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Abstract: Classical molecular dynamics simulations have been conducted to investigate the atomic-scale
friction and wear when hydrogen-terminated diamond (111) counterfaces are in sliding contact with diamond
(111) surfaces coated with amorphous, hydrogen-free carbon films. Two films, with approximately the same
ratio of sp3-to-sp? carbon, but different thicknesses, have been examined. Both systems give a similar
average friction in the load range examined. Above a critical load, a series of tribochemical reactions occur
resulting in a significant restructuring of the film. This restructuring is analogous to the “run-in” observed in
macroscopic friction experiments and reduces the friction. The contribution of adhesion between the probe
(counterface) and the sample to friction was examined by varying the saturation of the counterface.
Decreasing the degree of counterface saturation, by reducing the hydrogen termination, increases the
friction. Finally, the contribution of long-range interactions to friction was examined by using two potential
energy functions that differ only in their long-range forces to examine friction in the same system.

1. Introduction number of experiments have examined the tribology of amor-

Due to their superior tribological properties, amorphous- phous garbon films. These experimgnts show that the tribological
carbon and diamond-like carbon (DLC) films have offered properties of z_imorphous carbon films are de_p_endent upon the
tremendous opportunities in many technical applications, such Nature of the films, as controlled by the deposition process, and
as solid lubricants, protective coatings, and wear-resistant the tribotesting conditions.
coatingst 5 Recently, the passivation of silicon surfaces within ~ Both the hydrogen content and thésp-si? ratio in the films
microelectromechanical systems (MEMS) using carbon films have been shown to affect the mechanical and tribological
has been proposed to prevent stiction and to reduce friétidn.  properties of DLC films' In addition, experiments show that
A full understanding of the tribological behavior of amorphous the macroscopic friction of diamond is reduced by the formation
carbon (including DLC) films is an essential issue in such of debris, usually amorphous carbbii? Similarly, the friction
applications. Therefore, amorphous carbon coatings have beerof DLC films is markedly affected by tribochemical effects.
the subject of intensive studies for the last 20 yéars A The formation of a transfer film, followed by shear within the

N _._ interfacial material or interfacial shear (between the transfer film

%%ﬁ‘g;ﬂf‘g;ﬁ;ﬁgﬂgﬁg ce should be addressed. E-mail: jah@usna.edu, the pLC film) are the two most likely friction controlling

* Physics Department. mechanisms for DLC film3.
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Figure 1. The thin- (a) and thick-film (b) systems. The density of the thin- and thick-film systems is 1.75 and 2.55 gepectively. Sliding is along the
x direction, and indention corresponds to motion in tredirection. Carbon (large spheres) and hydrogen (small spheres) atoms in the diamond substrates
are colored gray and green, respectively. Blue, red, and yellow carbon atoms in the films hasg@, smd sp hybridization, respectively.

to examine the indentation and friction of self-assembled system contains 15.0% ®p75.0% (sp), and 10.0% (sp) hybridized
monolayers (SAMS) composed ofalkane chains of various  carbon. Thus, the dgo-sg ratio in both films is approximately 1:5.
lengthg® and packing densiti€d. To our knowledge, MD Because the two films are prepared in the same way, they possess
simulations that examine the atomic tribology of the amorphous similar surface structures. This was confirmed by visual analysis and
carbon films have not been reported. In this work, we examine Ca'é“ﬁt't‘;n Zf_ the dgns'g frif'les(;’vt':‘h'nd_the f'lrgs' ot i
the atomic-scale tribological behavior of amorphous carbon films 20t € diamond substrate and the diamond countertace contain

. . . . . layers of carbon atoms with 144 atoms per layer. The diamond
by using MD simulations. In particular, we find that the average

fricti load f th bon-fil counterface is terminated with hydrogen atoms to satisfy the valence
riction versus average load curves of the carbon-film systems o irements of carbon. Periodic boundary conditions are applied in

show a linear behavior. We also find that sliding on the carbon the plane parallel to the sliding interface. The dimensions of the
films at high loads can wear away hydrogen atoms from the computation cell in the sliding plane are approximately 30.2 A by 26.1
counterface leading to a series of tribochemical reactions, A, which corresponds to 12 unit cells of diamond (111) in the sliding
between the probe and the film, and adhesion between thedirection and 6 unit cells transverse to the sliding direction. The bottom
counterface and the film. The contribution of adhesion to friction layer of the diamond substrate and the top layer of the counterface are
is examined by performing several sets of simulations with held rigid (Figure 1). Moving inward toward the carbon film, the next
different amounts of unsaturated (or radical-containing) carbon WO layers of the substrate and the counterface are maintained at a
atoms on the counterface. Finally, we examine the effect of long- c0nStant temperature (300 K) by using independent Langevin thermo-

. . L . . stats?>2¢ All remaining atoms are free to move according to classical
range interactions on the friction of amorphous films by using

ial f . hat diff v in their | dynamics. The equations of motion for all nonrigid atoms are integrated
two potential energy tunctions that difter only in their long- by using the velocity Verlet algorithm with a constant step size of 0.25

range contributions to conduct identical sliding simulations.  ¢g27
2. Methods and Procedures Unless oth_erwise noted, the forge on eagh_ atom is described by an
updated version of Brenner’s reactive empirical bond-order (REBO)
The simulation systems consist of hydrogen-terminated diamond potential?®2° The parameters and the functional form of this updated
(111) counterfaces brought into sliding contact with amorphous carbon REBO were altered slightly so that the potential more accurately
films attached to the (111) face of diamond (Figure 1). The carbon reproduces the elastic constants of diamond and graphite while not
films are created by heating a piece of diamond to 6000 K for 40 ps disrupting the properties that were fit in the earlier version of the
and then rapidly cooling it to 300 K while it is in contact with a diamond  potential?®3: The many-body nature of the REBO potential allows the
substrate. Two, hydrogen-free films, with 1000 (thin-film system) and
2000 carbon atoms (thick-film system), are examined. The thicknesses(25) Swope, W. C.; Andersen, H. C.; Berens, P. H.; Wilson, KJRChem.
of the thin- and thick-film systems are 14.6 and 23.5 A, respectively. Phys.1982 76, 637—-649.
The percentage of 3ps?, and sp hybridized carbon obtained from an 8% Cgﬁgaﬂ"ﬁy ':_"R%?Ilé “1'9 g%l%g?gné.Physw?a 64, 2375-2388.
analysis of the coordination number of each carbon atom in the thin- (28) Brenner, D. WPhys. Stat. Solid 200Q 217, 23.

+ ; 0 ) ) ; sl fi (29) Brenner, D. W.; Shenderova, O. A.; Harrison, J. A,; Stuart, S. J.; Ni, B.;
film system is 14.6%, 72.1%, and 13.3%, respectively. The thick-film Sinnott, S. B.J. Phys. Condens. Matt@002 14 783-802.

(30) Brenner, D. WPhys. Re. B 199Q 42, 9458-9471.

(23) Tutein, A. B.; Stuart, S. J.; Harrison, J. Bangmuir200Q 16, 291—296. (31) Brenner, D. W.; Harrison, J. A.; Colton, R. J.; White, C.Thin Solid
(24) Mikulski, P. T.; Harrison, J. AJ. Am. Chem. So@001, 123,6873-6881. Films 1991, 206,220-223.
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Figure 2. Friction curves for the thin-film system (open circles), for the  Figure 3. Compression curves for the thin-film system, thick-film system,
thick-film system (filled circles), for hydrogen-terminated diamond (open diamond on diamond, and the thin-film system calculated with the AIREBO
triangles), a monolayer of g alkane chains (filled triangles) calculated  potential. Compression distance is defined in the text. Symbols are the same
with the AIREBO potential, and the thin-film system (filled squares) as in Figure 2. Error bars that are not visible are smaller than the squares.
calculated with the AIREBO potential (filled squares). Error bars represent
one standard deviation and their calculation is discussed in the text. approximately 130 nN, the friction of the diamondiamond
system is lower than that of the film-containing systems. At
bond energy of each atom to depend on its local environment. Therefore,higher loads, the friction of the diamonrdiamond system
this is one of the few empirical potentials that allows for chemical jcreases markedly with load and is much larger than the film-
reactions and the accompanying changes in atomic hybridization. As a ..,y 4ining systems. Friction for the two systems calculated with
result, wear events can be simulatéé Intermolecular forces were . S

the AIREBO potential (the ¢ monolayer and the thin-film

added to the REBO potential by using a novel adaptive algorithm to ) . . N
maintain the reactive nature of the potential energy funciofhis system) is a linear function of load but is significantly smaller

adaptive intermolecular REBO (AIREBO) potential has been used here than the .friction calcglated with the REBO potential. _
to elucidate the effect of long-range interactions on friction. Compres- Scanr_llng probe microscope experiments have. e?(amlned the
sion of the carbon films is accomplished by moving the rigid layer of connection between friction and surface offland friction and

the countersurface at a constant velocity of 10 m/s toward the carbonelastic modulus of the substréeMeyer et al® examined the
y
film. Sliding of the countersurface is performed by moving the same friction of Langmiur—Blodgett films composed of hydrocarbon
layers at a constant velocity of 100 m/s in the sliding direction (leftto gnd fluorocarbon domains. The differences in the measured
right in Figure 1) while maintaining a constant separation between the friction in the different domains was attributed to differences
rigid layers. The load and friction forces are taken to be the forces on in the elastic modulus in those regions. Softer domains allowed
the atoms in the rigid layer perpendicular to the plane that contains the for increased contact area between the tip and the substrate and
film and parallel to the sliding direction, respectively. . . .
i ) thus an increased pull-off force (or adhesion) at a given load.

3. Results and Discussion . _ As aresult, the measured friction is higher. The load on the

3.1. Friction Curves. Friction force as a function of load is  ¢counterface versus distance moved, i.e., compression curves,
shown in Figure 2 for both the thick- and thin-film systems. s piotted in Figure 3. Each point shown in Figure 3 is averaged
To eliminate the influence of startup effects that arise from the gyera 2.5 ps interval to obtain a smooth curve. The compression
abrupt transition from compression to sliding, data from the first gistance is defined as the distance between the two surfaces,
15 ps of sliding are ignored. The remainder of the slide is wjth the zero point defined as the point when the load on the
partitioned into 6 unit-cell bins. The instantaneous friction in upper surface becomes larger than zero. Because the slope of
each unit-cell bin is averaged and each point in Figure 2 the compression curve at each point is proportional to the elastic
corresponds to the average of these 6 unit-cell bins. The errormodulus of the surfaééand the same type of counterface was
bars represent the standard deviation of the average friction fromysed in all the compressions, the greater the slope of the lines
the 6 unit-cell bins during a given slide. For comparison, friction jn Figure 4 the greater the stiffness of the material. Thus, the
versus load data for several other systems are included in Figurencoated diamond surface is the stiffest material examined and
2. These systems have a hydrogen-terminated diamond counthe compression-curve data are linear throughout the entire load
terface in sliding contact with a hydrogen-terminated diamond range examined. Regardless of the potential energy function
(111) surface, the thin-film system (friction calculated with the  ysed, the compression curves for the other systems in Figure 4
AIREBO potential), and a tightly packed monolayer ofsC  have two distinct slopes. The smaller slope during the initial
alkane chair# (friction calculated with the AIREBO potential).  stages of compression is largely due to the response of the films

For the simulations performed with the REBO potential, the (or the alkane monolayer) to the applied load. The change in
calculated friction of the thick- and thin-film systems increases  slope upon continued compression is likely due to the influence
linearly with load and is independent of film thickness. Below of the underlying diamond substrate. The effect of the underlying

(32) Harrison, J. A,; Stuart, S. J.; Perry, M. D. The Tribology of Hydrocarbon
Surfaces Investigated using Molecular DynamicsT fibology Issues and
Opportunities in MEMSKIuwer Academic Publishers: Dordrecht, Boston,
London, 1998; pp 285299.

(33) Stuart, S. J.; Tutein, A. B.; Harrison, J. A.Chem. Phy200Q 112,6472—
6486.

(34) Lee, S.; Shon, Y.-S,; Colorado, R.; Guenard, R. L.; Lee, T. R.; Perry, S. S.
Langmuir200Q 16, 2220-2224.

(35) Overney, R. M.; Meyer, E.; Frommer, J.; Guntherodt, H.ahgmuir1994
10, 1281-1286.

(36) Pharr, G. M.; Oliver, W. C.; Brotzen, F. R. Mater. Res1992 7, 613—
617.
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60 : . . T the REBO potential except that long-range interactions and
@ torsional interactions about single bonds have been added.
507 o TH;ED(‘Aéggggg 2 ] Simulations have also been conducted with the AIREBO
Z 40l i potential with the additional torsional contributions “turned off".
£ These sliding simulations yield the identical friction with load
<30 . behavior shown in Figure 2 for the simulations with use of the
o n full AIREBO potential. Thus, it is the long-range interactions,
E 20 ® T or the Lennard-Jones portion of the potential, that give rise to
S the differences in friction with load for the two thin-film systems
go10r ; ) shown in Figure 2. If one considers the thin-film system with
ok e a 1 a fixed separation between the counterface and the top of the
film, the long-range forces present in the AIREBO potential
-10 : . : . cause the load to be much higher than it would be in the absence
1.5 2 2.5 3 3.5 4 of these forces. In other words, for a given load the counterface
Separation (A) is farther from the thin film when the AIREBO potential is used,

Figure 4. Friction as a function of separation between the counterface and thus the friction is lower. A plot of friction versus separation
the surface of the thin film for simulations conducted with the AIREBO between the counterface and the thin-film (Figure 4) shows that
and the REBO potentials. Error bars represent one standard deviation. h ial v vield simil | f fricti
Symbols are the same as Figures 2 and 3. the two potentials actually yield similar values of friction at a
given separation distance.

) ) ) ) ) A number of SPM experiments have examined the connection
substrate is also evident if one compares the thick- and thin- yatween friction and order. Perry and co-worRésed surface
film simulations performed with the REBO potential. The slope gcience techniques and the AFM to unambiguously show that

of the compression curves“is very similar for small compres- mqre ordered (more tightly packed) SAMS have lower friction
sions. The thin-film system “feels” the presence of the diamond iha1 disordered SAMS (lower packing density). Molecular

substrate after a smaller degree of compression. Thus, the tWoyynamics simulations have also been used to investigate friction
curves diverge. After this point, the thin-film system has a larger 5¢ 3 function of packing densi®.These simulations showed
slope because the diamond substrate is harder than the film. inat 2 more loosely packed (disordered), @onolayer has a

~Comparison of the compression curves for the thin-film gty higher friction than a tightly packed monolayer at
simulations that utilize the REBO and the AIREBO potentials ,oderate and high loads in qualitative agreement with data

demonstrates that the presence of long-range forces has littlegpigined with the AFM. The thin- and thick-film systems

influence the slope of the curve. Because the slope of the Curvegyamined here have a similar structure at the interface and thus
is largely due to the short-range interactions within the film, 56 similar levels of disorder.
and these are the same in both potentials, this result is not at 1pads below approximately 120 nN (Figure 2), which are
surprising. The long-range forces present in the AIREBO jiely to be in the load range probed by AFM experiments,
potential cause the forces in the compression curve to becomeyiamond has lower friction than the disordered thin- and thick-
nonzero at smaller values distances because the potential actfy, systems. The sharp increase in friction at higher loads for
over longer distances. In other words, because the same startingne yncoated diamond surface is due to several factors. Because
configuration was used in both thin-film simulations, the load he uncoated diamond surface has a large elastic modulus
on the counterface becomes nonzero at larger separationgompared to the thin film, it is fairly incompressible. Thus, over
(smaller distance moved) when the AIREBO potential is used. {he |oad range examined the uncoated diamond surface is
For the simulations conducted with the REBO potential, the compressed approximately 0.10 A while the thin film on the
material with the larger Young's Modulus has lower friction  4iamond is compressed about 0.8 A. For a given load, the
(for small Ioi‘ds) in agreement with data obtained from SPM \,,coated diamond surface is much closer to the probe surface
experiments® However, this agreement with experiment at han the thin film (Figure 5). Moreover, the hydrogen atoms
small loads does not originate from differences in contact area 5, the probe and the uncoated diamond surface are aligned in
between samples. The periodic boundary conditions employedne gjiging direction. Previous MD simulations on this system
in these S|mula.1t|o.ns cause the probe (counterface) to be 'Uf'”'tehave shown when the probe and the surface are in this geometry
in extent, that is, it has_. no edges. As a result, no penetration O_fthe opposing hydrogen atoms interact in a “head-on” manner
the monolayer is possible. Thus, the contact area is the same iegyjting in an increase in the friction force during slidfg.
all the systems examined at all loads and it does not vary (the results presented in this early MD work were recently
depending upon the elastic modulus of the material as it might ¢ofirmed usingab initio calculations?”) For the hydrogen atoms
in an SPM experiment. _ . y on the probe to “pass by” the hydrogen atoms on the diamond
It should also be noted that simulation conditions, such as g, iface. these atoms must “revolve” around each other. This

sliding speed and temperature, are _identical in the_resultstype of “head-on” interaction, coupled with the close proximity
presented here except for the potential energy function. As ot the probe to the uncoated diamond, is responsible for the
indicated earlier, a reparametrized version of Brenner's sharp increase in friction values at high loads.

8,29 i i 1 . . . . - . .
REBC*2° potential was used for some of the simulations  preyigus MD simulations that examined the friction in tightly

discussed here. Comparison of the friction versus load data for 4,4 loosely packed @ monolayers demonstrated that the
the thin-film system by using the REBO and AIREBO potentials 5|cy[ated friction on the counterface was tightly correlated with
(Figure 2) reveals that the AIREBO potential yields lower

friction at a given load. The AIREBO potential is identical with  (37) Neitola, R.; Pakkanen, T. Al. Phys. Chem. 2001, 105,1338-1343.
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T ' T T that connects the counterface and the film. This small connection
2} DIAMOND A A between the film and the counterface is shortlived, however.
THIN O The counterface carbon atom with the nascent bond is trans-
ferred from the counterface by further sliding and incorporated
1.8 r © ] into the film. Additional wearing of the diamond probe occurs
if other unsaturated carbon atoms form bonds with film atoms.
It should be noted that no wear of the counterface was observed
A in the 30 ps simulations with loads lower than 300 nN. In
& o addition, in the simulation depicted in Figu6 a number of
1.4k AN o ] chemical reactions occur within the film prior to the wearing
A o of the counterface (described below).

A A The instantaneous friction force as a function of sliding
distance for the simulation described above has several interest-
ing features (Figure 7): the oscillatory nature of these data
) during the entire slide and the marked drop in the average
Figure 5. Surface separation between the counterface and the diamond ¢;-in quring the last half of the simulation. These features
and thin-film system as a function of load. Symbols are the same as Figure ; . . .
2 can be elucidated from a detailed analysis of the bonding
network within the carbon film and how this network changes
bond-length fluctuations in the carbenarbon bonds of the  during sliding.
alkane monolayer&' While the correlation is less striking here, Carbon atoms within the film are vibrating. The characteriza-
this is also the case for the amorphous carbon films examinedtion of these vibrations can aid in the representation of the
in this work. The time-correlation function between the average evolving bond network. Analysis of the bond lengths within
bond length in the upper, middle, and lower one-third of the the film during the course of the sliding reveals that two carbon
film and the friction was calculated. It is clear from these data atoms are bound when their minimum bond length oscillates
that the bond length in all portions of the thin film is correlated belowRmin (taken to be 1.6 A) and their maximum bond length
with the friction with the strongest correlation between the upper oscillates belowRyax (taken to be 1.9 A). There is a subset of
one-third of the film and the friction. carbon-atom pairs that adheres to this criterion for the duration
3.2. Wear and Friction. Experiments that have examined of the simulation. That is, they remain intact or bound during
the friction of DLC and diamond have shown that chem- the entire 120 A of sliding. The remaining carbon-atom pairs
ical reactions induced by sliding significantly impact do notadhere to this criterion for the duration of the slide. Thus,
friction.1.3.12-14.38.39F or example, Hayward and Singer showed they take part in tribochemical reactions.
that friction is reduced by the formation of amorphous carbon  First, a detailed examination of the carbon-atom pairs that
debris when diamond slides against diamond. Because tribo-remain intact was undertaken. For the purpose of this analysis,
chemical reactions alter the nature of the contacting interface, the distance between the carbon-atom pairs was treated as a
the friction is altered. Previous MD simulations have examined yector. This allows the bonds to be separated into two
the effects of debris present prior to, and debris formed during, categories: those tilted, or with components parallel to the
sliding on friction when diamond is in sliding contact with  s|iding direction and those against the sliding direction. The
diamond. These simulations showed that small hydrocarbon- number of carbon-atom pairs tilted along the sliding direction
debris molecules present prior to sliding significantly reduce as a function of sliding distance is shown in Figure 7. There
the friction between contacting diamond surfé€é&*#%and, are 1429 carbon-atom pairs (bonds) that remain intact during
under certain conditions, can initiate tribochemical reactions. the course of the simulation. Prior to the start of sliding,
In addition, molecules that are chemisorbed to diamond (111) approximately half of the bonds are oriented along the sliding
surfaces in sliding contact can be worn from the surfaces direction and half are against the sliding direction. There is a
creating debris at the interface that is consistent with the debrisapid rise in the number of bonds oriented along the sliding
observed in macroscopic friction experimefitg?2032.40.41 direction as sliding is initiated (in the first angstrom of sliding).
Tribochemistry can also occur when a diamond counterface |n this region, the film is “adjusting” to the sliding motion of
is in sliding contact with an amorphous carbon film. A the counterface. Bonds that were close to perpendicular to the
tribochemical reaction that depicts wear of the diamond coun- plane of the film, but oriented against the sliding direction, are
terface is shown in Figure 6. The series of reactions that is pushed into alignment with the sliding direction.
depicted in Figure 6 is initiated by the rupture of a carbon
hydrogen bond in the diamond counterface that occurs after 13.255nq the sliding direction oscillates and the average number
A of sliding. Once this bond has been ruptured, the free of bonds increases from approximately 790 to 810. The
hydrogen atom bonds with the carbon film. Continued sliding giliatory behavior is due to the hydrogen atoms from the
leads to the formation of a chemical bond between &eahon  jiamond counterface interacting with the atoms in the film. The
atom in the film and the radical-containing carbon atom in the hydrogen atoms “push” on the carbon atoms in the film causing
counterface. In other words, there is a “bridge” of bonded atoms {hem g be aligned with the sliding direction. When the hydrogen
atoms move away from a given carbon atom it “springs” back

Surface Separation (&)
O

0 40 80 120 160
Load F, (nN)

During the next 50 A of sliding, the number of bonds oriented

(38) Yen, B. K.Wear1996 192, 208.

(39) Bowden, F. P.; Young, J. Proc. R. Soc. London A951, 208,444. to a position that may not be oriented with the sliding direction.

(40) Feng, Z.; Field, J. ESurf. Coat. Technoll99], 47, 631—645. e i ; ; ;

(41) Wilks, J.; Wilks, E. M.The Properties of DiamondAcademic Press: This mt_erp_retatlon IS supported_ by the fact that the period of
London, 1979. the oscillation matches the spacing between the hydrogen atoms
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Figure 6. A series of chemical reactions induced by sliding of the counterface over the thin film under an average load of 300 nN. (a) The sliding causes
the rupture of a carbenhydrogen bond (blue and red) in the counterface. (b) The hydrogen atom (red) is incorporated into the film and forms a bond to a

carbon atom in the film. (c) A bond is formed between the unsaturated carbon atoms in the film and the carbon that suffered the bond rupture in the
counterface, and continued sliding causes this carbon being transferred into the film. (d) The transferred carbon forms a bond with anotheéhearbon in
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counterface. The counterface has slid 0.0 (a), 15.9 (b), 26.1 (c), and 30.5 A (d).
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Figure 7. Friction versus sliding distance for the thin-film system calculated Figure 8. Number of carborrcarbon bonds within the film oriented in
with the REBO potential. To smooth the curve, data shown in the figure the sliding direction versus sliding distance.

are the averaged over 5 ps intervals. The average load during the slide is

300 nN. It is clear from Figure 8 that there is a marked restructuring

of the film between 50 and 80 A. In an effort to quantify this
on the counterface. The general increase in the number of bondsestructuring, the subset of bonds that do not remain intact during
oriented along the sliding direction increases due to a generalsliding were examined. A new atom pair is added to the bond
restructuring of the film caused by the sliding. Between 60 and set once the interatomic distance drops beRw. When the
80 A, there is a general decrease in the number of bonds orientednteratomic distance of a carbon-atom pair from the bond set
in the sliding direction. After 80 A, the average number of bond exceedsRyax the pair is removed from the set. Thus, this
oriented in the sliding direction levels out at approximately 770 characterization of vibration eliminates the noise associated with
bonds. Comparison of Figures 7 and 8 reveals that the shapesising a single cutoff to specify the formation and breaking of
of these curves are very similar. bonds.
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Figure 9. Number of carborcarbon bonds formed (solid line) and broken  Figure 10. Friction curves for the thin-film system with a counterface that

(dashed line) within the film as a function of sliding distance. The difference is fully or 100% hydrogen terminated (open squares), 90% hydrogen
between the two is the net increase in the number of bonds. terminated (filled squares), and 80% hydrogen terminated (open circles).

Load F, (nN)

The formation and breaking of bonds as a function of sliding counterface with full hydrogen termination. To test this hy-
time is shown in Figure 9. At the beginning of the slide, the pothesis, simulations were performed with the thin-film system
number of bonds formed and broken increases gradually andusing the REBO potential and several partially hydrogen-
then levels out. Between approximately 40 and 65 A, both terminated diamond counterfaces.
quantities increase dramatically. This coincides with the marked Two additional counterfaces were examined in this part of
restructuring of the film indicated in Figure 7. After ap- study: one with 90% of the carbon atoms on the counterface
proximately 65 A of sliding, the bond network stabilizes. Thus, hydrogen terminated and one with 80% termination. The
the film has achieved a steady-state structure. This structurehydrogen atoms that were removed were chosen randomly and
results in a lower average friction than the structure of the film all other simulation conditions remain the same. The average
present during the first half of the sliding (Figure 7). Thus, friction as a function of average load for the fully terminated
tribochemical reactions have substantially changed the naturecounterface and the two partially terminated counterfaces is
of the interface and the calculated friction. shown in Figure 10. In general, the two partially terminated

It should be noted that the majority of the tribochemical counterfaces yield much larger friction values at a given load
reactions occur within the film and not between the counterface than the fully terminated counterface. This indicates that
and the film. Figure 9 clearly shows that tribochemistry occurs adhesion due to the bonding between a carbon on the counter-
almost immediately within the film while the counterface slides face and a carbon in the film contributes significantly to the
for 13.2 A before the initiation of reactions between the friction. Itis also worth noting decreasing the level of hydrogen
counterface in 30 ps of sliding and the film. A critical load of termination on the counterface causes tribochemical reactions
300 nN or above must be achieved to observe wear of the (adhesion and wear) to occur at much lower loads than when
counterface. In contrast, chemical reactions occur within the the fully terminated counterface was used. This is apparent in
film at loads lower than 300 nN. It should also be noted that the “spread” of these data in Figure 10. For example, when the
the restructuring of the film occurs as a result of the larger counterface is 80% terminated, there is a wide range of loads
number of intrafilm reactions and a smaller number of reactions that yield approximately the same value of friction (100 nN).
between the probe and the film. Thus, it appears that both types
of reactions are linked to the restructuring of the film. 4. Summary

3.3. Adhesion and Friction. Recent experimental studies In this work, MD simulations have been used to examine
have shown that the friction coefficient increases rapidly when the atomic-scale friction and wear when diamond (111) surfaces
adsorbed gases are removed with use of thermal desorption are in sliding contact with amorphous carbon films on diamond
from diamond surfaces in sliding contact. This suggests that substrates. These simulations explored the effects of film
unsaturated or radical-containing surface atoms, which were thickness, counterface termination, and long-range interactions
passivated by these gases, are no longer passivated. Thus, theyn tribological properties. Detailed tribochemical reactions were
can form strong adhesive bonds with the atoms on the contactingidentified and their effect on friction and wear discussed.
surface. Conversely, if a clean surface of diamond is exposed The simulation results presented here suggest that the structure
to gaseous contaminants, the friction coefficient drops rapidly. of the film, especially the Sgto-si? ratio, can have a profound
This is presumably due to the passivation of the unsaturatedinfluence on the tribological properties of the film. These
surface atoms. simulations clearly show that triochemical reactions can lead

Simulations discussed here have shown that when a hydrogerto adhesion between the counterface and the films and a
atom is worn from the counterface, the carbon atom originally restructuring of the film due to reactions within the film.
bonded to it forms an adhesive bond with an unsaturated carbonAdhesion between the probe and the film increases the
atom in the amorphous film. Therefore, it is conceivable that a calculated friction while tribochemical reactions within the film
counterface without full passivation of the carbon atoms with led to a restructuring of the film and a reduction in friction.
hydrogen can cause the friction to increase compared with aThe tribochemical reactions observed here involvecssbon
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atoms in the film. Thus, it is likely that films that contain a number of bonds formed and those broken. When the number
larger fraction of surface 3ghybridized carbon will exhibit of bonds formed and broken reached a steady-state value the
higher levels of friction than those films with more surfacésp average friction was lower than it was at the start of the
hybridized carbon. This increase in friction would likely be due simulation.

to the increased adhesion from tribochemistry. It should also  Donnet and Grill have shown that under ultrahigh vacuum
be noted that changing the3sjp-si? ratio within a carbon film conditions friction in DLC films is strongly affected by the
will also change its hardness and may also change the film’s hydrogen content of the film$. Hydrogen content lower than
phonon frequencies. Increasing the hardness of the film may 34% systematically led to high friction. Ultralow friction was
also decrease the contact area between the probe and the sampéehieved with films that contained at lease 40% hydrogen. Our
in an experimental situation. Changing the contact area can alsaresults clearly indicate that unsaturated carbon atoms in the film
affect the measured friction. In the results presented here, the(sp? carbon) can undergo chemical reactions that lead to
contact area is constant. Therefore, any change in adhesion isadhesion between the counterface and the film, increasing the
purely due to tribochemical reactions between the probe andfriction. We can infer that adding hydrogen atoms to the film
the film. Friction also arises from the dissipation of energy via saturates the 3garbon, may reduce the adhesive contribution
phonon modes. The simulations presented here have notto the friction.

attempted to examine the changes in phonon frequencies with  We should also point out that the thickness of the amorphous
the films as a function of $go-si? ratio. This will be the subject  films had no influence on the calculated friction. Thus, it seems

of future simulations. clear that the structure of the film near the interface is what is
Erdemir et al. have examined the friction of microcrystalline dominating the friction. Indeed, the structure of the surfaces of
diamond (MCD) and nanocrystalline diamond (NCB)The the thick- and thin-film systems examined here were nearly

NCD films exhibit a period of high friction, or “run-in”, when identical.
rubbing starts. Continued rubbing leads to wear and reduces
the friction. An analogous situation is observed in the simula-
tions presented here (Figures-®). In addition, recent AFM
experiments suggest “run-in” occurs at the nanostairing

the initial stages of sliding the average friction rose gradually
as the structure of the film changed. A dramatic decrease in the
friction was concomitant with a marked increase in both the JA0178618
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