequently GIC‘ Hence the difficulty of measuring the
crack length in opaque materials can be circumvented.
However the deflection YC of brittle ceramic materials

prigr to fracture is very small (<,010") and its .accurate
determination requires the use of ultra-sensitive resistance

strain gauges. This method of obtaining G through load-

IC
deflection data is more advantageous than the meth&d involv-

ing measurement of .crack length because the slow crack

growth that may olcur before critical crack propagation ]
even in the most brittle ceramic materials is irrelevant.

When G is obtained from the load-deflection curwes, the

IC
onset of critical propagation is characterized by the
,Sudden drop in the load and the def]ection"{c at -this

point i3 related to the critical crack length, a through

e’
Equatiog (32). Since the displacements a>h measured directly
yia a strain gauge and the loads for fracture ‘are usually
small (<50 1bs.), the stiffness of the testing rig, does
influence the fracture toughness values.

Another important aspect to consider in DCB testing
for fracture toughness is a tendency for an unconstrained

crack to turn from the desired plane of extension and

break off one'beam, [59]. To promote planar extension,

J D

[P
<

Wi ¢ e A
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it is a common practice to introduce side-grooves in the

specimen to gquide the c¢rack path. These side grooves

i.e.:
- i) a width correction must be applied to acgount
for the reduced fracture surface area. ///
ii) a moment of inertia correction to account fog
the reduction in strain-energy stored in the specimen
beams. This Qgrrection is usually small and often neglected.
Hoagland [50} introduced the correction for reduced
fracture surface area and gave the following expression for
fracture toughness GIC of a britt}e mate}ia1 tested in the D(CB
loading conﬁigu#ation with sideigrooves,using Kannien‘g

expression [49] for deflection, Y, of a beam and Equation (30),

© 4 2
B SIS (34) °,
IC b 4EI .

4 . -l

G

where PC and Yc are cornespondingly the critical load ?nd
deflection of the beams at the initiation of critical <5
propagation qf the sharp crack.

Finally in the DCB testing of britt]eAmaperia1sJ
care must be taken in the design of ;he loading fixture
because of the low loads required for fracture. Proper

alignment is critical and the loading fixture must minimize

. .
.
N 4,
Y
LY

N //-‘. .
require two corrections to the earlier expression to GIC<;//{//

=

e et i



53.

-

RS

the Mbqémll and Mode Il stress compongnts.

The elastic constant E apbears'in the expression
for strain energy release rate GIC (Equatg%n 34). The
etastic moduli of the composites were determined by static
tests in which relatively Ia:ge loads were applied to the
bend specimens and the resulting deflections measured. A
value of the Young's modulus can be determined from the
four point bend strength tests [described in the next

section] using the relationship [9]

E = __ZE~§ (35
32 8w

This is considered however, to give only approximate
results and the deflection & was measured from load time
»graph. These experimentally detérminea values are less
accurate than the values determinéd by ultrasonic methods
[9] but can be utilized nevertheless in GIC calculations
because a slight error in the measurement of E (e.g. 10%)
gives rise to an overall errar of I3.3% in GIC as GIC varies

as E']/3.

3.4.2 Fracture Strength Measurements by

Four Point Bend:

Strength measuremenis are generQEIy used for two

purposes; to compare the reltative merits of differept

]

Linironn
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materials and to provide data for adequate design of engi-
neering structures. The strengthbtesé}ng of brittle
materials can be a diffiCU{t‘process as imperfections in
the test apparatus and specimens give rise to undesirable
and unaccountable stresses, accommodatable onl"in ductiie
materials. The direct uniaxial tension test ?ppears to be
the simplest for strength testing but gripping problems
with brittle materidls make the experimental details
difficult. EIn thishrespéct:mbend tests are often used to
obtain strength data as elasticity theorx.shows that the
outermost fibres of a 6end specimen experience uniaxial
tension. Comparison between bend and direct tension test
results show that less ene}gy is stored in the system in
: bend test. The bend-test is thus a "harder" test. In
particd]ar, the four-point-bend test is usually adopted

in the testing of ceramic materials as it.-provides a maxi-
mum constant moment over a substantial length of specimen.-
The idealized mament and loading .conditions are shown in
Figure 12. Failure occurs between the inner load points.
Any strgngth data arising from failure outside this region
are rejected. Assuming the material to be: homogeneous ang

lTinear elastic, simple beam theory [58] yieldSs the longi-

tudinal stress o, as:
"t
I

B

Cu =
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Figure 12

«

i
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»

e
Specimen Configuration and Idealized Moment and Loading
Distribution for a Four Point Bend Fracture Test.
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where I is the moment of inertia of the section and M is
the bending-moment. It can be shown that [61] o, gives
N

rise to a maximum outer fibre stress w?
}
N

.. PXH N “ ‘
“max ° &1 : \\ (36)
3p 3 / |
- XW . . bh
or Tmax - EK§~ where 1 T——

The major sources of error jn this confiquration are:

i) friction forces at the load points

ii) incorrect ébacing of the load points and
unequal distributian of the loads

iii}  twisting and wedging.

To eliminate this, a special testing rig was used
(designed by Hoag]ahd [50]) which has a self-aligning mecha-

4

nism,

3.4.3 Ultrasonic Fractography:

It is well-known that Wallner lines are produced on
glass fracture ;uffaces [62] when a distortional stress
wave interacts wit%lthe crackhﬂwnﬁ .These.lines can be
used to determine. the crack velocity. Kerkhoff [51]

developed a technique for producing artificial Wallner lines
‘ . .

on fracture surfaces. This gives ripple markings in'a

S

systematic- way rather than in a naturally occural%g fashion.
The markihgs are produced by sending a transverse 'shear wave
.

I
|
i
I
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of ultrasonic frequency throulgh the sampie at the same
time as a crack is propagati 9 through the material. The
fracture path is therefore, ;dulated leaving permanent
'ripple’ markinés on the f re surface, Crack velo-

cities can be obtained easily from the ripple spécing and

the known frequenty of the shear wa&é i.e.

Vioca] S d xm (37)

where d ~ is the ripple spacingand n is the frequency of
the imposéi wave.,
| ' ) The ultrasonic method is bettér than 'cine' techniques
for measuring crack Velocixﬁgs as it leaves a permanent
record of the fracture process on @he fracture surface.
Another aspect of ultrasonic ripple markings is that they
also serve as a record of the shape. of the crack front. This
aspect has been exploited recently by Green [9] in studying
crack-particle interactions in brittie glass porous inclu-
sion systems. A brief account of the theoretical aspects
of formation.of rippfe markings is given below.

_ According to the normal stress hypothe§is [51C] the
crack front will always propagate in a direction perpendi- ’;227
cﬁ]ar fo the maximum principal stress present at any given
moment., in th%s,way the crack is guided by the principal
stress at ,any given moment and the elastic processes arve

‘documented’ oq}a‘the fracture surface. The interaction o
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of the fracture Stress and the elastic events can be used
to investigate crack propagat{on. In his treatment of the
problem, Kerkhoff [51b] assumes that the transvErse stress
components are sma1].and considers only.those stress compo-
nents in a plane perpendicular to the crack front Qnd hence
the crack direction is altered only in the plane perbendi-
cular to the crack front. .

For simplicity, chijder tensile shock 10aging situa-
tions where the maximum principal stress o that was origi-
nally in the direction of the applied stress o is altered
(Figure 13a). The superposition of the applied stress and
the shock wave stress changes the magnitude and direction
of the principal tensile stress momentari]y‘and it will now
act at a different angle y. The change of directiof will
be defined by same angle (Figure 13a).

For a mathematical treatment, the directién of the

!

shockwave is defined by the positive x' direction (Figure |

i

'

13a) of the .right-angled coordinate system (x',y'). This
system is rotated against the body fixed system (x, y} _ ﬁ}
depending on the incidence of the impressed wave. (a, 8)

represents the angle between the wave npr@pla(in X' g

direction) and the positive x axis for a longitudinal and K

transverse wave respectively. After the action of a

modulated stress, the fracture surface subtends an angle

i

4
TP
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Figure 13(a)

Co-ordinate System for the Theoretical Discussion of
Interaction of Elastic Waves with aCrack Front. Op
denotes the Quasi-static Applied Tensile Stress in the

~ y Direction. The Normal of the Modulating Wave is in

the x' Direction. The Change in Crack Direction is
denoted by the Angle vy.
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v with the original direction. For a shear shock in the
x' direction the stress components in the (x', y') stress

tensor are:

0 -T
( ) where T = magnitude of imposed shear
-T. 0 . )
stress. ’ -

which transforms to (x, y) system as IKerkhoff, 51(b)];

-T sin 28 T cos 2 B
(-r cos 28 9a + 1 sin 28)

The quasi-static stress 9 is simply superimposed ¢n

the transformed o component. The principal stress axis

Yy
is given by:

‘ - 2t cos 28 w .o
tan 2y = op * 2t sin 28° ‘

For a weak shear wave this gives: .

y = L cos 28 (38)
. o
A
Hence, from Equation (38), the change in crack
direction depends on the stress ratio r/oA and the angle
of incidence of the shear shock. For a weak transverse

wave there wi]]ubé no modulation for éng]e; of incidence

of B ¥ /4. “Optimum modulation will occur for B=0 or

+ n/2.- However, in shock loading, determination of the
local velocity change is not possible as the ripple mark-

&
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ings on the fracture surface are not repetitive. If a
continuous ultrasonic wave modulates the crack surface
and the frequenqy interval of,the wave issused, it is
possible to calculate the change of crack front velocity
as it approacheé an elastic disturbance through Equation
(37). Such ultrasonic ripple markings on a plain glass
surface are shown in Figure 13b. '

The most suitable method for phqtographing an
ultrasonicaly modulated fracture surface was found to be
the incident-light shadow method [9]. This is based on
a defocussed image of the fracture surface and an example
is shown in Figure 14. The ripple markings are very
shallow (<0.1 microq) but can act as parabolic cylindrical
mirrors to focus the light on reference planes R0 a_nd'Ru
as line foci. The magnificatioh»may be in slight err?r in
this technique 'since the surface (Ob) does not coincide
with Ru or Rb; however, this error will be 'systematié'
for all velocity measurementsiand will not~interfere with
the‘overall picture of the change of velocity of crack front
as it approaches a disturbance. In?erference microscoby is
also useful for studying thg}surface topography; however
-rough surfaces make interpretatioﬁ difficult sometimes.
For e]ectéon micrbscopy (SEM), largerjsurface deflections

are needed to obtain acceptable image contrast. Improved



Figure 13(b)

~ Field, Cambridge.
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v

Ultrasonically-modulated Fracture Surfaces for Two
Samples broken under Tension. Specimen é) courtesy
of Dr. F. Kerkhof, Freiburg, b) courtesy of Dr. J. E.

7 . 4
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Figure 14 Prjncip]e of Viewing the Ultrasonic¢ Lines using a Defocussed
Optical Image,
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resolution was obtained in the present study using a

Nomarski interference technique [64].

For crack velocity determinations, good photographic

/

reproductions af the fracture markings and accyratEfﬁeaSure-
ments of the ultrasonic wave frequency ara\zéfeéééry. The
error in frequency measurements is generally <1% for
commercial frequency counters in ;his high frequency range

and so it is important to measure, d, the ripple spacings,

accurately.

)
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CHAPTER IV
EXPERIMENTAL AND RESULTS

4.1 Overview of the Experimental Programme:

( :
4.1.1 Formulation of Model Composite Systems:

gince the elastic mismatch between the inclusion and
matrix and the extent of,iﬁterfacia1 bopding between
them, will inf1gence the crack probagation behaviour in
a particulate composite, an experimental project was
undertaken using glass/nickel, glass/aluminum and glass/
alumina composites. Table IVA gives the composition of
the glasses used with the relevant elastic and thermal
coefficients. The elastic and thermal properties of the
ingljsionsware also listed in Table IVA for comparison.
The thermal expansion coefficients of the glass matrix, and
the inclusions were closely matched in all systems to
minimize the effect of therma] stress on the crack propa-
gat1on behav10ur This matchlng faciliates clear identi-
fication of the effeét of elastic mismatch upon the crack
propagation behaviour. Glass was choSep as the matrix
material because it is an ideal "Griffith material" with
no internal surfaces. Also, as thg physic;}\iroperties of
glass can beltai]ored by variations of cﬁemica] composi-

tion'(sée for example, the thermal expansion coefficient

65.
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. TABLE IV (A) (Abbreviations used are defined in Text)

-, Glass Second Nolume Particle| am ai Em Ei . _
| Composite Compositions | Phases [fraction Size X1076 X107¢ X108 X10%  [Vm [ Vi P p;
Systems (%WF) (A) {per c) |(per %¢)|(P.S.1.){(P.S.1.) )
. — - :
. oo o .
I 55% Si0, Lo e © {
S5 s B , .
15% A1,0; QEO nf™ - :
w—0 s, C o~ o ~ ,
T .8E|°Eex S N 13.8 13.9 9.8 30 .21 .40 (2.4718.9
30% Na,0 ¢ LQl¥ac™ w + v
=0 T o= etE -5
(S glass) Soce |5 .NE| ow J
. “ B Q 0O _..OI. E ¢
o © - R ORO f ,
o D+ ~ o

ion
.

I1 50% S,j0,

4+
[ AN -
37% Naz0 82w | & 4-16.0 ~16.0 9.1 ~9.0 |.21 .40 |2.47|2.74
7% Al1,05 5°E | s N : .
6% Li,0 s58 | . + 7
>ET | ¥ S :
(Mglass) | TEE | T SE \ -
exo o ! -
111 : ‘ .
70% Si0, o~ .
162 Naj0 s 3 o SN ~ .
2¢ - == 178.0 8.0 n.7 60 .21 .25712.47 (3.9
14% B0, o.n.,w. 2% "= _
(D glass) o S S & :
-4 O od )
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N

values in Table Iy(A)),it is an-ideal matrix material.

Table IV(B; summarizes the purpose of investigating -
the choseﬁ systems. The glass/Ni system was chosen because
of reported work on the effect of interfacial bondingxgn
the mechanical strength of this particulate system [11].
The nature of the interfacial bonding in this system can be
controlled by varying the oxidation time_of the nickel par-
ticles [11] Thelsystem also allows examination of the effect
of elastic mismatch on crack prOpaéation b;hav?our; moreover, g
the Ni particles being ductile, have a high infierent tough-
ness.

The glass/aluminum system was chosen because e
elastic mismatch between inclusion and matrix is minimized.
Hence, the crack will not follow any preferrential path in
the matrix as it is undisturbed by any elastic stress f%eld
due to elastic mismatch. Here the toughness of the Al par-
ticles may be effectively , privided satisfactory bond-

ing between the glass and thé*+ﬁt]usion can be induced.

This was ensured Dy partdally oxidizing the Al particles

for three hours at 450°¢. ’,,_\\‘\\’_‘\\‘
The glass/A1,0, system was studied to eluci ?f// P

crack-particlie interactions in a brittlévhci;tTg/;i:Zosite

wherein ‘the elastic mismatch between the inclusion and

~

matrix is large i.e. E =6t However spherodi-
A1203

glass’

[ il
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Seh

zation of the A]203 particles was a problem as this process
gave rise to internal porosity reducing the effective elas-
tic modulus. Hence, the purpose of’this aspect of the
study was not fulfilled and detailed study was abaﬁdoned.
Also many fractographic and fracture toughness results are
already available in this system [33, 36].

s

4.2 Preparation of Composites

The preparation of the model composites involved a

series of fabrication steps.

4,2.1 Making of Glasses From Raw Materié]s:

The compositions of S glfss, M glass and D glass
are given in Table IV(A). The r materials for the
respective glasses were dry mixed in a tumble mill and
then melted and fired in a fireclay crucible in an electric
globar furnace at ~ 1450%C for the S glass, ~ 1400°¢ fo;
“the D glass and ~ 1050°C for the M glass. During heating,
the powders were first calcined at 700°C for eight hours.
before the;temperature was raised to the respecfive melting

k4
temperatures. This calcination procedure was suggested by

Lange [33]”to reduce excessive water and gas absorption - -
during mMelting which subseduently influences the hot press-

ingAbehavﬁour of the powder. The melts were kept at their

L]
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respective temperafures for ten hours to "fine" [removal ;
‘%f bubbles] and eaqh was then cast into a graphite moid. ‘ !
The coarse #ractufed glass was then.ground by pass-
ing it through a jaw crusher followed by a pulverizer. - Ther/) =
resultant glass poners were characterized by density and
chemical analysis Qo determine the level of Fe and C conta-
minatioé of the g?éss. Neglegible amounts were detected.

i

4.2.2 Secqnd Phase Particles:

The nickel ﬂowder was purchased in smooth spherical
- form from Sher;it-dordon Limited (OSF 100x150 grade powder). The
partic]e-size-disteibution was determined by Green [9] using
projected diameter:measurements from SEM micrographs (Figure
15a). Chemical andlysis and dénsfty measuremené; were also :
made on these powdgﬁs (Green [9]). A

The,a]uminu@ partic]és (purity > 99.9%) were purchased
from Alcan A]uminu@ CorporatjonAat Berke1ey%‘Ca1if0rnia (Lot
No. SP-276, Grade M.D.‘x‘-85)hand had a particle size distri- ' C
butign of (-109; +140 mesh). Though the manufacturer stated

the par%ic]es to be nearly spherical, they were mostly oraloid.

Aftempt§~were,madefto spherodize them by passing them through
) ~

3

a carbon arc.  This did not 1mprove'%heir shape.
Pure A1203 particles (purity > 99.9%) were purchased

from Fisher Scientific Compaﬁy with a size distribution
: ! . ® .
(-120, +140 mesh).. These particles were not spherical,
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Attempts to spherodize by passing them through a carbon
arc in a neutral atmosphere, produced porous A1203.. This
is a common problem in producing spherical alumina parti-

cles [58]. This porous A1,0, has a Tow elastic-modulus.

4.2.3 Thé Oxidation of the Nickel Particles:

Nickel particles were sieved to (-100, +140) mesh
and then oxidized lo'grams at a time at 750°¢C using a:
wide-bottom alumina crucible. This procedure provides
quick maintenance of temperature equi]ibriym and hence,
uniform oxidation. The particles were we}ghed before and
after oxidation to determine the percentage weight bain.
The procedure was repeated for all batches,and the average
weight gain calculated. A plot of average % weight gain
versus oxidation time is given in Figure (15b).

A1 particles were also oxidized in a similar fashion
but in this case, the oxidation time was fixed at three
hours and the oxidatitn temperature at 450°c. An average %
weight gain of 0.57% was recorded. The réddced oxidation
of the Al partié]es in compar%son with the nickel results
* from the passive layer 6f A]ZO3 thch forms on Fhe surface
of the particles hindering fgrther oxidation of.the .Al

particles.
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-

4.2.4 " Hot Pressing of the Glass Cohposites:

Appropriate fractions of the glasses and second -
phase particles were mixed in a glass bottle and rotated
for 24 hours. These mixtures were ﬁ]aced in a‘graphi%e
mé]d/p]unger arrangement and vacuum-hot-pressed to form
thé composite discs. Figure (16) shows the hot pressing
arrangement. The die wds positioned between the steel "
plungers in the vacuum chambeé. A Pt - Pt 10% Rh thérmoﬁ?
couple was inserted in the mold body (by drilling a small
hole at the tquof the mold) to measuré the température
and-the system was evacuated to less than 0.2 Pa. Induc-
tion heating was employed using 2 62 mm diameter coﬁper
coil attached to a Tocco RF generator. An LVTD attached
to the upper plunger was used to indicate the sample
shrinkage. The temperature was raised slowly to about 300°¢C
for S glass and D glass composites énd then a small pressure

of 0.3 MPa was applied. The application of this small load

_was found helpful in preventing evolution of absorbed gas

whichAgives serious problems in th pressing glass [9]).
The.ﬁemperﬁfur[\W&githen rgised to 675°C(fbﬁ S 'glass and D
glass compositqj densification unher the small load |
ceased. ‘The f*ha1‘dens\ﬁicétion pressure 6f 8 MPa was
applied slowly (to gkevent“extruiion of viscous,g]a;s

around the graphite spaces). The pressure was applied for.
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~ 30 minutes to allow final densification. The furnace

was then turned off slowly allowing the sample to caol.

The slow cool was aided\by the high vacuum maintained
inside the hot pressing chamber. Usually removal of the
hot pressed composite disc without bfeaking posed a se;ious
problem due to a partial sticking of glassy phase to the
graphite mold. This problem was overcome by coating the
mold surfaces with a boron nitride lubricant.

The hot pressed”samples were annealed at 52006 %or )
four hours to remove residuai fabricétion stresses. The
discs were dark because of graphite contamination of the
surface. The inside of the disc had a green tint due ;o
slight iron contamination during the grin&ing process.

‘ The hot pressing temperature for the M glass compo-
site #as 500°C.  Here the .initial Joad of 0.8 MPa was
applied at ~ 200°¢.

The, theoretical aspectSvofvhotLpressing will not

be discussed as this was discussed by Gregn [9]..

4.3 Sample Characterization:

The hot pressed composite discs wefe charactesrized
withhrespect to density and microstruétgra] detail. . Hot
presséd samples less than 95% theoreticaliy dense were

rejected. . ' .

'
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4.3.1 Density Measuyements: \\

The bulk or apparent density of thé samples was
measured by the Archimedes water displacement method. " A
c}ean dry sample was weighed in air to give WN\ts unsaturated

eaker of

weight (Nd).' The sample was then placed in a %
boiling distilled water to remove untrapped aip\and fill
the open pores. The sample and water we;e cooleé\to room-
temperature and the saturated weight of the samp]g\yas
determlned The sample ‘was then suspended in a beanr of
d1st111ed water so- that it is totally submerged. The®
we1ght (NSS) af the submerged and saturated sample was
determwned and the water temperature noted The density
oL of the water at that tempergture was’found in a hand-

book [59]. The bulk density and apparent density weré

then éa1¢u1ated from;

wob, 2 _ ,
Wg™¥sq

WD

WD-WSS

4.3.2 Miqrostructura] Characterization

<

Y of Hot Pressed Samples

i)  'Polished Sections:

¥

Typica]epolished sections of the hof pressed S glass
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partly oxidized Ni systems for oxidation times, between 0
and 120 min§ in steps of 30 mins, are shown in Figures
17(a, b, ¢, d, e). The polished sections clearly show
that as the oxidation time increased, the oxide layer
thickness increased. The extent of bonding with the
g]ass&nmatrix was assgmed to increase according}y (Figure
]35. Figure (18) shows that polished sections J} the M
glass - Al system. A considerable bond*has developed .
between the glass and the second phase Al. Figure (19)
shows a magnified SEM fractograph of the D glass - A1203
composite., The striking feature of this micrograph is
that, apart from goad bonding between the glass and A1203;
the latter is highly porous. This reduces the effective

elastic modulus of the A1203 particles considerably.

ii)  Quantitive Microscopy:

Since the main objectivé of this study is to investi-
gate local crack-particle interactions in detail rather than
to explore the influence of interparticle spacing and particle
size etc. on the fracture toughness, these parameters were
not investigated in detail. Only a brief summary of these
parameters and contiquity problems in two phase systems is
given here; a.detailed account of the use of quantative
microscbpy to determine particle size distribution - inter-

particle spacing etc. is given elsewhere [9].

*
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Figure 17(a) Polished section of
O min. oxidized Nickel particles
in Nickel - S glass composite,

Figure 17(c) Polished section bf
60 min. oxidized Nickel particles
in Nickel - S glass composite
(X%680) .

79.

Figure 17(b) Polished section of
30 min. oxidized Nickel particles
in Nickel - S glass composite,

Figure 17(d) Polished section,of
90 min. oxidized Nickel particles
in Nickel - S glass composite,

{X680) .



Figure 17(e) Polished section of 120 min. oxidized Nickel particles in '
Nickel - S glass composite, (X680).

/ v

Figure 18 Polished section of " - Figure 19 Fracture section of -
2 hour oxidized Al particles in AIZO3 particles in D glass - ~
M glass - Aluminum composite, ‘ A1203 composite. Note the "

(X580) . . . parositylin A1203, (X§00).

4



The interparticle spacing, d, for each volume e
fraction of-a second phase can be determined considering
the nearest neighbour distance between two finite size

spherical particles u?ing the following expression (after

Kocks [67]).

_ 27 v 1/2 Tr .
d = S - 3
r(3vf) > (39)

where r is the radius of the particle and V. their volume
fraction. The second term in Equation (39) accounts for
the finite size of the particles. Equation {39) can be
rewritten as ’ ~e
r '
d =z 4o - — ) 40
5 (40)

-1 '
where A = NA : NA being the number of intercepts on unit

test area determined by quantitive micro§topy.i Frqy Equé-
tion (39) it is clear that d can also be calculated from
initial particle size distribution and volume fraction.

Table IV(C) summbyizes the particle parameters such
as particle diameters Dﬁiean free paths and interparticle
spacing)‘d' of glass - nbnbonded Ni system calculated and
measured re¥pectively before and after fabrication of the
composites {(see [9]): ‘It is clear that there js a differ-
ence between the in erpartic]e.spacing d obtained before
aﬁd after fabricat%l

n due to contiquity of particles in the

two phase systems; this difference however, is unimportant /



82.

“(16)

~F

13130) UOLIRDILUQR4 48}y PUR BU0JIG SJ3]3WRUeY 3[DL1I4R4 4O UOSLURCWO)

SNIBYCS pDuzZls
-oucm JO uOTINQIIAISTP wopuel v JulwmsSsSe OF WOl pale[ndied

‘ 4 ¥ ¥
§3 Insax jecizuepnb wouj &
L]
sa1ayds paz1sS-0ucW jO LOIINGTIIISTP paunsse *
aapsod 133O1IU UO paanspIW Se I3Iaweip 2715133ed afeaoaer 51 °q

JAL

.
i

9°06 01T | 9¢¢€ 0S¢ (€11)291 u
811 @A 9¢S 00$ (124891 u
961 1| 508 06¢L (014)091 Y
162 987 | og¢wl 08¢1 (E1+)LSGT (91-+)2Z€1

0Z°0
S1°0
01°0
90T

#(etyp| xx(mr) P (Y lax(mr)Y #x  (ur) a (url) oq




83.

in the present studf which éoes not consider the influence
of interparticle spacing on the fracture mecha&iga1 beha-
viour gf thée composites. It is also possible to compare
particle size distr%butions before and after fabrication,
. but this too was not investigated in the present study.
The volume fraction of seéond phase considered here is
that-calculated from the mixing with glass powders before

hot pressing i.e. ‘

| \ V 4]

-
where V', W' and p' are the volume fraction, weight fraction .

and density of second phaée particles respectively.

4.4 -Measurement of Fracture Toughness and Strength:

4.4.1  Measurement of G . by D.C. B, Method

The D.C.B. testing method discussed in Section 3.3.1
was used in the present study to determiﬁe the GIC values
‘of the glass.composites. The loading rig used for this
st;éy isxéhdwn in Figure (20). A counter-balance weight
minimiées the effect of sample weight and a hinged lower
grip ensures vertical é]ignment. The top and bottom grips
were aligned p%ior to testing with a template. The Toad

was applied via steel piﬁs inserted into the holes of

steel loading tab's glded to the arms of the sample. Ultra-
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sonic drilling of holes into the specimgn arms was avoided
q;caﬂse these often result in failure of the brittle compo-
Jsites. )

The GIC values were calculated from the following
formula [see Section 3.3.1] first suggested by Hoagland et.
al. [50] for a side grooved specimen;

4, 2
1 9PC Y 1/3

- C
Sic - 5laEr (42)

-

where b is the width of the fracture surface in the side grooved
DCB specimen, P and Y are respectively ‘the critical load.
and critical~total deflections of the beam, E thé Qoung's
modu1us of the cbmposite and I the moment of inertia of
the beam about&its néutra] axis. The deflection Y_ was
meagured using a transverge strain sensor* with a ﬁaximum
opening of .020". The load at failure was measured using
using‘é conventional load cell.**

Pribr to testing the samples by the DCB method,{{aIC
values for standard Cor;ing 7740 pyrex glass samples were
detérmined. The G values for this materYaT are wei]

iC

documented in the literature [60]. The GIC

{
values obtain%f
"were within 10 percent of the literature values and A~

considered'accepiab]e. Caré was taken to calibrate thle

strain gauge for each sample width as the calibration varies

(¥t

=

* Instron Model #G57-11  * Instron Model #1355CT.
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¥4

= .
for di?fereﬁf sample widths. The errdrs involved in these
measurements are discussed in Appendix II. "The respective
elastic médu]i\of the composites were determined from. four-
point-bend data whére the elastic modulus is given by:

7p

E =
326w3

where P, & are the load and corresponding deflections of

the bond specimen.

4.3.2 Fracture Strength by -Four Point Bend Method:

Tﬂe fracture strength was determined on machined
tmmx 10mmx40mm samp]es“u§ing the four point bend method,
(discussed in Section 3.3.2) and using the following

formula: -

To eliminate possible sources of eryor such as fric-
tion forces at the load points, incorrect spacing 0% load
points and unequal distribution of loads and twisting and
wedging, a special tes£ing rig (Figure 21) first designed | e~
by Hoagland [18] was used on the Instron. For each test
point, a minimum of five samp]es were tested. The Tload-

deflection curves from the four-point-bend tests were used

~

o

to calculate the E values, as discussed above.

el
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4.5 Ultrasonic Fractography:

The theoretical aspects of the ultrasonic "‘technique were
discussed in Section 3.3.3. The experimental set-up is
shown in Figure 22 [9]) and the components of the quartz
transducer used to generate the mechanical shear stress are
shown in Figure 23. In order to drive the U.S. transducers,
a transmitter of range 100-1000w was used. for glass samples

2 gave acceptable

an intensity of 0.1 N/m2 T 0.2 W/mm
results, though in detail this depends on the material's
properties i,e. elastic constants, ultrasonic attenuation
etc. The transducer is water cooled and was cemented to
the sample. It is important to maximize the ﬁower supply
from the transmitter to the transaucer and from the trans-
ducer to the sample. For this reason: care was taken to
keep the thickness of the cement layer between the trans-
ducer and sample to as small as pﬁs§7§1e. In this way the
ultrasonic wave ;s not impeded tg a great extent at the
bouhdary between the sample and transducer. Ultrasonic
fractography is only applicable to fracture processes that
give smooth fracture surfaces and for materialps with low
ac0ustic'attenuatf0n coeffiéjents.

~

4.5.2 General Observation of Fracture Surfates

Using SEM

The fracture surfaces of the composgsite samples were

[



o

S. GLASS SAMPLE us
A / s~ TRANSDUCER
& 7 It 7 i .
7
—
® % [TRANSMITTER]
— { —
v WATER COOLING

Figure (22) D.C.B. Fracture Test for Ultkasonic Fractography.
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/electrode terminal
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> | sedl 2 ~+——ing )
. 2 L&
& ? i {—<—water cooling
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! electrode (Al
electrode termingl
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Figure (23) Design for Ultrasonic Transducer.
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a1so=studied on the SEM. The samples were coated with a
thin film of gold. Some samples were viewed in the optical
microscope for evidence of fracture mirrors and other
features. The roughness of the fracture surfaces made these
bbservations difficult except at low magnifications. In
this case there were no distinct features except those

observable in the SEM,



CHAPTER V
RESULTS AND DISCUSSION

1. Results:

5.1 The Fracture Toughness and Strength Results:

5.1.1 Fracture Toughness Results:

The fracture toughness (G ZyF) values of the S

IC
glass - nickel composites for varying oxidation times were
determined from the DCB load-deflection curves and the
results are shown in Figure 24 for a 7% vol fraction dis-
persion pf partially oxidized nickel particles in S glass.
Each GIC va]ug represents an‘average of 4 or 5 measurements.
These results show a fracture toughness maximum for the

30 minute oxidized glass-Ni composite. Thy(xtent of the
interfacial bonding in this case is shogn in Figure 17(b)
(Chapter IV) which indicates a very tb%i interfacial bond-
ing ‘'region' between the Ni particle and glass matrix in
comparison with composites of higher oxidation times (for
example, see composite with 120 min oxidation time,

Figure 17(c)). It is evident from Figure 25 that at the
highest oxidation time (120 mins) where the 'region' of
interfaciﬂ bonding is thickest, the fr‘ac‘ture toughness values were

slightly lower (even after experimental error) than the case where no

92.
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chemical bonding between glass apd nickel exists at all

(zero oxidation time). Figure 25 shows the fracture

toughness values of the 3.5% vol fraction part%glly oxi-~

dized Ni-S glass composite as a function of ox}dation time.

A simiTar peak occurs in the GIc values for the 30 min
oxidation time tomposite. However, in the case of Fiqure 24 it cannot
cannot be said definitely that the GIC values decrease at 120

minutes below the 0 min. value, due to the experimental

data scatter. This is thought to result from the small
sampling of microstructure made by the crack front at this

19
low volume fraction.

-

Plots of G, for glass - Fluminum and glass - A1,0,
composites as a function bf Qo]ume-fraction second phase
are shov:m in Figure 26. Also included is.a plot of G e
values for tﬁe S glass - nickel system for the 30 minute
oxidation time. The interesting fealture of Figure 26 is
the substantial increase of GIc values for the glass - A}
‘composites frgm about T 10 3/m2 to about 7 520 J/m2 for
the 20 volume Egrcent composite. In comparison, the S
glass - oxidiééd nickel composites showed an increase from
~ 10 a/m% to ~ 60 J/m%-for the 15% volume fraction dis-
‘persion.‘ This is inter;sting as the inherent toughness of

nickel particles is much higher than that of aluminum.

These results indicate that the inherent toughness of the
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Ni particles could not be utilized whereas that of the
aluminum was. General observation of frécture surface
features for the S glass - nickel sy;teﬁs and the glass -
“alumin ; systems provides insight into this markedly
diffe eq{/bgﬂaviour. These results are presented in

Section 5.2.1,

The occurrence of maxigﬁ in the GIC va]ue% 6ft§é$
glass - nickel system at the 15 vol % (Figure 26) is not new. This max-
imum fracture toughness at certain volume fiaction second
phase has bgﬁn observed in several polymeric composite
systems Broutman and Sahu [43] and is generally attri-
buted to the'1inking of small flaws initiated at. individual
inclusions to.form one single bigger flaw. This ultimately
reduces the fracfure Eoughness if the propagating crack
follows this new hath of least resistance. The exact
reason for the maximum is not clear [43].

The graph Qf fracture’toughness for the glass - A1203
system- shows a gradual increase of GIC {(Figure 26) up to
50

273 IC
those of Lange [361. However, since the A1203 partic1e§

20% volume Al The G values are consistent with
were extremely poraus (Figure 19), the effect of elastic
mismatch hetween the inclusion and matrix could not be

studied. The effective modulus of porous A1,05 particles

will not be significantly higher than that of the matrix

v
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and stress concentrations capable of‘altering the crack
path (see Chapter II) might not develop. In this system
therefgie, crack-particle interactions were not studied
in detail. The gradual increase of toughness of "this
composite may be due to utilizatior of the todghness of

the porous A]ZO3 particles.

5.1.2 Fracture Strength:

A plot of fracture strength versus oxidation time
for the 7 vol % S glass - nickel composite is shown in
Figure (27). The values were measured by the four pdint
bénd method (Chapter IV) and each point represents the
average result of 6 mea3urements. It is interesting to
note that the strength values are lower than the strength
values of pure glasg when the bonding between the glass
and inclusion is weak. This progressively increases
towards the pure glass as the oxidation time of the nickel
particles increases. This infers that, even when the
strongest bond exists between the inclusion and matrix,
the nickel particlgs do not improve the fracture strength
of the composite. It could be that flaws wére initiated
in the matrix in regions of existing stres; concentration
and propagated through without interacting)with the -nickel

particles. This suggestion is supported by the SEM fracto-
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graph in the next section (5.2)$‘ .
The lowering of strength yélues whép the bonding

between the inclusion and matrix is weak can be attributed

to {9] the weak interfacial bond giving rise to flaws in

the composite when the load was applied.

5.2 Fractographic Results:

5.2.1 General Observation by SEM:

The fracture surfaces of DCB specimens were coated
with a thin film of gold and observed on the SEM. Some-
times the sample was 'tilted' to distinguish the fracture

surface features.
<
Figures (28) and (29) show the fracture surface of
a 7 volume % Ni-composite for ;he cases of the strongest
bond (oxidation time ~ 120 min) and the weakest bond
(oxidation time ~ 30 minutes).~ In Figure (28) it can be
seen that the crack avoids the nickel particles and passes
through the matrix. This is the result of elastic stress
concentrations at the particle poles (seg Chapter EII)
resulting from the elastic mismatch between the niéke1 and
glass. Such would alter the.crack path. On the other hand;
Figure (29) ghows a completely decohesed interface. No
deformation of the nickel particles occurs in either case.

In the second case this méans that the stress component
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»

.Figure 28 Observed Crack Path in glass - well-bonded Ni/NiQ,-
Cbmposite where effect of Stress Concentration is
observed (120 min. oxidation time).

i N .

Figure 29 Fracture Surface when bonding between particle and matrix
is weak. The stress concentration at poles of the inclusion
did not effect crack path.

{
1 :
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dyy at the crack front decoheses the interface before the

crack reaches it. The stress concentration at the poles

of the inclﬁsion then reverts to its equator on decohesion,
securing maximum interaction between the crack and the
pa}ticie. Figure (29) corresponds to the maximum GIC value
(30 min oxidation time) shown in Figure (24). Figure (28)
1c value (120 min oxidation
time). SEM fracture surface micrographs of the ; glass -

corresponds to the minimum G

nickel composite at 60 min oxidation time are shown in
Figures (30) and (31). Of dinterest here is that, although
most of the particles were sufficiently bonded to the

matrix to give rise to stress concentrations and alterations
of crack path (small humps on the fracture surface), a few
part®cles were insufficiently bonded and decohesed. This
process differentiates GiC values for the 60 minute oxida-
tion composites from those of 120 minutes. In the latter 7
case the crack totally avoids the nickel particles (Fjgure
(28)). Figure (32) shows the fracture surface of a specjal
composite of 7 vol % dispersion of 30 min oxiQation tim%
Ni particles (optimum bond for toughening) and 7 vol % k\
dispersion of 120 minute-oxidation-time Ni particles <
(optimum bond for maximum strength) in S glass. A '50-50'
mixed mode fracture was noted i.e. some nickel particles (/"J”

are decohesed and others altered the crack path. This mixed

fracture mode slightly increased the GIC value over the

~
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H
Figure 30 SEM micrograph of 60 min. oxidation time Nickel - glass
composite (X95) [7% vol. fraction].

]

9 .
Figure 31 SEM micrograph of 60 min. oxidation time Nickel glass

composite (X50) [7% vol. fraction].
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Figure 32(a) Mixed mode of fracture for well-bonded (120 min) and
weakly bonded Ni particles (30 min) in the 'special
composite' (Chapter 5.2.3) (X50).

»

Figure 32(b) Fracture surface of the same composite as Figure 32(a)
at higher magnification (X95).

.%f
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maximum value for the 30 minutes oxidation (Figure ’(2%).
This is thought to'reSult from the combined contributions
of decohesion of the interfaces (30 min oxidized partic1e§)
and increased surface area (120 min oxidized) by crack path
alternation. The contribution of the latter is usually
small [9]. The strength values of this composite were
increased above those of the 120 minute 7 vol % disper-
sion as shown in Figure (27). This means that though
energy dissipating mechanisms contributing to the fracture

toughness (G can be linearly combined, this is not the

IC)
case for the strength values. The introduction of new
flaws in the form of decohesed surfaces has significantly
reduced the strength of this composite.

The fracture surface of the glass well-bonded
aluminum composite is shown in Figures (33) and (34). The
interesting feature to note is the large plastic deforma-
tion suffered by the particles (Figure 33(a) and 33(b)).
The initiation and coalescence of voids in the aluminum
particles is evident. Figure (34) shows a tilted view
of the fracture surface and the necking of the aluminum
particles. This plastic deformation is responsible for‘
the large increase of fracture toughness observed in this
case. The interfacial fracture a;ound the deformed particles

- indicates that, after a certajn amount of parﬁic1e deforma-

tion, the interface reaches a critical stress level, causing
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Figure 33(a) Ductile (A}S
particle in a glass matrix.

Note that in this case Ei:Em‘

Inherent toughness of (Al)
particle is utilized to some
extent.

<3

Figure 33(b) Ductile failure of (A1)
part?c]es in a glassy matrix. Here
E1=Em and crack did not avoid the
(A1) particles (X500). Note crack-
ing in the interface.

Figure 34 Tilted image of failure of ductile (A1) particles in a glassy

matrix (X200).
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fracture, This suggests that increasiﬁq the interfacial
strength by increasing the oxidation time of the aluminum
might further enhance the observed toughness by encouraging
larger deformation of the aluminum particles. The 1mportant
point to recognize her# is the nonalteration of the crack .
front path and the lack of a preferred propagation path.

This is the result of thg absence of elastic stress concen-
trations in this composite (G_ _ Gm).

1

5.2.2 Ultrasonic _Fractographic Results:

The local crack-particle interactions were studied
in S glass - partly oxidized nickel composites in which
the bonding stréngth was continuously varied between inclu-
sion and matrix. The technique of ultrasonic fracture
surface modu?ation described in Chapter IV was utilized.

The crack-particle interactions for the 30 min
oxi1dized composite are shown in Figure 35. Note the bowing
of the crack front between two nickel partic}eé. As the
crack front breaks away from the particle, its local velo-
city suddenly increzges (indicated by. increased ripple
spacing). This indicates a change of propagation mode.
The extent of bowing is higher than for the unbonded compo-
site, [9] as indicated Sy the maximum angle of bowing (vm)

at breakaway. The G value was determined as ~ 25°. The
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0

value for the unbonded composite was - 13~ [9]. This is

{ndicative of a higher cryck resistance in the weakly-
H

‘“bonded composite case. 1qure (36) shows the crack bowing

around a single particle for the 60 minute oxidation
composite. A large increase of crack ve]ocity‘%s noted
on crack breakaway values. The angle of howing in this
case was 2°. This value is larger than the 30 minutes
oxidation case. This 1s because the crack bows more as

the interface breaks slowly after initial fracture and
reduction of stress concentration. . Figure 37 shéws the
decohesion of the interface and concurrent crack frént
bowing. Figure 38 shows the crack bOying around Ni parti-
¢le of 90 min oxidation\gimg, ﬁm = 389, 1t mus? be noted
however, that for both the 60 min and 90 min oxidation time
composites, the cyack avoilds the majority of particles (see
Figures 30 and 31). In ®he 30 min oxidation time composite,
the decohesion of the interface and crack bowing are the
main sources of increased crack resistance. A plot of the
angle of bowing (Om) as a function of the oxidation time

is given in Figure 39.

The nature of interaction of the crack front with the

inclusion changes completely when the interfacial bpnding
q;tween the matrix and inclusion is sufficient to resist

decohesion by the stress component (oyy) ahead of the

crack tip. In this case, the crack approaches the particle

v

L N



s

Figure 37 Crack bowing around a nickel particle intermediately
bonded to glass (60 min).

Figure 38 Crack bowing around a nickel particle intermediately
bonded to glass (90 min). .

110.
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B

and when very near it reacts to the radial stress concen-—-
A

tration (orr) at the poles of the inclusion so bypassing
the inclusion and changing the plane of propagation. This
phenomenon is shown if Fiqgures 40, 41 and 42. Fiqgure 40
shows the overall pict;re when the oxidation time was
sufficient to give adequate bonding. Figdre 41 shows a
close-up view of the crack front near the pole of an inclu-
sion. It is interesting to note the existence of ripple
markings on the top of the particles in the glass matrix
(Figure 41) and the shape of the ripples indicates that

the crack front was virtually uneffected by the well-bonded
nickel particle once the crack path altered towards

the polar stress concentration. This signifies little
interaction between the crack front and particle and hence,
an insignificant contribution of this event to the toughen-
ing of the composite. The sudden increase of crack velocity
under the influence of the polar stress concentration is
clearly shown in Figure 42, i.e. the inc;€ase in ripple
spacing when the craakfront is at closest approach to the
inclusion. Prior to this, the equatorial gompressive stress
decelerates the crack as evidenced by the ripple spacing.
The change of crack velocity as a- function éf the apparent

distance from the pole of the inclusion (measured from the

’
ripple spacing) and the frequency aof the U.S. waves through

-
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r

Figure 42 Attraction of crack front towards stress concentration in
‘ good bonding cadse (oxidation time ~120 min).

P
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Equation (40) is plotted in Figure 43. The crack velocity
decreases from 6 m/sec to about 0.8 m/sec as it approaches
ghe partic]e and then suddenly jumps up to ~ 20 m/sec when
the crack front is near the inclusion. The decrease of .
crack velocity on approach can be understood by consider-

ing the isoétress contours of o and o around the

rr 66
particle (Fiqures 7 and 8). These show equatgrial compres-
sive stress regions around the inclusion, a region where
the effective stress is *less than the applied stress for
the o and 0gg COmponents respectively. This will reduce ‘ .

the local crack driving force K

I as discussed by Khaund et

al [47].

5.3 Discussion:.

5.3.1 The Effect of Elastic Mismatch on Crack

Path and Toughness:

The ultrasonic~ractographic evidence of the crack-
particle interactions and the~general SEM fracture surface
indicate that elastic mismatch has a profound

effect on loc le interactions and in fact,

may‘considerab1y influence th; overall toughness of parti-
" culate composites. This is effected by directing the
crack p&th. This yas.the case for the.glass/well-bonded
Ni composite as the Young's modulus of thgﬁNi particle

~ 3 times that of the matrix glass. According to Equation

o

L PR
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Figure L3 Plot of change of velocity of crack front in near vicinity

of inclusion, when crack front approaches inclusion
and finally avoids it,
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- '

(15), a stress concentration of 1.4 oafor the radial compo™-

nent o, of the stress field occurs at the poles of the

r
inclusion. The form of the isostress contours are shown

in Figures 7-and 8 and it is clear that a crack will
experience a retarding stress field as it approaches a
well-bonded inclusion. On approaching a pore, however, the
situation is eptire]y different as can be seen from Figure
"9. The isostress contours for a pore are such that the
crack feels a Ogq COmponent along the equatortal plane of
the inclusion ~ 3oa attracting it to the pore. Ffor an
inclusion with G, >> G_, the crack is repelled by the
inclusion as it approaches and this will alter its path
of propagation. In the latter case tﬁe cn%ck avoids the
particle totally and their inherent tough%@ss is not
utilized. This result is shown %n Fiqure 28 and is
ref{ected in the low fracture toughness values of the glass
well-bonded nickel system for 7 vol % Ni (Figure 23). 1In
the case of the glass - well-bonded nickel system, the only
additional contriQutioA to the fracture toughness is the
increase of fracture surface area due to the alteration of
crack path. This is given approximately, for spherical
particles by

Ay = vy AR = vy d. AS = y f nrz

t . 0

0 0

£
s .
where f is the areal fraction of such particles on the

R -3

ol
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fracture surface and AS is the increase in area of ﬁrz and
Yo is the thermodynamic surface energy/unit area of glass
matrix. It is obvious that this will not contribute signi-

ficantly to the toughening as it is only a fraction of the
N

-

toughness of the glass matrix.

The situation is different for the glass - aluminum

A

composite. Here, due to the absence of elastic mismatch

glass = Ear)
concentrations occur around the particles and the crack front'

between the glass and aluminum, (as E E no stress
is usua]]x left undistugbed on"approaching the inclusion

In this case the crack meets the second-phase par;ic]é and,
with a sufficiently strong interfacial bond, plastically
deforms the aluminum particles thereby utitizing the tough-
ness of the second phase. This result isfof considerable
interest as it shows for the first time that ductile disper-
sions in a brittle matrix do not necessarily increase the
toughness_of the composite even when the bonding between thg
inclusion and matrix is adequate. The elastic properties of
the inclusions must be such that G, S G,. For G, < G the
crack is attracted to the inclusion. Further the extent to
which the particle can be deformed for a given interface
strength will depend on the relative yield stre§§ of the
inclusion (Chapter 2, Equation (14)). As the yield stress
of second phase goes down, the extent of plastic deformation

at the crack tip will increase.

s
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5.3.2 The Effect of the Ipterfacial Bond

On Local Crack-Particle Interactions

The ypature of interfacial bond between the inclusion
and matrix has a pronounced effect on local crack-particle
inferactions and on the overall toughening of the composite.
It has been shown that weak interfaces are more effective
in improving the fracture toughness of particulate compo-
sites (Figure 24) when a positive elastic mismatch exists
between the inclusion and matrix. In‘this case, if the
interf;cia1 bonding is strong, the elastic stress concén—
tration deflects the crack front from the -particle so
eliminating effective local interactioés:

When a crack, front approaches & weak interface, the
normal stress compahéﬁt ny in front of the track decoheses
the interface credting a ‘'pseudopore' in front of the crack.
In this case the crack is attracteds towards this pseudoﬁare
by the increased PN compqnents._)Once the crack cﬁts the
pseudopore, the section o% crack front meeting the pore is
locally blunted (see Chépter I1) and a gigher stress 1is
required for breakaway from thid pinning s{{a. This will
also contribute to the toughenind of the composite and the
crack blunting at ngnbonded nicked particjés was the -
suggesfed mechanism re ponsible for the observed increase
of fracture toughness 1in glassi- nonbonded nickel composiges

by Green [9]. When a weak but bonded interface is present,
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there will be an additional contribution via the process of
decohesion. Hence the total change in fracturé toughness

for such composite is composed of two parts i.e.;

(87 )eak jnterface = (V) geconglion Y)shape change because (42)
of blunting
The contribution to (Yy) from decohesion can be
calcutated using Equation (11) ¥n Chapter Il which is
ci1ted here again:
K 4 v ’
a
: IC "o , v
Ydecohesion - -84 3 (=) e (43)
Toq r

where o, is the in@erfacia] bond strength. The form of
Equation (42) indicates that provided r and VV are constant,
the contribution from the decohesed zone will be a maximum
for the weakest interface. This was found to be true in the
present case, though the presence of elastic stress concen-
trations which may also deflect the crack négate unique
proof of the hypothesis. Comparison of GIC values at 30

min oxidation time with those for O min oxidation time [9]
for 7% vol fraction yields a value of 5 J/m2
The value of or. the interfacial strength is difficult to
ca1cJ]ate analytically for the case where a chemical bond-
ing exists between the oxide layer of the metal and glass..
However an attempt was made by Weirauch {68] to calculate

the bonding energy of the glass - metal interface when the

r y . .
for Y4econhesion:

et
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bonding is purely mechgnical adhesion (1.e. frictional)
and not chemical. His results show that, in the case-of
purely mechanical bonding between the glass and metal,

the bonding energy is given by:

E ACDS (44},

where AC is the total area of contact between glass and
metal, D, the deformation of the metal and S, the yield
St;ength of the metal.

For the glass - Ni interface, substituting charac-
teri1stic values for D and §, the bonding energy is compar-
able with the fracture energy of glass (- 5 J/mz) even
when the broken area of contact AC = 25% of the total area.
Hence, in case of weak adresion, even after the crack front
stress field partially decoheses the interface, there may
be sufficient residual bonding to resist the motion of the
propagating crack causing crack bowing and an additional
contribution to the fracture energy. This kind of crack
particle interaction was observed in Figure 37 where the
unbroken part of the interface induced greater bowing of
the crack front.

The extFnt of contribution of the second term in
Equation (42) can be discussed in terms of local crack

bowing. When a crack front intersects a void, the stress

idonper ¥
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distribution ahead of the crack is altered. It is experi-
mentally observed that increasing the crack tip radius can

increase the apparent value of G [65]. Weirss et al [66]

1C
have described a useful expression for the reduced stress

ahead of such a crack front, i1.e.;

Jyy JA ;“"4)‘ (44)

where r 1s the radius of the pore, ¢ the crack tip radius,
¢ the crack length and op the applied stress. The expres-
sion reduces to that for the sharp i:atkféxtens1on for

p = 4r;

Ty OA\/%F
For a crack interacting with a series of voids or
decohesed particles, the value of ”yy is locally reduced
and this gives rise to a $ocal variation 1n the fracture
resistance. This process is reflected by a change of
crack front shape as part of it is locally "hung up" as
a result of the reduction of operating stress in that

T&gion. This is further reflected by fthe bowing of the

crack front around and between nonbondbd or decohesed
particles. It is believed that the combin
two prdcesses in Equation (42) gives rise to the maximu

value of GIC for the 30 min oxidation time interface, the
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weakest bond 1nterface studied.

The presence of a weak interface is not Mesirable
o ,
f

for improving the toughness of a particulate cgmposite in
the absence of elastic mismatch., In this ;gsé/a high
1nterfacial bonding strength between the inclusion and
matrix is preferred so as to utilize the inherent tough-
ness of the second phase. This was found to be the case
for the M glass - aluminum composite, where considerable
deformation of the aluminum particles occurred before
interfacial fracture (Figure 33). The togg}ﬂ§oughness of
the particulate‘composite with a dispersion di,high—tough-
ness second Sﬁ?ig\with matching elastic moduly can be

expressed approximately as:

(G v (G + KV

1c)thtal 1c)m f(Gredy

7

where (GIC)m and\(GIC)P are the toughness of the matrix

and inclusion and Vm and Vf are their respective volume

I

fractigns. The value of the coefficient 'K' depends on

)the\strengt of .interfacial bond. A 'K' value of unity
signifies optimum inwerfacial bonding. For the glass -
aluminum composite, E(GIC)to a] - 520 J/m2 at Vf : 0.2
(Figure 26) and (G .); 9!20 J/me. This yields a value
of ¥ =°0.3. This indicates that enly partial utilization
of the toughness of the Al particles was possible because

of the limited bond strength achieved in the 2 hour oxida-

-
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tion of the Al particles. It is believed that highef
oxidation times would give higher bond strengths thereby
allowing utilization of a higher percentage of ihe tough-
ness of the Al particles. This conclusion is supported
by the cracking of the glass interface around the Al

particles as shown in Figure 33(b).

5.3.3 Crack front Bowing and its Contribution

To the Toughness: (

As discussed in Section 5.2.1, when good bonding \
exists between the inclusion and matrix, the crack front abproaches
the inclusion only when the modulus of rigidity GI z Gm.'
Experimental verificétion of this conclusion is shown in
Figure (28) for the glass - Ni composite. However crack
bowing around obstacles was observed in the glass - Ni
system with weak interfacial bonding. The stress field
Oyy ahead of the crack front decoheses the bond creating
a pseudopore which attracts the crack front.

In the fracture process when thg crack front apprpaches
a particle and interacts with it, the following three stages
of crack propagation can be delineated;

i) The initial approach of the crack front to the

obstacle - the crack shape is influenced by the elastic

mismatch between the inclusion and matrix
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ii) the bowing of the crack front due to local
pinning at the obstacle

iii) tﬁe final breakaway from the pinning position.

In considering i), the effect of stress field ‘
around inclusion generated due to elastic mismatch on the
crack driving force Ky must be considered. In & recent
treatment, Khaund et al {475 showed that the change in
crack driving force due to preseﬁce of an elastic mismatch
between a spherical inclusion and matrix, can be expressed

#

in the analytical form:

3 .78V 3 5
ok = Kp(L39A D5 4 moct, + .8208" =)
t5 12yt t

a
B

where A', B', C' are coefficients whose values depend
entirely on difference of elastic moduli betweern the matrix

and incldsion and ‘t is the distance of the crack front from

the centre of t clusion., In the case of a pseudopore,
A', B' and C' are pasition coefficients and ak is conse-
quently positive, giving rise 'to an additional driving

force which accelerates the crack towards the pore. Such
' T,

- an- acceleration causes a crack shape change such as observed -
‘in a glass-pore system by.Kerkhoff " [51]: However,

‘the.change_in "AK' is usually Eﬁa11 (- 25%) for the glass -

pseudopore system and can be neglected to a first approxi-
matidn,‘:

:

L ]
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Once.the crack front reaches the particle, stagé
(II) starts. Any detailed model to estimate the contribu-
tion of the bowing of crack front segments (while %t is
pinned at the obstacle) to the oveﬁallﬂtoqghening shéu]d‘
include the effect of the crack acceleration towards an

inclusion (with G, <G ). The models proposed by Lange

m
[36] and Evans [38] neglect this initial stage of crack
propagation. Lange approached the problem of estimating
the contribu{ion of the pinning proiess in terms of the
émount of bowing between obstacles, thought to be depen-

dent on the interparticle spacing only (i.e. volume frac-

<

tion at given obstacle size). The basic assumptions in

Lange:s model are that the crack front has an unique "line-
energy"” per unit 1engtﬁ and that the crﬁticaf crack shape
at breakaway is semi-circular, fheée are suspected; the
existence of‘a‘unique ]ine tension for a crack front is
incorrect because the line energy per unit length of a
crack front depends critically on its shape and is not a
constant. Fhrtéer, the breakaway crack shape is not '

semicircular but semielliptical as can be seen in the

ultrasonic fractographs (Figures 35 and 36) with different

semi-major axes. ' .

Evans +[38], using the variation principte, calculated

3

the Breakaway shape parameter {'af?C' where a is the semi-

[ 4
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majbr axis of the semiellipse at breakaway and 2C is- the
7

Pnterparticle spacing) as a function of the ratio J4 the

interparticle spacing to particle size. For a given

volume fraction and particle size, the inte?partic]e_

N

o0
spaaeing is defined and congequent1y the 'breakaway para-

meter" a/2C can be evaluated. The contribution of the
"bowing" process to the fracture~energy may be estimated

using the following expression;

s (— ) (1 -

(46)
Yo 9 e

where (i%—) = f(a/2C), oAE being the stress needed to move

the secongary semi-elliptical crack between the obstacles
and I the stress needed. to move the primary crack {n
éhe absence of the "pinning" sites. The function f can
be evaluated numerically. Hence Equation (46) can be

written as:

- a 2,-1
;Y; = F(5E (- o) w (47)
E?
a ., . °A
where F(ff) = r

-

Equation (47) shows that the new value of y (i.e.
the increase in {O) depends directly on the depth of the
bowed crack front for constant iﬁterpartic]e spacing ¢

(i.e..at a given volume fractjon). Hence if the crack front is

EY

L e
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obstructed by an obstacle which has an 'impenetrable charac-

ter' the contribution to vy, the fracture energy, will be
a maximum. In the glass/well-bonded-Ni composite, this
optimum condition of toughening by crack bowing did not
t&ke place since the crack froht avoided the particles due
to elastic mismatch and propagated entirely through the
matrix, (as discussed in 5:2.1). For this case F(%E)= 1.
In the weakly bonded Ni case, the crack front did interact
with the pseudopore giving crack-bowing which yields F(a/2C)
> 1 in Equation (47). This may be the reason for the
toughness peak observed in the weakly bonded glass - Ni
composite (Figure-Zé‘and Figure 25).

An interesting point to note frotm Figure 39 is that,
even in the strongly bonded composite, a few obstacles

13
(such as shown in Figure 37) had bonding ruptured just

enough to.avoid the generation of periphera]rstress concen-
trations and so presented a slightly stronger barrier to the
crack front due to the partial ad%erence. The extent of

crack bowing in these cases was larger than the 30 min -
oxidation case. Though this.increased crack bowing will
contribute“ﬁore to the toughening of the composite, the number
of such interactions in the well-bonded composite/Wasﬁ mall,
heneé the contribution from these isolated cases is no

reflected in the fracture toughness versus oxigation- Tme.

urves (Figure 24 and 25).

hT S
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5.3.4 The Special Paxticulate Composite:

A final special particulate composite was fabri-
cated of S-glass and 7 vol % dispersion of nickel particles
of 30 minute oxidation (i.e. interface corresponding to
optimum toughness) and 7' vol % nickel partic]es’with {20
minutes oxidation time (correspo?ding to optimum fracture
sirength). The idea‘was to improve both the toughness and
strength of the composite. The va]ueg of GIC and fracture
strength oc for this composite i§frepresented as a triangle
(8) on Figures 24 and 27 respecticély. The fracture surface
of this composite is shown in Figure 32. It is evident
that mixed mode fracturg occurred i.;T\}humps' and 'decochesed

particles' are evident on the fracture surface. It is inter-

esting to note that the GIC value was slightly higher';han

that for the 7 vol % dispersion of 30 min particles indicat-‘

ing that an additional contribu;ion to G from the addi-

IC
tional 7 vol % well-bonded Ni part{cles: This may be the
result of the increase of fracture surface area when the
crack avoids these well-bonded partic]eé: However, the
Strength values were not improved to those of the well-
bonded nickel case. This was attributed to the creation

of flaws at the§Wea§1y bonded interfaces and the coﬁsequent

reduction of strength irrespective of the presence of the

well-bonded particles. It is evident that good bonding of
. 3

Ve T
.

3 ﬁ"“’m"
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both dispersants is required if the strength is to be
maintained. A mixed dispersion éf well-bonded high streng{h
A1203Jpartic1es and well-bonded partially oxidized high-
toughness Al particles in a glass matrix cou]&xpossib1y
improve both the strength and toughness of a glassy-matrix
composite. However the "matching" of the 'a' (thermal
expansion coefficiegl) values for both inclusions with the
glass matrix would not be possible and thermal stresses

may develop giving‘rise to flaws around the inclusions.

If the 'a' the glass was éhosen so that o for both

g < %

dispersions, compressive stresses would develop in the

+

matrix around the inclusions (Chapter IIl) so avoiding

flaw generation around interfaces.

< s A Lol

Ly
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- . CHAPTER WI -

CONCLUSIONS :

From this study of 1oéa1 crack-particle interactions
in model particulate composites, fo]]owing_impgrtant points
can be made:

i) For the toughening of a brittle particulate
composite by dispersion of a second phase, the inherent
toughness of t#e second phase must be utilized if signi-
ficant toughening is to result.

ii) Thq elastic properties of the inclusion and
matrix play an importént role in the local crgck—particle
interactions and greatly influence the overall tough;n%ng

\\of the composite. It was found that effective crack -
particle interactions take place only when éirs Gm and v
when the interfacial bonding between the inclusion and
matrix is strong. Otherwise the crack path is altered
towards the maximum elastic stress-concentration positions,
eliminating effective crack-particle interaction and their
contribution to the toughening. Elastic mismatch also
influences the local crack velocity on approaching an

inclusion or pore.

iii) The interfacial bonding plays a dual role in

o
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! AL
improving the\toughness of~pafticu ate composites. When
elastic mismaéfh is absent, stronger interfacial bonding
effectively ai*s the utilization of the inherent toughness
of the second phase. This is evident from the results for
the glass - well-bonded aluminum composite. On the other
hand, when elastlic mismatch exists, good interfacial bond-

ing only helps the crack front experience elastic stress

concentrations and so alter its path to avoid the particles.

In those compositds where elastic mismatch was present, an
1mprOVepent of tou hne§s~on1y resulds when weak interfacial
bondinJ e%ists, leading to decohesion and érack-trapping
before stress concentrations deflect the crack path. .

The present study proviqe; some guidelines for the

design of brittle pariticulate composites of improved tough-

ness by the proper selection of second phase particles.

-
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APPENDIX 1
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EXAMPLE OF COMPUTER PROGRAMME TO DRAW ISO STRESS CONTOURS
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APPENDIX 11

CALCULATION OF EXPERIMENTAL ERRORS IN MEASUREMENT OF GIc & O

i) Errors in GIC:
From Chapter III (Section 3.3.3)
: 9P4Y2 173 913320
P e T3 b —
41/3E1/3I1/3
Gy
The proportional error in GIC is defined by < and
1C

this will be maximum when the individual errors have their
maximum expected values apd all conspire in the same sense,
i.e. when the actual errors are +8P., 6Y ., -8b, -6E and &1
are maximum., By the help of logarithmic differentiation we
get the proportional error e in GIC

e, ob 1 (A)
max Y 3

IC ‘W

It is clear that- it is extremely necessary to measure

_a 8P,
-3 P

[o2)
—

wro
nw%
) s
|

"I

‘ .
Pc and YC accurately to minimize the proportional errors in

GIC' However, on the contrary a 10% error in measurement

of E gives rise to only an error of 3% as seen from Equation
(A). Proportional error 'e', when multiplied by 100 becomes
.percentage error. ‘ \

I[f e is-the proportional error in single measurements
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<+ then the efror in theimean of n measurements would be
Y

-

T g
e = — ¥ /
! /H /f//,
ii) Errors in og¢: -
From Chapter IV,
v Op = 3P x w -

bh

where x = distance between inner and cuter knife edge and 1is

cons;igyz Y 4 ) ‘
’ dof‘
A T .

he hroportiona1 error 1in of is defined by (_3_) and
. vf
this will be maximum when the individual errors have their-

maximum expected values. By the help of logarithmic differen-

tiation we get proportional error e in Ot

£y sp
o "Mmax P )
i

Hence accurate measurement of 1oad P and thickness h

+

=0
=
O
o

, 3¢h
h

“

is necessary to minimize proportional error in o For n
&«

g
measurements, the error in the mean of n measurements is:

"
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