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Al~z=et 

This study aims to gain an in-depth understanding of the mechanisms of wear and friction on the atomic scale through the investigation of 
a typical diamond-copper sliding system with the aid of molecular dynamics analysis. The study revealed that there generally exist four 
distinct regimes of defonnatiou, i.e. the no-wear regime, adhering regime, ploughing regime and cutting re~me. The transition between these 
regimes is governed by key sliding parameters such as indentation depth, sliding speed and surface lubrication t.~,..titions. The no-wear regime 
exists for a wide range of inden~fion depths and thus a no-wear design of practical sliding systems is possible even under chemically clean 
conditions. In the cutting regime, the frictional behaviour of the system follows a proportional law. In all the other regimes, however, the 
variation of the frictional force is complex and cannot be described by a simple formula. The study also pointed out that on the atomic scale 
the slip lines generated by dislocation mcdon a~ very different from those predicted by the slip-line theory of plasticity. A new theory needs 
to be developed to bridge the gap between atondc and micro analyses. © 1997 Elsevier Science S.A. 
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1, lntreduetion 

A full understanding of wear and friction on the atomic 
scak. is of fundamental importance to the ,-levelopment of 
nanotcchnology. Immediate examples in which atomic wear 
and friction play a central role are the optimal design, fabri- 
cation and operation of devices with atomic resolution, such 
as micro.machines and high-density magnetic recording 
systems. 

An experimental observation of atomic scale friction using 
an atomic force microscope was reported by a research group 
at IBM [ 1 ]. The friction coefficient between a tungsten tip 
of radius 300 nm and a basal plane of a graphite grain was 
found to be 0.012 at a normal load of 10 pN. Another inter- 
esting result was reported in Japan [2]. When sliding a tung- 
sten tip of radius 10 t~m on a carbon sputtered surface, a 
frictional force of about I p.N at zero normal force was meas- 
ured, indicating an ;.nfinite friction coefficient. In the mean- 
time, theoretical studies using either molecular dynamics 
simulation or first-principle calculations [3-7] have also 
been carried out and showed that the friction coefficient could 
vary significantly, from 0.01 to 0.07, under different sliding 
conditions. Belak and Stowers [8] studied the indentation 

* Corresponding author. 

0(}43-1648/97/$17.00 © 1997 Elsevier Science S.A. All rights reserved 
Pll S 0 0 4 3 - 1 6 4 8  ( 9 7 ) 0007 3 - 2 

and scraping of a copper monocrystal by a rigid diamond tip 
using the molecular dynamics simulation. While focusing 
mainly on some issues of indentation with an observation of 
dislocation initiation, they also simulated cutting under a 
specific condition and observed that the friction coefficient 
was about 1.0. However, the mechanisms of friction and wear 
and the effect of deformation, sliding conditions and dislo- 
cation motions were not studied. 

More systematic research was conducted recently by Hom- 
ola [9], who proposed the concept of interfacial sliding to 
describe the sliding of two perfect, molecularly smooth and 
undamaged mica surfaces. Mechanisms of wear were also 
addressed. The investigation demonstrated that the Bowden- 
Tabor formula [ 10], which states that the frictional force is 
proportional to the real molecular contact area, could well 
describe the frictional behaviour during atomic sliding. In 
fact, the importance of the atomic contact area to atomic 
friction is not difficult to understand if the JKR theory [ 11 ] 
is recalled. This theory, while considering the effect of surface 
energy in its analysis, has implicitly indicated that the real 
contact area must be of great concern to sliding loads on the 
atomic scale. 

In short, studies so far have been restrained either by the 
conventional definition of friction coefficient or by the limited 
examination of the effect of sliding conditions. Investigations 
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into the mechanisms of wear during atomic sliding are still 
lacking. A general figure of  the origin of friction and wear 
on the atomic scale has not been constructed. The present 
study aims to discuss these problems in detail. 

Y a m ,  t w . A a . a ~  

Newtonian Copper Atoms 

2, Model l ing 

2. I. Molecular  dynamics analysis 

On the atomic scale, a solid material can no longer be 
viewed as a continuum. Thus conventional continuum 
mechanics is difficult to apply. On the other hand, the motion 
of  individual atoms becomes dominant. In this study, there- 
fore, we use the molecular dynamics (MD)  method to ana- 
lyse the deformation of  an atomic lattice caused by sliding. 

Let us consider an atomically smooth diamond asperity 
sliding on an atomically smooth surface of  a copper mono- 
crystal in its ( i 11 ) plane (see Fig. 1 ). The variables of  inter- 
est are the sliding speed V, indentation depth d, degree of  
surface lubrication or contamination and the tip radius of  
asperity R which is the radius of  the envelope of  centres of  
the surface atoms. The environmental temperature of  the slid- 
ing system is 293 K and the asperity rake angle is - 60 °. 

The definition of  indentation depth in the atomic sliding 
analysis needs to be clarified specifically. In any conventional 
study of sliding, the indentation depth o f  a hard asperity is 
the penetration depth of  the asperity tip measured from the 
surface of  the soft material. On the atomic scale, however, a 
definite surface does not exist because nuclei axe surrounded 
by electron clouds. To resolve this problem conveniently, we 
assume that the surfaces of  the diamond asperity and copper 
workpiece axe defined by the envelopes at the theoretical radii 
of  their surface atoms, respectively. In this way, the inden- 
tation depth d, defined in Fig. 1, becomes consistem with the 
conventional definition. In addition, we assume that d keeps 
constant in a sliding process, which implies that the sliding 
system has an infinite loop stiffness. 

There are two special types of  atoms in the MD modelling, 
as shown in Fig. 1. The thermostat atoms axe arranged to 
ensure that the heat generated during sliding can conduct out 
o f  the control volume properly. The boundary atoms are fixed 
to the space to eliminate the rigid body motion of  the copper 
specimen. As usual, the velocities of  atoms in the initial 
configuration of  the model follow the Maxwell distribution. 

The interactions between an atom i and all the other atoms 
are governed by their net interaction potential $,  which is 
determined by experiment. The interaction between two 
atoms could be repulsive or at~active, depending on the inter- 
atomic separation r, as shown in Fig. 2, where ro is the equi- 
librium separation at which ~ minimizes. The interaction is 

t The MD analysis has been found a powerful tool for understanding the 
deformation mechanisms of materials on the atomic and nanometre scales 
[ 12-16]. To carry out a reliable MD analysis, however, some key factors 
that have often been overlooked must be addressed carefully. A detailed 
discussion on the issues of reliable MD modelling can be found in Ref. [ I 6 ]. 

T Atoms 
Boundary Atoms 

Fig. I. Schematic model ofa dimnond-oopper atomic sliding system in the 
( 111 ) plane of a copper monocffstal. The sliding direction is [ I i0l. 

Repulsive ~, 1,- Attractive 

0-I:_ 0 
Fig. 2. [ntemtomic po~nfial and interactions b~ween atom ~. 

atLracti'Je when r> ro but becomes repulsive when r< ro, In 
this study, we propose the following modified Morse poten- 
tial to describe the interactions between copper and copper 
and between copper and diamond atoms. In the model shown 
in Fig. 1, if the separation between atoms i a.,:dj is rij, the 
modified Morse potential can be written as 

~(r~) = A~D[exp{ - 2A2o~(t;:j- ro) } 

- 2exp{ A2a(rt~-  ro) } l ( 1 ) 

where D and o~ are material constants listed in Table 1. The 
physical meaning of  D is the cohesive energy between the 
two atoms. At and A2 are non-dimensional parameters indi- 
cating the cohesive strength change between the atom pair i -  
j. For copper-copper atom pain ,  Ai = A2 = 1, hence Eq. ( I ) 
becomes identical to the standard Morse potential. For cop- 
per-diamond atom pairs, however, At takes a value in the 
interval (0, ! ] whilst A2 > 1. This is because an application of  
lubrication or contamination on the diamond-copper  inter- 
face weakens the cohesive strength between copper and dia- 
mond atoms. Hence the effect of  surface lubrication or 
contamination on the friction and wear can be qualitatively 
investigated by varying A, in (0, t ] and ignoring the detaiIed 

Table I 
Parameters in the standard Morse potential 

Parameter Cu-Cu Cu-C 

D (eV) 0.342 0.087 
or ( nm - ~ ) 13.59 51.40 
ro (rim) 0.287 0.205 
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effects of lubricant or contaminant atoms, such as chemical 
effects. However, when A, varies in (0,1 ], the potential curve 
between a pair of copper-diamond atoms will distort towards 
the negative direction of r. Bearing in mind that the atomic 
distance between any copper and diamond atoms increases, 
rather than decreases, when a lubricant or contaminant atom 
appears to separate them from direct contact, the potential 
curve should distort towards the positive direction oft. Hence 
A2 in Fo. (1) must be larger than unity. In the pre~nt analysis, 
we determine ?,2, when ?,, changes, by keeping the spring 
constant of a copper-diamond atomic pair unchanged 2 
Obviously, ?`,=A:~=I stands for a chemically clean 
environment. 

With the above potential function available, the forces on 
atom i owing to the interaction of all the other atoms can be 
calculated by 

N 
F,=- ~ V,~(ro) (2) 

j - - I . ] ¢ . i  

where N is the total number of atoms in the model 3, including 
thermostat, boundary and diamond atoms. Consequently, the 
motion of all the Newtonian atoms in the control volume, 
including their instant position and velocity vectors, can be 
obtained by followin$ the standard procedures of molecular 
dynamics analysis [ 12,16]. 

In principle, an asperity is three-dimensional and thus a 
three-dimensional MD analysis would be more appropriate. 
However, we found, based on a careful comparison [ 15], 
that the two-dimensional model can lead to accurate enough 
results in terms of the variations of temperature and sliding 
forces, and easier characterization of deformation. We will 
therefore focus on the two-dimensional analysis in this study. 

12. Dislocation analysis 

When an instant configuration of the copper atomic lattice 
during sliding is obtained by the molecular dynamics analy- 
sis, the distribution of dislocations in the deformed lattice can 
be determined by the standard dislocation analysis [ 17]. 
Fig. 3 shows an example of identifying edge dislocations 
when two extra half-planes of atoms (dark atoms) appear in 
the deformed atomic lattice. The Burgers vector can be 
obtained by application of the Burgers circuit. Since we are 
carrying out a two-dimensional molecular dynamics simula- 
tion, we can only study edge dislocations [ 15]. For conven- 
ience, however, we call them dislocations throughout the 
paper. 

it should be pointed out that the. above method is conven- 
ient for discrete dislocations with lower density. If the number 
ef dislocations in an area is very large, the determination of 
dislocations will become extremely time consuming. 

2This means that when A, is given, A~ is determined by (AtD)- 
(A2a)'- = Do~, which gives rise to A2 = A~ 'J". 

3 In this study, 12 000< N< 15 (X}0 is used in conjunction with the tech- 
qique of moving control volume 1161. 
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Fig. 3. Determination of edge dislocations. 

3. Results 

Compared with copper, the bond strength between dia- 
mond atoms is much stronger and therefore the distortion of 
the diamond atomic lattice is negligible. In other words, the 
diamond can be considered as a rigid body in this study, in 
the following .~:~.ctions, we shall focus on investigating the 
atomic lattice deformation of copper. 

33. Mechanisms of wear 

The deformation of the copper specimen has four distinct 
regimes under sliding. They are the no.wear regime, adhering 
regime, ploughing regime and cutting regime, as shown in 
Fig. 4. In the figure, the wansition of deformation regimes is 
characterized by the non-dimensional indentation depth 8, 
which is defined as d/R and can be viewed, when contact 
sliding takes place, as a measure of the strain imposed by the 
diamond asperity. 

In the no-wear regime, the atomic lattice of copper is 
deformed purely elastically. After the diamond asperity slides 
over, the deformed lattice recovers completely. In this case, 
sliding does not introduce any wear or initiate any dislocation. 

When 8 increases and reaches its first critical value, 8~ ('), 
adhesion occurs. The atomic bonds of some surface copper 
atoms are broken by the diamond sliding. These copper atoms 
then adhere to the asperity surface and move together with it. 
However, they may form new bonds with other surface atoms 
of copper and return to the atomic lattice. The above process 
repeats again and again during sliding, causes a structural 

8!1) ~(2) ;(3) 
C vC uC 

Fig. 4. The transition diagram of deformation regimes. The diamond slides 
from the fight to the left. 
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Fig. 5. Distribution of dislocations in the subsurface of copper specimen: (a) adhering regime, (b) ploughing regime, (c) cuuing regime. "Ihe diamond slides 
from the right to the left. 

change of the copper lattice near the surface, and creates 
surface roughness of the order of one fo three atomic dimen- 
sions. In the meantime, some dislocations are also activated 
in the subsurface, see Fig. 5(a). 

If 8 increases further to ils second critical value, ~,,)~, the 
above adhering deformation will be replaced by ploughing 
(Figs. 4 and 5(b) ). An appment feature of deformation in 
the stage is that a triangular atom-cluster always exists in 
front of the leading edge of the diamond asperity and appears 
as a triangular wave being pushed forward, in this regime, 
the deformation zone in the subsurface becomes very large 
and a great number of dislocations are activated. Moreover, 
the motion of dislocations and their interactions in the sub- 
surface become extremely complex. Grain boundaries can 
also be generated by ploughing, ~s shown, for instance, by 
the continuous orange curve in Fig. 5(b). 

When 8 reaches its third critical value, ~3>, a new defor- 
mation state, cutting, appears, characterized by chip forma- 
tion. Compared with the ploughing regime, the dimension of 
the deformation zone during cutting is smaller. Dislocations 
distribute much more closely to the sliding interface 
(Fig. 5(c) ). 

The above figure of deformation regimes and their transi- 
tion represents the most general case. Under some specific 
sliding conditions, not all the regimes would appear except 
the no-wear regime. 

For example, if the tip radius of the diamond asperity keeps 
unchanged but the sliding speed changes, then at lower sliding 
speeds all the four regimes described above appear. At higher 
speeds, however, ploughing regime vanishes, see Fig. 6(a).  
On the other hand, at a given sliding speed, if the tip radius" 
of the asperity is very small, say 1 nm, only no-wear and 
cutting regimes emerge, as shown in Fig. 6(b).  However, 
with relatively larger tip radii, adhering appears as a transition 
from no-wear to cutting. 

Another important factor that alters the deformation tran- 
sition is the effect of surface lubrication or contamination. If 
the sliding interface is chemically clean, Ai -- A2---- I in Eq. 
( 1 ). In this case, as shown in Fig. 6(c),  ploughing does not 
happen at a given sliding speed and tip radius. If the surface 
is lubricated, A~ _< 1 with A2> I, and all the four regimes 
occur. 

It is obvious from Fig. 6 that the no-wear regime exists in 
a wide range of indentation depths. In addition, a smaller 
radius, a lower sliding speed, or a better surface lubrication 
(i.e. smaller A~ ) enlarges the no-wear regime. This highly 
indicates that a no-wear design of sliding systems may be 
possible in practice. Moreover, it is important to note that the 
size of the no-wear regime is a strong function of sliding 
speed and surface lubrication. Therefore, sliding speed and 
lubrication should be taken into specific account in an attempt 
to design no-wear sliding systems. 
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Fig. 6. Regime transition under specific sliding conditions: (a) non-dimensional indentation depth vs. sliding speed, (b) non-dimensional indentation depth 
vs. tip radius. (c) non-dimensional indentation depth vs. lubrication/contamination. 

The formation of various deformation regimes and their 
transition can be elucidated by the variation of temperature 
distribution and dislocation motion in the atomic lattice, see 

Figs. 5 and 7. For instance, ,~ larger indentation depth or a 
higher sliding speed indicates a higher input sliding energy, 
greater temperature rise and severe plastic deformation. This 

Fig. 7. Temperature distribution in d~e atomic lattice of copper:. (a) no-wear regime, (b) adhering regime, (c) ploughing regime. (d) cutting regime. The 
diamond slides from the right to the left. 
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in turn means a higher density of dislocations with more 
complicated interactions in the deformed ~,tomic lattice. 
When the non-dimensional indentation depth B is small, a 
smaller number of atoms have high temperatures, as shown 
in Fig. 7(a) and 7(b).  Sliding does not cause any consider- 
able temperature rise in the vicinity of the contact zone. Whh 
the increase in & the number of high temperature atoms 
increases quickly ( Fig. 7 ( c ) and (d) ). Howe ver, compared 
with the cutting regime (Fig. 7(d)) ,  the high temperature 
atoms in the ploughing regime (Fig. 7(c))  distribute in a 
much wider area. This explains why a ploughing regime has 
a greater deformation zone and less localized distribution of 
dislocations (Fig. 5). 

3,2. Friction 

With the above deformation mechanisms in mind, now let 
us examine the frictional behaviour of the system. Fig. 8 
shows the variation of the conventional frictnon coefficient, 

= I FffF:.[, with the change in & where F, and F~ are respec- 
tively the frictional force and normal indentation force during 
sliding. It is clear that in the cutting regime, F, is proportional 
to F:.. In other regimes, however, the behaviour of F, is 
complex. Particularly,/t becomes singular at a specific 8 in 
the no-wear regime. 

The singularity of/~ is understandable if we examine the 
sliding forces when 6 changes. On the atomic scale, as shown 
in Fig. 9, the normal sliding force F: always varies from 
attractive to repulsive. Thus at the transition poin~ ( F~ = 0). 
p. is infinite. This also explains why/.t varies sharply under 
different sliding conditions as reported by Refs. [ i -7 ] .  All 
these clearly indicate that the concept of the conventional 
friction coefficient is no longer meaningful in no-wear, ad- 
hering and ploughing regimes. 

In non-contact sliding, the only appropriate way to calcu- 
late the frictional force is to use Eq. (2). In contact sliding, 
however, empirical expressions in terms of the contact area 
can be developed. For example, the following simple formula 
can be obtained according to the present theoretical analysis, 

v= 20o ~s, R= S.r., ~.,= %=1 
4~ ........ 

No-Wear I Adhering Cutting 
3 

, ~1 ~ 

- .  -0.04 0 024  
8 

Fig. 8. Variation of friction coefficient. 

F°rce (xl0"° N) v= 200~s, R=S rim, Xt=~= I 
25 

No-Wear i Cutting /PF~ 

~ , ~  ; - : , ~ . , -  , , . .  
.0.0s ~.o4 0 0.04 o.o6 o.~2 o.~s 02  0,24 

6 

Fig. 9. Variation of sliding forces. 

f Nd NL- - E E ~x. ~(r.,,,)' for L~=O 
t l  = | I t~  = | t] 

F, = ~','L¢w,+~. for I.~' ' < L,. s" L~'"' 

~]]|LcH.,a _.~ ~ l  i0r L¢ > L~ 2' 

where ~'~n ~-- 409 MPa, ¢~ = 1.807 x 10-s nN, ~ll____ 4.20 GPa. 
~ J =  - t.899 nN are constants, N¢ is the total number of 
copper atoms in the model, Na is the number of diamond 
atoms, L,. is the atomic contact length and wa=0.226 nm is 
the width of an atomic layer of copper in the direction per- 
pendicular In its ( I ! 1 ) plane ( i.e. the xy-plane in Fig. ! ). Eq. 
(3a) can be derived directly from Eq. (2) by considering 
that F, is the resultant force of the atomic forces on all the 
diamond atoms in the .~-direction, Eqs. (3b) and (3c) are 
empirical expressions by fitting the MD simulation data in 
Fig. IO. The physical meaning of product L¢w~ in Eq. (3) is 
the atomic contact area in the preserit sliding system. As 
shown hy Eq. ( 3 ) and Fig. lO, we can see that the frictional 
behaviour of an atomic sliding system cannot be described 
by a single formula. There exist two distinct contact sliding 
zones, zone I! (L~.t~<_L¢<L~. 2~) and zone Ill (L~>L~2~), 
where L'~ -~' = 2.216 nm is the transition boundary from zones 
I! to ill, and L~. 1' =0.277 nm is the minimum contact length 
defined as the distance between two copper atoms in its ( I I i ) 
plane. The transition from non-contact to contact sliding is a 
sudden change because L¢ does not exist below L~ n). In 
Fig. t0, zone 11 reflects the frictional behaviour of the system 
in the no-wear contact sliding, while zone Ill shows that in 
the adhering and ploughing regimes. Thus L~ 2~ can be inter- 
preted physically as a critical contact length at which wear 
takes place. It is easy to obtain according to Fig. I O that the 
shearing stress of the present sliding system in the adhering 
regime, T=Fff(Ljv~),  is in the range 0.7 GPa to 1.5 GPa. 
With so Jew dislocations activated in the atomic lattice, it is 
reasonable to see that ~" is close to the theoretical shearing 
stress of a perfect copper monocrystal, which is G/2~" 
( = 7.32 GPa) > ~'~h ..... ~n >- G~ 30 ( --- 1.53 GPa) [ 17 ]. where 
G = 46 GPa is the shear modulus of copper. 

The linear Eqs. (3b) and (3c) are only the rough fittings 
to the theoretical results. The data scattering in Fig. l0 indi- 
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Fig. I0. Relationship between the frictional force and contact length, x : R =5 nm, V= 20 m s- 1, ~, = I. * : R = 5 nm, V= I00 m s- '. A, = I. ~: R= 5 rim, 
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m s-'. At =0.7. I"l: R= 5 rim. V=200 m s- ~, At=0.8. 

cates that other variables, such as the tip radius of asperity R 
and sliding speed V, also contribute greatly to friction. In 
other words, Fx should be a function of not only the contact 
area/~w= but also V, R, and so on. 

It is worth noting from Fig. 9 that the frictional force Fx 
does not vanish under a stable condition even if the system 
is in non-contact sliding. This is understandable since the 
interactions between the diamond and copper atoms always 
exist. In contact sliding with a small indentation depth, Fx 
remains str~l until a ploughing or cutting is achieved. Hence. 
the frictionless sliding mentioned by Belak and Stowers [8] 
is doubtful. Indeed, in their simulation the indentation motion 
stopped after 2000 time steps but the "frictionless motion' 
ended at the 1000 time step. In that period of time, sliding 
was still at d'~ very initial transient state. Thus the variation 
of F~ with the time step of MD simulation does not make 
sense in terms of the frictional or frictionless sliding. In addi- 
tion, the normal force variation that they reported is incon- 
sistent with the indentation motion. 

3.3. Variation of  contact area at high sliding speeds 

again, indicates that F., at relatively high sliding speeds must 
also be a function of other sliding variables rather than the 
contact area only. 

3.4. Similarity and difference between atomic and micro 
analyses 

In the above discussions, we have concentrated on the 
exploration of deformation mechanisms on the atomic scale. 

Lc(nm) 
I/ = EO mt~, R = 5 ,'~, ~.t ~. ½~-1 

!f 20 ~ , ~ , 2 4 6 8 10 
Fy(xl0"~N) 

Fig. I I. Variation of the contact length L~. 

It is true that the contact area between an asperity and a 
woApiece is a monotonically increasing function of the 
indentation load F., under certain conditions, such as under a 
low sliding speed and elastic deformation (e.g. Homola et al. 
[ 18] ). However, it is interesting to point out that this may 
not be true when sliding at a high speed. In the present study, 
the contact area L~w= varies with Lc only since w= is a constant. 
As shown in Fig. I 1, at a high sliding speed, 20 m s -  i for 
example, Lc is no longer a monotonically increasing function. 
This happens, as demonstrated in Fig. 12, because a number 
of copper atoms (red atoms in the figure) adheres to the 
diamond surface (black atoms in the figure) during sliding, 
preventing it from further contact with other copper atoms 
(e.g. green atoms in the figure) and thus shortening L~. This, 

Fig. 12. Mechanism of the contact length shortening at high sliding speeds. 
The diamond slides from the right to the left. 
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,, .:~ 

(a) 

(b) (c) 
Fig. 13. Deformation mode on the micrometre scale (after Challen and Oxley I19]. and Black et al. [20l ): (a) the slip-line field of ploughing, (b) Lhe 
triangular wave during sliding. ( c ) the dislortion of squa~¢ grids. The indentor slides from the left to the right. 

An immediate question to ask is 'Is there any similarity 
between the deformation on the atomic scale and that on a 
microscopic scale to which continuum mechanics analysis is 
still appropriate.'?' 

When the indentation depth is at the micrometre level. 
Oxley and coworkers [ 19,20], using the sllp-line theory of 
plasticity, have successfully predicted the frictional behav- 
iour of a sliding system composed of a hard steel asperity and 
a soft specimen (aluminium- magnesium alloy ). Fig. 13 (a) 
shows their slip-line field of the ploughing process. The defor- 
mation mode has been approved by relevant experiments, see 
Fig. 13(b), where the height of the triangular wave is 400 
Izm, and Fig. 13(c), where the square grid is of I00 p,m 
sides. The distortion of the grids in Fig. 13(c) demonstrates 

Deformed atomic lattice 

i 

r 

Fig. 14. Distortion of atomic lattice in the floughing regime at the sliding 
distance of 300 am (R=5 rim. A,=0.5, V=200 ms  -~. 8--0.08). The 
diamond slides from lhe fight to the left. 

qualitatively the plastic flow in the subsurface of the material. 
A triangular wave is being pushed forward by the leading 
edge of the asperity. 

As mentioned before, the triangular wave is also a defor- 
mation characteristic of the ploughing regime on the atomic 
scale, see Figs. 4 and 5. In addition, the atomic lattice distor- 
tion in the ploughing regime, as shown in Fig. I4, presents a 
very similar pattern to the experimental observations on the 
micrometre scale. However, when we examine the details of 
the dislocation motion and slip-line distribution, see Fig. 5, 
we can easily find that the deformation mechanisms are dif- 
ferent. On the atomic scale, the dislocation motion is mainly 
discrete and takes place in a large area with its dimension 
being comparable to the whole deformation zone in the spec- 
imen. Thus on the atomic scale, there is not a corresponding 
slip-line field to that on the micrometre scale. This means that 
a new theory needs to be developed to bridge the gap between 
atomic analysis and that using continuum mechanics. 

4. Conclusions 

in summary, with the aid of the mo!ecular dynamics anal- 
ysis and modified Morse potential, the present study has 
acquired the following understandings of wear and friction 
on the atomic scale. 
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I. There exist four regimes of  deformation in general in an 
atomic sliding system. They are the no-wear regime which 
is defect free, adhering regime in which surface atom 
exchange occurs, ploughing regime which is characterized 
by a moving triangular atom-cluster, and cur ing  regime 
in which material removal takes place. 

2. in the cutting regime, the frictional force follow: the sim- 
ple proportional rule F~--p~Fv. In all the other regimes, 
the formulae in Eq. (3) apply. However, to describe the 
frictional behaviour more accurately, the effects of  other 
sliding variables, rather than only the contact area, must 
be taken into account. 

3. The transition between different deformation regimes is 
governed by indentation depth, sliding speed, asperity 
geone t ry  and surface lubrication conditions. The mo~.t 
remarkable effects are that a better lubrication, a smaller 
tip radius, or a smaller sliding speed brings about a greater 
no-wear regime. 

4. The no-wear regime exists in a wide range of  indentation 
depth and thus no-wear designs may be achieved in 
practice, 

5. There does not exist an absolute frictionless contact sliding 
zone unless the frictional force is assumed to be zero when 
it is very small, 

6. A new theory needs to be developed to bridge the gap 
between atomic analysis and that using continuum 
mechanics. 

7. A modified Morse potential function has been proposed 
for studying qualitatively the effect of  surface conta- 
mination. 

5. Notation 

F 

r 
re 

T 
V 
w~ 

8 

A,, Az 

cohesive energy between two atoms, see Fig. 2 
indentation depth, defined as the overlap between 
the tip of  the diamond asperity and the upper surface 
of  the copper specimen, see Fig. ! 
sliding force 
atomic contact length between the diamond and 
copper surfaces 
tip radius of the diamond asperity, defined as the 
radius of  the envelope of  centres of  the surface 
atoms 
interatomic separation, see Fig. 2 
equilibrium separation between two atoms at which 
the net potential energy minimizes, see Fig. 2 
temperature. 
sliding speed of the diamond asperity 
the width of an atomic layer of copper in the 
direction perpendicular to its ( ! I I ) plane, 0,226 nm 
non-dimensional indentation depth, defined as d/R 
non-dimensional parameters in the modified Morse 
potential in Eq, ( l ), indicating the interaction 
strength change between copper and diamond atoms 

modified Morse interatomic potential, defined by 
Eq. ( 1 ), see also Fig, 2 

Subscripts  

in the direction of  x-axis, i.e, the sliding direction, 
see Fig. I 
in the direction of y-axis, i.e. the direction noYmal to 
the sliding direction, see Fig. 1 
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