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Diamond and diamondlike carbon (DLC) films exhibit a wide range of sometimes contradictory tribological
behavior. Experimentally, isolating the influences of factors such as film structure, testing conditions, and
environmental effects has proven difficult. In this work, molecular dynamics simulations were used to examine
the effects of film structure, passivation, adhesion, tribochemistry, and load on the tribology of self-mated
DLC contacts. Addition of hydrogen to a DLC film causes a large decrease in the unsaturated carbon bonds
at the interface of the film when compared to both the bulk and non-hydrogenated films. These unsaturated
carbon atoms serve as initiation points for the formation of covalent bonds between the counterface and the
film. These adhesive interactions cause an increase in friction during sliding. The formation and breaking of
covalent bonds during sliding results in the formation of a transfer film. When covalent bonds break, friction
decreases and there is a concomitant increase in the local temperature emanating from the interface. These
simulations reveal that reducing unsaturated atoms, both sp- and sp*-hybridized carbon, at the sliding interface
reduces the number of adhesive interactions, alters the transfer film formed, and reduces friction. In addition,

these simulations support and elucidate the passivation hypothesis for DLC friction.

Introduction

Because operating conditions such as low speeds, high loads,
and extreme environments do not lend themselves to liquid
lubrication of parts in moving contact, solid lubricants and
surface treatments are being used in these situations.! Diamond-
like carbon has been the subject of tremendous interest from
the scientific and industrial communities due to its potential
usefulness as a solid lubricant.>? Diamond-like carbon describes
metastable, amorphous carbon films, with and without hydrogen,
which are prepared by a variety of plasma and chemical vapor
deposition techniques.>* The wide variety of ways in which DLC
films can be deposited contributes to the observed large
variations in film structure, mechanical properties, and tribo-
logical performance.’>”” DLC films exhibit a wide range of
sometimes contradictory tribological behavior. For instance,
friction coefficients as low as 0.003, and as high as 0.7, have
been reported for various DLC films.>"!3 Factors such as the
degree of sp? and sp® bonding, the amount of hydrogenation,
and the presence of dopant atoms (e.g., Si) have a strong
influence on the tribological behavior. To complicate matters
even further, the overall friction can also be a function of the
test conditions®!* (e.g., speed load, distance, etc.), gases present
in the testing environment,'>"?' the existence of a transfer
film,??~2* the temperature, and the counterface material.’

Experimental evidence suggests that adhesive interactions,
due to covalent bonding interactions across the sliding interface
between unsaturated carbon atoms, are one of the major sources
of friction in DLC.**326 For example, ultrahigh vacuum (UHV)
tribometer experiments of sliding bearing steel pins against
hydrogenated amorphous carbon (a-C:H) coated silicon wafers
have measured very low friction coefficients in the range
0.01—0.001 after a short run-in period.?’?® After a brief period
of low friction, in as few as 1—15 cycles, a dramatic increase
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in friction coefficient to the 0.1 range occurred.?® In films with
higher hydrogen content, the increase in friction was delayed.
When hydrogen was added as a background gas in the UHV
tribometer, superlow friction was restored after transient high
friction events.?® It was shown that a minimum hydrogen
pressure of 100 Pa was required to restore superlow friction
and that increased hydrogen pressure delayed the onset of, and
lowered, the friction maximum. From these experimental
observations, it was inferred that hydrogen passivated the
unsaturated carbon atoms at the film surface. It was also
hypothesized that when films have high hydrogen content, free
hydrogen within the film migrates to the sliding interface,
prolonging the initial low-friction regime by providing additional
passivation. As wear removes hydrogen from the surface, the
hydrogen reservoir within the film is thought to be depleted,
and friction increased. By providing hydrogen as a background
gas, it is assumed that the surface passivation was continually
replenished. The concept of adhesion and surface passivation
by hydrogen is neither new nor unique to DLC. Similar
hypotheses have been made for self-mated diamond contacts®
and ultrananocrystalline (UNCD) diamond.?%3"

The hypothesis that passivation of diamond and DLC surfaces
with hydrogen reduces friction is supported by several recent
experiments,**~3* by MD simulations,®*® and more recently
by density functional theory.** For example, the macroscopic
friction coefficient of hydrogenated DLC was recently inves-
tigated in UHV under partial pressures of water vapor, oxygen,
nitrogen, and hydrogen. After run-in, the friction decreased and
increased again during longer duration tests. The increase in
friction was accompanied by hydrogen desorption as measured
by mass spectrometry.*> Nanoscale measurements have shown
that the adhesion and friction of UNCD are both reduced after
hydrogen termination.>**' MD simulations have shown that the
removal of hydrogen atoms from diamond surfaces in normal
contact leads to increased chemical bond formation, or adhesion.
In that case, covalent bonds were formed across the interface
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and separation of the surfaces led to fracture. Similarly,
removing the hydrogen termination from a diamond counterface
increases friction when it is in sliding contact with DLC by
increasing the formation of chemical bonds between the
counterface and the DLC.?

Hydrogenated amorphous carbon (a-C-H) has shown par-
ticular promise as a solid lubricant.»*”?4° These films contain
approximately 20—60 atomic percent hydrogen and have a range
of sp>-to-sp” ratios between 1:3 to 9:1. Hydrogenated amorphous
carbon films have unique properties, which make them ideal
solid lubricants. For instance, they are strain tolerant, are
compressible, and have some self-healing ability, all of which
improve wear resistance. Films of a-C:H also have a tendency
to react with the counterface material forming a transfer layer,
a new material formed due to tribochemistry. It has also been
speculated that the low friction after run-in of diamond and
polycrystalline diamond films is due to the formation of a
transfer layer, possibly graphitic in nature.*! In contrast, recent
examination of UNCD wear tracks with NEXAFS and X-PEEM
have concluded that the lubrication mechanism of UNCD does
not involve the formation of graphite or amorphous carbon under
a broad range of conditions.*?

Transfer films are known to play an important role in the
friction of dry sliding contacts.?>*** Particles that are detached
from the surfaces in sliding contact can act as a physical barrier,
separating the surfaces, or can undergo sliding induced chemical
reactions to a material that is chemically distinct from the siding
surfaces. Recently, several experimental methods have been
developed to observe interfacial sliding in solid—solid contacts.** 8
For example, the formation and thickness of carbon transfer
films when a sapphire hemisphere was in contact with a
diamondlike carbon coating has been observed with video
microscopy while the composition of the films has been
quantified with Raman spectroscopy.?24344

Experimental elucidation of the role of hydrogen in surface
passivation and the influence of transfer film formation on the
friction of DLC is complicated by the fact that it can be difficult
to isolate the influence of these factors on adhesion and friction.
For instance, the prevalence of unsaturated carbon sites at the
sliding interface of a DLC film is a function of the structure of
the bulk DLC and the deposition conditions. Once the film is
made, and during testing, exposure to environmental gases can
have an influence on availability of unsaturated surface sites.
Finally, testing conditions, such as sliding speed, load, envi-
ronmental gases and counterface identity, can result in the
passivation of unsaturated sites, the creation of new sites, and
the formation of transfer films. The complicated interplay
between the factors that influence DLC friction underscores the
need to understand the fundamental atomic-scale processes that
govern this interplay.

Molecular dynamics (MD) simulations are uniquely suited
to elucidate the influence of all the factors that affect DLC
friction because the positions and velocities of all atoms are
known as a function of time. Previous MD simulations have
examined the friction between diamond (111)(1x 1)-H surfaces
in sliding contact with two separate hydrogen-free a-C films
with different thicknesses.*® Because the films had similar
interfacial structures, they exhibited similar tribological behavior.
Above a critical load, a series of tribochemical reactions
occurred in the films. These reactions caused significant
restructuring and a lowering of friction, which was consistent
with run-in behavior observed in DLC friction experiments. MD
simulations have also shown that the three-dimensional structure,
not just the sp>-to-sp? carbon ratio, is critical in determining
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the mechanical properties of the amorphous carbon films.
Orientations of sp’-ringlike structures perpendicular to the film
surface resulted in films with both high sp? content and large
elastic constants, whereas films with springlike structures
parallel to the film surface had small elastic constants.

An understanding of the atomic-scale friction of self-mated
DLC systems is particularly important for the use of DLC as a
solid lubricant in MEMS devices. To that end, MD simulations
were used to examine the friction as a function of load between
a hydrogen-terminated amorphous carbon surface and amor-
phous carbon surfaces with and without hydrogen incorporation.
Preliminary results showed that hydrogen incorporation into the
amorphous carbon films can reduce friction.*>° In this work,
we revisit the friction between self-mated, amorphous carbon
systems by conducting simulations aimed at elucidating the role
hydrogen incorporation within the film plays in changing the
interfacial film structure, the role it plays determining the nature
of tribochemical reactions between film and counterface, the
mechanism of transfer layer formation, changes in film structure
during sliding, and temperature changes that occur during
sliding.

Method

The simulation systems consist of a hydrogen-terminated
amorphous carbon counterface brought into sliding contact with
samples of amorphous carbon films attached to diamond (111)
substrates. The substrates contain seven layers of carbon atoms
with 144 atoms per layer. Periodic boundary conditions are
applied in the plane parallel to the sliding interface. The
dimensions of the computational cell in the sliding plane are
30.2 by 26.1 A, which corresponds to twelve diamond unit cells
repeated along the [110] lattice direction and six unit cells
repeated along the [112] lattice direction, respectively. The
sliding direction is the [110] direction of the underlying diamond
substrate. The top two layers of the counterface and bottom
two layers of the film are held rigid. Loading of the counterface
onto the film is accomplished via a constant-load algorithm,’!
which mimics a real constant load experiment. A constant
normal force is applied on the tip. Governed by Newton’s laws,
the tip oscillates slightly around an equilibrium separation above
the film producing an average load on the film equal to the
constant normal force on the tip. This algorithm reproduces the
experimental equivalent of a constant-load. To model sliding,
a constant velocity of 0.902 A/ps (90.2 m/s) is applied to the
rigid layers of the counterface in the sliding direction. The
sliding velocity is chosen so that the counterface makes exactly
six complete passes over the film in 200 ps of simulation time.
A number of research groups have investigated friction as a
function of sliding speed for various simulation systems and
have found the results to be largely invariant over the range of
computationally accessible sliding speeds.’?>>* Moving inward
toward the interface, the next two layers of the film and
counterface are maintained at a constant temperature of 300 K
via a generalized Langevin thermostat.>*3 All the remaining
atoms are free to move according to classical dynamics. The
equations of motion for all nonrigid atoms are integrated using
the velocity—Verlet algorithm® with a constant time step of
0.25 fs.

Interatomic forces are modeled by Brenner’s second-genera-
tion reactive empirical bond-order potential (REBO).5’ The
parameters and the functional form of this updated REBO were
altered so that the potential more accurately reproduces the
elastic constants of diamond and graphite, while not disrupting
the properties that were fit in the earlier version of the
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Figure 1. Initial configurations of the (a) non-hydrogenated and (b) hydrogenated amorphous carbon films and counterface (shown above the film
in each figure). Film carbon and counterface carbon atoms are blue and red, respectively. Hydrogens are green. The diamond substrate is also
shown. In the reference frame of the simulation, x, y, and z are along the [110], [112], and [111] directions of the underlying diamond support
structure. The counterface moves from left to right along the [110] direction during sliding.

potential > This potential energy function, and its predecessor,
have been used to model mechanical properties in filled®® and
unfilled®' nanotubes, properties of clusters,%? the tribology of
diamond®~% and DLC,**? and stress at grain boundaries.”!
The REBO analytically describes energies and forces of various
solid structures of carbon as well as hydrocarbon molecules as
a function of local coordination, types of neighboring atoms,
and the degree of conjugation. The many-body nature of the
REBO potential allows the bond energy of each atom to depend
on its local environment. Therefore, REBO is one of a few
empirical potentials that allows for chemical reactions and the
accompanying changes in bond-hybridization. In the context of
tribology, reactivity means that wear events can be simulated.
Zhang et al.3* recently reported results of molecular dynamics
simulations of the tribology of hydrogenated amorphous carbon.
In their study, forces within the film and counterface were
modeled using Brenner’s first generation REBO potential.*>
Interfilm forces, i.e., forces between the film and counterface,
were modeled using a long-range, Lennard-Jones (LJ) potential.
The LJ potential does not allow for chemical reactions to occur
between the film and counterface. Therefore, one of the factors
affecting friction in amorphous carbon, namely the formation
of adhesive bonds between film and counterface, was not
incorporated into their study. Long-range intermolecular forces
were added to the second-generation REBO potential by using
a novel adaptive algorithm to maintain the reactive nature of
the potential energy function.”> Results of friction simulations
for a number of different tribosystems demonstrated that the
same qualitative trends are produced in the data when the REBO
and AIREBO potentials are used.*® There are two differences

that should be noted, however. Higher normal forces are required
to produce the same friction force with AIREBO? and the error
bars associated with average friction forces obtained using
AIREBO are noticeably smaller. The magnitude of the fluctua-
tions in the LJ forces at the interface is smaller than fluctuations
in covalent forces.”® The qualitative trends are the same with
both potentials and the computational time required for simula-
tions with REBO is significantly less. With these things in mind,
the REBO potential is used here.

It is straightforward to develop a data set that facilitates
analyses for model nonwear counterface—film systems.”® In
these systems, each atom is a member of either the set of
counterface atoms or the film atoms with its membership being
maintained throughout the course of the simulation. In contrast,
when reactions take place between the film and counterface,
the membership of a given atom changes during the course of
the simulation. In light of this, the normal and friction forces
reported here are determined by summing the appropriate
components of the forces on atoms in the rigid counterface
atoms not by examining contact forces on interfacial atoms.

To study the influence of hydrogen content on adhesion,
transfer film formation, and friction in amorphous carbon films,
a non-hydrogenated and a hydrogenated film were created
(Figure 1). The non-hydrogenated and hydrogenated films
contain 0 and 20 at. % hydrogen, respectively. Experimentally,
amorphous carbon films are made by vapor deposition tech-
niques, where the technique and deposition process control the
structure of the film. Films can be generated by reproducing
the entire deposition process via molecular dynamics simulation;
however, this is not a computationally efficient way to produce
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TABLE 1: Film Composition and Properties

Schall et al.

surface roughness,  density

film identity total C total H sp (%) sp* (%) sp° (%) thickness (A) C.. (GPa) rms (A) (g/em?)
0 at. % H 3000 0 2.2 85.3 12.5 29.7 358.7 0.57 2.75
20 at. % H 3000 750 2.1 83.4 14.5 27.6 295.4 0.71 2.40
top 2 A of 0% H film (interface) 18 76 6
top 2 A of 20% H film (interface) 5 87 8
counterface 1115 120 0 5.6 94.4 10.1 462 0.48 2.86

films with differing properties.**’>~”> Two other widely used
simulation methods for creating amorphous carbon films are
homogeneous condensation of a vapor and ultrafast quenching
of liquid carbon.”*# The amorphous carbon films examined
here are generated by randomly placing carbon C (and H)
between a hydrogen-terminated and an unterminated diamond
(111) surface and heating to 8000 K. After the melt is
equilibrated, the systems are rapidly quenched to 800 K using
an exponential quench rate of the form 7' = 8000 exp(—c dr).
The constant ¢ was chosen such that cooling takes approximately
2 ps. The system was then brought to its minimum energy
configuration via a steepest descent algorithm and equilibrated
at 300 K. The resulting structures exhibit multiple bonds
between the film and unterminated diamond interface, which is
now the substrate, and a relatively smooth surface at the
hydrogen-terminated diamond interface. Rapid quenching en-
sures that the bulk of the hydrogen does not migrate to the
interface between the amorphous carbon and hydrogen-
terminated diamond surface. This method leads to nonlayered
films with high sp>-hybridized carbon content and low densities.
Slower quenching results in layered films.?> After quenching
and equilibration, the hydrogen-terminated diamond surface
above the DLC film is removed and replaced with the coun-
terface (Figure 1). The bulk properties of the films are
summarized in Table 1. The structure and composition of the
non-hydrogenated and hydrogenated films closely resemble that
of a-C and a-C:H, respectively.®? The nature of the interface
has a significant influence on the observed friction. With that
in mind, the top 2.0 A of both the hydrogenated and non-
hydrogenated films were characterized (Table 1). Examination
of these data reveals that the interface has a larger fraction of
unsaturated sp-hybridized carbon atoms than the bulk film. In
addition, the non-hydrogenated film has a much larger fraction
of sp-hybridized carbon in the interfacial region than the
hydrogenated film.

To facilitate analysis and ease comparison, each sliding
simulation is conducted using the same counterface. The
counterface used here was generated previously (referred to
therein as film IV) and has been well characterized.® This film
was generated in a way similar to that of the two films described
above with two notable exceptions. The quenching rate was on
the order of 100 ps and the first-generation REBO potential was
used. Because the quench rate was relatively slow, the majority
of the hydrogen migrated to the surface of the film, effectively
passivating it. The properties of the counterface are also
summarized in Table 1. The structure and composition of the
counterface resembles that of t-aC.3? The choice of this particular
film as the counterface was made because it exhibits high
compressive modulus and high sp*-carbon content and has a
relatively smooth interfacial surface with a high degree of
hydrogen termination.

Results

Friction. The counterface slides over the film six times for
a total sliding distance of 180.4 A in all the simulations. Each

pass takes approximately 33 ps of simulation time. Instantaneous
forces on the rigid-layer atoms were saved every 0.1 ps. The
smoothed,®® instantaneous friction force as a function of sliding
distance has been plotted in Figure 2a for the non-hydrogenated
and hydrogenated films under a normal load of 90 nN. At this
load, the hydrogenated film shows lower friction force at all
times during the simulation. This is typical behavior and is
generally observed at all loads. The average friction force versus
average normal force for each sliding silmulation is shown in
Figure 2b. The average friction and normal forces are obtained
by averaging over the final pass of the counterface over the
film where it appears that the friction force oscillates around a
steady-state value. Error bars represent the standard deviation
of the friction and normal force during the final pass of the
counterface over the film. The hydrogenated system shows lower
friction force at each load, with the greatest reduction in friction
being at low to moderate loads (<60 nN). At the highest loads
investigated (>90 nN), the friction force of the hydrogenated
system approaches that of the non-hydrogenated system. These
results are consistent with our previous results for hydrogen-
terminated and partially hydrogen-terminated diamond (111) in
sliding contact with DLC, which indicated that friction is largely
dependent on the degree of hydrogen termination present.*® In
light of that, friction was expected to be significant in the case
of the non-hydrogenated film due to the unsaturated carbon
atoms at the interface. In fact, the threshold load for tribo-
chemical reactions between non-hydrogenated film and coun-
terface is below 10 nN, the lowest load examined. The
hydrogenated film contains a small amount of trapped H,.
However, during the time scale of the simulation it does not
diffuse to the sliding interface and has no effect on the friction.

The usefulness of MD simulations lies in the wealth of
atomic-scale information they provide, information that is
unavailable from experiment. Quantities that remain difficult
to measure experimentally include the number and type of
chemical reactions that occur during sliding and the local
temperature at all points in the system during sliding. Creative
exploration of these and other quantities can provide a unique
window into understanding properties that are measured
experimentally.

Structure. Visual inspection of the equilibrated simulation
systems in Figure 1 reveals the inclusion of hydrogen into the
amorphous carbon film appears to roughen the surface of the
film. To quantify this roughness, constant potential energy
topographic plots of the films and the counterface were created
(Figure 3). These plots are created by orienting a hydrogen
molecule perpendicular to the film surface. The distance of the
molecule from the surface of the film is adjusted until the
potential energy of the system reaches a predetermined, fixed
value. The molecule is rastered over the film to calculate the
constant potential-energy distance at all points. While all the
films have high and low points, the hydrogenated film is
characterized by an abundance of deep holes and areas with
high atoms. The distance data as a function of surface position
can also be used to calculate an rms roughness (Table 1). The
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Figure 2. (a) Friction force as a function of sliding distance for each
system with an average normal force of 90 nN. The data have been
smoothed using a standard smoothing function. (b) Average friction
force as a function of average normal force.

rms roughnesses reveals that the counterface is the smoothest,
while the hydrogenated film is the roughest.

To determine the degree of saturation and to track tribo-
chemical reactions, the coordination number for each carbon
atom in the system was calculated using the following equation

C=2f5 )

JjEi

where f{; is the cutoff function from the interatomic potential
between atom i and all other atoms j. The cutoff function is a
continuous piecewise function of radial distance from atom i,
which varies smoothly between one, for atoms within the
interaction range of the potential, and zero, for atoms outside
the range of interaction. The form and parameters for the cutoff
function used in this analysis are the same as the interatomic
potential,’” which is capable of tracking partial neighbors and
transition states. A coordination number of 4 indicates that
carbon is fully saturated (sp*>-hybridized), while a number less
than 4 indicates unsaturation. Before sliding, the average
coordination number of the carbon atoms in the 2.0 A of the
non-hydrogenated and hydrogenated films closest to the interface
is 2.88 and 3.03, respectively. For comparison, the average
coordination number in the first 2.0 A of the hydrogen-
terminated counterface is 3.50.

The number of film—counterface carbon—carbon (C—C)
bonds formed in 1 ps intervals throughout the simulation for
the non-hydrogenated system and the hydrogenated system at
normal forces of 10, 60, and 150 nN are shown in Figure 4a,b,
respectively. It is clear from analysis of Figures 4 and 2 that
the number of cohesive bonds between the film and counterface
directly impacts to the average friction force. The number of
interfilm bonds increases with increasing normal force while
presence of hydrogen in the film reduces the number of interfilm
bonds. The number of interfilm bonds between the non-
hydrogenated film and counterface is approximately equal for
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Nonhydrogenated Film

Figure 3. Constant potential energy, topographic maps of the two films
and counterface used here. The scale (color bar) represents the distance
in A above the surface of a hydrogen molecule. The distance of the
molecule is adjusted until the desired potential energy is achieved.

all loads above 60 nN. As a result, the average friction force
shows a plateau-like behavior above 60 nN, as shown in Figure
2b. At any given load, the hydrogenated system has significantly
fewer interfilm C—C bonds compared to the non-hydrogenated
system. To illustrate this point, the number of C—C bonds
between atoms initially identified as belonging to the film and
those initially identified as belonging to the counterface was
tallied. An exact number of bonds across the interface between
the film and counterface is difficult to determine because of
mixing and shear of film and counterface atoms at the interface.
At a load of 60 nN, a total of 3675 C—C bonds are formed
between the carbon atoms in the non-hydrogenated film and
the counterface by the end of the simulation. In contrast, only
1130 C—C bonds form between the carbon atoms in the
hydrogenated film and counterface during the course of sliding.

Significant rearrangements of the carbon atoms in the region
of the interface occur, particularly at high loads, or when the
hydrogen content is low. Because the counterface has a large
fraction of sp*>-hybridized carbon atoms, these rearrangements
tend to increase the number of unsaturated carbon atoms. When
a large number of interfilm bonds form, significant mixing of
the film and counterface atoms occurs (Figure 5). The left-hand
side of Figure 5 contains snapshots of the system configuration
of the non-hydrogenated system under a normal force 60 nN
before and after sliding. Atoms are colored according to their
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Figure 4. Number of new C—C bonds between the film and
counterface formed during 1 ps intervals over the course of the
simulation for (a) the non-hydrogenated film and b) the hydrogenated
film. Normal forces are 10 nN (green short-dashed line), 60 nN (blue
long-dashed line), and 150 nN (red solid line).
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Figure 5. Atomistic snapshots (left) of the non-hydrogenated film and
corresponding atomic density plots (right) shown before (top) and after
200 ps of sliding (bottom). Film carbon atoms are blue, counterface
carbon atoms in red, and counterface hydrogen atoms in green. The
atomic density of film carbons, counterface carbons, and counterface
hydrogens are indicated by blue long dashed lines, red solid lines, and
green short dashed lines, respectively. The applied load is 10 nN.

initial attachment point. Carbon atoms that belong to the film
and those that belong to the counterface are blue and red,
respectively. The hydrogen atoms originally attached to the
counterface are green. The right-hand side of Figure 5 shows
the density of atoms according to their position along the z-axis
of the simulation (the vertical direction as shown in Figure 1)
before and after sliding. The same color coding is used in these
plots to indicate film carbon, counterface carbon, and counter-
face hydrogen. Before sliding, there is little overlap of the
colored lines in Figure 5. Thus, there is little mixing of the film
and counterface atoms, although several C—C bonds are
apparent between the film and counterface. As sliding progresses,
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Figure 6. Transfer layer thickness as a function of load for the non-
hydrogenated (solid squares) and hydrogenated (open diamonds) films.

mixing of the film and counterface atoms is visible in the
atomistic snapshot and there is a significant overlap of the lines
of the atomic density plots in the interface region (initially
located at ~34 A).

When tribochemical reactions occur during sliding, a transfer
film can be formed.! Recent experiments have demonstrated that
it is possible to measure the thickness of these films.?>#$* To
estimate the transfer layer thickness formed during sliding, the
maximum extent of atom transfer, as indicated by the measure
of overlap of the atomic densities of the film and counterface
carbon atoms, is divided by 2. The underlying assumption is
that if the film and counterface were separated, half the transfer
layer would adhere to the film and half would adhere to the
counterface. The transfer layer thickness for the hydrogenated
(open diamonds) and non-hydrogenated (closed squares) systems
is shown in Figure 6. In both systems, the transfer layer thickness
increases with increasing load. In general, the hydrogenated
system has a thinner transfer layer than the non-hydrogenated
system, particularly at low loads.

To determine the structure of the interface and how it evolves
during sliding, the coordination number for each carbon atom
in the system was calculated. The system was divided along
the z-direction into 200 equally spaced bins, approximately 0.25
A thick, and then the average coordination number for all carbon
atoms contained in each bin was determined at 1 ps intervals
during the simulation. The average coordination number can
then be displayed as a function of z-coordinate and simulation
time for any given sliding simulation (Figure 7). The average
coordination number for bins in the diamond substrates is not
shown. At the beginning of each simulation, a clear boundary
between the film and counterface atoms is apparent at ap-
proximately 34 A in both the non-hydrogenated and hydroge-
nated systems. The film contains mostly 3-fold coordinated (sp*-
hybridized) carbon atoms, while the counterface contains mostly
4-fold coordinated (sp*-hybridized) carbon. As the counterface
slides over the non-hydrogenated film, the average coordination
number of the counterface is reduced to 3, with a significant
drop around 105 ps of simulation time. By the end of sliding,
the majority of the carbon atoms in the counterface convert from
4-fold to 3-fold coordination. In contrast, the boundary between
the hydrogenated film and the counterface remains fairly distinct
and the counterface carbon atoms remain mostly sp*-hybridized,
except for a thin layer near the interface, which appears to be
rich in sp>hybridized carbon.

To further quantify the structure, the relative bond angle
distribution was calculated every 0.2 ps during the simulation.
An initial bond angle distribution was calculated from the system
configuration prior to sliding and subtracted from subsequent
distributions determined while sliding so that changes in bond
angles could be determined. The resulting change in bond angle
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Figure 7. Coordination number for carbon atoms as a function of
position normal to the loading axis (y-axis) and time (x-axis) for the
non-hydrogenated (top panel) and hydrogenated films (bottom panel).
The normal load is 60 nN. The coordination number is indicated by
the color bar.
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Figure 8. Change in bond angle distribution as a function of simulation
time for the non-hydrogenated film when the load is 60 nN. The change
in the number of bonds with a given bond angle is indicated by color
scale at the right of each figure.

distribution is shown for the non-hydrogenated film in Figure
8. There is a notable depletion of bond angles in the range
around 109.5° (i.e., the appearance of the blue region), which
is consistent with the depletion of sp*-hybridized carbon atoms
in the counterface. A depletion also occurs in the hydrogenated
film; however, the magnitude of the depletion is greatly reduced.
There appears to be a fairly periodic buildup of the number of
bonds with angles below 75° and above 130° followed by a
rapid decrease, indicated by the red and yellow striping (Figure
8). A visual inspection of atomistic snapshots indicates the
formation of three-membered rings, as illustrated in Figure 9,
which form at 89.6, 97, and 97.6 ps. They break almost
simultaneously between 102.6 and 102.8 ps. The temperature
profile of the non-hydrogenated system as a function of sliding
time at a load of 60 nN is shown in Figure 10. For reference,
the friction force data for the non-hydrogenated system has been
replotted as a function of simulation time. The structure of the
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Figure 9. Atomistic snapshots of the non-hydrogenated film at the
sliding time of 102 ps (upper panel) and 103 ps (lower panel) when
the load is 60 nN. The highlighted rings were formed at 89.6, 97, and
97.6 ps. The bonds break almost simultaneously between 102.6 and
102.8 ps. Film and counterface atoms are colored by the same
convention used in Figure 1.

transfer film, or the interfacial region, is continually changing
during sliding. The spikes in temperature correspond to the
breakdown of structures such as the three-membered rings
pictured in Figure 10. Each temperature spike also corresponds
to a drop in the friction force, which indicates that the scission
of covalent bonds, The associated vibrational excitation this
causes contributes to the increase in temperature. The non-
hydrogenated system experiences much higher interface tem-
peratures than the hydrogenated system. At 60 nN normal force,
ina 2.5 A thick section containing interface between the film
and counterface, the average interface temperatures are 826 +
287 and 582 + 146 K, for the non-hydrogenated and hydro-
genated systems, respectively. The second generation REBO
potential is known to overpredict the heat of formation for
tricyclic compounds.’” For example, ab initio calculations predict
the heat of formation of cyclopropene to be 68.3 kcal/mol,
whereas, REBO predicts a value of 98.71 kcal/mol. For the
decomposition reaction of cyclopropene to methylacetylene, a
reaction somewhat analogous to that illustrated in Figure 9, ab
initio calculations predict the release of 22.5 kcal/mol of energy,
whereas REBO predicts 47.24 kcal/mol will be released. While
this energy difference is likely to affect the magnitude of the
temperatures observed, the relative trends in temperature dif-
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Figure 10. Temperature profile along the loading axis as a function
of time for the non-hydrogenated film when the load is 60 nN. The
system was divided into 200 bins approximately 0.25 A thick, and the
average temperature of the atoms contained in each bin was determined
every 0.2 ps. For ease of comparison, the friction force for the non-
hydrogenated film from Figure 2 has been replotted.

ferences between the hydrogenated and nonhydrogenated films
should not be affected.

Discussion

Diamondlike carbon has long been known to exhibit a wide
range of tribological properties. In a recent review,® the major
causes of friction in DLC were categorized into five areas: (1)
physical and mechanical interactions, (2) adhesive interactions,
(3) tribochemical interactions, (4) thermal interactions, and (5)
third-body interactions. The large number of factors affecting
DLC friction, coupled with the fact that a complex interplay
exists among these factors, makes the elucidation of the
underlying mechanisms governing DLC friction difficult. In this
work, MD simulations were used to examine the complex
interplay between hydrogen content, passivation, adhesion,
transfer film formation, temperature, and friction at the atomic
scale.

Previous MD simulations that examined two hydrogen-free
films with different thicknesses, but similar interfacial structures,
showed that the structure of the film near the interface played
a crucial role in determining the tribological response of those
films.?¢ In this work, both the bulk and interfacial structure of
each film was examined. In the bulk, the hydrogenated and non-
hydrogenated films have approximately the same percentages
of sp-, sp>-, and sp-hybridized carbon atoms. In contrast, the
composition of the interfacial region of both films confirms that
there are significantly more unsaturated carbon atoms at the
interface than in the bulk. In addition, the incorporation of
hydrogen dramatically reduces the number of unsaturated sp-
hybridized carbon atoms at the interface. These structural
differences underscore the need to characterize the interfacial
structure of DLC for use in tribological applications in addition
to the bulk composition.

Careful analysis of the bonds formed and broken at the
interface during sliding revealed that the unsaturated carbon
atoms, both sp-hybridized and sp>-hybridized, near the interface
serve as initiation points for the formation of carbon—carbon
bonds between the counterface and the film (interfilm bonds).
This increase in interfilm bonds increases the adhesive interac-
tions between the film and the counterface. As a result, the
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friction increases. These findings are consistent with the
passivation hypothesis put forth to explain the low friction of
diamond® 8 and DLC2*!3257272989 ip air, compared to vacuum,
and in the presence of hydrogen or water. These conclusions
are also consistent with early MD simulations that showed the
adhesion, or the formation of covalent bonds, between two
diamond (111) (1x1)-H surfaces and a diamond tip and a
diamond (111)(1x1)-H surface, increases if hydrogen is re-
moved from the surfaces.®* Subsequent DFT simulations of
diamond adhesion yielded similar findings.*® The formation of
covalent bonds between a diamond(111)(1x1)-H counterface
and a hydrogen-free DLC during sliding also increases when
hydrogen is systematically removed from the counterface.*®
Recently, spectroscopic evidence for the passivation hypothesis
was obtained by using NEXAFS to examine the wear tracks in
UNCD in the presence of water vapor.*? In addition, amorphous
sp>-hybridized carbon was also formed in the UNCD wear track.
In the simulations presented here, while sp*-hybridized carbon
was formed, no evidence of graphite-like rings was observed.

Macroscopic experiments have recently shown that when a
sapphire ball is in sliding contact with a DLN film (diamondlike
nanocomposite) carbon-containing transfer films tens to hun-
dreds of nanometers thick can be formed.?>* These experiments
are unique because the thickness of the transfer film was
monitored during sliding. This allowed for correlations between
thinning of the transfer film and concurrent friction spikes to
be made. While this experiment provided important information
regarding the thickness of the transfer film during sliding, it
provided no information related to the atomic-scale mechanism
of transfer film formation. Indeed, while some progress has been
made observing atomic-scale events at buried interfaces,*”*® this
remains one of the foremost challenges for tribologists.*
Because it is possible to track the positions of all atoms during
sliding in MD simulations, atomic-scale changes that occur at
the sliding interface can be elucidated. The simulations discussed
herein reveal that the formation of carbon—carbon bonds,
initiated by the presence of unsaturated interfacial carbon atoms,
between the counterface and the film lead to significant changes
at the interface. By tracking the origination point of the carbon
atoms, we developed a method to estimate the thickness of
transfer films formed in the simulation. The thickness of the
transfer films increased with increasing load for both hydroge-
nated and non-hydrogenated films. Decreasing the number of
unsaturated carbon bonds at the interface, by adding hydrogen,
decreased the thickness of the films compared to the hydroge-
nated films at all but the highest load examined.

Friction is the dissipation of energy. In diamond and DLC
where electronic friction is likely to be negligible, the major
mechanisms of energy dissipation are wear and the dissipation
of heat via phonons. Atomic-scale “stick—slip” has been
measured with the atomic force microscope on diamond
surfaces. The slip has been termed “plucking”, which leads to
vibrational excitation of the solid. This energy is then dissipated
via phonons. Previous MD simulations examined the wearless
friction between two diamond (111)(1 x 1)-H surfaces® and two
diamond (001)(2x 1)-H surfaces’! in sliding contact. In both
cases, maxima in the friction force corresponded to points of
strong interaction between opposing hydrogen atoms. When the
surfaces slipped past one another, the friction decreased and
the surface carbon—hydrogen bonds were vibrationally excited.
The simulations presented herein are not in the wearless friction
regime. Despite this, insight into energy dissipation was gained.
When interfilm reactions occur, the friction force increases
during sliding due to the formation of covalent bonds. Continued
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sliding increases the stress on the covalent bonds in the
interfacial region until these bonds break. When the bonds break,
the friction force decreases suddenly. Thus, the friction force
as a function of sliding distance is periodic in the majority of
these simulations, but the periodicity does not arise from the
structure of the underlying substrate, rather it coincides with
the buildup and breaking of covalent bonds. The severing of
the chemical bonds also contributes to the vibrational excitation
of the counterface and film atoms, which is manifest as
temperature spikes that emanate from the interface and extend
into the counterface and the film.
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