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ABSTRACT 

Amorphous carbon films approximately 20nm thick are used throughout the computer 
industry as protective coatings on magnetic storage disks. The structure and function of this h m -  
ily of materials at the atomic level is poorly understood. Recently. we simulated the growth of a:C 
and a:CH films 1 to 5 nm thick using Brenner's bond-order potential model with added torsional 
energy terms. The microstructure shows a propensity towards graphitic structures at low deposi- 
tion energy (< lev )  and towards higher density and diamond-like structures at higher deposition 
energy (>20eV). In this paper we present simulations of the evolution of this microstructure for 
the dense 20eV films during a simulated indentation by a hard diamond tip. We also simulate siid- 
ing the tip across the surface to study dynamical processes like friction, energy transport and 
microstructure evolution during sliding. 
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Figurc 1 .  Six snapshots during a MD simulation of indentation and removal of a nondefonn- 
able diamond tip into an amorphous carbon substrate. The simulation cell is 4nm wide and the 
snapshots'are Inn1 thick cross-sections through the ccnicr of  the tool. The indentation rate is 
35 mls. 



INTRODUCTION 
5oo.a 

Ainorphous carbon films approxi- 
mately 20nm thick are used throughout thc 
computer industry as protective coatings on 
ntagnetic storage disks 1.21. Thesc filnis 
contain significant sp3 fractions and. for this - E reason. are mechanically hard. have low t'ric- 0 
tion. and are chemically inert. Despite $ 
intense experimental 13-91 and theoretical 
[ 1 1-25] interest. the structure and function of 3 
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> these films at the atomic level is poorly - 200.0 understood. a 
Recently [26] we presented molecu- 2 

0 Iar dynamics (MD) simulations of the fornia- LL 
tion (both quench and deposition) of 
amorphous carbon films using Brenner's 
[27,28] empirical bond-order potential. This 
empirical model. based on ideas of Tersoff 

ing carbon to form strong chemical bonds 
with a variety of hybridizations. We find 

100.0 

[29], mimics the quantum mechanics allow- 0.0 

Z (angstroms) 
unphysical bonding between three-fold car- 
bon atoms without inclusion of a torsional 
energy barrier [28]. This model has been 
extensively used by Harrison [3()-34] to 
study the tribological properties of diamond 
surfaces. 

Our results for the bonding character of the amorphous films is in qualitative agreement 
with the quantum mechanics based MD studies 115-221. Three-fold carbon atoms tend to form 
pairs. We find a peak density as a function of incident carbon energy in the range 20-40eV. 
slightly less than the previous study using Tersoff's bond-order model [14]. The difference is 
probably due to our use of the torsional energy. 

Here we present results from MD simulations of nano-indentation and sliding o n  these 
films. 

Figure 2. The loading curve for the simulation 
shown in Figure 1. The Steps occur during 
plastic yielding of the surface. Reversing the 
tip after these yielding events leads to thc hys- 
teresis as Shown. 

METHODS 

To create a larger surface simulation cell, we doubled the cell size in X and Y from our 
previous simulation 1261 to about 4nm and continued to grow a dense film at 20eV. We stopped 
the deposition when the film was 4nm thick. The tribological boundary conditions are the same as 
in our previous simulations of metal and ccraniics [35].  The bottom-most layer o f  atoms are fixed. 
the next few layers are maintained at room temperature. and periodic boundaries are applicd in 
the surface plane. The tip is cleaved from a diamond lattice and blunted to create a radius of about 
inm. The tip atoms are held rigid during indentation and sliding and interact with the surlacc 
atonis through a truncated Lennard-Jones potcntial. Indentation was pcrfornied at 35 m/s and slid- 
ing at 35 and 350 m/s. These rates arc ccmiparahlc to thc sliding speeds at the hcad-disk inlerlacc 
in magnetic recording disks. 
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Figure 3. Four snapshots during sliding in contact under a light load. The material is moving 
from left to right in the figures. 
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Figure 4. Four snapshots during sliding in contact under a heavy load. The material under thc 
lip densifies leading to a final structure very similar to the starting undel'ormed structure. 



RESULTS and DISCUSSION 

Six snapshots during loading and unloading are shown in Figurc 1. These snapshots are 
I nni thick cross-sections through the center of the tool. Appreciable plastic def'ormation occurs 
and the first layer of' surface atoms appear to align with the tool. The loading curve (force on thc 
tool as a function of tool height) is shown in Figure 2. The steps in the curve indicate thc onset of 
plasticity. The curve is reversible before the first step while a hysteresis loop is seen beyond the 
lirst step. This step-like structure is probably characteristic of covalently bonded materials and 
represents plastic flow through a rapid rearrangement of the bonding network. The length=scale 
of our simulations is too small to observe the formation of cracks. The hardness calculated from 
this siniulation is 75 25 GPa. with the error arising from our estimate of the contact area. This 
value agrees well with measured hardness on dense amorphous carbon films 1.21. 

Sliding results are shown in Figures 3 and 4. In both figures the 1001 is stationary, niaierial 
moves from left to right and we use periodic boundaries. In Figure 3 we apply a small norinal 
load, less than the first plastic yield seen in Figure 2. Sliding occurs at 350 m/s. The tip conditions 
the surface. That is, dangling atoms are forced into the surface and the topmost layer of carbon 
atoms are mostly converted to sp' hybridization. In Figure 4 we apply a normal load greater than 
the first plastic yield and slide at 35 m/s. The system initially forms a chip. This chip is com- 
pressed into the surface and the density of the film increases. The resulting structure is qualita- 
tively very similar to the initial undeformed structure. 
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