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ABSTRACT

The EAM simulation of nanoindentation was performed to investigate misfit dislocation slip in the Ag/Cu. 
The film layer, whose thickness in the range of 2-5nm, was indented by a spherical indenter with the 
Nóse-Hoover thermostat condition. The simulation shows that the indentation position relative to misfit 
dislocation (MFD) has the effect on the dislocation, glide up or cross slip, for Ag film layer thickness less 
than 4 nm. Elastic energy variation during MFDs slip was revealed to be a key factor for the softening of 
Ag/Cu. The critical film layer thickness was evaluated for each case of Ag/Cu according to the spline 
extrapolation technique.

초  록

Ag/Cu층에서 발생하는 misfit 전위를 분석하기 위하여, EAM기법을 활용한 나노인덴테이션 해석을 수행하였다. Nóse-Hoover 
서모스텟 조건에 의거하여, 2-5nm 정도의 두께를 갖는 필름층에 구형 인덴터로 압입하였다. 해석결과는 misfit 전위에 대한 

상대적인 압입위치가, 4nm이하의 필름에 대하여 영향을 미치는 것으로 나타났다. 전위에 의한 슬립 발생할 때 탄성에너지 변

화는 Ag/Cu의 연화의 중요한 변수로 작용하며, 각각의 경우에 대하여 임계필름두께에 대해서도 고찰하였다.

Key Words : 원자해석(Atomistic simulation), 나노인덴테이션(Nanoindentation), 미스핏 전위(Misfit dislocation), 전위 크로스 슬립

(Dislocation cross slip)

접수: 2011년 2월 20일, 게재승인: 2011년 5월 9일
 * Division of Mechanical and Automotive Engineering, Kongju National University
** Korea Automotive Technology Institute
*+ Corresponding author(E-mail:sscheon@kongju.ac.kr)

1. Introduction

Nano-silver with significant characteristics such as light 
reflection, electric conductivity and antibacterial has been used 
for medical, optical equipments and electronic appliances [1-6]. 
Nanometer Ag film/Cu that inherits significant characteristics 
of nano-silver in hope will promise to be more widely 
applied. Therefore, the knowledge about mechanical properties 

of Ag/Cu is very necessary for beyond applications. Similar 
to layered structures, the mechanical properties of Ag/Cu are 
handled by the interface as well as misfit dislocation (MFD) 
due to lattice mismatch [7]. Mechanical properties are 
affected by film layer thickness as grain size in poly-crystal 
materials [8,9], the yield strength of multilayered materials is 
found to be proportional to the inverse square root of grain 
size as the Hall-Petch relation [10,11]. Under certain applied 
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loads, dislocations are nucleated in a grain, move toward 
and interact with grain boundary. The interaction force 
between them that is often repulsive [12], will prevent 
dislocations motion and resulted in piling up at the grain 
boundary. The more dislocations pile up at interface the 
more obstacles are nucleated to block dislocation motion, 
which is a condition for plastic deformation. Nevertheless, if 
grain size is less than the value, the critical grain size, 
dislocations can transmit through the boundary due to 
repulsive force between dislocations greater than the 
damping of the boundary and resulted in the softening of 
poly-crystal materials as well as multilayered materials 
[13-17]. Therefore, the critical grain size is a key factor for 
understanding characteristics of multilayered materials. The 
study on Ni (001)/Cu(001), which is similar to the structure 
in this work, was performed Saraev and Miller [18]. The 
nanoindentation simulation [19,20] using embedded atom 
method (EAM) [21-23] shows that the placement of the 
indenter relative to the MFD array determines dislocation 
pile-ups or transmission through the interface. It also reveals 
the effect of surface layer thickness on the interactions 
between MFD and dislocation nucleated from indentation. 
Besides, environment condition such as temperature is 
considered to be a factor affects Ag/Cu properties such as 
the interface scattering factor or conductivity depending on 
temperature [24-26]. However, MFD slip in Ag/Cu and their 
effect on mechanical properties are not fully understood.

In the present study, atomistic simulations of nanoindentation 
on Ag (001)/Cu (001) were performed to investigate MFD 
slip. The film layer thickness in the range from 2 to 5 nm 
with a constant substrate layer thickness was chosen for 
indentation by the 4 nm spherical indenter tip at two 
positions relative to the MFD. The simulation shows the 
onset of yielding indentation force increases with increment 
of film layer thickness as the softening phenomenon. The 
dislocation is affected by the indentation position for very 
thin film layer associated with relation between film layer 
thickness and indenter size. Slip of MFD was revealed a 
key factor for the softening phenomenon through analysis of 
the elastic energy variation, and critical film layer thickness 
was calculated from the results of film/substrate and bulk 
material.

2. Simulation detail

The constant substrate layer thickness of 7 nm, both lateral 

lengths of 12 nm and film layer thickness from 2 to 5 nm 
were chosen for modeling the Ag film/Cu substrate material. 
For the sake of brevity, the name of models is shortened by 
closing the film layer thickness without unit following name 
of film. For instance, Ag5/Cu is 5 nm Ag film/Cu substrate. 
As a result, the models were named Ag2/Cu, Ag3/Cu, 
Ag4/Cu and Ag5/Cu. The crystalline direction (001) was 
employed for the both layers. The initial slit between these 
two layers was set to be 0.1925 nm, equivalent to the 
average of halves of lattice constants, which are equal to 
0.409 and 0.361 nm for Ag and Cu, respectively [27]. The 
selection value for the slit will not affect the simulation 
result since it is rearranged in an equilibrium process by 
interatomic forces between atoms. In this work, the 
embedded atom method (EAM) potential [28] was employed 
for describing the interaction between the same type of 
atoms Cu-Cu and Ag-Ag, and the Johnson’s formula [29] 
for different type of atoms, Cu-Ag, as follows:
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where ABφ is the pair potential energy between an atom 

type A and an atom type B and f(r) is the electric density 
function. The interaction between an atom and the rigid 4 
nm spherical indenter was described by the atomistic force 
as below [30]:

( ) ( )2
0F r k r r= − − (2)

where k is the force constant, r is the distance between an 
atom and the indenter centre and r0 is the radius of the 
indenter. The force was applied for all atoms contact with the 
indenter, and equal to zero for noncontact atoms. The force 
constant was explicit for calculating indentation force and 
chosen based on stiffness of the indenter tip. Therefore, the 
value of 10 eV/Å3, the same as suggestion of Lilleodden et al 
[31], was chosen for the force constant in this study.  
Indentation was simulated at the temperature T = 10 K by 
displacing the indenter into the model in 0.1 Å steps, 
minimizing the system energy, and then evaluating the 
indentation force. Prior to indentation, the model must be spent 
the equilibrium process using a Nóse-Hoover thermostat [32,33] 
for 40 ps with the time step of 10−3 ps. The nanoindentation 
simulations were carried out by the parallel molecular dynamics 
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program LAMMPS [34] with the periodic boundary condition 
for side surfaces and the fixed for the bottom. In order to 
compare indentation behaviors of film/substrate with those of 
the bulk materials of film and substrate, bulk Ag and Cu 
models with dimensions 12×12×10 nm were also performed.

An attention in simulation layered material is the 
selecting lateral length for models since existence of 
mismatch between these layers. That length needs to certify 
two conditions, one is the smallest initial strain, it means 
that the difference of the lateral lengths between layers is 
smallest or equal zero in a perfect case. The other is to be 
met the boundary condition, in other word, the lateral length 
of a layer must be equal to multiple of the lattice constant 
of the layer material. Therefore, the length for the case of 
both layers with the same crystal direction of (001) can be 
chosen from the following equation:

s s f fl n a n a= = (3)

where n is multiple of the lattice constant, a, of substrate 
layer, s, and the film layer, f. In this work, the both lateral 
lengths approximately 12 nm as mentioned above with initial 
strain about 0.03% were chosen the same as the previous 
study [35]. The lattice mismatch will create local deformation 
in the interface of two layers in form of misfit dislocations 
(MFDs). The MFDs of two FCC metal layers, Ag, Cu, with 
the same crystal direction (001) are formed along the slip 
directions [110] in the interface to create the MFD network 
as shown in Fig. 1 [35]. The indenter position relative to 
MFD may affect simulation results since interaction between 
dislocations, attractive, repulsive or neutral, is quit sensitive 
with dislocations position. Therefore, the indentation was 
carried out at the position exactly above the intersection node 
of two MFDs, nodded indentation, and the space surrounded 
by MFDs for spaced indentation as illustrated in Fig. 1.

Fig. 1  MFD network in the interface of FCC metal (001)/FCC metal 
(001) materials and indenter position relative to MFD, misfit 
spacing, d, is distance between two closest parallel MFDs.

3. Results and Discussion

3.1 Indentation force
Indentation force was achieved by summing atomic forces 

of atoms contacted to the indenter at every steps displaced 
the constant depth in the model. The indentation was 
evaluated to stop at the depth of 10 Å since the models 
already initiated plastic deformation. Moreover, indentation 
force is not dependent on the indentation position relative to 
MFD [18]. The force-depth curves of Ag/Cu, bulk Ag and 
bulk Cu under nodded indentation were only shown in 
Fig.2, in which the Cu curve, represented for bulk Cu, is 
clearly higher than the Ag curve for bulk Ag. The force 
drop occurred at the depth of 8.7 Å, 7.8 Å in the Ag, Cu 
curves, respectively, by initiating plastic deformation [30, 
36]. The drop happened earlier for Ag/Cu by MFD action 
which is the cause of the softening in layered material, and 
the depth at drops in the curves and the yield force at the 
peak before drop were listed in Table 1. It shows the yield 
force increases with increasing film layer thickness.
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Fig. 2  Force-depth curves of Ag/Cu, bulk Ag and Cu.

Table 1  indentation depth and yield force at drop

Model Depth(Å) Yield force(nN)
Ag2/Cu 3.1 31.63
Ag3/Cu 5.1 72.64
Ag4/Cu 6.6 112.42
Ag5/Cu 8.5 149.33

Ag 8.7 177.83
Cu 7.8 212.25

3.2 Defect structure
3.2.1 Defect identification
Defect structures were attracted from simulation at very 

indentation step by centrosymmetry parameter method [30]. 
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At an indentation step, all atoms were calculated their 
centrosymmetry parameter by the following equation:

6
2

6
1

i i
i

P +
=

= +∑ R R (4)

where Ri and Ri+6 are the six pairs of opposite nearest 
neighbor vectors. The defect structures were presented by 
plotting only atoms in defects. The red atoms with P in the 
range 0.5 Å2-5 Å2 represents for dislocation, the yellow ones 
with P in the range 5 Å2-18 Å2 for stacking fault and free 
surfaces by black dots with P greater than 18 Å2.

3.2.2 Bulk materials
Study defect structures during indentation shows defect 

evolution in bulk Cu is the same as that of bulk Ag. Thus, 
defect structures in bulk Ag shown in Fig. 3 can present for 
those in bulk Cu. The first, the dislocation was 
homogeneously nucleated in the form of the pyramidal 
defect structure which is constructed by four triangular 
stacking faults on slip planes (111) and four stair-rod 
dislocations (Lomer-Cottrell dislocations) at the sides and 
four Shockley partial dislocations along <110> directions on 
the top as shown in Fig. 3 (a) and (b). The second, two 
tetrahedral defect structures were nucleated on two opposite 
faces of the pyramidal defect structure, and the defect zone 
gradually transformed into the dihedral defect structure [37]. 
Analysis of this structure in Fig. 3 (d) shows it is a sessile 
lock with the stair-rod dislocation at about 2.38 nm depth 
from the top surface. Then, defect developed at the stair-rod 
dislocation and glided in a slip plane of the sessile lock 
toward the bottom to form the embryonic dislocation loops 
as shown in Fig. 3 (e).

The glide down of the embryonic dislocation loop, Shockley 
partial dislocations, nucleated plastic deformation and 
represented on force-depth curve by a drop at the depth of 8.7 
Å, 7.8 Å in the Ag, Cu curves, respectively, as mentioned 
above. Analysis of defect evolution shows actions of dislocation 
conforms to Frank’s law for FCC metal such as dislocations 
were nucleated along slip directions <110> and glided in slip 
planes (111). Therefore, we can consume that defect evolution 
in bulk Ag and Cu is only handled by crystal structure.

3.2.3 Ag/Cu materials
Evolution from the pyramidal defect structure to the embryonic 

defect loops were only influenced by crystal structure as mentioned 
above. Therefore, investigation defect evolution in Ag/Cu material

(a)

  

(b)

(c)

  

(d)

(e)

  

Fig. 3  Defect evolution in bulk Ag (a) pyramidal defect structure, (b) 
dislocation analysis of the pyramid (c) dihedral defect 
structure, (d) sessile lock illustration of the dihedral, and (e) 
the embryonic dislocation loops.

 focused on motions of MFDs and their interaction with 
dislocations nucleated by indentation. Moreover, the interaction 
between the sessile lock and MFDs was less cared about when 
their distance is far sufficient as film layer thickness greater 
than or equal to 4 nm. The models were classified into two 
groups to study interaction. The group one which is Ag2/Cu 
and Ag3/Cu was cared about the interaction between the sessile 
lock and MFDs, and the group two which is Ag4/Cu and 
Ag5/Cu was focused on interaction between the embryonic 
dislocation loops and MFDs.

For the group one, the distance between the sessile lock 
and MFDs was close enough to create a significant attractive 
force which had the trend to pull each other. Due to the 
characteristic of a sessile dislocation, unmovable, the lock 
pulled and made MFDs move toward itself. Consequently, 
MFDs glide up to form a new defect structure as shown in 
Fig. 4 (a) for the case of nodded indentation. However, for 
the case of spaced indentation, not only the sessile lock was 
unable to pull two parallel MFDs gliding up, but also 
dislocation was glided down on the two planes of the lock by 
this attractive force itself, hit on these MFDs array, and then 
glided up on the other slip planes as shown in Fig. 4 (b).
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MFDs glide up

(a)

(b)

(c)

(d)

(e)
Fig. 4  Defect structures of (a) Ag3/Cu at the depth 5.3 Å of nodded 

indentation, (b) Ag3/Cu at the depth 6.0 Å of spaced indentation, 
(c) CuAg4 at the depth 8.6 Å with cross slip of the Shockley 
partial dislocation at the interface, (d) Ag3/Cu at 7.8 Å under 
nodded indentation of the 2 nm spherical indenter tip, and (e) 
slip of MFDs inward the center.

Activity of MFD in the two cases of indentation shows 
intersection nodes are the most unstable positions in the 
MFD network.

For the group two, the embryonic dislocation loop glided 
down on a slip plane under driving by forces from indentation 
and MFD attraction. As a result, the loop hit on a MFD where 
edge segments were firstly attracted, screw segments freely 
glided into a (111) adjacent slip plane. In the adjacent slip 
plane, the edge and screw partials exchanged their signs to 
create repulsive force between edge segments [38]. This 
repulsive force promoted the glide of partial dislocation in the 
new slip plane as shown in Fig. 4 (c). The changing slip plane 
of a dislocation, cross slip, only occurs in a bulk material as 
Ag under some particular conditions [38], nevertheless, It is 
considered that the cross slip quit easily occurred at the 
interface of Ag/Cu material.

The interaction between dislocations nucleated by 
indentation and MFDs is quite sensitive with indentation 
position relative to MFDs for the group one.

The interaction is affected by the distance from MFDs to the 
sessile lock, which is dependent on film layer thickness and size 
of the sessile lock. Also, the size of the sessile lock is decided 
by indenter tip size. The evidence for the relation is shown in 
Fig. 4 (d). The smaller sessile lock was nucleated in the same 
model of Ag3/Cu under nodded indentation with the same 
simulation process, but the smaller indenter tip, 2 nm spherical 
indenter, and resulted in dislocations cross lip at the interface.

A common phenomenon for two groups was slip of 
MFDs in the interface inward the center of indentation 
during indentation as plotted in Fig. 4 (e). This is the key 
factor for softening of Ag/Cu which would be discussed in 
detail next section.

3.3 Slip of MFD
Slip of MFDs causes inhomogeneous either materials, the 

lattice mismatch at the interface, or strain at interface due 
to higher stress at the upper atom layer [39]. The different 
strain between the upper atom and lower atom layers makes 
the misfit spacing various as slip of MFDs. The following 
analysis of misfit spacing variation verses strain of lattice 
constants at the interface will show the trend of MFDs slip. 

The equation of misfit spacing was obtained from Eqn. 
(3) as follows:

1
2

f s

f s
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d

a a
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Fig. 5  Variation of the misfit spacing.

The deformed misfit spacing due to the strain of lattices 
can be evaluated with equation (6).
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The difference of misfit spacing, *d d dΔ = − , plotted in 

Fig. 5 shows the MFDs move inward the center as increasing 
of misfit spacing for the case of Ag/Cu, as < af, and 
outward the center as decreasing of misfit spacing for the 
contrary case such as Cu/Ag since the lattice constant of the 
substrate is greater than that of film, as > af.

Slip of dislocation, normally, is effect on the elastic 
energy of dislocation itself as well as energy of model. As 
we know, if there were no interaction between film layer 
and substrate layer, the indentation force would have been 
the same for all film layer thickness as bulk material. As 
shown in Fig. 2, indentation forces increase with decreasing 
of film layer thickness during dislocations interaction, even 
though the force difference occurred prior to defects 
nucleated by indentation. Thus, the film layer thickness and 
interaction between dislocation and MFDs is the main cause 
for difference of indentation forces. Moreover, the slip of 
MFDs in the interface happened during indentation as 
mentioned above. Therefore, the slip of MFDs may be a 
key factor of Ag/Cu.

The relation between the slip and indentation stress at the 
interface will be clear when misfit spacing is measured at 
the same indentation depth for all Ag/Cu models, where the 
stress increase with the decreasing of film layer thickness. 
The measurement was carried out at the indentation depth of 
2.5 Å shows the initial misfit spacing without deformation of 
2.175 nm was down to 1.662, 1.919, 2.163 and 2.173 nm 
for Ag2/Cu, Ag3/Cu, Ag4/Cu and Ag5/Cu, respectively. Slip 

space, subtraction of initial and deformed misfit spacing, 
decreases with the increasing of film layer thickness. The 
slip will be effect on the mechanical properties since the 
elastic energy per unit length of MFDs is unchanged but its 
length is proportional to curvature of deformed MFDs, slip 
space. Thus, increment of the elastic energy of MFDs is 
proportional to slip space. Simultaneously, the softening of 
the material also is inverse proportional to the increment. As 
a result, the slip of MFDs is a reason of softening of 
Ag/Cu, indentation force increase with the increasing of film 
layer thickness as shown in Fig. 2.

Analysis of MFD slip also shows that the indentation 
force of Ag/Cu will be closer to that of bulk Ag when slip 
is very small, it also means that the film layer is thicker. 
The relation between yield force and film layer thickness 
using the data in table 1 was plotted in Fig. 6. In which 
critical thickness is where the softening rule is not held, yield 
force of thicker films is the same as that of bulk Ag. The 
spline extrapolation based on that data shows the critical film 
thickness of Ag is equal to 6.632 nm. The same process was 
carried out for Cu (001)/Ag (001) models, and the critical Cu 
film layer thickness was calculated to be equal to 5.402 nm 
which is well agreement with the calculations of the Cu 
critical grain size from 3.3 to 6.6 nm [40-43].

Fig. 6  Yield force-film thickness curve.

4. Conclusions

Atomistic simulation of nanoindentation on Ag (001)/Cu 
(001) using EAM was carried out to investigate MFD slip. 
The simulation shows the indentation position relative to 
MFD is strong effect on the actions of MFDs, glide up or 
cross slip, for Ag2/Cu and Ag3/Cu but less effect on thicker 
film layer, Ag4/Cu and Ag5/Cu. Elastic energy variation 
during MFDs slip was revealed a key factor for the 
softening of Ag/Cu, indentation force decreases with decreasing 
of film layer thickness. The critical film layer thickness of 
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Ag and Cu was calculated based on simulation results of 
film/substrate and bulk material of the film using spline 
extrapolation technique. The calculation results for Ag and 
Cu are good agreement with previously published results.
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