Microindentation




MICROINDENTATION
TECHNIQUES

IN MATERIALS SCIENCE
AND ENGINEERING

A symposium sponsored by

ASTM Committee E-4 on
Metallography and by the
International Metallographic Society
Philadelphia, PA, 15-18 July 1984

ASTM SPECIAL TECHNICAL PUBLICATION 889
Peter J. Blau and Brian R. Lawn

National Bureau of Standards

editors

ASTM Publication Code Number (PCN)
04-889000-28

QH]}? 1916 Race Street, Philadelphia, PA 19103
@International Metallographic Society



Library of Congress Cataloging-in-Publication Data
Microindentation techniques in materials science and engineering.

(ASTM special technical publication; 889)

“ASTM publication code number (PCN) 04-889000-28.”

Includes bibliographies and index.

1. Materials—Testing—Congresses. 2. Hardness—
Testing—Congresses. 3. Metallography—Congresses.
1. Blau, Peter J. II. Lawn, Brian R. III. American
Society for Testing and Materials. Committee E-4 on
Metallography. 1V. International Metallographic
Society. VI. Series.

TA410.M65 1986 620.1'126 85-28577
ISBN 0-8031-0441-3

Copyright © by AMERICAN SOCIETY FOR TESTING AND MATER1ALS 1985
Library of Congress Catalog Card Number: 85-28577

NOTE

The Society is not responsible, as a body,
for the statements and opinions
advanced in this publication.

Printed in Ann Arbor, MI
February 1986



Foreword

This publication, Microindentation Techniques in Materials Science and
Engineering, contains papers presented at the Microindentation Hardness
Testing Symposium and Workshop, which was held 15-18 July 1984 in Phila-
delphia, PA. The event was jointly sponsored by ASTM, through its Commit-
tee E-4 on Metallography, and the International Metallographic Society.
Chairing the symposium were Peter J. Blau and Brian R. Lawn, both of the
National Bureau of Standards, who also served as editors of this publication.
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Introduction

Microindentation hardness testing and its associated methodology con-
tinue to be used widely in materials evaluation. The subject matter in this
book, however, goes beyond the mere obtaining and interpreting of microin-
dentation hardness numbers. It deals with the use of indentation methods in
the study of intrinsic deformation properties, residual stress states, thin-film
adhesion, and fracture properties in a variety of materials.

The last such collectior. of contributions to the general field of microinden-
tation hardness testing in the United States was published more than a dec-
ade ago.! Since then, a considerable body of work has improved our under-
standing of indentation behavior as it relates to fundamental material
properties and has extended the range of applications to engineering practice.
The symposium from which the content of this book derives was organized as
a joint venture between the International Metallographic Society, the Ameri-
can Society for Metals, and ASTM. It was held on 15 and 16 July 1984, in
Philadelphia, PA, in conjunction with the 17th annual International Metallo-
graphic Society technical meeting. Contributors and attendees at the sympo-
sium represented eleven countries in addition to the United States, and their
technical interaction provided a forum for discussion of microindentation re-
search and technology.

This volume is organized into three sections dealing with fundamentals,
testing techniques, and engineering uses of microindentation-based methods
for metals, ceramics, and polymers. The reader will find that the classifica-
tion of papers into the three sections is somewhat arbitrary. Nevertheless, as
one proceeds through the book one will note something of a progression from
scientific principles to practical applications.

The papers in the section on fundamentals question some of the traditional
theories of indentation behavior and examine how these theories relate to in-
trinsic material properties. This section covers metals, ceramics, and poly-
mers. There is an emphasis in many of these papers on a relatively new ap-
proach to quantifying microindentation behavior through the use of the
load-displacement response of materials. The section on techniques ad-
dresses such topics as hardness scale interconversions, measurement meth-
ods, errors, standardization, and time and size effects. The third section, on
applications, contains six papers which exemplify some of the many engineer-

'The Science of Hardness Testing and Its Research Applications, American Society for
Metals, Metals Park, OH, 1973.

Copyright© 1985 by ASTM International www.astm.org



2 MICROINDENTATION TECHNIQUES IN MATERIALS SCIENCE

ing uses of microindentation techniques. Two of these papers deal with slid-
ing wear and abrasion damage assessment, one with the mounting and mi-
croindentation testing of small particles, and three with various aspects of
coatings testing.

The editors would like to express their sincere gratitude to the contributors
and reviewers of this volume for their cooperation and efforts. The Interna-
tional Metallographic Society and the U.S. Office of Naval Research provided
travel support for some of the symposium contributors from outside of the
United States. Chris Bagnall and James McCall of the International Metallo-
graphic Society are also acknowledged for their help with many of the neces-
sary details required to organize the symposium facilities and funding.

Peter J. Blau
Brian R. Lawn

National Bureau of Standards, Gaithersburg,
MD, 20899; symposium cochairmen and
editors.



Fundamentals of Indentation Testing



Leonard E. Samuels!

Microindentations in Metals

REFERENCE: Samuels, L. E., “Microindentations in Metals,” Microindentation Tech-
niques in Materials Science and Engineering, ASTM STP 889, P. J. Blau and B. R.
Lawn, Eds., American Society for Testing and Materials, Philadelphia, 1986, pp. 5-25.

ABSTRACT: The mechanisms involved when an indentation is made in the surface of a
metal by a blunt indenter have received a good deal of attention, but little of this work has
appeared in publications that might easily come to the attention of those who actuaily
carry out hardness tests. Even less of the work has been analyzed for its implications in
practical hardness testing. The main models of indentation which have been proposed to
date are reviewed, with particular attention to the one that most closely relates to the
realities of hardness testing. This model, developed by Mulhearn, proposes that indenta-
tion occurs by radial compression, the formation of the indentation being likened to the
expansion of a hemispherical cavity. The implications of this model to indentation hard-
ness testing, and specifically to microindentation testing, are considered. This involves
consideration of the current status of views on the effects of indentation size on the appar-
ent hardness number.

KEY WORDS: microindentation hardness testing, indentation, indentation hardness
test, microhardness test, mechanical properties, compression, models

The distinguishing feature of the hardness indentations with which this
publication is concerned is their size. A microindentation can be arbitrarily
defined as one which has a diagonal length of less than 100 um, noting that
increasing interest is being taken in indentations with diagonal lengths less
than 10 pm. The force that has to be applied to an indenter to produce inden-
tations of this size is important to the design and operation of a hardness
testing machine but not necessarily to the mechanism of the indentation pro-
cess.

Little or no work has been carried out on the mechanism of indentation at
this scale. It is, consequently, necessary to draw on the work carried out on
larger macroindentations and extrapolate downwards, relying in the first in-
stance on the principle of geometric similarity. This principle is fundamental

!Consultant, Melbourne, Victoria, Australia. Formerly director, Materials Research Labora-
tories, Department of Defence, Melbourne, Australia.

Copyright© 1985 by ASTM International www.astm.org



6 MICROINDENTATION TECHNIQUES IN MATERIALS SCIENCE

to macroindentation testing and, although it does not follow that it will be
applicable down to the smallest indentations, the principle should not be
abandoned lightly. It will be accepted here as applying unless there is good
evidence to the contrary.

Some of the investigations referred to in the treatment which follows were
carried out on Brinell macroindentations. Only pyramidal indenters, princi-
pally of the Vickers (136° included face angle) and Knoop types, are used in
microindentation tests, but the general principles that emerge from the study
of Brinell indentations can still be applied because of the geometric similarity
of the indentations. This is a particularly reasonable assumption if the radial
compression mechanism of indentation which will be discussed is accepted.
Note also that some of the investigations have been carried out using two-
dimensional wedge indenters. This is done for experimental simplicity and
because it is possible to treat theoretically only the two-dimensional situation;
it is then assumed that a pyramidal indentation has a radial symmetry. Fi-
nally, little work has been carried out directly on Knoop indentations. It has
to be assumed that a Knoop indenter behaves in essentially the same way as a
Vickers indenter, noting that it is the blunter of the two.

Mechanisms of Indentation

Cutting Mechanisms

Analyses of the mechanism of indentation of metals by blunt pyramids
commonly has been based on a slip-line field solution developed originally by
Hill, Lee, and Tupper [1]. This is a two-dimensional treatment of an ideal
rigid-plastic material; that is, a material that is perfectly rigid up to a yield
stress but then deforms plastically without work hardening. The application
of this treatment, and several of its subsequent developments, have been re-
viewed by Shaw [2].

The slip-line field solutions are all based on the supposition that the in-
denter cuts the specimens, for example, along Plane ab in Fig. 1. It follows
that this creates two new surfaces, which rotate about Point b as the indenta-
tion forms. The material originally located at Point a is thus relocated to
Point ¢, and the material in Volume bdefc is plastically deformed with a side-
ways and upward motion. The rigid-plastic boundary is bdef. Relative move-
ment is required between the surfaces of the indenter and the specimen, and
consequently friction should have a significant effect, which can be taken into
account by the solution (compare the left and right sides of Fig. 1). Work
hardening of the specimen material is predicted to have a similar effect to an
increase in the coefficient of friction.

Mulhearn [3] carried out a detailed quantitative analysis of indentations
made by wedges, cones, and pyramids with a range of included angles, inves-
tigating a material whose mechanical characteristics closely approached
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I
FRICTION [} FRICTIONLESS

FIG. 1—Slip-line field solution for the indentation of a rigid-plastic material by a blunt
wedge, assuming a cutting mechanism of indentation. The angles of the slip-lines have been
modified slightly in the lefthand half of the sketch to account for the effects of friction.

those of an ideal elastic-plastic solid—that is, a solid which is elastic up to a
yield stress and then deforms plastically with no work hardening; slip-line
field theory can reasonably be assumed to apply to such a material. Mulhearn
[3] established that the characteristics of the indentations conformed to the
cutting model when the wedge angle was less than about 60°. Indentations
made with wedges that had larger angles, however, did not conform. It is
worth recounting the evidence that established this:

1. A cutting mechanism requires that the elastic-plastic boundary should
not extend much below the tip of the indentation. In fact, as described later in
more detail, it extends for a considerable depth below the tip of the indenta-
tion (Fig. 2).

2. A cutting mechanism proposes that the displacement of points on the
specimen surface would have a large component parallel to the surface. In
fact, the displacement is relatively small (Fig. 3 [3,4]).

3. If cutting occurred, the height of the lip raised adjacent to the indenta-
tion would be approximately one third the depth of the indentation. In fact, it
is only a fraction of this, never more than half the required amount.

The discrepancy between predictions and observations increases as the wedge
angle increases above 120° and becomes marked by a wedge angle of 140°.
Mulhearn concludes that the cutting model is not valid at this point.
Mulhearn [3] has also established that the same discrepancies arose with a
material (annealed 30% zinc) whose mechanical characteristics are consider-
ably different from those of an ideal elastic-plastic solid. Brass has a low yield
stress and work hardens to a considerable extent. Woodward [5] subse-
quently investigated in more detail the locations of various isostrain bounda-
ries beneath indentations made in a similar brass and compared his observa-
tions with the boundaries predicted by several slip-line field solutions based
on a cutting mechanism. He concluded that the discrepancies became so
large when the included angle of the indenter exceeded 90° that the slip-line
field solutions could no longer reasonably be applied. Hirst and Howse [6]
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FIG. 2—(Left) Isostrain boundaries in the deformed zones beneath a Vickers indentation in
annealed 70-30 brass. The strain boundaries were determined by the metallographic investiga-
tion of a section cut through the indentation [4]. (Right) Isostrain boundaries in the deformed
zone beneath a Vickers indentation in a cold-worked low-carbon steel. The isostrain boundaries
were determined on a split specimen on the parting surface of which a grid had been ruled. The
broken lines are displacement trajectories [3]. The figure associated with each boundary is the
engineering strain as a percentage of compression.

11

FIG. 3— A tracing of a square grid which had been ruled on the surface of a cold-worked low-
carbon steel and then distorted when a Vickers indentation was made on the surface. The outline
of the indentation is indicated by the heavier lines.
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have also confirmed this point for a range of materials and have shown that
the transition wedge angle is smaller as the ratio of Young’s modulus to the
elastic limit of the material becomes smaller.

The evidence that slip-line field analyses, based on the hypothesis that in-
dentation occurs by a cutting mechanism, cannot usefully be applied to in-
dentation hardness testing appears to be conclusive. It is time this type of
analysis be dropped from the hardness-testing literature.

Elastic Mechanisms

Shaw and De Salvo [ 7] have also noted some of these disqualifying deficien-
cies of the slip-line field solutions and have sought an alternative mechanism
of indentation. The model that they advanced was based on two presumed
features of unloaded indentations: (1) that the form of the plastic zone be-
neath the indentation is very similar to a line of constant shear stress derived
by a Hertzian analysis of elastic contact of a blunt indenter on a flat surface
and (2) that the specimen surface adjacent to the indentation remains flat.
Their proposal was as follows:

1. Plastic deformation beneath the indentation occurs during loading in a
zone of the form sketched in Fig. 4, the whole plastic zone sinking into the
specimen. There is no upward flow adjacent to the indentation.

2. The elastically strained zone surrounding the plastic zone decreases in
volume (increases in density) to account for the volume of the indentation. A
proviso is that the specimen should extend for at least ten indentation diago-
nals in all directions from the indentation.

3. A second phase of plastic deformation during unloading occurs in a vol-
ume smaller than the loading plastic zone and in the opposite direction. Biax-
ial residual stresses are thereby induced in planes parallel to the free surface,
and these internal stresses maintain the indentation.

Plastic

: Elastic

FIG. 4— Hlustration of the elastic mechanism of indentation proposed by Shaw and De Salvo

[7].



10  MICROINDENTATION TECHNIQUES IN MATERIALS SCIENCE

This hypothesis also encounters a number of difficulties compared with ex-
perimental observation:

1. The plastic zone beneath an indentation is not of the form sketched in
Fig. 4, certainly not in metals of low-to-medium yield stress (see the discus-
sion further on). More sensitive methods than those used by Shaw and De
Salvo in their experiments are necessary to discern this [3,4].

2. Shaw and De Salvo did not support experimentally their proposal that
the density of the elastically deformed bulk of the specimen is permanently
increased sufficiently to account for the indentation volume. Precise measure-
ments of the density of indented specimens made later by Woodward and
Brown [8], in fact, failed to detect density changes of sufficient magnitude.
No change at all in density was detected in some materials. A small change
was detected in others, but this could be attributed at least partly to micro-
structural changes in the plastic zone. Very precise measurements in the fun-
damental investigations of Clareborough et al [9] also establish that density
changes in the plastic zone could not account for the volume of the indenta-
tion either.

3. There is, in fact, significant upflow adjacent to the unloaded indenta-
tion to an extent which varies with the specimen material. Between 50 and
90% of the indentation volume can be accounted for by the upflow [3].

Moreover, there are fundamental difficulties with the hypothesis because it
requires that both tensile and compressive stresses exist to maintain the resid-
ual stress condition necessary for indentation.

The Shaw and De Salvo elastic model of indentation thus does not ade-
quately explain several basic physical phenomena associated with actual
hardness indentations.

Compression Mechanisms

Mulhearn [3] proposed that indentation by blunt indenters occurs by
means of a compression mechanism which has the following characteristics:

1. Deformation of the specimen occurs during loading by the radial com-
pression of hemispherical shells centered at the point of the indenter (Fig. 5).
For all practical purposes, the shells can be regarded as being centered at the
point of first contact. The magnitude of the strains in the shells decreases
progressively as the elastic-plastic boundary is approached and, except for
regions close to the indenter, the pattern of deformation is very similar for
blunt indenters of all geometrics. (The patterns for Brinell and Vickers inden-
tations, for example, are identical.) Again, except for the regions close to the
indenter tip, the strains in the plastic zone are comparatively small (Fig. 2).
The formation of the indentation has been likened to the expansion of a hemi-
spherical cavity.
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Efastic

FIG. 5— Hlustration of the compression mechanism of indentation proposed by Mulhearn [3].
The circular continuous line is the elastic-plastic boundary. The broken lines indicate several
hypothetical plastic shells, and the arrows indicate the directions of straining of the shells.

2. Differences in the deformation pattern with indenter geometry are con-
fined to those regions close to the indenter, approximately, to the shaded re-
gion sketched in Fig. 5. Moderately large plastic deformations occur within
this region (Fig. 2). The region of higher strains can be regarded descriptively
as a cap of metal which advances with the indenter, growing in the process. In
this sense, it is an adjunct to the indenter.

3. The indentation surface is formed by the original test surface folding
down progressively about four axes which are the edges of the indentation at
the time (Fig. 6). The fold axes advance sideways as the indentation deepens.

4. Most of the surface of the indentation is therefore original surface,
which has been pressed approximately vertically downwards. However, the
surface area of the indentation is a few percentage points larger than the area
of the original surface (Fig. 6). The additional surface area is produced either
by stretching the original surface or by producing a new surface by cutting at
the corners of the indentation or by a combination of these two mechanisms.
Which particular mechanism operates depends on the relationship between
the yield stress of the specimen material (a low yield stress encourages stretch-
ing) and the coefficient of friction between the specimen and indenter sur-
faces (a high coefficient of friction discourages stretching and hence requires
that cutting occur). For diamond indenters, which have a low coefficient of
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friction, it seems that stretching predominates with specimens softer than 100
HYV and cutting with specimens harder than 200 HV.

S. Circumferential extension of the plastically deformed shell occurs at the
free surface during loading (Fig. S), but there is a corresponding downward
deflection of the whole plastically deformed region. The free surface remains
approximately flat under load. The downward deflection accounts for the dis-
placed volume of the indentation and is accommodated by elastic deforma-
tion in the specimen as a whole, as was later also proposed by Shaw and De
Salvo [7]. However, a significant amount of elastic recovery occurs during
unloading, producing an extruded lip in the free surface adjacent to the im-
pression. The volume of the lip relative to the volume of the indentation de-
pends on the degree of elastic recovery, which is in turn related to the work-
hardening characteristics of the specimen material.

Characteristics 1 to 4 are based on direct and conclusive experimental evi-
dence. For example, experimentally determined isostrain boundaries beneath
pyramidal indentations in two materials of widely different elastic-plastic
characteristics are shown in Fig. 2. Annealed 70-30 brass deviates widely
from ideal elastic-plastic behavior and has a low yield stress. The steel (0.15%
carbon, cold worked) approaches ideal elastic-plastic behavior and has a me-
dium yield stress. The elastic-plastic boundary is hemispherical in both cases;
its diameter, in terms of impression diagonals, is smaller the higher the yield
point of the material is. The isostrain boundaries beyond the immediate
neighborhood of the indentations are also approximately hemispherical.

The strain distribution beneath indentations in the brass can be investi-
gated metallographically on sections through normal macroindentations.
Etching techniques are available to develop indications of prior deformation
with a range of sensitivities [10], and the position of even the elastic-plastic
boundary can be established with a high degree of certainty. Also available
are metallographic etching techniques that can reveal the location of the elas-
tic-plastic boundary around normal macroindentations in low-carbon an-
nealed steels [11] and medium-carbon quench-and-tempered steels [12], al-
though with less precision. The elastic-plastic boundaries in both types of
steel are found to be of the general form implied by Fig. 2. The diameter of
the boundary again is found to be smaller the higher the yield stresses of steel.

The quantitative data in Fig. 2 for the steel were obtained on a split speci-
men indented by a 136° pyramid at the parting line. A grid had been preci-
sion ruled on the parting face of the specimen, and displacements of the grid
nodes were measured after indentation, again by precise methods. It is appar-
ent from the magnitude of the strains determined in this way that precision
methods are necessary to ascertain the full extent of the plastic zones. This
investigation technique also allowed the displacement trajectories (the broken
lines in Fig. 2) and the magnitude of the permanent displacements to be de-



14  MICROINDENTATION TECHN!QUES IN MATERIALS SCIENCE

termined. Approximately, the trajectories radiate outward from the point of
indentation.

The evidence supporting the fifth characteristic, however, which proposes
that the specimen surface remains flat under load but uplifts variable
amounts by recovery during unloading, is not so direct. This concept was ad-
vanced by Mulhearn [3] as the most plausible one available to explain the
variability and extent of the uplift found after unloading. It is contrary to the
consensus view, which is that the uplift occurs during loading. Examination
of indented surfaces while under load would be necessary to distinguish posi-
tively between these two views. The apparatus developed by Miiller [13]
might be suitable for this purpose, but Miiller has applied it only to indenta-
tions made in elastomers and polymers.

As has already been mentioned, the magnitude of the uplift and the extent
to which it can account for the volume of the indentation have always been
matters of concern and dispute. The uplift distances are small and again can
be investigated sensibly only by precision methods. Such methods have not
always been used. Mulhearn [3] did do so, using multiple beam interferome-
try. He found that the volume of the uplift varied from 45% of the indentation
volume for a material with a long work-hardening range to 85% for a material
with a small work-hardening range. This correlation with work-hardening
characteristics was one of the reasons he concluded that the uplift occurred
during unloading. His estimates are also minimum values. First, it is difficult
to be certain of the datum plane of the surface, and small errors here would
result in significant underestimates of the uplift volume. Second, recovery
within the indentation itself, where the strains are highest, was not taken into
account; these could account for perhaps an additional 5 to 10% of the
loaded indentation volume. Third, in some materials some of the indentation
volume (perhaps 5 to 10%) might be accounted for by microstructural
changes beneath the indentation, such as by the closing up of cavities or in-
clusions [8].

Of those models available, the compression model is certainly the one that
is best supported by the experimental evidence. It is, in fact, well supported,
but it does assume that the material is mechanically homogeneous and iso-
tropic. This assumption is usually justified with macroindentations but is not
necessarily justified with microindentations. The most common example of
an instance when it is not justified is when the size of the indentation is small
compared to the grain size. The indentation is then effectively carried out in
an anisotropic single crystal.

Microindentations have not been investigated in as much detail as ma-
croindentations, but there is evidence [ 14] that the nature of the indentation
deformation is similar to that described earlier when the indentation is made
in a reasonably isotropic crystal and when it is not too small. There is also
evidence [14], however, that the deformation mode might be different with
very small indentations, a point which will be discussed later.
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Implications of the Compression Model of the Indentation
in Hardness Testing

A number of practical implications can be drawn from the Mulhearn in-
dentation model that should be applicable whenever the principle of geomet-
ric similarity holds.

The Meaning of Indentation Hardness

The compression model implies that hardness is siniply a measure of yield
stress in compression—specifically, the averaged yield stress of the material
in the work-hardened zone beneath the indentation. Tabor [15] had realized
this earlier in a general way and suggested a value of 8% for the average com-
pressive strain. This figure was based on an empirical best fit between hard-
ness and the compressive yield stress of materials work hardened to varying
degrees. It is a reasonable figure in terms of the data in Fig. 2.

Dugdale [ 16] subsequently attempted to develop a more soundly based cor-
relation, using an analysis of the compression model of an expanding hemi-
spherical cavity. He showed that, although a solution is available for an ex-
panding spherical cavity, an exact solution is not possible at present for a
hemispherical cavity. But by relating an inexact solution with empirical data,
he was able to establish that hardness depends critically on the integrated
compressive yield stresses of the test material up to strains of about 12% com-
pression. It follows that the work-hardening characteristics of the materials at
larger strains do not influence hardness. This, too, is a reasonable conclusion
in terms of the data in Fig. 2, because only a relatively small volume of mate-
rial is strained in larger amounts than 12% compression.

Relationships between Hardness Scales

The model provides a partial explanation for the good agreement between
the hardness values determined by the Vickers, Knoop, and Brinell tests
when using nondeformable indenters. It also suggests that these hardness val-
ues should not be sensitive to minor manufacturing errors in indenter shape.
Moreover, it indicates that a logical basis exists for conversions between these
scales. The conversions would be even more logical if all of the hardness scales
were based on the projected areas of the indentation (as for the Knoop scale)
instead of the surface area (as for the Vickers and Brinell scales). All of these
conclusions follow from the observation that the stress pattern around blunt
indenters is not greatly affected by the indenter shape.

Vickers, Knoop, and Brinell hardness numbers are actually based on the
projected surface dimensions of the unloaded indentation, and it is assumed
that recovery of these dimensions during unloading is small. The Mulhearn
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model suggests that this is an acceptable assumption. Plastic displacements
parallel to the surface are small during indentation (Fig. 3), which predicts
that elastic recovery of any dimension in this direction would be very small.
The situation is different when these scales are compared with a Rockwell
scale, although the indentation deformation patterns may be similar. The
Rockwell scales are sensitive to recovery of the indentation in a direction nor-
mal to the specimen surface. Recovery in this direction, particularly in the
region of the tip of the indentation, can be expected to be larger because the
strains in this region are large; they are also more likely to vary with indenter
geometry. The relationships between these scales and Rockwell scales conse-
quently are indirect and can be arrived at only on an empirical basis.

Shape of the Indentation

The Mulhearn model proposes that the specimen surface is flat adjacent to
the indenter under load. It follows that any departures from straight edges in
the unloadeded indentation are due to recovery during unloading. If so, the
departures would have no influence on the hardness number as calculated,
because the area over which the indenting load was supported would not be
affected. The irregularities referred to include the development of convex or
concave edge shapes and more local irregularities in the indentation edges.

The consensus view, however, is that these irregularities in indentation out-
line are due to either uplift or depression of the specimen surface during load-
ing. This view implies that an error is introduced because the corners of the
indenter pierce an uplifted ridge, for example. The diagonal length then mea-
sured is longer than it should be. This would cause an error in the hardness
number but not a variation in the apparent hardness number with impression
size if the uplifted ridges preserved geometric similarity. Biickle [/7] sug-
gests, however, that they do not. He suggests that the error in length is pro-
portionately smaller in small indentations, and hence the calculated hardness
number is proportionately larger. To this he attributes the apparent increase
in hardness number with a decrease in the size of the indentation, features
that will be discussed in more detail later. Biickle’s concept implies that the
principle of geometric similarity is transgressed. He explains this in terms of
increased blocking of dislocations as the indentation deepened. This means,
in effect, that the mechanism of indentation changed.

The consensus view on the stage at which surface uplift occurs is perhaps
the obvious one, and this is the least well supported part of Mulhearn’s
model. Nevertheless, the shapes of unloaded indentations that are observed in
practice can be interpreted equally well by either hypothesis. This is another
reason the question of whether the uplift occurs during loading or unloading
needs to be settled.

The problem is more apparent with Vickers indentations than with Knoop
indentations because the two diagonals of an unloaded indentation are mea-
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sured and averaged to calculate the hardness number, Usually, the differ-
ences in diagonal lengths are not too great, but they can be considerable in
indentations made on single crystals of materials which are highly aniso-
tropic. The question that then arises is which diagonal measurement or mea-
surements should be used for the calculation of the hardness number.

The problem might not be immediately apparent in Knoop indentations if
only one diagonal is measured, as is usually the case, but it would still exist if
anomalous changes occurred in the length of the long diagonal. The Knoop
indenter is used to explore variations in properties with direction in aniso-
tropic crystals, this being one of its useful characteristics. Wonsiewicz and
Chin [ 18] have developed an analysis based on the Mulhearn model of inden-
tation, which explains the variation in Knoop hardness with orientation in
cubic crystals, but the simplifications involved in the treatment make its ap-
plicability to highly anisotropic metals uncertain.

Friction and Surface Topography

The Mulhearn model indicates that there is little or no movement be-
tween the surfaces of the indenter and the specimen; it can therefore be con-
cluded that friction between the two does not play a significant role in hard-
ness testing.

Variations in the surface topography of the specimen on a small scale com-
pared with the size of the indentation, likewise, should not have a significant
effect because the specimen surface is merely forced downward. A proviso
here is that topographical features do not interfere with the clear marking of
the surface by the corners of the indenter. The general inclination of the sur-
face with respect to the axis of the indenter on a scale comparable to the size
of the indentation is a different matter, however, for a different reason. A tilt
of more than a few degrees causes a significant error because the indenter
slides down the inclined surface, thus producing an enlarged indentation
[19]. A tilt of 4°, for example, results in an error of about —4%. The exis-
tence of the effect might be noticeable as plastic distortions on the surface on
only one side of an indentation. It can be identified with certainty in Vickers
indentations by measuring the intercept ratio of the indentation diagonals,
which, for safety, should not exceed 1.5 [79]. The same type of error must
also occur with Knoop indentations, but its magnitude has not been investi-
gated, and methods of recognizing its presence quantitatively have not been
established.

Spacing of Indentations

Standard specifications for macroindentations require that the center spac-
ing of pyramidal indentations be at least three indentation diagonals (3.D).
The origin of this figure seems to be lost in the early history of the develop-
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ment of hardness testing, and there appears to be no modern published re-
ports of experimental investigations to support it. However, the knowledge
that is now available on the plastic zone associated with the indentations per-
mits an assessment to be made of what should be an acceptable spacing.

As a starting point, it might be said that the elastic-plastic boundaries of
adjoining indentations should not overlap. This criterion would permit a cen-
ter spacing of about 3D for metals of moderately low yield stress, and 1D for
metals of moderately high yield stress (Fig. 2). But these would be conserva-
tive values because hardness is not very sensitive to small plastic strains even
in materials which work harden considerably. A more realistic criterion per-
haps would be that the isostrain boundaries for something approaching
Tabor’s equivalent strain should not overlap. To be on the safe side, say that
the 5% isostrain boundaries should not overlap. By this criterion, the inden-
tations could nearly touch one another without error, except perhaps in the
very softest of materials. It is difficult to confirm these conclusions experi-
mentally, and it would be particularly difficult to do so with microindenta-
tions, but some preliminary trials in the author’s laboratory supported them.
As a guide, it seemed that it can be taken that a serious error has not been
introduced if the shape of the preexisting indentation has not been distorted
noticeably by the new indentation. This criterion is particularly likely to be
acceptable with microindentations in which there are so many other experi-
mental uncertainties.

The minimum acceptable spacing from an edge of the specimen is, in prin-
ciple, a somewhat different problem. The elastic restraint to the indentation
deformation can be expected to be affected as an indentation approaches an
edge. Samuels and Mulhearn [4] showed that this is, indeed, so but that the
elastic-plastic boundary in an annealed 70-30 brass is not affected unless the
center of the indentation comes within 2 D of the edge. The same argument as
used previously, then, suggests that the same rule can be applied as for the
spacing of impressions. Standard specification require that the center of an
indentation should be no closer than 2.5D from a specimen edge. The stan-
dards are certainly excessively conservative for microindentation testing.

Similar arguments apply to specimen thickness. Samuels and Mulhearn
[4] showed that the elastic-plastic boundary became distorted in the annealed
brass when the specimen thickness was less than 2.5D. The minimum thick-
ness permitted in standard specifications is 2.5D, which again appears to be
excessively conservative. A value of 1D would appear to be more reasonable
for microindentations.

Variation of Hardness Number with Size of Indentation

Perhaps the most important and intractable problem associated with mi-
croindentation hardness testing is that concerned with the apparent change in
hardness number with change in indentation size. It has been well established
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that certain instrumental errors, such as those resulting from excessively fast
rates of approach of the indenter or from vibrations in the testing system
while the load is being applied, cause erroneously large indentations to be
produced and hence erroneously low apparent hardness numbers to be ob-
tained. But it is generally found, when all of the known instrumental errors
have been controlled as well as possible, that the apparent hardness number
increases as the indentation size decreases. Many of the possible explanations
of this have been discussed extensively in the literature, but a few still seem to
be worthy of further consideration.

Measurement of the Indentation Diagonal

The indentation diagonal normally is measured by optical microscopy,
which sets a limit to the precision of measurement. Analysis of this limit usu-
ally is based on consideration of the resolution of the optical system, when it is
assumed that a measuring filar will be set at a point at which the edges of the
indentation are just resolved as they converge to the corner. This implies that
the diagonal will be measured short by an amount which is constant for in-
dentations of all sizes but which varies with the numerical aperture of the
microscope objective. The net result would be that the apparent hardness
number would increase with a decrease in the size of the indentation, the
measurement system being constant.

However, it is possible that the perception limit of the optical system is of
greater importance than its resolution. Perception is the ability to detect the
presence of a small feature (say the corner of an indentation) even if it cannot
be separated from adjoining points and so be imaged clearly, or, another way,
the ability of the human eye to detect some variation in contrast in the image
produced by the optical system. The perception limit is difficult to treat theo-
retically [20], particularly since the contrast-response characteristics of the
human eye are involved. The perception limit is smaller than the resolution
limit when the contrast between the feature and the background is strong but
could be poorer when the contrast is weak, as it certainly is with many mi-
croindentations. Note here that the contrast between the indentation and the
specimen surface weakens with increasing numerical aperture of the micro-
scope objective, which militates against improvement in perception.

Some old experimental evidence [21] suggests that the diagonal length of
Vickers indentations is measured short by about 1.5 pm under what nor-
mally would be regarded as good optical conditions. This corresponds to an
error of +10% for a D = 10 pm Vickers indentation, an error which in-
creases rapidly with decreasing indentation size. The uncertainties in diago-
nal measurement would be expected to be greater with Knoop indentations
because of the shape of the measurement corner and the poorer contrast at
that corner.

Pethica [22] and Newey et al [23] have recently devised techniques that
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avoid this source of error and uncertainty by measuring the depth of the
loaded indentation. The apparatus concerned was, in each case, developed
for use with very small indentations (diagonal lengths on the order of 1 um),
but the concept is sound in principle and seems to be worthy of further devel-
opment. Modern sensing devices and electronics should make this possible
and bring with them the further possibility of incorporating automation of the
calculation of hardness number. The tedium of optical methods of measure-
ment would certainly be eliminated.

Pethica’s results [22], although not extensive, tend to show that there is a
definite increase in observed hardness number with a decrease in indentation
depth. However, the increase that he observed, if real, occurred only with
indentations smaller that those for which the increase in apparent hardness
has been reported in the past.

Surface Artifacts: Mechanical

It is commonly stated that the preparation of test surfaces by mechanical
methods is a possible cause of an increase in apparent hardness with a de-
crease in indentation size. This is attributed to the deformation of the surface
layers by the preparation process. Such statements may well be true for the
particular preparation procedures concerned but are meaningless as a gener-
alization unless details of the preparation procedures are known and have
been assessed. Likewise, it is usually assumed that an electropolished surface
is intrinsically free from these artifact effects and so can be taken as an unaf-
fected datum. This, too, may or may not be true, depending on the details of
the abrasion and machining processes that were used before polishing and of
the polishing process itself.

It is certainly true that mechanical machining and abrasion processes pro-
duce a plastically deformed layer on the surface. The layer is deep enough,
and the strains in it are large enough, to alter significantly the hardness deter-
mined in microindentation tests. However, this abrasion deformation should
and can be removed by subsequent polishing stages, whether mechanical or
electrolytic. This may or may not happen in practice with either mechanical
or electrolytic methods of polishing, and all too often it does not happen even
though the methods of doing so have been well established [24].

Assume, however, that the abrasion-deformed layer has been removed ade-
quately during a polishing procedure. An electropolished surface would then
indeed be free from artifact strains, although it may be chemically contami-
nated (see next section). Most mechanically polished surfaces, however, will
not be strain free because most mechanical polishing processes introduce a
plastically deformed layer of their own. The layer is not deep—typically, it is
less than 1-ym deep even in a soft material —but the maximum strain in it is
large [25]. Whether or not this layer is likely to affect a microindentation
hardness test depends on a number of factors such as the depth of the inden-
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tation, the nature of the specimen material, and the nature of the polishing
process. This is certainly a matter that needs to be taken into consideration,
but it probably can be said as a generalization that, with good modern metal-
lographic practices, the problem should be significant only with compara-
tively small indentations (D < 10 um) in soft specimen materials.

Surface Artifacts: Chemical

The classic work of Pethica and Tabor [26] established that there are two
possible sources of chemical artifacts that increase the microindentation
hardness of a surface.

The first is the segregation of impurity elements at the surface, a segrega-
tion which is developed during annealing treatments of the types that com-
monly are used to produce strain-free surfaces. The researchers found that
sputtering by ion bombardment removes the segregated layer but introduces
surface damage. Several annealing and sputtering cycles are necessary to pro-
duce an unsegregated strain-free surface. Very few investigations have been
carried out in the past on annealed specimens that were not surface hardened
by this type of surface segregation. '

The second source of chemical artifacts is the oxide and other chemical
films that inevitably form on normal experimental surfaces, even if only as a
result of atmospheric oxidation. Pethica and Tabor [26] found that the pres-
ence of an oxide film only 5-nm thick was enough to increase significantly the
hardness value when the indentation was small enough. Chen and Hendrick-
son [ /4] also found that the apparent hardness (D = 5 um) of a single crystal
of silver was increased significantly when a chemical film was deliberately
produced on the surface. Many chemical and electrochemical polishing and
etching treatments produce surface films whose thicknesses are of the order
under consideration.

Elastic Recovery of the Indentation Diagonals

Several hypotheses have proposed that the variation in hardness number is
due to variations in the elastic recovery of the indentation diagonals during
unloading. For example, some recent careful work by Blau [27] showed that
the ratio of the short to the long diagonal of Knoop indentations varied with
the impression size. The ratio in general fell progressively below that expected
from the geometry of the indenter as the size of the indentation increased.
Blau attributed this to anisotropy in the elastic shape recovery of the indenta-
tion by as much as 20%.

Although the consensus view is that elastic recovery of this nature does oc-
cur, it is not in accord with the compression mechanism of indentation. As
noted earlier, the experimental fact is that the permanent plastic displace-
ments which occur in directions parallel to the specimen surface, including
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the directions of the indentation diagonals, are small. One measured figure is
about 10% outward displacement in a cold-worked low-carbon steel [3]. The
elastic recovery on unloading must have been much smaller than this—much
smaller than would be necessary to account for Blau’s results. In any event, a
variation in the magnitude of the elastic recovery with impression size would
remain to be explained, considering the insensitivity of the strain system to
the indenter geometry.

Note again that the situation is different with the elastic recovery of the
depth of the indentations, which certainly is to be expected from the compres-
sion model. Lawn and Howes [ 28] have thoroughly analyzed this matter theo-
retically and investigated it experimentally.

Changes in Indentation Mechanisms

It is now known, therefore, that there is a range of effects associated with
instrumentation and with preparation of the test surface which could cause
the apparent hardness number in a microindentation test to increase with
decreasing indentation size. There is, nevertheless, still a residuum of evi-
dence which, though not conclusive, suggests that changes in the apparent
hardness number which are intrinsic to the size of the indentation also occur.
If so, it must be concluded either that the indentation characteristics of shal-
low surface layers are different from those of deeper layers or that the mecha-
nism of indentation changes at shallow depths of penetration. These two as-
sumptions could be related.

It has been suggested that the apparent increase in hardness occurs when
the size of the indentation becomes smaller than the spacing of dislocations in
the specimen material, the lack of dislocations then inhibiting the indentation
deformation process. This now seems unlikely, because it is known that dislo-
cations can be generated easily at a surface during a process such as indenta-
tion. Moreover, it is now known that deformation at the strains involved in
indentation is much more complicated than was imagined by basic disloca-
tion theory [29].

Evidence has been produced by Chen and Hendrickson [ 14] that the distri-
bution of dislocations around indentations on surfaces of single crystals of
silver does change when the size of the indentation falls below a certain value
(D = 20 um in the silver crystal investigated). The evidence was based on the
distribution of dislocation etch pits developed around the indentations. The
pits occupied a hemispherical zone around larger indentations in agreement
with the compression model of indentation, but they were confined to rosette
configurations on slip planes around smaller indentations. However, this
change correlated with a decrease in hardness number instead of the usually
reported increase.

Certainly, it seems possible that the plastic phase of indentation with which
this paper has been concerned may be preceded by a wholly or partly elastic
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phase, even in the most ductile metals which have low yield stresses. In this
event, there might be a transitional phase between the elastic and plastic in-
dentation phases in the low microindentation region. This possibility seems to
warrant further investigation. In this event, it might be desirable to employ
experimental materials in which evidence of prior plastic deformation can be
obtained by using less aggressive etching methods than those Chen and Hen-
drickson [ /4] had to employ. Annealed 70-30 brass and like copper-rich al-
pha solid solutions are possibilities [10,29]. The technique of transmission
electron microscopy might also be applicable, although with considerable ex-
perimental difficulty.

Remarks

The compression model of indentation is useful in developing an under-
standing of a number of the basic features of macroindentation hardness test-
ing. It also appears to be applicable to at least the larger end of the microin-
dentation range. One significant question that remains to be settled,
however, is whether the uplift of the specimen surface adjacent to an indenta-
tion occurs during loading or during unloading. The interpretation of the
cause and significance of irregularities in the outline of indentations is contin-
gent on this being known.

Many questions remain unanswered with smaller microindentations, how-
ever—questions which become more pertinent the smaller the indentation is.
These questions include the possibility of significant systematic errors in the
measurement of indentation diagonals by optical methods and, consequently,
the desirability of developing alternative methods of characterizing the size of
the indentation; the cause of irregularities in the projected outline of indenta-
tions and the effects of these irregularities on the test results; the magnitude
of the elastic recovery of the indentation diagonals; and the possibility of a
change in indentation mechanism as the size of the indentation decreases.
Until these questions are resolved, uncertainties will arise when comparing
the results of microindentation tests made in different metals and alloys and
under different testing conditions.

This is not meant to denigrate in any way the comparative usefulness of
microindentation tests, but merely to advise caution in interpreting the
results of such tests.
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DISCUSSION

P. Sargent! (written discussion)—In your discussion of the many different
shapes that post facto indentations are observed to take, you mention that
these are all caused by elastic recovery as the indenter is removed (with some
plasticity in a few cases). You also give the impression that you think the sur-
face surrounding the indentation is flat as the indenter is pressed in. Could
you comment on the observation of alternating pileups and sink-ins sur-
rounding indentations made in bismuth, which is very soft? Surely these
changes in topography around the indentation must have been formed as the
indenter was pressed in, not afterwards, as the degree of elastic recovery in
bismuth must be very small.

L. E. Samuels (author's closure)—My proposal was only that it is possible
that effects of the type mentioned by Dr. Sargent, or at least many of them,
could develop during recovery of the indentation instead of during the loading
phase. I also suggested that it is not possible to determine with reasonable
certainty which will develop by examining recovered impressions, and there-
fore the question warrants investigation by more direct means. Personally, I
have an open mind on the matter.

"University of Cambridge, Department of Engineering, Cambridge CB2 1PZ, England.
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ABSTRACT: The use of indentation testing as a method for investigating the deforma-
tion and fracture properties of intrinsically brittle materials, glasses, and ceramics is ex-
amined. It is argued that the traditional plasticity models of hardness phenomena can be
deficient in some important respects, notably in the underlying assumptions of homoge-
neity and volume conservation. The penetrating indenter is accommodated by an inter-
mittent “‘shear faulting” mode, plus (to a greater or lesser extent, depending on the mate-
rial) some structural compaction or expansion. These faults provide the sources for
initiation of the indentation cracks. Once generated, the cracks can grow under the action
of subsequent external tensile stresses, thereby taking the specimen to failure.

In this presentation the mechanical basis for describing these phenomena will be out-
lined, with particular emphasis on the interrelations between hardness and other charac-
teristic material parameters, such as elastic modulus and fracture toughness. Procedures
for quantitative determination of these parameters will be discussed. Extension of the
procedures to the measurement of surface residual stresses in brittle materials will be
made to illustrate the power of the indentation method as an analytical tool for materials
evaluation.

KEY WORDS: Microindentation hardness testing, brittleness, cracks, elastic recovery,
fracture mechanics, indentation, residual stress, shear faults, toughness

Indentation methods are now widely used to study the mechanical proper-
ties of glasses and ceramics. The contact of a sharp diamond point with even
the most brittle surface causes some irreversible deformation and leaves a re-
sidual impression from which a measure of the hardness can be obtained.
There is also evidence (for example, from the recovery of the indentations
during unloading) that the elasticity of the test material plays a far from insig-
nificant role in the contact process. But the overwhelmingly distinctive fea-
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ture of the indentation patterns in this class of materials is the almost invari-
able appearance of so-called radial cracks emanating from the impression
corners. It becomes clear that the potential exists for obtaining quantitative
information on fracture as well as deformation properties from a simple hard-
ness testing facility.

In addition to its simplicity, indentation testing has several attractions as a
tool for characterizing the mechanical response of brittle materials. The ge-
ometry and size of the crack patterns can be accurately controlled and the
location of the contact site predetermined. We thereby have a well-defined
system for analysis in terms of “‘fracture mechanics” methodology [1,2]. Mi-
croscopic examination of the indentation area, both during and after the ac-
tual contact process, provides valuable information on the fundamental
mechanisms of deformation and fracture. Indentation damage usefully simu-
lates individual events in a range of cumulative surface removal processes,
such as abrasive wear and machining, and accordingly serves as a base for
setting up detailed models of these processes. Radial cracks can be used as
strength-controlling “flaws” in the failure testing of ceramics, thus allowing
the determination of fracture toughness parameters with high accuracy.
Experiments of this kind have provided a unique link between the mechanical
response of brittle materials at the microscopic level and the more traditional
approach of macroscopic fracture testing adopted by engineering
researchers.

The primary aim of this paper is to survey areas of research in which inden-
tations have been used to determine the mechanical properties of glasses and
ceramics. Various aspects of this topic have been discussed at length in other
review articles [2-7], so our coverage here is not intended to be in any way
exhaustive. To begin, some basic observations of the nature of sharp-indenter
damage and how these observations fit into a general fracture mechanics for-
malism will be presented. Comment will be made on the underlying structural
processes which accommodate the indentation deformation and the associ-
ated crack configurations. Then two major practical applications will be de-
scribed: the measurement of brittle fracture parameters and the evaluation of
surface stresses. Our emphasis here is on physical principles rather than
mathematical details, although we shall include some of the more important
equations to demonstrate the power of the fracture mechanics approach.

Characteristics of Indentation Damage in Brittle Materials

General Observations

As with metals, the contact of a glass or ceramic surface with a sharp,
fixed-profile indenter leaves a residual impression, indicating some form of
irreversible deformation. Casual observation of the contact site shows nothing
unusual about the appearance of the depressed material; the imprint of the
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indenter is well defined, and the surface regions within the imprint appear
characteristically smooth. At first sight, therefore, one might feel justified in
adopting the same, traditional plasticity models used to describe the defor-
mation response in ductile materials [8,9]. And, in fact, this approach has
met with a certain degree of success in the description of the hardness proper-
ties of brittle surfaces [10]. The picture most commonly conjured up is that of
an “expanding cavity,” in which the volume of the impression is accommo-
dated by a net radial flow of material, resulting in an approximately hemi-
spherical plastic zone surrounded by a confining elastic matrix. A distinctive
feature of such radial flow models is a predicted absence of “pileup’’ around
the indentation, a prediction borne out (at least in the harder ceramics and
glasses) by experimental observation [/0]. It is implicit in all continuum-
based plasticity models of this kind that the deformation processes are vol-
ume conserving (as characterized by a well-defined yield stress), a conse-
quence of which is that a state of residual stress must exist around the inden-
tation site [11].

Closer inspection of the deformation regions beneath the contact area re-
veals some important departures from the idealized picture just presented.
First, the deformation processes are by no means uniformly distributed
within the plastic zone but are manifested (at least in part) as a cumulation of
discrete shear events. These events are akin to the dislocation slip processes
which occur on preferential glide planes in softer materials, but can differ in
two important respects: (1) they occur at stress levels close to the theoretical
shear strength of the structure in the more covalent materials, and (2) the
shear surfaces are not necessarily crystallographic (similar shear events are
observed in glassy and in crystalline materials) but are determined more by
stress trajectory patterns [12]. One therefore has to be extremely cautious be-
fore using classical dislocation concepts to describe the flow properties of sol-
ids with intrinsically rigid bonding.

A second departure from ideal behavior is apparent in certain materials
which show a greater tendency toward deformation in hydrostatic stress than
in shear. Fused silica, for instance, undergoes structural densification when
subjected to confining pressures [13]. (The term anomalous has been used to
describe glasses of this kind.) Many crystalline solids undergo pressure-
induced phase transformations, which may be either expansive (for example,
in zirconia composites) or compactive. Compaction modes can accommodate
the volume of the impression with relatively little stress mismatch at the defor-
mation zone boundary [/4].

A clear illustration of such effects is given in Fig. 1. The micrographs are of
Vickers indentations in soda lime and fused silica glasses [15]. The section
views are obtained by indenting across a preexisting hairline fissure and then
running this fissure through the specimen. Well-defined shear faults are dis-
tinguishable in the cross-sectional view in the soda lime glass. It is envisaged
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FIG. 1—Scanning electron micrographs of Vickers indentations in (a) soda lime and (b) fused
stlica glasses, showing half-surface and section views.
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that these faults are produced as catastrophic slip failures as a result of the
punching action of the penetrating indenter. Once such a failure occurs, the
local stress intensity will be somewhat relieved, so that further penetration is
needed to produce the next fault; this explains the periodic nature of the pat-
tern. In the fused silica, the surface pattern of the slip traces is not dissimilar,
but the faults do not penetrate deeply into the subsurface regions. In this
latter glass, structural compaction absorbs a greater proportion of the inden-
tation energy.

As mentioned previously, an indicator of brittleness in an indentation ex-
periment is the appearance of radial cracks at the corners of the residual im-
pression. Figure 2 illustrates schematically the characteristic fracture pattern
for a Vickers indentation. The radial cracks are oriented normal to the speci-
men surface, on so-called median planes coincident with the impression diag-
onals, and have a half-penny configuration with their centers at the original
contact point. A second set of cracks, called lateral cracks, extends from near
the base of the deformation zone into a subsurface saucerlike configuration.
A general discussion of the geometrical features of these crack patterns is to
be found in Refs 2 and 16.

P
| l Indenter

FIG. 2—Indentation fracture pattern, depicted here for Vickers geometry.
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Let us now consider the nature of the processes responsible for initiating
and propagating the cracks. From close observation of the indentation sites,
for example, as in Fig. 1, it becomes clear that the shear events referred to
earlier are critically important in acting as embryonic nuclei for crack forma-
tion [12,15-17]. (Cracks can be thus initiated in the most perfect of surfaces,
such as freshly drawn optical fibers, which are free of preexisting defects
down to molecular dimensions [/8].) There is a threshold indent size, typi-
cally =10 pm, below which crack initiation does not occur, although this
threshold is subject to considerable variation, depending on such things as
the duration of contact and the test environment [/7]. Once initiated, the
cracks ‘‘pop in”’ abruptly, to a characteristic length =100 pm, at which stage
they are considered to be fully propagating. It is observed that most of the
crack development occurs not on loading, but on unloading, the indenter,
indicating that it is the irreversible component of the contact stress field
which provides the dominant driving force for fracture. The sequence of mi-
crographs of crack evolution during Vickers indentation in soda lime glass in
Fig. 3 illustrates the point [19]. Note also the appearance of the stress bire-
fringence in the final frame of this sequence; glass is not optically active, so
the persistence of the ‘*Maltese cross” in this frame confirms the existence of
a substantial residual stress intensity.

An even more dramatic indication of residual stress effects in the fracture
evolution is manifest in postindentation observations. At loads above thresh-
old, the popped-in cracks are often seen to continue propagating well after
completion of the contact. Below threshold, delayed pop-in can occur. These
phenomena are attributable to the time-dependent enhancement of crack de-
velopment in the presence of moisture, as alluded to in the previous para-
graph.

Mechanics

Evaluation of the indentation cracking properties of brittle materials re-
quires a knowledge of the underlying fracture mechanics. The starting point
for the requisite formulation is the characterization of the elastic-plastic
stress field, with particular focus on the residual component of this field. Un-
fortunately, this formulation can be a formidable task, even for the idealiza-
tion of a perfectly homogeneous, continuous solid. The difficulty is especially
pronounced in the modeling of crack initiation, for there one is concerned
with the complex details of the contact near field [2]. Things are not so bad
once the crack is in its fully propagating stage, in which the far field may be
regarded in terms of simple ‘“‘point” force solutions. Within these limitations,
working equations defining the scale of the indentation damage as a function
of contact load can be developed from first principles.

Let us begin with a consideration of the manner with which the indenter
load, P, varies with the penetration, z, during a contact cycle. Experimen-
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M X
] 250 pm

It | : |

FIG. 3—In situ observations of Vickers indentation in soda lime glass, viewed from below
during the loading cycle. The sequence shows the (a) half-loaded, (b) fully loaded, (c) half-

unloaded, and (d) fully unloaded stages. Note the development of radial cracks to completion
during the unloading half-cycle. Polarized light reveals strong stress birefringence.

tally, the function P(z) is found to have the form shown in Fig. 4. During the
loading half-cycle, the contact pressure (o P/a?, where a is a characteristic
impression dimension) remains constant (at least in the region where geomet-
rical similarity prevails). This pressure, by definition, determines the hard-
ness. The deformation has both elastic and inelastic components at this stage.
On unloading, the deformation is entirely elastic (reloading simply repro-
duces the unloading curve). Hence, the contact pressure in the unload region
is determined by Young’s modulus, E. We may write the functional relations
for the two half-cycles in the form [20]

P o Hz? (load) (1a)
P o E(z2 — z2) (unload) (1b)
where due allowance is made in Eq 15 for the existence of a residual impres-

sion depth, z,. The requirement for compatibility of these two equations at
the maximum penetration, z,,, yields the relation
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z\__nH
<zm> =1 E 2)

where 1 is a numerical constant (=6 for Vickers indenters [20]). For ce-
ramics, characterized by relatively high values of H/E, the value of z,/z,, is
typically =0.5, indicating substantial elastic recovery. It emerges from this
kind of formulation that the ratio H/E has an important place in the specifi-
cation of the elastic-plastic field. The same conclusion is drawn from other
treatments of the elastic recovery problem [27,22].

Now consider how the elastic-plastic parameters enter the fracture prob-
lem. We shall concentrate on the simplest case, that of well-developed radial
cracks, as depicted earlier in Fig. 2. Mention has already been made, in the
previous section, of the tendency for the radial cracks to develop into their
immediate postindentation configuration during the unloading half-cycle, in
which case it is the residual component of the field which provides the princi-
pal crack driving force. This component may be evaluated in terms of a con-
centrated force, P,, centered at the contact origin. It can be shown that P, =
%P, that is, the residual crack-opening force scales directly with the contact
load, where ¥, is a dimensionless parameter which determines the intensity of

Z m
:
a
: |
T |
3 i
c
L2
§ H-controlled
c
Q
°
[
- E-controlled
z r
!
|

Indentation Penetration, z

FIG. 4—Load-displacement response for sharp indenters.
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the field [19]. For an ideal elastic-plastic material in which the irreversible
deformation is volume conserving, analysis gives [23]

1/2
%o o <§> (cot 6P 3)

where ¢ is the indenter half-angle.

The next step is to incorporate the center-load force into an appropriate
fracture mechanics formulation. This is most conveniently done using the
stress intensity factor notation, K, which expresses the intensity of the field
concentrated at the tip of the extending crack [I]. For pennylike cracks, the
stress intensity factor takes on the form [19]

_ XP
K, = Pz} 4)

where c is the characteristic crack size (Fig. 2) and y « %,. In the absence of
time-dependent crack growth effects, that is, for tests in inert environments,
the condition for equilibrium extension is expressible as K = K, where K,
defines the material toughness. This toughness parameter quantifies the in-
trinsic resistance to fracture, just as hardness quantifies the resistance to de-
formation. Insertion of this requirement into Eq 4 then gives the equilibrium

crack length
P\2/3
- ()

at completion of indentation.

An analogous expression to that in Eq 5 can be obtained for lateral cracks,
although the analysis is somewhat more complicated because of the relatively
high compliance of the thin layer of material which overlays the crack plane
[24].

A configuration of special interest is that of an indented specimen subse-
quently subjected to an externally applied tensile stress, for example, as in a
bend test. The radial cracks can then be emplaced so as to be normal to the
tensile direction, and thereby act as strength-controlling flaws. A unique fea-
ture of such a “controlled-flaw” test is the facility to predetermine the failure
site, so that the crack response can be observed directly throughout its evolu-
tion to failure [25]. Such observations reveal a new kind of flaw behavior.
Whereas the earlier, classic study by Griffith (see Ref 1) suggested that the
size of flaws should remain stationary up to the critical load for failure, at
which point the equilibrium is unstable, it has been observed in the indenta-



MARSHALL AND LAWN ON INDENTATION OF BRITTLE MATERIALS 35

tion experiments that a significant amount of precursor extension precedes
the instability configuration. This stabilization of the crack system is attribut-
able to the residual driving force, K,, in Eq 4, which augments the applied
loading. It should be noted that whereas the external loading term, X,, is
always an increasing function of crack size [!], K, is a decreasing function.
Formally, superposition of K, and K, gives, at equilibrium [25]

K = yo,c'? + 55 = K. (6)

xP
c
where ¢, is the applied tensile stress, and y is a crack geometry constant (of
the order unity). The condition for unstable equilibrium is that K should have
a minimum value in Eq 6. Putting dK/dc = 0, accordingly determines the
critical configuration

3K,
m = 4\”01/2 (7a)
4y P\2/3
e = < I’é ) (76)

at failure. Note that ¢,,, in Eq 75 is 4*/3 = 2.52 times ¢, in Eq 5, indicating that
the stage of precursor crack growth is by no means insignificant.

The fracture mechanics formulations to this point are contingent on the
threshold load being exceeded. If this threshold is not exceeded, we are faced
with the considerably more complex problem of crack initiation, in which the
corresponding relations for crack instability involve detailed analysis of the
near-field conditions. Phenomenological treatments of the instability condi-
tion for spontaneous radial crack pop-in from an incipient nucleus, based on
the hypothesis that the intensity of the indentation stress field should remain
invariant (since it scales directly with the hardness) while the spatial extent
should scale directly with the indent size, a, predict a critical threshold condi-

tion [26,27]
2
a. = u<fl> ®)

where p o« E/H. Hence, the initiation mechanics reflect an inherent size ef-
fect. This size effect relates to the fact that, while the resistance to deforma-
tion, H, has the units of stress, the fracture resistance, K., has the units of
stress multiplied by dimension to the one half power (as is evident from Eq 6).
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Measurement of Material Properties

Elastic Recovery

Measurements of the elastic recovery at hardness indentations are of inter-
est for the light they shed on the partition of input deformation energy into
reversible and irreversible components and for their characterization of the
elastic-plastic field in the ensuing fracture mechanics formalism. (They can
also be used to evaluate Young’s modulus at a microscopic level.) The param-
eter of interest here is the ratio of hardness to modulus, H/E. One way of
measuring this parameter is to monitor the load-penetration function, P(z),
and to make use of Eqs 1 and 2 [20] or some equivalent analytical expressions
[22]. (The theme of load-penetration characteristics to determine indentation
response is, incidentally, a recurring one in this volume.) Unfortunately, the
apparatus needed to measure indentation displacements is not yet a standard
accessory on most hardness testing facilities, so quantitative studies of elastic
recovery have not occupied a prominent place in the deformation evaluation
literature.

However, one way in which a measure of the recovery can be obtained with-
out recourse to special equipment is to observe the relative contraction of the
surface diagonals of Knoop impressions [21]. Whereas the long diagonal
turns out to be relatively insensitive to ‘‘springback” effects, the short diago-
nal does not. (The analogy with the age-old problem of trying to break an egg
by pressing along the longitudinal axis is instructive here.) Analysis gives

b’ b oH
—_— i — — —— 9
a’ a E ©)

where b/a = 1/7.11 is the nominal ratio of short to long half-diagonal, b’ /a’
is the corresponding value after recovery, and o is a dimensionless constant
(=0.45 [21]). Hence, materials with relatively rigid structures, that is, high
H/E, are likely to show greater lateral recovery. This is evident in Fig. 5,
which contrasts Knoop indentations of similar length in two extreme materi-
als, zinc sulfide (ZnS) (H/E = 0.02) and soda lime glass (H/E = 0.09) [21].
Figure 6 shows the validity of Eq 9 for a wider range of materials [21].

Fracture Toughness

Perhaps the most widespread use of indentation testing in the context of
brittle materials is the evaluation of material toughness. In this application,
one seeks to relate the fracture resistance to the scale of the crack pattern. It is
perhaps ironical that the earlier hardness testing fraternity tried to avoid
cracking like the plague, whereas now the indentation method has become
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F1G. 5—Knoop indentations in (a) polycrystalline zinc sulfide and (b) soda lime glass. Note
the relatively strong elastic recovery of the short diagonal in the latter material.
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F1G. 6—Plot of the short-to-long-diagonal ratio, b’/a’, from Knoop indentation measure-
ments against H/E for selected materials: (a) soda lime glass, (b) glass ceramic, (¢) silicon ni-

tride, () alumina, (e) zirconia, (f) magnesium fluoride, (g) steel, (h) zinc sulfide, and (i) zinc
oxide.
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the most commonly used of all toughness measurement techniques in glass
and ceramics. Here we describe three variants of the indentation procedure.

1. The first and most straightforward approach involves relating tough-
ness, K, directly to postindentation crack size, co. Palmqvist [28] was the
first to recognize the potential for such a relationship, but his treatment was
purely empirical. We now have, through Eqs 3 and 5, the means for deriving
an appropriate expression from first principles

E\I2 p
K, = é<—ﬁ> ‘c?; (10)

where  is a dimensionless constant [29]. Thus, we have, in principle, a simple
means of determining K, with the capacity for making many measurements
on a single surface.

2. The second method makes use of the special crack response implicit in
the derivation of the instability relations in Eq 7. The test procedure involves
emplacing a controlled indentation flaw in the prospective tensile face of a
bend bar and then measuring the strength of the bar in an inert environment.
Eliminating ¢,, from Eqs 7a and 7b, and combining with Eq 3, we obtain

1/8
K. = n<—E—> (o, P13/ (11)
H

where 1 is another dimensionless constant [30]. Note that strength replaces
crack size as a test variable in this formulation, a distinct advantage in mate-
rials in which direct crack observations are difficult (as is true with many ce-
ramics). However, only one test result is obtained per specimen.

3. The third method is a hybrid of the first two in that it involves measure-
ment of both crack size and strength. The appropriate toughness relation de-
rives directly from Eq 7a [31]

K. = (%) Oncll? (12)

Although the measurement requirements are clearly more stringent, the
method has the advantage of circumventing knowledge of the E/H parame-
ter. It will be recalled that this parameter is determined from Eq 3, the basis
of which is volume conservation in the deformation process. The specific ad-
vantage of Eq 12 is that it contains no implicit assumption at all concerning
the mode of deformation. Experimentally, ¢, can be conveniently determined
by introducing several nominally identical indentations within the tensile test
span of the bend specimen; failure occurs from just one of the indentations,
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leaving “‘survivors” for measurement of the near-critical crack lengths
[31,32].

The results of measurements on selected glasses and ceramics are shown in
Fig. 7 for each of these three variant methods [29-31]. Each plot is reasonably
well represented by a linear fit, although the lines do not pass through the
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FIG. 7—Plots of indentation test results illustrating the three toughness formulas, Egs 10, 11,
12, for selected glasses and ceramics: (a) soda lime glass, (b) fused silica, (c) lead zirconium
titanate, (d) barium titanate, (e) Synroc, (f) glass ceramic, (g) alumina I, (b) silicon carbide, and
(i) alumina I1. The vertical axis represents the measured indentation test variables; the horizon-
tal axis represents the independently determined toughness values. The curves are linear fits to
data.



40 MICROINDENTAT!ON TECHNIQUES IN MATERIALS SCIENCE

origins as required by Eqs 10 through 12. There is the implication here that
some material dependence exists in the ‘‘proportionality constants’ £, 1, and
y. The plots, nevertheless, remain useful representations for toughness cali-
bration. It may be noted that the data points for some of the materials, espe-
cially fused silica (a material which, it will be recalled, deforms by densifica-
tion), show significant departures from the line fits to the overall data in all
but the third plot, reinforcing our previous allusion to Eq 12 as the most uni-
versal of the three toughness formulas.

Brittleness

The question often arises as to how one may quantify the “brittleness’ of
materials. Intuitively, brittleness should be a measure of the competition be-
tween deformation and fracture processes, as manifested, for instance, in the
ductile-brittle transitions observed in structural metals. This competition has
proved extremely difficult to formulate as a function of easily determinable
material parameters. Here we shall propose that the ratio of hardness to
toughness, H/K,, be used as an appropriate index of brittleness (analogous
to the adoption of H/E as an index of rigidity) {33]. Then the way is open,
through Eq 8, to evaluate the relative susceptibilities to flow and fracture in
terms of indentation threshold conditions.

To illustrate, let us consider the plot of the experimentally measured
threshold indent size, a., as a function of (E/H)(K./H)Y in Fig. 8 [34,35].
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FIG. 8—Plot of the measured threshold indentation size against (E/H)(K./HY for selected
ceramic materials. The line is best fit to Eq 8.
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Points to the lower left of this plot represent materials for which cracking is
most easily produced at local stress concentrations, that is, which are rela-
tively brittle. Conversely, the upper right of the plot represents the domain of
more ductile materials, notably metals. In this interpretation, brittleness is
quantified as a size effect. Physically, a, represents the scale of damage above
which the mechanical response is essentially fracture dominated and below
which it is essentially deformation dominated.

The utility of this interpretation is most evident in the description of surface
removal processes. If a surface is contacted with coarse particles, material
removal occurs by a chipping mode (grinding), and if with fine particles, by a
flow mode (polishing). The critical particle size defining the transition be-
tween these two modes is then dependent on the index H/K .

Surface Stress Evaluation

The surfaces of materials can undergo treatments which differ from those
experienced by the underlying bulk and can thereby be left in a state of resid-
ual stress. Such stresses, although often confined to very shallow layers, can
be of high intensities and can therefore exert a strong influence on mechanical
properties. Indentation crack patterns can be used in brittle materials to eval-
uate these stresses. Basically, the surface traces of the radial crack system
expand or contract, depending on whether the stresses are tensile or compres-
sive. Figure 9, which shows Vickers indentations at the same load in annealed
(stress-free) and thermally tempered (residual-compression) soda lime glass,
illustrates the effect [19]. The fracture mechanics formulation then allows us,
through appropriate modifications of the previous stress intensity relations,
to establish a quantitative base for analysis.

Calculation of the surface stress is relatively straightforward when the
stress is uniformly distributed over the prospective indentation crack area.
We can then define a stress intensity factor conjugate to the surface stress, o,
K, = yo,c'”?, in the manner that K, was defined earlier for substitution into
Eq 6. Thus, in combination with Eq 4, one can solve to obtain a simple work-
ing expression for evaluating o, in terms of direct crack-size measurements, c.
Alternatively, in a controlled-flaw test we may retain Eq 6 as our starting ex-
pression for calculating strengths, provided we replace o, by 6, + 6. Accord-
ingly, using the same logical development as in the derivation of Eq 7, we can
readily show that, for a fixed indentation load, the critical applied stress at
failure instability is given simply by

6 = Oy — O (13)
where o, now refers to surfaces in the stress-free state. Two sets of strength

tests, one on the actual surface-stressed materials and the other on stress-free
controls, should then suffice to determine o,. Figure 10 shows the strength
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FIG. 10—Plot of the measured strength as a function of the independently determined com-
pression stress for surface-treated glass rods containing controlled indentation flaws (indentation
load = 100 N).

data for glass rods subjected to various degrees of surface compression by a
“partial leaching” treatment [36].

A more complicated, although still tractable, case is that of very thin stress
layers, of depth d << prospective crack size, c¢. The surface stress intensity
factor in this limit is K, = 2yo6,d"/2 [37]. In the immediate postindentation
state, K, augments the residual contact stress intensity factor, X,, in Eq 4, so
that, at the equilibrium condition K = K, we may solve to obtain [37]

c 1
@ " (= 2y0,d7VK, PP 19

where c? refers to the radial crack size in the stress-free state. Hence, the sur-
face stresses can be evaluated directly from radial crack length measure-
ments. Tensile stresses in proton-irradiated glass have been measured using
this formulation. It will be noted that for sufficiently large positive o, c is
predicted to expand without limit, corresponding to the spontaneous fracture
of the surface stress layer. Such surface breakup is, indeed, observed in the
irradiated glass specimens [37].
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Conclusions

We have had a brief look at the ways in which indentation testing may be
applied to evaluate the deformation and fracture characteristics of glasses
and ceramics. Insofar as deformation is concerned, we have indicated that
materials with large components of covalent bonding may not satisfy the clas-
sic plasticity models. Further work needs to be done on such materials, whose
hardness numbers approach theoretical strength limits. The fracture propet-
ties are better understood, at least in the fully propagating region, where con-
ventional fracture mechanics principles may be applied.

Selective applications of the indentation mechanics formalism have been
considered. We have seen how indentation measurements may be used to
quantify such properties as elastic recovery, toughness, and brittleness. We
have also shown how one may evaluate surface stress levels. Many other appli-
cations are described in the references.
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DISCUSSION

P. Sargent! (written discussion)—The analysis presented in this paper is
based on the principle that as far as the growing cracks are concerned, there
is no plasticity at the crack tip. However, the hardness value (which depends
on the plasticity of the material) does enter the formulas because it is related
to the magnitude of the stresses around the indentation. The effects of inden-
tation size on hardness values are quite marked, especially for hard and brit-
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tle materials. Have you thought of including some kind of indentation size
effect correction in your data analysis or theory?

D. B. Marshall and B. R. Lawn (authors’ closure)—The indentation hard-
ness becomes size dependent only at small indentation diameters, typically
<10 pm for brittle materials. This size range generally falls within the sub-
threshold region, in which well-developed cracks do not form. Thus, the
hardness/indentation-size effect may affect the critical threshold condition
(for example, Eq 8). However, at larger indentation sizes, corresponding to
well-developed fracture, the hardness is essentially independent of size.
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ABSTRACT: With our instrument, the penetration depth of a three-faced indenter is
continuously measured during both indentation and unloading. Useful loads are about 10
uN to 30 mN (1 to 3000 mg). The specimen can be transferred between two locations (test
and microscopic observation); a particular area can be relocated by means of a computer-
controlled three-dimensional movement. Scratch hardness testing with measurement of
frictional force can be performed at speeds as low as 30 nm/s. The general shape of the
depth/load graphs, together with measurement of hysteresis and slope, gives an initial
characterization of the specimen. Further analysis involves various theoretical topics,
which we review in the light of recent literature. These include the way in which a variation
of yield stress with depth will affect the measurements and the surface effects, such as the
contribution of surface energy to the effective applied load. A controversial topic is the
extent to which the depth of indentation in metals, relative to the mean distance between
preexisting dislocations or grain boundaries, can lead to a true size effect, or even a criti-
cal load below which no plastic deformation occurs. Indentation creep may be significant
even for metals such as steel and nickel at ambient temperature.

Accordingly, the concept of microindentation hardness as a material property can be of
doubtful value for depths in the 10 to 100-nm range; the apparent mean pressure can be
characteristic of a depth much greater than that of the plastic indentation. However, it is still
possible to obtain measurements within this depth range, to deduce the type of regimen (for
example, elastoplastic or fully plastic), and to derive alternative semiempirical indexes of the
extent of plastic deformation, elastic recovery, and time-dependent behavior.

KEY WORDS: microindentation hardness testing, microindentation, submicrometre
depths, indentation creep, film hardness, surface effects, elastic recovery, ion implan-
tation

It has been known since the early 1970s that it is possible to carry out inden-
tation experiments in which plastic deformation is limited to the top hundred
nanometres or less of the specimen. This review is concerned with three ques-
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tions: As the indentation depth is reduced, what are the physical and mechan-
ical effects that tend to alter the measured values of hardness? At what stage
does the concept of hardness cease to be of use? Finally, when this occurs,
what alternative “‘indexes’” may be derived from the test in order to character-
ize the mechanical behavior of the specimen? We shall first discuss the basic
theory of three mechanical phenomena, which in practice have proved to be
especially important at the submicrometre level, and after referring to some
recent literature on surface and scale effects in hardness, we give examples of
plasticity measurements involving indentation depths in the 10 to 300-nm
range, with emphasis on the method of continuous depth recording.

The Effect of Variation of Yield Stress with Depth

According to the U.K. National Physical Laboratory’s recommendations
{7], the indentation depth should not exceed a tenth of the thickness of the
region of the specimen that is being tested. If this region is a very thin surface
coating, the one-tenth rule may be impossible to satisfy. Alternatively, the
presence of a contaminant layer may complicate the analysis of hardness
measurements on the underlying material. In either case, useful conclusions
may be drawn from certain theoretical analyses of the mechanical effects of a
variation of yield stress with depth. Biickle [2] used an empirical model to
show that if, for example, a surface coating has a thickness of k = five times
the indentation depth, then the measured hardness is the sum of just 70% of
the hardness of the coating added to 30% of the hardness of the substrate;
only when k& = 10 is the contribution of the substrate negligible (<2%). Re-
cent theoretical work by Lebouvier et al [3,4] has thrown some light on the
mechanical process underlying this model. They have analyzed the fully plas-
tic indentation of a bilayer in plane strain, using a two-dimensional kinematic
method [5] in cases in which the slip-line field method would have been ex-
tremely complex. They find that Biickle’s one-tenth rule for the critical ratio
of depth to thickness, at which the contribution of the substrate is negligible,
is a good approximation for Y,/Y = 10, where Y, and Y are the yield
strengths of the film and the substrate. However, the one-tenth rule is too
severe in the case of relatively softer films; for Y,/Y < 1, the critical ratio is
closer to 4. At much greater indentation depth/thickness ratios (6/4), the
change in mean pressure as the indenter approaches the film/substrate inter-
face is predicted to occur in two distinct ways, according to whether the film is
softer or harder than the substrate. In the first case, the expected increase in
mean pressure begins typically at 6/ = 0.5 to 1.5 and is quite abrupt (this
critical value of 6/h is predicted to vary slightly with Y,/Y). In the second
case, the expected decrease in mean pressure begins at a shallower depth (for
example, 6/h = 0.3for Y,/Y = 1.75) and is much more gradual. In Fig. 1 we
have replotted an example of this result in the form of a theoretical depth/
(load)"? curve for a soft film, together with an experimental curve of Tazaki
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FIG. 1—Indentation depth, 8, as a function of the square root of applied load, for a soft film
(gold) on a hard substrate (glass). The film thickness is h = 1070 nm; trigonal pyramid indenter
fangle between edges 100°, k; = 4.67). The dotted curve shows the replotted experimental
results of Tazaki et al [6]. The dashes show the theory of Lebouvier (Fig. 26 of Ref 3 converted to
a prediction of mean pressure as a function of h/8, case of zero friction) with shear strengths Y
(gold) = 0.0325 GPa and Y (glass) = 0.13 GPa.

et al [6]. A specimen of constant hardness would give a straight line, the hard-
ness being inversely proportional to the square of the gradient. The theoreti-
cal curve shows a particularly striking feature. At a certain depth the gradient
becomes quite small: the soft film has ““spread” the load so that further in-
creases in load produce very little increase in indentation depth! When the
indenter finally penetrates further into the substrate, the gradient increases.
Although the experimental curve appears to show the effect of the substrate at
a smaller 8/h ratio than predicted, the discrepancy is removed with the help
of a more refined 6/+/P plot [7] taking into account the effects of pileup, and
using a corrected value of the effective cone angle for the trigonal indenter, to
allow for the fact that the analysis is two-dimensional.

Thus, in principle, by matching this type of curve with the predictions of
the model, it should be possible to derive reliable values of film hardness,
although other factors will have an influence, such as strain hardening [8].

Time-Dependent Effects at the Submicrometre Level

Regarding experimental techniques, this review will emphasize those in
which indentation depth, &, is measured continuously as a function of load, P.
Often & and P are simply related, for example, § oc P12 for fully plastic defor-
mation with constant hardness, but when & varies significantly with time as
well as load, then even if the rate of loading is kept constant, such simple
relations will no longer apply. Accordingly, we shall first discuss time-depen-
dent plasticity at constant load. Measurement of ‘‘indentation creep”” param-
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eters forms an important part of the characterization of the subsurface region
of a specimen. It is also useful [9,10] to study the relationship between inden-
tation creep and scratch hardness. The fundamentals of indentation creep
have recently been summarized in Maugis’s review [11] of creep, hot hard-
ness, and sintering in the adhesion of metals at high temperature. Recently,
Hooper and Brookes ([12], also in this publication) have detected an ““‘incuba-
tion period” in lead at high homologous temperatures (= 0.5), at which ther-
mal recovery offsets work hardening [10]; Naylor and Page [13] have listed
relevant deformation mechanisms in ceramics. Here we shall be concerned
primarily with indentation creep in metals below about 0.27,,, where T, is
the melting point on the absolute scale. Several examples [/4,15] are known
of cases in which indentation creep is more significant at submicrometre
depths than in macroscopic tests at the same temperature. The continuous
depth recording techniques used for loads below 10 mN prove to be well
suited to the investigation of indentation creep.

In a constant-load indentation creep test, the stress, of course, decreases
with time (unless a flat-ended punch [16] is used). Gerk [15] was able to cal-
culate the time-dependent hardness in a case in which the relationship be-
tween dislocation velocity and stress was known. In general, however, it is
important to find the appropriate relationship between the strain rate and the
measured rate of increase of the diameter or depth of the plastic indentation:
in a hardness test, what is the effective strain? Tabor [17] showed empirically
that indentation by a Vickers pyramid of metals that are not fully work hard-
ened appears to produce a strain of around 8%: this is in addition to any
preexisting strain and applies to the situation at large ¢, that is, after all the
plastic deformation and associated work hardening has taken place. If the
load and the indentation depth are then increased, the strain, ¢, remains con-
stant at around 8%: yet the plastic flow rate may well be significant, in which
case ¢ > 0! An answer to this paradox was implied by Atkins et al [18],
who argued on the basis of a model involving an expanding hemispherical
cavity that at a distance, r, from the center of the indentation, the strain rate
is given by

¢ = kzazr“—3 1)

where a is the radius of the indentation and k, is a geometrical constant of
value 3/2 [17]. Using a plasticity equilibrium condition that gave the maxi-
mum stress, ¢,,, as a function of (3¢/9r), .-, and a theoretical creep expression
for € as a function of ¢, and ¢, they thus obtained a differential equation for
the stress, o, which they were able to integrate over the whole volume (at con-
stant ¢ and a) in order to obtain the hardness, equal to ¢,,, as a function of z.
We may note in particular three aspects of the AST analysis:



POLLOCK ET AL ON SUBMICROMETRE SURFACE LAYERS 51

1. It is not necessary to derive an expression for ¢ itself, for example, as a
function of the size of the indentation.

2. & is associated with the rate at which the plastic/elastic boundary moves
on into the material.

3. The procedure becomes very complex if no analytical solution to the dif-
ferential equation for ¢ exists (this is the case for many creep expressions).
However, if we can measure ¢, directly with the help of Eq 1, then the rest of
the AST procedure is not necessary; we may test any theoretical plastic flow
expression directly, without having to calculate the time-dependence of the
hardness itself.

Following this simple idea, we made the approximation that the strain rate
€, as predicted by any physical model for creep, may be identified with the
value of ¢,, in Eq 1, at r = a, where it has its maximum value. For a fully
plastic conical indentation, the depth, 6, is proportional to «, so that we have

) 6
€=k vy 2)

We describe later the technique of using continuous-depth recording to mea-
sure & as a function of ¢ at constant load (decreasing stress, ) in a single test,
without the need for a series of indentations with different loading times. We
thereby observe directly how ¢ varies with decreasing . (It should be noted
that several approximations are involved: detailed effects of indenter shape,
the nonhomogeneity of stresses and strains, and the elastic properties of the
hinterland are neglected, and this approach will certainly not be valid in all
situations. Matthews [/9] has shown that for time-dependent indentation by a
sphere, involving progressive work hardening, the AST spherical cavity
model is inappropriate and a more complex argument should be used, involv-
ing differential and integral operators acting on the stress and strain accord-
ing to the properties of the appropriate rheological model. We do not claim
that the model described here is sufficient to explain indentation creep curves
from start to finish. However, it does appear to be the simplest model with
which the measurements can usefully be compared.)

Regarding plastic flow mechanisms for predicting é(o, ¢, T . . .), the litera-
ture makes use of the alternative ‘‘constant structure” and ‘‘steady-state
structure”” formulations, which refer to microstructural state variables such
as dislocation density [20]. These variables may, for example, be fixed, or
may be uniquely determined by ¢ and T in either case we refer to “‘steady
creep.”’? On the other hand, for various reasons (such as work hardening), it

3Since when @ is constant, ¢ also will be constant. Of course, with indentation creep at constant
load, the deformation volume and ¢, and hence ¢, are varying with #; but this does not necessarily
imply transient creep as defined here and as found by Atkins et al. The available microindenta-
tion data are insufficient to justify the extra complication of using a transient creep model.
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may be necessary to include ¢, as an explicit variable, within the expressions
describing the state variables and é: here we have ‘“transient creep” [¢ = f (o,
T, t)]. Indentation creep below (0.25T,, has generally been difficult to detect.
Our measurements, described later, were performed on nickel at room tem-
perature, where T < 0.27,,; here, at the stress values used, deformation-
mechanism maps [20] predict that we should observe low-temperature plas-
ticity rather than creep (note that, strictly speaking, the term creep is used
only when ¢ varies relatively slowly with ¢, the dependence being typically
power-law; in low-temperature plasticity, the dependence is exponential. Fig-
ure 2 illustrates the distinction. However, for simplicity we use the term in-
dentation creep throughout).

We next examine the consequences of the simplest low-temperature creep
model, based on a dislocation glide mechanism in which the dislocation veloc-
ity is limited by weak obstacles (activation energy barrier 0.2 X pb3, where
u is the shear modulus and b the Burgers vector). Following Frost and Ashby
[20], the strain rate is then given by

¢ = vyexp {——2—; <1 - iﬂ )

where v is a frequency (= 10°s™!), AF is the activation energy characterizing
the strength of a single obstacle, k is Boltzmann’s constant, and p, is the
athermal yield pressure. Replacing € by k,56/6 (Eq 2), and defining a charac-
teristic time, t., and a characteristic distance, 6, by

te="Texp—— &,
v P T
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FIG. 2—Schematic temperature/stress deformation map, following Ref 20 but with different
normalizations.
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we obtain

é 82
fng— —fn t6+ﬁ— (5)

where k| is the geometrical constant relating 62 with the projected area of
indent if we assume fully plastic deformation by a pyramidal indenter [0 =
P/(k,6%)]. Thus, using the technique of continuous depth recording, from
direct observation of § and § at a known constant load, we may determine .
and 6., and hence the basic creep parameters AF and po(k, po may be re-
garded as an “‘athermal yield index”).

To illustrate the significance of the empirical parameters¢, and 3., we refer
to Fig. 3, which shows how § varies with ¢ according to numerical solutions of
the differential Eq 5. After an initial steep rise, é increases more slowly, the
graph being approximately linear during the period 0.1¢, < ¢ < ¢.. During

5

b}

& S
§ 9

5 P
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FIG. 3—~Theoretical 6/t curves for low-temperature indentation creep, calculated according to
the following values of material parameters: athermal yield index k;po = 95 GPa; normalized
activation energy AF/kT = 21.32; preexponential term k,/vy = 3 X 1075 s, The value of the
load is marked against each curve (the lower diagram is an expanded plot of the initial part of the
530-uN curve, which matches the experimental data of Fig. 9 at small t). The vertical lines show
t.and é..
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this period, & passes through the value 8., which is in fact the point at which é
is at its minimum. In this elementary form, the model thus leads to two pre-
dictions: first, whatever the load, a time ¢ >> 7, and a depth 6 > 6, will, at
length, be reached at which the stress term in Eq 3 becomes negligible, ¢ be-
comes constant, and § increases exponentially with #. This surprising result is
somewhat unlikely to be seen in practice, however, owing to work hardening
at great depths and the inaccuracy of Eq 2. A more important prediction is
that if we wish to define the hardness at a given load or depth, it is best to
restrict the conditions of the corresponding hardness test so that 0.1z, < ¢ =
t.. As shown in Fig. 3, within this region the hardness will show the least
amount of variation with loading time [at 8 = §, its value, P/(k52), will be
12kTpo/AF]. Further complications arise if we wish to investigate how the
hardness varies with load or to interpret the results of microindentation tests
in which 6 is measured as a continuous function of P. Even if the material
properties are independent of depth, the expected & o /P relation will not be
obtained if creep is significant. Furthermore, unless the indentation depth
can be expressed in terms of separable functions of stress and time, the hard-
ness, even if defined for a particular (constant) value of loading time, will not
be independent of load. In such cases, we suggest that a full characterization
of the material should include quantitative measurements of the indentation
creep behavior and, where possible, determination of the values of the creep
parameters, as in the example given later. These conclusions will be valid also
in cases where, for example, a constant-viscosity or other creep model
applies.

Elastic Recovery

The last of the three mechanical effects that particularly concern us at
small indentation depths is the partial recovery in the depth of the indentation
as the load is removed, as a result of the release of stored elastic strain energy.
Other papers in this publication analyze how such energy release provokes
fracture in brittle materials [2/] and how it may be quantitatively determined
from the measurement of elastic recovery [22]. Accordingly, here we restrict
ourselves to a summary of how we derive the relevant elastic recovery parame-
ter from depth/load curves. Since there is no complete theory of elastoplastic
indentation, we make the following simplifying assumptions: (1) that a rigid
pyramid (geometrically equivalent to a cone of semiangle ) is indenting an
isotropic solid under conditions in which, on loading, any elastic displace-
ment of the hinterland does not significantly affect the value of mean pres-
sure, p,; (2) that the specimen is fully work hardened, with a high enough
ratio of Young’s modulus, E, to flow stress, Y, that p,, (which equals H, the
hardness) approaches a value of 3Y (full plasticity in a polycrystalline mate-
rial). Under these conditions, we may still detect elastoplastic rather than
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ideal rigid-plastic behavior. A direct means of assessing the relative contribu-
tions of the two components of deformation during indentation—irreversible
and reversible—is through the measurement of elastic recovery in the depth
of the indentation as the load is slowly reduced to zero (the recovery in the
diameter is very much less but with Knoop indentations may still be measured
[23D).

We use the notation of Newey et al [24] to describe a typical depth/load
cycle (Fig. 4). In principle, it is possible to define at least four types of ‘‘hard-
ness” whose values may be derived from such curves, knowing the indenter
geometry and the maximum load applied:

(@) an on-load or unrecovered hardness, involving ér,

(b) an off-load or recovered hardness, involving 67 — 6.,

(c) a refined value of off-load hardness (theoretically closer to p,,), involv-
ing 67 — &/, which allows for the fact that a small but significant recovery in
the diameter begins at Point A, and

(d) a hardness close to the value obtained by the classic optical measure-
ment of the diagonal (this derivation takes account of pileup).

The derivations are complex [22], and here we are concerned simply with the
most useful choice of recovery parameter whose value may be obtained by
direct measurement. We consider two alternatives, one from Lawn and
Howes [25] and one based on the work of Loubet et al [22]. The first assumes
that the elastic unloading is described throughout by the contact of a rigid
cone with an elastic half-space. With a minor approximation involving possi-
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FIG. 4—Depth/load test (150-nm-thick nickel film on silicon substrate). Loading (O} and
unloading (+) curves are shown by arrows. b1 is the total indentation depth due to both plastic
and elastic deformation; &, is the recovery in the depth when the load has been removed; 6. is a
modified value of depth recovery, obtained by extrapolation of the linear portion of the unloading
curve [22].



56 MICROINDENTATION TECHNIQUES IN MATERIALS SCIENCE

ble changes in the level of the contact perimeter, we may write the Lawn and
Howes recovery parameter as

(0 — 8.)?

1.__
57

= % X 2(1 — p?) tan ¢ (6)

(v is the Poisson ratio of the material). However, an alternative assumption is
that the elastic unloading corresponds to that of a blunt punch, whose con-
stant area, wa?, was determined by the plastic flow during loading; this im-
plies that the elastic recovery occurs primarily in the hinterland beyond the
plastically deformed zone. In practice, as has been shown in certain cases
[22], observed unloading curves tend to lie between these two theoretical ex-
tremes. We may escape from this unsatisfactory situation by defining our re-
covery parameter in terms of 8, rather 8, (Fig. 4), in cases in which we obtain
an initially linear portion of the unloading curve, indicating punchlike behav-
ior, with recovery only in the hinterland. (To the left of Point A in Fig. 4, the
indent diameter begins to decrease [22]). For a maximum load, P;, we have

P, = wa’H = o tan? y82H
(7

E I
= e 2aé,

where « is the appropriate geometrical factor. Thus, the simple ratio of 6, to
8 defines a recovery parameter, R, that again is independent of load: since
8, = waH (1 — »2)/(2E), we have

o _ H Jam

R =
oy EAN 4

(1 — p) tan ¥ (8)

Only if the elastic recovery is very small does Eq 6 take the same form as Eq 8,
which is probably the more useful of the two equations. In either case, the
basic parameter derived is H tan /E. The model could usefully be refined
with the help of X-ray topographic observations of the strain field surround-
ing the indentation [26].

Surface and Scale Effects

We have seen how the measured properties of submicrometre surface layers
depend on the mechanical consequences of a variation of indentation stress
with depth or with time. Why should this stress differ from the macroscopic
bulk value? The physicochemical mechanisms involved may be divided
(somewhat arbitrarily) into two categories: the effects arising from the prox-
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imity of the surface and the effects of scale. Regarding surface effects, space
does not allow us to discuss the well-established chemomechanical effects
[27,28]. When both the specimen and the indenter surfaces are sufficiently
free from contamination, a less well known type of surface effect becomes
important, namely, the increase in effective load arising from intermolecular
attraction between the two solids. The case of a spherical indenter has been
analyzed and the experimental evidence reviewed [29]: a size effect is in-
volved, in that the smaller the value of the radius of curvature, r, the larger
the effective force of attraction compared with the load required to give plas-
tic deformation. Even at zero externally applied load, if the Dupré energy of
adhesion for the interface is large enough or r is small enough, plastic defor-
mation will be initiated, or even full plasticity will be obtained, so that the
measured hardness will tend to zero at very small loads (Fig. 5) [30,31]. In
addition to such surface effects, in many materials the bulk mechanical prop-
erties may vary significantly with the size of the indentation—in other words,
below a certain size we no longer have a constant load/area ratio (hardness)
even for pyramidal indentations. In a recent review, Atkins [32] has discussed
such size effects. Various mechanisms have been described, including the
ductile/brittle transition at small depths [32-34], the effects of microstruc-
ture in bulk specimens [35] and thin films [36-38], and the depth-dependent
behavior of dislocations in single crystals [14,39,40].

It is not yet clear which of these mechanisms will be dominant in a particu-

1,00
8 .5l
g
5 5
2
"E’ L
&1 b
E& -5 - 7610t Y Y K2 T rw
[ .l L 1 h 1 1 1 1 1 1 1 1 1 1 1 2 1 Y 1 1
000 25 50 75 00

Load, micronewtons

FIG. 5—Theoretical variation of apparent mean pressure P/(wa?) with load P, for a specimen
of yield strength Y = 0.33 GPa and with the energy of adhesion w = 3 J m ~? (a is the radius of
the contact circle): dotted curve: from the equation P + 2 nrw = 3 na?Y [30] (the hemispherical
indenter has a radius r = 0.3 pm; the initial load for full plasticity was calculated for a value of
the relevant elastic modulus X of 100 GPaj; dashes: from the equation P + 2 wk,;6 = 3
k,;Y8%2 = 3 na’Y [31] f(conical indenter with k, = 2.6). The measured hardness will decrease at
small loads, as a result of the force of attraction between the specimen and the indenter surfaces.
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lar situation. Very few measurements have been carried out at loads of less
than around 1 mN (100 mg). Within this range, Kinosita and colleagues [6] in
1978 described an interesting phenomenon known as the critical load effect.
Below a certain load, P, which varied from around 350 uN for magnesium
fluoride (MgF) to 40 uN for gold, no permanent indent was detected. How-
ever, for various metals, when in the form of films of about 600 to 1100-nm
thickness, the critical load effect disappeared, with P, < 10 uN. Newey et al
[41] found a significant critical load effect in electropolished iron foils and
lapped iron disks, with P, = 200 and 650 uN, respectively; if the disks were
implanted with 190-keV titanium ions to a fluence of 4.6 X 102 m~2, the
effect disappeared, as with the thin films of Tazaki et al {6], who ascribed the
critical load effect to the finite radius of curvature (+ = 120 nm) of the tip of
their pyramidal indenter. They claimed that the critical load simply repre-
sents the load at which the Hertzian elastic stress reaches the elastic limit of
the material. This explanation is surprising, since for polycrystalline copper,
gold, and silver, taking into account an error of a factor of two in their Eq S,
their corresponding derived values of yield stress, Y, range from 30 to 60
times the hardness determined at higher loads (if Y were independent of load,
we would expect a ratio of about 3). At the elastic limit, equating P, = K a®/r
to P, = 1.1 wma? Y, we have

Y = (C)]

1.1% r2

1 [PCKZ }1/3
(all the symbols as previously defined). If we postulate a larger effective value
of r, a more reasonable value of Y is obtained; this could arise, for example,
from an oxide or contaminant layer that “spreads” the load, but the critical
load effect was seen with materials such as calcium fluoride (CaF5), for which
this explanation is inapplicable. For the specimens tested in the present
study, critical loads were very small or absent (<10 uN). However, differ-
ences between specimens such as those reported in the earlier literature could
perhaps require a mechanical explanation, of the type discussed in the earlier
section on the effects of variation of yield strength with depth: in this connec-
tion we recall that the sudden yielding of gold indented by tungsten, as ob-
served by Gane with the scanning electron microscope (SEM) [39], took place
only in the presence of a thin surface layer formed by polymerization of pump
oil vapors present in the microscope. Full answers to the question of when a
clean surface is harder or softer than a contaminated one, and when the near-
surface layer is harder than the bulk, are unlikely to be found until more
microindentation experiments are carried out under conditions in which the
specimen may be cleaned and characterized by means of surface physics tech-
niques and in conjunction with direct observation of dislocation distribution
and movement.
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Some Examples of Measurements at the 10 to 100-nm Level

Penetration Depth as a Function of Load

The principal techniques for mechanical characterization at submicrome-
tre depths include the following: scratch hardness testing, the measurement
of the distribution and movement of dislocations as a function of applied
load, in situ indentation in a scanning electron microscope, which is used to
measure the indent diameter, and microindentation with continuous record-
ing of penetration depth as a function of load or of time. This last technique
[24,42,43] is a development of earlier work involving continuous recording at
greater depths [44-46] or single-valued measurements [47]. Here we present
some examples of how this method may be used to derive numerical values of
plasticity indexes, elastic recovery parameter, creep parameters, and critical
load. The equipment is shown schematically in Figs. 6 and 7: the test proce-
dure follows that of Newey et al [24] except that in addition, the specimen can
be transferred between two locations (test and microscopic observation). A
particular area of interest may thereby be identified in the microscope and
then transferred to the test position, or relocated, by means of a computer-
controlled three-axis (X-Y-Z) movement. Scratch hardness testing with mea-
surement of frictional force may also be performed at speeds as low as
30 nm/s. The indentation depth is measured with a capacitor bridge arrange-

‘:::: GE )
N

FIG. 6—Microindentation hardness tester (schematic diagram): S, two specimen positions; A,
rotation axis of specimen turret; M, microscope objective; D1, drive for three-axis movement
{stepping motors); D2, additional fine-scale transverse movement for scratch hardness and fric-
tion tests; I, indenter; F, electrostatic system for application of force; T, transducers for control
or measurement (T1, transverse displacement; T2, frictional force; T3, piezoelectric control of
indenter position; T4, indentation depth); C, computer.
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ment, which is quickly recalibrated whenever the initial indenter position is
altered, with the help of piezoelectrically controlled movement. The load of
between 10 uN and 30 mN is applied to the three-faced pyramidal diamond
indenter, for which a 90° angle between edges is chosen. For such a sharp
indenter, friction between it and the specimen is likely to be significant, but
this disadvantage is often outweighed by an earlier finding [41] that, for
rougher surfaces, sharp indenters give more consistent results. The resolution
of the depth measurement is estimated to be better than 1 nm, but both speci-
men roughness and vibration tend to limit, particularly, the accuracy with
which the moment of contact (that is, the zero of the depth scale) can be iden-
tified. In practice, the zero of plastic indentation depth can be determined
with reasonable precision, as described in the following.

A typical experimental procedure is as follows. First, we obtain a prelimi-
nary curve of indentation depth, 8, against time, z, the applied load, P, being
held constant at a value approximately equal to the maximum load of interest
(Appendix). The é value always increases rapidly during the first few seconds:
if, thereafter, its rate of change, 5, remains higher than, say, 0.3 nms™!, a
quite different “indentation creep’ procedure is essential, as described later.
Otherwise, we next carry out several plots of § as a function of increasing P on
different points on the specimen surface, keeping the loading rate the same
for each plot. A different maximum load is used for each plot, so that we
obtain a series of loading-unloading curves whose hysteresis area, W, corre-
sponds to the plastic work performed on the specimen. If we are interested in
the off-load hardness, then, as discussed earlier, we can obtain from the un-
loading curves values of §, defined as 8, — 8, (Fig. 4). The loading curves are
all superimposed and averaged by computer. Because of the uncertainty,
mentioned earlier, in the zero of 8, where possible it is best to plot graphs with
d or §, itself (rather than some function of 8) as the abscissa: in the simplest
case of a specimen showing fully plastic behavior with hardness, H, indepen-
dent of , we would expect P o 62 and W o &3 [22,48,49]. We normally plot
8, against P12 and, where necessary, 8, against W13, By extrapolating the
W1/3 versus the & curve to zero load, we thereby obtain the 8-zero at which
plastic deformation begins, and also any critical load, an example is shown in
Fig. 8. In the simplest case, both graphs are linear for at least part of the
range of load and extrapolate to give the same §-intercept at zero load. To
enable absolute values of hardness to be obtained, the indent area may be
measured by electron microscopy [50], but if time does not permit the use of
this delicate procedure, the gradients of the two types of curve allow one to
derive values of three *“plasticity indexes’ (relative hardnesses)

d\ﬁ’ >2 (dWm >3
Ip= ; = 10
d ( ds, Tw ds, (10)

or, in nondifferential form, Ip = P/82; Iy, = W/83; Iy = P°/W2.
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FIG. 8—Microindentation results at very low load (platinum foil, thickness 7.5 um, surface
cleaned with n-propanol only): @, 8/W17 points; vertical bars show 8/P"? points (each bar
represents the limits of error for an average of typically 5 to 30 data points from loading curves);
loading rate, 2.5 uN/s; creep rate, 8, at maximum load after 5s. <0.2 nm/s; derived values of
plasticity indexes, 1, = 7.7 GPa and 1. == 2.5 GPa; critical load, 7 pN.

In the simplest case of full plasticity, I, = 31y, and in addition, for a 90°
pyramidal indenter, we have the hardness H = [5/2.6 = I;,/0.87. Newey et
al [24] first showed that hardness values thus obtained could agree with the
values obtained by optical measurement of indent diameter at large depths to
within 10 to 20%. Figure 8 shows the results of measurements performed on
platinum foil. Although the two curves do not show perfect linearity, they give
values of the 6,-zero and of H which are in good agreement, with I,/1,, = 3.1
compared with the theoretical value of 3. From the unloading curves, we can
also calculate the recovery parameter, defined earlier, but in the case illus-
trated it has a very small value (=<0.05), the unloading curves being nearly
horizontal. Later we show some results for nickel films grown on a silicon
substrate, where elastic recovery is much more significant: for example, for a
film thickness of 150 nm, the results shown in Fig. 4 give a value of §;/67 =
0.22. From Eq 8, taking k; = o tan? ¢ = 2.6 for the 90° indenter, we have
H(1 — »?)/E = 0.15. Thus, the unloading curves may be used to calculate
the values of the elastic modulus if H has been determined from the loading
curves. A similar calculation applied to measurements made with a material
of known Young’s modulus (Lucite/Perspex) gave an E value of 3.0 GPa [31],
in agreement with the known value of 2.4 to 3.5 GPa.

Penetration Depth as a Function of Time

We have pointed out that when time-dependent effects, as assessed in the
preliminary constant-load test, are significant, in general the material will not
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have a constant ‘““hardness’ even if this is defined for a particular value of
loading rate or loading time. As a result it turns out that the simple analysis
we have just described is inadequate even for metals such as nickel and Type
304 steel at room temperature, when indented to depths below about 1 um.
Figure 9 shows the results of a typical creep test at constant load. (The Ap-
pendix gives some details of this experimental procedure.) The specimen was
a thick deposit of nickel (thickness 600 nm) on silicon. Such curves show that
even at homologous temperatures below 0.2, we must at least take into ac-
count the possibility of creep when interpreting microindentation hardness
measurements. The first 50 s of the experimental curve shown resembles in
shape the theoretical curve for the same load in Fig. 3. The same is true for a
wide range of loads and of specimens, including bulk polycrystalline nickel of
a grain size 100 times larger than that of the thin film specimens and nickel
implanted with ions of boron or phosphorus, and accordingly we have at-
tempted some preliminary theoretical interpretation of such data. For exam-
ple, Fig. 10 shows the results of Fig. 9 replotted in a form which would give a
straight line if Eq 5 were obeyed. (We note, incidentally, the advantage of
being able to measure § directly as well as § in the continuous depth recording
method, especially as there is no analytical solution to Eq 5.)

As § increases, the logarithm of the strain rate varies linearly with the stress
until a depth of around 170 nm is reached (approximately 40% of the final
depth). In this region, the value of the characteristic time, #., is 5400 s, as
determined from the intercept, and the characteristic distance, §. (the square
root of twice the slope), is 0.5 um. At § = 170 nm, the rate of indentation
slows down greatly, but long before ¢, is reached, the results diverge from the
predicted curve (Fig. 3); as the stress decreases further, with § increasing
beyond 170 nm, the curve in Fig. 9 rises more steeply, and it is tempting to try
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FIG. 9—Low-temperature indentation creep: 6/t results for thick nickel deposit (h = 600 nm)
on silicon, for a constant load of 530 pN.
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FIG. 10—Low-temperature indentation creep. The data of Fig. 9 are replotted, giving X-val-
ues proportional to the applied stress and Y-values proportional to the logarithm of the strain
rate.

to identify this rise with the predicted transition to exponential behavior at
§ > é..

Figure 10 shows, however, that at this stage we have a striking departure
from the simple theory in that the strain rate, €, or its logarithm, no longer
varies linearly with the stress; instead, it levels off and even increases with
time, so that the slope becomes negative. Such behavior may be termed vis-
cosity-decrease or ‘‘accelerated creep,” and it is characterized by the value of
the y-intercept, (—{nt.), in Fig. 10. In this case (—¢n ¢.) has decreased from
8.5to4 at & = 200 nm. Finally, and possibly as a result of work hardening, é
(and ¢) fall toward zero, at a depth of about 400 nm in the example shown.
(We have not yet investigated how this “final”’ depth is related to the deposit
thickness. These effects are seen also with bulk nickel specimens.) Often the
times required are so long (= a few hundred seconds) that this range of depth
and stress would not be accessible in practice, in the first type of microinden-
tation hardness test (depth as a function of load). One would have to wait so
long between each increment of load that errors due to drift in the apparatus
could be significant, and the total time would be unacceptably long.

As yet we have no confirmatory evidence that Eq 5, with the simple disloca-
tion glide model, does apply, and instead a simple constant-viscosity model
gives a better fit to data for certain types of specimens. It is nevertheless inter-
esting to use the values of intercept and slope to obtain effective values of
activation energy and athermal yield index and to consider the transition to
accelerated creep in terms of the corresponding deformation map. From Eq
4, and assuming vo/k, = 0.3 X 10°[20], and then from the preceding values
of t, and é., the transition to accelerated creep involves a decrease in AF/kT
from 21 to 17, and the initial value of (k,p) is 95 GPa. This transition is
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shown schematically on the deformation map as a shift from A to B in Fig. 2.
Although this stress decreases, the strain rate increases, as if there had been a
large rise in temperature. We find that this accelerated creep occurs with tests
on a range of different specimens. [In most cases, the athermal yield index
k1 po appears to increase greatly (small positive slope of £n (6/8) versus 6 ~2),
while in others, as in Fig. 10, the slope becomes negative, so that the concept
of athermal yield index breaks down.] In conclusion, it appears that with
specimens for which indentation creep is significant, constant-load 6/¢ tests
should be performed, and characterization should include the value of H (or
P/6?) calculated from the limiting work-hardened value of & at very large ¢,
together with the values of ¢, and &, derived from creep plots such as Fig. 10.
It is also worth attempting to perform /P tests with a rapid loading rate: if
in practice (as is often the case) I, does not vary excessively with the loading
rate, this parameter may be regarded (with some suspicion) as a measure of
the material’s plasticity before accelerated creep or work hardening takes
place.

Some Measurements of Thin-Film Specimens

We will return later to the subject of indentation creep, as seen in nickel
and steel, both as received and implanted with ions of various species. Before
attempting to analyze measurements made on a material such as an im-
planted specimen whose hardness was expected to vary rapidly with depth, we
wished to know whether the macroscopic theory of the indentation of a bilayer
(as summarized earlier) was valid at this scale. We therefore decided to carry
out both depth/load and creep tests on nickel films of varying thickness on a
hard substrate (silicon), as shown in Fig. 11. The films were prepared by Ta-
kadoum and Pivin.* Indentation creep at 6, = 100 nm prevented us from
obtaining reliable values of the plastic deformation index, I,, at larger
depths, and accordingly we present the values for two depths only (25 and S0
nm) as a function of thickness, ~. Significant elastic recovery was also ob-
served, and details will be published elsewhere [51]. The minimum I, values
are two to three times greater than for bulk polycrystalline nickel, as de-
scribed later. It appears that for experiments on this scale, that is, with film
thickness, #, considerably smaller than that of Fig. 1, the marked rise in
hardness with decreasing & predicted by Lebouvier still occurs, but at a value
of 6/h = 0.3, less than the expected value. As we have seen, he predicts that
this rise would begin at even smaller values of 6/h when the film is harder
than the substrate. Thus, in the case of a hard surface layer, say 200 nm in
thickness, produced by ion implantation, the hardness values derived from
the measurements obtained at depths of more than a very few tens of nanome-
tres will not be truly characteristic of the implanted region.

4Dr. J-C. Pivin and J. Takadoum, Centre for Nuclear Spectrometry and Mass Spectrometry,
91405 Orsay, France.
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FIG. 11—Variation of plasticity index with film thickness (nickel deposited from the vapor
onto silicon substrates: substrate temperature, 320 %= 20°C: vacuum, (2 to 10) X 107¢ torr;
deposition rate, 0.11t0 0.2 nm/s); A, values at 8, = 25 nm; O, values at 50 nm (nondifferential
definition of 1,).

Effects of Ion Implantation

Nevertheless, such measurements have yielded a useful indication of the
mechanical properties of the combination of implanted layer plus underlying
solid. As reviewed by Hartley [52], standard microhardness techniques have
been used successfully to measure changes due to implantation in metals.
(For more recent work see also Refs 53 and 54.) Roberts and Page [55] have
used an empirical ‘“Meyer index approach,” involving the measurement of
the variation of hardness with depth, as an indirect way of investigating plas-
ticity of implanted layers in silicon and silicon carbide. The continuous depth
recording technique has been used by Newey et al [41] and later by Pethica et
al [56,57] to detect increases in hardness in metals. Our method has recently
been used to measure the various plasticity and creep parameters discussed
earlier, in nickel [51] and in Type 304 steel [58], together with the effects of
implantation by boron and phosphorus (into nickel) and nitrogen (into steel).
The nickel specimens (Ni200), prepared by Pivin and Takadoum, were pol-
ished with 1-um abrasive and then electropolished. The Type 304 steel speci-
mens (austenitic Fe ;3 CrgNi) were prepared by Singer and Bolster.® After the
specimens had been polished with 0.2-um abrasive, producing a known com-
position of strain-hardened austenite or martensite as a function of depth,
various thicknesses were then removed by ion erosion. Finally, the specimens
were implanted, as detailed in Figs. 12 and 13, which illustrate the principal
features of the indentation creep and depth/(load)"? curves obtained. These
were analyzed according to the methods detailed earlier. In view of the simpli-
fications involved in the creep model, as discussed earlier, numerical values of

5Drs. 1. L. Singer and R. N. Bolster, Chemistry Division, Naval Research Laboratory, Wash-
ington, DC.
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FIG. 12—The effect of boron-ion implantation on indentation creep in bulk polycrystalline
nickel (axes as in Fig. 10) at a constant load of 325 uN: Curve A, nonimplanted; Curve B, im-
planted with 70-keV boron ions; fluence, I X 10 m~?; peak range, 61 nm. The final values of
indentation depth, at large t, differ by a factor of 3.5.
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FIG. 13—The effect of nitrogen-ion implantation on 1, for Type 304 steel, unstrained vy-aus-
tenite structure, with a thickness of 380 nm removed by ion milling after polishing: Specimen A,
nonimplanted; Specimen B, implanted with 40-keV nitrogen ions: fluence, 2 X 10* m~?; peak
range, 43 nm. With the nonimplanted specimen, severe creep (giving departure from linearity) is
seen at higher loads.

creep parameters must be regarded as provisional. We may nevertheless sum-
marize the direct conclusions as follows:

1. For unimplanted (and non-strain-hardened) specimens, a viscosity de-
crease or ‘‘accelerated creep” region of the curve, as described earlier, is seen
when a certain depth has been exceeded.

2. When the suggested creep analysis is carried out, the values of the de-
rived parameters indicate the following:
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(@) the characteristic time ranges from S0 to more than 10 000 s, implying a
corresponding variation in activation energy;

(b) in the “‘accelerated creep’ range, its value is reduced by between one
and two powers of ten but, provided that this range is avoided (that is, at
small depths), it is still possible to obtain reproducible 5//P curves and thus
to derive values of plasticity index;

(¢) with the nonimplanted (and unstrained) specimens, we have detected no
significant variation in characteristic time, t., athermal yield stress, po, or
plasticity index, I,, (and thus, of hardness), as a function of load; and

(d) under certain conditions, a better linear fit results from plotting the
strain rate itself, rather than its logarithm, against stress (constant-viscosity
effect).

3. At afinal limit of depth, 0, the creep rate tends toward zero or toward a
value too small to detect. The time involved is often inconveniently long, but it
is possible to derive a single value of hardness or of plasticity index P/ 6f2 (de-
noted by I,).

4. The effects of ion implantation (above a certain value of fluence) may be
summarized as follows:

(a) it tends to reduce greatly the range of depth at which accelerated creep
is observed. Often accelerated creep is eliminated completely;

(b) generally we do not otherwise detect any significant change in ¢.; and

(c) there is a threefold hardening effect. Both I, and p, tend to increase;
the final limit of indentation depth at a given load falls, so that I, also in-
creases. These effects are particularly marked in the case of boron-implanted
nickel and nitrogen-implanted steel (Figs. 12 and 13). Details of the mini-
mum fluence required, and the effect (if any) of increasing fluences, are de-
scribed elsewhere [51,58].

As discussed in Singer’s review of the tribological properties of ion-implanted
metals [59], while surface hardness is important in wear resistance, it is not
necessarily a controlling factor. The work-hardening rate and creep propet-
ties may play equally important parts.

Conclusions

1. Materials may be characterized at depths in the 10 to 300-nm range,
through measurements of plasticity indexes, elastic recovery parameter, elas-
tic modulus, and indentation creep parameters. For certain types of speci-
mens, there appears also a critical load for initiation of plastic deformation.

2. Significant low-temperature indentation creep at small depths can occur
in metals even at ambient temperature. When this is so, attempting to derive
values of the hardness of the material is of little use. Instead, it is more profit-
able to measure empirical creep parameters such as characteristic time and
depth.
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3. The method of continuous depth recording is simple and rapid com-
pared with methods involving measurements of indent diameter. This applies
to both experimental and theoretical interpretation, especially when elastic
recovery or indentation creep is observed.

4. The effect of ion implantation on creep behavior can be as important as
its effect on the hardness itself. For example, in nickel and Type 304 steel, it
can eliminate the *‘accelerated creep” which otherwise appears when the in-
dentation depth reaches 100 to 300 nm.

S. The plasticity indexes may be related to macroscopic hardness values
and the creep parameters to activation energy and athermal yield stress, if we
make certain simplifying assumptions regarding full plasticity and low-tem-
perature creep mechanisms. Both experimental work and the required theory
are at an early stage, especially when surface or scale effects are involved or
when the yield stress varies with the depth.®
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APPENDIX

Constant-Load Test Procedure

For kinetic and impact effects to be minimized, the moment of inertia of the in-
denter assembly should be as small as possible (1.7 X 10~% kg - m? for our instru-
ment). The full constant load is applied to the indenter, which is held away from the
specimen by means of the piezoelectric control. This is then used to allow the indenter
to approach the specimen at a typical final speed of 50 to 200 nm s~ !: within this
range, varying the approach speed does not appear to affect the results. After contact,
as soon as & falls below this value, the piezoelectric control continues to move forward
and therefore plays no further part in the test. Thermal drift in the apparatus can be

¢Jonsson and Hogmark [60] have recently measured the difference in load needed to produce a
given value of indent diagonal on a substrate (steels, copper) with and without a chromium film,
where 6 = k. They derived values of film hardness for thicknesses down to 200 nm, by means of
a simple model consistent with their finding that this load difference is proportional to the di-
agonal.
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especially important in creep tests, which generally require that the specimen first be
left for several hours to stabilize. If after, say, S00 s of a test, § fails to fall below
0.3 nms ™!, the results are discarded. As a check, following each series of creep tests a
control test is performed on a reference specimen attached to the same mount as the
original specimen. Irregularities in the indenter geometry, due to contamination or to
the grinding process, are a constant possibility. One way to check that these are not
having a significant effect is to repeat the control test using a second indenter. Al-
though this is not done in every case, each of the principal effects described has been
seen with more than one indenter.
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ABSTRACT: Studies of Vickers indentation curves of elastoplastic materials give infor-
mation about the relationship between plasticity and elasticity. We have built equipment
which gives a record of the applied depression depth, &, as a function of the carried load,
P (range, 0.5 to 20 N).

Investigation of the Vickers indentation curves, P(#), during loading and unloading
and microscopic observations shows that the phenomena occurring during indentation
are complex. We first discuss the loading curve. A comparison with a theoretical analysis
is made. Young’s modulus, E, and the Vickers indentation pressure during loading can
be calculated from the unloading and loading curves. The meaning of the different char-
acteristic parameters of the depth-load graphs is debated. Their correlation with optical
measurements of the remanent Vickers indentation is proposed.

KEY WORDS: microindentation, elastoplastic behavior, indentation curves, elastic re-
covery, metals testing, microindentation hardness testing

An indentation curve is the relationship between load, P, and penetration,
h, continuously measured and recorded during a hardness indentation exper-
iment. The aim of this paper is to explain the Vickers indentation curves of
homogeneous elastoplastic materials.

The contact between a flat specimen and a rigid conical indenter, normally
loaded, is well known for two types of materials: elastic materials [1] and rigid
plastic materials [2].

The theoretical determination of the relationship between P and 4 for elas-
toplastic materials is a difficult problem. A complete theoretical analysis will
need to use elastoplasticity theory with the help of the study of the solids in
large strain. As a theory does not exist, several approximations are proposed
[3-5]. All are founded on experimental studies [6].
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The main results in the literature about the indentation curves of elastic or
plastic materials are summarized here. Comparison of these results will help
to explain the Vickers indentation curves of homogeneous elastoplastic mate-
rials.

Elastic Material

Sneddon [1,7] gives the relationship between the load, P, and the penetra-
tion depth, A&, in the case of a nonadhesive rigid conical punch, normally
loaded, on the plane surface of a smooth elastic body as

2En?

- m tan @ (1)

where

FE = the Young’s modulus of the specimen,
y = its Poisson’s ratio, and
6 = the half apical angle of the cone.

Notice that the normal load, P, is proportional to the square of the penetra-
tion depth, A, in the course of loading and unloading (Fig. 1a). The propor-
tionality factor is dependent on both the elastic parameters, (E, »), and the
geometrical properties of the contact, 6.

The mean pressure, p,,, is constant, independent of the normal load, P,
and the radius of contact, a.

P E
Pm=—= 5= cot 8 2)

ELASTIC MATERIAL B

®

(N)

®

NORMAL LOAD

PENETRATION DEPTH (ym)

FIG. la—Indentation curve of elastic materials: (@) loading curve; ®) unloading curve.
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Rigid-Plastic Material

Tabor [8], using the principle of geometric similarity, shows that the mean
pressure acting on a cone indenter (or Vickers pyramid) is the same whatever
the size of indentation, as long as the material is uniform and homogeneous.
He finds, for fully work-hardened metals, the semiempirical relation

2P
Pn=—5=CY 3)

where

Y = the yield stress of the tested materials,

D = the diagonal of the Vickers indentation, and

C = a dependent constant of the indenter (k = 3.2 — 3.3 for a Vickers
pyramid and work-hardened specimens).

Lockett [9] gives theoretical values of the proportionality factor, C, for the
variable apical angle, 8, of cones. In this theory, there is no friction on the
indenter.

So, we can say that the normal load, P, during loading is proportional to
the square depth of the indentation, A,

P =K,(Y, 0)h] (4)

If, as in wedge indentation [10}, the height of the ridge, %,, due to the
pileup effect is proportional to the penetration depth, %, which is different
from the indentation depth, 4 ,, we can write the following for plastic materi-
als such as elastic materials during loading

P =K, (Y, O)h? (5)

where K (Y, 0) is a proportionality factor depending on the mechanical and
geometrical parameters.

In the course of unloading, since there is no elastic strain, the strength be-
comes instantly nil (Fig. 15).

Experimental Technique

Figure 2 shows a schematic diagram of the equipment used. The Vickers
Indenter B penetrates Specimen C to a controlled indentation depth. During
the test, Distance «f stays constant, while Distance ay increases linearly with
time by means of the dilatation of Frame A. The indentation depth is mea-
sured by an induction coil transducer, D, which monitors the distance be-
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FI1G. 1b—Indentation curve of plastic materials: (2) loading curve; (®) unloading curve.
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FIG. 2—Schematic diagram of the equipment: (A) dilation system; (B) Vickers indenter; (C)
specimen; (D) displacement transducer; (E) load transducer.
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tween the indenter and the surface of the specimen. The positioning of the
transducer ensures that even if the rigidity between o and (3 is not infinite
(about 5 X 107 N/m in our case), no error is introduced into the indentation
depth measurement. The test Specimen, C, is mounted on a piezoelectric
transducer, E, which measures the resulting load, P.

Inelastic relaxation is assumed to be negligible compared to elastic relaxa-
tion, so the indenter is withdrawn as soon as maximum penetration is
reached. The maximum normal load, P, varies from 0.5 to 20 N with a resolu-
tion of 104 N. The maximum penetration depth, %, is 40 um with a resolu-
tion of displacement of 4 X 10™* um. Three controlled speeds, V, can be
used: 0.1 um/s, 0.05 um/s, and 0.01 um/s. The Vickers indenter used is a
square-based pyramid with a 136° angle between its faces. A small defect of
0.1 pm height and 0.7 um breadth was detected by a scanning electron micro-
scope (SEM) observation on the pyramid tip. The indenter was cleaned with
acetone (analytical reagent) before each test. All the indentation tests were
conducted in a clean room, at room temperature (20°C). The diamond in-
denter is assumed to be infinitely rigid.

Two materials are tested, first, a hardened Type 52100 steel plane. It is
polished with diamond paste and then ultrasonically cleaned in hexane (ana-
Iytical reagent). The height of the asperities measured with a Talystep instru-
ment does not exceed 0.1 um. Its superficial hardness is HV sop = 850 to 900
da N/mm?. Its Young’s modulus is evaluated as 210 GPa. Second, an an-
nealed aluminum plane is tested. It is 99.9% pure. The main impurities are
iron, silicon, copper, and titanium. The plane is ultrasonically cleaned in a
hexane (analytical reagent) bath before the experiments. The height of its
asperities does not exceed 0.5 um. Its superficial hardness, obtained with a
classic apparatus, is HVsp = 46 to 47 da N/mm?. Its Young’s modulus is
evaluated as 65 GPa.

Description of an Experimental Curve

The study of the indentation curves is an experimental method recently de-
veloped [17-14].

The experimental Vickers indentation curves are similar to those in Figs.
3a and 3b. Parts AB and BC are called, respectively, the “loading curve’” and
the “unloading curve.”

Point A corresponds to the first contact between the Vickers pyramid, and
the specimen surface. Point B is the maximum load and penetration reached.
Point C corresponds to the last contact between the indenter and the speci-
men.

We define P,y as the maximum load of the test, #r as the maximum pene-
tration depth (Length AD) of the pyramid, and A as the remanent depth of
the indentation (Length AC).

From the tangent to the unloading curve, we determine the distance 4 g
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FIG. 3a—Indentation curve of 52100 hardened steel: (&) loading curve: (®) unloading curve.
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FIG. 3b—Indentation of aluminum 3 N: (@) loading curve; ®) unloading curve.

(Length AC’). The latter is very useful for the determination of Young’s mod-
ulus, as will be shown later. Because of Point A, the three length parameters
are measured from the nondeformed surface of the specimen.

The Loading Curve Study

The study of experimental loading cutves shows that, for the limited re-
gions of testing loads, we can write [15]

P = Khn (6)
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where n is a constant, not necessarily an integer. Because P is proportional to
k2, if the contact is purely elastic or rigid-plastic, we propose, for a uniform
and homogeneous elastoplastic material with perfect plasticity, the relation

P=K,h? N

where K, is a proportionality factor function of the elastic parameters, (E, v),
the plastic parameter, Y, and the geometrical parameter (semiapical angle 0
of the Vickers pyramid or the conical indenter).

On the experimental curves, we can verify the validity of this relation (Fig.
3) with the aid of different methods.

1. Frohlich et al [4] proposes to plot P/k against & (Fig. 4a).

2. Pollock suggests the representation v/P against 4 (Fig. 4b).

3. We can plot log P as a function of log 4 (Fig. 4c¢).

4. With the derivative of the load, we can plot dP/dh against h (Fig. 4d).

Each of these four methods has its own advantages and disadvantages, in
particular the first and the third methods give, respectively, the propottional-
ity factor, K, and the exponent, n, of the curve, but they are both very sensi-
tive to the experimental determination of Point A.

The second and the fourth plotting systems guarantee the best verification
or deviation around the proposed law, but the second method is not directly
related to the parameters, and the fourth is very sensitive to noise in the load
and displacement signals.

We can see in Fig. 4¢ that aluminum 3 N and 52100 hardened steel verify
the hypothesis in the main part of the experimental curve, but the exponent,
n, is not 2. We think this is attributable both to a harder layer near the sur-
face and to the pyramid’s blunt point. The purpose of this paper is not to
explain this deviation, however, so we shall not go into this matter further.

The determination of the relationship between K, and the mechanical pa-
rameters (£, v, Y, or HV) usually used is a difficult problem. As the theory
does not exist, several approximations were proposed [6]. We describe here
the one that gives us the best results (Fig. 5).

First, we assume that plastic and elastic behavior of the material can be
disassociated, and we write

P =K,h} (®)
where K, is a function of Y or HV for the plastic part and
P=K.h; 9

where K, is a function of F, v, and 8 for the elastic part.
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FI1G. 5—Model of the behavior of an elastoplastic indentation: (a) plastic contact; (b) equiva-
lent elastic contact; (c) elastoplastic contact. (The terms are defined in the text.)

Second, we said that Eqs 8 and 9 are for two springs. For the plastic law,
there is a problem with the return, but we can replace it with an elastic spring
that has the same behavior in the loading part.

Third, because we have supposed a behavior described in the theoretical
Eq 7 for the loading curve, we can say that the two springs are in series, so

that &, = h, + h,. The springs are both representative of the elastoplastic
behavior, therefore

K., = [(K,) 2+ (K )71 72 (10
Fourth, we have to select the plastic and elastic proportionality factor. For

the plastic factor, K ,, we pick out the theoretical relation between the Vickers
hardness value (HV), load, P, and plastic penetration depth, 4.
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cos?f P P
HV = — =378 X 1072 —- 11
4sin 6 h} h} 11
therefore
4si
K, =8V 00 _ s4nv (12)
cos? 0

For the elastic proportionality factor, X,, we suppose there is no elastic
penetration in the contact but an elastic deflection, 4., around it. The pene-
tration is done only by the plastic part of the model. The elastic behavior does
not create an increase in the contact area.

We assume that the elastic deflection can be calculated with the aid of the
theory of an expansible flat punch, which means an imaginary punch with a
variable base area.

Sneddon [I] gives the relation between the load, P, and the deflection, 4.,
in the case of a nonadhesive, rigid, cylindrical flat punch normally loaded on
the plane surface of the smooth elastic body

2F
P= 1 — 2

ah, (13)

where a is the radius of the contact area.
The contact area must always be the same as the one given by the plastic
penetration, so that

D D
2 27

wa’ =

(14)

where D is the diagonal of the Vickers indentation squared. It is given by the
Vickers relation

P 1/2
D= <1'854W> (15)

We can now write the elastic relation as

E 118 ,
pP= <71 = V2> v (16)

so that
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E \21.18
K. = <1 — v2> HV an

The elastoplastic coefficient can be expressed as

B 1— 2 0.1947 -2
K., = [0.92( = >\/HV + \/—H—_V] (18)

The comparison between the model and the experimental loading curves
(Fig. 6) on the 52100 hardened steel shows only a 10% deviation between
them.

The Unloading Curve Study

During the unloading stage (Curve BC in Fig. 7), two effects can be ob-
served. (1) the elastic recovery of the zone adjacent to the contact zone and (2)
the elastic recovery of the plastic edge of the remanent print (Fig. 8).

As pointed out by Shorshorov et al [16], during the unloading stage, the
relation P(h) is not linear. The derivative, dP/dh (Curve BC’ in Fig. 7), for
the initial stage of the unloading can be given by the elastic flat punch theory.
This punch has a base area equal to the projected area of the indentation.
This is the elastic recovery of the elastic deflection created during the loading
stage. Therefore, the equation of Line BC’ (Fig. 7) is

2E D

P=—_
1— v 2x

NORMAL LOAD

h (ym)

01 2 3 4 5
PENETRATION DEPTH

FIG. 6—Comparison between the experiment loading curve of 52100 hardened steel (Index
(D) and the theoretical curve corresponding to the elastoplastic calculation developed (Index ().
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FI1G. 7—Comparison between an experimental unloading curve, (), and the two possible ex-
treme theoretical positions (52100 hardened steel): Curve () is the rigid flat punch law on an
elastic plane; Curve (<) is the rigid conical punch law on an elastic plane. (The terms are defined
in the text.)

<

0 0 '

FIG. 8—Schematic drawing of the deformed surface of the specimen under the maximum
load: (1) contact zone; (2) deformed zones adjacent to the contact zone.
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This equation allows us to calculate the Young’s modulus of the material.
Using Point B (Fig. 7), we find

E P N2
1-— V2 2D(hT_hR')

(20)

For the 52100 hardened steel, the experimental value is

E

1— 2

= 218 GPa

This agrees with the literature data.

The hardness value is obtained by optical measurement of the remanent
print diagonal. On the curve, the penetration depth, %p-, is the indentation
depth measured from the nondeformed surface of the specimen with respect
to the geometrical properties of the Vickers indenter. If the pileup effect is
negligible

D = Thg (21)

The experimental data show D > 7 hg.. For example, on the 52100 steel
used, we found D = 7.9 hy.. The proportionality factor depends on the mate-
rial tested (aluminum = 3 N; D = 7.7 hy.; in a single crystal of magnesium
oxide [MgO], D = 8.95 k- [17]). This experimental parameter between D
and hp- allows us to measure the height of the ridge, 4, resulting from the
pileup effect by the formula

b=~ b 22)

Or, if we say that this parameter is roughly equal to 7, we can estimate the
“‘optical” hardness value, using Formula 11, with £, = hg..

The convexity of the unloading curve exhibits the second elastic effect: the
elastic recovery of the plastic edge of the remanent print by the opening of its
apical angle. The remanent indentation depth, 4 (Fig. 7), allows us to obtain
the experimental value of the remanent semiapical angle, 8’. If we assume
there is practically no change in the diagonal of indentation during the un-
loading process {/8], we obtain a geometrical relation between # and ¢’

hp
tan8’ = 2 tan @ (23)
hg

where 6 = 68° for a Vickers pyramid.
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On the tested specimens, we found 8’ = 70° for the 52100 hardened steel
and 8’ = 68.5° for the pure aluminum.

Curve ¢ (Fig. 7) corresponds to a translation of the theoretical curve of an
elastic material indented by a conical punch. Its contact area (at Point B) is
the same as that of the experimental remanent print. The Young’s modulus of
the calculation is assumed to be the same as that of the tested specimen. Us-
ing this hypothesis, we note that Curve a is also tangent to Cutve c. Together,
they form the external envelope of the possible experimental unloading
curves. This law can be used, as proposed by Lawn [19], to calculate the
Young’s modulus of the tested material by measuring the recovery of the in-
dentation. The mathematical expression of the experimental unloading curve
could be given by

P =K% h — hp)™ 24)
withl < nd < 2
hg- < hg < hy'

where kg~ is the theoretical elastic conical punch law translation value. For
example, on the 52100 hardened steel, we found the experimental values

K¢ = 3.19 N/(um)™; nd = 1.5
for

Poaa =5N;  hg-=315pum; hg=23.6pum;  hg = 4.05um

Total Interpretation of the Curves

The experiments are made at a very slow penetration speed (maximum 0.1
pm/s). The load and unload processes are a succession of states of equilib-
rium (Fig. 9); it is a quasi-static evolution. There are no dynamic or viscous
effects. The recorded energies are identical to the strain energy of the speci-
men, if friction energy is assumed to be negligible.

Area ABDA under the loading curve is the necessary work for the creation
of the indentation, Wy. Surface BCDB is the work released by the specimen,
Wg. Area ABCA is the retained work, Wg. These parameters are, by conven-
tion, positive so that

We=Wr— Wg (25)

W is an elastoplastic work, Wg is an elastic work, and Wy is mainly a
plastic work [20].
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FIG. 9—The independence of the imposed penetration depth and the resultant normal load on
aluminum 3 N. A stop in the indenter course promotes an instantaneous stabilization of the load.

The ratios W/ W rand h/h r are descriptors for the elastoplastic indenta-
tion behavior. For an elastic material, W, = Az = 0, so that

= — =1

WT hT

(See Fig. 10.) For an elastoplastic material, we find that the experimental
value of W,/ W is not very different from the hg/h; value. This relation
agrees with the experimental law proposed, as we can see in the following.

On the loading curve we have found a behavior described by Eq 6, and on
the unloading curve the mathematical expression has already been written in
Eq 24. So, at the maximum loading Point B (Fig. 7), we obtain

Kht = Ké(hy — hp)™ (26)
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FIG. 10—Classification function of parameters Wg/W+1 and hg/hr of different materials
tested (alumina [17]).

The expression of the total work is

hr

Wr= g Pdh; so that W, =

1 +1
" 7
0 n+1KhT @7

The expression of the elastic work is

hr Kd
W = S Pdh; so that W = ¢

——* (h—h nd+1
. - 1( 7= hg) (28)

As Wp/Wp =1 — Wg/Wo, we find the relation between Wz/W; and

hg/htto be
Wr <n+1><1—hR>
=1- 29
W, 1 nd +1 hr (29)

On the 52100 hardened steel, we have the experimental datan = 1.9;nd =
1.5; and hx/h1 = 0.7. Therefore

Wr hr
=0.93 —
Wr hr

which proves the point in question.
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Conclusion

The analysis of the Vickers indentation curves of elastoplastic materials
demonstrates four main points.

1. In the main part of the experimental loading curve, for plastic and elas-
tic materials, the foad is roughly proportional to the square of the penetration
depth, A2,

2. Present theories do not allow the correct calculation of the proportional-
ity factor, K, between P and h2. The approximate calculation proposed can
explain the part played by the elasticity behavior in the indentation process.

3. The unloading curve allows the calculation of (a) the Young’s modulus of
the tested material, (b) the angular aperture of the indentation apical angle,
and (c) the ‘“‘optical”’ hardness number if the pileup effect is negligible.

4. The tofal curve exhibits the different works brought into play in the in-
dentation process. The retained work, Wy, and the supplied work, W, de-
fine an elastoplastic index, (Wgr/W7), which is related to the ratio hgp/hy
(remanent indentation depth/maximum loaded penetration depth).
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propetties. Clearly there are overlaps that must be considered; however, each
section of this paper will be divided along these lines.

Loading

The loading portion of the data is that from which hardness is calculated.
In particular, we will be discussing hardness as a function of the depth or
diameter of the indentation, with emphasis on the hardness of very small vol-
umes of material.

Hardness is a measurement that is often used because of the ease with
which the data can be obtained. Often, hardness measurements can be made
when it is difficult to do any other sott of mechanical test. The most direct
correlation between hardness and other mechanical properties is the relation-
ship between the hardness, as measured with an indenter of a specific geome-
try, and the flow strength of the material in a uniaxial test at a specific strain.
The strain at which this correlation may be made is characteristic of the ge-
ometry of the indenter. The definition for hardness we choose to use is the
contact force divided by the projected contact area. Using this definition, Ta-
bor [ 1] showed that when the indenter is blunt, one can write H = 30, where
H is hardness and o is the flow strength. Thus, if the flow strength remains
constant as a function of deformation volume and the indentation geometry
scales directly with the depth, as is the case with a pyramid or cone, the hard-
ness should be independent of the depth. It is now well established that this is
seldom the case. This fact leads to the conclusion that the yield processes and
the stresses required to drive them vary as the deformed volume changes.

Interest in this area has been rekindled by the need for mechanical testing
on a miniature scale. Many new coating techniques, such as ion implanta-
tion, involve very thin layers (hundreds of nanometres). Miniaturization is an
ever-present force in the electronics industry, and the need for mechanical
property measurements of such structures is now apparent. In addition, if the
hardness of materials on a local scale can be well understood, hardness could
be used as a strength microprobe and would give unique experimental insight
into many aspects of the relationship between the microstructure and the me-
chanical properties of materials.

The methods for measuring hardness can be divided into two types. These
are techniques in which the indent is imaged and its area measured and those
in which the depth of the indent is measured and, with knowledge of the in-
denter’s geometry, the contact area is calculated. The method of imaging de-
pends on the resolution required. The higher the required resolution, the
more sophisticated and difficult the measurement becomes. The optical,
scanning electron (SEM), and transmission electron microscopes (TEM) have
all been applied to this problem. Except for the difference in resolution, these
experiments are similar and have the following advantages and disadvan-
tages.
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The most important advantage of the first technique is that it gives a direct
measure of one of the variables needed to determine hardness-——the contact
area. In addition, because there is no need for accurate displacement mea-
surements, the experiment is fairly simple. This advantage applies more to
the case of optical measurements than to those accomplished using the SEM
and TEM.

The disadvantages include a resolution limit. If frictional effects are to be
avoided, the depth of an indent must be at least four times smaller than the
diameter. If replication and the TEM are used, it is very difficult to image
indents less than 100 nm deep. The imaging technique also gives very little
information about relaxation effects unless special techniques are used. Fi-
nally, imaging the indent can be done only at high resolution for one depth
per indent; hence, the accumulation of data is very time-consuming.

The use of displacement measurements to calculate contact areas avoids
some of these problems but has some disadvantages of its own. First of all,
because no imaging is required, the hardness as a function of depth can be
obtained from a single indent. Because very small displacements (nanome-
tres) can be measured without great difficulty, this type of measurement can
be extended to shallower depths and therefore smaller deformed volumes.
The depth-sensing apparatus can be used during loading and unloading;
thus, elastic effects can be directly measured and accounted for. The final
advantage of a depth-sensing system is that it is easily automated. This is an
important consideration when hardness as a function of depth is required at
very shallow depths at which it is critical that a statistical approach be em-
ployed. Unless the system can be automated, the time needed to generate
sufficient data on a single material becomes prohibitive.

The most important disadvantage of the depth-sensing technique is that
the quantity measured (the depth) must be squared to calculate the hardness.
Thus, the error is 2dAd, where d = depth and Ad = error in the depth. This
is not usually an important problem if the depth-sensing system is sensitive
enough. To calculate the hardness from the depth, the geometry of the in-
denter must be known to the accuracy required for the depths of interest. This
is difficult if one desires to get results from indents tens of nanometres deep.

The imaging technique is conclusive but time-consuming. The depth-mea-
suring technique is very efficient but must be properly calibrated (the in-
denter shape determined). In this work, the two techniques are combined to
obtain hardness data from the smallest volumes of material ever tested in this
fashion. These data will extend the range over which the dependence of hard-
ness on depth, or deformed volume, is known.

Early work in the area of the depth, or load, dependence of microhardness
was confused by experimental error in the load applied or the area measured
[2]. Once these problems were realized, the resolution of the optical micro-
scope limited the range of depth that could be sampled.
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Gane and co-workers [3-6] used SEM and TEM for imaging and produced
a series of papers on the deformation of small volumes of materials, in partic-
ular gold, which extended the range of study tremendously. Some of their
conclusions are reviewed here. They found that, on very clean surfaces, in-
creases of hardness of three to four times the bulk values were apparent at
shallow depths. This result was corroborated by Pethica [ 7]. In addition, the
effects of very thin contaminant layers were found to be significant. With con-
taminants between the surface and the indenter, strengths approaching the
theoretical limits were obtained. Gane [3] correlated the results of hardness
tests with the results of sharp tip blunting, filament bending, and small
sphere deformation experiments and found general agreement. Gane and
Cox [4] drew several conclusions concerning the work hardening of small vol-
umes of material and the additive nature of bulk work hardening and hard-
ness increases at shallow depths. This series of papers also considered possi-
ble mechanisms for hardness increases at shallow depths. Some of these
conclusions will be reconsidered in the light of the data presented in this
work. ,

Upit and Varchenya [8,9], using a special hardness tester, explored the
behavior of metals, semiconductors, and ionic solids in a range of depths sim-
ilar to those Gane and co-workers used in their experiments. They found that
all the materials they tested satisfied the modified Meyer’s equation first put
forward by Onitsch and co-workers [10,11]: H,, = 1.854 ad” 2, where n and
a are characteristic of the material being tested and d is the diameter of the
indent. Upit and Varchenya showed that, over the range of depths investi-
gated, r was the same for all the test materials with the sodium chloride
(NaCl) crystal structure, leading to the conclusion that this parameter is
structure dependent. They also showed that very fine grained material did not
show any increase (# = 2). This result led to the conclusion that the size effect
was related to the size of dislocation loops formed during indentation—a con-
clusion which is hard to reconcile with the additive increase found by Gane
and Cox.

In this work, the validity of the modified Meyer’s law will be reexamined,
and deviations will be noted. We will examine the hardness as a function of
depth or diameter for four materials: gold, nickel, silicon, and lithium fluo-
ride (LiF). For nickel and gold, the data cover four orders of magnitude in
depth. Gane and Cox’s data for gold and the additive nature of hardness ef-
fects will be reexamined in terms of the modified Meyer’s law.

Unloading

Clearly, if one hopes to measure the hardness of materials by measuring
indenter displacement and calculating contact areas from the indenter shape,
the amount and type of elastic accommodation of the indenter displacement
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are important. The important distinction is between the displacement recov-
ered through shape changes of the indent and that accounted for by an elastic
field outside of the borders of the indent. If the entire elastic recovery was due
to changes in the shape of the indent, then the depth under load would be
used to calculate the contact area. However, if the recovery were entirely due
to a general motion of the area surrounding the indent, the depth under load
minus the recovered depth or the residual depth would give the best approxi-
mation of the contact area.

Two interesting works on this subject are those of Stilwell and Tabor [12]
and of Lawn and Howes [13]. Stilwell and Tabor use the elastic solution for a
rigid cone contacting a flat elastic body to reach the conclusion that 36% of
the recovery is outside of the indent, and 64% is due to changes in the shape
of the indent. The recovery curves they predicted are in good agreement with
their experimental results; however, they tested a limited number of materi-
als, all with similar values of E/H, where E is the elastic modulus. The
metals used have small elastic recoveries.

Lawn and Howes found fault with the Stilwell and Tabor treatment in that
no direct account of the effect of the loading process on elastic recovery was
taken. Lawn and Howes put forward a model that accounted for the effects of
the loading process. They also measured the change in shape of indents in a
variety of materials with a range of values for £/ H. The researchers did not
address the question of the amount of elastic accommodation outside the in-
dent except through a material-independent constant, vy, the value of which is
used as a fitting parameter. They discuss the problems with this approach
and point out that v may change with the material.

In this paper we will discuss relaxation data from a range of materials and
present a model of the relaxation process.

Experimental

The experimental technique used to prepare the specimens and take the
data presented in this work have been described elsewhere [14]. However,
some important points are noted here. The surfaces of the nickel were electro-
polished, the gold was deformed against glass, the silicon was mechanically
polished, and the LiF was cleaved. The experimental hardness tester at
Brown-Boveri and Company Research Center used for the hardness tests has
a load resolution of ~2.5 uN and an indenter displacement resolution of 0.2
nm. Proper steps were taken to eliminate impact effects (approach speeds
<10 nm/s ~ impact energy <107' J) and vibrational effects. Vibrational
effects were reduced by locating the system on the ground level on a 700-kg
stone slab, which was isolated from the floor by an air suspension system. The
microscopy was done on a JOEL 200 CX scanning transmission electron mi-
croscope (STEM) using conventional replication techniques.
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Results

Loading

The only way to be certain that the hardness measurements calculated from
depth measurements were as accurate as possible was to image indents of
various sizes and measure their areas. To accomplish this, arrays of indents
like the one shown in Fig. 1 were made on each material. This process was
facilitated by using the automated indentation and high precision x-y tables.
The number, depth, and position of each indent is preprogrammed, and the
whole series is done in a single computer run. The map shows the position and
depth of each indent. Figures 2 and 3 show indents with nominal depths of
500 and 10 nm, respectively, replicated from the surfaces of electropolished
nickel. The measurements of indents from nickel were used to generate a
depth-versus-area function for the diamond used. The deviation of this area
curve from that calculated from the intended geometry of the indenter can be
accounted for by a 1.2° error in the face angle and a 1.5-nm truncation of the
tip.

The material characteristics that may affect this function are the amount of
pileup or sink-in around the indent and the amount of elastic recovery of the
indent depth. Gold, nickel, and LiF showed similar amounts of elastic recov-
ery, and the edges of the indents appeared convex, indicating some pileup
material. Figure 4 shows the load versus depth and the depth versus hardness
(as calculated using a depth versus area function) for nickel. These curves are
the average of twelve indentations. They are representative of the results for
gold and LiF. The error bars on the hardness curve and unloading curves are
two standard deviations long.

The silicon behaved quite differently, as shown in Fig. 5. When silicon is
tested, 54% of the indenter displacement is elastically recovered, and the in-
dent edges appear concave. These effects will be discussed in greater detail in
the section concerning elastic recovery.

The importance of the piled up material around the indent is questionable.
The constraint of this material is not the same as that of the material beneath
the indenter and therefore cannot support the same stresses. This was shown
experimentally by Bergsman [I5]. He showed that when piled up material
was removed and the indentation reloaded, the resulting increase in indent
size was very small. The reduced area of the silicon indents due to elastic
recovery and convex edges must, of course, be accounted for when hardness is
calculated from depth.

Figures 6 through 9 show the hardness of nickel, gold, LiF, and silicon over
the range studied in this work. The data for gold and nickel cover four orders
of magnitude in depth. The data for LiF and silicon cover two orders of mag-
nitude. The data are plotted on log-log plots; thus, if the modified
Meyer’s law is obeyed, a straight line will result.
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FIG. 1— Array of hardness indents in electropolished nickel imaged directly in the SEM and a
schematic showing nominal depths.

The data of Gane and co-workers for gold are included on Fig. 6. To con-
vert their data from diameter to depth, it was assumed that the depth would
be that associated with a triangular indent of the geometry used in this work
with a center-to-tip distance equal to the radius of the indent originally re-
ported. The d/D = 0.4 (D = indenter diameter) data with a characteristic
strain of 8% were used as this factor most closely corresponds to the indenter
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FIG. 2—TEM image of a replicated indent from electropolished nickel, d = 500 nm.

used here. The best method for such a conversion is certainly debatable, but
any reasonable method would simply result in some constant factor times the
depth plotted and would not affect the shape of the curves. The range of
slopes for log hardness versus log depth relationships, as determined by Upit
and Varchenya for the NaCl structure, are shown with the LiF data in Fig. 8.

Figure 9 shows the data for silicon. No cracking was apparent from the
load-depth curves or the replicas examined. To correct for elastic relaxation
in the depth, the hardness value calculated from depth measurements was
corrected by multiplying the hardness by the factor 0.54~2. The 0.54 factor is
the ratio of the elastic relaxation factor obtained for nickel divided by that



98 MICROINDENTATION TECHNIQUES IN MATERIALS SCIENCE

O.1um
e

FIG. 3— TEM image of a replicated indent from electropolished nickel: d = 10 nm; the tilt is
50°.

obtained for silicon. The elastic relaxation factor is obtained by taking the
ratio of the depth obtained by projecting the relaxation curve to zero load to
the depth under load. Except for this correction, the area curve is the same as
that used for the nickel data. Clearly this is a crude correction and ignores the
concave nature of the indent edges as well as the shape changes of the impres-
sion that might occur during unloading; however, it allows us to reach some
approximation of the hardness in a region where it is impossible to image
indents (25 to 100-nm depth).
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FIG. 4—Load and hardness versus depth for electropolished nickel; the error bars are two
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FIG. 7— Hardness versus indent depth for nickel.
Urnloading

From the data for indenter penetration versus load, it can be seen that the
indenter relaxes away from the surface as the load is decreased (Figs. 4 and
5). This unloading part of the curve is almost exactly reversible, implying that
the movement involves the release of elastic strains under the indenter. It is
possible that some small amount of nonelastic backflow is occurring; how-
ever, it is not a significant effect. In what follows, we will take the recovery to
be fully elastic; any error thereby introduced is small.
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FIG. 9— Hardness versus indent depth for silicon.
Discussion
Loading

Several precautions must be taken to ensure the quality of data when very
light load hardness testing is undertaken. The most important problems are
the dangers of impact loads, vibrations, and the geometry of the indenter.
The impact loads and vibrations were discussed briefly in the experimental
section of this paper.
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One important consideration concerning the geometry of the indenter is
that it is sharp enough that the assumption of geometric similarity is satisfied.
This means that the load required to develop a fully plastic zone is small
enough that it does not affect the measurements. As previously discussed, the
area curve determined for nickel indicates a 1.5-nm blunting of the diamond
tip. If the extreme case of a flat end is considered, this implies a tip with an
area of 16.87 nm?. The hardest material we measured was silicon, H = 25
GPa. Thus, the force required to make an initial indent covering the tip area
is 4.2 X 107! uN. This is less than one fifth of the force resolution of the
hardness tester (2.5 uN).

The data for gold presented in Fig. 6 extends the range of the depth at
which measurements have been made by a factor of three in the shallower
direction. The differences between the data generated through imaging in-
dents and depth measurements are most likely caused by the use of the area
function determined for nickel.

The slopes of the straight-line sloping portions of all of the data, including
Gane and Cox’s, are similar. The depth at which the data for the cold-worked
gold becomes horizontal is approximately 1 to 2 um. Gane and Cox concluded
that the hardness increase at shallow depths was additive to the increase of
the bulk hardness due to cold working. This conclusion was reached by plot-
ting the data on a linear scale. Such a plot makes it difficult to see the effects
at shallow depths. The log-log plot in Fig. 6 shows these effects more clearly.
We feel that the replotting of Gane and Cox’s data taken together with our
results show that work hardening causes the hardness to become invariant at
depths greater than a particular one. That particular depth is determined by
the intersection of a horizontal line through the bulk hardness and a sloping
line representative of the modified Meyer’s law. The modified Meyer’s law
line does not seem to be dependent on prior deformation history.

This result suggests that a possible cause for the increase in hardness at
depths at which the modified Meyer’s law is obeyed (n # 2) is a decreasing
dislocation source size. Clearly, if the increase is due to changes in dislocation
source size, when the size of the indent approaches the subgrain size, the
grain size, or some other barrier to slip, the depth dependence would change.
As these other potential barriers in the material become more closely spaced,
the plateau of hardness occurs at higher hardness values. Thus, for a recrys-
tallized material, as the grain size decreases, the bulk hardness should in-
crease. This effect is verified by Upit and Varenchya in their work on fine-
grained materials and by various authors who have shown the grain-size de-
pendence of hardness. One interesting question is the identity of the potential
barrier causing the hardness in the gold tested in this work, and in the work
by Gane and Cox, to become invariant. Considering the characteristic depth
of 1 um, where the transition occurs, the most likely obstacle would be the cell
size, caused by the large strain deformation used to cold work the gold. The
grain size is certainly too large, and the dislocation intersection length is
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probably too small. Further experimentation is planned to sort out this ques-
tion.

The nickel data shown in Fig. 7 also indicate that the modified Meyer’s law
could explain the data. If one interprets the data in the same way as described
previously for gold, one must assume that the bulk hardness for nickel
changes rapidly with deformation. This would be expected with a material
that has a high work-hardening coefficient, as nickel does. For the higher
bulk hardness nickel, which was used for very shallow testing (the material
had been cold worked), the bulk hardness is so high that the mechanism giv-
ing rise to the sloping behavior shown by the less worked nickel does not con-
trol the strength of the material at any depth.

The nickel data show that there is a clear deviation from the straight-line
portion of the curve at very shallow depths (d < S0 nm). This trend is shown
in both the data taken by imaging indents and the hardness calculated using
depth data. Figure 10 shows that the hardness is inversely dependent on the
depth in this region. However, the relationship between hardness and depth
does not pass through zero but is of the form H = C,d~' 4+ C,. Itis not clear
if such a region is shown in the gold data; if so, it occurs at much shallower
depths.

The LiF data shown in Figs. 8 and 11 also show the region in which the
hardness has a d~! dependence. The silicon data in Fig. 9 are inconclusive on
this point. The form of the equation H = C,d~! + C, strongly suggests two
additive strengthening effects. In fact, the equation could be written as H =
Cid™! + 1.854 ad"~2. The second term of this equation changes slowly
enough to be approximately constant over the range that the d~! term has
been observed.

The LiF data show the largest discrepancy between the areas imaged and
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FIG. 10— Hardness versus d~! for nickel.
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the calculated areas. This could be due, in part, to the use of an area function
determined for nickel; however, the 30% difference is large and the elastic
effects and indent shapes are very similar to those of nickel. It is likely that
some systematic experimental error occurred in determining the depths of the
indents in LiF. The shapes of the curves defined by each set of data are very
similar, but there is an effect in absolute hardness. It is also difficult to ex-
plain the shape of the curves when the slopes determined by Upit and Var-
chenya are considered. Figure 11 shows that the LiF data fits a d~! depen-
dence better than the modified Meyer’s law in the region investigated by this
work.

The data for silicon are shown in Fig. 9. These data are again well repre-
sented by the modified Meyer’s law. One interesting result of the large elastic
effect in silicon is that it makes the imaging of indents more difficult, but
makes the depth calculation data capable of measuring indents roughly half
as deep. In fact, Fig. 9 shows that the depth-sensing technique can be used to
take hardness measurements at depths an order of magnitude shallower than
the smallest indents that could be imaged with the TEM.

Although the data shown in Figs. 6 through 11 are not completely conclu-
sive, three important features of the functional dependence of hardness and
depth are indicated. These three regions of behavior can be characterized as
follows, in order of reducing indent size. The first is a region in which the
volume of deformed material caused by the hardness indent is as large as or
larger than all the important barriers to slip in the material. In this region the
hardness is invariant as the depth is changed. The second is a region where
the modified Meyer’s law, with n # 2, is representative of the hardness. The
limits of this region depend on the prior deformation of the material; how-
ever, the exponent and constant in the modified Meyer’s law do not. There
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are indications that this behavior is a result of the reduced volume of defor-
mation, perhaps through reduced dislocation source size. Calculations show
that the depth at which direct surface effects will be observed is much shal-
lower. The third region is apparent within a few tens of nanometres of the
surface. Here, the surface could possibly directly affect hardness. Image
forces, contamination layers, and electric fields are some possibilities of sur-
face phenomena that could affect hardness. The functional dependence of
hardness on depth in this region is close to

H = Cld_l + C2

These suggestions are supported by the apparent way in which the separate
hardness contributions combine. The hardness increase due to bulk work
hardening is not additive with the hardening resulting from reducing the dis-
location source size, but it does limit the depth range over which such a de-
pendence occurs. The hardness increase from the surface effects should be,
and appears to be, additive with other contributions.

The functional dependence of hardness on depth described earlier is some-
what speculative considering the available data. More experiments on materi-
als with carefully controlled microstructures are now being undertaken in an
attempt to better understand and separate those hardening effects that are
the result of the reduced volume being deformed and those that are directly
related to the presence of a free surface.

Unloading

A problem in analyzing indenter relaxation occurs because the location and
intensity of stresses during contact are determined by the loading plastic pro-
cess, and hence it is unclear which elastic case, for which a solution exists,
would most closely resemble the final state obtained. However, from the rela-
tion between the indenter displacement, d, and the load, L, in the relaxation
portion of a curve, it is possible to discuss qualitatively the nearest appropri-
ate elastic contact. Indenters of various degrees of sharpness can be treated in
the following way. If the indenter is taken to be a rigid axisymmetric solid of
revolution about the z-axis of the curve z == r?™, and such an indenter is
brought in contact with a flat surface with all strains remaining elastic, then
L and d are related by [16]

I o d(2m + 1)/2m

If m = 12, a cone results. As m increases, the indenter becomes blunter. The
corresponding interfacial pressure distribution for the cases m = 1 and m =
2 are given in Fig. 12 [16]. Clearly the amount of elastic recovery depends
heavily on the ratios of the elastic modulus to the hardness. Some extreme
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2r 92

FIG. 12— Pressure, P, at radius, r, within a contact of the radius, a. The mean pressure is
P,, = L/wa?. The solid line is elastic loading m = I (sphere). The broken line is elastic loading
m = 2. The dotted line is the ideal plastic deformation under a cone.

cases that we tested were gold, chromium, and silicon, for which £/ H is 138,
25, and 7.9, respectively. For the wide range of materials we have tested, the
relaxation data may be fitted to the aforementioned power law, with values of
m ranging between 1 and 2. Thus, the interfacial pressure is likely to be be-
tween the two curves m = 1 and m = 2. The actual pressure distribution
under our (pyramidal) indenter is likely to be similar to that obtained for rigid
ideal plastic indentation with a cone [17], shown as a dotted line in Fig. 12.
Interestingly, this distribution is in quite good agreement with that inferred
from the preceding simple elastic analysis. The model seems reasonable. Note
that this result implies that the conical/pyramidal indenter actually behaves
upon unloading as if it were considerably rounder and flatter (m is greater
than the m = 12 of a cone). This is in agreement with the expanding cavity
models of the indentation process [ 18]} in which a cap of “dead’”” material is
taken to exist around the indenter tip, effectively blunting the tip.

Thus, the model suggested here predicts that the elastic motion of the in-
denter is behaving like a blunt tip. This conclusion has consequences for the
important question of where the largest elastic effects are encountered. In the
case of a flat punch, all of the elastic accommodations must be outside of the
indent shape.

Stilwell and Tabor’s model does a good job of predicting the elastic dis-
placement of a conical indenter for materials with small elastic effects (high
values of E/H). However, the prediction of their model is that the contact
area would decrease continuously with load. This is in disagreement with the
results of Pethica [ 7], which showed that the contact resistance stayed con-
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stant as the load decreased until most of the load was removed. In addition,
their prediction that 64% of the relaxation occurs within the boundaries of
the indent seems unreasonable in the cases of materials with large elastic re-
coveries.

The data for silicon shown in Fig. 5 are interesting. The large elastic effect
is a result of its low value of E/ H. Images of the indents, published elsewhere
[ 14], show very noticeable concavity of the edges of the indent. This indicates
that a significant amount of the elastic effect was outside of the indent area.
The same effect, to a lesser degree, can be observed in some of the images of
indents published by Lawn and Howes [13]. In addition, if the residual depth
(depth under load minus the elastically recovered depth) is used to calculate
the area, the values agree reasonably with the areas measured in the TEM,
again indicating large elastic effects outside of the indent area.

The available data are not conclusive on the question of how indenter dis-
placement is elastically recovered; however, it seems that when large fractions
of the indenter motion are elastically recovered, the majority of the evidence
indicates that the best approximation of the contact area is obtained using the
residual depth measurement. The model presented in this work is capable of
handling a wide range of material behaviors (values of E/H) and can be used
to model relaxation curves, but it does not really answer the question of where
the elastic strain is recovered.

Conclusions

1. Hardness becomes invariant with depth above a certain size indent. The
value of the hardness in this invariant region is strongly dependent on the
prior deformation history, that is, the microstructure of the material being
tested.

2. When indents are made shallower than the depth at which the hardness
becomes invariant, the hardness can obey the modified Meyer’s law

H = 1.85ad"™?

where d = indent diameter and « and » are material constants.
3. At still shallower depths (d < 50 nm), other effects become apparent
and the hardness can vary inversely with the depth, that is

H = Cld_l + C2

4. The mechanism that gives rise to the modified Meyer’s law behavior is
not additive with the bulk hardness. The larger of the two gives the apparent
hardness.

5. The unloading portion of the load displacement curve is well modeled by
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L o d(2m + 1)/2m

where 1 < m < 2, which is the elastic solution for a restricted range of in-
denter shapes.

6. When large elastic recoveries are observed, a large portion of the relaxa-
tion is due to strain outside the area of contact.
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ABSTRACT: Unique information about the hardness properties of crystalline materials
can be obtained from studying the dislocation mechanisms involved in microindentation
testing. The dislocation description provides information in addition to the knowledge of
indentation processes gained from earlier continuum mechanics analyses and from
models of the orientation dependence of hardness based on the geometrical arrangement
of slip systems. For example, (1) mapping of the residual dislocation distributions within
microindentation plastic zones can be used to characterize the deformation field and (2)
specification of the dislocation interactions that occur among the crystal deformation sys-
tems is useful in evaluating the extent to which the hardness is affected by work hardening
and cracking mechanisms. An interesting application of this information is to microin-
dentation hardness testing of explosive crystals.
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Elementary Considerations

Multiple dislocation processes are generally involved in the plastic strain
fields surrounding hardness indentations—particularly when cracking oc-
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curs. In several ways the various dislocation aspects of plastic flow and crack-
ing contribute to the complicated meaning of the hardness property. How-
ever, the theoretical and experimental properties of dislocations are now
understood reasonably well for simple deformations and for well-defined
states of stress. The positions of dislocations and the way they interact can be
observed using a number of techniques. It is advantageous to apply this
knowledge and the observational techniques, also, to obtain a better under-
standing of the hardness property. It is gratifying when such understanding
can be combined with obtaining new information on the plastic deformation
and cracking properties of any material. In this investigation, results relating
to these considerations are reported for single crystals of magnesium oxide
(MgO) and cyclotrimethylenetrinitramine (C;H¢N¢O4 or RDX) explosive.
Figure 1 shows in several simple representations the surface and (sectioned)
subsurface geometry of a diamond pyramid indentation put into an otherwise
flat material surface. To accommodate the indenter force without any change
in volume, material has been moved from the central lower terrace structures
to the surrounding ledge structure framing the indentation. The three-dimen-
sional description leads to a relatively sm