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Atomistic simulations are carried out to investigate the nano-indentation of single crystal Cu and the sliding of the
Cu—Zn alloy. As the contact zone is extended due to adhesive interaction between the contact atoms, the contact area
on a nanoscale is redefined. A comparison of contact area and contact force between molecular dynamics (MD) and
contact theory based on Greenwood—Williamson (GW) model is made. Lower roughness causes the adhesive interaction to
weaken, showing the better consistency between the calculated results by MD and those from the theoretical model. The
simulations of the sliding show that the substrate wear decreases with the mol% of Zn increasing, due to the fact that the
diffusion movements of Zn atoms in substrate are blocked during the sliding because of the hexagonal close packed (hcp)

structure of Zn.
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1. Introduction

In the past twenty years, micro-electro-mechanical
systems (MEMSs) and nano-electro-mechanical systems
(NEMSs) have exhibited enormous potential applications.!!]
With excellent abrasion resistance and electrical conductivity,
Cu and its alloys have great potential to be applied to MEMS
and NEMS devices.[2! The contact and wear, which lead the
device life to degrade, thus restricting the application of the
Cu and its alloys in MEMS and NEMS. Moreover, contact and
wear are the main sources of material loss on a nanoscale.!>*]
Therefore, the investigation of the contact and wear behavior
for copper and its alloys on a nanoscale is one of the key ap-
proaches to optimizing the design and reduce the material loss
of MEMS and NEMS devices.

As a classical contact model, the GW contact model is
based on continuum theory to investigate the contact process,
revealing the contact mechanism of the bonding surface on a
microscale.®! The GW model has been quite successful in de-
scribing contact behavior on a microscale.®! The continuum
theory is not well applicable for the contact behavior of dis-
crete atomic systems at nanoscale.!”! In addition, for the basic
mechanism of contact behavior on a nanoscale, no consensus
has been reached. Therefore, revealing the contact mechanism
on a nanoscale in depth is essential to exploring the complex
phenomenon of the contact surfaces. Some novel experimental
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methods, such as nano-indentation, atomic force microscope
(AFM), have been employed to investigate the friction process
and wear mechanism on a nanoscale.!®! These experimental
methods are not easy to analyze the characters of the atom,
therefore the wear mechanisms on a nanoscale have not been
understood well so far. As a novel analysis method, MD sim-
ulation is increasingly applied to atomic scale studies.*~'!]
Considering the surface energy on an atomic scale, the con-
tact and friction behavior exhibit size-dependent differences
from on a macroscale. The atomistic simulation method is an
effective method to explore the contact phenomena and wear
mechanism on a nanoscale. Shen and Sun!!?! conducted a se-
ries of MD simulations to delve into the friction behaviors of
copper and diamond surfaces. Mojumder and Dattal!3! studied
the effect of copper percentage on the plasticity of Al-Cu alloy
by the compressive load. However, the deformation and wear
mechanism of Cu and its alloys, especially on a nanoscale,
have not been fully explored.

In this study, the atomistic simulations are carried out
to investigate the contact behavior of a single rough peak, in
order to explore the fundamental mechanisms of contact be-
havior and the applicability of the theoretical model of single
rough peak on a nanoscale. Additionally, the simulations of a
diamond tip sliding against Cu—Zn alloy with different Zn con-
tent values (in mol%) are performed to investigate the effects
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of Zn atoms on wear behaviors.

2. Contact model of single rough peak

Under the micro contact assumption and with contin-
uum theory, Greenwood!>! established the GW model that de-
scribes the linear relationship between normal load and con-
tact area. On a microscale, a large number of rough peaks ex-
ist on the contact surface, which suggests that the real contact
is comprised of a lot of single rough peaks that contact each
other. Considering the randomness of interface phenomenon,
Greenwood simplified the contact between two rough surfaces
into the contact between a rough surface and a smooth rigid
plane. When the two rough surfaces are in contact, the num-
ber of contact micro-bulges n can be obtained from

n=nAéwﬂ@da (1)

where A is the nominal contact area, 7 is the micro-bulge den-
sity, z is the height distribution, and g(z) is the probability
density function of rough surface micro-bulges along with the
height distribution.

The total contact area Aqyn, is calculated from

Agum = TNAR® /d g(z)dz, (2

where o is the normal deformation of micro-bulge, R is the ra-
dius of the surface micro-bulge. The sum of contact load Pyym
is obtained from

mmzémyﬂﬂfﬁég@ﬂa 3)

where E* is the composite elastic modulus. !

From Egs. (2) and (3) it follows that the relationship be-
tween the contact area A and the contact load P is a linear
distribution, which is reasonable for the assumption and cal-
culation due to the applicability of continuum theory on a
macroscale and microscale. According to the assumption of
GW model, some researchers made corrections to single rough
peak.!"¥! During elastic contact and plastic contact, the contact
area, and the contact force are as follows:

Ae = TR o,

Ap =27R* 0, 4
A=A +Ap,

F. = [4E*(R")'20%/?] /3,

F, =2nR*0H, o)
F=F+F,

where A, and F; are the contact area and the contact force dur-
ing the elastic contact, and A, and F;, during the plastic con-
tact; H is the Brinell hardness of soft material; R* is the radius
of the single rough peak. Based on Egs. (4) and (5), for the
single rough peak, the contact area A and the contact force F'
are both proportional to the normal deformation .4

Itis questionable that the A is the contact area of the single
rough peak. The actual contact area Ay, is different from the
A calculated by the continuum theory, thus the theory may not
be applicable on a nanoscale. Moreover, it is difficult to obtain
the atomic interaction of the contact interface experimentally.
In this work, to better understand the interaction of the con-
tact, MD simulations are employed to explore the nanoscale
interface contact.

3. Simulation details
3.1. Initial configuration setup

The MD simulations are performed by using the
large-scale atomic/molecular massively parallel simulator
(LAMMPS). The atomistic models, which are for the sin-
gle crystal copper and Cu—Zn alloy with 20 mol% of Zn, with
a hemispherical diamond tip and plate substrate as shown in
Fig. 1. The initial gap between the indenter tip and the sub-
strate is 6.0 A, which value is the vertical distance between
the C atom at the bottom of the tip and the Cu/Zn atom on
the surface of the substrate. Periodic boundary conditions are
imposed along with the x and z directions and shrink-wrapped
boundaries are implanted along the y direction. The x axis, y
axis, and z axis are the orientation of [100], [010], and [001],
respectively. The time step is 2.0 fs in the whole simulation,
while the temperature is kept at 300 K to mimic the heat dis-
sipation. During the nano-indentation and sliding simulation,
the hemispherical diamond indenter tip is assumed to be rigid.
The diamond indenter tip with a radius of 3.0 nm contains
1 x 10* atoms. The dimensions of the Cu—Zn substrate are
30 nm X 5 nm x 10 nm. For the alloy modeling, first, Cu
atoms with different orientations are prepared, and then the
part of Cu atoms are randomly replaced by Zn atoms with
different content (in mol%). In the direction of the y axis, the
substrate consists of three layers, i.e., fixed layer, thermostat
layer, and newton layer, which are shown in Fig. 1. The fixed
layer with a thickness of 5 A at the bottom of the substrate is

Fig. 1. Atomistic model of nano-indentation and sliding. Three-
dimensional (3D) model the indenter tip of (a) diamond and (b) sub-
strates of single crystal copper and Cu (brown)—Zn (red) alloy. (c) Two-
dimensional (2D) view of atomistic model. Thermostat layer colored
blue is adjacent to fixed layer colored black.

026801-2



Chin. Phys. B Vol. 30, No. 2 (2021) 026801

assumed to be frozen during simulations. The thermostat layer
with a thickness of 15 A is adjacent to the fixed layer. The
temperature of the thermostat layer is fixed at 300 K by the
Langevin thermostat baths. The atoms in Newton layer are
unconstrained and move freely. The total number of substrate
atoms is 135995.

3.2. Interatomic potential

The interatomic potential plays a key role in MD simu-
lations. The potentials and relevant parameters are given in
Table 1.115-1]

Table 1. Parameters used in MD simulations.

Atomic pair Parameters
Cc-C rigid
Cu-Cu EAM potential

Cu-C Morse potential; Dy = 0.087 eV, & = 5.14 A=, and ry = 2.05 A~!
Zn—C Morse potential; Dy = 0.533 eV, & =3.28 A~!, and ro = 1.82 A~!
Zn—Zn MBMH potential; A = 1.642 x 107, R =0.29, 0 =4, =2.6
Cu—Zn LJ potential; a = 0.025, R = 3.343

The interaction among Cu atoms are described by the em-
bedded atom method (EAM) potential as follows:

1
U:ZlE(p’)—i_Ezﬁélq}l/(rl])a (6)

where F; is the embedding energy, ¢;; is the pair potential term,
and p; is the electron cloud density generated by the extranu-
clear electrons of all the other atoms except atom i. It can be
defined as

pi =Y. .:Pi(rij), ©)

where p; (r;;) is the charge density of extranuclear electrons
of atom j, and r;; is the distance between the atom i and the
atom j. The parameters of EAM potential are developed by
Foiles et al.!*"!

The Born—-Mayer-Huggins (MBMH) is used to model the

interatomic interaction of Zn atoms as follows: [2!]

U =Aexp <_I;) —%exp (;;) , ®)
0

where A is the Pauli factor, Ry is the effective distance be-
tween atoms, Q is the number of charges, and 3 is the tunable
parameter.

The interaction between Cu atom and Zn atom, modeled
by Lennard—Jones potential, is shown below

oof(®) ()} e

where Ry and Dy are the empirical parameters, respectively.
Under the assumption of the rigid body for the indenter

tip, the interactions among C atoms are neglected. In the ab-

sence of the chemical interactions, the Morse potential, which

s, [21-23]

has been validated in simulation can account for the

interaction between the substrate and the indentation tip as fol-
lows:

V(r)=a(e 2*0—"0) _2e=®r=r0)y, (10)

where a is the binding energy parameter, « is the potential en-
ergy curve gradient coefficient, r and r( are the instantaneous
and equilibrium distance between atoms, respectively.

3.3. Modeling methods

The simulations of the nano-indentation and sliding for
the contact pair are detailed as follows. (i) The relaxation sta-
tus is essential to ensuring that the system enters into the equi-
librium. In addition, optimizing system energy and configura-
tion make the substrate surface closer to the real material. The
initial geometry of the alloy is relaxed sufficiently for 20 ps
by using a canonical ensemble, or constant volume and tem-
perature (NVT) ensemble. (ii) For the indentation simulation,
due to the regular arrangement of single crystal copper, the re-
lationship between the contact force and the indentation depth
can be obtained by moving the indenter perpendicularly to-
ward to the surface of single crystal copper substrate to inves-
tigate the contact on a nanoscale. The displacement loading,
which allows for the decay of most of transient effects, is ap-
plied along the negative y direction at an indentation depth of
9.00 A and a speed of 1 A/ps. (iii) For the sliding simulation,
after indentation process, with the indentation depth of 9.0 A,
the sliding processes are carried out. The substrates with 0, 5,
10, and 20 mol% of Zn are used along the x direction.

4. Results and discussion
4.1. Indentation of the single crystal copper

The evolution of the contact force with indentation time
is illustrated in Fig. 2. From the curve it follows that the con-
tact force is negative and appears at about 4 ps. The result
suggests that it is an attractive force. Such a phenomenon is

called adhesion. 22

1" As the tip approaches to the substrate,
the macroscopic contact position is reached. Figure 2 shows
the linear relationship between the contact force and the in-
dentation time in the contact process.

Due to the effective radius of the atom, in the case of
atomic scale the contact area, which is defined based on con-
tinuum theory on a macroscopic scale, is no longer applicable.
A re-definition of contact area on a nanoscale was given in
Ref. [26], and then a similar definition is used in this work.

In the GW model, the definition of the contact area is
straightforward. The judgment of contact status is the positive
repulsive force appearing on the contact surface. It is reason-
able to take into account the assumed smooth surface. The as-
sumed contact area is defined as the entire bonded surface, and
moreover, the boundary of the contact area is enclosed by all

026801-3



Chin. Phys. B Vol. 30, No. 2 (2021) 026801

points, where the normal force decreases to zero.!?®! However,
adhesive interaction is ignored when the surface is assumed to
be smooth. For the adhesive interaction, the normal force of
the boundary does not decrease to zero directly. In contrast,
the negative force is observed during 4 ps to 6 ps as shown in
Fig. 2. As mentioned in Section 3, the gap between the inten-
der tip and the substrate is 6 A. Due to the indentation speed of
1 A/ps, the y-axis coordinates are not equal at the time of 4 ps.
Based on the definition of the GW model, the indenter tip does
not contact the substrate while the attractive force is a negative
value as shown in Fig. 2. However, the presence of a negative
normal force indicates that the indenter tip and substrate are in
contact on a nanoscale. Since the indenter tip and substrate are
in contact status, the contact area needs exploring. Therefore,
the re-definition of the real contact area on a nanoscale should
be proposed.

251

= — [N
o [$8 o

Contact force (nN)
=

(=]

0 2 4 6 8 10 12 14

Indentation time (ps)

Fig. 2. Contact force versus indentation time.

In Ref. [26], the contact atoms between the contact sur-
faces are defined as the atoms that are in a finite range. The
finite range is called the interactive radius, which is defined
in the potential mentioned in Section 3 of this work. Based
on the definition of contact status in GW model, two kinds
of atoms, which are within the interactive radius and thus the
normal force between them is negative, do not contact each
other. During the simulation of the indentation process, when
the atom on one surface is in the interactive radius of any
atom on the other surface, the contact phase is considered on
a nanoscale. In this status, each atom occupies a certain part
of contact area. As shown in Fig. 3, the total contact area is
the sum of the areas of all the contact atoms on the contact
surface. It can be expressed as

Aveal = Natom 'Aatom7 ¢ 1)

where Ae, is the contact area of total atoms, Ao 1S the con-
tact area of a single atom, and N is the total number of
atoms in the contact surface.

According to the Hertz theory and GW model, at the in-
dentation depth in this research, the deformation is completely
plastic.[>!%! Figure 4(a) shows the curves of the contact area
versus indentation depth, which are obtained from the contact

theory based on the GW model and MD simulation, respec-
tively. In the case of a single rough peak, the curves show
obviously the discrepancy between the theoretical model and
the simulations. It can be seen that the contact area increases
monotonically with indentation depth increasing. It is worth
mentioning that the contact area obtained by the MD method
is larger than that from the contact theory due to the adhesive
interaction on an atomic scale. Furthermore, the relationship
between the contact force and the indentation depth is shown
in Fig. 4(b). It can be seen that the contact force increases with
the growth of indentation depth, and similarly, the value of
contact force calculated by MD simulation is larger than that
calculated from the contact theory. The two results show sig-
nificant discrepancy between contact scenarios on a nanoscale
and on a macroscale.

Fig. 3. Redefinition of contact area on a nanoscale. Dots colored black repre-
sent contact atoms on contact surface, and shadow area around contact atoms
refers to contact area projected contact surface.

As no new definition for the contact force is available, the
calculation method of the contact force in the contact theory
is the same as that of in the MD simulation. The relation-
ship between the contact force and the contact area is shown
in Fig. 4(c). The MD results show a strong linear relationship
with the contact theory results except for numerical difference.
The discrepancy in contact force indicates the rationality of
the redefinition for the contact area on a nanoscale. Due to the
expansion of the contact area, the value of the contact force
calculated by MD is higher than that by the contact theory.
Moreover, it is worth noting that as shown in Figs. 4(a) and
4(b), neither the contact area nor the contact force rises lin-
early with indentation depth increasing any more. The results
deviate from the results calculated from the contact theory.

For the GW model, the contact force and contact area
both rise linearly with deformation increasing, whereas the re-
sults calculated by MD on a nanoscale show obvious differ-
ences in result between the theoretical model and the simula-
tion. In this work, the adhesive interaction is considered in the
indentation process. The process of normal force from nega-
tive to positive value illustrates the formation and extension of
the contact zone. The results mean that because of adhesive
interaction, the contact area calculated by MD is no longer the
area encircled by the points where the normal force calculated
by the theory model is zero. Therefore, the contact area cal-
culated by MD is larger than that from the theoretical model.
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In addition, the curve is sublinear and the trend of the curve
becomes gentle with the increase of time. To further investi-
gate the adhesive interaction between the contact surfaces on
a nanoscale, the indentation simulations by using the indenter
tips, respectively, with curvature radii of 10 A,30A,50A, and
70 A are carried out.

15F(a) w MD results u @
— —— theoretical model.z -
g == Areal [}
= 10
@
o
<
k3!
Y
5]
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25¢ (b) m MD results Lo
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=
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Fig. 4. (a) Contact area and (b) contact force versus indentation depth.
(c¢) Contact force versus contact area.

The roughness of the contact surface drops with the radius
of the indenter tip increasing.!*®! Figures 5(a) and 5(b) show
that the smaller surface roughness leads to more linear results.
The parameter 62 is used to characterize the linearity of the
curve. In Fig. 5(a), for indenter tips with the curvature radii of
10A,30A,50A, and 70 A, the 62 values are 0.9364, 0.9783,
0.9938, and 0.9962, respectively. Similarly, the 62 values in
Fig. 5(b) are 0.9159, 0.9202, 0.9603, and 0.9753, respectively.
As the radius increases, 62 turns larger and the curve becomes
more linear. Therefore, 62 is a parameter that measures the

strength of adhesive interaction. Moreover, the adhesive in-
teraction decreases with roughness increasing, indicating that
the adhesive interaction is affected by surface roughness on a
nanoscale. The lower the roughness of the contact surface is,
the better agreement between the results of the MD and the
theoretical model will be obtained.

60 (a) )
" R=10 A
B a5 k=304 02 = 0.9962
G s R=50A
8 R=T70A
8 301
N 02 =0.9938
]
g 15F ®
Q —
3 02 =0.9783
0 62 =0.9364
0 2 4 6 8 10
Indentation depth (A)
100F
(b) .
. mR=10A
% [ eR=04A 02 =0.9753
o A R=50A o
o 60F .
g R=70A
S
< 40}
§ 62 =0.9603
S 9oL ®
o 20 62 = 0.9202
0 , . . 02=0.9159
0 2 4 6 8 10

Indentation depth (A)

Fig. 5. Contact areas versus indentation depth with radii of 10 A, 30 A,
50 A, and 70 A, respectively, with parameter 8% denoting the linearity of
curve.

4.2. Sliding of Cu-Zn alloy

After indentation process, the simulations of sliding are
performed to investigate the Zn effect on wear behavior. The
radius of the indenter tip and indentation depth are 30.0 A and
9.0 A, respectively. The friction coefficient is calculated as
the friction force fluctuates around a fixed value. Figure 6
presents the friction coefficient and elastic modulus versus Zn
content (in mol%) . The friction coefficient decreases with
the Zn content rising in Fig. 6(a). Figure 6(b) shows the re-
lationship between the elastic modulus and Zn content. It can
be found that elastic modulus is proportional to Zn content.
On a macroscale, according to the friction theory established
by Bowden, [27] the elastic modulus is one of the main factors
during the sliding. With the substrate is subjected to the shear
from the indenter tip, higher elastic modulus means that the
substrate can offset some part of shear force and then the fric-
tion force on the contact surface decreases.

Figure 7 shows the accumulating behaviors of substrate
atoms, which are squeezed by the indenter tip, on the sur-
face layer during the simulation. When the extrusion of atoms
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reaches a certain extent, the atoms move out of the effect ra-
dius of contact atom, while the wear debris particles are gen-
erated. Referring to Shuai et al.’s statement.[*8] for the defini-
tion of the lost atoms, the surface after the indenter tip sliding
is shown in Fig. 7. Figure 8 exhibits the plots of total num-
ber (N) of lost atoms for the Cu—Zn alloy versus sliding time
for the substrates with different Zn content (in mol%). The
simulations indicate that the substrate wear decreases with Zn
content increasing.

(a)
o
& :
T 0.45F | (o]
o i i
&) i i
=] i :
= ‘ I
£ 0.40} | | o)
£ ‘ ‘
0.351 i \ ! i
0 5 10 15 20
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< (b)
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g o
g 1op 0 |
% ]
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M |
] L i L 1 L 1 L i
10875 5 10 15 20

Percentage of Zn (%)

Fig. 6. (a) Friction coefficient and (b) elastic modulus versus Zn content.

Fig. 7. Definition of lost atoms, showing (a) cross-sectional view and (b)
top view, with sliding direction arrowed.

The anti-wear ability of Zn atoms is analyzed by the mean
square displacement (MSD), which can be used to describe
the diffusion behaviors of atoms.
follows: [>1

The formula is given as

1Y )
Y (@) =ri(0)f ¢, (12)
i=1

where N is the total number of atoms for MSD calculation,
ri(t) is the corresponding displacement of atom i at time #, and
ri(0) refers to the initial displacement of atom i.

600
| —Zn 0 mol%

500+ —e—Zn 5 mol%
I ——Zn 10 mol%
400F —4—7n 20 mol%

300

Lost atoms (N)

200

100

1 1 1 1
0 160 200

1 1
0 40 80 120
Sliding time (ps)

Fig. 8. Sliding-time-dependent total number of atoms lost from substrates
with different Zn content.

Figure 9 shows the MSD results in all directions of Cu
atoms in the surface layer. It can be seen that a large number
of atoms are extruded out of the surface layer and tend to return
to their original location, which leads the MSD results to fluc-
tuate. Meanwhile, from the numerical results of MSD, we can
also obtain the displacement of Cu and Zn atoms in the friction
process. It is obvious that the substrate with higher Zn content
exhibits lower MSD value, and the overall displacement of Cu
atoms is greater than that of Zn atoms, which also suggests
that Cu atoms move faster than Zn atoms. In other words,
the substrates with higher Zn content are more stable. The
atoms’ combination is stronger in the substrate with higher Zn
content. With the same shear force, the stronger combination
leads the atoms in the surface layers to less move. For the sub-
strates with higher Zn content, most of the energy produced
by shear force is used to overcome the stronger combination
between atoms, while the remaining energy converts into the
kinetic energy of atoms to generate movement, which exhibits
less diffusion and leads to lower MSD results.
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Fig. 9. Variations of MSD with sliding time for substrates with different Zn
contents.

During the sliding, the MSD results of Cu and Zn atoms in
the substrate with Zn content of 20 %mol are shown in Fig. 10.
The MSD values of Cu atoms are much higher than those of
Zn atoms at the same time points. It is illustrated that the Cu
atoms have higher diffusion capability than Zn atoms. Com-
paring the diffusion of the Cu atoms with that of Zn atoms,
the substrate structure is a face centered cubic (fcc) structure,
where the Cu atoms are in self-diffusion. Meanwhile, Zn is
of hep structure, which blocks the Zn atoms from diffusing in
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substrate. In the same condition, it needs more energy to pass
over the potential barrier caused by dissimilar atoms, which
means less energy converts into kinetic energy to generate
movement. Briefly, in the same condition, the substrate with
higher Zn content loses less atoms during sliding. In addition,
higher elastic modulus and lower friction coefficient are ob-
served in simulations, which reveal the anti-wear ability of Zn
atoms in Cu—Zn alloy during sliding.
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Fig. 10. Variations of MSD with sliding time for (a) Cu atoms and (b) Zn
atoms.

5. Conclusions

Due to the adhesive interaction between the contacted
atoms, the contact area and contact force calculated by MD
are sublinear and deviate from those from the contact theory
which is based on GW model. The effect of adhesive inter-
action decreases with roughness dropping. Lower roughness
leads the calculated results from the MD and the theoretical
model to be in better consistence.

The elastic modulus of the substrate increases with the Zn
content rising, and the higher elastic modulus of the substrate

can offset some part of shear force to reduce friction force on
the contact surface. The Zn atoms can improve the atom com-
bination of the substrate, thereby inhibiting the diffusion of the
atoms. The anti-wear ability of Zn atoms is due to the (hcp)
structure of Zn substance, which blocks the diffusion move-
ments of Zn atoms in substrate.
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