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a b s t r a c t

A new method is proposed for the quantification of macroscopic hardness and indentation size effect.

This method is based on the simultaneous treatment of several nanoindentation loading curves which

are located according to the gap between their shape and the one predicted by the Bernhardt law. By

applying this method on stainless steel loading curves, it is shown that hardness error can be reduced

by a factor of 2 compared with usual treatment methods. It is shown that only the simultaneous

treatment of all the curves enables the good prediction of pile-up in the material.

& 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Studying tribological behavior implies a characterization of the
mechanical parameters of a material surface. Hardness tests and
more recently instrumented indentation are specially adapted to
study material surface properties. These tests are used to char-
acterize polymers [1,2] as well as metals [3] or composite
materials [4]. Hardness is a particularly interesting property as
it plays an important role in the third-body wear [5] or in
cavitation wear [6] and helps building analytical models (e.g. for
scratch tests [7,8]).

Even though hardness tests are usually easy and convenient,
they remain difficult to interpret. The first difficulty comes from
the understanding of the complex stress field that is produced
during indentation. This lack of understanding led to develop-
ment of numerical simulations e.g. [9]. The second difficulty
arises from metrological issues such as the detection of the first
contact between the sample and the indenter [10–13]. An
accurate determination of the indenter–sample first contact is
crucial. It directly affects the measurement of the indentation
depth and therefore the value of hardness or the results of models
based on instrumented indentation curves [14]. Error in the first
contact detection can also lead to a false identification of
indentation size effects [15].
All rights reserved.
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Several methods are developed to estimate the initial contact [16].
One of them is based on the detection of an initial contact force
set by the user. The penetration depth corresponding to this force
is set to zero. At the end of the test, the experimental data is fit
using a smooth curve. The extrapolation of its y-intercept gives a
measure of the initial penetration depth which is added to the
recorded indentation depth. Another method sets the indentation
depth to zero when the stiffness exceeded a value chosen by the
user. In spite of these methods, the indenter–sample first contact
remains uncertain and still affects the load versus indentation
depth curves.

The present work is focused on the quantification of the errors
affecting hardness and the identification of indentation size
effects due to an incorrect detection of the first indenter–
sample contact in nanoindentation. This quantification is made
through the comparison of the results given by usual data
treatment methods with our methodology which is based on
two innovative concepts. The first one consists in marking off the
curves thanks to the gap existing between their actual shape and
a chosen behavior law to predict the instrumented indentation
curve. The chosen behavior is Bernhardt0s law [17] which takes
into account the indentation size effects in the description of load
versus indentation depth curve. This idea contrasts with the usual
treatment methods which consider the zero-point as an absolute
frame of reference. The second innovative concept of our method
lies in the use of the curves for calculation of the set of mechanical
parameters. Our method is based on the treatment of all the
curves as a whole i.e. the mechanical properties are deter-
mined by minimizing a function that deals with all the curves.
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This concept differs from usual data treatment methods as they use
only one curve to calculate a set of mechanical parameters. Then
the results given by different curves are gathered and averaged.

The robustness of our method compared with usual treat-
ments is evaluated using the instrumented indentation curves of
100 nanoindentation tests. The indents are made on 316L stain-
less steel specimens having rough to mirror-like surfaces respec-
tively corresponding to the use of polishing papers from 80 to
4000 grit. Using different magnitudes of deterioration of the
surface will help evaluating the robustness of the methods.
Several intermediate data treatment methods will also be tested
to show the relevance of our hypotheses and the improvements
given by our methodology.

The paper is divided into five main parts. The second section is
devoted to the description of the material and the experimenta-
tions. The third part is focused on the description of the law
behavior considered in this study and the data treatment meth-
ods which ensue. The fourth section is dedicated to the compar-
ison of the results given by our method with several other data
treatment methods. Their advantages, drawbacks and robustness
are evaluated. Finally, the Conclusion will summarize the main
findings of the paper.
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Fig. 1. Load (mN) versus indentation depth (nm) curves for 316L stainless steel

specimens polished with paper grit 4000.
2. Material and methods

2.1. Material

The material used in this study is 316L stainless steel. The samples
are cut from a 30 mm rod into 20 mm thick disks. This material is
composed of a single austenitic phase. However, mechanical polishing
can induce a martensitic transformation due to local stresses between
the abrasive grains and the surface [18]. Strain-hardening can thus be
reinforced by this transformation. The chemical composition of this
steel is given in Table 1.

2.2. Mechanical polishing

The 316L specimens are polished using an automatic grinding
machine having off-centered rotating movements. First, all the
specimens are polished to a mirror-like surface i.e. to silicon
carbide paper grit 4000 to obtain similar initial states. The surface
history of the specimen is also guaranteed by the use of a new grit
paper at each polishing step.

Then, several magnitudes of damage are achieved by using
different grit papers under identical force and time conditions
(150 N, 3 min) with water lubrication. The different surface states
correspond to the ending of the abrasion after using grit papers:
80, 120, 180, 220, 320, 500, 800, 1000, 1200, 2400 or 4000. In the
following, 11 specimens will be denoted using the number of the
final paper used to polish them.

2.3. Roughness measurements

The topography of the abraded samples is measured using a three
dimensional roughness tactile profilometer: TENCOR

TM

P10. Rough-
ness is recorded with a 2 mm tip stylus under a load of 5�10�5 N
with a vertical resolution of the nanometer order. In order to evaluate
the topography texture, a series of tridimensional preliminary
Table 1
Chemical composition of the 316L stainless steel rod.

Chemical elements C Si Mn Ni Cr

Weight percent 0.008 0.27 1.62 14.58 17.5
measurements is practiced on 4�4 mm2 areas. These results show
that a hypothesis of isotropy can be supported. The specimen
topography is then analyzed more accurately using two dimensional
profiles recorded on a 5 mm length with a higher sampling frequency.
For each specimen, 30 two dimensional profiles of 25,000 points are
recorded randomly on the surface with a 200 mm/s speed.

2.4. Nanoindentation tests

Nanoindentation tests are made with a Nano Indenter XPs,
equipped with a Berkovich indenter at ambient temperature.
Using the Continuous Measurement Method (CSM) with a con-
stant strain rate equal to 0.05 s�1, a maximum indentation depth
of 3 mm is achieved. One hundred indentations are made into
each 316L specimen. Fig. 1 shows the load versus indentation
depth curves obtained for a specimen polished with paper grit
4000. Only the loading parts of the curves are shown.

The one hundred curves obtained for the eleven samples are
then prepared for the data treatment methods. This preparation is
composed of three pretreatments. The first one isolates the
loading part of the instrumented indentation curve as it will be
the only part considered in this study. The second pretreatment
consists in re-sampling the experimental indentation depth to
obtain independence and identical distribution values in order to
avoid statistical artifacts. Finally, using the Oliver and Pharr
method [19], the contact depth hc is extracted from nanoindenta-
tion data applying the following formula:

hc ¼ h�eP=S, ð1Þ

where hc is the contact depth, S is the stiffness and e is a
geometrical constant equal to 0.75 for a Berkovich indenter.

A complete description of these pretreatments can be found
in [20].
3. Theory and data treatment methods

3.1. Behavior laws

For geometrically similar indenters, the loading part of the
instrumented indentation curves is usually described using a
Mo N S P Cu Fe

8 2.8 0.060 0.001 0.014 0.070 Bal.
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parabolic relationship between the load P and the indentation
depth h. This model is known as Kick0s law [21] and is expressed
as follows:

P¼ Ch2, ð2Þ

where C is a constant depending on the geometry of the indenter
tip and the material properties.

However, this simple model has rapidly become insufficient to
describe the experimental curves. Zeng and Chiu [22] have shown
that this model cannot describe the beginning of the loading
curve for several materials, including aluminum or fused silica.

Earlier, Bernhardt [17] also noticed this deviation and pro-
posed correcting Kick0s formula by adding a linear term:

P¼ a1h2
þa2h

n o
, ð3Þ

where a1 and a2 are constants depending on the geometry of the
indenter tip and the material properties. The inclusion of the
linear term is used to characterize the load dependence with
increasing indentation depth at the beginning of the P–h curve.

Bernhardt0s law can be expressed with the contact area hc

defined in Eq. (1) and rewritten as follows:

P¼ a H0h2
c þbhc

n o
, ð4Þ

where a is a constant depending on the geometry of the indenter,
H0 is the macrohardness of the specimen and b is the indentation
size effect (ISE) factor.

From this equation, we assume that the experimental curves
can show a deviation Dhc from this model according to the
indentation depth axis. This deviation can be induced by a wrong
detection of the first contact or the presence of roughness. The
addition of a deviation Dhc to the contact depth hc in Eq. (4) gives
the following formula:

P¼ a H0 hcþDhcð Þ
2
þb hcþDhcð Þ

n o
ð5Þ

Once Eq. (5) is developed and reorganized, the following equation
is obtained:

P¼ a H0h2
c þ 2H0 Dhcþbð ÞhcþH0 Dh2

c þb Dhc

n o
: ð6Þ

Eq. (6) is the basis for the development of data treatment
methods.
3.2. Data treatment methods

This section introduces the equations allowing the treatment
of instrumented indentation data to determine the macrohard-
ness and the ISE factor of the studied material. The first part
shows the formula describing the treatment of the curves as
separate entities. The second part describes the philosophy of our
methodology which treats the one hundred curves as a whole to
calculate the mechanical properties. In the last part, intermediary
versions of the previous methods are introduced in order to assess
the validity of the considered hypotheses.
3.2.1. Individual treatment of the curves

The individual treatment of the load versus depth curves
presented here is related to the methods usually used to analyze
indentation data. This treatment implies the calculation of one set
of mechanical parameters with the use of only one curve. It
means that one hundred curves give one hundred sets of para-
meters. These sets are then averaged to obtain a single value for
each mechanical parameter.
A first step to identify the macrohardness and the ISE factor
included in Eq. (6) consists in minimizing the following function:

min
H0,i ,Dhi ,bi

Xpi

j ¼ 1

Pi,j�a H0,ih
2
c,jþ 2H0,i Dhc,iþbi

� �
hc jþH0 Dh2

c,iþbi Dhc,i

� �h i2
,

ð7Þ

where j refers to a point in curve number i and Dhci is the
deviation of curve i from Bernhardt0s law.

Once this minimization is achieved for all the curves, the
average of the macrohardness and the ISE factor is calculated as
follows:

H0 ¼
1

n

Xn

i ¼ 1

H0,i

� �
, ð8Þ

b ¼
1

n

Xn

i ¼ 1

bi

� �
: ð9Þ

The use of only one curve for the calculation of two factors may
affect the robustness of the method. This hypothesis led us to
develop a new method which deals with all the curves as a whole.
3.2.2. Simultaneous treatment of the loading curves

To treat all the loading curves simultaneously, the following
hypothesis is made: the macrohardness and the ISE factor are
homogeneous for all the studied specimens. Thus, treating all the
curves as a whole gives only one set of mechanical parameters.
From this hypothesis and Eq. (6), the following function is built
for minimization:

min
H0 ,Dh1 ,...,Dhn ,b

Xn

i ¼ 1

Xpi

j ¼ 1

Pi,j�a H0 h2
c,jþ 2H0 Dhc,iþb

� �
hc jþH0 Dh2

c,iþb Dhc,i

� �h i2
,

ð10Þ

where j refers to a point belonging to curve i.
3.2.3. Intermediary treatments

In order to check the validity of the hypotheses of the chosen
model, intermediary pretreatments are built. These pretreatments
are qualified as ‘‘intermediary’’ because they come from several
variations of the previous treatment methods.

The first variation concerns the referential choice. Our
treatment methods suppose that all the curves are linked by a
gap, Dhc, between their actual shape and the shape predicted by
Bernhardt0s law. To show the validity of the chosen referential, it
is compared with two other definitions of the first contact. One
definition assumes that the zero set by the device is the actual
one. Thus, the gap Dhc,i is equal to zero in Eqs. (7) and (10). In the
other referential, the first contact point is defined for a load equal
to zero. This definition of the zero is applied by shifting all the
loading curves according to the indentation depth axis. Then, all
the loading curves are treated considering Eqs. (7) and (10) with
Dhc,i equal to zero.

The last variation deals with the indentation size effect.
We have chosen to take it into account during the pretreatment
of the curves but, usually this effect is ignored. Ignoring this effect
implies that the loading curves are treated using Kick0s law. In our
case, it means that the ISE factor, bi (respectively b) is equal to
zero in Eq. (7) (respectively 10).

In the following section, our method is called Method A and is
compared with five other methods (Method B,–F) built with the
previous considerations.
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Fig. 2. Shifting of the loading curves of Specimen 4000 using the gaps existing

between the loading curve shapes and the shape predicted by Bernhard0s law
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4. Results and discussion

To properly compare the results given by the different treat-
ment models, confidence intervals on H0 and b are needed. The
confidence intervals are determined using a double Bootstrap on
the 100 experimental loading curves of each specimen. The first
Bootstrap is used to simulate noise in a given loading curve. The
second Bootstrap permits practicing a simple random sampling
with replacement. This sampling method is repeated 1000 times
to reproduce the specimen heterogeneity.

This section is divided into three main parts. First, the
influence of the referential choice on the macrohardness and
the ISE factor is investigated. Then, the advantage of treating all
the loading curves as a whole instead of calculating several
mechanical parameters on only one curve is analyzed. Finally,
our model is validated by comparing its results with other
intermediary methods ignoring the indentation size effect.
(Method A).
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Fig. 3. Shifting of the loading curves of Specimen 4000 assuming the first contact

occurs when the load is equal to zero (Method B).

Table 3

Macrohardness (H0) and ISE factor (b) average and standard deviations obtained

for Specimen 4000 using two treatment methods. The first treatment method,

called Method A, considers a gap between Bernhardt0s law prediction and the real

shape of the loading curves. The second one, Method B, assumes the first contact

occurs when the load is equal to zero.

Method H0 (GPa) b (mN/nm)

Average Standard deviation Average Standard deviation

A 1.863 0.004 1114 30

B 1.836 0.011 1271 29
4.1. Referential choice influence

The need for a better knowledge of material surface properties
at nanoscales implies the reduction of measurement errors and
uncertainties. An important source of error in nanoindentation
tests is caused by the first contact position identification. In spite
of the accuracy improvement of measurement devices, its posi-
tion remains uncertain. Its bad identification can seriously dete-
riorate mechanical characteristics such as hardness. To minimize
the errors caused by the first contact identification, several
methods were developed. Usual methods define the first contact
with the help of a particular point or value. They use an absolute
referential. On the contrary, our method is based on the use of a
relative referential. The position of the curves is defined using the
gap existing between the shape of the loading curves and the
shape predicted by the Bernhardt model [17] as defined in
Eq. (10). In this section, the results given by our treatment
method, called Method A, are compared with a second method,
called Method B, which assumes that the first contact occurs
when the load is equal to zero. Thus, all the experimental loading
curves are shifted according to the x-axis before the minimization
described by the following equation:

min
H0 ,b

Xn

i ¼ 1

Xpi

j ¼ 1

Pi,j�a H0h2
c,jþbhc j

� �h i2
: ð11Þ

For more clarity, Table 2 summarizes different methods and
hypotheses studied in this paper.

Figs. 2 and 3 show the shifting of the curves using our Method
A and Method B for Specimen 4000, respectively. Compared
with Fig. 1 displaying the experimental loading curves, there is
an important decrease of the scatter using both methods.
Table 2
Summary of the method hypotheses. The individual methods treat each curve

separately while the simultaneous method treats all the curves as a whole. The ISE

consideration means that Bernhardt0s law is used for the treatment; otherwise

Kick0s law is used. The shifting of the curves is either done considering the gaps

between the loading curve shapes and Bernhardt0s law prediction or by assuming

that the first contact occurs when the load is equal to zero.

Method Individual/simultaneous
treatment

ISE consideration
(b(0)

Shifting of the
curves

A Simultaneous Yes Use of Dhc

B Simultaneous Yes Use of P¼0

C Individual Yes Use of Dhc

D Simultaneous No No shift

E Simultaneous No Use of Dhc

F Simultaneous Yes No shift
With Method A, the curves are difficult to distinguish. On the
contrary, Method B gives a more important scatter. This first
comparison underlines the interest in considering the loading curves
in relation to a given behavior instead of an arbitrary chosen value.

Thanks to the use of double Bootstrap for both treatment
methods, the average values and the standard deviations are
calculated for the macrohardness and the ISE factor. Table 3
summarizes the results obtained for Specimen 4000. The macro-
hardness average values are very close. Method B gives a macro-
hardness similar to that of our method. On the other hand,
Method B has a standard deviation which is 2.5 times higher
than the one given by our method (Method A). Thus, it shows
that considering the curves with respect to a chosen behavior
law gives a better accuracy for the determination of material



Fig. 4. Observation of piling-up occurring in 316L steel polished with paper grit

4000 using interferometric microscopy.

Indentation depth (nm)

Lo
ad

 (m
N

)

0 500 1000 1500 2000 2500
0

100

200

300

400

Fig. 5. Shifting of the loading curves obtained with the individual treatment

method (Method C) using Starting point 1.

oa
d 

(m
N

)
200

300

400

J. Marteau et al. / Tribology International 59 (2013) 154–162158
parameters than methods based on the consideration of arbitrary
values.

The average values found for the ISE factor are also very close.
The standard deviations are also nearly identical. The one calcu-
lated with Method B is only slightly smaller than the standard
deviation of our method.

To check the validity of the results for the ISE factor value, the
indentation prints made on Specimen 4000 are observed with
interferometric microscopy. All the prints show piling-up. An exam-
ple is given in Fig. 4. Piling-up observation indicates that positive
values should be identified for the ISE factor [23]. As a consequence,
both methods correctly describe the material behavior.
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Fig. 6. Shifting of the loading curves obtained with the individual treatment

method (Method C) using Starting point 2.
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Fig. 7. Shifting of the loading curves obtained with the individual treatment

method (Method C) using Starting point 3.
4.2. Individual treatment versus simultaneous treatment

It is worth noting that in our method, all the experimental
loading curves are simultaneously handled. This choice stands
against usual analyses which calculate one set of mechanical
parameters per loading curve. The mechanical parameters are
then averaged to obtain a better representativeness. However, the
use of a single curve for the identification of several parameters
can deteriorate its robustness and lead to errors. This second
section is dedicated to the comparison of the robustness and
errors made when using our treatment method (Method A) and
the ones made when the curves are considered independently,
hereafter referred to as Method C. The minimization correspond-
ing to Method C is given by Eq. (7).

Both treatment methods are based on the optimization of a
given function using a gradient descent. A mathematical optimi-
zation consists in minimizing the considered function by system-
atically choosing values in a defined domain. Due to the high
nonlinearity of Eq. (10), an iterative scheme of optimization has to
be used [24,25]. The Levenberg–Marquardt Algorithm is a very
popular curve-fitting algorithm used in many software applica-
tions for solving generic curve-fitting problems. However, the
Levenberg–Marquardt Algorithm finds only a local minimum, not
a global minimum. Thus, as the function variations remain
unknown, several starting points have to be tested to avoid
mistaking a local minimum for a global one. When using different
starting points, our method gives similar results (well posed
problem). On the contrary, the method treating the curves
separately leads to different results (ill-posed problem).

The shifting of the curves given by this method using three
different starting points is displayed in Figs. 5–7. The curves in
Fig. 5 clearly show a greater scatter than the shifting of our model
depicted in Fig. 2. This tendency is even more pronounced when
using the third starting point. The shifting given by the second
starting point (Fig. 6) gives rise to two subpopulations. These first
observations reveal that the method treating the curves sepa-
rately is dependent on the initial values and thus unstable
compared to our model. It is an ill-posed problem.
Table 4 further details the results given by the three starting
points and indicates again the average and standard deviation
values found with our model for the macrohardness and ISE factor.
Whatever the method or the tested starting point, the average
values obtained for the macrohardness are nearly identical. For the
method treating all the curves separately, the macrohardness
average is equal to 1.852 GPa while the standard deviation is
spread out between 0.007 and 0.008 GPa. These values remain,
certainly, low but only because hardness is determined using one
hundred experimental curves. Moreover, the standard deviations
calculated for Method A are approximately twice lower than the



Table 4
Average and standard deviation values obtained for the macrohardness (H0) and

the ISE factor (b) using the simultaneous treatment (Method A) and the individual

treatment method (Method C) with 3 different starting points.

Method H0 (GPa) b (mN/nm)

Average Standard
deviation

Average Standard
deviation

A 1.863 0.004 1114 30

C 1.852 0.007 1153 25

Starting point 1
C 1.852 0.008 914 63

Starting point 2
C 1.852 0.008 �1157 26

Starting point 3
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Fig. 8. ISE factor distribution using the individual treatment of the loading curves

with the second starting point.
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Fig. 10. Values of the gaps between the experimental loading curves and the

shape predicted by Bernhardt0s law versus the ISE factor values for the simulta-

neous treatment method (Method A). One thousand couples of values are obtained

using a Bootstrap.
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one given by Method C. If a Gaussian hypothesis is acceptable,
it means that four times less experimental loading curves are
needed with our method (Method A) to give the same results as
those of Method C.

The ISE factor average values found for the three starting
points are very different. The first starting point gives an average
value equal to 1153 mN/nm which is similar to the one given by
our method. Its standard deviation is on the same order of
magnitude as the one corresponding to our model. On the other
hand, the second starting point gives an average value which is
1.3 smaller than the ISE factor given by the first starting point
while its standard deviation is 2.5 higher. Fig. 8 shows the
distribution of the ISE factor values found for each curve using
the second starting point. Two subpopulations of ISE factor can be
distinguished. The first one shows a negative ISE factor while the
second one has a positive ISE factor. These results explain why
two subpopulations can be distinguished in Fig. 5 too. But the
SEM observations show that only piling-up occurs in the material.
It highlights the lack of robustness of the model treating the
curves separately. This fact is confirmed by the ISE factor average
given by the third starting point: a negative value is found with a
standard deviation on the same order of magnitude as the one
given by our model.

The standard deviations found using the first and the third
points tend to be slightly smaller than the one given by our
model. This tendency can be explained by a better fit of the curves
with Model C. Indeed, each curve is fitted using a different value
for the macrohardness and the ISE factor. Conversely, in our
model, such values are supposed to be homogeneous.
It is important to note that the best results for the ISE factor
and the macrohardness determination are found when the shift-
ing of the curve is successful. To explain this tendency, the values
of the gaps between the curve and the shape predicted by
Bernhardt0s model are studied as a function of the ISE factor
value. Thousand couples of values are obtained using a Bootstrap
enabling a random sampling with replacement. Fig. 9 shows the
results given by Method C, treating the curves separately, using
the first starting point. Fig. 10 illustrates the results given by our
method treating all the curves as a whole.

In Fig. 9, the gaps between the curves decrease as the ISE factor
increases from 0 to 2500 mN/nm for gaps ranging from �1200 to
200. This relationship clearly indicates that in Eq. (7), the ISE
factor value depends on the value of the gap between the curve
and the chosen model. These results explain why different results
are obtained when using distinct starting points.

On the other hand, the gap values and the ISE factor seem to be
independent for our model in Fig. 10. Indeed, the ISE factor varies
only from 1010 to 1220 mN/nm for gaps ranging from �1100 to 20.
It proves that the ISE factor value does not depend on the gap value.
This last observation confirms that treating all the loading curves as
a whole endows the method with robustness.
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4.3. Application of the treatment method on rough surfaces

The improvements brought by our method have mainly been
quantified by a statistical study. Now, its robustness is analyzed
through its application to the experimental results of the eleven
abraded specimens.
Fig. 12. Observation of the nanoindentation prints made in 316L steel polished
4.3.1. Real hardness and ISE

Our method (Method A) and intermediary methods, presented
in Table 2, are applied to the loading curves of the specimens
having different magnitudes of deterioration. All the considered
methods treat the curves simultaneously but considering differ-
ent hypotheses.

A first intermediary method, called Method D, ignores the
indentation Size effect in its formulation; thus Kick0s law is used
for the behavior law. It also considers that the measurement device
succeeds in the detection of the first indenter–sample contact.
Thus, no zero detection correction is realized. This method is based
on the following minimization:

min
H0

Xn

i ¼ 1

Xpi

j ¼ 1

Pi,j�a H0h2
c,j

� �h i2
ð12Þ

The second intermediary method, called Method E, also
ignores the ISE but takes into account the gaps between the
loading curves and Bernhardt0s model prediction. The third
intermediary method, Method F, considers the ISE but no shifting
of the curves is practiced.

The variation of the macrohardness calculated with the last
four methods is depicted in Fig. 11 versus the specimen grit paper
number. A dotted line stands for the experimental macrohardness
measured on Specimen 4000.

Method F gives absurd values: a negative macrohardness is
found for Specimen 80 and equal to zero for Specimens 220 and
1000. The other macrohardness values are also underestimated as
a value equal to 1.00 GPa is obtained for Specimen 4000 while the
experimental measurements gives 1.83 GPa. On the other hand,
Method D tends to globally overestimate the macrohardness,
except for Specimen 80, whose value is abnormally low as it is
equal to 1.20 GPa.

Methods E and A show a variation of the macrohardness
which meets expectations. Indeed, polishing with low grit papers
(i.e. high abrasive size) tends to harden the surface of the material
while these effects are less important with high paper grit (i.e. low
abrasive size). Surface hardening can be also reinforced by the
transformation of austenite into martensite due to friction [18].
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Fig. 11. Macrohardness values calculated for each abraded specimen using four

treatment methods. Method hypotheses are summarized in Table 2. The dotted

line stands for the macroscopic hardness measured with Specimen 4000.
Martensite being a harder component than austenite, an increase
of the hardness is induced.

The macrohardness values are globally higher when calculated
using Method E instead of Method A. For Specimen 80, Method E
gives a macrohardness equal to 2.80 GPa while 2.20 GPa is
obtained with Method A. The macrohardness values found for
Specimen 4000 are closer as Method E gives 1.94 GPa and Method
A gives 1.89 GPa. The global tendency to overestimate the
macrohardness highlights the importance of considering indenta-
tion size effects (i.e. a linear relationship between the load and
the indentation depth at the early stage of indentation) when
analyzing the loading curves.

It should also be noted that Method A gives a slightly lower
macrohardness for Specimen 80 than for Specimen 120. This
evolution goes against our expectations. To try to explain this
phenomenon, observations are made using Scanning Electron
Microscopy. Fig. 12 shows the nanoindentation prints made on
Specimen 80. It can be noticed that the nanoindentation print is
less important than the one given by Specimen 4000 (Fig. 4). Due
to the important high cross groove depth, it seems that the
specimen tends to behave as a porous material which leads to a
smaller macrohardness.

The ISE factor evolution as a function of the specimen numbers
is depicted in Fig. 13. It can be noticed that Method A gives an ISE
factor that decreases from about 4000 mN/nm to 1500 mN/nm
with an increase of the paper grit number. Method F gives
with paper grit 80 using Scanning Electron Microscopy.
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Fig. 13. ISE factor values calculated for each abraded specimen using two

treatment methods. Method hypotheses are summarized in Table 2.



Fig. 14. Illustration of the origins of the gaps between the loading curve shapes and Bernhardt0s prediction (Dhc) using Specimen 2400 experimental loading curves and

results for the gap distribution using a double Bootstrap.
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Fig. 15. Standard deviation of the gaps between the loading curve shapes and

Bernhardt0s prediction versus Root-Mean-Square (RMS) roughness.
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fluctuating values with particularly high ISE factor for Specimens
80, 200 and 1000.

We previously observed that a decrease in the paper grit
number gives higher macrohardness. This phenomenon is caused
by surface hardening and the creation of stress-induced marten-
site [18]. According to [26,27], pile-up is greatest in materials that
possess little capacity for strain-hardening. Martensite being
harder than austenite [28], the formation of pile-up should be
more important in specimens polished with low paper grit
numbers. According to [23], a higher pile-up gives a greater ISE
factor value. This observation corroborates the results given by
our method as an increasing ISE factor is found for decreasing
paper grit numbers (Fig. 13).

However, it is worth noting that the indentation size effect has
different origins. For crystalline materials, it can be caused by
specimen preparation problems (formation of hardened surface
layers due to polishing or hard surface oxides), indenter tip
blunting, roughness effects or false estimation of the surface
contact (occurrence of pile-up). Microscopic phenomena can also
be the origin of this effect. The apparition of geometrically
necessary dislocations to accommodate the volume of material
displaced by the indenter at the surface gives rise to an extra
hardening [29,30].

To further assess our method robustness, the origin of the
observed gaps between the curve shapes and Bernhardt0s predic-
tion are investigated.
4.3.2. Gap origin

The observation of the experimental load versus indentation
depth curves enables the identification of two types of errors,
whatever the paper used to polish the specimens, as illustrated in
Fig. 14.

The first subpopulation gathers many curves showing a low
scatter. Other curves show a low load for an important indenta-
tion depth: they are part of the second subpopulation. Both
subpopulations are also noticeable when studying the distribu-
tion of the values of the gap between the loading curve shape and
Bernhardt0s prediction, as shown in Fig. 14.

The recording of important indentation depth for low loads is
due to a false detection of the first contact by the nanoindentation
device. It can be caused by surface contamination. It is a part of
systematic errors. The first subpopulation arises from different
phenomena such as measurement noise, indenter tip defect,
temperature variation or roughness. Using the eleven abraded
specimen topography results, the effect of roughness on Dhc value
is studied. For each sample, using the one hundred loading curves
and a double Bootstrap, the standard deviation of Dhc is
computed. The calculated values are then presented in function
of the Root-Mean-Square (RMS) roughness calculated using the
topography results of each abraded specimen, as shown in Fig. 15.

The standard deviation of Dhc and the Root-Mean-Square
roughness increase from about 25 nm to 210 nm and from about
10 nm to 310 nm, respectively. Thus, a same order of magnitude
is observed whatever the studied abraded specimen. It shows that
the gaps between the loading curve shape and Bernhardt’s
prediction are caused by roughness. This final study corroborates
the robustness of the proposed method.

By comparing the hypotheses of our method with usual
considerations, we also emphasize the important scatter of the
indentation data and its influence on the identification of the
mechanical parameters. This identification is still discussed as
illustrated by the various articles published on the subject (e.g.
[31–33]). Therefore, in order to improve the accuracy in the
identification of the mechanical parameters using nanoindenta-
tion, the analyses of the correlation that may exist between the
defined parameters as well as the assessment of the impact of the
position of the first contact point are highly required.
5. Conclusion

In this paper, an original treatment method of the nanoindenta-
tion loading curves is proposed for the determination of the
macrohardness and the quantification of indentation size effects.
The method is applied simultaneously to one hundred indentation
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loading curves of a stainless steel considering a relative referential
instead of an absolute referential used in standard treatment
methods. This relative referential is based on the comparison of
the gap existing between the shape predicted by Bernhardt0s law
and the actual shape of the experimental loading curves. The main
finding of the proposed work can be summarized as follows:
(i)
 The indentation size effect must be taken into account when
treating the loading curves to determine the material hard-
ness. Ignoring this effect leads to an overestimation of the
material macrohardness. This effect is even more pro-
nounced for non-mirror-like surfaces,
(ii)
 Considering the loading curves according to a gap between
their real shape and Bernhardt0s law reduces the hardness
error by a factor of 2.5,
(iii)
 More precise determination of the material macrohardness
and indentation size effects requires a simultaneous use of
several loading curves. The hardness error is reduced by a
factor of 2 comparing with an individual treatment of the
curves. Besides, quantifying the indentation size effect using
only one curve can lead to misidentify the indentation size
effect. Whatever the method used to identify material prop-
erties, it is crucial to evaluate the correlation between the
defined parameters.
This original treatment method will be further assessed on
other metallic materials such as Titanium based alloys.
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