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Abstract:Thin films and layers are widely used in many engineering fields.  The material properties such as tribological, strength 
and surface characteristic of the construction elements can be improved by thin film coating. In order to assess the material property 
improvement, it is important to have reliable technique to determine the mechanical characteristics of thin films. The nano-
indentation technique is a versatile nondestructive test which is recently applied for such a purpose. Using the results from numerical 
simulations of nanoindentation test combined with experimental data it is possible to extract mechanical characteristics of thin films 
like hardness, elastic modulus, constitutive parameters in inelastic material models, stress and strain filed distribution at the layer 
interfaces. The present paper presents a finite element model for simulating nanoindentation tests employing the commercial finite 
element code ANSYS WB. The results of the numerical simulation of the nanoindentation test on a particular system of a substrate 
and a film are presented and discussed.   
Keywords: mechanical characterization, thin film, nanoindentation, finite element method 
 

1. Introduction  
 

Within the last twenty years the nanoindentation technique 
is rapidly gaining attention as a useful experimental tool in the 
field of thin film mechanics [1-3]. Nanoindentation is mainly 
used for mechanical properties characterization in a small local 
area of the sample. Vary often this technique is considered as a 
non-destructive (NDT) because it requires small volume 
samples that can be taken without destructing the investigated 
constructive element and it can be applied to small parts without 
disrupting their structure and functionality by allowing 
indentation depths of size less than 200 nm (ISO 14577-1[5]). 
It is well accepted that using the nanoindentation technique and 
in particular the unloading part of the force-displacement data 
the elastic mechanical parameters of variety of bulk materials 
can be determined. However, for a system of a film and a 
substrate the elastic response is influenced from the elastic 
characteristics of both the film and the substrate. That is why 
results of nanonindentation test on coated specimens even at 
shallow depth should be interpreted under scrutiny and 
considering the influence of the substrate on the apparent 
mechanical characteristics of the coating layer. In most cases it 
is accepted that to minimize the effect of the substrate stiffness 
on the measured load-displacement curve, the film thickness 
should be at least ten times larger than the indenter penetration 
depth [4], which may be impractical for thin coatings, where 
thickness is generally below 1 μm and the interpretation of the 
contact area between the indenter tip and the sample is prone to 
significant uncertainty. 

The indentation curve (load-displacement curve) is obtained 
by recording continuously the indentation load versus 
displacement representing the depth of penetration of the 
indenter during the indentation program. Commonly, the  

 
 

indentation program consists of the following steps – loading, 
holding period at maximum load and unloading up to certain 
prescribed load level. Indentation modulus and hardness can be 
estimated using the unloading part of the indentation curve and 
knowing the shape of the indenter tip after its calibration against 
data for a reference bulk material whose mechanical properties 
are obtain by different experimental method. 

The theory behind the commonly applied methods for 
evaluating nanoindentation data has its restriction to linear 
elastic case and does not consider the initial structure state and 
the residual stresses. Recently, numerical simulations of the 
nanoindentation experiment that employ the finite element 
method (FEM) for solving the corresponding mathematical 
problem have been used to assess the mechanical properties of 
thin film coating and bulk materials both in elastic and plastic 
strain regions [7, 8]. This hybrid numerical –experimental 
approach gives the opportunity to obtain not only the hardness 
and the elastic modulus of the investigated material but also the 
stress and strain fields distribution beneath the indenter tip and 
to back calculate the mechanical model parameters of the whole 
system, e.g. of the film and the substrate separately.    
 
2. Indentation modulus and indentation hardness  
 

Oliver and Pharr [6] proposed calculation technique for 
determination of indentation hardness and indentation modulus 
of a sample based on the measured force-displacement curve. 
The first parameter in the calculation stream is the contact 

stiffness S . Stiffness is the relationship between force and 
displacement increments when the indenter just begins to 
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withdraw from the material. At this point the material response 
is considered entirely elastic. For the unloading segment, the 

dependence of P on h  is given according to [6] by following 
approximation:  ( ) ( )mfhhhP −=α ,                                     (1) 

where fh is the depth of the residual impression after the probe 

has been fully withdrawn from the sample (Figure 3). In 

equation (1) m , fh  and α are best fit constants. Once m , 

fh  and α  are determined after differentiating both sides of 

equation (1) with respect to displacement h  and finding the 

value of the resulting expression at maxh  we end with: 

 ( ) 1
max

max

−−== m
f

h

hhm
dh

dP
S α               (2) 

The contact depth ch  can be calculated by sc hhh −= . 

The value of ch  depends on the exact shape of the indenter and 

material response to the indentation; ‘sink-in’ and ‘pile-up’ 

around the indenter also affect the value of ch . The 

characteristics of the deflection of the sample surface sh  is 

calculated as 
S

P
hs λ= . For pyramidal, conical and spherical 

indenters 75.0=λ . Then the contact depth is calculated from 

S

P
hhc 75.0−= . This expression for the contact depth 

allows determining the contact area from the load-displacement 
history and there is no need of optical measuring or imaging the 
residual impression. This also distinguishes the nanoindentation 
tests evaluation from traditional hardness tests. 

 

 
Figure 1. Typical load-displacement curve showing measured 
and derived parameters [5] 
 

Using the calculated contact depth, it is possible to 

determine the projected contact area, ( )cc hA . The projected 

contact area ( )cc hA  is calculated from knowledge of the 

geometry of the indenter and the stiffness of the contact. For 
Berkovich indenter when considered as an ideal a three-sides 

pyramid the area function is given as ( ) 25.24 ccc hhA = . 

Due to the rounding of the indenter tip and possible other 
imperfections the contact area may be corrected with additional 

term and one more fitting parameter C: ( ) cccc ChhhA += 25.24 . The fitting parameter C is 

derived by regular calibration of the contact area against 
nanoindentation data for a reference bulk material and thus it 
takes into account also the tip wearing over the time.  

 

 
Figure 2. Schematic view of indentation process showing the 
displacements occurring during indenter tip penetration [5] 
 

The indentation modulus ITE , is calculated as  

( ) 1
2

2 12
1

−





 −−−=

indenter

indehterc
sampleIT E

A

S
E

ν
πν     (3) 

where indenterE  and indenterν   are material properties of the 

indenter. The calculation of the indentation modulus requires 
knowledge of the sample Poisson's ratio. Indentation hardness 

ITH  is defined as the ratio of the maximum load to the contact 

area at that load:  

( )(max)

max

cc
IT hA

P
H =                                          (4) 

 
3. Mathematical model of nanoindentation considering the 
residual stress in the film 
 

We assume that the system of a substrate and a film is 
subjected to nanoindentation and this system is characterized by 
an existence of residual stresses in the film.  

In our case the process of nanoindenter penetration into and 
separation from the specimen is simulated as a contact problem. 
It is evident from the experiment that the deformation caused by 
the indenter is concentrated in a small area around the indenter. 
For that reason a boundary value problem is defined in a 
cylindrical domain around the indenter’s tip with sufficiently 
large radius compared to the size of the resulting imprint. The 
radius is chosen such that the deformation due to the indenter 
tip penetration vanishes at the lateral and the bottom boundaries 
of the considered cylindrical domain.   

The problem can be simplified by substituting the geometry 
of three-sided diamond pyramid ( in our case it is a tip of 
Berkovich type with centreline-to-face angle 65.3º) with a 
conical indenter with half-angle of 70.3º [9]. In addition, it is 
assumed that the materials composing the substrate and the film 
are isotropic. Therefore, the problem can be considered as an 
axisymmetric one. The material model used in the present work 
both for the substrate and the film is elastic-plastic with linear 
or nonlinear hardening. Von Mises criterion for plasticity with 
isotropic hardening is used to model the plastic behaviour of the 
materials composing the sample. This model is chosen as it 
describes well the mechanical behaviour of a wide group of 
metals and alloys. In the numerical model of the contact 
problem the deformable body is composed by a substrate and a 
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layer (thin film). Concluding, the boundary value problem for 
the numerical simulation is defined under the following 
assumptions: 
• The indentation process is quasistatic; 
• The deformable axisymmetric specimen is composed 
by isotropic linear elastic–plastic with linear or nonlinear 
hardening substrate and layer/thin film; 
• The indenter is modelled as a rigid body due to the 
fact that in our case the indenter is a diamond pyramid whose 
hardness and stiffness are very high, e.g. the elastic modulus is 
1.07 GPa; 
• Full adhesion between the film and the substrate is 
assumed; 
• The friction forces in the contact area are neglected; 
Thus, the equation of motion of the deformable body reads: 

0, =jijσ ,                                                        (5)   

where ijσ  is the Cauchy stress tensor.  

The total strain tensor ijε  is a sum of the elastic strain tensor 

e
ijε  and the plastic strain tensor 

p
ijε : 

p
ij

e
ijij εεε +=                                             (6) 

The elastic strain is related to the stress through the linear 
isotropic Hooke’s law: 

ijklkl
N

N
ij

N

Ne
ij EE

δδσνδνε
3

211 −++= ,                        (7) 

where EN is the Young modulus and Nν  is the Poisson ratio of 

the N-th particular material. 
Following the von Mises criterion plastic deformations 

occur in a point when the stress state satisfied the following 
condition: ( ) ( ) 0)(

2

3
, 2 =−≡ pN

pijij

p

ij ssF εσεσ                          (8) 

where ijs  is deviator of the stresses and 
pε  is the equivalent 

plastic strain. The flow stress 
N
pσ of the N-th material depends 

on the accumulated plastic strain. If the initial yield stress is 
exceeded the material starts to show plastic yielding. The 

evolution of 
N
pσ during plastic deformation is given by: ( ) ( ) p

N
N
p

pN
p K εσεσ += 2.0

,                                    (9) 

where KN is the strength coefficient. 
The accumulated equivalent plastic strain is given by: 

dt
t

p
ij

p
ij

p ∫=
0 3

2 εεε                                        (10) 

According to the associated plastic flow rule the plastic strain 
rate is given by 

ij

p
ij

F

σλε ∂
∂=                                                  (11) 

where λ  is the plastic multiplier. 
In the finite element model, the residual stresses are 

prescribed in the integration point of the finite elements that 
belong to the film domain only. 
 
3.1 Boundary conditions 
 

In our case study the 2D axisymmetric problem in the Oxy 
coordinate system is considered with axis of symmetry along y-
direction. Along the axis of symmetry, the displacement in x 
direction is set to zero thus no lateral displacements are allowed 
to preserve the axisymmetric formulation.   

The displacements on the model bottom are fixed in both 
directions. The contact between indenter and sample is 
frictionless. The load applied to the indenter can be defined via 
displacement (displacement control) or via force (force control). 
During the simulation the load is applied following the 
conventional indentation program, that means we have active 
loading and unloading steps that are ramped according to the 
particular loading program used in the considered 
nanoindenation tests. 
 
4. Numerical example 
 
The commercial finite element code ANSYS is used for this 
numerical example. In ANSYS WB the contact pair model is 
first defined. The master-(indenter) and slave (deformable 
sample) body are identified. The friction between master and 
slave body is neglected. Also the indenter tip is assumed to be 
initially in contact (point contact) with the sample (slave body). 
The simulation is performed under large strain condition.   
 
4.1 Geometry of the numerical model 
 

A geometry of the numerical model represents a system of 4 
layers. The geometry is prescribed with defined coordinates on 
points at the corners of each of the layers. 

 
Figure 4. Geometry defined using ANASYS DM 

 
Figure 5. Boundary conditions defined using ANASYS WB 
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Figure 6. Load-displacement curve obtained as a result of 
numerical simulation using ANASYS WB 
 
 

 
Figure 7. Equivalent-plastic strain field distribution around the 
indenter tip at the end of unloading step  
 

 
 
Figure 8. Equivalent Stress field distribution around the 
indenter tip at the end of loading step  
 
Discussion and conclusions 
 
The finite element simulation allows better understanding of the 
deformation phenomenon during the penetration (Figures 7 and 
8) of the indenter tip even at small scales and allows to obtained 
numerically the load displacement curve (Figure 6) that can be 

further compared with the experimental data. In case of thin 
coatings, extracting mechanical properties and identification of 
parameters in the material model from nanoindentation 
experiment and FEM simulation can be done successful using 
the results from numerical simulation and applying back 
analysis to the experimental data. This approach is more 
perspective for multilayer and graded coatings that nowadays 
have many applications. 
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