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Abstract

Ž .Molecular Dynamics MD simulations of indentation and scratching have been conducted on single crystal aluminum in various
crystal orientations and directions of scratching to investigate the anisotropy in hardness and friction. Depending on the crystal
orientation, the atoms near the surface are found to be disturbed to different degrees due to repulsive forces between them as the indenter
approaches the workmaterial. The hardness is found to increase significantly as the indentation depth is reduced to atomic dimensions.

Ž .The calculated values of hardness are found to be an order of magnitude higher and close to theoretical strength than the corresponding
engineering values which can be expected considering the size effect possible at indentation depths of a few nanometers or less. It thus

Ž .appears that at very low depths of indentation or nanoindentation , the plastic deformation underneath the indenter is governed by the
theoretical yield strength of the material. The anisotropy in hardness and friction coefficient of single crystal aluminum with different
crystal orientations and scratch directions is found to be in the range of 29%, which is close to the value of its anisotropy in the elastic

Ž . Ž ² : ² :. wrange 21.9% stiffest in 111 and least stiff in 100 R.W. Hertzberg, Deformation and Fracture Mechanics of Engineering Materials,
x4th edn., Wiley, 1996, p. 14 . A similar observation was made in a recent investigation on the nanometric cutting of single crystal

waluminum R. Komanduri, N. Chandrasekaran, L.M. Raff, M.D. Simulation of Nanometric Cutting of Single Crystal Aluminum-Effect of
xCrystal Orientation and Direction of Cutting, 1998, accepted for publication in Wear . Among the orientations investigated, hardness is

Ž .w x Ž .w x Ž .maximum in 001 100 and minimum in 012 221 . Friction coefficient values are found to be higher 0.6–0.9 with the maximum along
Ž .w x Ž .w x w x001 110 and minimum along 110 110 . The 110 scratch direction represents the close packed direction for aluminum. The minimum

Ž .w x Ž .w xand the maximum scratch hardness are observed with 111 110 and 111 211 crystal orientations. Although, similarities are found
between nanoindentation and scratching, and nanometric cutting, the rake angle effect is found to be dominated by the large negative rake
angle presented by the indenter in the former case. q 2000 Elsevier Science S.A. All rights reserved.
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1. Introduction

Magnetic hard disks are used extensively in information
storage systems. They are generally made of aluminum on
which information is stored. The aluminum disks are in-
variably finished by ultraprecision machining. The stored

Ž .information is protected from the readrwrite head slider
Ž .by means of a thin coating tungsten, nickel, etc. in

addition to a lubricant layer between the protective layer
and the head. The coatings applied on the surface should
have sufficient strength and wear resistance to withstand

) Corresponding author. Fax: q1-405-744-7873.
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the force applied by the slider. When the thickness is on
the order of a few nanometers or less, even the slightest
load can cause atomic rearrangement, which can result in
the alteration of the mechanical and electrical properties.
Hence, it is of paramount importance that the process
should be investigated at the atomic level while perform-
ing low load, indentation and scratch experiments. The
anisotropy of the workmaterial may play a significant role
in the nature of plastic deformation, hardness and friction

w xcoefficient, etc. 1,2 . Significant research has been re-
ported in the literature on the study of surface and bulk

w xmaterial properties using AFM and STM 3–5 . While
such studies are essential, they can be somewhat expensive
and time consuming. An alternate approach to this problem

Ž .is Molecular Dynamics MD simulation in which high
instrumentation costs are not a factor. This approach is the

0043-1648r00r$ - see front matter q 2000 Elsevier Science S.A. All rights reserved.
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subject of this investigation. In addition to its cost effec-
tiveness, MD simulations permit a wide range of studies to
be conducted. Examples include nanometric cutting, tribol-
ogy, and nanomaterial testing.

Indentation and scratch tests have long been used to
determine the hardness, the friction and wear character-

w xistics, and the elastic properties of materials 6,7 . Hard-
ness and friction coefficient are important properties when
a slider moves on a substrate as in the case of disk drives
and other nanotribological applications. The hardness test
provides a means to measure the resistance to permanent
or plastic deformation and the scratch test provides infor-
mation regarding abrasion, friction coefficient, wear resis-
tance, etc.

In general, in the hardness field, pyramidal indenters,
such as Vicker’s, Knoop, and various conical indenters are
classified as ‘‘sharp’’ indenters while spherical indenters
are labeled as ‘‘blunt’’ indenters. Also, indentation–scratch
tests are generally conducted to simulate ultraprecision

w xmachining, grinding, or abrasion. Komanduri et al. 8,9
suggested the indentation–scratch model to be very appro-
priate particularly for ultraprecision machining with tools
of large edge radius relative to depth of cut, or with large
negative rake tools. It is interesting to note that the so-called
‘‘sharp’’ indenters, when applied to scratching or cutting,
actually fall in the category of blunt tools as the rake

w xangles are highly negative 8,9 .
When the depth of indentation–scratching is in the

Ž .range of nanometers as in nanoindentation , indentation or
scratching is performed within a single grain of a polycrys-
talline workmaterial as the average grain size is signifi-

Ž .cantly larger generally, several micrometers . Conse-
quently, nanoindentation or scratching of a polycrystalline
material basically involves machining a single grain with
periodic interruptions at the grain boundaries. It is also
known that the grain orientation changes slightly from one
crystal to another in a polycrystalline aggregate. Hence,
the indenter experiences workmaterial with different crys-
tallographic orientations and scratch directions. In addi-
tion, there are many precision engineering applications
where single crystal materials, such as silicon and germa-
nium, are finished by nanometric cutting. The properties of
these single crystal materials are determined by means of
nanoindentation and sliding experiments.

Since some of the single crystal materials are anisotropic
in their physical and mechanical properties, it is necessary
to investigate their behavior in terms of crystallographic
factors. Since the binding forces are strongly affected by
the distance between the atoms in a crystal, the elastic
constants in a single crystal will vary with the direction.
For example, the modulus of elasticity in any direction of a

w xcubic crystal is given by 10 ,

1 1
2 2 2 2 2 2sS y2 S yS y S l m qm n q l n ,Ž . Ž .11 11 12 44E 2

where the S are the elastic constants in different orienta-i j

tions and l, m, and n are the direction cosines. Conse-
quently, properties, such as hardness, friction coefficient,
etc. are highly influenced by the crystallographic factors.

Table 1 gives a summary of the elastic properties of
polycrystalline aluminum as well as the stiffness, compli-
ance constants, and elastic anisotropy of single crystal
aluminum in different directions. It may be noted that
aluminum has a degree of anisotropy of 1.219 in the elastic

Ž ² : ² :.region stiffest in 111 and least stiff in 100 . In
comparison, copper has a much higher degree of anisotro-

w xpy of 3.203 1 . It is possible to experience a somewhat
similar anisotropy of these materials in the plastic range.
For example, it is well known that for the FCC metals, slip

� 4 ² :is predominant on the 111 planes and 110 directions.
In nanometric cutting, one would, therefore, expect these
planes and directions to result in easy slip and perhaps
lower cutting forces. It would be interesting to investigate
the degree of anisotropy of aluminum in indentation–
scratching and relate them with the anisotropy in the
measured hardness and friction coefficient values.

With ever increasing demand for higher storage space
and better performance, the surface finish is continuously
being improved from nanolevels to atomic levels. Even-
though nano-instruments, which can apply extremely light

Ž .loads pico to micro Newtons and perform hardness and
scratch tests in the nanometer range have been developed,
they still suffer from certain shortcomings. They include
the need to conduct experiments in a highly controlled
environment and significant costs involved in conducting
the experiments in terms of time and effort. As the experi-
mental range is pushed from macro–micro to nano-atomic
levels, the degree of difficulty in performing these experi-
ments increases significantly. While the integration of the
computer with the testing systems is greatly facilitating
this task, it can still be expensive. It is clear that analytical

Table 1
Summary of elastic properties of polycrystalline aluminum as well as the
stiffness, compliance constants and elastic anisotropy of single crystal
aluminum in different directions

Ž .Elastic modulus GPa , polycrystalline 70.30
Ž .Shear Modulus GPa , polycrystalline 26.1

Poisson’s ratio, polycrystalline 0.345
Burger’s vector 2.86

)Relative degree of anisotropy 1.219
Ž .E GPa 76.1111
Ž .E GPa 63.7100
Ž .E GPa 72.59110

E rE 1.19111 100
10Ž .C 10 Pa 10.8211
10Ž .C 10 Pa 6.1312
10Ž .C 10 Pa 2.8544

y11 y1Ž .S 10 Pa 1.5711
y11 y1Ž .S 10 Pa y0.5712
y11 y1Ž .S 10 Pa 3.5144

UŽ Ž .. Ž .2 S yS r S .11 12 44
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methods based on continuum mechanics will not be appro-
priate for the analysis of the cutting process as the depth of
cuts are reduced to nanometer range. In order to overcome
the high costs, long testing times, degree of difficulty in
the interpretation of the results, and technological con-
straints involved in conducting nanoscale experiments,
modeling of the precision processes by MD simulation can
be considered as a viable alternative in order to understand
the process mechanics at the nanometric level. This is
especially so when the MD simulation results complement
the experimental results.

The objective of this study is to investigate the effect of
Žcrystallographic factors crystal orientation and direction

.of scratching in indentation and scratching of single crys-
tal aluminum. MD simulations were conducted on single
crystal aluminum along specific combinations of orienta-

�Ž . Ž . Ž . Ž .4tions 111 , 110 , 001 , 120 and scratch directions
²w x w x w x w x w x:110 , 211 , 100 , 210 , 221 . The nature of plastic
deformation, dislocation generation, chip formation, extent
of subsurface deformation, forces, force ratio, and specific
energy with the crystallographic factors are examined in
this investigation. The anisotropy in the indentation hard-
ness, scratch hardness, and friction coefficient of alu-
minum single crystals with orientation effect is also inves-
tigated.

2. Literature review

2.1. Experimental studies of indentation and sliding pro-
cess

While numerous studies have been reported on indenta-
tion, sliding, and the anisotropy in hardness and friction on

w xa range of workmaterials 11–26 , only a limited number
of them were directed to aluminum and specifically on
single crystal aluminum. In this investigation, since the
focus of our study is on the latter, only the literature
relevant to indentation and sliding of single crystal alu-
minum in different crystallographic orientations and direc-
tion of sliding are covered. The important conclusions of
the studies on other materials are briefly summarized for
completeness.

w xPetty 17 experimentally investigated the anisotropy in
hardness of single crystal aluminum and its relation to the
preferred orientation and earing using the Vicker’s, Brinell,
and Knoop indenters. As the anisotropy in hardness by a
Vicker’s pyramid or a Brinell ball could not be deter-
mined, a less symmetrical Knoop indenter was chosen.

� 4 � 4 � 4The 100 , 110 , and 111 planes of aluminum were
indented along different directions. The minimum and
maximum hardness on the cube face were found to be

² : ² :along the 110 and 100 directions, respectively. The
� 4Knoop hardness on the 110 face of high-purity aluminum

was reported to increase as the indenter direction moved
² : ² : � 4from 110 to 100 . The hardness level on the 110

� 4plane was found to be slightly higher than that of 100

plane. This was attributed to the increased resistance to
� 4compression offered by the 110 plane. However, it was

also stated that this could be due to the differences in the
� 4purity of the samples. The 111 plane was reported to

exhibit a lower degree of hardness variation with a mini-
² :mum in the 110 direction. Petty concluded that the form

of variation of hardness with direction depended on the
orientation of the surface, which can be related to the
patterns in which the available slip systems intersected the
surface and also to the interactions between the available
slip systems.

w xGarfinckle and Garlick 18 conducted Knoop hardness
tests on single crystal aluminum of different orientations
�Ž . Ž . Ž .4 Ž² :100 , 110 , and 210 and indentation directions 100 ,
² : ² : ² : ² : ² :.110 , 210 , 211 , 221 , 421 . They concluded that
the hardness anisotropy was essentially dependent on the
direction of the long axis of the indenter and not on the
plane of indentation. The hardness values were found to be
nearly the same for a given direction of indentation regard-

� 4less of the plane of indentation. For example, on the 100 ,
� 4 � 4 ² :110 , and 210 planes along the 100 direction, they
observed the hardness values to be 23.1, 22.6, and 22.1,
respectively. Similar results were reported for other combi-
nations of crystallographic orientation and direction of
indentation. The maximum and the minimum hardness

² : ² :were reported to be in the 100 and the 111 directions,
respectively. With the hardness reported as a function of
the indentation direction alone, they suggested the possibil-
ity of predicting the hardness anisotropy of a crystal on a
standard stereographic triangle.

Based on a number of studies on the anisotropy in
hardness and friction of a range of workmaterials by

w xvarious researchers 11–26 , the following conclusions may
be drawn.

Ø The anisotropy in hardness is an intrinsic property of
w xall crystalline solids 11 .

Ø The extent of anisotropy in hardness is determined
essentially by the crystal structure and the primary slip
systems which accommodate dislocation motion during
indentation.

Ø The varying extent of work hardening associated
with indentations does not appear to influence the anisotro-

w xpy 12 .
Ø An increase in strength with a decrease in the

deformed area is generally observed. If the stressed vol-
ume is small enough that it lies between dislocations, a
much higher strength might result.

Ø Dislocations can propagate in the indented area and
hence, can account for the plastic deformation in the

w xregion of indentation 13 .
Ø An increase in the hardness value with decreasing

w xindentation depth 14 is observed.
Ø The dislocation density in the regions surrounding

w xthe indenter has an effect on the hardness 15 . An increase
in the hardness occurs due to difficulty with which the
dislocations are nucleated in the near surface region.
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Fig. 1. Schematic of the indentationrsliding model used in the MD
simulations showing various regions of interest, namely, the moving
zone, the peripheral zone, and the boundary zone.

Ø Frictional anisotropy is reported to disappear below a
Ž .critical load ;0.1 N , which is proportional to the square

of the radius of curvature of the stylus, implying a critical
w xcontact pressure for Hertzian deformation 19 .

Ø The plastic strain field after indentation is compli-
cated and multiple slip systems have to be activated at the

w xsame time 6 .
w xØ High friction coefficients at low loads of 0.001 g 26

are observed. This is attributed to the surface energy of
adhesion. These high values are in contrast to the results
obtained using AFMs where the friction coefficients has

Ž y2 y3 .been reported to be very low 10 –10 range when the
loads applied are in the nanogram range.

Table 2
Computational parameters used in the MD simulation of nanometric
cutting of aluminum single crystal

Configuration 3-D indentation–scratch
Ž ŽPotential used potential Morse potential D s0.2703 eV,L

parameters for a s1.1646rA, r s3.253 AL eL
. .the workmaterial and r s6.604 Ac

Workmaterial dimension 6a=25a=15a, a-lattice constant
Number of atoms in the Crystal set-up No. of atoms

Ž . w xworkmaterial based 111 110 5131
Ž . w xon crystal set-up 111 211 5092
Ž . w x110 110 4550
Ž . w x110 001 4382
Ž . w x001 110 4998
Ž . w x001 100 4410
Ž . w x012 221 4802
Ž . w x120 210 4940

Indenter dimension 6a=15a=15a, a-lattice
constant 2551 total
tool atoms

Indenter material Infinitely hard
Indenter edge radius Sharp edge
Indenter rake angle y458

Indenter included angle 908

Indentationrscratch depth 0.81 nm
Width of scratch 2.12 nm
Indentationrscratch speed 500 mrs
Bulk temperature 293 K

Fig. 2. Schematic showing various crystal orientations and the corre-
w xsponding directions for cubic materials 2 .

Ž y6Ø Significantly higher values for friction force 10
.N are observed as the load tends to zero, which corre-

w xsponds to a friction coefficient of infinity 20 .

2.2. MD simulation of indentation and sliding process

MD simulation studies were initiated in the late 1950s
Ž .at the Lawrence Radiation Laboratory LRL by Alder and

w xWainwright 27,28 in the field of equilibrium and non-
equilibrium statistical mechanics. The application of MD
simulation to cutting and indentation process was first
introduced at Lawrence Livermore National Laboratory

Table 3
ŽAtomic density and distance between planes for aluminum crystal after

w x.Dieter 10

Orientation Atomic density Distance between
2˚ ˚Ž . Ž .per unit area A planes A

2� 4 Ž . Ž .Octahedral 111 4r63a 0.141 ar63 2.338
2� 4 Ž . Ž .Cube 100 2ra 0.122 ar2 2.025
2� 4 Ž . Ž .Dodecahedral 110 2r6a 0.086 ar262 1.432



( )R. Komanduri et al.rWear 240 2000 113–143 117

Ž . w xLLNL in the late 1980s and early 1990s 29–35 . Pio-
neering research in the field of MD simulation of indenta-

w xtion was conducted by Landman et al. 36–40 at Georgia
Institute of Technology followed by Belak and his col-
leagues at the Lawrence Livermore National Laboratory
Ž .LLNL . Since then, MD simulation has been applied to a
wide range of fields including crystal growth, low-pressure
diamond synthesis, laser interactions, nanometric cutting
w x w x w x2,9,41–52 , indentation 53–58 , and tribology 59–63 to
name a few. While some MD simulations of indentation
w x w x31,35–40,58 and sliding 59–63 studies have been re-
ported in the literature, there are practically no investiga-
tions on the indentation and scratching of single crystal
aluminum and in specific, the effect of crystallographic
orientation. The principal materials for which indentation

w xand sliding that have been studied include Cu 35,58,60 ,
w x w xAu 38,40 , and Ag 35 . Therefore, in this section, we

shall provide only a very brief review of a few examples
of such theoretical investigations. MD simulations of the

windentation process has been reported in great detail 36–
x40,53–58 as briefly summarized in the following. In the

present investigation, the emphasis of the indentation stud-
ies is not on the details of the indentation process per se
but to determine the anisotropy in hardness with crystal
orientation.

w xBelak et al. 35 reported MD simulation of nanoinden-
Ž .tation of copper and silver 111 surfaces with a blunt

triangular diamond tip. However, an accurate potential for
the diamond tip was not used. The velocities used in the
simulations were 1, 10, and 100 m sy1. An initial van der

Ž . Ž . Ž .w xFigs. 3. a – e MD simulation plots showing various stages of the indentation–scratch test with the workmaterial set-up in the 111 110 orientation.
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Waal’s attraction followed by a linear increase in the load
due to elastic response of the substrate was observed. The
magnitude of the load was reported to be comparable to
the experimental results in the literature using AFM’s
w x64,65 . They reported the occurrence of a critical yielding
phenomenon and a significant drop in the load after the tip
had penetrated ;1.5 layers into the substrate. Pile up of
atoms around the tool tip was observed as the tool was

Ž .indented further into the substrate ;7 layers . The sub-
strate was reported to show elastic–plastic deformation.
The cross-sectional plots through the tool tip showed the
plastic deformation to be limited to a few lattice spacings
surrounding the tip.

w xLandman and Luedtke 38,40 conducted MD simula-
tions of indentation on a gold substrate using a nickel tool.
A gradual increase in the force between the tip and the
substrate was observed followed by a region of instability.
This increase was interpreted as an increase in the attrac-
tive force between the tip and the substrate. They noted
that the gold atoms under the tip were displaced by ;0.2

Ž .nm towards the tool tip. Jump-to-contact JC was reported
at a tip to substrate separation distance of 0.42 nm and this
was accompanied by an increase in the attractive force.

w xYan and Komvopoulos 58 conducted MD simulations
to analyze the deformation occurring during indentation of
a dynamic substrate by a single atom or hard tip. They also
studied the effects of substrate temperature and indentation
speed on the force, deformation behavior, and energy
dissipation. In their study of the single atom indentation
process, they used both argon and copper as the substrates
when a hard tip was used. They reported a hysterisis in the
normal force versus separation distance curve for both

Ž .cases atom or rigid tip as indenter studied. The direction
of irreversible deformation coincided with the macroscopic
plastic flow. They observed the material differences to
exhibit a strong influence on the force–distance curve.

w xBuldum and Ciraci 60 conducted MD simulation of
nanoindentation and sliding of a nickel tip on a copper
substrate. Specifically, they conducted tests with a sharp

Ž . Ž .nickel 111 tool on copper 110 surface and a blunt
Ž . Ž .nickel 001 tip on copper 001 surface. An Embedded

atom potential was used to simulate the metallic bonds of
nickel and copper. In the case of a sharp tool, movement
of atoms from the tool tip towards voids in the substrate at
a separation distance of 0.43 nm was reported. The forces
were reported to be almost negligible at large separation
distances and increased with decreasing separation dis-
tance between the tool tip and the workmaterial. They also
reported the phenomenon of JC to take place as the tip was
lowered into the substrate. When the tool was pulled away
from the substrate, stretching of the junction formed by the
indenter and consequent neck formation were reported.
Contrary to the sharp tool, the JC was reported to initiate

Ž .from the softer material substrate when a blunt tip was
used in the simulations. Multiple JCs were observed when
a sharp tip was used, in contrast to the single JC using a

blunt tip. A quasi periodic variation in the force was
reported during sliding of the sharp nickel tip on the
copper substrate. This was attributed to the stick-slip pro-
cess involving phase transitions.

MD simulations of friction between surfaces were re-
w xported by Kim and Suh 61 based on the assumption that

the plowing component of friction is the dominant factor
contributing to friction. This assumption was based on the

w xearlier experimental results of Suh and Saka 22 . The
simulation was performed for a single atom scanning
across the surface of a 2-D Lennard Jones type crystal in
both static and dynamic modes. Normal force was kept
very low to avoid mechanical interactions, such as plow-
ing, asperity deformation, etc. The interfacial interaction
was strictly repulsive. In the case of static simulations, a
periodic oscillation of the tangential force and the normal
force as the atom scans the lattice was reported. The
friction coefficient was observed to oscillate between y0.8
and 0.8 for a case when the scan height was 1.1a, where a
is the lattice parameter of the surface.

Eventhough, significant research has been reported in
the literature on the mechanics of indentation–sliding pro-
cess at nanometric level, a number of problems still re-
main. In many of the indentation studies, it is implicitly
assumed that there is chemical interaction between the
indenter and the workmaterial, while most practical inden-
tation tests are conducted with a tool that is chemically
incompatible with the workmaterial. It thus appears that in
the modeling of the indentation, the tool should be consid-
ered as infinitely rigid with no interaction between the
indenter and the workmaterial. This can simulate many of
the hardness tests with cemented tungsten carbide and
diamond indenters when indenting a range of workmateri-
als. It is, also, not clear whether hardness anisotropy
depends on the plane of indentation, or direction of inden-
tation, or a combination. Also, friction coefficient values

w x w xranging from 0.05 61 to infinity 20 have been reported
in the literature. It should also be noted that the experi-

Fig. 4. MD simulation of nanometric cutting of single crystal aluminum
Ž .w xwith the 111 110 orientation showing dislocations generated parallel to

w xthe cutting direction 2 .
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ments reported in the literature relating to the effect of
w xanisotropy are performed at the micrometer level 11–26 .

Also, in nanoslidingrnanoscratching, what may be rele-
vant is the value of the friction force at light loads rather
than the coefficient of friction. As the latter is merely the
ratio of the two forces, namely, the scratch force to the
normal force, the numerical value of the ratio can be high
even though the values of the individual forces can be

w xextremely low 63 . Based on earlier studies on grinding
w x w x66 and machining with high negative rake tools 9,67 ,
this ratio may be more influenced by the geometry of
indenter.

It would be of great interest to extend this problem to
the nanometric-atomic level for many nanotribological ap-

plications. The effect of anisotropy on hardness and fric-
tion coefficient has not yet been attempted at the atomic
level, as previous MD studies of indentation–sliding did
not specifically address this problem. The effect of crystal-
lographic orientation and direction of scratching on the
friction coefficient are also not well understood. In this
investigation, an MD simulation approach was used to
investigate the effect of crystallographic factors on inden-
tation and scratching of single crystal aluminum. The
variation of the indentation and scratching process me-
chanics with crystallographic factors are discussed in some
detail. The effect of crystallographic factors is also dis-
cussed in terms of anisotropy in hardness, friction coeffi-
cient, forces, force ratio, and specific energy.

Ž . Ž . Ž .w xFigs. 5. a – e MD simulation plots showing various stages of the indentation–scratch test with the workmaterial set-up in the 111 211 orientation.
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3. Methodology for MD simulation of indentation and
scratch tests

3.1. Indentation and scratch model

Fig. 1 is a schematic of the model used in the MD
simulation studies on the effect of crystallographic factors
in indentation and scratch tests of single crystal aluminum.
The workmaterial is divided into three different zones,

Ž .namely, the moving zone P-zone , the peripheral zone
Ž . Ž . w xQ-zone , and the boundary zone B-zone 68 . The mo-
tion of the atoms in the moving zone is determined solely
by the forces produced by the interaction potential and the
direct solution of classical Hamiltonian equations of mo-
tion. The motions of the peripheral atoms are also calcu-
lated from the solution of Hamiltonian equations, but
modified by the presence of velocity reset functions associ-
ated with each atom in the peripheral zone. In this method,
the Cartesian velocity components of each peripheral lat-
tice atoms is reset at periodic time intervals, using the
following algorithm:

1r2new old 1r2Õ s 1yw Õ qw V T ,j ,Ž . Ž .a i a i

old Ž .where Õ is the a-component asx, y, or z of velocitya i

of lattice atom i resulting from the solution of the Hamil-
tonian equations of motion and Õnew is the reset a veloc-a i

ity component. w is a parameter that controls the strength
of the reset with ws0 corresponding to a no reset and

Ž .ws1 to a complete reset. V T , j is a randomly chosen
velocity from a Maxwell–Boltzmann distribution at tem-
perature T. j is a random number whose distribution is

w xuniform in the interval 0,1 that controls the random
selection. This procedure simulates the thermostatic effect
of the bulk and guarantees that the equilibrium temperature
will approach the desired value, which is 293 K in these
calculations. More details relating to this thermostating

w xmethod are given in Chandrasekaran et al. 51 and in the
w xoriginal paper by Riley et al. 68 . The boundary atoms are

fixed in position and serve to reduce the edge effects and
maintain the proper symmetry of the lattice.

3.2. MD simulation conditions

MD simulations of indentation and scratching were
conducted on single crystals of aluminum using a Digital

Ž .a-workstation Model 500 with a clock speed of 433
MHz to study the effect of crystallographic factors, namely,
crystal orientation, and indentation and scratch directions.
Indentation and scratching were conducted along specific

�Ž .combinations of the orientation of the work material 111 ,
Ž . Ž . Ž .4 ²w x w x110 , 001 , and 120 and scratch direction 110 , 211 ,
w x w x w x: y1100 , 210 , and 221 at a speed of 500 m s . The
indentationrscratch depth was maintained constant at 0.81
nm in all simulations. The specific combinations for the
Ž . w x w x111 z-axis are the y directions 110 and 211 , for the

Ž . w x w x110 z-axis are the y directions 110 and 001 , for the
Ž . w x w x001 z-axis are the y directions 110 and 100 , and for

Ž . w x Ž .the 120 z-axis the y direction is 210 and for the 012
w xz-axis the y-direction being 221 , respectively. In the

following discussion, the crystal set-up is referred to as
Ž .² : Ž .² :z y . For example, 001 100 represents the crystal

Ž . ² :being set-up with 001 as the z-axis and 100 as the
y-axis. The planes perpendicular to the z and the y axes
have the same Miller indices. For example, the plane

² : Ž .perpendicular to 100 direction will be 100 . The inden-
tation is performed along the z-axis and the scratch is
performed along the y-axis. For convenience, an infinitely

Ž .hard nickel tool was used in these simulations as tool
wear is hardly a problem in the nanoindentation of alu-
minum.

It may be noted that nanoindentation experiments are
Ž y6 y9 .performed at much slower rates 10 to 10 mrs , but

if conducted at these rates, MD simulations would take
extremely long processing times even with the fastest
microprocessors. Currently, this is one of the drawbacks of
MD simulations. It is possible that the large tool speeds
may produce spurious effects. It is also possible that the
properties that we are investigating can be insensitive to
tool speed so that no physical effects are produced. Since
we cannot execute the MD simulations at experimental
speeds of 10y6 to 10y9 mrs, these theoretical methods
cannot be used to investigate this point. However, it is
possible to study indentation, scratching, and cutting at
tool speeds in the experimental range using Monte Carlo
simulation techniques. At present, we are developing com-
puter codes to implement such studies. We anticipate that
comparison of Monte Carlo results with MD simulations
will provide a clear picture of the artifacts, if any, that are
generated by employing high tool speeds.

Table 2 gives the computational parameters, details of
the workmaterial and tool dimensions, indentation depth,
and length of scratch used in the simulations. Fig. 2 shows
the various crystal orientations and the corresponding di-

Fig. 6. MD simulation of nanometric cutting of single crystal aluminum
Ž .w xwith the 111 211 orientation showing dislocations generated ;608 to

w xthe cutting direction 2 .
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Ž . Ž . Ž .w xFigs. 7. a – e MD simulation plots showing various stages of the indentation–scratch test with the workmaterial set-up in the 110 001 orientation.

rections for cubic materials. The total number of atoms in
the workmaterial ranges from 4382 to 5131 depending on
the crystal set-up while the tool has 2551 total atoms. It
should be noted that while the simulation size of the

Ž .workmaterial is maintained constant Table 2 the number
of planes and consequently, the total number of atoms
considered in the simulation size depend on the crystal
orientation. Consequently, the indentation–scratch width
will change with orientation and scratch direction. While,
the workmaterial orientation is varied, the tool orientation

Ž .is maintained constant in all the simulations Table 2 .

Table 2 also tabulates the total number of atoms in the
workmaterial for various combinations of crystal orienta-
tion and cutting direction.

The potential used in the simulations is a pairwise sum
of Morse potentials between the lattice atoms of the work-
material plus a second summation of pairwise Morse po-
tentials between the atoms of the tool and those in the
workmaterial, i.e.

N N N NW W W T

L TLV sV s V r q V r ,Ž . Ž .Ý Ý Ý Ýtotal T M i j M i j
is1 j)i is1 js1
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where r is the i–j interparticle distance andi j

LV r sD exp y2a r yrŽ . Ž .� 4M i j L L i j eL

y2exp ya r yr for r Fr ,Ž .� 4L i j eL i j c

V L r s0 for r )r ,Ž .M i j i j c

TLV r sD exp y2a r yrŽ . Ž .� 4M i j T T i j eT

y2exp ya r yr for r Fr ,Ž .� 4T i j eT i j c

V TL r s0 for r )r .Ž .M i j i j c

N and N are the number of lattice atoms in the work-W T

material and tool, respectively. The potential parameters
for the workmaterial, D , a , and r are adjusted to theL L eL

measured sublimation enthalpy, Debye temperature, and
nearest-neighbor spacings for aluminum. The three param-
eters for the tool-workmaterial potential, D , a , and rT T eT

are obtained by standard combining rules with the parame-
Ž .ters for the pure materials. The cutoff radius r is chosenc

such that the ratio of the potential at the cutoff point to that
at equilibrium is less than 4%. The use of such a cutoff
radius ensures that the calculations will not consume large
quantities of computational time in evaluating the forces
that are near zero. It should be noted that there are no
potential terms connecting the atoms of the tool with the
workmaterial atoms in the boundary zone. Consequently,
the tool can, in effect, move through the B-zone atoms as
if they are not present. The potential parameters for the
workmaterial are given in Table 2.

ŽThe MD simulations require the solution of 6N N —
.total number of atoms simultaneous, coupled, first-order

differential equations of motion. This solution is obtained
using a fourth-order Runge–Kutta algorithm with a fixed
integration step size of 0.1 atomic time unit. Integration
accuracy is monitored using back-integration and energy
conservation requirements with the velocity reset proce-
dure turned off.

The use of pairwise potential in the simulation merits
some comment. Numerous trajectory investigations of

w xcomplex chemical reactions in the gas phase 69 and in
w xthe solid state under matrix isolation conditions 70 have

shown that pairwise potentials yield accurate results so
long as the process under investigation does not involve
the scission and formation of covalent chemical bonds. If
the machining process involves covalently bonded materi-
als, such as silicon or diamond, more complex potential
forms must be employed. Other potential forms can, of
course, be used for any system. One such potential is the
embedded-atom potential. Further MD studies will employ
this formulation for the potential. When these calculations
are complete, a comparison of the present results obtained
with pairwise potentials with those given by an
embedded-atom functional form will permit an accurate
assessment of the sensitivity of the computed dynamics to
the pairwise assumption.

Table 3 gives the atomic density and the distance
between planes with respect to orientation of the aluminum

w xcrystal 10 . In the case of aluminum, an FCC material, the
Ž .atomic density is maximum for the 111 plane and mini-

Ž .mum for the 110 plane. Similarly, the distance between
the atoms in a given direction of sliding is also important
in the consideration of slip, for slip will occur on the
densest planes and the shortest directions. Thus, a combi-
nation of both these factors affect the nature of plastic
deformation of this material in nanoindentation–scratch-
ing.

It may be noted that width of the indenter was kept the
same as the width of the workmaterial and the tool center
coincided with the workmaterial origin during indenta-
tion–sliding. Even though, in practice, the indenter’s width
is smaller than the workmaterial width, this approach is
adapted here for a better visualization of the deformation
process during MD simulation, which will not be the case
when the width of the indenter is smaller than the workma-
terial. In that respect, the indenter has a 2-D geometry. The
semi-included angle of the indenter was 458. This corre-
sponds to a y458 negative rake angle of the indenter
during the scratch process. It is known that indenter geom-
etry will affect the nature of deformation during indenta-
tion and scratching and it is hoped that the results of the
MD simulations of indenters of different included angles
will be published soon.

4. Results and discussion

4.1. M.D. simulation results

In the following, results of MD simulation of the inden-
tation–scratch process on single crystal aluminum in dif-
ferent orientations and scratch directions are presented to
investigate the process dependence on crystallographic fac-
tors. It may be noted that the description of the process is

Fig. 8. MD simulation of nanometric cutting of single crystal aluminum
Ž .w xwith the 110 001 orientation showing dislocations generating perpen-

dicular to the cutting direction both below and above the workmaterial in
w xthe shear zone 2 .
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based not only on the simulation plots but also on the
detailed animation studies of the MD simulation process.
Since, the scratching process is somewhat similar to cut-
ting, they will be compared where appropriate.

It may be noted that the width of the workmaterial used
w xin the nanometric cutting studies reported earlier 2 was

four lattice spacings compared to six lattice spacings in the
present study. Consequently, some of the process phe-
nomenon, such as the generation and propagation of dislo-
cations was easier to delineate when the width was nar-
rower, since in the animation pictures all the layers of
atoms are superimposed. The width of the workmaterial in

the current study was increased to six lattice spacing to
simulate 3-D conditions more closely. It may also be noted
that even though some of the observations were observed

w xmore clearly in nanometric cutting 2 than in the present
study, the essential features, such as deformation ahead of
the tool and dislocation propagation direction with respect
to the scratch direction remained the same.

Ž . Ž .Figs. 3 a – e shows various stages of the MD simula-
tion of the indentation–scratching process with the work-

Ž .w xmaterial–indenter set up in the 111 110 combination.
Ž . Ž .Fig. 3 a shows a zone of disturbed material ;8 layers

Ž .from the surface covering the entire length extending into

Ž . Ž . Ž .w xFigs. 9. a – e MD simulation plots showing various stages of the indentation–scratch test with the workmaterial set-up in the 110 110 orientation.
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the workmaterial in the form of an inverted trapezium
prior to contact with the indenter. Prior to this, the atoms
were found to be in the relaxed condition. The trapezium is
symmetrically located with respect to the workmaterial
eventhough the indenter is approaching at one end. It is
also not clear what role the boundary atoms play in
truncating the sides of the trapezium. In addition, some
voids or missing atoms can also be seen. These are at-
tributed to the initial attractive forces followed by high
repulsive forces experienced by the workmaterial atoms as
the indenter approaches the workmaterial surface. As will

Ž .be shown shortly, the zone of disturbed shape and size
material prior to contact by the indenter on the workmate-
rial was found to vary with the orientation. The maximum

Ž .w xwas observed along the 111 110 orientation. Animation
of the indenter approaching the workmaterial showed com-
pression of the top layers of the workmaterial as a result of
an increase in the forces as the work-indenter separation

Ž .distance was decreased. Fig. 3 b shows indentation into
the workmaterial and the displacement of some atoms
from the workmaterial towards the surface. The pile up is
higher on the right of the indenter due to placement of the
boundary atoms closer to the indentation site on that side.
The wide zone of disturbed material, which was present
prior to indentation into the workmaterial was no longer
present during the indentation process under the indenter.
The length of the trapezium on the surface is reduced and
is determined by the contact point of the indenter at the

Ž .surface. Fig. 3 c shows the indenter at the maximum
indentation depth and just prior to the initiation of the
scratch process showing a small region of plastically de-
formed material directly underneath the indenter. In addi-
tion, slip along the sides of the indenter can also be seen.

Ž .Fig. 3 d is an intermediate stage of the scratch process
showing displacement or pile-up of material ahead of the
indenter in the form of a chip similar to machining with a

Žhigh negative rake angle here, the indenter presents a rake
.angle of y458 or plowing. Animation of the scratching

process showed slip to take place on layers of material
parallel to the scratch direction ahead of the indenter
Ž .within the scratch depth . Slip of layers parallel to the
cutting direction was also observed in nanometric cutting

w xwith a 108 rake tool 2 . In this study, compression ahead
of the indenter to a greater extent can be observed from

Ž . Ž .w xFig. 3 e . It may be noted that the 111 110 combination
involves the most dense plane with scratching performed

Ž .along the close packed direction Table 3 . Komanduri et
w xal. 2 also reported the deformation ahead of the tool to be

compression combined with shear along the cutting direc-
Ž .w x Ž .tion with the 111 110 orientation Fig. 4 . The degree of

Žcompression ahead of the tool in nanometric cutting Fig.
. Ž Ž ..4 is less in comparison to the current study Fig. 3 e .

This in part is attributed to the differences in the tool rake
Ž Ž ..angle. The final stage of the scratch process Fig. 3 e

shows considerable amount of subsurface deformation,
estimated to be equal to the indentation–scratch depth.

w xFrom an earlier study for a 108 rake tool 2 the subsurface
deformation for similar conditions was observed to be
much lower. This suggests that with increase in the nega-
tive rake, the extent of subsurface deformation increases
w x9,52 . Some elastic recovery of the workmaterial follow-
ing the indentation–scratch process can also be seen from

Ž .Fig. 3 e and the animation of the process. The material
removal process during scratching is predominantly plow-
ing due to high negative rake angle of the indenter.

Ž . Ž .Figs. 5 a – e show various stages of the MD simula-
tion of the indentation–scratching process with the work-

Ž .w x Ž .material set-up in the 111 211 orientation. Fig. 5 a
Žshows the initial disturbance in the form of trigons in the

shape of inverted triangles with each triangle slightly
.separated from each other near the surface of the workma-

terial prior to contact with the indenter. However, the
extent of this disturbance is less in comparison to the
Ž .w x Ž Ž ..111 110 orientation Fig. 3 a indicating differences in
the forces experienced by the workmaterial prior to contact

Ž .by the indenter. Fig. 5 b shows the plastic deformation to
be concentrated around as well as the sides of the indenter.

Ž .Fig. 5 c shows the indenter at the maximum indentation
Ž .depth 0.81 nm and just prior to the initiation of the

scratch process. The deformation around the indenter as
well as the region of deformation appears to be quite

Ž Ž . Ž ..extensive compare Figs. 3 c and 5 c . Also, the trigon
under the indenter is no longer prominent due to extensive

Ž Ž ..plastic deformation Fig. 5 c . The amount of pile-up of
the workmaterial seems to be higher in this case compared

Ž Ž . Ž ..to the earlier orientation compare Figs. 3 c and 5 c .
Ž .Fig. 5 d is an intermediate stage of the scratch process

showing displacement or pile-up of material ahead of the
indenter in the form of a chip similar to machining with a

Ž .high negative rake angle y458 . The deformation in the
chip in the form of slip appears to take place predomi-

Ž Ž ..nantly parallel to the tool face Fig. 5 e . In nanometric
w xcutting 2 for a similar crystal orientation with a 108 rake

Ž .tool Fig. 6 , the material in the shear zone was observed
to deform at an angle of ;608. In the present investiga-

Fig. 10. MD simulation of nanometric cutting of single crystal aluminum
Ž .w xwith the 110 110 orientation showing dislocations generating both

w xparallel and perpendicular to the cutting direction 2 .
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tion, due to large negative rake angle of the indenter
Ž .y458 , the direction of slip seems to be controlled some-
what by the tool rake face. Also, in the nanometric cutting

w xstudy 2 , dislocations were found to be generated at ;608

Ž .to the cutting direction in the workmaterial Fig. 6 . Even-
though, in the current study, such extensive dislocations at

Ž .;608 are not clearly visible from Fig. 5 d , the animations
showed the generation of dislocations in the same direc-

Ž .tion. One can see their presence in Fig. 5 e in the ma-
chined surface after the indenter had advanced during
scratching. Incidentally, the two sides of the inverted
trigons observed prior to indentation were also formed at

Ž .608 to the scratch direction. Comparison of Figs. 3 e and
Ž . Ž .w x5 e indicates higher elastic recovery with the 111 211

Ž .w xorientation than 111 110 . The subsurface deformation
Ž .w xand the chip volume appears to be lower with the 111 211

Ž .w x Ž Ž ..orientation compared to 111 110 Fig. 3 e . Similar
results were reported in the previous study of nanometric

w xcutting with a 108 rake tool 2 .
Ž . Ž .Figs. 7 a – e shows various stages of the MD simula-

tion of the indentation–scratching process with the work-
Ž .w xmaterial–indenter setup in the 110 001 combination.

Ž .Fig. 7 a shows practically negligible initial disturbance on
the top layers of the workmaterial. Animation studies of

Ž . Ž . Ž .w xFigs. 11. a – e MD simulation plots showing various stages of the indentation–scratch test with the workmaterial set-up in the 001 100 orientation.
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the indentation process indicated that what little distur-
Ž .bance that was present was distributed uniformly. Fig. 7 b

Ž . Žand c are two stages of indention. They along with the
.animation studies show dislocations generating under-

neath the tip of the indenter in the direction of indentation
and moving towards the free surface of the workmaterial.
A similar observation was made in nanometric cutting with
a 108 rake tool with the dislocations generating both below

Ž . w xand above the workmaterial in the shear zone Fig. 8 2 .
Significant differences in the shape of the deformation
region in the work material due to indentation can be

Žobserved depending on the crystal orientation compare
Ž Ž . Ž . Ž ...Figs. 3 c , 5 c , and 7 c . It was also reported that this
mode of deformation was unique as no such mode was
observed in conventional machining. In the scratch pro-
cess, because of the large negative rake of the indenter, the
deformation of the material was found to occur nearly

Ž Ž . Ž ..parallel to the indenter face Figs. 7 d and e . This
suggests that the geometry of the tool can strongly affect
the mode of dislocation generation and propagation even-

Ž .though the crystal orientation is the same. Fig. 7 e also
indicates that the chip volume and subsurface deformation
to be slightly lower than the other two cases discussed thus

Ž Ž . Ž ..far Figs. 3 e and 5 e .
Ž . Ž .Figs. 9 a – e shows various stages of the MD simula-

tion of the indentation–scratching process performed with
Ž .w xthe workmaterial–indenter set up in the 110 110 combi-

Ž .nation. Fig. 9 a shows practically negligible disturbance
in the workmaterial prior to the contact of the indenter.

Ž .Fig. 9 b shows the amount of initial deformation and
around the indenter to be minimal. Indentation on the

Ž .w xcrystal with 110 110 combination generated dislocations
both parallel and perpendicular to the indentation direction

Ž Ž ..although the former were more obvious Fig. 9 c . A
similar observation was made in the MD simulation of

Ž . w xnanometric cutting for a similar orientation Fig. 10 2 .
² :This is attributed to the fact that 110 is the easy slip

direction and when either indented or machined along that
² :direction will generate dislocations along 110 direction.

Cross slip from the indenter’s tip towards the free surface
Ž .and into the workmaterial can be observed from Fig. 9 c .

w xAs the indenter moved along the 110 direction the dislo-
cations generated underneath the tool tend to disappear due

Ž Ž ..to elastic recovery Fig. 9 d .
Ž . Ž .Comparison of Figs. 7 d and 9 d suggests a higher

degree of plastic deformation ahead of the tool with the
Ž .w x110 001 combination. However, in the previous study
w x Ž .w x2 , 110 110 crystal set-up was observed to show higher
degree of plastic deformation ahead of the tool in contrast
to the current observation. The degree of elastic recovery

Ž .seems to be higher with the current crystal set-up. Fig. 9 e
shows the final stage of the indentation–scratch process.
The elastic recovery can be observed to be higher than that

Ž .w x Ž Ž ..experienced with 111 110 combination Fig. 3 e How-
Ž .w x Ž Ž ..ever, the chip volume is lower than 111 110 Fig. 3 e

Ž .w x Ž Ž ..and 111 211 Fig. 5 e and seems to be nearly equal to

Ž .w x Ž Ž ..that of 110 001 orientation Fig. 7 e . The subsurface
deformation can be estimated to be nearly equal to the

Ž Ž ..scratch depth Fig. 9 e .
Ž . Ž .Figs. 11 a – e show various stages of the MD simula-

tion of the indentation–scratching process performed with
Ž .w xthe 001 100 orientation. Negligible disturbance in the

work material prior to the contact of the indenter was
Ž Ž ..observed Fig. 11 a . No visible dislocation pattern was

observed during the initial stages of the indentation pro-
cess. Initiation of dislocations at ;458 into the workmate-

Žrial was observed during the animation at maximum
.depth followed by rapid elastic recovery. Consequently,

as soon as the scratch process commences, the dislocations
were observed to rearrange or escape towards the free

Ž .surface. Fig. 11 c shows the final stage of the indentation
process wherein the workmaterial is largely undisturbed

Ž .except for the region around the indenter. Fig. 11 c shows
displacement of atoms towards the free surface of the

Ž .workmaterial by the indenter. Fig. 11 d is an intermediate
w xstage of the scratch process along 100 direction showing

the material removal taking place as in conventional ma-
chining with the generation of a chip via the shear zone.
However, the dislocations propagating at ;458 into the
workmaterial and ;458 in the shear zone which was

Ž . w xclearly observed in the nanometric study Fig. 12 2 was
not observed during the scratch process. The final stage of

Ž Ž ..the scratch process Fig. 11 e shows that the deformation
ahead of the indenter in the scratch process is rather
limited.

Ž . Ž .Figs. 13 a – e shows various stages of the MD simula-
tion of the indentation–scratching process performed with

Ž .w xthe workmaterial–indenter set up in the 001 110 combi-
Ž .nation. Fig. 13 a shows that only the top layer is disturbed

prior to the indenter’s contact with the workmaterial. Fig.
Ž .13 b shows the progress of indentation. It is interesting to

w xnote dislocations propagating along the 110 direction
which is perpendicular to the direction of indentation even
before the commencement of the scratch process. This is

Fig. 12. MD simulation of nanometric cutting of single crystal aluminum
Ž .w xwith the 001 100 orientation showing dislocations generated ;458 to

the cutting direction both in the work material and a mirror image in the
w xshear zone 2 .
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found to be unique to this particular combination of crystal
set-up. Dislocations propagating parallel to the cutting

Žw x.direction 110 were also observed in nanometric cutting
ŽŽ .w x.for similar crystal combination 001 110 in an earlier

Ž . w xstudy on nanometric cutting Fig. 14 2 . As scratching
Ž Ž . Ž ..progresses Fig. 13 d and e the number of dislocations

propagating along the scratch direction was observed to
w xincrease. This is due to the fact that 110 is the close

packed direction for the FCC crystal set-up and conse-
w xquently slip is predominant when scratching along 110

w xdirection. In the nanometric study 2 , additional disloca-
tions moving parallel to the cutting direction even below

Ž .the depth of cut was observed Fig. 14 . Similar observa-
tion can be made for indentation–scratching as shown in

Ž .Fig. 13 e .
Ž . Ž .Figs. 15 a – e show various stages of the MD simula-

tion of the indentation–scratching process with the work-
Ž .w xmaterial–indenter set up in the 120 210 combination.

Ž .Fig. 15 a shows minimal disturbance of the top layer of
the workmaterial prior to the indenter’s contact with the

Ž . Ž .workmaterial. Figs. 15 b and c show the deformation to
Ž .be limited to the region around the indenter. Fig. 15 d and

Ž .e shows two stages during the scratch process. Slip
w xseems to take place along the 210 direction although

Ž . Ž . Ž .w xFigs. 13. a – e MD simulation plots showing various stages of the indentation–scratch test with the workmaterial set-up in the 001 110 orientation.
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Fig. 14. MD simulation of nanometric cutting of single crystal aluminum
Ž .w xwith the 001 110 orientation showing dislocations generating parallel

w xand to the cutting direction 2 .

modified by the large negative rake angle presented by the
indenter as the indenter moves during the scratch process.
Plastic deformation is limited to a small region ahead of
the tool. The chip volume seems to be nominal. The
subsurface deformation is seen to extend to ;3–4 layers
beneath the scratch depth.

Ž . Ž .Figs. 16 a – e show various stages of the MD simula-
tion of the indentation–scratching process with the work-

Ž .w xmaterial set up in the 012 221 combination. Some initial
disturbance of the top layers of the workmaterial prior to
the indenter’s contact with the workmaterial was observed
Ž Ž .. Ž . Ž .Fig. 16 a . Figs. 16 a and b show two stages of
indentation. The deformation is seen to concentrate near

Ž . Ž .the indenter. Figs. 16 d and e show intermediate and
final stages of the scratch process showing deformation in
the shear zone taking place parallel to the indenter face. It
may be noted that this orientation resulted in minimum
forces.

In Figs. 3–16, the generation and propagation of dislo-
cations can be seen contrary to some of the experimental
work where no dislocations were reported for indentation

w xdepths of less than 50 nm 15 . During indentation, disloca-
tions were observed to propagate both parallel and perpen-

Ž .w xdicular to the indentation direction in the case of 110 110
combination. Dislocations propagating parallel to the in-

Ž .w xdentation direction are observed in the case of 001 110
combination. Some of these dislocations have been found
to escape towards the free surface or rearrange themselves
to proper crystal symmetry due to elastic recovery as the
indenter was removed from the workmaterial or moved
away from the indent during scratching. The amount of
plastic deformation during indentation was observed to be

Ž .maximum on 111 plane with different directions of in-
dentation investigated. The pile up of the workmaterial
around the tool was observed to be maximum in the case

Ž .w xof 111 211 combination. During sliding, the elastic re-
covery was observed to be minimum for the case of
Ž .w x Ž .w x001 110 combination and maximum for the 111 211
combination. The subsurface deformation towards the end

of the sliding process was observed to be maximum for the
Ž .case of 111 and the directions of sliding considered with

w xsubsurface deformation along 110 scratch direction
w xslightly higher than that of 211 . The minimum subsurface

Ž .w xdeformation was observed in the case of 001 110 and
Ž .w x001 100 orientations. The chip volume at the end of the
scratch process was observed to be maximum for the case

Ž .w xof 111 110 combination and minimum in the case of
Ž .w x120 210 combination. The dislocations do facilitate in
the initiation of the plastic deformation as seen above in

w xaddition to the vacancies as mentioned by Belak et al. 35
Ž .observed during the animation process . The presence of
vacancies supplement the hypothesis presented by Belak et

w xal. 35 that plasticity in the case of small scale indentation
is likely to be due to the creation and movement of point
defects.

4.2. On the nature of Õariation of the forces prior to
indentation

Ž . Ž .A comparison of Figs. 3 a –16 a shows that the distur-
bance of the workmaterial prior to indenter’s nominal

Ž .w xcontact to be maximum in the case of 111 110 and
Ž .w x Ž .w x111 211 combinations, and then by 110 001 and
Ž .w x001 110 combinations. Insignificant or practically no
disturbance was observed for the other combinations,

ŽŽ .w x Ž .w x Ž .w xnamely, 110 110 , 001 100 , 012 221 , and
Ž .w x.120 210 studied. Since the response of the workmaterial
atoms prior to indenter’s contact is different for different
crystal set-ups, the corresponding forces prior to indenter’s
contact should also exhibit similar differences. In order to
study this phenomenon, force data was collected during the
initial stages of indentation prior to indenter’s contact with
the workmaterial. The forces in the MD simulations are
evaluated from the first derivative of the potential equa-
tion. That is,

EVi ˙Force: F sy sP ,X Xi iEXi

w xwhere V is the potential of the body, and Xs x, y, z .
Ž .The forces in the z and y directions Fig. 1 represent the

Ž .normal and tangential scratch force components.
Ž . Ž .Figs. 17 a to h shows the variation of the normal and

tangential forces with distance along the direction of in-
dention prior to the contact of the indenter with the
workmaterial for various crystal set-ups. It can be seen that
as the indenter approaches the work, the force interactions
commence at ;0.2 nm. Coincidentally, this is about half

w xthe JC reported by Landman and Luedtke 39,40 and
w xBuldum and Ciraci 60 . However, in their cases, both the

workmaterial and the indenter are free to interact whereas
in the present investigation, only the workmaterial is free
and the indenter is infinitely rigid. Thus, the disturbance of
the workpiece atoms when the indenter approaches nearly
0.2 nm appears reasonable. The workmaterial in the pre-
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Ž . Ž . Ž .w xFigs. 15. a – e MD simulation plots showing various stages of the indentation–scratch test with the workmaterial set-up in the 120 210 orientation.

sent investigation is aluminum whereas Landman and
Luedtke were using gold and Buldum and Ciraci were
using nickel as the work material, respectively. Conse-
quently, the work material properties used are different and
this can also account partially for the differences in the
magnitude of the initial forces prior to the contact of the
indenter. Also, the surfaces of the workmaterial in differ-
ent orientations are not atomically smooth but are affected
by the size of the atoms, the lattice spacing, the crystallo-
graphic orientation, and the direction of sliding. Thus,
roughness of the surface on an atomic level will vary
depending on the workmaterial as well as its crystallo-
graphic orientation and this can affect the initial forces as
the indentation process commences.

The frequency of oscillation as well as the magnitudes
of the forces tend to vary with the crystallographic orienta-
tions. It can be seen that maximum force variations occur

Ž .w x Ž .w xin the case of 111 110 and 111 211 crystal set-ups.
This is reflected by significant disturbance of the workma-

Ž Ž . Ž ..terial in both the cases Figs. 3 a and 5 a . It is, however,
not clear why the magnitude of force is not significantly
higher in the former case, as significant disturbance in the
form of inverted trapezium is observed in the first case and
less disturbance, only trigons in the second case. In the

Ž .w x Ž .w x Ž .w xcase of 001 110 , 110 001 , and 001 100 combina-
tions, there is some disturbance of the workmaterial atoms
near the surface and this is reflected by a smaller magni-
tude of the forces. In contrast, very little disturbance of the
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Ž . Ž . Ž .w xFigs. 16. a – e MD simulation plots showing various stages of the indentation–scratch test with the workmaterial set-up in the 012 221 orientation.

workmaterial atoms was observed in the cases of
Ž .w x. Ž .w x120 210 and 110 110 , and this is reflected by the
very small variation of the forces not until the indenter is
close to 0.05 nm from the workmaterial surface.

4.3. Some quantitatiÕe analysis of the lattice disturbances,
subsurface deformation, and chip Õolume

An attempt is made to quantitatively estimate the lattice
disturbance prior to indentation, subsurface deformation at
maximum indentation depth and after scratching, elastic

recovery, and number of atoms in the chip after scratching
for various crystal orientations and scratch directions. For

Žthis, the workmaterial was divided into various zones 42
.zones as shown schematically in Fig. 18. In order to

evaluate the above quantities, a parameter termed, ‘‘atom
count ratio’’ is defined as follows:

Nt
Atom count ratio R s ,Ž .

Neq

where, N and N are the number of atoms in a particulart eq

zone at time t and at equilibrium, respectively. This ratio
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was evaluated at three time instants, namely, prior to
indentation, at maximum indentation depth, and after re-
traction and plotted against the corresponding zone num-
ber. Standard deviation of the atom count ratio from the

mean was also evaluated for different combinations of
Ž .crystal orientation. The biased method n-method was

used for evaluating the standard deviation of the atom
count ratio curves which specifies how widely the ratio is

Ž . Ž .Figs. 17. a – h Variation of normal and tangential forces with distance from the workmaterial as the indenter approaches the workmaterial in diferent
crystallographic orientations.prior to tool contact with the workmaterial.
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Ž .Fig. 17 continued .

dispersed from the average value of 1. The formula used to
determine the standard deviation of the atom count ratio is
given in the following:

2 2nÝ x y Ý xŽ .
,( 2n

where, x is the value of the atom count ratio and n is the
Žtotal number of values which is 42 the number of zones in

.the workmaterial .
Ž . Ž .Figs. 19 a – h shows the variation of the atom count

ratio in various zones for different combinations of crystal
orientation and scratch direction, respectively. It can be
seen from these figures that the atom count ratio of zones
1 through 24 are nearly unaffected by the indentation–
scratching process. This suggests that the workmaterial
size in the current study is sufficient to minimize or avoid
boundary effects due to the indentationrscratching pro-

Fig. 18. Schematic of the workmaterial showing the division of workma-
terial into various zones.

Ž .w xcess. With some combinations, for example, 111 211
Ž Ž ..Fig. 19 b we observe minor fluctuations of the atom
count ratio in zones 1 through 24. This is attributed to the
movement of a few atoms across the zone boundaries,
which are strictly defined. When the coordinates of these
atoms were monitored, it was observed that the change
was in the 4th or 5th decimals. This small change can be
due to the atomic vibrations or shock waves propagated
through the crystal during scratching. This can result in a
change in the atom count ratio. Consequently, these small
variations are not considered as lattice disturbances but
rather as the dynamic fluctuation of the atom count ratio. It
is interesting to note that the dynamic fluctuation of the
atom count ratio is different for different crystallographic
orientations. If one would consider these fluctuations to be
due to atomic vibrations or shock waves then it is appro-
priate to consider that these properties also vary with
crystal orientation and scratch direction.

In the following, atom count ratio plots for two combi-
Ž .w x Ž Ž .. Ž .w xnations, namely, 111 110 Fig. 19 a and 110 110

Ž Ž ..Fig. 19 c will be discussed in some detail for a better
appreciation of the nature of their variation. Compare the

Ž .atom count ratio plots prior to indentation in Fig. 19 a and
Ž . Ž .c . Fig. 19 a shows that the atom count ratio prior to
indentation varies significantly and this extends till zone

Ž .26 while Fig. 19 c shows lower variation, which extends
only till zone 33. This suggests higher lattice disturbances

Ž .w xin the case of 111 110 combination compared to
Ž .w x110 110 combination. This was also observed earlier

Ž . Ž .from Figs. 3 a and 9 a . At maximum indentation depth,
the atom count ratio in zone 41 is significantly low for
both combinations. This is because this zone is the in-
dented zone and the atoms in this zone are being pushed to
the side and lower zones. Consequently, both plots show
an increase in the atom count ratio in zones 42, 40, 39, 36,
35, and 34 which are the zones immediately surrounding
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Ž . Ž .Figs. 19. a – h Variation of the atom count ratio in various zones for different combinations of crystal orientations and scratch directions.
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the indent. The increase in the atom count ratio for zone 35
Ž .w xis slightly higher in the case of 110 110 combination

Ž Ž .. Ž .w x ŽFig. 19 c compared to 111 110 combination Fig.
Ž ..19 a . This can be attributed to the dislocations propagat-

Ž .w xing parallel to the indentation direction with 110 110
Ž Ž ..combination Fig. 9 c which were not observed with the

Ž .w x Ž Ž ..111 110 combination Fig. 3 c . In the case of
Ž .w x Ž Ž ..110 110 Fig. 19 c , the atom count ratio remains around
1 from zone 26 to zone 18. However, zone 17 shows an
increase in the atom count ratio. Once again, this can be
due to the dislocations propagating parallel to the indenta-
tion direction with this particular combination. With
Ž .w x110 110 , we observe the indentation damage to penetrate

Ž Ž ..deep into the workmaterial Fig. 19 c , but the radius of
Ž Ž ..the damaged zone Fig. 9 c was not large in comparison

Ž .w x Ž Ž ..to 111 110 combination Fig. 3 c . Similar analysis was
also applied to the atom count ratio after scratching and
repeated for the other orientations as well.

Ž . Ž .Figs. 20 a – d show the variation of standard deviation
of atom count ratio, number of chip atoms, elastic recov-
ery, and subsurface deformation for various orientations.
Table 4 tabulates the corresponding numerical values. In
this table, each combination of crystal orientation is given

Ž .an orientation number which is used in Fig. 20 a–d . The
elastic recovery was estimated as the ratio of the number

Ž .of total atoms in zones 33, 34, 35, 39, 40, and 41 Fig. 18
after scratching to that at equilibrium. Higher this ratio,
higher is the elastic recovery of the orientation. Subsurface
deformation prior to indentation, at maximum indentation

depth, and after scratching are estimated from the atom
count ratio plots. Based on the deviation of the atom count
ratio from its mean value, the zone till which damage
extends is evaluated. From this, the subsurface deforma-
tion is defined in terms of the number of atomic layers.
The subsurface deformation prior to indentation refers to
the lattice disturbance as the indenter approaches the work-
material surface. It should be noted that while the subsur-
face deformation for two orientations might be the same in
terms of number of atomic layers along the depth direc-
tion, it might vary significantly in its radius. Hence, cau-
tion may have to be exercised at times when interpreting
the results quantitatively.

Ž .Fig. 20 a shows a high value of the standard deviation
Ž .w xof atom count ratio prior to indentation for 111 110 and

Ž .w x111 211 combinations. This suggests high lattice distur-
bances prior to indentation for these two combinations.

Ž .w xThe lowest is observed with 110 110 combination. Simi-
lar results were also observed from the MD simulation

Ž Ž . Ž . Ž ..plots Figs. 3 a , 5 a , and 9 a . At maximum indentation
depth, the standard deviation was found to be maximum

Ž .w x Ž .w xwith 001 100 combination and minimum with 111 110
combination. After scratching, the standard deviation was

Ž .w xmaximum with 001 110 combination and minimum with
Ž .w x Ž .111 211 combination. Fig. 20 b shows the variation of
the number of chip atoms showing a maximum with
Ž .w x Ž .w x111 110 combination and minimum with 120 210

Ž .combination. Fig. 20 c plots the variation of elastic recov-
ery with orientation where maximum and minimum elastic

Ž . Ž . Ž . Ž . Ž . Ž .Figs. 20. a – d Variation of a standard deviation of atom count ratio b number of chip atoms c elastic recovery and d subsurface deformation for
various crystal orientations and scratch directions.
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Table 4
Quantitative estimates of the standard deviation of atom count ratio, chip atom count, elastic recovery, and subsurface deformation for various
combinations of crystal orientation and scratch direction

Crystal Crystal orientation Standard deviation of Chip atom Elastic Subsurface deformation,
no. atom count ratio count recovery number of atomic layers

Before At maximum After Before At maximum After
indentation indentation depth scratching indentation indentation depth scratching

Ž . w x1 111 y110 0.0268 0.0519 0.1176 447 0.72 13 13 13
Ž . w x2 111 y211 0.031 0.0649 0.0767 364 0.83 9 11 13
Ž . w x3 110 y110 0.0094 0.0561 0.1044 278 0.78 5 8 11
Ž . w x4 110 001 0.0253 0.064 0.1044 327 0.74 8 19 13
Ž . w x5 001 y110 0.0185 0.0844 0.186 391 0.56 8 10 9
Ž . w x6 001 100 0.0169 0.097 0.123 300 0.68 8 11 9
Ž . w x7 01y2 221 0.0177 0.0587 0.108 264 0.74 9 9 13
Ž . w x8 y120 210 0.0114 0.0673 0.113 212 0.71 9 10 11

Ž .w x Ž .w xrecovery are observed with 111 211 and 001 110 com-
binations, respectively. This is in agreement with the MD

Ž Ž . Ž .. Ž .simulation plots Figs. 5 e and 13 e . Fig. 20 d shows
the variation of the subsurface deformation for various
orientations prior to, at maximum depth, and after scratch-
ing. Prior to indentation, the maximum and minimum

Ž .w xsubsurface deformation were observed with 111 110 and
Ž .w x110 110 combinations, respectively which is in agree-

Ž Ž . Ž ..ment with the simulations Figs. 3 a and 9 a . A similar
interpretation was made earlier based on the forces prior to

Ž Ž ..indentation Figs. 17 a–h . A comparison of the MD
simulation plots discussed earlier with the subsurface de-
formation curves at maximum indentation depth and after

Ž Ž ..scratching Fig. 20 d also show good agreement.

4.4. On the nature of Õariation of forces and energy

In general, indentation tests are conducted at constant
load. However, in the present investigation, a constant
velocity condition is used instead, for convenience. Conse-
quently, the indentation force is taken as the average of the
forces during the entire indentation process. The hardness
of the workmaterial is evaluated as the average normal
force over the contact area of the indenter with the work-
material. The scratch force and the normal force are taken
as the average of the corresponding steady state forces
during the entire scratching process. The resultant force is
taken as the vectorial sum of the scratching force and the
normal force. They are subsequently normalized to
forcerunit width of scratch. The specific energy is defined
as the energy required for removing unit volume of the
workmaterial. The friction coefficient is evaluated as the
ratio of the scratch force over the normal force, where the
forces are the average values over the scratch length. The
scratch hardness was calculated as the average scratch
force during scratching over the deformation supporting
area of the indenter.

Ž . Ž .Figs. 21 a to h are the scratch and normal force–dis-
placement curves obtained in MD simulation of indenta-
tion and scratching for different orientations and scratch

directions. The displacement axis gives the position of the
tool-tip along the scratch direction. During indentation and
retraction, the tool-tip position in the scratch direction
Ž .y-axis remains constant and changes during scratching as

Ž . Ž .indicated in Figs. 21 a to h . These plots provide the raw
data for further analysis. Table 5 summarizes the results of
the MD simulation studies of indentation–scratching con-
ducted on a single crystal aluminum for different orienta-
tions and directions of scratching. It shows the magnitude
of the scratching force, the normal force, the resultant
force, the specific energy, friction coefficient, indentation
hardness, and scratch hardness for various orientations and
scratch directions.

In the following, the nature of the force–displacement
curves will be discussed for a specific combination, i.e.
�Ž .² :4001 100 as an example. The repulsive force is consid-
ered positive. During indentation, the normal force in-
creases rapidly and the tangential force remains almost
zero. The increase in the forces though exhibits minor
fluctuations is essentially uniform. After the indentation
process, when the indenter was slid along the scratch
direction, the normal force drops significantly. Further,
during the scratch process, the primary force is along the
scratch direction and hence the normal force drops signifi-
cantly. However, it can be noted from the figure that the
scratching force increases with a drop in the normal force.
It can also be noted from the figure that the scratching

Žforce is lower than the normal force also taken as the
.average values in Table 5 during sliding as the indenter

Ž .presents a high negative rake angle y458 during the
sliding process. Once the indenter has moved through the
specified scratch distance, it was retracted from the work-
material. The force corresponding to this segment of the
simulation drops to zero as the tool-work separation in-
creases. Hysterisis in the indentation–retraction curve can
also be seen.

Fig. 22 shows the variation of hardness for different
combinations of crystal setups. They were represented with

Ž .increasing angle between the 111 and other planes con-
sidered here. It can be seen that the calculated hardness
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Ž . Ž .Figs. 21. a – h Force–displacement curves obtained in MD simulation of indentation and scratching for different orientations and scratch directions.
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Table 5
Results of MD simulation of nanoindentation–scratch conducted on single crystal aluminum for different orientations

No. Crystal Scratch Normal Friction Resultant Specific energy, Indentation Scratch
2 y5orientation forcerunit forcerunit coefficient forcerunit Nrmm =10 hardness, GPa hardness, GPa

Ž . Ž . Ž . Ž .width, F , width, F , F rF width, F ,c t c t R
2 2 2Nrmm=10 Nrmm=10 Nrmm=10

Ž .w x1 111 110 1.193 1.556 0.767 1.960 0.147 4.797 15.624
Ž .w x2 111 211 1.590 2.278 0.698 2.778 0.196 4.933 22.879
Ž .w x3 110 110 1.076 1.666 0.646 1.983 0.133 4.251 16.733
Ž .w x4 110 001 1.319 1.709 0.772 2.159 0.163 3.982 17.165
Ž .w x5 001 110 1.297 1.567 0.828 2.034 0.160 5.063 15.738
Ž .w x6 001 100 1.485 2.127 0.698 2.594 0.183 5.068 21.360
Ž .w x7 120 210 1.299 1.894 0.686 2.297 0.1604 3.891 19.023
Ž .w x8 012 221 1.551 2.108 0.736 2.617 0.191 3.599 21.172

values are an order of magnitude higher than the engineer-
ing values. This can be attributed to the fact that the depth
of indentation is significantly smaller and at such small
scales of indentation, it is possible that plastic deformation
is governed by the theoretical yield strength. This increase

w xis attributed to the well-known Size effect. Belak et al. 35
reported in the MD simulation of indentation of silver
substrate, a hardness of 5.4 GPa which is close to the
theoretical hardness value of 4.5 GPa. They also proposed
a similar rationale for the high values. It can also be noted
from Fig. 22 that the hardness value is not only a function
of the indentation direction or plane of indentation alone
but also depends on the crystal orientation. In Table 5, z
represents the plane of indentation as well as the direction
of indentation since indentation was performed perpendic-
ular to the z plane. It can be noted that the calculated
hardness value show variation even when the plane of
indentation and the indentation direction maintained con-
stant. Among the orientations studied, the maximum hard-

Ž .w xness value is found with the 001 100 combination and
Ž .w xthe minimum with the 012 221 combination. The maxi-

w xmum hardness direction 100 is in fact the same as the

Fig. 22. Variation of hardness for different combinations of orientations
and scratch directions.

indentation direction of maximum hardness proposed by
w xGarfinkle and Garlick 18 . For the combinations studied,

Fig. 22 also shows the anisotropy to be the least for the
Ž . w x001 orientation with indentation performed along 001
direction. The hardness variation is found to be maximum

Ž .for the 110 orientation with the indentation performed
w x Ž .along the 110 direction Fig. 22 . From Table 5, the

Ž . Ž .Figs. 23. a – c Variation of the cutting force, the thrust force, the
Ž . Ž .resultant force, b the friction coefficient, and c the specific energy

during the scratch process for various combinations of crystal orientations
and scratch directions.
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Fig. 24. Variation of scratch hardness for different combinations of
orientations and scratch directions.

hardness anisotropy of aluminum with different crystal
set-up is calculated to be ;29% which is close to the

Ž .anisotropy of this material in the elastic range 21.9% . A
similar anisotropy is anticipated in the plastic range.

Ž . Ž .Figs. 23 a – c show the variation of the scratching
force, the normal force, the resultant force, the friction
coefficient, and the specific energy during the scratch
process for various combinations of crystal set-ups. Fig.
Ž .23 a is the variation of the scratching force, the normal

force, and the resultant force with crystal orientation.
Minimum in the scratching force was obtained along the
Ž .w x Ž .w x110 110 orientation and maximum along the 111 211
orientation. This is not in total agreement with the argu-
ment that the minimum scratching force for an FCC

material should be along the most favorable slip system,
Ž .w xi.e. in the 111 110 combination. However, the indenter

used here had a high negative rake of y458 and conse-
quently, the normal force during scratching would be the
dominant force. It, therefore, appears that the theoretical
predictions regarding the magnitude of forces with orienta-
tion should perhaps be considered for the normal force and
not for the scratching force. It can be seen that from Fig.

Ž . Ž .w x23 a , the minimum normal force is along the 111 110
orientation, which is the most favored slip system for an
FCC material. This reasoning is substantiated by similar

Žtrends in the resultant force and the normal force Fig.
Ž ..23 a , which show minimum and maximum values along

Ž .w x Ž .w x111 110 and 111 211 , respectively. In an earlier MD
simulation study on the effect of crystal orientation and

w xcutting direction of aluminum single crystals 2 with a
positive rake tools, the minimum and the maximum forces

Ž .w xwere experienced with the 111 110 combination and the
Ž .w x110 001 combination, respectively. The differences in
the results once again highlights the influence of the tool
geometry on the resultant force system.

Ž .Fig. 23 b shows the variation of friction coefficient
with crystal orientation. Friction coefficient is calculated as
the ratio of the scratching force to the normal force. The
highest friction coefficient is found to be along the
Ž .w x Ž .w x001 110 orientation and the lowest along the 110 110
orientation. The friction coefficients obtained in this inves-
tigation are high and in the range of 0.6–0.9. Eventhough
the loads are significantly low, the friction coefficients are
higher. The high friction coefficients observed in this study
are attributed to the material removal in scratching with a

Ž .high negative rake tool y458 . In general, the friction

Ž .w xFig. 25. Indentation curves for simulations on 110 110 combination started at various time instants in order to estimate the statistical error of indentation
hardness.
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coefficient in grinding where the abrasives present a high
Ž .negative rake angle ;y608 is estimated to be ;0.5

w x67 . In the present investigation, the indenter presents a
high negative rake angle of y458 during the scratch
process. The large negative rake angles, in general, are
typical for most indenter geometries. Consequently, even-

Ž . Žthough the normal force load is significantly low nN
.range the tool nomenclature results in an approximately

equivalent decrease in the scratch force. This can result in
high friction coefficient even with loads in the nN range. It
is also possible that the contact pressure exerted by the
tool can be significantly higher resulting in increased
friction coefficient values.

The friction coefficient shows maximum variation with
Ž .scratch direction when sliding along the 110 plane

Ž . Ž . Ž .16.32% . This is followed by 001 15.7% and the
Ž . Ž .minimum 9% with 111 plane. This is attributed to the
Ž . Ž .fact that the 110 is the least packed plane and 111 is the

Ž .most packed plane with 001 in between.
Ž .Fig. 23 c shows the variation of specific energy with

crystal orientation. It follows a similar trend as the cutting
Ž Ž ..force Fig. 23 a . Fig. 24 shows the variation of the

scratch hardness with crystal orientation. It was found to
Ž .w xbe minimum along the 111 110 orientation and maxi-

Ž .w x Žmum along the 111 211 orientation Fig. 24 and Table
.5 . The anisotropy of scratch hardness of single crystal

aluminum was found to be in the range of 30%.
In order to estimate the statistical error of the numerical

quantities evaluated, for example, indentation hardness,
Žthree indentation simulations were performed for a partic-

Ž .w x.ular crystal orientation, namely, 110 110 with the in-
dentation process starting at various time instants. This
was achieved by altering the initial position of the tool
relative to the surface of the workmaterial. This process
will have some effect on the atom positions as the equa-
tions of motion are being evaluated for various time
intervals before indentation begins. Fig. 25 plots the inden-
tation curves for the three simulations mentioned above. It
can be observed from this figure that apart from small
variations in the dynamic fluctuations, the variations in the
force curves are insignificant. Table 6 tabulates the inden-
tation hardness for simulations starting at various time
instants. It can be observed that the error between the
indentation hardness values is less than 2%.

Table 6
Ž . w xStatistical error estimate of indentation hardness for 110 110 orienta-

tion

No. Distance of Time before Indentation Error,
indenter from indentation hardness, %
workmaterial begins, GPa

y1 4surface, nm s =10

1 1.6 320 4.25 0
2 1.2 240 4.20 1.2
3 0.6 120 4.18 1.7

5. Conclusions

Ž .Molecular Dynamics MD simulation of indentation–
scratching was conducted on single crystal aluminum in
different orientations and scratch directions, namely,
�Ž .w x Ž .w x Ž .w x Ž .w x Ž . w x111 110 , 111 211 , 110 110 , 110 001 , 001 110 ,
Ž .w x Ž .w x Ž .w x4001 100 , 120 210 , 012 221 , to investigate the ex-
tent of anisotropy in hardness and friction coefficient of
this material. Specific conclusions that may be drawn from
this study are given in the following. In some cases, only
experimental observations are summarized as specific rea-
sons for their behavior are not known at this stage.

Ž .1 The calculated hardness values were found to be an
order of magnitude higher than the engineering hardness
values at the macrolevel and in the range anticipated at the
nanolevel due to size effect. The magnitude of hardness
was found to increase significantly as the indentation
depths were reduced to atomic level.

Ž .2 At very low indentation depths, i.e. nanoindentation,
plastic deformation appears to be governed by the theoreti-
cal yield strength of the workmaterial, again due to the size
effect.

Ž .3 The hardness anisotropy of aluminum with different
crystal set-ups was observed to be in the range of 29%.
This may be compared to the anisotropy of this material in

Ž .the elastic range 21.9% . It would be more useful to
compare the anisotropy of this material in the plastic
range, if available.

Ž .4 Maximum hardness value was experienced with the
Ž .w x Ž .w x001 100 and the minimum with the 012 221 .
Anisotropy of hardness was observed to depend on the
crystal orientation in addition to the indentation direction
and the plane of indentation.

Ž .5 During indentation, dislocations were observed to
propagate both parallel and perpendicular to the indenta-

Ž .w xtion direction in the case of 110 110 orientation. In
contrast, the dislocations were observed to propagate only

Ž .w xparallel to the indentation direction in the case of 001 110
orientation. At other orientations, they were generally ori-
ented at an angle to the direction of scratching which
depends on the crystal orientation and the direction of
scratching.

Ž .6 Initial disturbance of the atoms near the surface of
Žthe workmaterial prior to indentation i.e. as the indenter
.was brought close to the workmaterial , was observed to

vary with crystallographic factors. This was observed to be
Ž .w x Ž .w xmaximum in the case of 111 110 followed by 111 211

orientation. Minimum disturbance of the top layers of the
Ž .w xworkmaterial was found to be in the case of 110 001 and

Ž .w x001 110 orientations. Insignificant or practically zero
disturbance was observed for the remaining combinations

Ž .w x Ž .w x Ž .w xinvestigated, namely, 110 110 , 001 100 , 120 210 ,
Ž .w xand 012 221 . Instantaneous forces as the indenter ap-

proached the workmaterial in different crystallographic
directions were found to correlate reasonably well with the
degree of disturbance of the workmaterial.
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Ž .7 Friction coefficient, defined as the ratio of the
scratching force to the normal force, during scratching was
observed to be high, i.e. in the range of 0.6–0.9. Even-
though both the forces are very low, the friction coeffi-
cients are found to be rather high. This is attributed to the

Ž .high negative rake angle y458 presented by the indenter
and the resulting high contact pressure exerted by the
indenter. During scratching, bonds between the atoms have
to be broken and reformed at an atomic level and it may
not be possible to have low friction coefficients unless the
contact between them involves a physisorbed layer, as in
van der Waals bonding.

Ž .8 The resultant force during the scratch process was
Ž .w xfound to be minimum along the 111 110 orientation and

Ž .w xmaximum along the 111 211 orientation. The highest
Ž .w xfriction coefficient was observed to be along 001 110

Ž .w xand the lowest along 110 110 orientation. The reasons
for this are not clear at this stage.

Ž .9 The scratch hardness was observed to be minimum
Ž .w xalong the 111 110 orientation and maximum along the

Ž .w x111 211 orientation. The reasons for this, again, are not
clear at this stage. The anisotropy of scratch hardness of
aluminum was also found to be in the range of 30%.

Ž .10 The extent of elastic recovery, subsurface deforma-
tion, and chip volume were found to vary with the crystal-
lographic orientation.
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