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Abstract

The influence of ‘blunt’ and ‘sharp’ indenters in producing indentation crack patterns is outlined. Attention is then
focused on the initiation and propagation of cracks formed during a sharp contact event as such contacts are of the
most practical interest and are commonly used to determine the fracture toughness of opaque materials. The modifying
influence on the behaviour of such cracks as a result of anisotropy, particle size, environment and residual stress effects
is briefly discussed. A simplistic derivation of the current formula used in determining the fracture toughness of
suitable materials from a sharp contact event is then given. The criteria for valid results are also presented and these, in
conjunction with other points discussed, highlight some of the limitations of this method of toughness testing.

1.0. Introduction

The literature on indentation fracture mechanics is extensive and results from the relevance of
this field to practical applications. Indentation fracture theory has, for example, provided an
insight into machining damage, erosion and wear phenomena and is gaining widespread
acceptance as a simple and accurate means of determining the toughness of brittle materials.
The abundance of literature can, however, be daunting to a newcomer in the field attempting to
gain an understanding of the development, basic theory and limitations of indentation fracture
mechanics. It is the purpose of this work then, to provide a review paper aimed at outlining
these aspects of indentation fracture. The emphasis of this review is directed towards indenta-
tion toughness testing as this area has, perhaps, generated the most interest.

As sharp contact events are generally of the most practical interest, discussion will be
centred about them, although much in regard to propagation of these type of indentation
induced cracks is equally applicable to blunt contacts.

2.0. Types of indentation cracking

Indentation induced crack patterns generally result from contacts that may be classified as
either ‘blunt’ or ‘sharp’ [1].

2.1. Blunt indenters

Contacts which are essentially elastic in nature up to the point of fracture may be regarded as
‘blunt’ as, for example, those usually produced by spherical indenters in brittle materials at low
loads.
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Fig. 1. Evolution of the Hertzian cone crack during blunt indenter loading (+) and unloading (—). The tensile (black)
and compressive (unshaded) stress fields are shown in Fig. 1a (from Lawn and Marshall, [17)).

The first successful attempt at the analysis of such contacts was that of Hertz in 1882 [2].
Since then, these contacts have been extensively studied and characterised [3—8]. Phenomeno-
logically, the contacts may be described as follows (Fig. 1):

As the spherical indenter contacts the surface the applied load is distributed over the contact
site as compressive stresses. Elastic deformation of the material, both at and around the contact
site, gives rise to tensile stresses confined to a shallow ‘skin’ outside this region and compressive
stresses immediately below (Fig. la). As the contact zone size increases, so too does the
magnitude of the tensile and compressive stresses. The tensile field moves out with the
expanding zone until a suitable flaw is found i.e. a flaw whose orientation and size are such that
it becomes unstable. When this occurs the flaw forms a surface ‘ring’ crack which, following the
maximum tensile field, completely encircles the indenter while at the same time driving
downwards into the material. This downward motion of the ring crack is, of course, arrested as
the crack extends out of the surface tensile skin region (Fig. 1b).

Further loading results in expansion of the contact and stable downward growth of the ring
crack which deviates outwards to avoid the compressive field below the indenter (Fig. 1c).

As loading continues, so too does the driving force until a condition is reached where the
ring crack becomes unstable and spontaneously forms a fully developed Hertzian cone crack
(Fig. 1d).

The crack continues to advance into the material in a stable manner as the load is increased
until the contact site engulfs the surface ring crack. This results in crack closure and may also
give rise to higher order (secondary, tertiary etc.) ring crack formation (Fig. 1e).
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On unloading, the material attempts to minimise its stored elastic and surface energy by
crack closure and healing. It is prevented in doing this however by the presence of debris
wedged into the crack, environmental effects, fracture steps etc. In fact, it has been reported
that a lateral displacement of as little as 1 in 1000 is sufficient to prevent total crack closure [9]
and it is these effects which allow the crack to remain visible upon complete unloading (Fig.

1f).

2.2. Sharp indenters

In contrast to blunt indenters, a contact which is essentially plastic in nature up to the point of
fracture is said to be ‘sharp’. A well-known example of such a contact is that produced by a
standard Vickers hardness testing machine.

A simplistic, descriptive account of sharp indenter crack formation - ignoring crack
initiation (discussed later) - would begin with the indenter contacting and penetrating the
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Fig. 2. Evaluation of the median, radial and lateral crack systems during sharp indenter loading (+) and unloading

(—). The black region appearing in each figure indicates the plastic zone. Point loading and residual stress fields are

shown in Figs. 2a and 2g respectively. The black and unshaded regions in these figures represent tensile and
compressive stress fields respectively (after Lawn and Marshall, [17]).
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specimen surface. This penetration leads to a plastically deformed zone surrounding the
indentation site and gives rise to surface tensile zones adjacent to the contact, as well as a
sub-surface tensile stress field immediately beneath the indenter tip (Fig. 2a). The penetration
may also produce a totally contained, sub-surface, ‘penny-like’ crack (or ‘vent’) immediately
under the point of the indenter where sub-surface tensile stresses are greatest (Fig. 2b). Further
loading results in both downward and outward growth of this so-called ‘median’ crack (Fig. 2c)
although outward growth is somewhat inhibited by near-surface compressive stresses. Median
vent formation is further discussed in Section 3.2 (see also Fig. 8).

Further loading results in a situation where, for heavily loaded specimens, the sub-surface
median penny-like cracks are able to break through these confining stress lobes and intersect
the specimen surface forming half-penny surface ‘median-radial’ cracks (Fig. 2d). For a
specimen not as heavily loaded, the median penny-like cracks remain sub-surface during the
loading cycle, extending downwards and slightly outwards along principal normal stress
contours (see Section 3.2) breaking through to the surface only during the unloading cycle when
the intensity of the confining compressive stresses has been sufficiently reduced.

Upon unloading, the median vents attempt to close up but, once again, are prevented from
doing so by debris and the existence of a residual stress field caused by the indented material
attempting to accommodate the plastic deformation zone i.e. elastic-plastic mismatch (Fig. 2e).
This residual stress field gives rise to sancer-shaped ‘lateral’ cracks which originate at the base
of the plastic zone and extend in a plane parallel to the specimen surface as the specimen is
unloaded (Fig. 2f). These lateral cracks continue their extension after indenter removal (Fig. 2g)
under the influence of the residual stresses which may also drive partially developed sub-surface
median cracks to completion, i.e. half-penny surface radials [10].

The lateral vents may intersect the surface resulting in the formation of chips which tend to
obscure the indentation pattern. It has been found that the extent of lateral crack formation
increases as load increases thereby indicating chipping to be more likely in a heavily loaded
body [11].

2.3. Blunt-sharp indenters

Wiederhorn and Lawn [12] showed the effect of overloading a blunt indenter. Using soda-lime
glass and a spherical indenter, they produced the expected Hertzian cone crack at loads of
approximately 100 N. However increasing the load to 500 N resulted in the formation of
median and lateral vents typical of sharp indenters, although these were somewhat inhibited by
the pre-existing Hertzian cone crack. This result was later supported by impact damage studies
on fused silica [13]. ‘Sharp’ indenters may also behave as ‘blunt’ indenters in that they may
produce Hertzian cones prior to median-radial crack formation if the tip of the indenter is
somehow blunted, i.e. if the tip is flattened on contact or if the material contains a large
number of flaws (as might occur, for example, in a highly porous body [14]).

At high loads then, a spherical indenter is effectively able to ‘penetrate’ the specimen surface
and behave much like a sharp indenter. Similarly, in some situations, sharp indenters are able
to behave in much the same fashion as blunt indenters.

During their indentation studies on single and polycrystalline brittle materials, Evans and
Wilshaw [15] chose the radius of curvature of their conical indenters such that a sharp crack
pattern was produced. Their results showed that care must be taken in choosing a suitable
radius of curvature to produce a sharp indent in a given material and that the same indenter
might not produce a sharp indent in @/l materials. Their results supported the earlier work of
Lawn and Fuller [10] who were able to produce cone fracture before median cracking by using
a pyramidal indenter of 160 deg included angle.

Thus, in any indentation study care must be taken in choosing a suitable indenter and load
so that the required crack pattern (blunt or sharp) is achieved.
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Although both blunt and sharp indenter crack patterns may be used to determine material
fracture toughness [4,16], sharp indenters are more suited to this purpose in opaque materials
since they produce a surface crack which can be related to the material fracture toughness.
Blunt indenters on the other hand, rely on the critical load necessary to spontaneously form a
Hertzian cone crack from the precursory ring crack as the basis for determining fracture
toughness. Since this is a sub-surface phenomenon, the formation of the Hertzian cone is not
readily observable at the specimen surface in an opaque material and so is not as amenable to
fracture toughness determination in these materials as sharp indenters. Further, crack forma-
tion with sharp indenters typically occurs at loads a few orders of magnitude less than for blunt
indenters [17] allowing for the use of a smaller testing machine.

3.0. Principles of indentation-induced cracking: sharp indenters

The stress field about an indentation is usually described by three components; stresses
radiating from the point of contact (radial stresses), stresses which encircle the contact (hoop
stresses) and shear stresses. It is the behaviour of these stresses in the immediate vicinity of the
contact (the so-called ‘near-field’ stresses) which determine the point of initiation of the
indentation induced cracks. These stresses at points far removed from the contact (the
‘far-field’ stresses) also determine the path of propagation of the same cracks.

The interaction of these stresses in both the near and far fields gives rise to a maximum
tensile stress. Since it is this stress which plays the major role in the initiation and propagation
processes it will be discussed in some detail.

3.1. Initiation

Lawn and Evans [18] proposed a working model for predicting the onset of median cracking
below a sharp indenter acting on a reasonably well finished, brittle body. In this model, the
plastic zone is formed by the radial movement (by cracking, densification etc) of that volume of
material displaced by the indenter. This gives rise to an elastic-plastic stress field analogous to
that produced by an expanding spherical void subjected to an internal hydrostatic force
distribution (the so-called ‘expanding cavity’ model of plasticity theory, [19-21]).

The Lawn-Evans model makes use of this analogy as well as the work of Lawn and Swain
[22] who found the maximum tensile stress in a sharp contact event occurs directly below the
indenter point at the elastic-plastic interface. Lawn and Evans argued that increasing the load
increases the plastic zone size and hence, the position of the elastic-plastic boundary, leaving
the tensile stress at the boundary constant. The maximum tensile field could then be viewed as
effectively ‘searching’ the material below the contact for a suitable flaw. Once found, this flaw
becomes unstable in the tensile field and ultimately forms the classic median vent.

The existence of fortuitous flaws in the vicinity of the contact site was inherently assumed in
this early model. In a later indentation study involving deformation behaviour beneath sharp
contact events in glasses of various composition, Hagan [23] showed that initiation of median
and lateral cracks could also result from indentation-induced deformation beneath the contact
site. For ‘normal glasses’ such as commercial soda-lime-silicate glass, plastic deformation
resulted from sequential flow of the material as loading progressed. The resulting flow lines
were found to be capable of initiating cracks and voids along their length or at their points of
intersection [24].

Plastic flow in ‘anomalous glasses’ (e.g. fused silica) was not observed. Instead, compaction
of the open silica structure occurred. Expansion of this compacted zone could lead to median
cracking at the base of the zone during loading, while strain mismatch on unloading could give
rise to lateral cracking [25].
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Fig. 3. The reduced crack dimension (C) as a function of the reduced load (P) at equilibrium according to the model
proposed by Lawn and Evans, [18].

Using various materials (WC, SiC, Si etc.) Lawn and Evans were able to demonstrate the
effect of loading on cracks of various sizes (Fig. 3). Small flaws below a critical size (C; in Fig.
3) could not be made to extend whereas large flaws (C > C*) grew stably with increasing load.
Only flaws of a critical intermediate size (C; < C < C*) would become unstable and sponta-
neously form sub-surface median cracks at constant load. Lawn and Evans were able to derive
equations for the maximum load and flaw size required to initiate a median flaw.

Lawn and Evans’ initial work suggested then, that sub-surface median cracks formed first
immediately below the indenter tip eventually giving rise to the surface median-radial cracks.

However, the expanding cavity model on which the Lawn-Evans proposal is based requires a
uniform distribution of contact pressure across the face of the indenter. Investigations into the
stress distribution across the face of various wedge-shaped diamond indenters acting on
assorted materials (both metals and plastics) showed the condition for uniform stress distribu-
tion to be met only when the indenter angle was acute (< 90 deg) and the ratio of Young’s
modulus (E) to yield stress of the material was high. The results were also claimed to be
applicable to pyramidal indenters {26].

Perrot [27], making use of these results, claimed that since Vickers indentations involve
indenter angles of 136 deg, the stress distribution was not analogous to the expanding cavity
model. Further, the Lawn-Evans model assumed no plasticity of the test material and so was
limited to only extremely brittle materials. A further objection to the Lawn-Evans model was
that the (calculated) flaw size required for median crack initiation in some materials (i.e. NaCl)
was such that, according to this model, they should be readily detectable. However, no such
flaws could be found [28].

Perrot [27] provided an analysis of the stress field about an axially symmetric, obtuse
indenter in a body which exhibits some plasticity i.e. an indentation in which the volume of
material displaced by the indenter is ‘piled-up’ about the impression. His results indicated that
the maximum tensile field occurred at the corners of the indentation and was confined to a
shallow surface region within the plastic zone. It was this field he claimed, which gave rise to
the surface radial - or ‘Palmqvist’ (after Palmgqvist [29]) - cracks observed by various workers
before the onset of median cracking [15,30-32].

Lankford [33] proposed that the Lawn-Evans model was basically correct and erred only in
its assumption of median initiation preceding radial. He suggested that this fault could be
overcome in the case of Vickers indentations by adopting the Perrot model of a near-surface
maximum tensile stress as opposed to the Lawn-Evans model of a sub-surface maximum tensile
stress.

In this approach then, the highly tensile near-surface field, as described by Perrot, ‘searches’
the plastic zone for a suitable surface flaw from which to form a radial (Palmgqvist) crack (Fig.
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Fig. 4. The model proposed by Lankford [33] for fracture initiation beneath a sharp (Vickers) indenter. In this model,
radial crack initiation (Fig. 4a) precedes median (Fig. 4b). Loading (+) and unloading (—) cycles are as shown.

4a). Surface finish would then be expected to influence the radial crack initiation load and this
was, indeed, observed [15,34].

Further loading results in sub-surface penny-like crack formation (Fig. 4b). Upon unloading,
these cracks were thought to merge with the surface radial cracks to form the classic
median-radial crack pattern (Fig. 4c).

Chiang, Marshall and Evans [35], however, claimed the Lankford-Perrot model to be
incorrect on a number of points including the position and nature of the surface stresses. The
Perrot model requires the near-surface stresses to be tensile and confined to the plastic zone.
However, radial cracks have been observed to terminate within the plastic zone indicating a
compressive stress [15,36,37]. Further, radial cracks have been observed to extend outside the
plastic zone [33] indicating the stress field to be more extensive than envisaged by Perrot.

Chiang et al. also claimed that materials subjected to large (included) angle indentations, or
materials of low Young’s modulus, deform by radial compression resulting in very little
material pile-up about the impression site and a (usually) hemispherically symmetric plastic
zone. The occurrence of this phenomenon, even in materials which exhibit- considerable
plasticity such as annealed brass, suggests the Lawn-Evans model to be less restrictive than
indicated by Perrot. .

They then provided their own analysis of the near-field stresses for both pyramidal and
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Fig. 5. Tangential surface stresses for radial fracture at both peak indenter load (upper and lower bounds) and indenter
removal (residual), for two choices of relative plastic zone size (8). From Chiang, Marshall and Evans, [35].

spherical indenters taking into account the effect of the free surface (hemispherical cavity
model) previously overlooked in both the Lawn-Evans and Perrot models. Their results showed
that, regardless of the crack system:

(1) Maximum tension occurred at the elastic-plastic boundary,

(2) The maximum tension decreased rapidly within the plastic zone which is highly compres-

sive and, ‘

(3) The maximum tension decreased monotonically as it entered the elastic zone.

Their analysis also provided information specific to particular crack systems. For radial
cracking, the residual tensile surface stress approximates or exceeds the peak load tensile
surface stress depending on the material and the indenter size (Fig. 5). However, geometric
factors involving the indenter angle indicate radial (and lateral) cracking should be suppressed
during loading for large indenter angles i.e. Vickers indenters. This is consistent with observed
behaviour [16].

For median cracks, the peak load tensile stress beneath the indenter always exceeds the
residual stress but is less than the surface tensile stress.

Chiang et al. then applied the results of their analysis to the problem of crack initiation and
found that radial cracks are, indeed, the first to initiate [38]. This results from a combination of
the high surface tensile field and the availability of surface flaws. These cracks grow on
unloading into both the plastic zone, where they are quickly terminated, and the elastic zone.

Larger loads are required as the surface finish improves so that a greater number of flaws
may be ‘sampled’. If the surface finish is very good or surface compressive stresses are
introduced, radial crack formation may be suppressed and median cracks formed on unloading.
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In situations where the surface flaw density is low and the material exhibits plasticity,
sub-surface flaws may form from nuclei originating from intersecting shear or slip bands
[24,28,39,40]. These nuclei grow under the influence of the near-field maximum tensile stress
ultimately forming surface radial cracks on unloading.

This phenomenon also extends to many brittle (low E) materials which have now been
found to exhibit micro-plasticity during indentation loading [41-44] and is thought to result in
median crack nucleation in situations where the sub-surface flaw density is low [38]. Some
evidence exists however, for the formation of median cracks from surface flaws in some glasses
[34,43].

However, for the purposes of measuring fracture toughness from, for example, Vickers
indentations a well-developed median crack is required. This necessitates a load in excess of
that required to produce radial cracking although some work has been done in determining
fracture toughness from Palmqvist cracks [45,46].

In these situations radial cracks are the first to nucleate, either from surface flaws or by
plasticity, at a very early stage in the loading cycle. They are prevented from developing,
however, until the unloading cycle. As the loading cycle continues median cracks form at the
elastic-plastic boundary, also from pre-existing flaws or by plasticity, and form sub-surface
penny-like cracks immediately below the indenter. These cracks grow on further loading and
may engulf the radial nuclei before the unloading cycle is begun. Alternatively, the median
cracks may form at a load not greatly in excess of that required to form the radial cracks. On
unloading then, both crack systems grow simultaneously with the radial system confined to the
near-surface region. As unloading nears completion, the median cracks may merge with, or
engulf, the radial cracks [15] resulting in a final crack pattern identical to the one outlined
above.

A third situation may arise in which the load is insufficient to form a penny-like median
crack but in excess of that necessary to initiate the radial system (Fig. 6a). In this situation the
surface radial cracks may grow on unloading, merging beneath the indenter tip to once again
obtain the classic Vickers crack pattern (Fig. 6b).

The Chiang, Marshall and Evans model of crack initiation about an indenter explains many
of the features observed in indentation crack patterns and is the most recent advanced.

3.2. Propagation

The distribution of the ‘far-field’ stresses which influence the growth of an initiated crack are
less controversial than that of the ‘near-field’.
Once removed from the vicinity of the contact site, the stresses in the material are elastic.

Fig. 6. Half-penny radial crack formation resulting solely from surface radial (Palmqvist) cracks. Loading (+) and
unloading (—) cycles are as indicated.
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The equations for the components of these elastic stresses about a point indentation in an
isotropic material were first formulated by Boussinesq in 1885 [47]. From these equations stress
contours of the three principal normal stresses (Fig. 7) may be determined. The o;, and o,
stresses (see insert, Fig. 7) both lie in planes of symmetry through the load axis with oy,
everywhere tensile and o5, everywhere compressive. The oy, “hoop’ stress is tensile to within
approximately 52 deg of the surface and compressive elsewhere.

The Boussinesq equations showed the stress field to be partially dependent on the Poisson’s
ratio (») of the material involved. Lawn and Swain [22] claimed the Poisson’s ratio greatly
affected the maximum tensile stress which was found to disappear altogether for » = 0.5. Since
cracks tend to propagate nearly-orthogonal to major tensile stresses [48] and since the
indentation technique is best suited to essentially brittle fracture, the Poisson’s ratio of the
indented material must be chosen so that a maximum tensile stress exists and the material is
brittle.

Materials generally range from highly brittle to highly ductile for Poisson’s ratio between 0.2
to 0.5 [49]. Hence, in order to obtain a stress field which will result in a well defined crack (i.e. a
crack which is large in comparison to the indent and so is governed by the far-field stresses),
the indented material should have a Poisson’s ratio to the lower end of this range.

Once initiated, a crack originating immediately below the indenter tip in a material of small
Poisson’s ratio will propagate downwards into the material (in the g,, direction) maintaining
orthogonality with the o,; and o,, tensile stresses (Fig. 7). The crack will also expand outwards
in the o, direction in order to remain orthogonal to the o,, tensile stress, ultimately resulting

Fig. 7. Contours of the three principal normal stresses (see insert) associated with a Boussinesq stress field (after Lawn
and Swain, {22]). These stresses have the general form

oy~ (L5 )1 (0)

where P, R and ¢ are as defined in the insert and » = Poisson’s ratio for an isotropic material.
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Fig. 8 Enclosed ‘full-penny’ median vent formation beneath a sharp indenter as loading progresses. Radial vent
formation (usually) occurs upon indenter removal but may also be induced during loading.

in the enclosed full-penny configuration (Fig. 8). This sideways expansion will, however, be
limited by the compressive lobes of the hoop stress at angles of less than approximately 52 deg
to the surface.

Upon unloading, the material attempts to regain its stored elastic energy. The plastic zone,
being the most highly deformed region, undergoes the most severe contraction but is inhibited
by the surrounding material. The residual tensile stress thus formed in the material surrounding
the contact site drives the full-penny median vent to the equilibrium half-penny median-radial
configuration maintaining near-orthogonality to the o,; radial tensile stress.

Alternatively, loading continues until the enclosed penny-like crack is able to break through
the confining compressive stress lobes to once again form the median-radial configuration.

4.0. Real indenters

The stress field situations outlined above for crack initiation and propagation about a sharp
indenter apply to an idealized case. This idealized approach has evolved as a matter of necessity
since real indenter/material interactions are extremely complex in nature requiring some
simplifications before an analysis is attempted. Of special interest in relation to indentation
toughness testing are the effects of anisotropy, particle size, environment and residual stresses.

4.1. Anisotropy

The symmetrical stress fields shown in Fig. 7 apply to those found in an isotropic material.
Consequently, the crack pattern resulting from a Vickers indentation in annealed soda-lime
glass shows symmetrical surface traces of equal length emanating from all four corners of an
equi-axed hardness impression.

An asymmetric crack pattern might then be expected to result from an indentation in an
anisotropic material. This has been observed by workers in relation to orientation effects in
ionic solids [28,50].

Similarly, an indentation in a material with an anisotropic grain structure might be expected
to produce an asymmetric crack pattern.

4.2. Particle size effects

Coarse grained polycrystalline materials (i.e. grain size comparable to plastic impression size)
may produce a crack pattern not truly indicative of the material as a whole, As the grain size
increases anisotropy within the grains becomes more prevalent until, in the extreme where grain
size > indent size, a pattern indicative of the individual grains results.

Attempting to overcome this problem by increasing the load, however, produces a greater
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tendency to chipping (i.e. lateral vents intersecting the surface) and subsequent obscurity of the
crack pattern [11].

Evans [36] claimed the crack patterns to be more prone to disruption by individual grains as
the grain size is increased, while material inhomogeneities of > 1 pm are considered by some
authors to affect the crack pattern [51].

It has also been suggested that the nucleation and propagation of the various crack systems
is influenced by grain size effects [39].

4.3. Environmental effects

Sharp contact events have associated with them a residual stress field. Cracks in the material
(either pre-existing or induced by the contact) may then undergo slow crack growth in the
presence of a suitable environment under the influence of this residual stress. Post-indentation
crack growth has been observed in a number of indentation studies [1,40,52—-55] and can lend
to an under-estimation of material toughness.

4.4. Residual stresses

It is likely that the Boussinesq stress field (and hence, indentation toughness value) may be
significantly altered by the superposition of pre-existing residual stresses in the material.
This has been dramatically evidenced in the case of soda-lime glass where the introduction
of compressive residual surface stresses resulted in suppression of radial crack formation [34].
Other workers have also noted the influence of pre-existing stresses [56] resulting from
surface grinding and tempering on the behaviour of materials subjected to sharp contact events
[57-59].

5.0. Toughness determination using the median radial crack system

The first quantitative use of the median-radial crack system for evaluating material fracture
toughness was that of Palmqvist in his empirical study of metal carbides [29]. The development
of this method of toughness testing from Palmqvist to more current times has recently been
reviewed [60] and so will not be presented here. Instead, a derivation of the current equation
based on the original approach of Lawn and Fuller [10], will be given. Although simplistic, this
approach highlights many of the important aspects of indentation fracture toughness testing,

The direct observation of median-radial crack formation in glass during a sharp contact
event revealed that:

(1) Well developed indentation cracks have near-circular crack fronts at advanced stages of
loading (this is also true of blunt indenters) and,

(2) The impressions left by an indenter at various loads are geometrically similar, i.e. the
indentation pressure is load independent {10].

These two observations may be used to derive an equation relating material fracture toughness
(K) to the indentation parameters of load (P), crack length (C) and indentation impression
size (a) as defined in Fig. 9.

The observation of penny-like cracks at advanced loading allows the application of the
Griffith energy-balance criterion [61], in conjunction with a scalar argument, to determine the
energy-balance requirements for such cracks at equilibrium. This approach is much the same as
that used by Roesler [3] in his analysis of blunt indenters.



A review of indentation fracture theory 309

Plastic Zone J_I7

|
i
|
F 2C —

Fig. 9. Schematic representation of a sharp contact event showing the indentation parameters of load (P), indenter
half-angle (¢/), impression diagonal (a) and surface crack length (C) required for the determination of material fracture

toughness.

The Griffith equation may be expressed as
av, 4y,
ic ~~dc M

where U, = the elastic energy stored in the body and U, = the surface free energy of the crack
For a circular crack of fracture surface energy (vy), the total surface energy must scale as

Uyay-Cz.

The evaluation of the U, term relies on the observation of geometrical similarity. For well
developed cracks the far-field stresses control behaviour. Geometrical similarity ensures that
these stress fields are load independent and similarly distributed and can therefore be expressed
by a Boussinesq stress distribution (o;;). The stress (o) over a crack of length C must then scale
as

P
7-C?
The strain energy density (strain energy /unit volume, V') of a material is defined as
U _ o

V2 E

where E = Young’s modulus,
By substitution of (2) then, the strain energy density of a material under the influence of a
Boussinesq field is found to vary as

A &
T,
VvV 2.c*E
The total strain energy in the volume of material influenced by the crack (VaC?) is then found
to be

0 =0

(2)

P2
Ve T E-
Invoking (1) after substitution of the U, and U, terms produces
d 2y B-P ? _d_(l)
4 v 3l ="fF 3c\c

where 4, B = proportionality constants. ]
This then gives the equilibrium condition for penny-like cracks in a Boussinesq field (in a
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given material) as

or

N 3

where M, N = constants.

Equation (3) is of the same form as the stress intensity factor (K') for a plane circular crack
of radius C in a solid subjected to a uniform stress (¢) acting perpendicular to the crack plane
[62] i.e.

K=2.0.”£ =7. L ][—C—
T ‘7T‘C2 T

giving

2 P

K= . or
77_3/2 C3/2 CS/

> = constant (since K is constant for a given material).

It was therefore concluded that the fracture toughness (K,) of a material which exhibits
geometrical similarity and a circular crack front at advanced loading may be determined from
sharp indentation crack patterns according to

i .
K =x- i (4)

where x = constant and P = load required to produce a crack of characteristic dimension C
(Fig. 9).

A more analytical approach adopted by Lawn, Evans and Marshall [16] later showed that
this equation contained contributions from both the reversible elastic (K, ), and the irreversible
residual (K,), stress field components of the indentation field. Both these components have the
same form as (4). They also established the value of the constant for radial crack formation to
be

p—

where  =indenter half-angle, H = material hardness=P/(2.a%), &= experimentally de-
termined constant independent of indenter/specimen system, = 0.032 + 0.002.
Substitution of this into (4) (taking = 68 deg for a Vicker’s indenter) then gives

Pl/2
= 1/2
K.=00473- B a- . (5)

Vickers, rather than Knoop, indentations are preferred for toughness measurements in most
cases for a variety of reasons [63,64].

The median/radial crack system is most commonly used to determine fracture toughness
since it produces a surface trace, an advantage in opaque materials, and attains equilibrium
only after indenter removal. The elastic stress field component contribution to the fracture
toughness can therefore be ignored.

From the above derivation and Section 4, (5) may be considered as applicable only if the
following conditions are met:

(1) The material being tested should be of sufficient thickness to ensure the extent of the
far-field stresses is such as to allow the development of the median-radial crack system
without modification of these stresses as a result of edges. A material thickness exceeding
10 times the indentation crack length has been suggested as suitable [51].
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(2) The crack must be circular at advanced loading (or semi-circular at complete unload) i.e.

3 = constant.

(3) The material must be initially stress free so that the stresses on the crack during loading
are attributable solely to the Boussinesq stress field produced by the indentation.

(4) C> 2a (see Fig. 9) without chipping. This ensures a clearly visible, well developed crack
influenced only by the far-field (Boussinesq) stresses. Lateral vent formation, which can
lead to chipping, is known to reduce the intensity of the residual stress field [65].

(5) The test material must be reasonably homogeneous over the scale of the impression to
avoid variations in crack length and,

(6) In polycrystalline materials the grain size must be small in comparison to the indentation
size to avoid possible disruption of the crack pattern.

6.0. Conclusion

By recognizing the limitations associated with indentation toughness testing this method has
been successfully employed to determine the toughness of certain polycrystalline materials to
within 10 percent [66]. However, recent work on densification effects [67] and superposition of
external stress fields over the indentation residual stress field [59], suggests that indentation
fracture theory is progressing to the stage where many of these current limitations may soon be
incorporated into existing theory. This should then increase the range of application of
indentation fracture toughness testing and so provide a versatile tool for materials examination.
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Résumé. On souligne l'influence de I'émoussage ou de l'acuité d’un poingon lors de la production de fissures
d’indentation. On se concentre ensuite sur ’amorgage et la propagation de fissure résultant du contact avec un poingon
a angle acéré, cas le plus intéressant dans la pratique, et d’usage courant pour déterminer la ténacité a la rupture de
matériaux vitreux. On discute briévement de I'influence que I'anisotropie, la taille des particules, I'environnement et les
contraintes résiduelles peuvent avoir sur le comportement de telles fissures. On donne également une dérivée simpliste
de la formule couramment utilisée pour la détermination de la ténacité a la rupture des matériaux adéquats & partir
d’une essai de poingonnage. On présente également les critéres pour que les résultats soient valides, et on indique
comment ces critéres, en association avec d’autres points évoqués par ailleurs, mettent en lumiére les limites de cette
méthode.



