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Analysis of indentation size effect in copper
and its alloys

D. Chicot*, E. S. Puchi-Cabrera®*>3, A. lost*%, M. H. Staia?, X. Decoopman’,
F. Roudet! and G. Louis'"*

For describing the indentation size effect (ISE), numerous models, which relate the load or
hardness to the indent dimensions, have been proposed. Unfortunately, it is still difficult to
associate the different parameters involved in such relationships with physical or mechanical
properties of the material. This is an unsolved problem since the ISE can be associated with
various causes such as workhardening, roughness, piling-up, sinking-in, indenter tip geometry,
surface energy, varying composition and crystal anisotropy. For interpreting the change in
hardness with indent size, an original approach is proposed on the basis of composite hardness
modelling together with the use of a simple model, which allows the determination of the
hardness—depth profile. Applied to copper and copper alloys, it is shown that it is possible to
determine the maximum hardness value reached at the outer surface of the material and the

distance over which both the ISE and the workhardening take place.
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Introduction

The indentation size effect (ISE) is an important
problem for characterising the hardness of a material,
intrinsic to the historical origin of indentation testing
itself, as indicated by Walley in a recent review.' This
phenomenon, which represents the dependence of hard-
ness on the indent size, hinders the use of just a single
parameter for an appropriate definition of hardness. For
this reason, it is recognised in general that two
parameters are required. One is the macrohardness,
which corresponds to the hardness obtained by the
application of an infinite load. The second one is an ISE
parameter, which describes the extent of the hardness—
indent size variation. Although there is an overall
agreement among authors regarding the definition of
the macrohardness, the expression of the ISE parameter
is still a matter of discussion. The above observation has
given rise to the existence of many relationships, which
have been summarised and discussed in a review paper
by Cheng and Cheng.> Among these relationships, some
of them associate the applied load with the indent

dimensions.*” The other relationships express the

hardness value as a function of the indent dimensions,
which can be either the indent diagonal or the
indentation depth, depending on the use of classical or
instrumented indentation experiments respectively.
Within this scope, the model of Nix and Gao,® based
on the strain gradient plasticity (SGP) theory, is
probably one of the most widely used ISE models, since
it has the advantage of relating the two interdependent
ISE parameters to intrinsic properties of the material.
As has been pointed out by Mokios and Aifantis,’
during micro- and nanoindentation, sharp strain gra-
dients develop near the indenter’s tip, particularly for
small to moderate indentation depths, which should be
taken into account for the interpretation of related
measurements of hardness versus indentation character-
istics, such as penetration depth, contact radius and
plastic zone size. The approach followed by Nix and
Gao® to comply with this observation is based on
Ashby’s concept of geometrically necessary dislocations,
whose density is directly related to plastic strain
gradient. However, the analysis could also be conducted
on the basis of a gradient plasticity formulation, as that
advanced by Aifantis and co-workers,'!? which, in
conjunction with Johnson’s cavity model,'® represents a
valuable tool for interpreting the ISE. As indicated by
Mokios and Aifantis,” for very small indentation depths,
the observed ISE effect could be interpreted through
gradient elasticity considerations, since plastic flow
would not occur until the equivalent strain, in the
gradient elasticity region surrounding the hydrostati-
cally pressurised core beneath the indenter’s tip, reached
a critical yield value. In a recent communication, Zhao
and co-workers'* analysed the mechanism of dislocation
nucleation from a surface in contact with a rigid wedge



indenter. These authors were able to propose a disloca-
tion nucleation criterion for a surface loaded in contact,
from which it was possible to estimate the critical
contact size and dislocation emission angles for different
wedge indenter apex angles.

Nevertheless, one important problem regarding the
ISE analysis which remains to be solved is the determina-
tion of the physical meaning that the ISE parameters
have. Thus, the ISE has been associated with various
causes such as workhardening, roughness, piling-up,
sinking-in, indenter tip geometry, surface energy, varying
composition and crystal anisotropy. In addition, it can be
dependent on the indentation conditions, like the zero
determination of the load-displacement curve.”> At
nanoindentation scales, Soer et al.,'® from the analysis
of yield excursions present on the load—depth curves of
bee metals, have been able to show the existence of new
types of ISE phenomena, which become apparent as the
indenter approaches a grain boundary. In addition, it has
been reported in the literature that the microhardness of
different materials could be independent of load,'”'® that
it could increase or decrease with load'®* or that it could
exhibit a complex variation with changes in load,**2®
which makes very difficult the ISE analysis due to the
variety of changes, especially in nanoindentation.!”?*33

However, after analysing the different models pro-
posed for describing the ISE, it can be concluded that
none of them is able to provide information regarding
the distance from the surface after which no ISE occurs.
This observation allows the association of the ISE
phenomenon with a structural modification of the outer
surface of the material, called ‘hardened layer’ or
‘deformed zone’ in the forthcoming, which is assumed
to have a finite thickness. Thus, in the present work the
application of different models originally developed for
determining the hardness of thin films deposited onto a
substrate is proposed. Under these conditions, the
‘substrate’ core is considered to have a constant
hardness value equal to the macrohardness. This
parameter would represent the hardness of the material
prior to indentation, whereas the ‘film’ would be
associated to the hardened layer. It is important to note
that both the ISE and workhardening lead to an increase
in hardness close to the material surface, two different
phenomena which are difficult to model separately.
Thus, it is possible that such a surface modification does
not lead exactly to the superposition of two distinct
materials having each a constant hardness, like in the
case of a homogeneous hard film deposited onto a softer
substrate. For this reason, the application of a simple
model which allows the determination of the hardness—
depth profile from hardness measurements performed
normal to the material surface, aimed at determining the
depth along which the hardness varies, is also attempted.
The analysis of a load-depth curve obtained by
instrumented microindentation leading to a continuous
ISE analysis is also proposed, together with a detailed
procedure for obtaining suitable indentation depth data.
The investigation has been conducted on copper, brass
and bronze, all of which exhibit workhardening during
plastic deformation at room temperature.

Experimental techniques

Instrumented indentation experiments were performed
employing a microhardness Tester CSM 2-107 equipped

with a Vickers indenter. The load range of the
instrument varies from 0-05 to 30 N. The load resolu-
tion is given for 100 uN and the depth resolution for
0-3 nm, these values being provided by the CSM
Instruments Group. In this work, the maximum loads
were chosen within the range 0-1-10 N and more than
20 indentation tests were performed. The values of the
loading and unloading rates (expressed in mN min ™)
were set at twice the value of the maximum applied load,
according to the rule proposed by Quinn et al.** A dwell
time of 15s was imposed according to the standard
indentation test procedure ASTM E92 and E384-10¢2.

Before the analysis of a load-depth curve, the
experimental system was calibrated by performing
indentations on fused silica for determining the contact
stiffness of the instrument. In a second step, the
computation of the frame compliance of the hardness
tester is also required, which is subsequently introduced
as a constant value into the numerical analysis of the
indentation data. This is generally performed by
following the correction proposed by Fischer-Cripps,>’
who considers that the experimental depth measurement
includes part of the instrument elastic deformation. The
magnitude of this correction is given by the product of
the representative compliance term or frame compliance
Cr and the load L, subtracted from the depth recorded
by the instrument.

The methodologies advanced by Chicot et al.*® based
on the methodology proposed by Oliver and Pharr’” can
be employed for determining the C; value, by means of
an expression that relates the inverse of the contact
stiffness 1/S, with a function of the square root of the
reciprocal contact area 1/4¢, of the form

1 (M) 1 (n)m
= — — Cf 4+ — | —
S \dP/y_y, 2(By)Er \Ac

1= 1=\ !
with Eg = < B Yim + E_vl)
m 1

In the above equation, Er represents the reduced
modulus, expressed as a function of Ey,, Ei, v, and vj,
which in turn represent the elastic modulus and the
Poisson’s ratio of the material and of the indenter,
respectively. f and 7y represent corrective factors
introduced by Antunes e al.*® and Hay et al.,** which
allow the consideration of the Vickers indenter geome-
try, as well as the appropriate estimation of the radial
displacement in the contact zone. For a diamond
indenter, E;=1140 GPa and v;=0-07.*° Thus, by plotting
the inverse of the contact stiffness (1/S) as a function of
the square root of the reciprocal contact area 1/(4¢)"?, a
straight line is obtained, from which C; can be readily
obtained.

It is acknowledged that the rounded indenter tip has a
significant influence on the determination of the contact
area, especially for the lowest indentation depth values.
Thus, in the present work, the correction suggested by
Gong et al*' and Troyon and Huang* is employed,
which consists in adding the measured indentation depth
to the corrected depth, corresponding to the defect
dimension of the indenter. A detailed analysis of the
correction procedure has been published elsewhere.?**?
The expression for the contact area derived from such a
model, which also considers the indenter tip effect, is
given as

(M
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1 Load-depth curves obtained on a copper, b bronze and c brass with different applied loads ranging between 0-1 and 10 N

Ac=24.5(hc +lzb1um)2 instead of ®

Ac =24.5h¢ given by the instrument

where hc represents the contact indentation depth
calculated from the unloading part of the load—depth
curve and /i, represents the corrected depth corre-
sponding to the defect dimension of the indenter. In this
work, /pun=60 nm. In the presence of sinking-in, /¢ is
calculated following the methodology of Oliver and
Pharr’” whereas the methodology of Hochstetter e al.*
is more appropriate when piling-up is generated around
the indent.

In the present work, the hardness—indent size depen-
dence has been studied using the Martens hardness,
which can be computed over the entire loading curve by
considering the continuous values of the applied load L;
and of the corrected indentation depth /;. Accordingly

264302
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In this investigation, the ISE of three common FCC
materials has been studied: copper of 99% purity, a SAE
660 bronze and a 63/37 C27200 brass. The instrumented
indentation experiments were performed on samples
machined employing an abrasive saw. The specimens
were ground using SiC papers of various grit sizes and
subsequently polished using a series of diamond pastes
having decreasing diamond grit size until 1 um.

Experimental results and discussion
ISE modelling

Figure 1 illustrates the indentation load—depth curves
for the tested materials and the satisfactory reproduci-
bility of the indentation measurements, which were
performed at different locations on the surface of the
samples. As can be clearly observed in this figure, all the
loading curves seem to superimpose quite well. For
copper and its alloys, deformation around the indent is
usually characterised by the formation of piling-up.
Under these conditions, the model advanced by
Hochstetter et al.** can be applied for determining the
frame compliance by means of equation (1), which is
afterwards used to correct the indentation displacement
for an accurate calculation of the Martens hardness
using equation (3).

To analyse the ISE, the different mathematical models
available in the literature can be divided in two broad
groups. Group 1 embraces the so called polynomial
laws, which relate the applied load to the indentation
dimension. Group 2, on the other hand, includes the
models based on the SGP theory. For this reason, the
preliminary analysis of the load-depth curves have been
carried out employing one representative model of each
group among the most used, i.e. the model of Bull and
Page’ similar to the proportional specimen resistance
model, for group 1, and the model of Nix and Gao® for
group 2. In addition, this choice has been motivated by
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2 Model of Bull and Page’ applied to indentation data
obtained on copper sample

the fact that these two models are often compared to
each other.

The model of Bull and Page expresses the indentation
load as a function of the indenter displacement by a
second degree polynomial of the form

L:Al(h-i-ho)z 4)

where 4, and &, represent material constants.

Figure 2 illustrates the change in the applied load as a
function of the indentation depth and the corresponding
fitting curves resulting from the model of Bull and Page’
applied to each loading curve obtained for the copper
sample. It is clearly seen that this model accurately
describes the change in indentation load with indenta-
tion depth regardless of the maximum load achieved. In
order to incorporate the hardness indentation depth
dependence into the Martens hardness calculation, as far
as the model proposed by Bull and Page’ is concerned,
introduction of equation (4) into equation (3) leads to a
second degree polynomial, as a function of the
reciprocal indentation depth, expressed as

— (h+h)* _ Ai 241 A1 5)
2643 }? 2643 26430 2643 k2

In the above expression, the term A4,/26-43 can be
considered as the macrohardness, HM,. Moreover, the
parameters A; and /iy can be easily determined from the
experimental data by least square analysis. This
approach was employed for characterising the mechan-
ical behaviour of the different materials analysed in the
present investigation.

However, a much simpler relationship for describing
the change in hardness with the inverse of the indenta-
tion depth consists in neglecting the second degree term
in equation (5). This approach has been advanced by
Vingsbo et al.,*> who expressed the measured hardness
simply as

H=H,+ % (6)
where H, represents the macrohardness and A represents
an ISE parameter.

Figure 3 represents the model of Vingsbo ef a
obtained for the copper sample and clearly illustrates
that it is not adequate for representing the change in
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3 Results obtained with models of Bull and Page’ and of
Vingsbo et al.*> applied to indentation data obtained on
copper sample

hardness, especially in the low indentation depth range.
The above figure also shows that the best description is
provided by a second degree polynomial. The results
obtained for the model of Bull and Page’ are sum-
marised in Table 1, which presents the different ISE
parameters for copper and its alloys. As a conclusion,
the macrohardness values obtained for copper and brass
are very similar and the ISE parameter can be
interpreted in terms of size of deformation around the
indent, according to the hypothesis advanced by lost
and Bigot.*® However, such a parameter is not related to
intrinsic properties of the tested materials.

On the contrary, one of the recent models proposed
for the description of the ISE of crystalline materials,
which undergo plastic deformation by dislocation slip, is
that of Nix and Gao,® who introduced the concept of
SGP based on dislocation theory principles. According
to this model, the relationship between hardness and
indentation depth can be expressed as

H hie\ 2
E):(Pr ;G) )

where H, represents the macrohardness and /Y is the
characteristic scale length representing the ISE. Abu Al-
Rub and Voyiadjis*” have also developed a new method
for determining a material length scale using micro-
hardness results from conical or pyramidal indenters.
The relation between the microhardness H, the macro-
hardness H,, and their scale length parameter /i, can be
expressed as

o\’ e N\ P2
) =T ®)
Hy h

Table 1 Values of ISE parameters deduced from Bull and

Page’ model applied to copper, bronze and
brass samples

Materials Copper Bronze Brass
Ay/N pm—2 0-0263 0-0379 0-0253
ho/pum 0-267 0-196 0-:304
HMo/GPa 1-:00 1:43 0-96
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4 Results obtained with model of Nix and Gao® applied
to indentation data obtained on copper sample

It can be observed that by setting f=2 in equation (8),
equation (7) is readily obtained.

In the case of this latter model, since the exponent f is
restricted to vary in the interval 1=£=2, it has to be
determined by means of constrained optimisation
techniques. Thus, as expected for the type of materials
under investigation, a value of f=2 has been obtained,
in agreement with the model advanced by Nix and Gao.®
For this reason, Fig. 4 only represents the results
derived from the Nix and Gao model® applied to the
experimental results obtained from the copper sample.
As a result, a value of 0-91 GPa has been determined for
the macrohardness, which is close to the value of 1 GPa
obtained by means of the model of Bull and Page.” The
results obtained by means of Nix and Gao model® for
copper and its alloys are summarised in Table 2. It is
noticeable that the macrohardness values that have been
determined are similar to those obtained by means of the
Bull and Page’ model (Table 1). Concerning the
characteristic scale length, it is difficult to associate its
value to a geometrical feature of the deformed material.
Nevertheless, the values summarised in Table 2 are of
the same order of magnitude of the characteristic scale
lengths obtained for different materials, whose values
have been reported elsewhere.*®

As a conclusion, it is clear that the model of Vingsbo
et al.* is not appropriate for describing the ISE since the
equation (6) is in contradiction with equation (7) due to
Nix and Gao.® However, when considering equation (5)
of Bull and Page’ and the approximation resulting from
a Taylor expansion of the square root function, the two
equations can be compared. A preliminary analysis
shows that the ratio between /5 of Nix and Gao® and
ho of Bull and Page’ should be close to 4. Nevertheless,
this is not exactly the case due to the mathematical
approximations involved.

Table 2 Values of ISE parameters deduced from Nix and
Gao® model applied to copper, bronze and brass

samples
Materials Copper Bronze Brass
Nix and Gac® HMy/GPa  0-91 1-48 0:70
h;IG/“m 1-95 071 4-32

Use of composite hardness models

Whatever the ISE model used, regardless if some of
them are able to relate the ISE parameters to intrinsic
material properties, it is not possible to have informa-
tion concerning the hardness reached at the outer
surface of the material or the distance along which the
hardness varies. For this reason, the application of
different models devoted originally to the mechanical
characterisation of coated systems has been suggested.
However, the original models have to be modified in
order to take into account the fact that the thickness of
the hardened layer is not known before the indentation
data analysis.

Three of the models that can be employed for this
purpose, mainly for their simplicity, are those earlier
advanced by Jonsson and Hogmark,* Korsunsky
et al®® and Puchi-Cabrera.’">> These models assume
the validity of a linear law of mixtures for expressing the
composite hardness as a function of the film and
substrate hardness. The main difference between them
arises from the definition of the volume fraction of
coating that contributes to the measured hardness. In
the case of the ISE analysis, the measured hardness Hc
can be simply defined as

HC=H0+a(Hsurf_H0) (9)

where H, represents the macrohardness of the material
before indentation, Hy,, represents the hardness of the
hardened layer or plastically deformed material close to
the outer surface and ‘a’ represents the volume fraction,
in this case, of the hardness layer that contributes to the
measured hardness. Unfortunately, for the ISE analysis,
it is not possible to determine a priori the hardened layer
thickness. However, both this parameter and the
indentation depth are implicitly involved in the coeffi-
cient ‘@’, whose definition depends on the particular
model employed, as indicated above.

For example, the model advanced by Jonsson and
Hogmark® considers the load supporting areas un-
der the indent associated with the substrate and film.
From geometrical considerations, these authors have
expressed the film volume fraction which contributes to
the composite hardness by means of the following
relationship

(-

where C, expressed in um, represents a constant, which
could take different values depending on the nature of
the indented material. According to this model and for a
Vickers indenter, C is equal to 0-1428¢ for ductile
materials and 0-0714¢ for brittle materials, where ¢
represents the thickness of the film or, as in the present
case, the thickness of the surface hardened layer.

A disadvantage of this model, generally reported in
the literature, is that due to its particular definition, the
parameter ‘a’ could attain values greater than 1 at low
indentation depths, depending on the magnitude of the
parameter C. Obviously, if a>1, the contact area
between the indenter and the coating is negative, which
does not have any physical meaning. As reported by lost
and Bigot™ and Guillemot ez al.>* the application of this
model to the description of the composite hardness as a
function of the indentation depth requires some cautions
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5 Composite hardness models applied to indentation data obtained for copper sample

since the variation of ‘@’ has to be restricted to the
interval 0=a=1. Thus, equation (10) can be applied only
if h=C, condition that defines the limiting value of the
penetration depth for which the coating influences the
measured hardness. On the contrary, an advantage of
this model is that it allows the determination of an
equivalent thickness of the hardened layer #, due to the
proportionality between the latter and the parameter C.

Korsunsky er al>® developed an alternative model
based on the work of indentation associated with the
deformation energy of the two materials and their
interface under the indent. In the original model, the
parameter ‘a’ is given by

1
1 + kg h?

However, this model has been generalised by Tuck
et al.> giving the possibility that the exponent of the
indentation depth could take different values other than
2. According to this generalised model, the coefficient,
‘a’, is expressed as

1
1 + ky h?x
However, the parameter kx can be rewritten in terms of
the hardened layer thickness as ki/t, where ki

represents the original coefficient introduced by
Korsunsky ez al.*

(11)

a

(12)

a

Puchi-Cabrera®'>? also proposed the computation of
the composite hardness by considering that the volume
fraction of coating is given by

a=exp(—kph") (13)

where the two constants, kp and p, represent material
parameters which are determined from the experi-
mental data. In this relation, the coefficient kp involves
the film thickness, since it can be expressed as kp=Ikplt®
where kp is the original coefficient proposed by
Puchi-Cabrera.’">

Contrary to the model proposed by Jonsson and
Hogmark,* in the models advanced by Korsunsky
et al® and Puchi-Cabrera,>’>> as shown in equa-
tions (12) and (13), the volume fraction of coating that
contributes to the composite hardness is limited to the
interval 0=<a=1 and therefore, these approaches can be
used confidently in the whole range of indentation depths.

Figure 5 illustrates the application of these three
models to the copper sample. On each figure, the values
corresponding to the macrohardness HM,, the hardness
reached at the outer surface HMg,+ and the different
ISE parameters depending on the applied model have
been given. From a general point of view, the three
models are observed to provide a satisfactory descrip-
tion of the hardness—-indentation depth change.

Table 3 summarises the different ISE parameters
resulting from the application of the different composite
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hardness models. In addition, the relative hardness
variation parameter has been computed, which indicates
the extent of the ISE. The macrohardness values HM,
derived from the application of these models are very
similar. For the models of Jonsson and Hogmark® and
Korsunsky et al.,”® the computed values of the hardness
at the outer surface are also very similar, whereas for the
model of Puchi-Cabrera,’'~* these are somewhat higher.
Although the application of the composite hardness
models seems to be very useful for determining the
hardness value at the outer surface of the material, it
also seems unsuitable for describing accurately the ISE

Table 3 Values of ISE parameters derived from
composite hardness models of Jonsson and
Hogmark,"® Korsunsky et al’® and Puchi-
Cabrera®'®2 applied to copper, bronze and brass
samples

Materials Copper Bronze Brass

Jonsson and Hogmark®® HMy/GPa  1:02 146 085

HMs,/GPa 381 329  3.97
C 0-09 0-15 012
Korsunsky et al.*° HMo/GPa 1-:04 147 094
HMgy/GPa 5:13 3-81 4-32
ki 7-69 3:32 4-29
X 0-60 0-65 0-74
Puchi-Cabrera®"5? HMo/GPa 112 155 102
HMg,/GPa 7-52 491 5-27
kp 2:79 1-94 1-98
p 0-50 0-60 072

by means of the parameters kx and kp involved in the
Korsunsky er al® and Puchi-Cabrera®*> models,
possibly due to their dependence on the hardened
surface layer thickness.

However, the two exponents x and p involved into
these two models seem to be interesting, since their
values increase following the same trend, independently
of the tested materials. Nevertheless, additional ISE
analyses of various massive materials are required to
establish the appropriate meaning of these parameters.
On the other hand, the constant C involved in the
Jonsson and Hogmark*® model, allows the determina-
tion of an equivalent thickness of the hardened layer
since this constant is equal to 0-1428¢ for ductile
materials without crack formation during the indenta-
tion process, which is the case of the tested alloys.

According to this relation, the equivalent thickness of
the deformed zone, considered as the hardened layer, is
equal to 0-63 um for copper, 1-05 um for bronze and
0-84 um for brass. The latter value agrees very well with
the results reported by Samuels®® who found that the
deformation depth, i.e. the maximum depth from the
root of surface scratches to the elastic/plastic boundary,
is equal to 0-7 um for a 70:30 brass polished using a
1 um diamond paste.

Hardness—depth profile modelling

In a previous investigation,** a simple hardness model,
which allowed the determination of the microhardness—
depth profile from a load—depth curve in a nitrocarburised
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For describing the indentation size effect (ISE), numerous models, which relate the load or
hardness to the indent dimensions, have been proposed. Unfortunately, it is still difficult to
associate the different parameters involved in such relationships with physical or mechanical
properties of the material. This is an unsolved problem since the ISE can be associated with
various causes such as workhardening, roughness, piling-up, sinking-in, indenter tip geometry,
surface energy, varying composition and crystal anisotropy. For interpreting the change in
hardness with indent size, an original approach is proposed on the basis of composite hardness
modelling together with the use of a simple model, which allows the determination of the
hardness—depth profile. Applied to copper and copper alloys, it is shown that it is possible to
determine the maximum hardness value reached at the outer surface of the material and the

distance over which both the ISE and the workhardening take place.

Keywords: Hardness, Nanoindentation, Microindentation, Indentation size effect, Workhardening

Introduction

The indentation size effect (ISE) is an important
problem for characterising the hardness of a material,
intrinsic to the historical origin of indentation testing
itself, as indicated by Walley in a recent review.' This
phenomenon, which represents the dependence of hard-
ness on the indent size, hinders the use of just a single
parameter for an appropriate definition of hardness. For
this reason, it is recognised in general that two
parameters are required. One is the macrohardness,
which corresponds to the hardness obtained by the
application of an infinite load. The second one is an ISE
parameter, which describes the extent of the hardness—
indent size variation. Although there is an overall
agreement among authors regarding the definition of
the macrohardness, the expression of the ISE parameter
is still a matter of discussion. The above observation has
given rise to the existence of many relationships, which
have been summarised and discussed in a review paper
by Cheng and Cheng.> Among these relationships, some
of them associate the applied load with the indent
dimensions.*” The other relationships express the
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hardness value as a function of the indent dimensions,
which can be either the indent diagonal or the
indentation depth, depending on the use of classical or
instrumented indentation experiments respectively.
Within this scope, the model of Nix and Gao,® based
on the strain gradient plasticity (SGP) theory, is
probably one of the most widely used ISE models, since
it has the advantage of relating the two interdependent
ISE parameters to intrinsic properties of the material.
As has been pointed out by Mokios and Aifantis,’
during micro- and nanoindentation, sharp strain gra-
dients develop near the indenter’s tip, particularly for
small to moderate indentation depths, which should be
taken into account for the interpretation of related
measurements of hardness versus indentation character-
istics, such as penetration depth, contact radius and
plastic zone size. The approach followed by Nix and
Gao® to comply with this observation is based on
Ashby’s concept of geometrically necessary dislocations,
whose density is directly related to plastic strain
gradient. However, the analysis could also be conducted
on the basis of a gradient plasticity formulation, as that
advanced by Aifantis and co-workers,'!? which, in
conjunction with Johnson’s cavity model,'® represents a
valuable tool for interpreting the ISE. As indicated by
Mokios and Aifantis,” for very small indentation depths,
the observed ISE effect could be interpreted through
gradient elasticity considerations, since plastic flow
would not occur until the equivalent strain, in the
gradient elasticity region surrounding the hydrostati-
cally pressurised core beneath the indenter’s tip, reached
a critical yield value. In a recent communication, Zhao
and co-workers'* analysed the mechanism of dislocation
nucleation from a surface in contact with a rigid wedge
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