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ABSTRACT: The nature of contact-induced surface damage in brittle materials,
and the fracture mechanics principles used to describe this damage,
are surveyed. The importance of understanding the elastic and
plastic deformation processes which precede fracture is emphasized.
Strength and erosive wear properties are intimately connected to
the contact damage mechanics.

RESUME : La nature de la détérioration par contact de la surface des
matériaux fragiles et les principes de mécanique des fractures
utilisés pour décrire cette détérioration sone rappelés. On
souligne l'importance de la compréhension des processus de
déformation élastique et plastique qui précédent la fracture.
La force et les propriétes d'érosion sont intement lies aux
mécanismes de dommage par contact.

INTRODUCTION

The ubiquitous surface damage that characterises highly brittle materials, notably glasses
and ceramics (i.e., solids with covalent/ionic bonding), is due to local stress ‘concentra-
tions that occur whenever contact is made with a small, hard object. Microfracture centers
that seriously degrade the strength are often introduced by the processes used to finish
the surfaces (e:g., machining), or by particle impingement incurred in subsequent handling
and storage. Unless extreme precautions are taken to avoid all spurious contact events
(e.g., as is done with the coating of freshly drawn optical fibres in dust-free atmospheres)
such degradation is generally inevitable. Contact damage also holds the key to the ero-
sive wear and abrasion properties of brittle materials. A proper understanding of the
underlying mechanisms of deformation and fracture, using the controlled methods of "inden-
tation fracture mechanics'", has accordingly become a major research goal in the area of
brittle design.

In the present paper the current state of this understanding is summarized.
Our goal is not a comprehensive survey of the field: rather, we seek to draw attention
to certain broad features of the brittle indentation problem that might be considered to
bear, however indirectly, on the theme of this meeting. Reference is made to several

review articles [1-4] for those who wish to pursue the subject in greater detail.
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The outline of our presentation is as follows. First we define what we mean
by a brittle solid. We then argue that indentation events can be classified into two
main types, "blunt'" or "sharp", according to whether the material response to fracture
is essentially elastic or plastic. In normal loading the cracks are shown to have well-
defined, penny-like geometries; superposition of a tangential loading component modifies
these geometries significantly. Fracture mechanics relations are given for some of the
more important of the crack geometries. Finally, the role of indentation fracture des-

criptions in formulating theories of strength and wear is discussed.
BRITTLE MATERIALS IN RELATION TO THE CONTACT PROBLEM

Ideally brittle materials are, by definition, essentially characterized by a completely
elastic response up to the point of fracture. In certain instances stresses and strains
close to the theoretical strength of the molecular. structure can be sustained without
detectable signs of permanent deformation. Coated silica glass fibers, for example, show
complete recovery after undergoing tensile strains of up to 15%. The materials which
fall most readily into this category are those with large components of covalent bonding,
for which there exists a strong intrinsic resistance to shear-activated deformation
processes [5].

However, even the most brittle of materials can, if subjected to sufficiently
large constraining hydrostatic compressions to inhibit the onset of fracture, be deformed
irreversibly [6]. (This statement is, of course, a self-evident truth to those concerned
with the geomechanical behaviour of rocks.) Hardness indentations provide us with the
simplest means of demonstrating this phenomenon; the stress field immediately beneath
the contact area is intensely compressive, with a substantial component of superposed
shear [7]. Thus residual impressions can be made on the surface of any material, includ-
ing diamond, with a suitably penetrative indenter.

Whereas in metals the nature of the deformation processes which operate within
the contact zone is reasonably well understood, in some of the more brittle materials the
analogous processes remain obscure. It is clear from the magnitude of the contact pres-
sures that the harder, covalent structures are being stressed to their theoretical limit.
At this level the classical descriptions of slip by dislocation motion no longer strictly
apply; instead it becomes more useful to consider the deformation modes in terms of an
extended, cooperative breakdown of the structure. This is not to say that structures
which undergo this kind of deformation are incapable of being 'dislocated" by shear
processes. Indeed, structural dislocations have been clearly identified in transmission
electron microscopy observations by Hockey at indentation sites in a number of hard
crystalline materials [8-10]. However, the configurations observed do not always corres-
pond to normal crystallographic slip planes or directions. In fact, the recent identifi-
cation of analogous shear processes in soda-lime glass [11] would appear to indicate that
crystallographic considerations are no longer of primary importance in the constrained

deformation of this class of solid.
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A characteristic feature of the contact deformation zone in highly brittle
materials is its strong confinement to the region immediately below the surface impres-
sion. There is no mechanism for relaxation of the '"plastic' strains as there is in most
metals, where extensive, long-range slip or twinning can usually occur without obstruc-
tion. Instead, these strains have to be accommodated elastically by the surrounding
matrix. Consequently, high-intensity residual stress fields can develop, and these
fields can exert a strong influence on subsequent mechanical response of the material.

A second characteristic feature of the contact process in brittle materials
is the great ease with which microcracks initiate and propagate. In a covalent material
like silicon, for instance, it is almost impossible to produce crack-free impressions,
with even the most delicate of routine hardness testing machines. In this context it
may be noted that a tensile stress component, however small in comparison to the hydro-
static compression within the deformation zone, is generally unavoidable in the matrix

contact field [1].
BLUNT VERSUS SHARP CONTACT

The nature of the stress field in an indentation experiment depends strongly on the geo-
metry of the contacting surfaces, as well as on the mechanical properties of the materials
involved. We shall be working on the premise here that the indenter material is suffi-
ciently '"hard" relative to that of the test piece to be effectively rigid. It is then
convenient to distinguish two extreme types of indentation field [1]: '"blunt", in which
the contact pressure increases monotonically with load such that the deformation prior

to fracture is completely elastic; 'sharp'", in which the contact pressure is in excess of
that required to produce irreversible deformation at all stages of loading. The intensity
of the stress field in the former case is controlled by the elastic moduli, in the latter

by a combination of the elastic moduli and the hardness.
Blunt Contact

The classical example of the blunt contact is the Hertzian stress problem, discussed at
some length by others in this volume. Experimentally, the Hertzian stress field is most
simply generated by pressing a sphere onto a semi-infinite solid. Solutions for the
field are obtained from the basic equations of linear elasticity. Essentially, the
normal stresses are all highly compressive in a drop-shaped zone immediately below the
indenter, but become moderately tensile at and outside the contact circle. These tensile
stresses are extremely inhomogeneous in this near-contact region, falling off dramatically
along subsurface stress trajectories [1,12]. Remote from the contact zone the stress
field tends asymptotically to the corresponding Boussinesq field for concentrated point
loading [1,13].

At a critical load in the Hertzian contact a well-defined, cone-shaped crack

""pops in'" from the specimen surface. Figure 1 shows such a Hertzian fracture in glass.
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The stresses at the surface trace prior to pop-in are generally well below the theoretical
limiting strength of the material structure, indicating that initiation must occur from
pre-present flaws. The crack first runs from the critical surface flaw into a shallow
ring just outside the contact circle, then propagates downward into its characteristic
cone geometry until sufficiently remote from the loading center, at which point it becomes
highly stable.

Figure 1 - Cone Crack in Glass; Base Diameter 30 mm, Indentation
Load 40 MN. After [15].

The mechanics of formation of Hertzian cone cracks is complicated by the
extreme inhomogeneity of the near-contact stress field through which the growth occurs.
To ignore this inhomogeneity and assume that instability ensues when the surface stresses
reach the tensile strength of the material is to overlook the essence of the general
contact fracture pheénomenon. In accordance with modern-day fracture mechanics procedure
it is necessary to compute a ''stress intensity factor', representing the driving force
for the fracture, as an integral of actual stresses (weighted with an appropriate Green's
function) over the prospective crack path. The first such analysis was carried out by
Frank and Lawn [12], who showed that the critical load for cone-crack pop-in, under equili-

brium conditions of fracture, is given by
_ 2
P. M KIT/E (1)

where r is the sphere radius, KC is the critical stress intensity factor for crack exten-
sion (i.e., the material '"toughness', characterizing the intrinsic resistance to fracture),
E is Young's modulus and A; is a dimensionless constant. This result provided the first
analytical derivation of the long-standing empirical 'law'" of Auerbach, 1891, Pc < r [14].
Considerable interest has been shown in this law because the Hertzian equations for the
surface stresses give 0 « P/r? so that, in combination with equation (1), we obtain

o, « 1/r; i.e., the simplistic concept of a critical stress criterion for fracture is

clearly in violation. Note that this last expression implies the suppression of crack






