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INTRODUCTION

Metallic thin fi lms layers are commonly used 
in many advanced technologies including, for ex-
ample, nanoelectronics [1, 2], photovoltaic [3, 4], 
and energy storing [5, 6]. In each application, the 
mechanical properties of thin layers are important 
for the operation and life of the devices. Moreover, 
the mechanical properties of thin fi lms are aff ected 
by the type of materials [7, 8, 9], their roughness 
[9÷11], structure and structural defects [12÷17].

A commonly used method for testing the 
properties of thin layers of materials is nanoin-
dentation. The indentation allows you to study 
the mechanical reaction of the material to the 
load of the indenter. This reaction is directly re-
lated to the structural properties of the analysed 
layer and is the result of changes caused by the 
action of the indenter. Moreover, nanoindenta-
tion gives an insight into the beginning of plastic 
deformation. During loading, the material under 

the indenter tip initially deforms elastically. 
Transitions to the plastic regime are often asso-
ciated with a decrease in the force-depth curve, 
which may be associated with the nucleation of 
dislocations in the system [19÷22].

The vast majority of simulation studies on the 
infl uence of indentation parameters on substrate 
deformation use molecular dynamics simulations 
for this purpose. Often, molecular dynamics (MD) 
simulation was applied to track the deformation 
dynamics, identify the defects structure and re-
veal the deformation mechanism in nanoscale 
polycrystals materials [15, 21÷29]. For example, 
Kelchner et al. using molecular dynamics simula-
tion found that the plastic yield may be connected 
with the homogeneous nucleation of dislocation 
loops in pure Au. This result was confi rmed by 
many other simulations and models [23, 30÷33]. 
Some of these simulations give a some look into 
the process of homogeneous dislocation during 
nucleation process, suggesting existence some 
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undetectable dislocation activity [33, 34]. This 
activity may precedes the first drop. Authors sug-
gest that it is a heterogeneous process connected 
with activation of dislocation. This process is 
probably too subtle to detect experimentally. A 
new look at this phenomenon resulted in the use 
of an electron microscope to observe the indenta-
tion process. Minor and co-workers [35, 36] have 
pioneered the development of a hybrid technique 
incorporating a nanoindenter into a transmission 
electron microscope. They observed the initiation 
of dislocation activity and the interaction of the 
dislocation structure with grain boundaries. They 
showed that the first dislocation activity corre-
sponded closely with a significant discontinuity 
in the force-depth curve. Moreover, some works 
shown that the first drop in force-depth curve is 
thermally activated [37, 38]. Typically, the leads 
of the indentation process at higher temperatures 
allows the reduction of the load required to initi-
ate yield. This suggest that deformation mecha-
nism is a thermally activated and that the first 
drop in force-depth curves may be associated 
with a heterogeneous process [36, 39].

In this work, we study correlation between 
structure and evolution of dislocation in Cu sys-
tems during nanoindentation with different rates. 
To investigate the structure in the systems, the 
dislocation extraction analysis (DXA) and an 
adaptive version of the common neighbour analy-
sis (CNA) methods were applied [40, 41]. The 
Basinski, Duesberry, and Taylor (BDT) atomic 
stress definition was used to determine stress in 
simulated systems.

SIMULATION METHOD

In order to perform the MD simulation of the 
nanoindentation process of Cu films we use the 
fifth-order predictor-corrector method implement-
ed in our own original program. The indentation 
process of these systems are evaluated by using 
MD simulation based on the embedded atom 
method (EAM) and Morse potential. The EAM is 
suitable for studying structure, defects and grain 
boundaries in metallic systems and processes [28]. 
The interactions between copper are described by 
EAM potential [42], where the total energy E is 
calculated according the following expression:
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where Fi(ρi) represents the embedding energy 
and f(rij) is the electron density function. The 
two-body potential between atoms i and j separat-
ed by distance rij is represented by ϕij and ρi is the 
local electron density at site i. The electron den-
sity (ρi) at site i derived from all atoms in system. 
While, the interaction carbon-carbon and copper-
carbon atoms in these studies uses Morse’s poten-
tial. The Morse potential energy function can be 
described as:
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where Dij denotes the cohesion energy, αij denotes 
a constant parameter taken for the bulk modulus 
of the material, rij is the distance between atoms, 
and r0 is equal to the distance at equilibrium. In 
our calculations, the following Morse potential pa-
rameters were used: DC-C = 2.420 eV, DC-Cu = 0.100 
eV, αC-C = 0.2555 nm-1, αC-Cu = 0.1700 nm-1, r0,C-C 
= 0.2522 nm, and r0,C-Cu = 0.2200 nm [39, 40, 41].

The schematic model of the indentation pro-
cess is presented in Figure 1. The indented layer 
of metal in model is divided into an unmovable 
substrate and movable layers called thermal. The 
substrate was six monolayers thick. Whereas, 
thermal layer had a thickness of 30 monolayers 
(about 10 nm). In the substrate the atoms can-
not change their position. Whereas, the atoms in 
the thermal layers can move during simulation 
process. Both layers have a FCC regular crystal 
with bulk crystal lattice constants equal to aCu = 
0.362 nm and have (001) plane parallel to surface 
of sample. The simulation box is a cuboid with 
the size of 14.84×14.84×15 nm along the x, y, z 
directions. In all simulations, the periodic bound-
ary conditions were used in the x and y directions. 
Whereas, non-periodic boundary conditions is 
imposed in the z direction. To avoid escaping 
atoms from the simulation box, a reflecting wall 
was placed at top of system. Before the indenta-
tion process, the structure of the Cu layers was 
optimized using the conjugate gradient algorithm 
and the Fletcher-Reeves formula. Next, the sys-
tem was shortly relaxed for 5 ps by periodical 
velocity rescaling. The temperature of the system 
was kept constant and equal to 300 K. The simu-
lation time step was Δt = 5 fs. 

Due to the hardness of the diamond indenter 
is much higher compared to Cu film, so the in-
denter was treated as rigid body and is started at 
0.2 nm above the sample’s surface. In our simu-
lation we used the spherical indenter (2.8 nm in 
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diameter). The spherical indenter with a diameter 
of 2.8 nm was used in the study. The experimen-
tally used indenters end with a sphere. From a 
physical point of view, it makes no sense to in-
dent deeper than half the diameter of the spheri-
cal indenter. Therefore, the maximum indentation 
depth was set to 1.4 nm. In the literature, nanoin-
dentation speeds are found in the range from 1 
m/s to 200 m/s. As demonstrated in [46], veloci-
ties of 100 m/s and higher suppresses dislocation 
nucleation almost entirely become useless in the 
study of plastic effects with simulation methods. 
However, in the range of 10–50 m/s, the length 
of the dislocations shows a maximum for 20 m/s. 
Therefore, the indentation speeds in the range of 
20 to 80 m/s is used in our simulations. 

For analyze and visualization of the structure 
during and post indentation process, open visu-
alization tool (OVITO) were adopted [40]. The 
atomic stress (BDT) in systems was calculated 
using the following expression [47]:

𝐸𝐸𝐸𝐸 = �𝐹𝐹𝐹𝐹𝑖𝑖𝑖𝑖(𝜌𝜌𝜌𝜌𝑖𝑖𝑖𝑖)
𝑖𝑖𝑖𝑖

+
1
2

� 𝜙𝜙𝜙𝜙𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖),  𝜌𝜌𝜌𝜌𝑖𝑖𝑖𝑖 =
𝑖𝑖𝑖𝑖,𝑖𝑖𝑖𝑖(𝑖𝑖𝑖𝑖≠𝑖𝑖𝑖𝑖)

�𝑓𝑓𝑓𝑓(𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖)
𝑖𝑖𝑖𝑖

 

 
 

𝑈𝑈𝑈𝑈 = � 𝐷𝐷𝐷𝐷𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
𝑖𝑖𝑖𝑖,𝑖𝑖𝑖𝑖(𝑖𝑖𝑖𝑖≠𝑖𝑖𝑖𝑖)

�𝑒𝑒𝑒𝑒−2𝛼𝛼𝛼𝛼𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖�𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖−𝑟𝑟𝑟𝑟0� − 2𝑒𝑒𝑒𝑒−𝛼𝛼𝛼𝛼𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖�𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖−𝑟𝑟𝑟𝑟0�� 

 

𝑠𝑠𝑠𝑠𝑖𝑖𝑖𝑖 =
1
𝑉𝑉𝑉𝑉𝑖𝑖𝑖𝑖
�𝑚𝑚𝑚𝑚𝑖𝑖𝑖𝑖𝑣⃗𝑣𝑣𝑣𝑖𝑖𝑖𝑖⨂𝑣⃗𝑣𝑣𝑣𝑖𝑖𝑖𝑖 +

1
2
�𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

𝑁𝑁𝑁𝑁

𝑖𝑖𝑖𝑖≠𝑖𝑖𝑖𝑖

⨂𝑓𝑓𝑓𝑓𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖� 

 

(3)

where mi, v⃗i, and Vi represents the mass, velocity, 
and the volume of the atom i, respectively. The 
vector r⃗ij = r⃗i − r⃗j denotes distance vector of at-
oms i and j, and f⃗ij is the interatomic force. The 
total number atoms in the domain is marked by 
N and ⊗ represents the tensor product of two 
vectors. The stress tensor elements are used to 
calculate stresses in the x, y and z directions. 
The average normal stress, sN, is calculated as 

sN = (sxx + syy + szz)/3, where sxx , syy , szz are 
stress components of the stress tensor s.

RESULTS AND DISCUSSION

The indentation force as a function of depth 
for indentation rates in the range of 20 m/s to 
80 m/s, is shown in Figure 2. For all presented 
curves, one can observe a linear dependence on 
the indentation depth at the beginning processes. 
The linear relationship of the initial stage of in-
dentation indicates the response of the sample is 
elastic. The slope of the linear part is almost the 
same for all the rates. The constant of the slope at 
the elastic stage suggests that the elastic modu-
lus does not changes with the change of indenta-
tion rates. The maximum value of the force-depth 
curve increases with the growth of the indenta-
tion rate. Moreover, we observed a characteristic 
displacement force maximum toward to greater 
depth with the increase of the indentation rate. 

In paper [21], in molecular dynamics simula-
tion of nanoindentation on crystal copper, a dif-
ferent of force-depth evolution was also observed 
at the early stage of indentation after the elastic 
range. This kind of behavior was predicted in the 
analytical model taking into account nucleation, 
multiplication, annihilation and immobilization 
of dislocation around the indenter contact surface 
[22]. The change in the force development trend 
which occurs during nanoindentation is common-
ly associated with the start of plastic deformation 
processes such as dislocations and nucleation. A 
low indentation rate promotes more homogenous 

Fig. 1. Schematic model for molecular dynamic simulation
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nucleation and propagation of lattice dislocations 
in the nanotwinned single crystalline than those 
of higher indentation rates [19].

On the one hand, at higher indentation rate, 
there is not enough time to relax the local stress. 
On the other, the higher indentation rates provide 
a higher energy and produce a higher density of 
dislocation, which is often observed experimen-
tally [48]. The indenter immersed in the tested 
material supplies energy to the crystal lattice. The 
amount of energy supplied depends on the rate 
of indentation. This energy can affect nanoscale 
plasticity mechanisms and thermal softening 
processes acting beneath the indenter, leading to 
the variation of the nanomechanical response of 
materials. We observe similar system behavior 
by comparing different indenter velocities and its 
impact on created dislocations (see Fig. 3). 

The changes of average stress in the system 
are shown in Figure 4. The inset in Figure 4a 
shows the time-dependence of the stress occur-
ring in the system. In Figure 4b the characteristic 
stress dependence was presented with the marked 
regions. In all cases, we observe a complicate 
evolution of stress changes. With increasing the 
depth of indentation, we observe only compres-
sive stresses (labelled by region I). Initially, the 
whole system has residual compressive stresses 
that evolve as the rate and depth of indentation 
increases. As the rate of indentation increases, 
the compressive stress increases linearly, reach-
ing a maximum value for a certain depth of in-
dentation. With an increased the load rate, the 

Fig. 2. Indentation force as a function of indentation depth for different rates 
of indentation. The indentation rate varies from 20 m/s to 80 m/s

Fig. 3. Snapshots of dislocation evolution during nanoin-
dentation of Cu for V = 20 m/s at depth (a) h = 0.4 nm, (b) 
h = 0.62 nm, (c) h = 0.73 nm, (d) h = 1 nm, (e) h = 1.4 nm, 
and for V = 40 m/s, respectively. The colors indicate dislo-
cation types obtained from DXA analysis and are marked 
as follows: green-Shockley, blue-Perfect and red-Stair rod
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value maximum shifts towards a deeper indenta-
tion depth and it goes to lower values of stress. 
The reduction of maximum stress is the result of 
transferring more kinetic energy into the system 
by a faster-moving indenter. The supplied energy 
is used for the nucleation of defects in the sys-
tem, causing a reduction of stress. This observa-
tion is confirmed by the absence of dislocations 
in the system (see Fig. 5). It can be seen that the 
response of the system to the operation of the in-
denter occurs at the same time for different in-
dentation rates (see inset in Fig. 4a). The initial 
linear change of stress in the compressive direc-
tion is associated with the elastic deformation of 
the crystal lattice of the system. As the indenta-
tion rate increases, so does the elastic range. After 
reaching the maximum, the compressive stress 
decreases, which suggests the appearance of re-
laxation mechanisms in the system.

Figure 6 shows that stress distribution dur-
ing indentation for two rates equals to 20 m/s and 
40 m/s occurring at different indenter depths. For 

indentation with the lower rate, we observe a reg-
ular propagation of stresses in the crystal lattice to 
a depth of about 0.3 nm. However, for the higher 
rate, this depth is twice as larger. After crossing 
the appropriate depths, one can see an irregular 
distribution of stresses as the result of existence 
of defects. This result is in a good agreement with 
the dislocation distribution shown in Figure 3.

After reaching the maximum value, the trend 
of stress evolution changes in the tensile direc-
tion. This region for the clarity of explanation we 
marked as region II. At a certain indentation depth 
the stress reaches the minimum stress value. This 
trend of stress changes is closely connected with 
the existence of dislocation. Figure 5 shows the 
dependence the number of dislocation on the in-
dentation rate. For all indentation rates we ob-
serve the same dependence of the evolution of the 
number of dislocations during indentation. At the 
beginning of the indentation, we do not observe 
dislocations up to a certain depth. Then, a slow 
increase in the number of defects and dislocations 

Fig. 4. Normal stress dependence on indentation depth for different rate of indentation. 
Inset shows the time-dependence of the stress occurring in the system. In part b) 

of the Figure the regions with different behaviour of stress are marked
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Fig. 5. Evolution of the total number of dislocations during Cu indentation for different rates of indentation

Fig. 6. Snapshots of stress evolution at (a) h = 0.1 nm, (b) h = 0.2 nm, (c) h = 0.3 nm, (d) h = 0.5 nm, 
(e) h = 0.6 nm, (f) h = 0.8 nm, (g) h = 1.4 nm depth in the Z axis for indentation rate equal to 

20 m/s and 40 m/s. Stress values were determined according to the colors on the legend
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is observed, followed by a sharp increase in the 
number of dislocations in the system. A further 
increase in the depth of indentation causes a de-
crease in the number of dislocations. The change 
of stress in the direction of tensile (region II) is 
associated with the start of the process of creation 
of dislocations visible as a slight increase in the 
number of dislocations in Figure 5. 

Detailed analysis performed by the DXA 
method showed the presence of three types of dis-
locations. We have found that these dislocations 
are mainly of the Shockley type 1/6 [112] that 
typically occur in tensile FCC metals. However, 
we also found Perfect and Stair rod type of dislo-
cation. Figure 3 shows a distribution of disloca-
tions for two rates of indentation: V = 20 m/s and 
V = 40 m/s. The visualizations shown indicate 
that for higher rates, dislocations are created only 
in the vicinity of the indenter for deeper depth. 
However, for lower rates of indentation, disloca-
tions appeared throughout the system for a small-
er indenter depth. The results obtained correlate 
with those presented in Figure 5.

Next, all the curves in Figure 4 reach a mini-
mum value of compressive stress equal to - 0.05 
(marked as region III). This keeping of stress 
changes at a similar level is caused on the one 
hand by a rapid increase in the number of dis-
locations in this area (see Fig. 5) and by initiat-
ing the structure transformation of the FCC area. 
This transformation is visible in Figure 7. The 

increase in the number of dislocations combined 
with the increase in the number of HCP areas 
(prismatic loops) is often associated with plas-
tic deformations in the system. A DXA analysis 
revealed that these dislocations are responsible 
for the presence of areas with HCP ordering. 
Figure 7 shows a direct correlation between the 
decrease in the percentage of the areas of the 
structure of FCC and the increase in the struc-
ture of HCP and BCC. CNA analysis did not 
show other types of crystallographic structures. 
This mechanism allows to retain the stress level 
in the sample almost constant (see Fig. 4).

Looking at Figure 4 (region IV), we observe 
a renewed increase in compressive stress. The 
increasing compressive stress mentioned above 
is a result of the merging of smaller volumes oc-
cupied by the HCP structure into larger volumes 
and the return of a part of volumes to the FCC and 
BCC structures (see Fig. 7). This phenomenon is 
an inverse process to the formation of defects oc-
curring in region II, which caused stress relax-
ation. In this case, it causes an increase in stress.

In region V, we observe changes that are a 
consequence of those made in the previous region 
(IV). As the indenter’s depth increases, we do not 
observe a percentage change in the HCP structure. 
At the same time, we notice an increase of areas 
with the FCC structure at the expense of disappear-
ance of areas with a the BCC structure. This results 
in relaxation of compressive stresses in the system.

Fig. 7. Variation of percentage of (a) FCC (b) BCC and (c) HCP atoms in the volume of sample as a func-
tion of indentation depth for different rates of indentation. The results were obtained from CNA analysis
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CONCLUSIONS

The study presents the results of MD simula-
tion of the indentation of Cu films using diamond 
indenter. The correlation between structure, de-
fects and stress evolution in Cu systems are ob-
tained. The most interesting results of our calcu-
lations include the following:
	• The deviation from the linear dependence of 

the force of indentation depends on the rate of 
response of the system.

	• During indentation, the average total normal 
stress in the system is only compressive. The 
initial range of linear dependence of stress 
evolution also depends on the rate of indenta-
tion. After the linear stage, we observe oscil-
lating changes in stress evolution.

	• In the range of the linear evolution of stress, dis-
locations occur only close to the indenter surface.

	• The creation of dislocations is responsible for 
the observed oscillations of stress changes 
and are directly connected to the structural 
changes in the system.

	• During indentation of the Cu (001) FCC, 
the formation of the HCP and BCC struc-
tures is observed.
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