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Temperature dependence in nanoindentation of a metal substrate by a diamondlike tip
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In this investigation, we simulated the nanoindentation of a copper substrate by a diamondlike tip, using
molecular dynamics method. A series of simulations according to distinct system temperatures were performed
to analyze the temperature dependences of some important physical quantities occurring in the indentation. We
found that the maximal normal forces on the tip atoms, both the repulsive and the attractive, the elastic
modulus of the indentation system and the network done by the tip during the indentation cycle all decrease
with increasing system temperature. By these dependences, we then identified the critical temperature for the
transition of plastic flow mechanism in the substrate. The evolution of the crystalline structure in the substrate
was analyzed by examining the variation of the structure factor, which measures the perfection of the crystal-
line structure, during the indentation cycle. An important physical quantity is the difference between the
equilibrium absolute values of structure factor before and after the indentation, which can be used to measure
the permanent deformation in the substrate produced by the indentation. We found that the difference increases
with increasing temperature if the system temperature is below the critical temperature.
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[. INTRODUCTION The other is the formation of a connective neck at the tip-
Nanoindentation of solid thin films has received a Con_substrate interface, in the retraction phase, due to strong at-
tinuously increasing attention because of the remarkable adtaction bonding between the tip and the substrate. The same
vancements of science and technology in recent years. Ahénomena were also observed in following simulations,
nano scales, material properties such as elastic modulu§;9- S€€ Refs. 16-19, in which nanoindentations of metal

hardness, fracture toughness, and residual stresses of a sofl styates were studied. In pamcular, the MD simulations .Of
thin film can be measured from the nanoindentation on it anoindentation performed in Ref. 16 were presented to in-

surface by implementing scanning tunneling microscopyerpret the atomic scale energetics, structure, and formation

(STM) and atomic force microscopgAFM)1-# Investiga- mechanisms of solid and liquid junctions occurring between

. a solid metal tip and a clean metal surface or between the tip

tions of the nanoindentation, on the other hand, provide th%nd a liquid film of hexadecane molecules adsorbed on a

knowledge of surface contact nanomechanics required i8yjig surface. Yan and Komvopoul§spresented adiabatic
nano scale wear processes, such as those occurring in mafgyq jsothermal simulations to investigate the effect of sub-
rials manufacturing processe8,and nanofabrication tech-  gtrate temperature and reported the results in both cases were
nologies such as the newly developing AFM-based data stofn principle identical. Gannepalli and Mallapratfaon the
age technology*®and nanoimprint lithography-*2 other hand, performed MD simulations to study the evolution
Owing to recent advances in algorithms, interatomics poof the plastically deformed region during nanoindentation of
tentials, and computational power, theoretical studies of the covalently bonded materigdilicon). Walshet al134stud-
nanoindentation in principle are accomplished by using théed the nanoindentation of a high-temperature ceramic mate-
molecular dynamicgMD) method, instead of the classical rial, silicon nitride, by performing multi-million-atom MD
continuum theories. Nowadays, the MD methods using emsimulations. Instead of imposing constant indentation speeds
pirical interatomic potentials can be implemented in simulatin the simulations of Refs. 13—-20, Yet al?! reported the
ing large-scale systems of up to ten million atoth$*Mean-  effects of system temperature, tip-substrate bonding, inden-
while, the existing well developed potentials also make thdation force, and surface orientation on the indentation depth
MD method very applicable to simulate a wide variety of by acting a constant force on the tip in indenting the sub-
materials in the nanoindentation system. In one of the piostrate for each of their simulations.
neering MD simulations, Landmaet al®> modeled a nickel The MD simulations mentioned above, except those in
tip indenting a gold substrate and observed two significanRef. 21, either considered the nanoindentation undergone a
phenomena occurring when the tip is indented to and reeonstant system temperatdfel’ or assumed the substrate
tracted from the substrate, respectively. One of the phenonbeen indented by a rigid til5:1*18-2To our knowledge, sys-
ena is, in the indentation phase, the jump-to-contact cause@mic studies of the effect of the system temperature on the
by mechanical instabilities at small tip-substrate distancenanoindentation in which the thermal motions of the tip at-
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oms according to distinct temperatures are considered are |  : :
rare. In a realistic nanoindentation, however, heat transfer [ /EIL P S
from tip to substrate or reversely, from substrate to tip, oc- 60f * i
curs whenever they initially possess different temperatures. [
For example, the AFM-based data storage process is de- 40f
signed to be operated in a situation that high temperature tips
are heating while indenting a substrate of relatively low tem- 54t
perature. In this work, we therefore, are intended to deal with
the effect of the system temperature on a nanoindentation
using the MD method. We will simulate nanoindentations of
a metal substrate by a covalently bonded tip. Isothermal pro-
cesses are employed to simplify the analysis in consideration
that the heats generated in the tip and the substrate during the
indentation process is quickly dissipated by the thermal
baths!® That is, in each of our simulations, both the tip and
the substrate are imposed at a same system temperature dygttom of the substrate contains two fixed layers in prevent-
ing the process. Therefore, the main difference between thigg the substrate from moving along the direction of the
present and the previous studig®is that the thermal mo-  indenting force caused by the tip. In the simulations, periodic
tions of the tip atoms according to the distinct system temoundary conditions were imposed in the latexaand y
peratures are performed in our simulations. By simulatinggirections.
the normal force on the tip atoms during the complete cycles The size of the incremental time step employed in the
of nanoindentation under distinct system temperatures, Wegomputations should be smaller than the thermal motion pe-
will establish the temperature dependences of the maximalods of both the tip and the substrate atoms, but it should not
normal forces, both repulsive and attractive, and the networke too small since then a large number of time steps is re-
done by the tip through the process. We will also examineyuired in the computation which in turn will accumulate a
the evolutions of the structure fact8in the substrate during  |arge inevitable computational round-off error. In the present
the cycles of indentation to identify the temperature depencomputations, a compromised choice of the time sip
dence of the perfection of crystalline structure. =103 ps was thus employed. The MD simulations of
nanoindentation comprised equilibrium and indentation
stages. In the equilibrium stage, the tip and the substrate
were first positioned 10 A apart in order to avoid the effect
In this work we performed simulations of the nanoinden-of the long-range attractive force between them. Meanwhile,
tation on a fcc crystalline copper substrate by a covalentlyhe initial positions of the tip and substrate atoms were pre-
bonded carbon tip by which the effect of the system temperascribed in accordance with their crystalline structures, re-
ture was studied. The positions and velocities of both the tigpectively, and the initial velocities were randomized accord-
and the substrate atoms were obtained as functions of timeg to the circumstance temperature using numbers
using the MD method. We assumed the heat generated in thuniformly distributed in an interval. Then, both the tip and
system during the indentation process was dissipated by tlibe substrate were relaxed to their equilibrium atomic con-
thermal baths of the tip and the substrate at a high rate that figurations in consequence of the interatomic forces acting
much faster than the indentation speed. Therefore, in oudn each individual atom. In the second stage of the MD
simulations the nano scale tip and substrate were controllesimulation, the indentation was modeled by moving the tip
at the same temperatures during the indentations, i.e., w&b A downwards at a constant speed-100 m/3, and then
have considered the indentations as isothermal processestracting it back to its original position at the same speed. In
The responses of the nanoindentation system correspondifigpth stages, the temperature of the thermal control layers in
to several distinct temperatures were then simulated. Theoth the tip and the substrate was controlled at a desired
configuration of the simulated tip and substrate is shown irvalue using rescaling methdé23 The leap-Frog algorithAi
Fig. 1. The atomically sharp tip is composed of 3681 carborwas used to derive the new position and velocity vectors of
atoms forming a circular-cone-like structure with a diameterthe tip and the substrate atoms from the corresponding data
of 46.3 A and height of 16.4 A. The upper three layers of theobtained in the previous step. The motion of each atom in the
tip are fixed, or rigid, layers, while the rest of it was simu- system was governed by Newton’s law of motion in which
lated as the thermal control layers used to maintain the tiphe resulting force acting on the atom was deduced from
temperature through the indentation process. The relativelgnergy potential relevant to the interactions with the neigh-
soft substrate consists of 16 000 fcc copper atoms in a finiteoring atoms within a cut-off radius.
slab with lateral area 70.5 %70.5 A and thickness 34.4 A. In our simulations, distinct empirical energy potentials ap-
The up-most part of the copper substrate is composed of 1gropriate in simulating the carbon-carbon, copper-copper,
thermal control layers used to impose the substrate temperand copper-carbon bonding were employed, respectively. We
ture, which is the same as that of the tip. Below the thermauised the Tersoff potent#?” to simulate the sbcovalent
control layers are two free motion layers designed to allowbonds among the carbon atoms in the tip. The Tersoff poten-
dislocation motions in the deformed substrate. Besides, thtal, as a function of the atomic coordinates, is given by

Thermal control layers

Thermal control layers

Free motion layers
Fix layers

FIG. 1. Configuration of the nanoindentation.

II. SIMULATION METHODOLOGY
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TABLE |. Parameters used in the Tersoff potential for carbon- TABLE Il. Parameter used in the Morse potential for carbon-

carbon binding. copper binding.
C Cu-Cu Cu-C c-C
A 1393.6 D (eV) 0.3429 0.1 2.423
B 346.7 (1019 m™) 1.3588 1.7 2.555
A 3.4867 ro(10710 m) 2.6260 2.2 2.522
w“ 2.2119
8 1.5724x 1077 o . i
n 0.72751 Tersoff potential is for the covalent bonding and the tight-
binding potential is for the metallic bonding, we imple-
¢ 38409 mented an applicable Morse type pair potential to derive the
d 4.384 copper-carbon bonding, The Morse pair reads
h -0.57085
R 18 ¢(r) — D[e—Za(r—ro) _ Zea(l’—l’o)], (3)
S 21 wherer is the length of a copper-carbon bond dhda, and
ro correspond to the cohesive energy, the elastic modulus,
and the atomistic distance at equilibrium, respectively. The
E=> E= %2 Vij; (1a)  appropriate values ob, a, andr, are listed in Table II,
i j#i which had been employed in a nano scale machining
research?
Vi = folrip) (A€ — By et (1b)
1, if 1y <R;, Ill. RESULTS AND DISCUSSION
1 1 ri—Ri\ . In this work we performed MD simulations of the nanoin-
f(rij)=95-5co W—J_L), if R;j<r;<§; , dentation on a metal substrate subject to a diamond like tip.
2 2 S~ R The s ic vari
) ystem temperature was taken as the parametric variable
0, if ry> Sy in analyzing the thermal effects on the nanoindentation. Sev-

(1o eral system temperatures employed in this analysis were in
between the normal temperature 300 K and a high tempera-

by = xi (1 +I8ini§ir}j)—1/mi; (1d)  ture 1300 K, which is about 100 K below the melting tem-
perature of the copper substrate. But, before showing our

main results, we should first discuss the suitability of the

& = k%:j Felri)g(Bhe); (19 present substrate used in our MD simulations. Because of the

' arrangement of the thermal control layers in both the tip and

2 2 the substrate, the deformed substrate atoms, while suffering

96 =1+5-— ' > (1f)  the indentation, can be limited in the zone near around the
di  di +(hj - cosfy) indenting tip. The size of substrate used in this study, there-

where E is the total energy of all the covalently bonded fore, is sufficiently suitable in analyzing the nonaindentation.
carbon atomsE; is the energy for atori, V; is the interac- The convincible evidence is shown in Fig. 2, in which the
tion energy between atom@ndj, r; is the distance between results from the employments of the present substrate and a
them, 6 is the bond angle between atomsandik, andf, larger one(99.5 Ax99.5 Ax 45.2 A)'ar.e displayed, respec-

is a cut-off function to restrict the range of the potential. Thetively. We see that both results in principle are approximately
values of all the constants appearing in the above equatiorf§€ Same. o o

are listed in Table ¥ Distinct from the covalently bonded  Only four of the hystereses depicting the variations of the
carbon atoms, the copper element of the substrate belongs #9rmal force on the tip atoms as functions of the tip-
the transition metals. In our simulations, the total energy ofUPstrate separation distance during the complete cycles of

the metallic bonding in the copper substrate is described b{pdentation associated with the system temperatures 300,
the tight-binding potenti&? given by 00, 1000, and 1300 K are shown in Fig. 3, respectively. As

N can be seen in Fig. 3, in a short interval of time after the tip
(e g free1) | 112 has begun to move downwards from rest, the negative nor-
E=Z{Ae P(rjiTo D-[Z ghe 2o 1)] } (2 mal forces indicating the effects of long-range attraction
forces between the tip and the substrate atoms were ob-
wherer;; is the distance between copper atonadj, rois  served. The jump-to-contact phenomenon, which is a univer-
the first-neighbors distance in the fcc lattice, and the consal feature of the surface contact nanomechanics, was ob-
stantsA=0.0855(eV), £=1.224(eV), p=10.906,9=2.278 served in each simulation as some of the substrate atoms
are employed. Although so far there is no specific empiricadirectly below the tip straining toward the tip atoms. As the
potentials for simulating the copper-carbon bonding, like thetip moved farther to indent into the substrate, the normal

i=1 j
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FIG. 2. Variations of the normal force on the tip as functions of  FIG. 4. Temperature dependences of maximal repulsive normal
the tip-substrate separation distance System temperature is ffrce on the tip atoms in the indentation phase. The golihedl
300 K. Both the approximately same results are obtained from theurve represents the result from the assumption of deformable
simulations employing the substrate of 70.5<X0.5 AX34.4 A (rigid) tip.
(solid curve and the substrate of 99.5499.5 Ax 45.2 A (dashed

curve, respectively. larger maximal repulsive force corresponds to a lower sys-

em temperature, since the substrate at a lower temperature is

. t
force on the tip atoms gradually changed to become repu arder to be deformed by the indentation. As shown in Fig.

sive and increased proportionally, in a sense of average, wit . a remarkable reduction of the maximal repulsive force

the indentation depth. The maximal repulsive force corres ook place when the system temperature was at about

sponding to each i.ndividual system temperature was _Ob'OOO K (actually in between 900 and 1000,Kepresenting
tained nearly at the instant when the tip reached the MaxXiMahe critical temperature for the transition of plastic flow

indentation depth, viz., when the tip-substrate separation dlsﬁ1 30 Thie i
: . . . echanisnt? This critical temperatur€1000 K) can also be
tance was at =15 A. It is obvious to find, from Fig. 4, that identified in the figures to be presented in what follows.

T T T I T I y As the tip has reached the maximal indentation depth, it
then was retracted from the substrate at the same rate as in

—
=N
=
|
]

5 u"\ _____ i the indentation phase. From Fig. 3, it is observed that at the
N 300K - .
ok ‘v L 900K  — beginning of the retraction phase, the normal forces on the
) ‘{ M 000 4 tip atoms began to vary continuously but quickly from the
%0 :\\‘ % S R maximal repulsive to the maximal attractive value in a short
— lv\ \ - 3 —

range of the tip-substrate separation distance. In this range,
the repulsive normal force on the tip atoms obviously is
caused by the rebounding response of the elastic substrate,
very similar to the reaction of a compressed linear spring
after relaxed. However, as the system temperature exceeds
the critical 1000 K, the rebounding phenomenon almost dis-
appears because of the plasticity in the substrate. After the
repulsion range, the normal force on the tip atoms then be-
came attractive and increased gradually to its maximal value,
as the tip kept moving upwards. The variation of the maxi-
mal attractive force in the retraction phase as a function of

Normal force on the tip atoms , F7 (nN)
S
<
|

. o e e e LA LA N B the system temperature was recorded in Fig. 5, showing that
20 -15 10 -5 0 5 10 15 20 the maximal attractive force decreases with increasing sys-
Tip-Substate distance, (1) tem temperature, and also decreases remarkably at about

1000 K. Behind the maximal value, the attractive normal

FIG. 3. Variations of the normal force on the tip atoms as func-force decreased to zero when the tip was gradually pulled

tions of the tip-substrate separation distance during the completeack to its original position. Because the attractive normal

cycles of indentation corresponding to 300, 900, 1000, and 1300 Kforce on the tip atoms during the retraction phase was mainly
respectively. caused by the adhesion between the copper-carbon pairs, the
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-40 t the data of the force/distance slope and the projected contact

area recorded at the beginning of the retraction phase by the
same way adopted in relevant researches; e.g., see Refs. 31
and 32. It is observed that the elastic modulus decreases with
increasing temperature and decreases remarkably when the
temperature exceeds about 1000 K. It should be noticed that
the elastic modulus at 300 K presented her®220 GPa is
about 146% of that obtained in a previous experimental
study ~150 GP&2 Such discrepancy is mainly due to the
high strain rate employed in the MD simulation, the employ-
ment of the fixed layers at the bottom of the substrate and the
effect of the surface energy generated in the indentation on

&
=
]

-100 — the elastic modulu¥ Although a more complete interpreta-
Deformable tip tion of the role changes in the elastic modulus played in the
1 Rigid tip plastic structure of the indented system requires future stud-

ies, the variation of the elastic modulus with temperature
shown in Fig. 6 is also helpful for identifying the critical
temperature for the transition of plastic flow mechanism.

It should be mentioned here that, because of the effect of
the rather high indentation speed employed in the present
_ _ simulations, the hystereses shown in Fig. 3, are not like those
FIG. 5. Temperature dependences of maximal attractive normal,own in Ref. 19, in which low indentation speeds were

force on the tip atoms in the retraction phase. The s@ashedl 55 hjieq | the simulations of Ref. 19, the indentation speeds
curve represents the result from the assumption of deformabl%orresponding to the figures shown therein were in between
(rigid) tip.

v=5-10 m/s, so th&tom reconstructions in the substrate
can develop in time to decrease the normal force on the tip

decreasing z_ittractive force was d“? to the fewer COPPEL10ms behind the compressive yield force and then harden
carbon bonding occurring when the tip was gradually pulle he substrate, in the indentation phase, and cause the saw-

out of the substra.te. In the same interval of time when th'?ooth like patterns behind the maximal attractive normal
gradually decreasing attractive normal force took place, th orce, in the interval of the formation and elongation of the

formation, elongation, and rupture of a connective neckt:onnective neck. In our simulations, however, the high in-

which is also one of the universal features of the surface;, . . speedv=100 m/$ caused the atom reconstruc-
contact nanomechanics, were observed. In addition, th

variation of effective elastic modulus of the indentation sys- fons unable to develop fully in time and, therefore, the

tem (the deformable indenter and the substratéth tem- yielding and saw-tooth phenomena were not observed, but

perature was shown in Fig. 6 to characterize the elastic b%e hystereses shown in this work are like those shown in

Maximal attractive normal force on tip, (nN)
%
(=)
]

BT 771 * 1T * 1T =71 1
200 400 600 800 1000 1200 1400
Temperature, (K)

havior in the range between the maximal repulsive an ef. 17, in which the indentation speed waoal39 m/s.

attractive forces. The elastic modulus was estimated usin%ggi?;/gg’negsgtes d o:)fthleog 'r%r}:tirr?élégtivmrolggge?o bg/vg:?

250 — estimated strengths, especially when system temperature is
low. The over-estimations, however, will reduce with in-

creasing temperature. As a result, the effect of the high strain
200 — rate does not qualitatively affect the temperature depen-
dences shown in Figs. 4—6, nor does it affect the quantitative

when temperature is low, for example, Zatial3* has con-

] sidered the dislocation motions in two-dimensio¢) and
three-dimensional3D) nanoindentations at 1 K. The lowest

50 — temperature considered in this study was 300 K, so we will
only display the dislocation motion occurring in the substrate
at this temperature. Since the MD method has the advantage

& . estimation of the critical temperature for the transition of
<) plastic flow mechanism.

i 150 5 The plastic deformation occurring in the indented sub-
E| 4 strate can be alternatively interpreted by the evolution of
g dislocation. Dislocation motions can be easily observed

100 —

2

=

&

0 — T T T T of allowing defects to nucleate and evolve spontaneously, the
200 400 600 800 1000 1200 1400 atomic structure of the emerging dislocation is directly re-
Temperature, (K) vealed by the method. In Fig. 7, we show the snapshots of

atomic structure in the substrate during the indentation at
FIG. 6. Temperature dependence of the effective elasti@00 K. In this figure, only the back half of the substrate is
modulus. shown and the substrate atoms are gray-scaled by coordinate
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Indentation (a) ~ (c)
(a) 79.87% (b) 78.86% (c) 60.37% _
W ais 'Ct.’fo;:‘.’.:’:':: :‘;;-'63;‘.':;,‘,5,.: E
° ""\k‘ h-j
: £ 1I I
i ’ = [ /
Retraction (d) ~ (f) g | Tip-substrate distance, (A)
= | I LV:
(d) 56.27% E
z

FIG. 8. Schematic depiction of the work done by the tip during
an indentation cycle. Detail descriptions of the areas I, Il, Ill, and
IV, respectively, can be found in the context.

Final equilibrium (g)

(2) 69.10% +area ) is done by the tip eventually due to the attractive
s normal force while the tip is moving upwards. So, the total
net work done by the tip can be estimated by computing the
area enveloped in the hysteresis cycle of an indentation pro-
cess(area ll+area V. The variations of the total net works
done by the tip as functions of the system temperature are
shown in Fig. 9. Reading Fig. 9, one realizes that the applied
work by the tip during the complete process will decrease

FIG. 7. Snapshots showing atomic structures in the substrat¥ith increasing system temperature. In Fig. 9, and Figs. 4

undergoing the indentation at 300 K. The snapshots are taken wheéd'd 5 as well, the solid curves correspond to the results of
the tip-substrate distances(aj —2.5 A (b) =5 A, (c) -15 A, in the  the simulations in which the tip was deformable due to the

indentation phase, an@l) -10 A, (¢) -5 A, and(f) 0 A in the  thermal motions of the tip atoms, while the dashed curves,
retraction phase, respectively. Snapstmtshows the final equilib- 0N the other hand, represent the results of the simulations in
rium of the substrate, and the atoms above the substrate represaihich the tip was assumed to be rigid. We can see that, from
those attached to the indenter. In each snapshot, the perfectly codrigs. 4, 5, and 9, when the system temperature is relatively
dinated atoms are removed but their percentage in the substratel@w, the differences between both results can be remarkable;
shown, and the imperfectly coordinated atoms are grey-scaled in tithese remarkable differences explain why in this work we

way that darker atoms have larger coordinate numbers. The whithave modeled the deformable tip to obtain more accurate
atoms are those initially placed at the surface. results.

numbe?® N. The perfectly coordinated atontsl=12) have
. 2.8

been removed from the snapshots for clarity, such that only T
surface and imperfectly coordinated atoms are visible. We ]
notice that at the beginning of the indentation, the dislocation
embryo, while suffering thermal diffusion at the same time, 2.4
is consistent with the configuration of the indenter and simi-
lar to the one shown in the 3D simulation of Zlet al.3*
Moreover, we also show in each of the snapshots the percent- 5 5 |
age of the perfectly coordinated atoms in the substrate. It is <
shown that the percentage is always greater than about 50%, & 1
as the substrate is suffering the indentation, also indicating
that the present substrate used in our simulations is suitable.

By the hysteresis of the normal force on the tip atoms, we .
are able to deduce the total work done by the tip causing
deformations in the substrate through the complete cycle of a 1.2
nanoindentation. As schematically depicted in Fig. 8, in the
indentation phase, a negligible negative warka ) is done
by the tip corresponding to the long-range attractive force 0.8 — T T T T T 1
between the tip and the substrate and a positive work 200 400 600 800 1000 1200 1400
(area ll+area Ill then is done by the tip corresponding to
the repulsive normal force on the tip atoms. In the retraction
phase, a negative worlarea Ill) is done by the tip due to the FIG. 9. Temperature dependences of the network done by the tip
rebounding reaction of the elastic substrate at the beginningirough indentation cycles. The solidashedl curve represents the
of the phase and afterwards a positive wot&rea IV result from the assumption of deformalgtegid) tip.

(=]
£ 164
z

Deformable tip
————— Rigid tip

Temperature, (K)
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Tip-Substate distance, (4) FIG. 11. Temperature dependence of the difference between the
equilibriums of the absolute structure factors before and after the
FIG. 10. Variations of the absolute values of structure factor inindentation.

the substrate, as functions of the tip-substrate separation distance.

Corresponding to the variations, the system temperatures are 3ogtructure factor all reduced to their minimums, as shown in
900, 1000, and 1300 K, respectively. the figure, after the tip had reached its maximal indentation

depth. This minimal value will almost be the same when the

Th | f the tip at in t ted on th system temperature is below the critical temperature, but will
€ normal force on the tip atoms In turn exerted on &gy o remarkably as the system temperature exceeds the

Substrate atoms simultaneously and caused them to d'SIOC%ﬁtical point. Meanwhile, the minimal absolute value of the

from th_elr previous positions from time to time. The complex structure factor tends to last longer with higher system tem-
analysis of the variation of the substrate lattice structure

hen th bstrat ftering the indentati I aﬁwerature. Then, in the retraction phase, the absolute value of
when thé substrate was sufiéring the indentation cycle, caf, o o ctyre factor increased as the tip was gradually pulled
be simplified by examining the evolution of the structure

! out of the substrate and eventually became its final equilib-
factor for the copper subsrate, defined by Ref. 22, rium value, which will also decrease with increasing tem-

perature. Notice that when the system temperature is close to

Na
p= ) > explik e j); the melting point, as shown by the variation associated with

Na j=1 1300 K in Fig. 10, the absolute value of the structure factor

in fact maintains the same during the complete cycle of the

. 27 indentation since then the substrate is almost totally plastic.
= ;(11_ 1,9, (4) The permanent deformation in the elastic subst(ate, as

the substrate possesses a temperature below the critical
where Na is the number of the selected atoms in the deforpoint), under the indentation, therefore can be measured by
mation zone around the tip; represents the position vector the difference between the initial and the final absolute val-
of atom j, anda is the length of the unit fcc lattice in the ues of the equilibrium structure factors. The results of the
copper substrate. When the structure factor define@pis  simulations showed that the difference of the absolute values
employed in the analysis, a perfect fcc lattice structure if structure factor in the substrate before and after the inden-
identified if |p|=1, while, on the contrast, a completely dis- tation depends on the system temperature, and the depen-
ordered liquid-like structure will correspond tp|=1/VNa, dence is shown in Fig. 11. Interestingly, we found, from Fig.
i.e., a higher absolute value of the structure factor representkl, that when the system temperature was below the critical
a more perfect lattice structure in the solid substrate. Théemperature for the transition of plastic flow in the substrate,
evolutions of the structure factor as functions of time duringviz., about 1000 K, the difference between the initial and the
the complete cycles of indentation were recorded and thosknal absolute values of the equilibrium structure factors in-
corresponding to the system temperatures 300, 900, 1006reased with increasing system temperature, while as the sys-
and 1300 K were shown in Fig. 10, respectively. In this fig-tem temperature is higher than the critical temperature the
ure, the temporal variable has been transformed to the tipdifference, on the contrast, dropped remarkably with increas-
substrate separation distance. From Fig. 10, it was rationalling temperature, since a substrate at the higher temperature
observed that before the indentations were begun with, theas already plastic before the indentation. It, therefore,
absolute values of structure factor were maintained at theishould be noticed that as long as the nanoindentation is ac-
initial equilibriums, which will decrease with increasing tem- complished under a temperature below the critical tempera-
perature. In the indentation phase, the absolute values dfire for a plastic substrate, the complete process will require
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IV. CONCLUSION

14005 We have performed simulations of the nanoindentation of

a copper substrate subject to a diamondlike tip, using the MD
1200 — method. In each of the present simulations both the tip and
i the substrate were assumed at a same system temperature in
the complete indentation cycle. The system temperature was
the parametric variable in the present simulations employed
. to analyze the thermal effects on the nanoindentation. By the
800 — MD simulations, we have in this work identified the critical
temperature for the transition of plastic flow mechanism in
the copper substrate, like Yan and Komvopolildsmve done
600 — for the fcc crystalline substrate in their work. To summarize,
g the thermal effects include:
400 — I. The maximal repulsive normal force on the tip atoms,
in the indentation phase, will decrease with increasing tem-
perature;
200 — T T T T Il. the maximal attractive normal force on the tip atoms,
200 400 600 800 1000 1200 1400 in the retraction phase, also decreases with increasing tem-
Temperature, (K) perature;
lll. the effective elastic modulus of the indentation sys-
FIG. 12. Temperature dependence of the number of the substraiem decreases with increasing temperature; however, a com-
atoms adhered to the tip. plete answer regarding the role of elastic modulus changes
plays in the structure parameter requires future studies;
IV. when the system temperature is below the critical
a smaller work by the tip while leave a more remarkabletemperature for the transition of plastic flow in the substrate,
permanent deformation in the substrate if the system is mairil€ total network done by the tip through the complete cycle
tained at a higher temperature. This phenomenon is cruciall§f @n indentation will decrease with increasing temperature;
important to the nanomechanism implemented in the nano- Y- When the system temperature is below the critical
fabrication technologies such as the AFM-based data stora int, a mﬁre significant permanent ﬁ'efr?rmatlon will be pro-
and the nanoimprint lithography, in which a polymethyl- T'Fl]celd In the suﬁbstratefSL:]bject to a higher temperature. i
methacrylatg PMMA) layer is designed to be indented by e last two efiects of the system temperature are signifi-

arrayed heated tips, in the former, and stamped by a heat c(intly important to the nanomechanism involved in nanofab-

) ' o itation processes, for example, the AFM-based data storage
mold, n the_ latter case, respectively, so that nanoscale fe_%[nd the nanoimprint lithography technologies. These trends
tures with high resolutions can be permanently produced i, ,ajitatively interpret the utility of heated array of tips in

the substrate. Although the present substrate material is nmdenting or a heated mold in stamping a relatively soft sub-

the same as that employed in the mentioned nanofabricagate in the nanofabrications. Qualitatively, more accurate
tions, the present results are qualitatively valuable to the dayp simulations for these nanofabrication processes should
sign of the fabricating specifications required in these prophe accomplished by employing suitable empirical potentials
cesses. The trend that below the critical temperature thgy model the interactions among the particles in the PMMA
difference of the equilibrium structure factors will increase substrate and between the tip and the substrate atoms. But
with increasing temperature can also be checked by observhis is not the main issue to be concerned within this work.
ing the consistent temperature dependence of the number of
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