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Instrumented Hardness Tests (IHT), also known as nanoindentation, establishes itself throughout the
years as a standard method to characterize superficial elasto – plastic properties of materials, with a
greater capability to evaluate thin films. The main advantage of this test lies on the application of dynam-
ical load – unload cycles, generally with values of few mN and displacements below 200 nm, granting
more information about the material beyond hardness, as elastic modulus, creep, fracture resistance,
among others. However, the difficulty to achieve an adequate contact between sample and penetrator
complicate the interpretation of its results. Several theoretical models were developed in order to dimin-
ish this effect achieving relative success. Each theory takes in consideration different aspects of the phe-
nomenon and its application produces diverse mechanical properties values, which makes difficult the
comparison among them. The aim of this work is to measure materials mechanical properties in accor-
dance with ISO 14577 Martens model, the Oliver – Pharr (OP) method and the approximation developed
by Gong, Miao and Peng (GMP) which are typically used on IHT, in order to find a possible relation among
them. Aluminum, silicon (1 0 0) and soda-lime glass bulk materials were measured using a Fischerscope
HV100 equipment with a Berkovich indenter. Dynamical load – unload cycles were applied to the sam-
ples with its maximum value ranging between 3 mN and 25 mN, during a total time of 120 s each cycle.
The hardness calculation was performed according to the ISO 14577 Martens hardness model with inden-
ter tip correction and considering the indentation size effect (ISE). The Oliver – Pharr method was calcu-
lated contemplating the non-linearity of the unload curve, adjusted by a power law. The Gong – Miao –
Peng approximation was very similar to the OP technique, differing by the use of a virtual contact load
and an indenter response based on a conical geometry instead the revolution paraboloid one, which is
typically used. The results obtained confirm the hardness values variations among the models, which dif-
fer mostly at low load cycles. The comparison between the hardness calculations made by each model
and the indenter response are presented as final result.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

The area of mechanical properties of materials, e.g., hardness
and elastic moduli, is of major importance given the significant rise
in the number of applications of these properties in diverse areas
such as: Health science [1–7]; metal-mechanical industry [7–10];
elastomers [11]; military technology [12–13]; and oil and gas
prospection [14–15]. Materials surface and thin films mechanical
properties evaluation was very difficult in the past, mostly due to
the lack of suitable techniques. On the early 900s, the first computer
controlled equipment capable of instantaneously measure the dis-
placement and hardness using an indenter penetration were devel-
oped [16–18], permitting to apply and to monitor dynamically as
much the penetration depth as the load used. This advance
resulted in the directly hardness measurement, without the optical
evaluation of the indenter impression, providing more data
towards the material, as elastic modulus, creep, fracture strength,
among others [19–23]. Nowadays, these equipment’s can produce
nanometric displacements (depth < 200 nm) with very low loads
and were standardized by ISO 14577 [24] as IHT technique.

However, the low loads and displacements values achieved dur-
ing test and the complexity to produce indenters with a perfect
geometry generates contact problems between sample and inden-
ter, which makes the results interpretation more intricate. These
contact problems were related to several phenomena as pile-up,
sink-in and residual contact stress. Innumerous models were
developed through the years in order to evaluate satisfactorily
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the elasto-plastic cycles and calculate the ‘‘real” hardness of mate-
rials. Among them, could be highlighted the Doerner – Nix
approach [16–18], which is the first model to suppose the unload
curve as linear, permitting the calculus of the hardness based on
the contact stiffness between the material and the indenter, and
the Oliver – Pharr model (OP) [25].

The main difference between the OP model and earlier models
was the suggestion of non-linear unload curve, considering a
power law fit as the best way to describe it. The approach uses
the elastic contact theory developed by Sneddon for rigid penetra-
tors with diverse geometries [26]. According to Sneddon, material
hardness could be obtained with the determination of the contact
stiffness S, which is described as:

S ¼ 2ffiffiffiffi
p

p Er

ffiffiffi
A

p
ð1Þ

where Er is the reduced elastic modulus and A is the projected con-
tact area. Nevertheless, the S determination should be made
through a function which describes satisfactorily the initial portion
of the unload curve. According to the OP approach [25,27] this curve
is well represented by a power function, obeying the equation:

P ¼ b ðh� hf Þm ð2Þ

where ß and m were empirically achieved by numerical adjustment
parameters, h is the instantaneous displacement, hf is the final
deformation after the total indenter withdrawn and P is the applied
load.

Sneddon theories [25] indicated that the m parameter depends
on the indenter geometry. The OP approach suggests 1.5 as the
most adequate value for m, using a Berkovich indenter, which cor-
responds to a revolution paraboloid. However, m values experi-
mentally obtained deviate from the theoretical ones [25,27–30]
which indicate that the proposed power law function could possi-
bly inadequate describe the upper portion of the unload curve.

Gong, Miao and Peng (GMP) approach [28–30] uses a power law
equation very similar to the one applied by the OP model, but it
supposes the indenter geometry being conical, turning the power
law to a grade two polynomial approximation, i.e., considering
m = 2. The GMP model also has the application of a virtual load
P0 in order to consider the residual contact stress which exists
along the interface between the plastic hardness impression and
the elastic matrix in the material, which is taken by the GMPmodel
as responsible for the variation of the m value [28]. The equation
used is displayed as:

P ¼ b ðh� hf Þ2 � PO ð3Þ
The main disadvantage of the application of diverse models is

the difficulty of agreement among them, leading to different hard-
ness values for the same material. This complicates the behavior
understanding, since each approach considers a specific aspect of
the contact problem between indenter and sample. The search
for relationships among them could facilitate the comprehension
of the materials indentation phenomena at low loads, permitting
a direct correspondence between the hardness values obtained
by each model. The success of this procedure could lead to a uni-
fied approach for indentation measurements.

The aim of this work is to measure mechanical properties of
bulk materials in accordance with ISO 14,577 Martens model
[24,31], the Oliver – Pharr method [25,27] and the approximation
developed by Gong, Miao and Peng [28–30] which are typically
used on Indentation Hardness Tests (IHT), in order to obtain a rela-
tion between the tip correction model and the hardness values as a
function of the applied load.
2. Experimental procedure

Commercial aluminum bulk sample was cut from a rod and pol-
ished using sandpapers from 100 to 4000 and surface finished with
SiC with 250 nm. The silicon p-type (1 0 0) from Temic Semicon-
ductor GmbH, and soda-lime glass (knittel Gläser GmbH) already
presented a satisfactory surface polishing.

The IHT measurements were performed using a Fischerscope
HV100 equipment (Helmuth-Fischer GmbH, Germany � 2009)
equipped with a Berkovich indenter. The load is applied through
the action of a solenoid with an accuracy of 0.4 lN and the inden-
ter displacement is measured with a capacitive sensor with a pre-
cision of 2 nm in depth.

The bulk samples were submitted to load-unload cycles 3 mN, 5
mN, 10 mN, and 25 mN. The equipment was calibrated according
to the ISO 14577 [24], DIN 50 359 [32] and VDI / VDE 2616 [33]
standards. One measurement corresponds to an individual cycle
which was made with a total time of 120 s, being 60 s for loading
e 60 s for unloading, without holding load time. A total number
of 10 measurements were made for each sample, resulting in a
mean hardness value. The difference between each individual mea-
surement and the mean hardness value were always lower than
5%. The minimum distance between each measurement was of
300 lm avoiding any interference among them. The approaches
applied to calculate the hardness values were the OP model and
the GMP model, besides Martens model, which is based on the
indentation size effect (ISE) [30,33–35] with an indenter tip correc-
tion and is determined by ISO 14577 [24]. All the calculation was
performed exactly as proposed by the models.

The OP hardness values were calculated according to the model
as described on [25,27] using m = 1.5 and m = 2. The reason to use
both values was to assess the indenter response according to both
geometries, using the OP model. Basically, 80% of the upper unload
curve was adjusted using the Equation (2). After that, the curve
was submitted to a linear fit at the peak load. The effective contact
depth hc was calculated by the equation:

hc ¼ hmax � e
Pmax

S

� �
ð4Þ

where hmax is the maximum displacement, Pmax the maximum load
applied, S the contact stiffness and e is equal to 0.75, which corre-
sponds to a Berkovich geometry as determined by Sneddon [26].

The projected area left on the material was calculated by:

A ¼ 24:5 ðhc þ hdÞ2 ð5Þ

where hd corresponds to the indenter tip length correction. This
equation was applied in two ways: without hd correction and esti-
mating the indenter bluntness (hd) with a size of 100 nm, as recom-
mended by Fisher-Cripps previous work [36].

The GMP approach was processed using the power law fit
described on Eq. (3) also with 80% portion of the unload curve
and using an m = 2. In this case the only indenter response verified
was the conical one, since the GMP model considers it more suit-
able for IHT [28]. The same procedure executed after the power
fit for the OP model was made for the GMP approach.

The hardness values were obtained for all models using the
equation:

H ¼ Pmax

A
ð6Þ

The results are presented in function of the H and S values
obtained for each model.
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3. Results and discussion

The hardness values obtained according the OP, GMP and Mar-
tens models using m = 1.5 and m = 2 without hd correction are pre-
senting on Table 1.

The values obtained for the bulk materials are very similar,
mostly for the Al sample. This is due to high plasticity of the mate-
rial, guarantying an adequate contact between the sample and the
indenter. However, the values found for Si(1 0 0) are considered
high, especially at 3 mN and 5 mN loads. These results indicate
the difficulty to achieve an adequate contact between indenter
and sample, mainly when the material present high stiffness. The
Si (1 0 0) sample presented the higher hardness difference for each
model, varying among 29 GPa to 35 GPa approximately at 3 mN.
This hardness value decreases significantly when the load is 25
mN, reaching values among 8 GPa and 16 GPa approximately. In
a previous work, Guillemot et al. [21] and Beegan et al. [22] are
showed the same difference without hd correction for several hard-
ness models. These results reveal clearly that indenter bluntness
should be considered for all cases, even for materials presenting
high plasticity. When evaluating surface mechanical properties,
such as in oxidized layers or thin films, it is of fundamental impor-
tance to understand the implications of using low loads and to
employ an appropriate model of tip correction. Rahmound et al.
[37] and Puchi-Cabrera et al. [38] compared the use of several
IHT models for multilayer coatings demonstrating the importance
of these corrections to obtain more realistic hardness values in
these complex systems.
Table 1
Resulting hardness values without hd correction obtained according to the OP model using

Loadmax [mN] Samples Hardness [GPa]

OP model

m = 1.5

03 Al 0.909
Soda – lime glass 13.134
Si (1 0 0) 35.141

05 Al 0.667
Soda – lime glass 7.908
Si (1 0 0) 21.787

10 Al 0.539
Soda – lime glass 5.190
Si (1 0 0) 13.666

25 Al 0.446
Soda – lime glass 3.666
Si (1 0 0) 8.694

Table 2
Resulting hardness values obtained according to the OP model using m = 1.5 and 2, GMP

Loadmax [mN] Samples Hardness [GPa]

OP model

m = 1.5

03 Al 1.165
Soda – lime glass 3.487
Si (1 0 0) 7.389

05 Al 1.046
Soda – lime glass 3.309
Si (1 0 0) 6.656

10 Al 0.986
Soda – lime glass 3.235
Si (1 0 0) 6.429

25 Al 0.955
Soda – lime glass 3.208
Si (1 0 0) 6.266
The hardness values obtained according the OP, GMP and Mar-
tens models using m = 1.5 and m = 2 considering hd correction are
presenting on Table 2.

The results present good agreement with literature and low
deviation even at low loads. Another important feature observed
is the minor influence of the m value when the correction of the
indenter bluntness is considered. In a recent work, Chicot et al.
[39] showed the importance of indenter shape and geometry cor-
rection for Berkovich, Vickers, Knoop and spherical indenters. In
this work they conclude that the instrumented indentation at a
microscopic scale is a valuable tool for determining the elastic
modulus and hardness of a material if the calculation of the contact
area takes into account the tip defect, that agree with our results.

Chicot et al. [39] used the total compliance term, which corre-
sponds to the inverse of the contact stiffness S (calculated from
the slope of the unloading curve at the peak load - Pmax). In our
work the IHT measurements were also performed and analyzed
according the hardness models revealing a strong dependence of
contact stiffness Swith the effective contact depth hc. This relation-
ship shows a linear behavior between S and hd, as can be seen on
Fig. 1.

The analysis of the angular coefficient a obtained for each linear
fit indicates an indenter response which is almost equal for the Al
and the glass samples displayed on Fig. 1(a) and (b). The Al sample
results presents a = 572 mN. lm�2 approximately for the OP model
using m = 1.5 (OP1.5) and the GMP approach, showing the very
same linear behavior for both. The OP model with m = 2 (OP2.0)
and the Martens model presented also very near values for a on
m = 1.5 and 2, GMP approach and Martens model.

GMP model Martens model

m = 2 m = 2

0.890 0.936 1.612
12.440 11.691 13.641
29.912 34.440 31.011
0.668 0.664 1.362
6.926 7.442 11.028
19.104 19.324 22.720
0.541 0.540 1.288
4.660 4.992 9.382
12.002 11.440 18.210
0.450 0.444 1.241
3.349 3.557 8.703
7.802 7.431 15.780

approach and Martens model applying hd correction.

GMP model Martens model

m = 2 m = 2

1.169 1.162 1.326
3.474 3.508 4.007
7.389 7.476 8.414
1.052 1.040 1.182
3.279 3.320 3.801
6.701 6.720 7.581
0.995 0.979 1.128
3.201 3.242 3.714
6.548 6.525 7.322
0.972 0.950 1.096
3.172 3.211 3.681
6.376 6.346 7.136
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Fig. 1. Linear relation between S and hc verified for each sample, which corresponds
to (a) aluminum, (b) soda-lime glass and (c) silicon (1 0 0).
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Fig. 2. Hardness ratios according to each applied model and its relationship with
the load for the samples, which corresponds to (a) aluminum, (b) soda-lime glass
and (c) silicon (1 0 0).
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the Al sample. The glass sample presented very near a values,
excepting for the OP2.0, which showed the same linear behavior
for both Al and glass samples, diverging only for Si (1 0 0) sample.

The Si (1 0 0) sample presented a different result, which could
be cleared observed for the OP1.5 and the GMP linear fits. The dif-
ference between the a values for both models is significant and
both linear adjust are divergent insofar as the load increases.
The Martens model and the OP2.0 presented almost the same
behavior.

The results show the indenter response is intimately related to
the rigidity of the material and the difficulty to produce a
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penetration. Evidently, the hardness of a material, as it elastic
modulus, and an adequate surface finishing, play an important role
on IHT measurements. The results clear state that the indenter
bluntness should be monitored from time to time, in order to con-
sider an adequate contact between sample and the indenter. The
results also confirm that the indenter shape parameter m lightly
affects the measurements, with all influence heavily related to
the tip correction.

In order to compare the tree models studied in this work, hard-
ness ratios using hd correction were calculated for all samples and
the results are present on Fig. 2. All the hardness ratios involving
only OP2.0, OP1.5 and GMP values are similar, revealing an almost
1.00 constant ratio. When the Martens results are considered, the
ratio drops to about 0.87 revealing the influence of the indentation
size effect model and tip geometry in the hardness values. It is
observed that the hd correction plays an important role on the
measurements and the indenter tip shape could alter significantly
the results.

The hardness behavior of the material, the change in OP, GMP
and Martens hardness as a function of the indentation displace-
ment, to represent the hardness-load dependence, have been ana-
lyzed. Independently on the indenter shape (represented by m),
the OP and GMP hardness models considers the projected contact
area, whereas the Martens hardness involves the actual contact
area between the indenter and the deformed material. The hard-
ness ratios shown in Fig. 2 point to an equivalence between the
OP and GMP models that presented similar values of hardness
always of the order of 10% lower than the Martens model.

On the other hand, when the tip correction is introduced into
the hardness calculation, it is remarkable that the hardness, OP,
GMP or Martens, reaches a value approximately constant indepen-
dent of the applied load and indented depth.
4. Final considerations

The IHT measurements were successful made achieving an
elasto–plastic behavior for all materials. The correction of the
indenter tip showed a major influence on the results, presenting
diverse hardness values when hd was not considered. The impor-
tance of this result state that is necessary to seriously evaluate
the indenter bluntness in order to performs adequate nanohard-
ness measurements. The hardness values also indicate that the
most significant problem is related to indenter tip shape instead
of the form of the load-unload cycle application, the geometry of
the indenter and model used.

A clearly dependence between the contact stiffness S and the
effective contact depth was observed. A relationship among the
hardness values obtained for the samples was verified, revealing
the OP model and GMP model are very similar, resulting in hard-
ness values almost equal. Both approaches behavior were also very
similar when the indenter geometry was considered as conical
(m = 2). The use of different m values presented very similar
responses mostly for the Al and glass samples, indicating the mod-
ification of the original OP model by the GMP approach is of low
effectiveness.

Regardless of the model used, the hardness measurements
showed behaviors independent of the applied load for all samples
measured in this work when the ISE is considered into the hard-
ness calculation.
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