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Abstract

The initiation of fracture and onset of chipping at plastic-elastic
indentations and scratches on near (111), (111) and (001) silicon surfaces
has been studied by optical and high resolution scanning electron micros-
copy. It is shown that a pattern of surface cracks are initiated at a
critical width of impressions or scratches. It is proposed that the
observed size effect is governed by the strain energy criterion put for-
ward by Puttick et al (1979) according to which the critical size of
indentations in a highly brittle material should be a gg-. The critical

size parameter is evaluated for near (111) silicon; good agreement is

found between the theory and observations.

Indentations and scratches on near (111) silicon appear to produce
cleavage on planes close to {110} rather than {111} planes, together with
a preference for crack propagation in the surface layer in the directions
[1121, [121] and [2I1]rather than the reverse directions. This pattern
of fracture exerts a marked influence on the anisotropy of abrasion of
these surfaces. Similar behaviour is found on (111) silicon. VIndentations
on (001) silicon also appear to initiate surface fracture on or close to
{110} rather than {111} planes, with no sign of asymmetry in the crack
pattern. The mechanics of fracture at such plastic-elastic indentations
is discussed and it is proposed that {110} cleavage is initiated by a dis-
location reaction similar to that associated with indentation fracture in

ionic crystals.

The coefficient of friction u (the ratio of the applied normal load
to the tangential force) has been measured as a function of load (1 to
30g) on near (111) and (00l) surfaces using Vickers diamond indenters
having sharp and Hunt tips. It is found that at light loads no penetration

of the slider occurs; u is low and the resultant damage is associated with
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the nucleation of a high density of dislocations in a thin surface layer
only. At higher loads considerable penetration of the slider occurs; u
rises to a higher value due to the ploughing. No anisotropy can be de-
tected using the blunt indenter. A decrease in ﬁ at cracking is observed
in [112] and [110] on (111) and (001) surfaces respectively using the

sharp indenter.
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CHAPTER 1

Introduction and Theory

1.1’ General outline and objectives of the reseafch
The process of material removal from brittle solids may be divided
into two main categories (Lawn and Wilshaw 1975):

(i) Abrasion by 'fixed' indenters in which the contacting particles
are bonded to some work-tool. The resultant surface damage in the
specimen tends to resemble that caused by a sliding indenter.

(ii) Abrasion by 'free' indenters in which the contacting particles
are free to roll over the surface. In this case damage patterns

are those which arise from point-localized indentations.

Recently, the work of Lawn and his colleagues (e.g. Lawn and Wilshow
1975) has established that the removal of material by chipping is the
result of intersection of two types of crack: one normal and the other
parallel to the free surface, the so-called radial cracks and lateral
vents. This shows the importance of studying the occurrence of radial

fracture at indentations.

The formatioh of radial fracture at indentations during loading
made in PMMA by a spherical indenter has been investigated by Puttick
(1978a,b). He proposed that the true criterion for the onset of radial
cracking is the magnitude of the strain energy contained in the field
of tensile stress surrounding the indentation as suggested by Roesler
(1956a) for Hertzian indentation of glass. The criterion implies that
there is a size effect, i.e. fracture occurs at a characteristic linear
dimension of indentation. In highly brittlerﬁaterials plastic-elastic
indentations initiate radial cracks in the field of residual tensile
stress during unloading of the indenter (Swain and Hagan 1976).
Consequently, Puttick et al. (1979) extended the size effect theory
on the initiation of radial fracture in highly brittle materials in the

field of residual tensile stress proposed by Swain and Hagan. They



snowea tndt the Critical radius g, Of an umpression to initiate radial
fracture is

a, = 5—; (1.1)
where E is Young's modulus, Y is the yield stress for plastic flow in
- compression, T the fracture surface energy, and o a constant.Thus, the

critical radius a. may represent the transition from 'polishing' to
Yy rep P g

e
'abrasion' damage.

The abrasion of diamond by a rotating wheel impregnated with diamond
particles has been found to be sensitive to the direction of abrasion
and the orientation of abraded facet. A strong sense effect due to
abrasion in <112> has been observed on near (111) diamond surfaces
(Wilks and Wilks 1972). The scratching behaviour of silicon slices
orientated 3° from (111) towards (110) has been found to be very similar
to that found on diamond of the same orientation along the-<112>

(Badrick et al. 1977).

The above considerations show clearly the importance of studying the
initiation of radial cracks and onset of chipping at plastic-elastic
indentations and scratches made on brittle materials. This type of
work has been carried out on near (111), (111) and (001) silicon
surfaces using-a pointed indenter. This has provided useful information
on the characteristics of fracture along with the effect of crystallo-
graphic orientation on the crack pattern and chipping and therefore on
the observed sense effect in <112> on near (111) silicon. The obser— '
Vationé of indentations and scratches have been made by high resolution
scanning electron miscroscopy and also optical microscopy. The observed
critical size of plastic-elastic indentation to initiate radial fracture

is compared with the prediction of the theory proposed by Puttick et al.

The frictional force in diamond is anisotropic. There is also a
direct correlation betweén the ease of abrasion and coeffcient of

friction, a directiin of easy abrasion shows much higher coefficient of



friction than a direction of abrasion-resistance. However, the observed
anisotropy. in friction is not well understood (Bowden and Tabor 1964,
Tabor 1979), and probably depends on load (Enomoto and Tabor 1979).

In order to inveétigate the influences of crystallographic directions

on friction, experiments have been carried out on near (111) and (001)
silicon using a Vickers diamond indenter. The results are presented in

Chapter 4.

1.2 Hardness

The widespread use of hardness testing in both routine quality control
and research applications stems primarily from the fact that it is a
quick, easy and non-destructive mechanical test which is generally thought
to provide information on yield stress. Usually, hardness testing in-
volves contact under a loading condition of a hard material on a less
hard one, the residual impression itself being a measure of the plasticity
of the softer of the two materials. Under localized point-indentation
the stress field is dominated by components of hydrostatic compression
and shear. In these circumstances brittle fracture is often prevented
and the shear stresses cause plastic deformation. For highly brittle
solids the same modes may never have an opportunity to manifest them-
selves under direct uniform compression by using a more conventional
mechanical test arrangement. This is because it is difficult to safe-
" guard agaianst premature brittle failure of the test-piece due to the
inevitable presence of substanfial tensile stresses, either directly
applied or spurious. Indeéd, the point-indentation test is the only
simple way to estimate the yield stress of a very brittle material.
Fortunately, it is often possible to obtain satisfactory indentation
hardness measurements on these materials, for example Marsh (1964) on
glass. Similarly, indentation and scratching eXperiments on near (111)
silicon: revealed that microhardness impressions or smooth grooves can be

formed with the sharp tip of a Vickers diamond pyramid under loads of up
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“to 4g without fracture (Puttick and Hosseini 1980). The deformation-
beneath the indentation in such solids is plastic-elastic, which implies
that indentation behaviour is intermediate between the case of purely
plastic metals and that of purely elastic materials. This intermediate
region where the elastic and plastic deformations are comparable in

magnitude is not well understood.

1.2.1 The hardness test

Several techniques have been suggested for measuring the hardness of

solids; in this thesis only the Vickers and scratch tests will be considered.

1.2.1.1 The Vickers test

The standard Vickers indenter is in the form of a sqaure-based diamond
pyramid in which the angle between the opposite faces is 136°. This was
first introduced in hardness measureﬁehts by Smith and Sandiland (1925).

A load of between 1 and 20 kg is applied for approximately 10 seconds and

the lengths of the diagonal of the residual indentation are measured. The
- mean value of the two diagonal lengths is used to obtain the contact area.
The Vickers Diamond Pyramid Hardness Number (DPHj is then given by

load

DPH = -
pyramidal area of the indentation

and the mean pressure P over the indentation is given by

load
projected area of indentation

P =

The geometry of the indenter is such that the base of the pyramid has an
area equal to 0.927 times the surface area of the face. The mean pressure

is therefore related to the Vickers hardness number by
(DPH) = 0.927 P

The Vickers indenter produces an indentation which has the same geo-

metrical shape for any applied load. In this case the principle of
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stress distributions around the indentation will be geometrically similar
for any penetration depth. 1In its simplest terms the principle implies
that a large indentation is essentially a magnified picture of a small
indentation. It follows that for a pyramidal indenter the hardnéss is

independent of the size of the indentation and therefore of the load.

In general, the hardness test described above is designed for use with
metals. The hardness testing of non-metallic materials often involves
problems which are not encountered in the testing of metals (the whole
subject was dealt with in a book by Mott (1956) from which details may
be obtained). The hardness of highly brittle materials cannot be
measured at the high loads at which fracture occurs. For silicon the
present work shows that indentation fracture is initiated at a load of
about 4g with an'impression width of 1.6ym. Microhardness examinations
therefore need a Vickers pyramid with a very carefully profiled tip.
Usually, the faces of pyramid do not meet,acéurately at a point and the
diamond has a "éhisel edge", and some mechanical damage like small chips
or asperities exist on the faces of the indenter. Such defects are
clearly revealed in the shépe of indentations produced at very low
loads, and necessarily reduce the accuracy of the microhardness measure-

ment.

Examination of the tip of the indenter at the highest possible magni-
- fication in a scanning electron microscope is thus necessary before

microhardness testing.

1.2.1.2 Scratch test

It has long been the tradition amongst mineralogists and lapidaries
to assess the properties of stones or minerals by some type of scratch
hardness test. The test which has been most firmly established is that
due to Mohs -(1824) who selected ten minerals beginning with talc and

ending with diamond in increasing order of scratch hardness. Each

’



mineral will scratch the one on the scale below 1t but will not scratch
the one above it. At first sight it would appear that such a scale might
be so arbitrary as to have no basic physical significance. Tabor (1954)
demonstrated that, excluding diamond, each increment on the Mohs scale
corresponds roughly to a 60% increase in indentation hardness. It is
clear that Mohs did not simply choose ten common minerals arranged in

order of increasing hardness.

Another type of scratch hardness test which is a logical development
of the Mohs scale consists of drawing a diamond stylus, under a definite
load, across the surface to be examined. Using a 90° diamond cone, Meyer
(1908) obtained the scratch hardness or the mean pressure by dividing the
applied load Wi by the pfojected area of the slider supported by the
sprecimen material, i.e. Ps = iW% , where b is the scratch width. In
1923 Hankins published an extensive research upon the subject by using
V-shaped diamond points of various contours; he concluded that for in-

- W
denters having a perfectly sharp point the ratio B% is constant and the

hardness is independent of the load.

1.2.2 Hardness and yield stress of hard solids

The precise physicalkmeaning of what happens when an indentation is
made with respect to the material tested has been the subject of many
recent investigations (.e.g. Hill 1950, Tabor 1951, Marsh 1964, Johnson
1970, Studman, Moore and Jones 1977 and Perrott 1977), and a review

of hardness testing was given by Tabor (1970).

For perfectly plastic materials such as ductile metals which have a
constant yield stress, Tabor (1951) established that the mean contact
pressure P can be directly related to the yield stress of the material
in simple compression by the relation

P =C§¥_ - (1.2)
where Y is the yield stress, and C1 is a constant whose value is
about 3. Relation (1.2) holds very closely for most work-hardening metals

6



materials the elastic deformation involved is very small compared with the
plastic deformation. This is certianiy not true for indentation in
highly elastic materials whose values of elastic modulus E are appreciably
lower than that of ﬁetals. These solids are hard and have values of %
41ess than about 150. For such materials the elastic and plastic defor-
mations during indentation are of comparable magnitude, and indentation

deformation is plastic-elastic.

Samuels and Mulhearn (1957), using brass investigated the subsurface
deformation associated with indentations made in hardness testing by
sfandard Vickers and Brinell indenters. The strain boundaries for both
impressions all appear to be approximately hemispherical in form, the
hemisphére being centered at, or slightly below, the point of indentation.
They suggested that the indentations are produced by a compression
‘mechanism (material is displaced radially outwards from indentation)
rather than the cutting mechanism (material is displaced towards the
surface) predicted by plasticity theory tHill, Lee and Tupper 1947).
Mulhearn (1959) extended this treatment and considered conical and
pyramidal indenters with an apex semi-angle of 68°. By various methods
he proved that the deformation is not consistent with a cutting

mechanism but is consistent with a radial compression mechanism.

Marsh (1964) followed this up by suggesting that the Samuels and
Mulhearn picture of deformation in hardness testing is analogous .to the
expansion of a spherical cavity by an internal pressure. He suggested
moreover that the elasticity of the deforming material is an important
factor; materials with a high value of the ratio % (i.e. highly elastic
materials) would be more amenable to radial compression and the change
to a radial flow mode of deformation would occur more easily. The
expansion of a spherical cavity in an infinite plastic-elastic solid by
an internal pressure P was analysed by Hill (1950). He shbwed the

pressure P at which the spherical cavity expands depends on the ratio ;E['
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P—Z 3 3
Y 3 l+3-)\11n>\1+111'_'>\u1}” (1.3)

and v is Poisson's ratio.

]

where )\1 L:!'_:}_g_\i)_Y. W T Q_%\)ﬂ

Marsh used the expression to the form of

P_2 2
y-3t3Bng

where B and Z are the appropriate functions of A; and p;. This suggests
a similar equation for the indentation:

S=C,+X

v BlnZ (1.4)

2

where C2 and K2 ‘are constant but no longer equal to —25 as the constraint

is less around a hemispherical cavity. He performed a series of Vickers

hardness tests on a range of materials of varing % . The results are

shown in Fig. 1.1 where %was plotted versus BlnZ. The line predicted

' from spherical cavity theory'is inserted using ''best fit'" values for

C2 = 0.28, and K2 = 0.60. For values of BInZ less than about 4.3

(or E—( < 150) the values of —% obey equation (1.4), the values decreasing
E

with increasing elasticity. For B1lnZ more than 4.3 (or v

values of %— are constant at about 3, resembling the behaviour of a plastic

> 150) the

rigid system.

Johnson (1970) investigated the effect of indenter geometry for
pyramidal, conical and spherical indenters. He proposed that the hard-
ness of plastic-elastic materials as measured by blunt conical or pyramidal
indenters is governed by the single parameter % tan B , where B is
the inclination of the face of the indenter to the original specimen
surface. For spherical indenters and shallow indentations tan B = sin B
is replaced by % , where rl is the radius of the indenter and « is the
radius of the contact circle. The parameter % tan B can be interpreted
as the ratio of the strain imposed by the indenfer to the yield strain.

Hill's theory (1950) for the exﬁansion of the spherical cavity is

extended to account for this by ensuring that the volumetric expansion of



denter. The cavity itself is replaced by a hemispherical ''core" of
radius a within which there is assumed to exist a uniform hydrostatic
pressure P. Beyond this lies a concentric zone of plastic flow bounded
by a field of elastic deformation as shown in Fig. 1.2. The relation
derived in this way is |

Etang +4(1-2v)

=-23- 1+%n Y (1.5)
' 6(1-v)

< d

where v is Poisson's ratio. The theory is restricted to small values

of 8 (blunt indenters), but it appears to correlate with the experimental
results up to values of B=30°. With sharper indenters, according to

the work of Atkins and Tabor (1965) with cones and of Hirst and'Howse
(1969) with wedges the deformation mode is consistent with the cutting

mechanism and the theory is no longer appropriate.

Studman, Moore and Jones (1977) pointed out that for pyranﬁdal, conical
and spherical indenters Johnson's theoretical curve lies completely
beneath the experimental points by a roughly constant amount up to pressures
where fully plastic behaviour occurs. Highly erroneous results are there-
fore obtained if one attempts to determine Y from an indentation experiment
using Johnson's equation. The fault in the model is the assumption that
the core is a region of material under hydrostatic pressure P; this leads
tp a step-discontinuity in stress at the boundary of the core, which is
hot physically reasonable. In order to solve this problem Studman et al.
suggested a further modification by assuming that the core is a region
in which the stresses are changing from purely hydrostatic just uhder
- the indenter to values which satisfy the Von Mises yield criterion at the
core boundary. For pyramidal and conical indenters, where geometric
éimilarity of the indentation can be applied, the modified equation

obtained from this consideration is

om0 | 0o

= 0.5 +

=<l
W o



" Indentation by

P/Y

BInZ

FIGURE 1.1 Results of Marsh (1964) for materials

. E
of varing 7

\\\\\\\\\ ~ Indenter ,//////T%

Elastic

" FIGURE 1.2 Idealized indentation model (after Johnson 1970)
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If v=0.5, this gives

-

- 2 " E tan B .
—O.S+-§l:1 +2n—3_Y——:l (1.7)

i lav}

The relation (1.7) gives good agreement with the experimental results
kup to values of %-tanfz of abouﬁ 80. But there is a slight fall away
from the theoretical line for % tan g < 10, which is a result of writing
v = 0.5. For smaller valués of v there is a small additive terms in
the argument of the logarithm, which would improve the corresction if

included, i.e. equation (1.6).

Ogilvy, Perrott and Suiter (1977) studied indentation fracture in tough‘
materials such as cemented carbides, using a Vickers pyramid indenter.
They found that the radial cracks (Palmqvist cracks) occur in the near-
surface region of the indentation, rather than penetrating into the bulk
of the matreial. Their observations suggested that cfack extension occurs
in roughly equal amounts'during thertwo stages of indentation, with
growth on unloading being relatively more important for harder grades of

materials.

Perrott (1977) subsequeﬁtly developed an approximate solution of the
plastic-elastic indentation problem for shallow indentations made by
obtuse symmetric indenters. By suggesting that the Johnson's model
neglects entirely the existence of the free sufface-and is necessarily
inappropriéte for the investigation of cracking near the surface. He
also pointed out that the theory for the expansion cavity of indentation
requires the distribution of contact pressure across the face of the
indenfer to be uniform. According to the work of Hirst and Howse (1969)
for obtuse indenters“the pressure distribution is not uniform and
exhibits a high central maximm. Within the limits of elastic-plastic
behaviour the pressure distribution is substantially that pfedicted by
the elastic solutions of:the indentation. The average pressure, falls

progressively below that predicted by the elastic solutions as the degree

11



of plasticity increases. Perrott therefore assumed that the pressure
distribution on the indenter/indentation boundary is not really constant
butvrather is a function of the &ndentation plastic zone size. From
experimental studies of Ogilvy et al (1977) he assumed that there should
be a net outward movement of material, not a uniform outward movement.
This modei imposed no speCifiC geometry on the plastic-elastic boundary.
The boundary of the surface contact was assumed to fall within the plane
of the initial surfaceA2 (Fig. 1.3). The material within the plastic zone
was regarded as incompressible and requifing, therefore, that the volume
of the indentation should be accommodated by the elastic yield. By
considering the nature of stress functions under static load and after
unloading it was found.that the parameter which defines the nature of

CEtang

the plastic-elastic indentation is YTI:;77~’ 'and the indentation pressure

should obey the relationship

.

T =0.494 +0.577 1n L1208 (1.9

Y(1-v2)
Perrott also showed that this result is in a good agreement with the

data obtained empiriéally‘with cones and Vickers pyramid.

1.2.3 Effect of contact friction on the hardness measurement

Variations in the normal applied load may occur if a frictional force
is present at the indenter-specimen interface. A vertical component of
force due to friction opposes the downward motion of the indenter. This
leads to a higher value of the indentation hardness. For instance, the
work of Haddow and Johnson (1961) on indentation with rough pyramids
showed that for small angles the pressure developed under rough indenters
is some 50% higher than Smooth indenters. For large angle indenters,

i.e. > 60° semi-angle the difference is small.

Hankins (1925) approached the problém by trying to calculate the load
component  due to friction and then substracting this from the measured

load to give a friction corrected load. He concluded that the measured

- pressure PM can be related to the corrected pressure P by a relation of

12



the form
_ ,PMA.
PC S — (1'9)
1 +pcot b
where p is the coefficient of friction and 8 is the semi-angle of the

indenter.

1.2.4 Hardness of single crystals

The mechanical properties of crystalline solids are intrinsically
anisotropic and therefore indentation hardness measurements, using pyra-
midal indenters, will reflect this property to a greater or lesser degree.
The nature of anisotropy in the indentation hardness of those single
crystals which bulk plastic defbrmation-occurs around the impressions
has been firmly established to be controlled by their crystallographic
structure and the relevant operative slip systems (Brookes et al. 1971).
Anisotropy in the hardness of single crystals can be most effectively
studied by Knoop indentation measurements, where the indenter is aligned
so that the long diagonal in the indentation corresponds to a specific
crystallographic direction on a crystal plane. The length of the longer

diagonal is then used to calculate the hardness.

Before considering thé indentation hardnessof single crystals, let us
first consider the deformation éf cylindrical monocrystalline specimen
under a unidirectional tensile stress. Slip occurs when the “'critical
resolved shear stress" T, for the most favourably orientated slip system

is reached. T is given by the well known Schmid and Boas (1950) equation:

T = [AF—] COS A COs ¢ (1.10)
A ,

where F is the applied force, A; the cross-sectional area of specimen,

A angle between the stress axis and slip direction and ¢ the angle between
the stress axis and normal to the slip plane. During subsequent defor-
mation, the slip plane usually rotates about an axis in the slip plane and

normal to the slip direction; this causes the crystal to become elliptical

13



which the various slip systemskin the bulk of the crystals respond to

the applied load.

* Daniels and Dunn (1949) suggested that the main factor involved in
indentation is the displacement of material to the surface around the
indent. They therefore considered the crystal to be made of a whole
series of small cylinders lying parallel to the steepést slope of the
indenter faces and subjected to tension. In this case, the ease of de-
formation of each cylinder is dependent upon two factors: (a) the position
of the slip plane and slip direction and (b) the constraints exerted on
each cylinder by neighbouring cylinders. Thus, a factor was introducéd
into the resolved shear stress defined by equation (1.10) which evaluates
the tendency of the lattice to rotate under constraint. As each cylinder
elongates by slip and lattice rotation, the cross sectional area must
reduce and form a circular to an elliptical shape. The continuity of
thé extrusibn process around the indenter necessitates that the ellipse
axis parallel to the facet remains unchanged in length while the ellipse
axis perpendicular to the indenter facet must decrease. Consequently,

a slip system which allows rotation about an axis parallel to an adjacent
indenter facet will be more favourably oriented for slip than one whose
axis of rotation is normal to that facet. From the above investigation
Daniels and Dunn concluded that the constraint opposing rotation during
indentation depends on the ahgle ¥ between the face of an adjacent
indenter-facet and the axis of fotation of the slip systems. The
constraint is minimal when { =0; maximum when ¢ =90 and that there is no
slip because rotation of the slip planes cannot occur. Thus, their

effective resolved shear stress (te) equation was developed to be

_[E
Tg = {Ai] s:os A cos dcosy (1.11)

On this view the higher the value of 1, the more readily slip will occur,

i.e. the softer the material will appear to be. The modified equation

14



(i.11) when 1t was applied to (001), (110) and (111) surfaces of silicon
ferrite showed that a comparatively small effective resolved shear
stress (hereafter ERSS) was developed when the long axis of the indenter
was aligned in a direction of high hardness and conversely. But the
expression (1.11) was unable to account for the observed anisotropy on
the basal plane of Zn. In a later -paper Feng and Elbaum (1958) and
Garfinkle and Garlick (1968) assumed that the effective deformation stress
was a compressive stress normal to the indenter faces rather than a
tensile force parallel to the indenter facet. However, their analysis
gave little agreement with the experimental results. Brookes et al.
(1971) working on Mgo, observed dislocations as revealed by etch pitting
on the (110) and (1I0) planes which were at 90° to the indented (001).
According to the modification Ty would be zero since cosy =0. They
therefore re-examined the analySis of Daniels and Dunn and showed that
the effective resolved shear stress is determined not only by ¢ but by'
another angle y which represents the angle between the slip direction

and indenter facet (HH) (Fig. 1.4). They deduced that the ERSS is:
Te = J_XFT cos Acos ¢ 3(cosy + siny) A (1.12)

The consequence of equation (1.12) is that there is a finite ERSS on all
planes, and plots of T, Versus angularvorientation undertaken for many

systems produced remarkable agreement.

Brookes (1970) studied the anisotropy in the hardness of (00l) diamond
using Knoop indenter. The <100> were found to be harder'than the <110>.
From this result he suggested that plastic flow may be possible in dia-
mond at room temperature. Assuming slip on {111}<110> systems, Brookes
et al. (1971) applied the resolved shear stress analysis (equation 1.12)
to the (001) diamond; the result was in agreement with the experimental
result reported by Brookes (1970). The Knoop hardness measurements were
carried out on (111) surfaces of diamond at room temperature using lkg

load; the result is that the hardness in the [1I0] is lower than in the
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Indenter

I

Plastic

zone

Elastic zone

FIGURE 1.3 Physical model of an indentation
proposed by Perrott (1977).

FIGURE 1.4 Schematic illustration to show the angles

¢, A, ¥ and y. FF tensile axis; HH, axis parallel to

indenter facet ABC; N slip plane normal; s.d., slip
direction; a.r., axis of rotation in slip plane.

Note that the angles between FF and HH, s.d. and N and

s.d. and a.r. ate all constant and equal to 00°.
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LliZ2]. Also, the easiest plane of diamond tO 1indent 1s always the (1il)

in the [110] (Brookes 1979).

The anisotropy in scratch‘hardnesé of metallic and non-metallic single
crystals has been investigatéd under the experimental conditions where
extensive piastic flow occurs and the ploughing component dominated
adhesion. The result is that tﬁe depth of penetration of the slider and
therefore the scratch hardness depends on the crystal face and sliding
direction. The observed anisotropy has been-explained on the basis of
ERSS criteria: directions which correspond to minimm values of the ERSS,
on specific crystallographic surfaces are those of maximum hardness and
coversely (Brookes and Green 1979). The analysis anticipated that all
cubic crystals with common slip systems in spite of different hardness
should exhibit the same nature of anisotropy in scratch hardness. This
implies that the diamond cubic crystal shouid show the same anisotropy
in scratch hardness as that of face centered cubic crystals. On (001)
face of copper, the scratch hardness in <110> appeared to be harder than
<100>; no sense effect in scratch hardness has been observed on this plane.
While on (111) face, the softest and hardest directions have been found to
be [112] and [11Z] respectively (see also Brookes et al. 1972). In the
case of silicon, ﬁo evidence of remarkable anisotropy in scratch hardness

at room temperature has been observed (Puttick and Hoséeini 1980).

1.3 The Griffith theory and its modification

The theoretical strength of a solid has been investigated wusing an
atomistic approach (e.g. Orowan 1949). The net conclusion of these’
results is that the theoretical fracture strength is of the order of <%% »
where E is Young's modulus. But the fracture strength of crystals and
glasses found in»practice tend to be lower than this value. Griffith
(19205 was the first who suggested that the discrepancy between predicted
and actual values is due to the presence of very small cracks or other

flows in the solid. When the solid is stressed, a strong local stress
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concentration which is very much higher than the applied stress, arises
around the flows. This results in propagation of the flow while the

applied stress remains low.

Griffith (1920) introduced a model for a crack system in terms of
a reversible thermodynamical process. He considered an infinite iso-
tropic elastic pléne containing a crack of length 2%. The plate was
subjected to a wniform tension o normal to the crack plane. Griffith
recognised that two types of energy are responsible for the crack ex-
tension; the mechanical energy of the system and the surface energy of
the crack. The mechanical energy itself is the sum of elastically stored
energy and energy of the loading system. an energy interchange occurs between
the mechanical term, which decreases with extension of the crack, and
the surface term, which correspondingly increases. He proposed that
unstable propagation of the crack takes place if a small increment of
crack area results in more mechanical energy being released than is
absorbed by the creation of the new créck surface. The crack is in
equilibrium with the external forces if the release of mechanical energy
is only just sufficient for extension of the créck; that is, if

d(AU) _ d Us
dAc  dAc

where (AU) is the mechanical energy release by crack, A. is the crack

(1.13)

surface and Ug is fhe’surface energy of crack. Using Inglis's (1913)
solution for the elastic stresses around an elliptical hole in an |
infinite plate in tension, Griffith calculated the change in the mechan-
ical energy of the system due to the 1ntroduct10n of the crack, and

from the equ111br1um condition of (1.13) he found that

_[2Er)? . :
o, = {;§J (in plane stress) . (1.14)
2ET
o. = [}(l—vz g:] (in plane strain) . (1.15)
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effect, i.e. the fracture strength is inversely proportional to the square
root of the length of crack. Griffith made extensive experiments with
glass plates in which he introduced cracks and found that the results
obtained are in agreement with the theory. From the results Griffith
concluded that brittle solids must contain microcracks or flaws. His
experiment also showed that the most dangerous and effective flaws are at

the surface rather than in the interior of the material.

Instead of considering the energy of the entire crack system, Irwin
(1957, as a review see also 1958) proposed to examine the stress field in
the immediate vicinity of the crack tip. Using the mathematical procedures
of Westergaard (1939), Irwin developed a series of linear elastic crack
stress field solutions. He showed that the stress field near the tip of
the crack is characterised by a singularity of stress which decreases in
proportion to the inverse square root of the distance r from the crack tip.
He also introduced a parameter K, called the stress intensity factor, which
depends only on the applied loading and the crack dimension (K =ovwR)

(in general, K also dependslon the shape of the crack), and consequently
determines the intensity of the stress field at the tip of the crack.

For instance the tensile stress field near the crack tip and normal to the

crack was found -to be o0, - X . The crack opening displacements were
‘ V21T
found to be proportional to K/T at short distances r inward from

the crack tip. By considering the stress distribution ahead of the crack
of lengthrﬂ,and the displacement distributioﬁ within the crack of length
(2 + df, Irwin evaluated the work done by the surface forces acting
across the small length of d? when the crack is closed from length (% + d%)
to & (the calculation was on the basis of unit thickness of plate). On
the other hand, under fixed-grip condition, where the applied loading
system suffers zero displacement as the crack grows, the change in the
energy of the loading system is zero, and the rélease of mechanical energy

equal to the release of strain energy. Thus, the evaluated energy re-
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presents the amount of energy which disappears from the strain energy
field when the’crack 2 extends a small distance df under fixed-grip
condition. It is therefore equal to di(G), where G is the strain energy
release rate applicable to the Griffith theory ( G = é%%gl ];
Consequently, Irwin related the strain energy release rate to the stress

intensity factor:

2 :
G = %? (in plane stress) _ (1.16)
) s
g = Qv )K2 (in plane strain) (1.17)

E

In practice substantial plastic distortion is found near the crack
surfaces, specially in semi-brittle materials. The strain energy re-
lease in the specimens is then to a large extent dissipated by producing
plastic flow around the crack tip. Orowan (1945) and Irwin (1958)
independently suggested that the Griffith theory could be made generally
applicable if T included the energy expended in plastic work. The
Irwin's parameter of GC then provided a convenient parameter to include
all energy dissipating terms, it became known as the material fracture
toughness. Irwin calculated the size of the plastic zone near the crack
tip. The radius of the plastic zone, ry was found to be a function of
G%qz or %% . Estimation of the Ty led Irwin to suggest that how the
linear elastic stress analysis may be modified slightly to provide rather
more accuracy -when a small plastic zone is present before the crack
extends in an unstable manner. By assuming that the stress relaxation
~ near.the tip of the crack, due to the plastic deformation is equivalent
to a small additional crack extension, ry; Thus he proposed that an
allowance for the small amounts of crack tip plasticity can be made if
the tip of the real cra;k is considered to‘be displaced a distance ry
behind the tip of an imaginary purely elastic crack. Using the linear

elastic approach for the imaginary crack of length (2 + ry) Irwin

related the fracture stress to the real crack length.
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Hertz (1881) was the first to analyse the frictionless elastic con-
tact between two.curved bodies. The most widely used configuration‘bf
the Hertzian test today is that of a relatively hard spherical indenter
loaded onto a flat specimen and the load at fracture is measured, from
which the fracture stress of the material can be evaluated. From the
Hertzian analysis, the radius of the circle of contact a, and the maximum
tensile stress Oy which occurs at the edge of the contact area are found

to be ,
o = 4 Ky o (1.18)
3E

S (-29W _ ¢ g p0p | (1.19)

214>

K, -1%[ (1-v3) + (1-§fﬁ -rf—, | (1.20)

where Wl is the normal load on the indenter, r; is the indenter radius,
E and E' are the Young modulus of specimen and indenter respectively,
and v, v' the corresponding values of the Poisson's ratio. With a brittle

solid such as glass a 'ring" fracture forms in the tensile region.

Hertzian stress field has been described in more detail by Frank and
Lawn (1967) and Lawn (1968). The three principal stresses denoted by
01, 0, and oz are such that they are all compressive and similar in
magnitude beneath the indenter (Fig. 1.5). Outside the contact area the
radially directed stress o: becomes tensile, reaching a maximum value -%
at circle of contact, and falls off slowly with radial distance (Lawn
calculated the stresses on the basis that v==%J. o2 a "hoop stress"
‘has a value equal and opposite to that of o, outside the contact area..
The third principal stress o3, is everywhere compressive. The o, tra-
jectories are approximately hyperbolae meeting the surface orthogonally.
o3 drops to zero at the specimen free surface, thus the stress state 1is

one of the pure shear outside the circle of contact. Below the free

surface the tensile stress o; drops off rapidly and the compressive stress
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0.01 0.05

Compressive
zone

Fig. 1.5 The contours of ¢;, in a semi-infinite medium
in contact with a sphericdl indenter. The mean
pressure P is the unit of stress. o, trajectories
are shown as broken lines at distance of 0.82, a
and 1.2a from the centre of contact. ais the
radius of contact (after Frank and Lawn 1967).

o3 rises, such that the magnitude of o3 greatly exceeds that of o;.

The hoop stress 02 becomes tensile and equal to 01 at a.distance of about
1.7a directly below the centre of contact. The anglewhich the o3
trajectory asymptotically makeswith the symmetry axis is ~68°. Experi-
mentally, in the case of glass, the semi-angle of the cone crack was

found to be 68.5 ¥ 1 (Roesler 1956b). Thus, Frank and Lawn concludéd
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uldL CrdCRulg proceeas orunogondlly 1o tne greatesSt tensiie 0;, 1roliowing
a surface delineated by the trajectories of the other two principal stresses, o2
and 0;. The crack starts at the surface from a point’of maximm ¢,, O,
trajectory carries the crack round in a circle and o; trajectory carries

it downwards initially vertically and subsequently into a cone. The only
empirical discrepancy is that the crack usually starts a little further
out than the edge of the contact circle. This is due to the effect of

the interfacial shear stresses which arise when the indenter and specimen
have different elastic properties (Johnson, O'Conner and Woodward 1973).

In this situation when the solids are pressed into contact, the material
on either side of the contact interface will want to move unequal amounts.
Relative tangential movement of the mating surfaces will be affécted by
frictional faces. It is clear that the Hertz field, which neglects such
interfacial effects, will be modified. If the indenter is the more rigid,
the interfacial.stresses reduce the movement of the indented solid surface.
The maximum tensile stress is now less than that given by equation (1.19) |
and is located at a radius greater than the circle of contact. The
material therefore fails at an artificially high fracture load. Wheﬁ the
indenter is more compliant the maximum tensile is more than that given

by equation (1.19), and remains at the edge of the contact circle. The
magnitude of the effect depends upon the elastic parameter (in particular
the Poisson's ratio and shear modulus) and coefficient of friction at the
interface. Using glass and steel indenters on glass specimens Johnson

et al. also showed experimentally that the fracture load required for

the steel ball is more than that required for the glass ball under

similar experimental conditions. The ratio of the fracture radius to

the contact radius at fracture associated with a steel indenter is also

found to be more than that with a glass indenter.

In the case of crystalline material such as that possessing the
diamond structure, the Hertzian fracture is more complicated. In an

isotropic solid, for which I' is invariant with orientation, it is only
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