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Abstract

The fast and fully automated software “FANOS” (Fast Approach of stress-strain curves
based on naNQOindentationS) was applied to evaluate nanoindentation measurement results in
order to determine stress-strain curves. Herein, laws describing the effect of the indentation
load and depth on the developed stresses and strains are taken into account, deriving from the
“SSCUBONI" (“Stress Strain CUrves Based On Nanolndentation”) algorithm. In this way
material’s Young’s modulus, yield strength and tangent moduli of plasticity can be defined.
Characteristic results concerning various coatings elastic - plastic properties are introduced,
obtained by means of the mentioned algorithms. A comparison was conducted between film
Young’s moduli determined by means of the previously mentioned algorithms and through
existing analytical approximations of experimental nanoindentation results, demonstrating a

sufficient convergence.
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1. Introduction

Nanoindentation is a precise procedure to
register continuously the course of the applied
force versus the displacement (penetration
depth). This measurement consists of two steps,
the so-called loading stage and the unloading
one. During the loading stage, an indentation
load forces a diamond indenter to penetrate into
the specimen. This load is gradually applied and
at the same time the indentation depth is
measured. When the load is fully removed, due
to the resulting material plastic deformation, a
remaining depth h, occurs, depending on the
material properties as well as on the applied load
and the indenter geometry.

Elastic properties of hard materials can be
determined by means of analytical evaluation
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procedures of nanoindentation results [1-4] and
corresponding instruments of high accuracy
have been developed [5]. The pointed out
references have to be considered as indicative,
since a large number of related ones are dealing
with these issues. In recent publications the
“SSCUBONI” algorithm for the continuous
simulation of the nanoindentation was
introduced, enabling the extraction of materials
stress-strain  elastic-plastic laws [6-8]. The
accuracy of this algorithm has been proved to be
high, however it is time consuming and
demands experienced users. Based on the
“SSCUBONI” algorithm the “FANOS” software
was developed, allowing a faster evaluation of
nanoindentation results in a working friendly
interface, at the same high accuracy level [9].



In the present paper various coatings were
investigated by means of these algorithms. The
extracted mechanical properties results, as far as
their elastic properties are concerned, were
compared to the corresponding ones, which
were determined by analytical approaches of
nanoindentation results [1,4,5].

2. The continuous FEM supported simulation
of the nanoindentation procedure by
means of “SSCUBONI”” and“FANOS”
algorithms

A significant condition in nanoindentation
evaluation procedures is the precise knowledge
of the indenter tip geometry, since in nano-scale
penetration depths, deviations from the ideal
sharp tip geometry strongly affect the accuracy
of the results [7,10]. A series of researchers deal
with the determination of the actual indenter tip
geometry [7,10-12] and manufacturers of
nanohardness measurement instruments have
established convenient calibration procedures
[5,13]. These nano-deviations, which are due to
indenter manufacturing accuracy limits, cannot
be precisely described, even through Atomic
Force  Microscope (AFM)  observations,
according to which the tip geometry is not
ideally sharp, but can be considered as a
spherical one [11-13].

The indenter tip geometry of the applied
Berkovich indenter, in the frame of the reslts
introduced in the present paper, was
approximated by means of nanoindentations on
reference materials (Silicon (100): E= 182 GPa,
HU= 6.9 GPa) and a FEM-based algorithm,
introduced in [7] (see figure 1a). The actual tip
axial section is considered to be described by a
high order polynomial curve, which has a
vertical tangent to the symmetry axis at the
indenter tip (tangent 1) and a further one to the
indenter side region (tangent 2). The radius of
this curve at various positions versus the width
of the indenter b, is presented in the diagram of
figure la. The indenter tip region with form
deviations is characterized by the indenter tip
width by, and the corresponding tip height t;,.

The continuous FEM simulation of the
nanoindentation, due to accuracy reasons, is
based on an axisymmetric FEM model of the
semi-infinite material half space [7,14]. In this
procedure the Berkovich or Vickers indenters
are replaced by equivalent cones [7,8], as

demonstrated in figure 1b. The associated
boundary conditions and the finite elements
discretisation network are explained in the
details A and B respectively and the indenter
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Figure 1: a: Indenter tip form deviations. b.: The
FEM simulation model of the nanoindentation
procedure.

actual tip geometry is taken into account as
described in figure 1a.

Based on the “SSCUBONI” algorithm [6-
8] and considering the nanoindentation diagram
of a tested material the related stress-strain curve
can be determined. In the case of a 2 um
(TigAlsy)N  coating, the nanoindentation
diagram is presented in the upper part of figure
2a. For the indentation depth h — indentation
force F pairs, indicated as 7, /I and /I, the von
Mises equivalent stress and strain distributions
within the coating in the contact region during
nanoindentation are determined and illustrated
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in the left and in the middle part of figure 2b
respectively. Taking into account these stress
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Figure 2: a: Nanoindentation diagram. b:
Stress and strain distributions for various
indentation depths and stepwise determined
stress-strain curve of a coating.

and strain distributions, the stress-strain S;.x -
€max CUrve is stepwise determined, as shown in
the right figure part. Up to a penetration depth of
approximately 50 nm (/), the coating material is
deformed almost elastically. The
nanoindentation loading procedure terminates at
a maximum penetration depth of 144 nm (/I),
when the maximum applied force of 15 mN is

reached. In the corresponding stress-strain
distribution  graphs, the shadowed areas
demonstrate that the material maximum

deformation has entered progressively into the
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Figure 3: Calculation steps in determining
stress - strain curves by means of the applied

“FANOS” software.

regions of the stress-strain curve, indicated in
the right figure part. The unloading stage reveals
a remaining penetration depth of 68 nm as
described in stage /1.

The determination of elastic-plastic
material laws takes place in individual
calculation steps, by means of the applied

algorithm “FANOS”. Initially, considering
successive h-F pairs extracted from the
digitalized nanoindentation diagrams, the

Young’s modulus E and the yield strength S, are
defined (initial step, see figure 3). An algorithm
based on extracted laws from the “SSCUBONI”
method [6-8] gives the occurring maximum
equivalent stress versus the indentation load and
the occurring maximum equivalent strain versus
the indentation depth [9].

In further calculation steps as for example
in step i, the maximum equivalent stress S; may 1S
determined as demonstrated in the same figure,
considering the maximum indentation depth h;
max and the remaining indentation depth hi; pax
corresponding to the strains & m.x and to the
remaining strain &, ma respectively. The
intersection point of the line starting from the g;;
max point, parallel to the stress-strain curve in its
elasticity region, with the vertical line at the
strain & ma, reveals the maximum equivalent
plastic stress S; max at the calculation stage i.



3. Application of “FANOS” software to
determine coatings stress - strain curves

Figure 4 presents a view on the applied
“FANOS” evaluation software. The presented
screen is a first step, dealing with the
nanoindentation diagram itself, where the
h-F diagram is digitalized into a series of h-F
pairs and the corresponding h-F diagram is
plotted. The maximum indentation depth h.x
and the maximum relaxation depth h, ., are
determined as well.
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Figure 4: First calculation stage in the “FANOS
software.

Assuming an Young’s modulus Eg, the
related maximum von Mises equivalent strain
€eqv 18 determined by the “FANOS” algorithm. A
new value of the Young’s modulus, E., is then
extracted. For a wide range of assumed Young’s
moduli E,, the corresponding Young’s moduli
E.a are calculated and the deviation of the
assumed to the calculated ones |AE|=|Eys-Ecal is
registered, as shown in figure 5a. According to
this plot and to the ones in figure 5b, only for
the value of an assumed Young’s modulus E,
equal to 610 GPa, i.e. equal to the determined
one through [6-8], the related deviations are
limited below 1% up to an indentation depth of
52 nm. This indentation depth corresponds to
the material elastic deformation limit, i.e. to the
yield strength S,, which amounts approximately
to 6.1 GPa. The deviations have a steep increase
over this indentation depth.
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Figure 5: a: Determination of coating Young'’s
modulus and yield strength through “FANOS”
software. b: Deviations |AE| versus the
indentation depth, for various assumed Young’s
moduli.

By conducting further nanoindentations at
different indentation loads i.e. different
maximum indentation depths it is possible to
determine by the “FANOS” algorithm further
stress-strain pairs (S; max - € max) 1N the material
plasticity area, according to the procedure of
figure 3, thus constructing in a stepwise way a
complete stress-strain curve. In the case of
(TigAlsy)N coating, nanoindentations at 3 up to
15 mN were conducted and the corresponding
results are presented in the diagrams in the left
part of figure 6. By means of h-F value pairs
following an ascending order of indentation
loads, Young’s modulus and yield strength in
the initial calculation stage are determined as
well as the point (0°) of the stress-strain curve,
corresponding to the elastic region limit.
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Figure 6: Typical example of a stress-strain < 2
curve determination by means of the “FANOS” >

software.

Moreover, the points (1) to (5°) of the stress-
strain curve in the plastic deformation region are
stepwise obtained from further calculations.

In a final stage of the applied “FANOS”
software, the stress-strain curve points in the
material plasticity region are determined, taking
into account the extracted hy,,, and h,.,, values,
as well as the Young’s modulus defined in a
previous calculation stage (see figure 7a).
“FANOS” software terminates with the
graphical presentation of the determined stress-
strain curve (see figure 7b). Comparing the
Young’s modulus calculated by means of the
“FANOS” algorithm to the corresponding one
obtained with the “SSCUBONI” algorithm, i.e.
610 and 620 GPa respectively (see figure 7c¢), it
is evident that there is a good agreement
between these two methods. On the other hand,
the Young’s modulus determined by means of
the analytical method [1,4,5] amounts to 494
GPa. The corresponding deviations from the
“FANOS” results are in all cases less than 19%.

FANOS algorithm was further applied to
determine the constitutive laws of various
coatings. Hereupon nanoindentations at various
indentation loads (3 up to 15 mN) were
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Figure 7: a: Stress and strain pairs determined
through the “FANOS” software. b: Coating
stress-strain curve calculated by means of the
“FANOS software. c: Deviations of the
calculated coating Young’s modulus according
to various methods.

conducted. The corresponding results for the
(TissAlgs)N coating [15] are presented in the
upper part of figure 8. Considering the h-F value
pairs, the coating Young’s modulus, its yield
strength as well as its plastic properties are
determined by means of both the “SSCUBONI”
and “FANOS” algorithms. The related results
agree well, as shown in the bottom part of the
same figure, demonstrating an adequate
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Figure 8: Nanoindentations at various
indentation loads and comparison of the stress-
strain pairs, determined for (TissAlss)N coating

by means of various methods.

convergence, with the deviation being less than
2%. In this case, the Young’s modulus
determined after [1,4,5] is close to the
previously mentioned values, with the
corresponding deviation from the “FANOS”
algorithm value, also less than 2%.

Further nanoindentations were conducted
on a CrAIN coating and the results extracted are
shown in the upper part of figure 9. The stress —
strain  curves determined through the
“SSCUBONI” and “FANOS” algorithms are
practically the same, which verifies again the
good agreement between the applied algorithms

CrAIN, t=3 pm, T,= 450°C, K05-K20
Figure 9: Nanoindentations at various
indentation loads and comparison of the stress-
strain pairs determined for CrAIN coating
through various methods.

in determining materials’ constitutive laws. A
comparison of the Young’s modulus calculated
after “SSCUBONI”, “FANOS” and [1.4,5]
procedures shows again a good agreement
between the obtained results, with deviations
relatively to “FANOS” less than 14%.

4. Conclusions
The “FANOS” software was developed, based

on results obtained with the aid of the
“SSCUBONI” algorithm. “FANOS” allows a
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fast and accurate evaluation of nanoindentation
results, by means of a working friendly
interface. The previously mentioned algorithms
were applied to determine coatings elastic-
plastic properties and a comparison between
extracted results, in three coating cases was
conducted. Both computational procedures share
almost the same results, as far as material stress-
strain curves are concerned. Comparing these
results to the calculated ones by means of
widely used analytical approximations of
experimental nanoindentation results after
[1,4,5], the Young’s modulus showed relatively
low deviations. In this way the “FANOS”
software is proved to be an efficient tool for the
determination of coatings stress-strain curves
based on nanoindentations.
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