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In this study, the numerical analysis of instrumented indentation testing was combined with the
experimental procedure to evaluate the mechanical properties and thickness of a titanium nitride (7iN)
film deposited on titanium substrate (7i) by plasma processing. TiN film thickness is an important
parameter for the surface treatment industry. In numerical analysis, the finite elements method (FEM)
was applied using Marc™ commercial software. Initially, the mechanical properties of the film and
substrate were determined using a numerical-experimental methodology, combining the results of
indentation testing with a Berkovich indenter and the same numerical simulation for both the film and
substrate. Next, the behavior of instrumented Vickers hardness as a function of maximum indenter
penetration depth (, ) was compared with the numerical results of this hardness as a function of the
ratio between penetration depth and film thickness (%, /f). Both curves were fitted using power law
equations, which calculated film thickness applying a new convergence algorithm. Finally, it also was
shown that the film thickness obtained agrees with the experimental range reported in the literature.
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1. Introduction

Over the past few decades, instrumented indentation testing
has become a technique capable of assessing mechanical
properties such as surface hardness (H), Young’s modulus
(E) and, more recently, the mechanical stress behavior curve
as a function of the strain of different materials, especially
thin films."” However, implementing this technique to assess
mechanical properties and results continues to divide the
scientific community. These doubts are more significant
with respect to assessing the mechanical behavior of thin
films applied to metallic substrates. Due to these limitations,
the use of a numerical tool capable of simulating indentation
load, stress and strain behavior during the indentation cycle
may result in a more reliable interpretation of these tests. For
this reason, numerous studies have been conducted using
discrete models to study the behavior of different classes of
materials by applying the indentation test, mainly to obtain
mechanical properties.'*"

Systems composed of thin films produced by plasma
nitrating have been widely used in industry to improve the
mechanical and tribological properties of materials such as
titanium nitride deposited on titanium (7iN/Ti) substrate.
According to the literature, the thickness of 7iN film deposited
by plasma processing on titanium substrate depends on several
factors, including temperature, deposition time, controlled
atmosphere, etc. In order words, depending on plasma
processing, these systems (7iN/Ti) exhibit different thicknesses
and, consequently, different surface hardness.**' In 2009,
Godoy et al studied the behavior of this surface hardness
as a function of indentation load in four different samples:
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steel, a system composed of plasma-nitride steel, a system
consisting of chromium nitride (CrN) film deposited on
steel substrate and a duplex system composed of CrN film
deposited on plasma-nitride steel substrate (Figure 1).
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Figure 1. (a) Hardness and (b) final penetration depth data

from nanoindentation measurements carried out as a function

of applied force.?


https://orcid.org/0000-0001-8974-5137
https://orcid.org/0000-0002-9301-9346

2 Dias et al.

These authors also found that hardness was obtained at low
penetration depths solely for the film.*> On the other hand,
for high penetration depths, hardness in a film/substrate
system was similar only for substrate. In other words, in
the aforementioned system, the effects of its mechanical
properties tend to establish a relationship between maximum
penetration depth (&, ) and film thickness (z).%7 19202224

The present study applied the finite elements method
(FEM) in order to assess the indentation test in a system
composed of 7iN film deposited on titanium substrate.
These simulations, aimed at assessing 7iN film thickness by
simulating Vickers indentation testing, combining numerical
analysis and the experimental behavior of the hardness curve
as a function of indentation depth, allowed us to meet our
objective. In order to make this new numerical-experimental
methodology viable, the procedure developed by Dias and
Godoy (2010), which involves a number of Berkovich
indentation tests, followed by a numerical methodology,
was used to determine the mechanical properties of the film/
substrate system (7iN/7Ti) under study.* Once these properties
were obtained, a new numerical algorithm was developed
to determine the thickness of the film.

2. Materials and Methods

Numerical analysis was conducted using commercial
Finite Elements software (Marc™ 2017).% Discrete models
were used to reproduce the contact between two different
indenters (Berkovich and Vickers) and the sample under
analysis. These indenters were modeled as a rigid plate with
a triangular and square base, respectively.* 26 Samples
were modeled using three-dimensional eight-node brick
elements, as shown in Figure 2. In these analyses, the pile-up
and sink-in defects were disregarded, as well as the friction
between the indenter and the sample. * %1727 To establish
the boundary and geometric conditions of the problem,
simplifications were considered to reduce the processing
time of these numerical models, as described in the literature
and illustrated in Figure 2.4

@ (b)
Figure 2. [llustrations of numerical mesh with isoparametric brick
elements (a) for the Vickers model with % symmetry; and (b) for
the Berkovich model with % symmetry.
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The samples studied (77 substrate and the 7iN/Ti system)
were modeled as isotropic, homogeneous materials with
elastoplastic behavior, described in the literature as the
classical expression for strain hardening materials that
follows Hollomon’s power law relationship.* 7! The
elastoplastic behavior was rewritten as per Equation (1),
and the expression used in the finite elements program
(Marc™ 2017).% In this equation, ¢ and ¢ are effective stress
and strain, respectively, £ the elastic modulus, K a constant
that describes the hardening characteristics of the material,
and n the hardening coefficient.!”1%26-27

_ [ Ee* (elastic phase)

o= { Ke" (plastic phase) M

In order to identify the mechanical properties defined in
Equation 1, an experimental stage was performed followed
by numerical simulation of the indentation test in samples
of the substrate (77) and the film/substrate system (7iN/T7).
Instrumented indentation tests were conducted with a
Berkovich penetrator in samples of titanium and the 7iN/Ti
system. The aim of these tests was to determine the mechanical
properties of both the film (7iN) and substrate (77), using
the methodology developed by Dias and Godoy (2010).*

Next, the experimental results obtained by Braz et al
(2012) were incorporated into the present study.”® These
authors carried out instrumented indentation tests with a
Vickers penetrator in samples of a similar 7iN/Ti system,
obtaining a surface Vickers hardness curve (H,) as a
function of maximum penetration depth (2 ) (Figure 3).%
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Figure 3. Experimental results for instrumented Vickers hardness
as a function of 4, _for the 7i/TiN system.®”

They determined hardness by considering the true contact
area (A4c) for the Vickers indenter (Equation 2).%* 8 In this
expression, P is the indentation load, and H, the instrumented
Vickers hardness.
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A statistical analysis program was used to obtain the
experimental instrumented Vickers hardness curve as a
function of penetration depth (%, ), Figure 3. An exponential

power curve was generated as per Equation 3, constants 4,
A, b, b,and H,, being the coefficients of this expression."

HW:A167ﬁ+A2€7%+HNU (3)

After the mechanical properties of the film/substrate
were obtained and validated, the Vickers indentation test
was simulated in a sample of the 7iN/Ti system. Since
film thickness was unknown, different meshes of varying
film thickness were prepared, as illustrated in Table 1.
In the present study, film thickness was between 100 nm and
8,000 nm, a wider range than that suggested in the literature
for TiN films deposited on 77 substrate.” 202130

Table 1. Different meshes used during the simulation of instrumented
Vickers hardness for the 7iN/7i system.

Film thickness (nm) Number of elements

Substrate (77) Film (7iN)
100 6,750 840
150 6,750 630
200 6,750 840
300 6,750 1,050
400 6,750 1,260
600 6,642 2,104
800 6,642 2,204
1,000 6,642 2.208
1,200 6,642 2,838
1,400 6,642 3,254
1,600 6,642 4,308
2,000 6,642 5,362
2,600 6,642 5,354
4,000 11,475 8,100
8,000 19,575 16,200

From a numerical standpoint, and not knowing film
thickness, a different procedure from that applied in the
experimental analysis was performed by simulating this
test using varying penetration depths in the samples, with
thicknesses described in Table 1. Liborio et a/ (2017)
also adopted this easy-to-execute numerical procedure.”
Thus, Vickers surface hardness behavior (Equation 1), as
a function of the ratio between penetration depth and film
thickness (%, /f), was obtained numerically. That is, for each
simulated penetration depth, the numerical Vickers hardness
curve as a function of the ratio (%, /f) was determined, as
depicted in Equation 3.

Next, by equalizing the expression of the experimental curve
(H,,xh, )with that of the numerical curve (H,,x & /f), film
thickness became the only remaining unknown variable (%).

However, an algorithm was needed to obtain the convergence
of this equalization procedure between the numerical and
experimental curve. Despite the different convergent algorithms
found in the literature, such as the Newton-Raphson method, none
ensure convergence or rapid execution.*! Thus, considering the
existence of a likely range for the film thickness under study, it
was decided to estimate an initial penetration depth value (/,)
that would guarantee surface hardness with a value derived
from both the film and substrate. Next, using this estimated
h,, it was calculated the surface hardness of the system from
the experimental curve (Figure 3). Surface hardness, in turn,
was used to estimate film thickness (¢,), based on the H,, x h /t
numerical curve obtained. A similar procedure was repeated to
obtain a second film thickness (¢,). An algorithm based on the
secant algorithm method was used to determine the percentage
difference between the estimated values, as shown in Equation 4.3!
In this expression, a maximum difference of 2% between
t ,and ¢ was adopted as convergence parameter. Estimated
penetration depth was added in the direction of convergence
until film thickness within the limit of Equation 4 was obtained.

Figure 4 illustrates the flowchart of the methodology
proposed to assess 7iN film thickness using a combination of
experimental Vickers instrumented testing and the numerical
simulation of the same test.
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Figure 4. The flowchart used to combine numerical and experimental
indentation procedures to determine 7iN film thickness.



4 Dias et al.

According to the literature, the thickness range of a 7iV
film deposited by similar plasma processing on titanium
substrate can vary between 200 nm and 2,500 nm.* 202!
3% Thus, in the present study, a first penetration depth of
1,000 nm was estimated to obtain experimental hardness,
as well as the first numerical hardness curve as a function
of the i/t ratio to found the first film thickness estimate
(¢,), according to the flowchart in Figure 4. Due to the non-
existence of references for the second penetration depth
estimate, the 1,200 nm and 800 nm values were tested. Film
1200 and shallower (h,) depth
were obtained, and the difference in ¢, was determined, using

thicknesses for a greater (A

Equation 4. The lowest percentage difference between them
would be considered ¢,. It would also indicate the direction
for the ensuing increases to reach the percentage difference
established in the convergence test (2%).

3. Results and Discussion

The results of the experimental instrumented Vickers
hardness behavior curve as a function of penetration depth
for the TiN/Ti system (Figure 3) were analyzed by a statistical
program.” As previously discussed, this curve varies from
the surface hardness of the film, converging to the surface
hardness of the substrate. Table 2 shows the constants for this
hardness curve as a function of penetration depth (Figure 3),
according to Equation 3.

Table 2. Exponential power curve parameters for experimental
hardness behavior as a function of penetration depth.

Constants A b A b H

1 1 2 2 )2

Values 9.83 12226 1.69 1,566.89 1.56

Equation 5 reproduces the exponential curve behavior
of Equation 3 with the parameters shown in Table 2. This
expression also demonstrates that the experimental surface
hardness obtained varies from that of shallow penetration
depths (around 13 GPa), that is, film hardness to substrate
hardness for great penetration depths (around 1.56 GPa).
The values obtained in Equation 5 were compatible with
the range of experimental hardness values of both 7iN
films and 7i substrate.” 2! In contrast to the conclusion
drawn by Liborio et al (2017), the H,,
film hardness for great indenter penetration depths, that is,

constant represents

the estimate of this curve for surface substrate hardness."”

Table 3 shows the mechanical properties used in the
numerical simulation, where the modulus of elasticity (£),
Poisson’s ratio (v) and yield limit of 7i (c,) were found in the
literature."* The yield limit of the film (7iN), as well as K
and n values for the film and substrate, were obtained from
the combination of the experimental result of the Berkovich
and numerical tests, in accordance with the methodology
developed by Dias and Godoy (2010).*
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Hy = 9.83¢ 5 + 1.69¢ 555 + 1.56GPa, (5)

Table 3. Mechanical properties of 7i and TiN."3

Material K (MPa) n o,(MPa)  E(GPa) v
Ti 849.28*  0.012* 799.5 120 0.3
TiN 28,115.66*%  0.42% 6,441%* 200 0.3

*obtained by combining the experimental Berkovich test with
numerical simulations (Dias and Godoy 2010).*

Table 4 shows a comparison between the results of the
experimental Berkovich indentation test for the 7i substrate and
the respective numerical values. The experimental procedure
involved five to seven tests for each load value selected
on the machine, the final result being the mean maximum
penetration values (/) and maximum indentation load
(P.,). The maximum penetration depth values (%, ) used
in the numerical simulations were similar to the mean values
found in the respective experimental tests. The differences
between experimental (Pexp) and numerical values (P, ) for
maximum indentation load show that the numerical simulation
reproduced the overall behavior of Berkovich testing.

Table 4. Comparisons between experimental and numerical results
of Berkovich testing.

h, (nm)  hau(nm)  Py(mN) P (mN) Load error
817 817 26.3 24.0 9.5%
1,540 1,548 76.7 77.0 0.4%
2,170 2,154 126.7 132.7 4.7%
4,090 4,115 507.3 518.0 2.1%

The comparison between the experimental and numerical
values of Berkovich indentation testing was not used for 7iN
film, given that film thickness was unknown. However, using
the expanding cavity model for strain hardening material that
follows Hollomon’s power law relationship, Gao et al (2006)
developed different relationships between Vickers hardness
(H,),yield strength (), the strain-hardening exponent (r), and
Young’s modulus (E).** The Vickers hardness calculated from
the Gao et al. (2006) formulations was then compared with
the values obtained here.** Applying Equation 6, for elastic
power-law hardening materials, obtained an estimated Vickers
hardness of TiN film and Ti steel substrate (Table 3) of 17.38
GPa and 2.47 GPa respectively, using their mechanical
properties. In this expression, o is the half-included angle
of the cone equivalent to the Vickers indenter. ' The film
(7iN) and substrate (77) hardness calculated from Equation 6
were very close to previously shown Vickers hardness values.
However, these differences could be explained by the fact that
Vickers hardness estimated by Equation 6 did not use the true
contact area or because Gao et al (2006) formulations are
more accurate when applied to bulk materials.'*33
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Figure 5 shows the numerical instrumented Vickers hardness
behavior curve as a function of the ratio between depth and
penetration film thickness (%, /#) for the system under study
(TiN/Ti). As described in Methodology, this first numerical
curve considered the 1,000 nm maximum penetration depth.
Table 5 shows the constant values of this numerical curve.
Equation 7 rewrote the behavior of the Equation 3 power law
curve with the parameters shown in Table 5.
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Figure 5. Numerical results for Vickers indentation hardness as
a function of & /I for the 7i/TiN system considering a 1,000 nm
penetration depth.

Table 5. Exponential power curve parameters for numerical hardness
behavior as a function of ratio hmm/t.
Constants A b A 5 bz H, h
0 max

1 1
6.77 042 073 280 136 1,000 nm

Values

The behavior of this numerical hardness curve is qualitatively
compatible with the experimental behavior shown in Figure 3.
For example, the numerical result shows that the hardness
obtained for high penetration depths (high %, /¢ ratio) was
around 1.36 GPa (substrate hardness). This value was close
to the experimental surface hardness value of the substrate
obtained by Equation 5 (1.56 GPa).

Considering the stages described in the flowchart
of Figure 4, after the numerical curve of H,, x 1 /t
(Figure 5) was obtained for a penetration depth of 1,000
nm, an experimental hardness value of 2.47 GPa was
determined by Equation 5 for 2= 1,000 nm. This surface
hardness value was applied to the expression of the
numerical curve described in Figure 5, resulting in a
film thickness estimate of 978.3 nm (¢,). As described
earlier, the same procedure was applied to two other
penetration depths [(800 nm (/) and 1,200 nm (4, ,,)].
Table 6 shows the estimated surface hardness and film
thickness results for these three penetration depths. The
lowest percentage difference was between 978.3 nm and
1,112.2nm (12%), with the latter considered ¢,.

Table 6. Comparison between numerical hardness obtained from
initial penetration depth estimates.

Numerical power law curve Penetration depth

parameters (Equation 3)

800 mm 1,000 nm 1,200 nm

4, 0.75019  6.77274  1.19470

b, 1245042 042195  1.84644

A4, 6.87972  0.73123  6.62984

b, 046992 279706  0.35447

i~ 1.00618 136140  1.37881

Numerical H,, (GPa) 2.602 2470 2.361

Numerical film thickness (nm)  837.31 97830  1,112.22
Error 21.189% 14411% 12.041%

Next, a penetration depth of 1,400 nm was used until
a difference of less than 2% was achieved, according to
the convergence test of Equation 4. Table 7 shows the
results obtained for estimated penetration depth using
the numerical-experimental algorithm developed in the
present study. Finally, the estimated film thickness of the
system analyzed was around 1,292 nm, which is within
expected values for a similar system investigated by
different authors.® 192130

Unfortunately, it was impossible to determine the
experimental film thickness of the system under study due to
the need for specific instruments and costly, time-consuming
tests such as scanning electron microscopy (SEM) and atomic
force microscopy (AFM)."

Table 7. Determination of film thickness using the convergence criterion described in the flow chart of Figure 4.

Numerical results Penetration depth
1,000 nm 1,200 nm 1,400 nm 1,450 nm 1,475 nm
H1v (GPa) 2.47 2.36 227 225 223
Film thickness (rm) 978.30 1,112.22 1,225.22 1,272.14 1,291.63
Error 14.411% 12.041% 9.223% 3.688% 1.509%
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4. Conclusions

The numerical model developed here adequately
represents the general behavior of the different indentation
tests. Moreover, the results obtained for the mechanical
properties of the film (7iN) and substrate (77) confirmed
the effectiveness of the methodology proposed by Dias and
Godoy (2010), reproducing the mechanical behavior of these
materials in the simulation of Berkovich indentation testing.*

The algorithm proposed to determine the convergence of
the numerical and experimental curves proved to be an easy
procedure. The technique adopted to estimate film thickness
by combining the results of experimental (Figure 3) and
numerical (Figure 5) indentation hardness tests produced a
film (7iN) thickness within the range of values recommended
by the literature. This procedure proved to be a low-cost
methodology to determine the thickness of plasma-processed
TiN films on metallic substrates, when compared to experimental
procedures such as scanning electron microscopy (SEM)
and atomic force microscopy (AFM).

In order to improve this methodology in future research,
it is suggested that the experimental numerical behavior of
Berkovich hardness be compared, given that this experimental
testing was conducted a priori to determine the mechanical
properties of the 7TiN/Ti system required for numerical simulation.
Finally, the numerical model could be enhanced by simulating
extremely thin, multilayered films and incorporating the
analysis of anisotropic and non-homogeneous films into
these studies.
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