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Abstract
Hybrid methods which combine the experimental results with FEM simulations are the most applicable methods to extract 
the plastic properties of thin-film coatings. In order to make such methods more applicable, they should be merged with the 
dimensional analysis approach. To make such solution more applicable, a method to reduce the number of dimensionless 
functions is proposed in order to consider the effect of the probable errors of each parameter. Due to the lack of proper criteria 
for determining the compliance of the analytical results with empirical data, it was necessary to provide an effective criterion. 
A complementary new algorithm named as Minimum Resultant Error Method (MREM) is also introduced, which combines 
the errors of both dimensionless functions. By this algorithm, the yield stress, strain hardening exponent and consequently 
the strain hardening coefficient are extracted in the form of unique measures. This approach is implemented by minimum 
empirical data obtained by a single indenter nanoindentation test results. The FEA simulation results are processed with the 
combination of the aforementioned modified dimensional analysis and MREM algorithms. Such procedure is undergone 
to calculate plastic properties of AM200®, TiN and TiAlN thin-film coatings. Some of the results, especially for AM200® 
coating, are developed for the first time. The results obtained by nonlinear solution of the modified dimensional analysis 
equations and MREM algorithm are compared with one another. The results of both approaches show very small difference 
to each other which approves that MREM approach is an effective replacement for nonlinear solution. The sensibility of the 
answer to the hardening exponent and the errors combining exponent are investigated.

Keywords  Nanoindentation · Hybrid method · Modified dimensional analysis · Minimum resultant error algorithm · Thin-
film coatings · Titanium-based coatings properties

1  Introduction

Titanium-based coatings are broadly used in industrial appli-
cations such as machine tools, aerospace, semiconductor 
technologies as well as some medical applications (Fang 
et al. 2004; Sun et al. 2015). Specifically, TiN and TiAlN 
coatings are among those have the widest application in 

cutting tools for the sake of their excellent characteristics 
such as high hardness and Young’s modulus, low friction 
(dos Santos et al. 2007), good corrosion resistance and high 
thermal conductivity (Piscanec et al. 2004). Recently, a new 
titanium-based type of machine tools coating with the regis-
tered mark AM200® has been presented. It is mentioned that 
its performance and properties are comparable with other 
titanium-based coatings (Allied Machine & Engineering Co. 
2018).

The main challenge in the coating applications was to 
create the exactly predefined mechanical properties which 
represent their actual performance. Difficulties in measuring 
the mechanical properties of thin films by classical methods 
have led to the use of indentation method in nanoscale. It 
has been widely used as a non-destructive test to estimate 
the material’s elastic–plastic properties such as Young’s 
modulus, yield stress, strain hardening coefficient (Patel and 
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Kalidindi 2016) and strain hardening exponent (Karimzadeh 
et al. 2014). Although nanoindentation method has attracted 
considerable attention in recent decades, extracting the mate-
rial properties by instrument measured data had serious limi-
tations emerged by difficulties appeared in effectively inter-
preting the results (Cheng and Cheng 1999). In this regard, 
extensive analytical and computational studies have been 
carried out to explain the contact mechanics and the shape 
deformation during the nanoindentation process (Oliver and 
Pharr 1992; Giannakopoulos et al. 1994). The main purpose 
of these studies was to extract the mechanical properties of 
the materials from the penetration force–depth curve (Dao 
et al. 2001; Giannakopoulos and Suresh 1999; Suresh et al. 
1997; Cheng and Cheng 2004). For instance, the hardness 
and modulus of elasticity can be obtained from the maxi-
mum loading force and the slope of unloading curve, respec-
tively, by the contribution of the proposed method of Oliver 
and Pharr (1992) and Doerner and Nix (1986).

After the early development of the nanoindentation pro-
cessing during 1990s, some methods have been devised to 
derive plastic properties. The foundation of all was relied on 
comparing the results of finite element simulation with the 
results of empirical tests. However, the elastic and plastic 
properties can be calculated using the procedure proposed 
by Giannakopoulos and Suresh (1999); the residual stress 
can be obtained by Suresh and Giannakopoulos method 
(1997). Dao et al. (2001) have succeeded to provide an ana-
lytical model that could be utilized to establish a relationship 
between mechanical properties and the results of nanoinden-
tation test. This method was fundamentally based on some 
experimental relations that make it too sensitive and dif-
ficult to converge. Furthermore, the empirical relations can 
be used to characterize the properties of specific materials 
when the under-study ones are exactly fit with the reference 
one. For the case of the coating materials, the composition 
and structure are not exactly defined and the size is not big 
enough to allow testing by the conventional methods. Thus, 
verification of the empirical relations with the real case is 
pretty difficult in the majority of cases and impossible yet 
for the rest. In consequence, Stauss et al. (2003) have used 
the reverse analysis method to obtain the elastic–plastic 
behavior of thin films, coatings and microelectromechani-
cal devices. By the same approach, Hong et al. (2016) used 
the same combination of nanoindentation results and an 
analytical material behavior model to obtain the power law 
equation parameters. As the basic difficulties of resolving 
this problem still remained, attempts have been continued 
by many researchers for a decade. The latest efforts are paid 
by Gupta et al. (2015) and Porwal et al. (2016) to resolve the 
problem with the contribution of sharp indenters test results.

Extensive investigations on the numerical methods have 
proved that the most appropriate and effective method is 
the dimensional analysis. The studies of Cheng and Cheng 

(1999, 2004) are among the first ones succeeded in imple-
menting the dimensional analysis method to extract the 
dimensionless parameters characterizing the nanoindenta-
tion process. One of the most important challenges in this 
case is the incompatibility of the finite element results with 
experimental results, especially in terms of the shape of the 
force–penetration curve. A number of researchers have tried 
to overcome this problem by creating a variety of test condi-
tions such as changes in the type of indenter. Among others, 
Heinrich et al. (2009) and Ma et al. (2012) have succeeded in 
developing a reverse algorithm based on FEM simulation for 
sharp indenters to acquire the mechanical properties. Conse-
quently, this algorithm has been used by a lot of researchers 
such as Antunes et al. (2007) and Lee et al. (2009) with 
some simplifications and further attempts to reach unique 
answers. Lin et al. (2008) applied the same combination of 
nanoindentation results and FEM to extract the coefficients 
of a bilinear equation by using conical indenter. It should be 
pointed out that most of the above-mentioned methods are 
established on the basis of iteration algorithms, and then 
used a large number of dimensionless parameters to reach 
a certain answer. Some difficulties have been arisen from 
the experimental and numerical inaccuracies (Antunes et al. 
2007), while the others had stemmed from non-uniqueness 
of the procedure (Challacoop et al. 2003).

The mechanical properties of TiN and TiAlN coatings 
have been investigated by a large number of researchers 
(Bazzaz et al. 2019a), whereas AM200® coating has no 
published background. In this paper, the mechanical proper-
ties of AM200® are scrutinized and compared to other most 
used coatings in cutting tools such as titanium-based coat-
ings. For this purpose, a new approach is proposed to extract 
the material plastic properties of thin films. Computation 
algorithm has been developed in such a way that unique 
values of material properties can be achieved by performing 
an acceptable amount of calculations. A hybrid method has 
been developed which combines the results of experimental 
data with the output of FEM simulation. For different mate-
rials, the FEA solution will be adapted with the output of 
the empirical nanoindentation test to assure that the obtained 
material properties from the new method are related to the 
specific material under test. This is the inherent dependency 
of the method to the type of material. Some simplified con-
ditions have been defined on the conventional dimensional 
analysis to form a modified dimensional analysis method 
(MDAM) so that the calculations are considerably reduced. 
Besides, a novel method named as Minimum Resultant Error 
Method (MREM) is proposed based on the minimization of 
a new defined combination of errors. The methodology for 
both algorithms has been proposed for one indentation curve 
acquired by one indenter type; therefore, the results are com-
pared with each other for the new case. Actually, the least 
data for this purpose have been taken into account in order 



199Iranian Journal of Science and Technology, Transactions of Mechanical Engineering (2021) 45:197–213	

1 3

to keep the indentation test data and numerical calculation as 
simple as possible (Wang et al. 2010). Several assumptions 
in simulating and minimizing the resultant error are applied 
and discussed, such as the sensibility of the method to, p 
exponent, variation of Young’s modulus and comparison 
of calculated and measured hardness. All of these studies 
are done on the results of the Minimum Resultant Error for 
the first time. The application of this method has already 
been verified for bulk materials by the authors (Bazzaz et al. 
2019b), but the new conditions emerged in thin-film coatings 
application require a new approach which will be presented 
here in more details.

2 � Modified Dimensional Analysis Method

Determining the dimensionless parameters that combine all 
parameters was the main aim of the conventional dimen-
sional analysis method. From different aspects of dimen-
sional analysis approach, only one parameter is defined for 
loading course of nanoindentation, and the other dimension-
less parameter(s) is defined for both unloading and loading 
courses. The reason for that is the total number of unknown 
parameters which are considered at least three parameters 
(Dao et al. 2001) including elastic modulus in most cases 
(Fischer-Cripps 2011; Cheng and Cheng 2004). For differ-
ent types of indenters, more than 3 parameters were usu-
ally defined (Heinrich et al. 2009). In the modified (simpli-
fied) aspect, the modulus of elasticity can be considered as 
a given parameter because it has been approved that this 
parameter can be calculated directly by a straightforward 
manner with high accuracy from the slope of the unloading 
force–depth curve (Oliver and Pharr 1992). Therefore, the 
remained two unknown parameters can be obtained by only 
two Buckingham-Π functions: one can be attained from the 
loading curve and the other can be taken from both the load-
ing and the unloading curves.

Such functions are almost obtained as the same for differ-
ent constitutive equations. The constitutive equation is con-
sidered in the typical power law form (Fischer-Cripps 2011), 
which is in good agreement with the actual σ − ε curves. As 
it was accepted by the majority of researchers, the power law 
formulation is successfully used to investigate the elasto-
plastic behavior of soft thin films on hard substrate, metallic 
thin films, hard thin films on soft substrate and elastic–plas-
tic film on an elastic–plastic substrate (Gupta et al. 2015). 
The choice of the power law model was supported by two 
facts. The first one was that it was much more effective than 
the bilinear model reported in literature. The second one 
was that in terms of effective prediction it was also superior 
than the same bilinear model that has been reported in the 
literature (Porwal et al. 2016). The general form of the power 

law constitutive equation can be featured out by a nonlinear 
stress–strain model as the following equation:

where σ and ε are stress and strain components, E is the 
elastic modulus, n is the power law exponent, σy is the yield 
stress and B is the strain hardening coefficient. To analyze 
the nanoindentation process, the above equation is used in 
FEM software such as ABAQUS, to numerically reproduce 
the indentation force–depth curve. The basis of the dimen-
sional analysis is the output results of nanoindentation test 
which are displayed as a P–h curve. This curve displays the 
dependence of the following parameters:

In which P is the penetration force, f is the function that 
defines the dependency on the other parameters, h is the 
penetration depth, v is Poisson’s ratio, and α is the indenter 
cone angle. In the present case, only single indenter results 
are used. Thus, the last two parameters are constant values 
and have no effect on dimensionless functions definition. 
According to dimensional analysis rules and Buckingham-Π 
theory, the dimensionless functions �1 = EahbP and 
�2 = EchdB relating all parameters to each other can be 
assumed, where a, b, c, and d are necessary exponents to 
adapt the dimensions of all parameters to each other. By 
implementing the rules of the dimensional analysis method, 
the following relations can be achieved:

The relation between above two dimensionless functions 
can be presented as: �1 = f1

(
�2, n, �, �

)
 , and the final rela-

tionship will become:

The relationship between F and h defines the final form 
of the above dimensionless function. Different researchers 
used vast types of indenters to illustrate this relationship and 
concluded the applicability of most of indenters to character-
ize the material properties. Giannakopoulos et al. (1994) and 
Antunes et al. (2006) have used Vikers indenter, Dao et al. 
(2001), Lin et al. (2008), Hong et al. (2016) and many others 
used sharp indentations by generally conical shape indent-
ers. Suresh et al. (1997) are among the first researchers who 
have studied spherical indenters, whereas Cao and Lu (2004) 
have extended Dao et al. methodology to spherical indenters. 
The correspondence of the experimental data to FEM results 
is a decisive factor to choose the indenter type. For conical 

(1)
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indenters where the parabolic relation is applicable, the 
method is more compatible with the assumption that is used 
in developing the dimensionless functions in dimensional 
analysis method. Kick’s law: F = Ch2 is the commonly used 
representation form of nanoindentation curves that was used 
by former researchers such as Dao et al. (2001) and Cheng 
and Cheng (2004) and the later ones (Hong et al. 2016; Lee 
et al. 2009). According to Kick’s law, C is the coefficient of 
the estimated parabolic function of the indentation curve: 
P = Ch2 , which can be calculated by best fit of nanoinden-
tation curves via any conventional numerical method, e.g., 
the least square method (Giannakopoulos et al. 1994; Dao 
et al. 2001; Zhaohui and Suresh 2003). When the data raised 
from the experimental test are compared with the perfect 
parabolic curve, the error of each point is: eP = Pi − Ch2

i
 

and the total sum of square values of the error e2
P
 for all the 

data in loading phase is: Sr =
∑n

i=1

�
Pi − Ch2

i

�2 . Minimiz-
ing the above square errors sum with respect to C results 
in the condition: dSr∕dC = 0 . Such minimization yields C 
coefficient as:

After obtaining the first dimensionless parameter, the 
other parameter will be derived by considering the unload-
ing curve. In the same way, as done before, a similar func-
tion for unloading curve can be developed. New function 
contains the maximum penetration depth,hmax as a new 
parameter which defines the beginning of the indentation 
curve in unloading course. Therefore, the dependence of the 
parameters is defined as: P = f

(
B,E, h, hmax, n, �, �

)
 . When 

the dimensional analysis rules are implemented on the above 
parameters, a new function Π3 = Eghihmax can be defined, 
in which g and i are the necessary exponents to reproduce 
the new dimensionless parameter. These exponents are cal-
culated so that the final form of above equation becomes: 
�3 = h∕hmax . Thus, the final relationship is written in the 
following form:

So, according to dimensional analysis rules, it can be seen 
that the above relation between dimensionless parameters 
can be reversed. By considering the boundary condition: 
h = hr at P = 0 in the end of unloading curve (Cheng and 
Cheng 1999), the last equation becomes:

The analysis can be arranged by considering only two 
dimensionless parameters �� and �� which are dependent 
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∑n
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Pih
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h4
i
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on B/E and n only. Also, the calculation of the total energy 
(in loading course) and plastic energy (considering loading 
and unloading courses) shows that a linear relationship holds 
between hr∕hmax and WP∕WT (Fischer-Cripps 2011) as have 
been shown for the first time by Loubet et al. in 1984 (Cheng 
and Cheng 2004). Besides, these two parameters can even be 
equal in general cases (Dao et al. 2001); hence, the last dimen-
sionless relation can be rewritten as:

In which WT ,WU , and WP are the energies of the loading 
phase, unloading phase and plastic deformation, respectively 
(Fig. 1). These parameters are obtained by numerical integra-
tion of the instant load, P, versus instant penetration, h, as 
follows:

Since solving nanoindentation problems in the classical 
way requires a lot of iterations and extensive amount of calcu-
lations, the conventional method can be replaced by a modified 
dimensional analysis method (MDAM) on the basis of only 
two dimensionless parameters. For this purpose, the following 
set of equations should be solved simultaneously:

(8)��
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Fig. 1   Force–penetration curves obtained by nanoindentation corre-
sponding with loading and unloading phases with creep effect. The 
energies are shown as swept areas under curves
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For each certain value of B, a relevant value of n can be 
found so that it satisfies each of the above set of equations 
separately. But, these two n values are rarely the same for 
both above equation sets. Fundamentally, the common pair 
of answers (B, n) between the groups of answers of the two 
above sets is the unique solution. This answer must achieve the 
requirements of the following equation system:

Since the curves created by the results of FEM analysis 
do not fit with the experimental curves in the majority of 
cases, two sets of equation systems (10) and (11) usually do 
not have common answer. If a correction equal to the aver-
age of errors in respect to experimental data is considered, 
the intersection will be reached in most cases. Although the 
amount of the error for each dimensionless parameter can be 
estimated by evaluation of the analysis results, its limit is still 
a big challenge for the analyzers. So, calculations based on 
dimensional analysis method in both ways: iteration-based and 
modified methods (MDAM), are very sensitive to any small 
errors appeared in experiments and data processing (Dao et al. 
2001; Cheng and Cheng 2004). Considering this, in spite of 
the fact that MDAM algorithm reduces the calculations con-
siderably, it is still not an easy way to predict the main material 
properties. In order to overcome such difficulties, an effective 
procedure is required to calculate the constitutive equation 
constants. Therefore, a new method on the basis of minimum 
error emerged with a hybrid method dealing with the fitment 
of FEM results to experimental data, is developed. Due to the 
combination of the errors of both parameters, a special cri-
terion is assumed to evaluate the errors. First, the errors in 
reference to experimental results are defined:

where e(C∕E) is the error of �� and e
(
WP∕WT

)
 is the error 

of �� functions. So, the subscripts and superscripts, exp 
and num denote the experimental and numerical results, 
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respectively. As a basis to the combination of the errors, 
Wang et al. (2010) have used the summation of the absolute 
values of all errors. This assumption seems to be a basic 
necessity, since the sign of the errors is not as important as 
the magnitude of them. As this condition is challenged by 
the results of many analytical cases, it seems that it is not a 
sufficient criterion to cover all cases. That is because it gives 
all errors an equivalent role in the total error. Instead of it, a 
proper criterion has to achieve this condition: to give more 
role to e(C/E) than e(WP/WT). To fulfil such assumption, a 
metric space sum of the errors is proposed:

The parameter erte is defined as the resultant total error. 
The exponent p is a natural number indicating the rank of 
metric combination, which can be determined through the 
minimization procedure of erte . The resultant error function 
is used as a unique criterion to evaluate the fitment of the 
FEM results to experimental data. The final unique set of 
the mechanical properties is relevant to the minimum value 
of above resultant total error, among all minimums obtained 
for each (B, n) set. This value is the infimum value of the 
combined errors and can be defined as:

w h e r e  t h e  Inf
(
erte(B, n)

)
 i s  d e f i n e d  a s : 

Min
(
Min

(
erte(n)|B = cte.

))
 . This procedure which is used 

in all over this paper is mentioned as MREM (Minimum 
Resultant Error Method). The new methodology is used to 
determine the material properties for all thin films even their 
specification and chemical composition are not well known. 
It should be pointed out that more than one minimum may be 
obtained over the entire parameters domains, which called 
local minima. Energy rules for initiation of plastic behavior 
state that the case with minimum energy level is the one 
that starts the plastic state. The procedure to implement the 
above approach is shown in the flowchart of Fig. 2.

3 � Nanoindentation Test

The samples are selected of spade drill tools manufactured 
by Allied Machine and Engineering Company (AMEC) 
(2018) as shown in Fig. 3. All coatings are deposited by 
CVD method on substrate of cobalt superalloy high-speed 
steel: M42. TiN and TiAlN coatings are well known and 
commonly used coatings, but AM200®, which is rarely 
studied before, is an exclusive trade mark product belong-
ing to AMEC. The coated cutting tools have undergone 
a nanoindentation test to obtain the P–h curve which is 
used to extract the material properties of thin films. The 

(15)erte =
[
|e(C∕E)|p + |||e

(
WP∕WT

)|||
p]1∕p

(16)(B, n) =
{
(B, n)|erte = Inf

(
erte(B, n)

)}
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nanoindentation test for all samples was carried out by an 
Anton Paar nanoindenter (NHT3 Type) working with depth 
sensing instruments and using Berkovich indenter. The sam-
ples surfaces were cleaned and slightly polished to a proper 
surface quality so that thin-film layer is not harmed. The 
record resolution for the force and depth is 0.01 µN and 

0.01 nm, respectively. Test procedure was conducted accord-
ing to ISO14577 (2002) and its equivalent ASTM E2546 
standard (2003).

As explained in details by the literature, the critical depth 
ratio (CDR) is an important criterion to evaluate the effect of 
the substrate on the properties of a thin-film coating. There 
is a strict dependency of CDR to proportional properties 
of the coating and substrate. Early studies of Lichinchi 
et al. (1998) illustrated that CDR ratio should be less than 
10–20% for soft thin films, while it should be less than 10% 
for hard thin films. Detailed investigation of Gupta et al. 
(2016) revealed that when the coating is relatively softer 
than the substrate, the variation of this ratio is as wide as 
10–40%. For the inverse relation, when the coating is rela-
tively harder than substrate, this ratio is changing to 5–20% 
range. To specify the applicable range for any specific coat-
ing, more investigation is necessary. For AM200® thin film 
which has material properties close to titanium-based coat-
ings, CDR can be considered as maximum as %11 (Kataria 
et al. 2012). One of the preferred ways to assess the effect 
of the substrate on the thin films is the study of the variation 
of the elastic modulus as a function of the indentation depth 
to film thickness ratio. For this purpose, the data obtained 
from nanoindentation tests with various penetration depths 
for AM200® are used to report the variation trend of elas-
tic modulus versus penetration depth. Figure 4a shows that 
elastic modulus with standard deviation of 3% has roughly 
the same values up to the ratio of 11% of penetration depth 
to film thickness. This result supports the conclusion made 
by Kataria et al. (2012) that the nanoindentation results of 
TiN thin films with penetration ratio lower than 11% are not 
affected by substrate.

Indentation force was adjusted to produce an indenta-
tion depth within the minimum acceptable limit of the film 
thickness (Cheng and Cheng 2004). In proportion to coat-
ing strength, the maximum force was set on 20, 80 and 120 
mN for TiAlN, AM200® and TiN, respectively. The test is 
repeated 5 times for each sample. The results of all indenta-
tions for AM200® coated cutting tool are shown in Fig. 4b. 
All curves feature out similar trend and limits of the data 
and have clear overlap, so that the reference indentation 
P–h curve can be obtained by the average of the in-range 
data as shown in Fig. 5. The resulted maximum penetration 
depth has reached 488, 308 and 398 nm for TiN, TiAlN and 
AM200® samples, respectively. The most important elastic 
property, the elastic modulus, is calculated from P–h curves 
(Oliver and Pharr 1992) as 504.4 GPa for AM200®, while 
it was 581 and 272.2 GPa for TiN and TiAlN, respectively. 
Using the same data, the loading curvature character, C, 
is calculated via polynomial second-order interpolation as 
539 GPa. So, by computing the areas falling under the load-
ing and unloading curves, the other dimensionless parameter 
WP/WT is obtained as 0.5218. The shape of the indentation 

Fig. 2   Flowchart of reverse algorithm based on modified dimensional 
analysis (MDAM) and minimum resultant error (MREM) methods

Fig. 3   Three samples of Spade drill blades coated by: a AM200®, b 
TiAlN and c) TiN
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curves revealed that there is no evidence of pop-in phenom-
enon, i.e., grain boundary slippage and buckling. This fact 
leads to the conclusion that the results of FEM analysis can 
replicate the actual behavior of the material. A little evi-
dence of creep behavior is observed in the end of the loading 
course (i.e., the holding course) which should be removed 
when the curves are compared with the simulation results.

Photography by SEM has been conducted to distinguish 
the scale of the metallurgical structure of the coating. To 
make better appearance on the sample surface and conse-
quently better detection of the material structure, a very thin 
layer of gold (about 10 nm) is deposited by PVD on the sam-
ple surface. The photograph of the sample surface in low and 
best quality regions, far from and near to the cutting edge, 

is shown in Fig. 6. Although topography of side surfaces 
displays non-compact structure with considerable porosity, 
the surface near cutting edges clearly demonstrates a rela-
tively dense and smooth structure without any sign of cracks 
and pores. Investigations reveal that the mean placket/phase 
size of AM200® is smaller than the size of triangle side of 
the indentation hole (~ 1500 nm). That is why, the tests that 
have been done under higher indentation forces and conse-
quent deeper penetrations provide more satisfactory results. 
Another achievement of the photography was to measure the 
thickness of the coating without need to prepare a section of 
the sample. By photography in 15° angle perpendicular to 
the sample surface, the thickness is calculated in the range 
of 5–6 µm. So, XRD analysis can give valuable information 
about the material of the thin film especially in AM200® 
case when the composition of the coating was not provided. 
The X-Ray Diffraction (XRD) test is done on the sample by a 
Philips PW1730 facility with Cu anode, 1.544 Å wave length 
and 30 mA/40 kV generator setting. The results reveal that 
the coating includes diversity of elements and compounds 
such as chromium, chromium nitride, titanium, titanium car-
bide and carbon. The phase diagram in Fig. 7 demonstrates 
many picks that represent crystalline structure of the coating 
and show no sign of amorphous phases.

4 � FEA Simulation of Nanoindentation

Since more realistic simulation assumptions affect the 
fitment of numerical results to experimental data sig-
nificantly, careful selection of the simulation parameters 
plays a key role in the accuracy of the output data. The 
basic FEM model has been created using commonly well-
known ABAQUS software. The main part of the model 
is fabricated of the substrate, thin film, and the indenter. 

Fig. 4   a Variation of elastic modulus versus the ratio of penetration depth to film thickness with 3% standard deviation and b results of 5 inden-
tations for AM200® coating on cutting tool steel substrate

Fig. 5   Experimental results of nanoindentation measurement on TiN, 
TiAlN (Bazzaz et al. 2019a) and AM200® thin-film coatings on M42 
cutting tool steel
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The whole model is prepared as a cylinder with a cone 
that demonstrates the sample and the indenter, respec-
tively. Since all model sections that pass through the axis 
of the cylinder behave completely similar to each other, 
the assumption of asymmetry is completely applicable. 
That’s why this condition is assumed by the majority of the 
researchers (Patel and Kalidindi 2016; Cheng et al. 2002; 
Bobzin et al. 2007), although 3D models were employed 
in a few research works (Dao et al. 2001; Kang et al. 2012; 
Antunes et al. 2006).

The refinement of the mesh plays a key role in the con-
vergence of the results and lowers the simulation errors, 
especially when the element’s minimum size is compara-
ble with the penetration depth. Therefore, the meshing of 
the material should be refined in such a way that ensures 
the convergence of the solution. Since the coating thin film 
has a very little comparative thickness (5 µm), there should 
be enough elements to allow proper demonstration of the 
material behavior. A combination of triangle and rectangle 
axisymmetric elements is used to model the layered material 
so that the size change of the elements can be managed in 
minimum area. The elements in the vicinity of the indenter 
tip should be refined more due to the high expected stress 
gradients. For the present work, a rectangle of 1 mm × 1 mm 
is meshed and refined as seen in Fig. 8.

As a reliable assumption, Berkovich indenter model was 
considered as a perfect cone with semi apical angle of 70.3° 
in the axisymmetric model which has the same projected 
area to depth function as the standard Berkovich indenter 
(Lichinchi et al. 1998). The indenter is usually defined as 
a perfectly rigid body, meaning that the deformation of 
the indenter tip is neglected. Although deformable indent-
ers have been modeled in some studies (Malzbender 2002; 
Sakharova et al. 2009), there was no evidence of significant 
difference in the output results when it is compared to the 
FE models with a rigid indenter (Karimzadeh et al. 2014). 
From the view of the analysis method, it is completely pos-
sible to consider the tip of the indenter as a perfectly sharp 
cone, but the results are significantly different when the tip 
radius changes. Extensive numerical calculations for a lot of 
cases have revealed that a slight tip curvature is necessary 
for more realistic FEM results. Former studies of the authors 
indicate that a tip radius close to the penetration depth gives 
more correspondent results comparing with experimental 
data (Bazzaz et al. 2019b).

Fig. 6   Topography of AM200® coating surface in: a Side of spade 
drill, b near the cutting edge, and c on the cutting edge

Fig. 7   Spectrum diagram of phase distribution respect to 2 × Theta 
of X-Ray beam position which show a vast of picks and crystalline 
phases
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The friction between the indenter and the substrate sur-
face is assumed to be zero by most researchers (Lichinchi 
et al. 1998; Duodu et al. 2016), especially when the mate-
rial is pretty hard. Regarding the determination of material 
properties, which is mostly about obtaining the load–dis-
placement curves, the influence of contact friction during 
the indentation is limited (Wen et al. 2017). On the other 
hand, frictionless assumption in ABAQUS solver makes a 
constraint on the mating surfaces of the indenter and sub-
strate, which prevents them separating from each other when 
it is necessary. Therefore, the friction between the indenter 
and the sample surfaces has been taken into account in the 
majority of the studies (Vaidyanathan et al. 2001; Li et al. 
2013). In this study, the friction coefficient is considered as 
0.4, in the average range of variation of most titanium-based 
coatings.

Contact surfaces are regarded as sliding surfaces con-
structed by contact elements so that the indenter outside 
surface is the master and the upper face of the sample is the 
slave. The contact direction is then defined from the indenter 
surface toward the sample due to the fact that the master is 
a rigid body and only its surface can penetrate into the slave 
body (Lichinchi et al. 1998; ABAQUS 6.14 2014; Duodu 
et al. 2016).

The boundary condition of the nodes in the bottom sur-
face is usually defined as full constrained along with and 
perpendicular to the direction of symmetry axis. All nodes 
on the rotation axis are automatically defined as fixed in the 

direction perpendicular to the penetration force. The loading 
and unloading conditions of the indentation process can be 
applied using load control or displacement control regimes 
which are both allowed by software options. The displace-
ment control is selected, since it gives direct control over 
the indentation scale (micro-indentation or nanoindenta-
tion). The total indentation depth will be divided into several 
increments depending on the stability of the analysis. At 
each depth increment, many iterations are managed by the 
software according to a specified convergence rate to reach 
an adequate accuracy (Lichinchi et al. 1998; ABAQUS 6.14 
2014; Duodu et al. 2016).

5 � Material Behavior

The materials of the test samples are assumed to be homoge-
neous and isotropic all over the present study. The substrate 
is considered as a full elastic material due to the fact that the 
maximum stress in the substrate is lower than the yield stress 
of HSS M42 material. In this case, full elastic assumption 
does not lead to any different results compared to the elastic 
perfectly plastic assumption. The chemical composition of 
HSS M42 is noticed according to the commonly used ASM 
reference (1989) according to Table 1.

The mechanical properties of AM200®, TiN and TiAlN 
thin-film coatings are the required output of the analysis, 
which are considered as the result of implementing the 

Fig. 8   Final mesh refinement 
of the coated sample including 
indenter penetration zone, thin 
film, substrate and indenter
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reverse algorithm. For the indenter, when it is assumed 
as a rigid body, there is no necessity to consider its char-
acteristics in the model, but the mechanical properties of 
the diamond should be assumed to calculate the equivalent 
modulus of elasticity. In the elastic zone, the main coatings 
characteristic is the elastic modulus which can be obtained 
from the commonly used relation with the following com-
posite formulation:

In which Er is the effective modulus of elasticity, while 
Ef and Ei are thin film and indenter elastic modulus, respec-
tively. So, �i is the indenter and �f  is the thin-film Poisson’s 
ratios. When the indenter material is considered almost 
rigid, its modulus of elasticity tends to infinity, thus the 
adapted Young’s modulus Er

f
 can be calculated from the fol-

lowing relation:

According to previous studies on titanium nitride 
nanoindentation experimental data, where Ef  = 581 GPa 
and � = 0.25 , and when the mechanical properties of the 
diamond, Ei = 1141 GPa and v = 0.07, are assumed for the 
indenter, the modulus of elasticity for rigid indenter is 
obtained as 377 GPa. Similarly, the calculation is repeated 
for AM200® and TiAlN-coated samples. The Poisson’s ratio 
of AM200® is considered 0.23 as the same as the mean val-
ues of TiSiN, which probably contains similar elements. 
Table 2 shows the elastic mechanical properties of above 
three types of coatings by considering the assumptions of 
deformable and rigid indenters.

(17)Er =

⎡⎢⎢⎢⎣

Ef Ei

Ef

�
1 − �2

i

�
+ Ei

�
1 − �2

f

�
⎤⎥⎥⎥⎦

(18)Er
f
= (1 − �2)Er

For the plastic zone of thin-film coating, the power 
law constitutive equation is considered in most studies. 
As mentioned by Gupta et  al. (2015) and Porwal et  al. 
(2016), the main reason of this issue is that it is the most 
applicable rule to demonstrate plastic behavior for most 
materials, especially metals (Wen et al. 2017). With the 
assumption of zero interception, as shown in Fig. 9, power 
law relation can be demonstrated in the form of Eq. (1). 
In case the general form of Johnson–Cook equation, 
𝜎 = (A + B𝜀n)(1 + C ln 𝜀̇∗)(1 − T∗m) is used to demonstrate 
the plastic state behavior (ABAQUS 6.14 2014); yield stress 
should be placed instead of A (Stopel and Skibicki 2016). 
The other conditions, when strain rate and temperature 
change are absent, can be specified as: B ≠ 0,C = 0, T∗ = 0 . 
Hence, the final relation is reduced to:

Table 1   Chemical composition 
of tool steel HSS M42

Carbon Silicon Chromium Vanadium Tungsten Molybdenum Cobalt

1.1 0.4 3.88 1.15 1.5 9.5 8.25

Table 2   Calculation of Young’s Modulus for the coating film based on the experimental data with both deformable and rigid indenter assump-
tion

Indenter flexibility Sample identification Ei(GPa) indenter 
Young’s modulus

Er(GPa) effective 
Young’s modulus

� coating Pois-
son’s ratio

�i indenter 
Poisson’s ratio

Ef (GPa) coat-
ing Young’s 
modulus

Deformable AM200® 1141 363.7 0.23 0.07 504.4
Rigid AM200® ∞ 363.7 0.23 0 344.4
Deformable TiN 1141 402.3 0.25 0.07 581
Rigid TiN ∞ 402.3 0.25 0 377
Deformable TiAlN 1141 227.3 0.2 0.07 272.2
Rigid TiAlN ∞ 227.3 0.2 0 218.2

Fig. 9   Schematic representation of the stress–strain diagram for elas-
tic–plastic behavior in the power law general form with zero intercept 
and the sensibility to strain hardening exponent
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6 � The Modified Dimensional Analysis 
Algorithm

The MDAM algorithm can be used as a strong mean to 
achieve the main plastic properties. For the bulk and coated 
materials, this procedure was successfully examined and 
frequently applied by the authors (Bazzaz et al. 2019a, b). 
The plastic characteristics of TiN and TiAlN coatings are 
obtained from the previous studies of the authors. In this 
paper, the same procedure is applied to determine the plastic 
properties of AM200® coating and the results are compared 
with similar data of TiN and TiAlN coatings. At first, FEM 
simulation should be undergone to obtain the results for full 
coverage of the parameters domains. Thus, the search is pos-
sible to be done for the minimum resultant error. Since B 
and �y are dependent to each other, �y∕E is considered as 
the main parameter instead of B/E.

The entire analysis is carried out with the assump-
tions of: 2D axisymmetric model, friction coefficient 0.4, 
rigid indenter and tip radius 400 nm. Elastic modulus is 
extracted from the experimental P–h curve and relation 
(20) as E = 344.4 GPa (for rigid indenter), while the power 
law constitutive equation parameters are used to simulate 
the elastic–plastic behavior. Comprehensive investigations 
illustrate that yield stress is usually below the limit 0.01E 
which is a proper start point for the analysis, while the strain 
hardening exponent is considered from 0 up to 0.5 for most 
of metals. For other metals, there is an effective way to reach 
the limits of the yield stress. That is to select the arbitrary 
yield stress and use FEA simulation so that Pmax values are 
obtained in the domain including experimental Pmax value. 
Yield stresses providing P–h curves totally above or under-
neath the P–h experimental curve are out of order. This pro-
cedure is completely independent from the material type 
and only depends on the variation trend of the experimental 
data. The method is more adaptable to materials that gener-
ate experimental curves near parabolic shape or the curves 
follow Kick’s law.

As per the reverse method chart in Fig. 2, the calculations 
are carried out to find the infimum of the resultant error. Fol-
lowing to each simulation run with determinate values of the 
yield stress and hardening exponent, the individual errors of 
dimensionless parameters and the resultant errors are calcu-
lated. This procedure allows us to search the conditions that 
generate the absolute minimum resultant error. The calcula-
tion is repeated 49 times for the entire probable answer zone. 
A sample of a set of results, for σy = 4250 MPa and a varia-
tion of n up to 0.5, are introduced as a series of P–h curves in 

(19)� = B

[
�n +

(
�y

E

)n] Fig. 10. With each set of data, the dimensionless parameters 
are �� and �� ; thus, the resultant error can be calculated. 
It is clearly observed that the values of these parameters can 
be more and less than the experimental measures. That is 
why, a minimum error compared to experimental data can 
be achieved.

Repeating the simulation for different �y and n (and 
consequently B) results in the variation of dimensionless 
parameters �� and �� . A group of curves for the variations 
of �� and �� with respect to plastic characteristics (i.e., 
yield stress and hardening exponent) are shown in Fig. 11a, 
b. Although the curves are almost linear in this case, they 
generally have nonlinear and nonregular form. In general, 
investigations on the variations of the dimensionless func-
tions show that the minimum amount of both of them is 
unlikely to be achieved in certain yield stress and harden-
ing exponent, simultaneously. However, the inverse trend of 
the variation of the parameters implies that a unique value 
may exist to fulfil the requirement of minimum error for 
both of them. The simultaneous solution of Eqs. (10) and 
(12) requires that the intersection of above set of lines with 
experimental limit be obtained. Such Lucas of intersections 
performs a curve for each parameter, as drawn in Fig. 12. 
Eventually, the intersection of aforementioned curves is 
determined to find the unique answer of the nonlinear set 
of Eqs. (12). The final result is: �y = 4200 (MPa), n = 0.47 
and B = 33,533 (MPa).

7 � Minimum Resultant Error Algorithm

The application of MDAM approach brings about effective 
results when the variations of the dimensionless param-
eters are almost linear and the fitment of the simulation 
results to experimental data is almost perfect. To avoid 

Fig. 10   A series of P–h curves resulted from FEM analysis for 
AM200® coating with σy=4500 MPa and 025 ≤ n ≤ 0.5
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such limitations, a new approach is proposed that combines 
MDAM to the resultant error of both dimensionless param-
eters. A combination of �� and �� errors with respect to 
experimental reference values is mainly used to search the 
answer. Such errors that are resulted from Eqs. (13) and (14) 
can be demonstrated versus the hardening exponent, n, and 
the yield stress, Y, as shown in Fig. 13a–e.

Figure  13a–e clearly shows that the minimums of 
both parameters do not happen in the same point. This 
is the main reason that a combination of the errors with 
minimum values should be defined. For this purpose, the 
resultant error for each simulation result is calculated 
according to the relation (17). The exponent, p, can sig-
nificantly affect the resultant errors, which makes it pos-
sible to assess the sensibility to this parameter. Moreo-
ver, a meaningful relationship is concluded between the 
variation of each resultant error and its components. Such 

bilateral relationship can be demonstrated by the curves 
of Fig. 14a, b. Regardless how much p exponent is, both 
parameters tend to their minimum values when the value 
of the resultant error tends to zero. But at the same time 
the variation trend of both of them do not have the same 
direction.

For the present case, the resultant errors with p = 1, 
2, 3 and 4 are calculated over all the parameters domain 
at the vicinity of the probable answer region, i.e., 
�y ≤ 0.01E and 0.25 ≤ n ≤ 0.5. The results which have 
more apparent difference (i.e., p = 1, 2, 3 and p = 4) are 
shown in Fig. 15a–d as 3D diagrams. Each 3D diagram 
involves a zone in which the resultant error values are abso-
lutely minimum. In this case, the limited zone between 
�y = 4000 − 4500 and n = 0.45 − 0.5 is the rock bottom 
area. The main finding is that the zone of minimum result-
ant errors is independent from p although the amount of 
the error is evidently decreased. To find the characteristics 
that generate the absolute minimum value, the minimum 
resultant error values for each certain yield strength is deter-
mined. Such values which outline the minimum path of all 
values in 3D diagram are shown in Fig. 16. It is obviously 
seen that there is an absolute minimum of resultant error 
in this minimum path, whatever the value of p exponent 
is. The best fit point is related to �y∕E = 0.0085 where the 
resultant error is very close to zero (0.2%). Other plastic 
characteristics can be obtained as: �y = 4280 MPa, n = 0.47 
and B = 33,658 MPa. Comparing these results with those 
of MDAM approach shows very little difference, about %2 
for yield stress and no significant difference for B and n. 
That is what can be considered as one of the best accuracy 
tolerances in mechanical properties measurement, even in 
macro-scale. The mentioned properties are almost the same 
as Inconel 718 alloy which is commonly used in cutting tools 
(Parida 2018).

Fig. 11   Variation of dimensionless functions versus hardening exponent, n, for constant yield stress resulted from FEM analysis for AM200® 
coating. Experimental data for a C/E and b WP/WT and the intersections with above lines are demonstrated

Fig. 12   The Locus of intersection points of experimental and simu-
lation results for C/E and WP/WT parameters. The intersection of the 
lines represents the plastic characteristics of the coating
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The summary of the results illustrates that the infimum 
resultant error reaches %0.19, whereas both correspond-
ing individual dimensionless parameters errors are below 
%0.12 (as listed in Table 3). This level of error is generally 
excellent for numerical methods. Diagrams of dimensionless 
functions in Fig. 13c show this situation, where both func-
tions have nearly zero error values at the same conditions. 
Comparison of the errors with previous cases reveals that 

high improvement in approach toward the exact solution is 
happened. The plastic characteristics as the output results 
of the combined method are listed in Table 4. Applying 
the algorithms of MDAM and MREM provides very close 
results to each other so that the maximum error for yield 
stress is 1.9% and for strain hardening coefficient is 0.3%. 
Strain hardening exponent is obtained the same from both 
approaches.

Fig. 13   The Locus of intersec-
tion points of experimental and 
simulation results for C/E and 
WP/WT parameters. The inter-
section of the lines represents 
the plastic characteristics of the 
coating

Fig. 14   Variation of the minimum resultant error path versus a C/E and b WP/WT for p = 1, 2, 3 and 4
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Fig. 15   Variation of the resultant error versus hardening exponent and yield stress for AM200® coated sample for p = 1, 2, 3 and 4

Fig. 16   Minimum path of the 
resultant errors versus the ratio 
of yield strength to elastic 
modulus as a result from full 
range simulations. The resultant 
error exponent; p varies from 
1 to 4
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As a result of comprehensive investigations, the yield 
stress of AM200® coating is much higher than TiAlN, but 
it is lower than TiN. Regarding the hardening exponent, n, 
AM200® has much higher value than others which causes 
higher hardening strength for this coating, nearly the same 
as TiN, in spite of the fact that the elastic modulus and yield 
strength are lower than TiN. This can be clearly observed by 
comparing the stress–strain diagrams of the different coat-
ings as shown in Fig. 17.

8 � Conclusion

As the main achievement of this study, the difficulties born 
by complication of the conventional dimensional analysis 
were overcome by implying some simplifications included in 
the MDAM algorithm. Reducing the dimensionless param-
eters to two parameters was the main modification. Holis-
tically, dimensional analysis methodology was faced with 
some obstacles in determining the acceptable level of devia-
tions. To solve this problem, another criterion for the error 
assessment was defined so that the errors of both dimen-
sionless parameters can be combined in one measure. Such 
criterion can be used as an effective mean to obtain a unique 
yield stress and hardening exponent. This approach (denoted 
by MREM) was founded to enable the user to calculate the 
plastic phase properties by using only one P–h curve com-
ing out of one indenter type. From the previous work of the 
authors, it was concluded that using the proposed combined 
algorithm of MDAM and MREM can provide applicable 
results for bulk materials. In this research work, the same 
procedure is used for the coating materials and the following 
results are achieved:

Table 3   Summary of output data of dimensionless parameters errors 
and resultant error obtained by FEA simulation for AM200®, TiN and 
TiAlN samples

a According to reference (Bazzaz et al. 2019a)

Coating C∕E C∕E error 
(%)

WP∕WT WP∕WT error 
(%)

Resultant 
error (%)

AM200® 1.0689 − 0.084 0.52183 0.1155 0.199
TiN1 0.8483 − 2.42 0.5467 − 3.34 4.1
TiAlNa 0.9517 − 0.47 0.6704 − 0.013 0.47

Table 4   Summary of 
calculation output data of the 
constitutive equation in elastic 
and plastic for Ti, AM200®, 
TiN and TiAlN samples

a According to reference (Bazzaz et al. 2019b)
b According to reference (Bazzaz et al. 2019a)

Coating Calculation method Young’s modu-
lus E(GPa)

Yield Stress 
�y (MPa)

Hardening 
exponent, n

Hardening coef-
ficient B (MPa)

Tia MREM 130 487 1 21,000
AM200® MDAM 504.4 4200 0.47 33,533
AM200® MREM 504.4 4280 0.47 33,658
TiNb MREM 581 4800 0.4 27,600
TiAlNb MREM 272.2 2193 0.25 6940

Fig. 17   Stress–Strain diagram 
for AM200®, TiN and TiAlN 
according to calculated power 
law parameters
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•	 It is approved that the proposed hybrid method in con-
nection with the modified dimensional analysis provides 
applicable results when the simulation output is in a good 
agreement with experimental data.

•	 Combined MDAM and MREM algorithm is completely 
applicable for layered materials. The results show less 
than %2 error respect to the application of MDAM 
approach alone.

•	 The assumptions of the axisymmetric model, rigid 
indenter, friction between mating faces and round tip 
indenter are applicable. The results approved that the 
above-mentioned assumptions are effective in replicat-
ing the experimental results.

•	 The coefficients of Johnson–cook equation are obtained 
for AM200® successfully. The same coefficients were 
previously extracted and verified for TiN and TiAlN by 
the authors. Comparison of the results figures out that the 
plastic strength of AM200® is much higher than TiAlN, 
but it is a little lower than TiN. This result is in good 
agreement with the information about the specification 
of these types of coatings.

•	 Sensibility investigation of the results to different expo-
nential combination of the errors reveals that the answer 
is independent from the rank of exponent, p, but the level 
of resultant error is significantly affected. Therefore, 
assuming p = 2 provides acceptable results with less than 
%0.2 resultant error.
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