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Abstract Depth sensing indentation tests were carried
out in stiff ceramics like Al,O3, AIN, SiC and B,4C, using a
diamond Berkovich tip. The experiments show that the
accuracy of the data depends on the stiffness ratio between
material and indenter. An iterative calibration procedure is
proposed to get a reliable estimation of the elastic modulus.

Introduction

Depth sensing indentation is the most appropriate, and
sometimes the only available, technique to determine sur-
face mechanical properties. A method proposed by Oliver
and Pharr is extensively used to analyse the experimental
data and to obtain elastic modulus, E, and hardness, H, of
the sample [1]. These properties are calculated from the
load—displacement curves, P-h, according to the following
expressions:
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where Pp,.x is the maximum load and A is the projected
area of contact at maximum load. On the other hand,
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where S is the unloading stiffness evaluated at maximum
displacement, /,x.
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p is a constant dependent on the indenter geometry and E*
is the reduced or effective modulus determined by:
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where E, v, E; and v; represent Young’s modulus and
Poisson ratio of the material and the indenter, respectively.
In the preceding expressions, the projected contact area, A,
is evaluated through the indenter shape function, A = A(h,),
a relationship between A and the contact depth, h,
(A=245 hg, for an ideal Berkovich tip). Finally, this
magnitude can be calculated from the expression:

P
hy = hmax — & I;ax (5)

where ¢ is again a constant dependent on the indenter
geometry.

Many practitioners of nanoindentation simply use the
Oliver and Pharr method without paying attention to its
limitations. Actually, this procedure is problematic in han-
dling soft materials, due to viscoelastic effects [2—4], and also
very stiff materials as it will be pointed out in this work.
Curiously, the Oliver and Pharr method is reasonably appli-
cable to a range of materials, which are mostly metals, which
are neither too soft nor too stiff. Examples of successful
characterisation of metallic materials [5, 6] or ceramics by
depth sensing indentation can be found elsewhere [7].

To get consistent results in applying this procedure, an
accurate knowledge of the contact geometry is essential.
Deviations from the theoretical contact geometry not taken
into account could produce miscalculations in H and E. Tip
deformation or roundness are artefacts with nothing to do
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with the material tested, but leading to inaccurate values if
no corrections are applied [8].

One of the problems still unsolved is the deviation from
the theoretical conditions due to the indenter deformation
and the consequent alteration of the contact geometry.
When the stiffness of the indented material is comparable
to that of the indenter, the actual conditions are far away
from the assumptions considered in the data analysis.
Several authors carried out finite element simulations of
indentation tests, and concluded that the deformation of the
tip could lead to a large error in the values of the
mechanical properties when a very stiff material is inden-
ted, due to a bad estimation of the contact area [9, 10]. This
effect becomes more relevant when the material stiffness
tends towards that of the indenter, like in the stiff ceramics
tested in this work. This research is focused on this subject,
especially on the determination of elastic modulus when
ceramic materials are indented at nanometric scale.

Materials and experimental techniques

Alumina, aluminium nitride, silicon carbide and boron
carbide from which the mechanical properties are known,
were indented using a diamond Berkovich tip with a
nominal edge radius of 20 nm. Table 1 shows the nominal
properties of these materials together with those of the
diamond [11]. The experimental device used was a
Nanoindenter XP (MTS System Co.). The instrument
applies load via a calibrated electromagnetic coil with a
resolution of 50 nN. The displacement of the indenter is
measured using a capacitive transducer with a resolution of
0.01 nm. Twenty series of indentation tests and ten tests
per each one were carried out at different maximum loads
from 1 to 500 mN for all materials. Before the tests, a
calibration of the tip was made in silica following the
traditional methodology, i.e. a series of indentations were
done at different contact depths in a material where the

Table 1 Properties and results obtained in the studied materials

modulus is known. Using Eq. 2, the function which pro-
vides the contact area, A, versus the contact depth, Ay, is
obtained [12]. This function for Berkovich tips usually
takes the form:

A =24.5h] + Cihy + Coh)/* + Csh)/* + Cal)/® + ..
(6)

where C; are fit constants.

Results and discussion

According to the calibration in silica using Eq. 6 and fol-
lowing the Oliver and Pharr procedure, the results in
Fig. 1a were obtained. A strong dependence of the elastic
modulus with the indentation size is observed in all the
materials tested. In some cases like SiC or B,4C the values
obtained are clearly overestimated in comparison with the
reference values [11]. This behaviour cannot be justified by
physical arguments and the possibility of inconsistencies of
the method should be considered.

Although the Eq. 6 takes into account the non-ideal
geometry of the indenter, the method is based on the
assumption of mechanical equivalence between real Ber-
kovich and ideal conical tips. The data at low penetration
depths are affected by the tip roundness. The relationship
between the elastic displacement, k., and the load, P,
during unloading depends on the tip geometry and is given
by the following law:

P = Kn (7)

Spherical tips obey a power law with an exponent equal to
1.5 [13]. However, if the geometry corresponds to a cone
the exponent is 2, according to Sneddon work [14].
Figure 1b shows an example of the data fit at low loads
and Fig. 1c the corresponding fit to high loads. The best fit
of the exponent m in Eq. 7 is shown in Fig. 1d versus
penetration depth for the materials studied. A transition

Material AlL,O3 AIN SiC B,C Diamond
Young’s modulus (GPa) 325 340 420 460 1140
Poisson coefficient 0.28 0.25 0.18 0.20 0.07
Vickers hardness (GPa) 18 12 23 34 85
Compression yield strength (GPa) 2.6 - 2.5 - -
Relative density (%) 96.0 98.0 99.0 99.7 -

Grain size (um) 2.4 - 3.3 - -

Radius of the plastic zone (um)* 4.22 - 6.7 - -
Number of grains inside the plastic zone® 22 33 -

B from fitting A = B; i (R> coefficient) 22.66 (0.9992)

23.86 (0.9998) - 30.63 (0.9976)

* To make these calculus the lowest total penetration associated with an exponent m = 2 is used in each material
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between regions dominated by spherical and conical con-
tact is observed in all cases, but the transition is retarded
for stiffer materials. At low loads, the equations controlling
the indentation correspond mainly to spherical contact and,
then, the solution developed in the Oliver and Pharr
method for Berkovich tips should not be used to obtain
consistent mechanical properties.

This transition between low and high penetration depths
suggests the possibility of an alternative explanation quite
far from the tip geometry. The differences observed may be
due to the hypothesis of isotropy that supports the analysis
done. If the indentation affects just one or a few grains an
anisotropic approach should be used [15]. Only in the case
of many grains were affected by the indentation, the
Eqgs. 1-7 are valid. The question of what grains are or not
affected by the indentation is not easy to answer in a real
material. Chen and Bull [16] have recently performed a
finite element modelling of a conical indentation and
derived a relationship between the plastic zone radius, Ry,
and the indentation depth, A, according to the following
expression:

-1
R, \/0.371Er \/ 1 JE n [H
he Y a2 0V H 4\ E, ®)

where Y is the material yield strength, 0, the effective half
included angle, i.e. 70.3° for a Berkovich tip, and the rest
of magnitudes have been previously defined in Egs. 1-7.
The application of Eq. 8 to our materials and the estimated
number of grains inside the plastic zone are included in
Table 1 for alumina and SiC (the only two materials for
which all the relevant data were available). The results
obtained support that, in the so-called conical region, the
isotropy hypothesis is consistent.

Consequently, due to either the tip geometry or to the
anisotropy of the indentations at low depths, the analysis
following the Oliver and Pharr procedure should be limited
to those data controlled by an exponent 2 in Eq. 7. But
even if this precaution is taken, the elastic modulus pre-
dicted is not coincident with the nominal one. The effect of
the tip deformation is not yet corrected.

If the stiffness of the reference material used in the tip
calibration is not similar to that of the material indented,
the relationship between contact area and contact depth
would be different and the calibration function useless. So,
in a first approximation a calibration in materials with
similar stiffness than the target material could be a possible
solution. Figure 2 shows the results obtained from the
experiments in silicon carbide after a calibration (Eq. 6)
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Fig. 2 Elastic modulus versus total penetration depth of silicon
carbide calculated using calibration in silica, alumina, aluminium
nitride and boron carbide

using the other ceramics tested as reference materials. The
findings are rather unsatisfactory. The values obtained
exhibit size dependence, although the variation with the
total displacement, A, is different depending on the refer-
ence material used to calibrate the tip. When the reference
material is stiffer than the material indented, the contact
area is overestimated because of the strain induced on the
indenter during calibration. The consequence is the
underestimation of the elastic modulus. If the reference
material is more compliant than the sample, the opposite
trend is observed.

The estimation of the contact area is highly dependent
on the material stiffness. Strictly speaking, the true contact
area could only be precisely determined if the calibration is
done in reference materials with mechanical properties
very similar to those of the object of analysis. Certainly,
that would mean to know in advance the properties to be
determined by depth sensing indentation. As this is mostly
impracticable, another methodology is required to get
reliable properties.

To consider the tip deformation, a different calibration
strategy should be followed. Equation 6 employs 24.5 as a
fix coefficient of the hg plus additional terms, according to
the theoretical description of a contact dominated by a
conical geometry. In the alternative procedure here pro-
posed, Eq. 6 has been substituted by:

A=BI2 withB = f(E/Ei> )
The Eq. 9 seems to be simpler than 6, but actually the
constants C; have been replaced by a function f(E/E)),

dependent on the ratio between the elastic modulus of
material, £, and indenter, E; and calculated from fitting the
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experimental data. The function f contains information
regarding the tip deformation. The results of this approach
are included in Table 1, where only data coming from the
region controlled by an exponent m = 2 were used. Data
from SiC have been excluded because this material was
reserved to perform a final check of the method.

In a first approximation, a linear variation can be con-
sidered. Data from Al,O3;, AIN and B4C exhibit good
agreement (R* = 0.9958) with the expression:

B= f(E/Ei) =3.79 + 66.35 (E/Ei)

Evidently, this is not a universal relationship, but only
representative of the tip used in the range where the cali-
bration was performed. Subsequent refinements of this
calibration function can be obtained if more reference
materials are added. The relevant point is not the function
itself, but the need to change the calibration according to
the relative stiffness of the material tested. The application
of Eq. 9 to the materials used as reference in the new
calibration (Al,O3, AIN and B4C) is shown in Fig. 3.

The function f is used as a step of an iteration method
described in the scheme showed in Fig. 4. An initial value
of the elastic modulus is taken from the original experi-
mental data, Ej (from the conical region of Fig. 1a). The
calibration function f is fed by the Ej/E; ratio and B
coefficient is then calculated using Eq. 10. The new contact
area is then computed using Bj coefficient in Eq. 9. Fol-
lowing the Oliver and Pharr method is possible to find a
new Ej.;. Then, the Ej,,/E; value is used as the initial
value for the next iteration. Elastic moduli are plotted
versus the number of iteration in Fig. 5. The reliability of
the procedure proposed is proved with AIN data and,
especially, with SiC results, not used as reference material
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Fig. 3 Application of Eq. 9 to the materials used in the new
calibration procedure. Data coming from the spherical region are
excluded of the data fit
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Fig. 4 Scheme of the iteration
process proposed
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