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bstract

The friction performance of nanocrystalline diamond coatings was evaluated using in situ tribometry with sapphire counterfaces. Coatings were
rown by microwave plasma assisted chemical vapor deposition in an Ar–H–CH4 plasma, with H ranging from 0 to 36%. In situ examination of the
liding contact, combined with ex situ analysis of the sapphire counterface revealed that the velocity accommodation mode was interfacial sliding
f a carbonaceous transfer film versus the coating wear track. For most tests, the contact diameter increased during the first 50 sliding cycles and
hen remained constant. The in situ measure of the contact diameter was found to correlate confidently to ex situ measurements of counterface wear.

he performance of the diamond coatings, characterized by quick run-in to low friction was best when a small but detectable graphite peak was
resent in the X-ray diffraction (XRD) profile. The relative intensity of the XRD graphite peak was also found to directly correlate with the peak
osition of the C1s → �* transition as measured by near-edge X-ray absorption fine structure (NEXAFS) spectroscopy. Increasing the relative
mount of graphite-bonded sp2 carbon in the NCD films decreased run-in cycles to low friction.

2007 Elsevier B.V. All rights reserved.
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. Introduction

With significant evidence for robust mechanical properties
1–5] and good tribological performance [6–10], nanocrystalline
iamond (NCD) has become a coating with applications from
achine tools to micro-electro-mechanical systems (MEMS)

1,6–8,10,11]. The challenge of reducing the surface roughness
f traditional CVD-grown microcrystalline diamond coatings
MCD) has been practically eliminated with the development
f new growth processes. Pre-nucleation techniques and vari-
us gas mixtures including H, Ar and methane have been shown

o result in diamond grain sizes in the range of 2–10 nm and
MS surface roughness below 50 nm [1,12–18]. Despite this
dvance, recent tribological studies on NCD coatings showed
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period of initially high friction (“run-in”) before low fric-
ion coefficients were achieved [6,10]. For NCD to be used
s a MEMS material, low friction with minimal run-in is
esired. These conditions would address design concerns and
llow for on-chip actuators that are smaller and consume less
ower.

Run-in behavior is often correlated to the initial interactions
etween the asperities of two surfaces. This process results in
ocally high contact stresses that lead to plastic deformation,
ear and the creation of third-bodies [19,20]. For a solid lubri-

ant coating, the reduction in friction following this stage is
ypically associated with the formation of a stable transfer film
20,21]. Diamond also follows this trend of high friction run-
n with wear followed by low friction. It has been speculated
hat the low friction mechanism for diamond is the formation

f a thin, less-dense carbon transfer layer, possibly graphitic in
ature [22–24].

Many tribological studies on MCD coatings have recog-
ized that surface roughness plays a critical role for run-in and

mailto:kathryn.wahl@nrl.navy.mil
dx.doi.org/10.1016/j.wear.2007.11.023
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he eventual steady-state friction [22,25–29]. For diamond on
iamond sliding, low friction and short run-in has only been
chieved on highly polished diamond coatings. Other counter-
ace materials can result in departures from this behavior. For
xample, Hayward’s studies [26] of sapphire versus diamond
liding under environmental conditions similar to this study
emonstrated that the roughness of the diamond coating affected
he wear of the sapphire counterface as well as the friction prop-
rties. Low friction was eventually observed, but at the expense
f extensive counterface wear. Bull et al. [28] conducted a sim-
lar study of sapphire sliding versus MCD coatings and found
regime of continuous high friction (μ ∼ 0.65) that was inde-
endent of coating roughness. The difference between these two
tudies may be a reflection on the quality of the various diamond
oatings, possibly with respect to their ability to form a transfer
lm and act as a solid lubricant coating [21].

In this study, we examine the tribology of nanocrystalline
iamond coatings grown in Ar–H–CH4 plasmas with H content
anging from 0 to 36%. An in situ tribometer with a sap-
hire counterface was used, allowing for examination of the
liding contact and identification of velocity accommodation
odes (VAM) [20,21]. Performance of the NCD coatings was

haracterized by both the extent of high friction run-in and mea-
urements of the in situ contact diameter, a quantity tied to
ounterface wear. Coating performance was also linked to coat-
ng roughness, chemistry, microstructure, and the formation of
ransfer films on the sapphire counterfaces.

. Experiment

Nanocrystalline diamond coatings were prepared using a
icrowave plasma enhanced chemical vapor deposition sys-

em (1.5 kW ASTeX 2.45 GHz). The gases used for deposition
ere Ar, H2, and CH4. Coatings were deposited on single side
olished silicon (1 0 0) wafers after a seeding process. Samples
ere grown at 900 ◦C and with a microwave power of 900 W

n a chamber at 65 Torr. The total gas flow was 70 sccm with
H4 flow set to 7 sccm for all coatings. Flow rates of argon and
ydrogen were varied from sample to sample, with the hydro-
en ranging from 0 to 36% of the total gas flow. The coatings
iscussed in this study are denoted to by the percent of hydrogen
n their growth plasma:

# = [H2]

([H2] + [Ar] + [CH4])
. (1)

he H# refers to the percent of hydrogen gas in the total flow of
asses during coating growth. Bracketed quantities are the flow
ates of the feed gasses during the growth process. The hydrogen
ow rates were: 0, 6, 7, 10, and 25 sccm, and the argon flow rates
ere 63, 57, 56, 53, and 38 sccm, where each of the quantities

epresent the flow rates of the specific gases. Based on these
ow rates and Eq. (1), five different coatings were prepared:

0, H8.5, H10, H14 and H36.
X-ray diffraction was conducted on the coatings using a stan-

ard θ − 2θ geometry with 3 degree offset of the goniometer axes
o minimize the intensity of the Si substrate peak. The X-ray radi-
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tion was Cu, filtered with a Ni foil such that the wavelength,
, was 0.15418 nm. Samples were examined over the range of
θ = 20–100 degrees. Diffraction peaks were fit to a Lorentzian
unction using standard peak-fitting software. From these mea-
urements, the average lattice spacing and two estimates of the
rain size were calculated. First, the method of integral breadths
30], also called the Williamson–Hall plot method [31], was
pplied using the relation:

1/2 cot θ = 0.9λ

D sin θ
+ 4ε (2)

here β1/2 is the full-width half-maximum (FWHM) of the peak
nd θ is the half the detector angle for the peak position. Esti-
ates of the grain size and the lattice strain, ε were found from
linear fit to a plot of β1/2 cot θ versus 1/sin θ. Additionally, the
cherrer formula was used to calculate a grain size, D, from the
1 1 1) diamond peak:

= 0.9λ

β1/2 cos θ
. (3)

he Scherrer formula may be derived from Eq. (2) with an
ssumption of zero lattice strain. Other researchers that have
tudied CVD diamond coatings have found that the stress state
f their coatings is complex [32–35], possibly due to twinning
34,35]. This leads to additional broadening of the X-ray lines
hat makes Eq. (2) difficult to apply. For this reason, we report
he results of both methods.

Near edge X-ray absorption fine structure (NEXAFS)
pectroscopy was used for quantitative determination of the
lemental and chemical bonding environment yielding, in par-
icular, the sp2 to sp3 carbon ratio. NEXAFS spectra were
ecorded at the wiggler beam line 10–1 of the Stanford Syn-
hrotron Radiation Laboratory (SSRL) over the photon energy
ange of 270–470 eV by monitoring the sample’s total elec-
ron yield (TEY) signal. The number of incoming photons
as monitored by the TEY signal of an 80% transmissive Au
et. Both drain currents were recorded with a Keithley 427
urrent Amplifier. The ratio of sample signal and incoming
hoton flux is the TEY spectrum, which is a good approx-
mation proportional to the sample’s absorption coefficient
36,37]. As discussed in the literature [36], experimental spec-
ra were normalized to a common edge jump. The absolute
nergy scale was established by referencing the first transmis-
ion dip due to carbon contamination of the beam line optics to
84.7 eV.

The morphology of as-prepared coatings and wear tracks
ere examined in a LEO Supra50 scanning electron microscope.
he accelerating voltage was either 5 or 10 keV. Qualita-

ive chemical identification was carried out with an Oxford
nstruments energy dispersive spectrometer (EDS). Additional
xamination of the sample morphology was carried out with
Veeco Nanoman Dimension series atomic force microscope

AFM). The instrument has closed loop scanning capabilities

or quantitative analysis of surface topography and roughness
haracterization. Scans were conduced at varying sizes rang-
ng from 1 to 40 �m. The roughness values reported here
ere calculated from the 10 �m scan size images acquired
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ratios. Thus, crystallographic orientation varied among the coat-
ings studied. Using a qualitative analysis for diamond orientation
[12], coatings H0, H10, H8.5 and H14 were all found to have a
Richard.R. Chromik et a

sing nominally 20 nm radius tips in intermittent contact
ode.
Reciprocating sliding tests were conducted using a custom-

uilt in situ tribometer [21,38] designed to operate underneath
n optical microscope. Direct observation of the contact region
as conducted for all tests by using a transparent sapphire coun-

erface. A 6.35 mm diameter sapphire hemisphere was loaded
gainst a nanocrystalline diamond coating via a fixed load on
lever arm. The normal load on the coating was 6.4 N and

esulted in an initial average Hertzian contact stress of 0.7 GPa.
riction tests were performed at room temperature in humid air
35–45% RH) up to 1500 cycles. All tests were run at a sliding
peed of 1 mm/s over an initial track length of 6 mm. As the
est progressed, the track length was shortened to 4 mm at cycle
00.

The friction force was measured from a calibrated piezoelec-
ric force sensor housed in the sample stage. Data acquisition
as conducted such that spatially resolved friction was mea-

ured across the track at 20 �m intervals. Average friction
oefficients for a given cycle were determined from the cen-
ral 10 to 90% of the track length from the average friction
orce divided by the normal load. Steady-state friction values
re calculated by averaging the last 200 data points of a test.
verage steady-state values for a given coating are reported

rom the average among 3 tests conducted on that coating. A
eriod of high friction (run-in) occurred at the start of each
est. When the friction reached a low value, typically μ < 0.1,
he friction was constant or only gradually changing. Thus,
he number of cycles for run-in was determined by taking a
erivative of the friction trace. The cycle number when the
erivative became zero was taken as the point when run-in was
omplete.

Optical images of the sliding contact were captured through
he sapphire counterface with a Nikon 20x ultra-long working
istance (ULWD) objective. Video of the test was recorded to
oth S-VHS video tape and to the hard drive of a DVD recordable
nit. Image captures taken directly from the digital recording
ere used to make measurements of the mean contact diameter.
tandard photo editing software was used, with the length scale
alibrated using a 0.01 mm scale bar for optical microscopy.

Raman spectroscopy was performed on coatings and counter-
aces using a Renishaw System 1000 Raman Microprobe. Two
asers were used. Visible Raman was conducted with an Ar+ ion
aser (514 nm) focused to a spot of less than 2 �m. Near infrared
as also conducted using a diode laser (785 nm) in line focus
ode (∼20 �m × 2 �m).
Ex situ measurements of coating wear tracks and counterface

ear flats were conducted with stylus profilometry and non-
ontact profilometry. Wear track depths were measured with
Tencor P-10 stylus profiler with a 2 �m radius tip. Cross

ectional wear areas were calculated by integrating the height
rofiles. Sapphire hemispheres were examined with a white light
nterferometric profiler (Zygo Newview 5000) with a 50× Mirau

bjective. A 3D height image of the wear scar was examined
or all tests. Wear scar diameters were used to calculate a wear
olume for the removal of a spherical cap from the sapphire
ounterface [39].
Fig. 1. Raman spectra for the NCD coatings taken with a 514 nm laser.

. Results

.1. Coating characterization

Typical Raman spectra for the NCD coatings are shown
n Fig. 1. All spectra exhibited features associated with
anocrystalline diamond [16,40–44]. The spectral features
re broad bands at 1350 and 1520–1580 cm−1 with shoul-
ers at 1100–1150 cm−1 and 1430–1470 cm−1. The large
eatures around 1350 and 1580 cm−1 are the D and G
odes characteristic of amorphous or diamond-like carbon.
he 1150 cm−1 shoulder has been related to the presence of
anocrystalline diamond [41], as has the 1470 cm−1 shoulder
44].

X-ray diffraction scans for NCD coatings H0, H8.5 and H36
re shown in Fig. 2. All coatings studied exhibited the (1 1 1),
2 2 0) and (3 1 1) peaks for diamond with different intensity
Fig. 2. X-ray diffraction results for H0, H8.5 and H36.
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eak (1 1 0) texture. Coating H36 was found to be weakly (1 1 1)
extured (see Table 1).

In Fig. 2, the scans for H8.5 and H36 also exhibited a
road, low intensity peak at roughly 26◦, consistent with the
0 0 2) reflection for graphite. The peak appeared for all coatings
xcept H0. The presence of this peak indicated a trace amount
f nanocrystalline graphite in these NCD coatings. Using the
cherrer formula (Eq. (3)), the grain size was estimated as
etween 3 and 5 nm. The intensity of the graphite peak var-
ed from sample to sample and is given in Table 1 normalized
o the sum of diamond (2 2 0) and (1 1 1) peak intensities.

Further results from the X-ray diffraction studies revealed a
umber of key features regarding the NCD coatings. Grain size
stimates, average lattice constant and estimated lattice strain
re all listed in Table 1. For all samples, the lattice constant
as found to be slightly less than the value of bulk diamond

a = 0.35668 nm), indicating that the stress state of the coatings
as compressive. The method of integral breadths [30,31] was
sed to estimate the lattice strain. All samples exhibited negative
compressive) strain, consistent with the lattice constant results.

Grain size estimates from either the Scherrer or the
illiamson–Hall method are generally considered to be a lower

imit, especially when examining CVD diamond coatings. Both
ilva et al. [35] and Fayette et al. [34] showed that the stress
tate of diamond coatings is complex and typically results in
non-linear trend on a Williamson–Hall plot. One reason for

he complex stress in these coatings was determined to be
winning. This microstructural feature was shown to result in
dditional satellite peaks about the (1 1 1) X-ray reflection and
dditional broadening of the (1 1 1) line itself. Williamson–Hall
lots for our specimens using the (1 1 1), (2 2 0) and (3 1 1)
eflections resulted in confident fits except for coatings H0 and
14. Bachmann et al. [32] recognized the difficulty with the
illiamson–Hall analysis and suggested that the Scherrer grain

ize is a better estimate. Based on our results in Table 1 and
egardless of the analysis technique used, the estimated dia-
ond grain size for the NCD coatings lies between 5 and 11 nm.
RD results are consistent with measurements from transmis-

ion electron microscopy (TEM) conducted on similar coatings
45].

NEXAFS spectra for the NCD coatings are shown in Fig. 3
long with the reference spectrum of HOPG. The peak around
85 eV corresponds to the excitation of C 1s electrons to the
noccupied �* states of sp2 (C C) hybridized carbon atoms
resent in particular in phenyl ring-like structures [36]. With
hanging deposition conditions (increasing H content in the
ource gas), the energy of the 1s to �* transition increased from
85.0 to 285.5 eV (values determined by peak fitting are reported
n Table 1). Such a shift has been observed previously and
ttributed to transformation of the carbon sp2 bonding environ-
ent from a disordered to graphitic-like structure in the coating

46,47]. These values are reported in Table 1. Transitions to �*
rbitals are located in the spectral region above 288 eV, which

riginate from C 1s transitions at C–C, C C, and C C bonded
ites to their respective, unoccupied �* states [48]. The disor-
ered nature of the coatings tends to spread the features of the �*
esonances from 289 to 310 eV, but the characteristic diamond Ta
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Average friction versus cycle number is plotted in Fig. 5 for
individual tests on the nanocrystalline diamond coatings. The
ig. 3. NEXAFS spectra for the NCD coatings and a HOPG reference sample.
he dashed vertical line marks a photon energy of 285.5 eV.

econd band gap is clearly visible around 302 eV, maintaining
he same overall shape for all samples.

Chemical bonding composition analysis to determine the
raction of sp2 bonded carbon in the sample was carried out
y a method described by Lenardi et al. [49]. For this the ratio
f the peak areas of the 1s to �* resonance and a large part of the
s to �* portion of the spectra is compared to the same ratio in
he pure graphite sample. For the �* peak we used the area from
82 to 288 eV and the area from 288 to 310 eV for the �* portion
f the spectrum. The sp2 fraction is then determined using:

sp2 = Iπ∗
sample

Iπ∗
HOPG

IHOPG(�E)

Isample(�E)
(4)

here Iπ∗
sample and Iπ∗

HOPG are the areas of the �* peak, evaluated
rom 282 to 288 eV, of the NCD sample and the HOPG
eference, respectively. Isample(�E) and IHOPG(�E) terms are
he �* areas taken from 288 to 310 eV[48]. The calculated sp2

ercentages for the coatings studied are listed in Table 1.
Surface morphology of the coatings was fairly similar

etween coatings. Fig. 4 is an AFM image of H36. All sam-
les exhibited clustered growth domains, often referred to as a
cauliflower-like” structure. Within the growth domains, a finer
tructure was noted that resembled a more needle-like morphol-
gy. These morphologies were observed both in AFM (Fig. 4(a)
nd SEM (Fig. 4(b)) imaging. Roughness measured by AFM is
resented in Table 1; roughness increased with hydrogen con-
ent of the growth plasma. It was expected that the roughness of
he coating would correlate with growth domain size rather than
anocrystalline grain size [50]. This study did not examine how
hese trends correlated with deposition conditions.

In summary, as the hydrogen content in the growth plasma
as increased: (1) coating RMS roughness increased; (2) dia-
ond grain size estimated from X-ray diffraction remained the
ame; (3) the intensity of the (0 0 2) graphite peak in XRD
ncreased; (4) the C 1s → �* peak position shifted from 285.0
o 285.5 eV; and (5) the preferred crystalline orientation of the
oatings changed from diamond (1 1 0) to diamond (1 1 1). F
Fig. 4. Images of NCD coating H36 by (a) AFM and (b) SEM.

.2. Tribology of NCD coatings
ig. 5. Friction vs. cycles for reciprocating sliding tests on the NCD coatings.
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Table 2
Results for tribological performance of the nanocrystalline diamond coatings

Sample Cycles to run-in Steady-state friction Coating wear
area (�m2)

Counterface wear volume
(× 103 �m3)

Cycles to steady-state
contact diameter

H0 (LW15) 440 ± 100 0.05, 0.08, 0.1 3 27, 65, 71 50, –, –
H8.5 (LW16) 170 ± 30 0.049 ± 0.003 9 9 ± 5 50, 20, 50
H10 (LW17) 250 ± 30 0.046 ± 0.005 6 15 ± 2 30, 20, 50
H 8
H 9
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14 (LW18) 210 ± 50 0.055 ± 0.008
36 (LW22) 100 ± 50 0.048 ± 0.001

un-in behavior was different for each coating, but in all cases
low steady-state friction of μ ∼ 0.05 was eventually reached.
able 2 lists the average cycles of run-in calculated from three

ests on each coating. Sample H36 reached low friction most
uickly, while sample H0 took the longest. Also, H0 did not
lways reach μ = 0.05 in steady state. The steady-state friction
or the two other tests run on H0 reached 0.08 and 0.1 for the
nal steady-state friction coefficients.

.3. Ex situ analysis—wear tracks and transfer films

Wear tracks were examined by AFM, with selected tests also
xamined with contact profilometry. In general, wear tracks
ad a polished appearance (see Fig. 6 (b–d)). The reciprocat-
ng sliding process wore away much of the needle-like and
auliflower-like morphology that was apparent in as-prepared
oatings (Fig. 6(a)). Coating H8.5 had an as prepared RMS
oughness of 30 nm. Fig. 6 shows the wear tracks on this coat-
ng after 1, 100 and 1500 cycles. Even a single-pass track (see
ig. 6(b)) exhibited smoothing of the coating and a slightly
educed RMS roughness of 26 nm. Continued sliding resulted
n lower RMS roughness values of 7.2 nm at 100 cycles and
nm at 1500 cycles. It is apparent that most of the smoothing

ook place in the first 100 cycles. Worn track regions for all
oatings after 100 cycles exhibited roughness on the order of
–10 nm. Profilometry measurements of the wear tracks run for
500 cycles revealed cross-sectional wear rates on the order of
0−6 mm3/(N m) or less. Raw profilometry data indicated aver-
ge wear track depths of no more than 50 nm for the coatings
tudied.

Chemical analysis of the wear tracks with EDS revealed a
ignal for Al both in the track and at the turn around points.
ig. 7(a) and (b) show the EDS data collected from two regions
f a wear track on samples H0 and H36. Some evidence of Al
s found in the track, but the majority of worn sapphire from
he counterface was found as debris at the turn-around points.
hus, the smoothening of the coating observed in Fig. 6 was due
ostly to diamond polishing but also from some sapphire left

n the wear track. Fig. 7(c) shows the typical debris collected at
he end of a wear track on coating H0.

Non-contact profilometry carried out on the sapphire coun-
erfaces showed that a wear flat was generated by sliding against

he diamond coatings. Fig. 8 is a profilometry scan on a coun-
erface run against coating H36. A spherical cap of material was
emoved, whose volume was calculated from the diameter of this
ear scar [39]. Table 2 lists average counterface wear volumes

f
i
i

19 ± 2 20, 50, 50
12 ± 5 20, 20, 20

or testing against each NCD coating. Except for coating H0,
he wear volume was similar for each of the three tests and an
verage is reported. For coating H0, the wear volumes differed
ignificantly among the three tests, and were always higher than
ny individual measurement for the other coatings.

Ex situ Raman spectroscopy revealed evidence of a carbona-
eous transfer layer on the sapphire counterfaces. Fig. 9 shows
aman spectrum (785 nm excitation) collected from the cen-

er of a wear scar for a test conducted on coating H36 and the
pectrum from the as-prepared coating. The nature of the trans-
er film spectrum is qualitatively similar to the spectrum from
he as-prepared coating. Similar spectra were obtained from
he counterfaces used on other coatings. No evidence for an
nhanced graphitic nature of the transfer film was found. In a
tudy by Scharf et al. [38] on diamond-like carbon coatings, a
econdary G band at higher wavenumber was found and inter-
reted as evidence of graphitic transfer film formation. For this
tudy, a change in excitation wavelength from 514 to 785 nm
as necessary to reduce a strong fluorescent background sig-
al. The wavelength shift also reduced the sensitivity to the G
and of carbon, possibly masking detection of a transformation
o graphitic carbon [22–24]. From this Raman study of the sap-
hire counterfaces, we find that a carbonaceous transfer film
orms that is similar to the parent NCD coating.

.4. In situ observations

Examination of the sliding contact revealed that the con-
act diameter increased as the test progressed. Measurements
f the contact diameter from an in situ image during the final
liding cycle correlated well with ex situ measurements by non-
ontact profilometry. Thus, the increase in the observed contact
iameter was found to correspond directly to the wear of the sap-
hire counterface. Fig. 10 contains plots of contact diameter, as
ell as friction coefficient, versus sliding cycle for coatings H0,
8.5 and H36. For coating H0 (Fig. 10(a)), the contact diameter

teadily increased throughout the test. Based on these measure-
ents, the average contact stress fell to roughly 0.2 GPa at cycle

500. During this test, a friction coefficient of 0.05 was never
ttained, and the steady-state friction was 0.08. While the fric-
ion was high, the sapphire counterface was continually wearing,
pparent from the steadily increasing contact diameter.
The other NCD coatings typically reached a low friction in
ewer sliding cycles than the test in Fig. 10(a) and correspond-
ngly reached a steady-state contact diameter more quickly. This
s depicted in Fig. 10(b) and (c) for coating H8.5 and H36,
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Fig. 6. AFM images of coating H8.5: (a) as prepared coating

espectively. For coating H8.5, the contact diameter increased
o 140 �m by cycle 50 and remained this size for the remainder
f the test. This increase in contact diameter corresponded to
reduction in the average contact stress to roughly 0.4 GPa.
wear volume calculated from this in situ measurement,

.6 × 103 �m3, corresponded well with what was measured ex
itu (see Table 2). Similarly, for the test on coating H36, the con-
act diameter increased to 145 �m by cycle 20 and was constant
n size for the remainder of the test. The wear volume from this

easurement is 8 × 103 �m3, again in agreement with the ex
itu results (Table 2).

Similar to the results presented in Fig. 10(b) and (c), most tests
esulted in a rapid abrasion of the sapphire counterface (observed
y an increase in contact diameter) followed by steady-state slid-

ng of a wear flat versus the NCD coating. This wear behavior
as observed for all coatings and did not depend on the magni-

ude of the friction during run-in or how long run-in lasted (e.g.
he run-in for H36 was minimal but the sapphire still wore). An

4

d

ear tracks at (b) 1 cycle; (c) 100 cycles; and (d) 1500 cycles.

xception was coating H0, where, for two tests, a low steady-
tate friction of μ ∼ 0.05 was never reached. In these cases, as
isplayed in Fig. 10(a), the sapphire counterface wore through-
ut the test.

Observation of the sliding contact also allowed for determi-
ation of the velocity accommodation mode (VAM) [19–21].
ased on video imaging, wear debris was not observed to move
ithin the contact region. However, ex situ Raman analysis iden-

ified that a carbonaceous transfer film does form. Based on these
bservations the VAM was found to be interfacial sliding of a
hin transfer film versus the NCD coating. Interfacial sliding is a
ow energy VAM that typically results in low friction, especially
or solid lubricant materials such as DLC or MoS2 [21,38,51,52].
. Discussion

For sapphire counterfaces sliding against nanocrystalline
iamond coatings, low friction coefficients (μ ∼ 0.05) were typ-
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Fig. 7. EDS data for (a) wear tracks on coating H0 and H36, and for (b) end-
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For our study, wear rates of the sapphire balls were on the order of
10−8 mm3/(N m). When the ball wore continuously (two tests on
H0), the wear rate was 10−6 mm3/(N m). Hayward found higher
atches on coating H0 and H36. Also, (c) an SEM image of an endpatch on
oating H0.

cally observed after a run-in period of high friction. This result
s different from previous studies of sapphire sliding against
icrocrystalline diamond (MCD) coatings. Bull et al. [28] found
hat sapphire sliding versus MCD coatings (40 nm < Ra < 80 nm)
lways had high friction. Similarly, Hayward et al. [26] found

F
f

ig. 8. Non-contact profilometry scan for wear scar on sapphire counterface run
gainst H10.

hat rough diamond coatings never achieved low friction but
ighly polished MCD coatings (Ra < 10 nm) ran-in quickly to
< 0.1. Similar to the two tests on NCD coating H0 from this

tudy, both previous studies found that MCD coatings resulted
n sapphire counterface wear throughout test. Fig. 11 is a plot of
he volume of counterface wear versus the roughness of diamond
oatings for both the study by Hayward et al. [26] and the data
ollected here. For MCD samples, the counterface wear had a
ignificant dependence on the initial roughness of the diamond
oating. In contrast, for the five NCD coatings studied here,
he amount of counterface wear was somewhat independent of
oating roughness and was always less than was found for MCD
oatings. For the two tests on coating H0 that had higher friction,
he counterface wear was greater and more comparable to that
ound for MCD.

Because Hayward et al. [26] used lower loads (5 N) and dif-
erent sliding distances from our study, further interpretation of
ig. 11 requires the calculation of wear rates:

R = worn volume

load × sliding distance

(
mm3

N m

)
(5)
ig. 9. Raman spectrum from coating H36 and from a transfer film on sapphire
rom a test run on coating H36.
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Fig. 11. Counterface wear vs. diamond coating roughness. Open circles are from
Ref. [26] with roughness (Ra) calculated from line profiles from contact pro-
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greatest RMS roughness and the shortest run-in. The remainder
of the specimens have virtually the same roughness (20–40 nm),
but H0 has significantly longer run-in time. Thus, other factors
ig. 10. Friction (solid lines) and contact diameter (open circles) vs. sliding
ycle coatings (a) H0, (b) H8.5 and (c) H36.

ear rates, between 10−5 and 10−2 mm3/(N m), for sapphire
liding against MCD. Bull et al. [28] also found high sapphire
ear rates between 10−5 and 10−4 mm3/(N m). Thus, the NCD

oatings studied here were found to have significantly differ-
nt tribological behavior from MCD coatings. In most cases,
he sapphire wear took place within the first 50 sliding cycles
see Table 2) followed by interfacial sliding of a carbonaceous

ransfer film versus wear track with μ ∼ 0.05. This is a signif-
cant improvement in tribological performance as compared to

CD coatings and is possibly tied to the formation of the trans-
lometry. Open triangles are from this work with roughness (RMS) calculated
rom AFM scans. The square data points are for the two tests on H0 where the
ounterface wore continuously throughout the test.

er film, a phenomenon known to aid in low friction and reduce
ear [20,21].
The high friction run-in behavior found for our NCD sam-

les is a common feature of NCD coatings [6,10]. Erdemir et
l. [10] studied silicon nitride sliding versus NCD and found
egimes of high friction followed by μ ∼ 0.1 for humid con-
itions. Similarly, Abreu et al. [6] studied self-mated NCD
ribology and found high friction run-in followed by steady-
tate friction as low as 0.02. For our specimens, the number of
ycles to run-in was found to be different for each sample. In
ome cases, the run-in was very minimal (see H36 in Fig. 5)
n comparison to what previous researchers have observed on
CD coatings. Fig. 12 is a plot of the average number of run-in

ycles versus NCD coating roughness. Only a weak trend for
un-in is found with coating roughness. Coating H36 has the
Fig. 12. Average number of run-in cycles vs. NCD coating roughness.
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ere considered as contributing to the run-in behavior of NCD
oatings.

From the X-ray diffraction studies, the grain sizes for both
iamond and graphite crystallites were found to be similar for
ll coatings, but the diamond orientation and graphite content
aried from sample to sample (see Table 1). Considering coat-
ng texture first, Fig. 13 shows a plot of run-in cycles versus
he ratio of the intensity of the diamond (1 1 1) peak to the dia-

ond (2 2 0) peak measured from X-ray diffraction. A trend is
bserved of decreasing run-in as the preferred crystalline ori-
ntation changes from (1 1 0) to (1 1 1). The friction and wear
ehavior of diamond is known to be anisotropic with the exposed
rystal face [24,53,54]. However, our NCD specimens are poly-
rystalline and the extent of texturing was found to be rather
eak. Additionally, based on the work of Enomoto and Tabor

53], the friction anisotropy for diamond typically disappears
elow a critical contact stress of 20 GPa, a transition point much
reater than our contact stress of 0.7 GPa. Therefore, despite the
rend found in Fig. 13, crystallographic texture of our diamond
oatings is not a likely mechanism for the differences in the
bserved tribological behavior.

Coating chemistry may also play a role in the run-in behavior.
y combining XRD and NEXAFS data we have analyzed the
ontribution of sp2 bonded carbon in NCD coatings. NEXAFS
ata indicated that there was only a small variation in the total
ercent of sp2 bonded carbon, but a significant change in the
nergy of the C1s → �* peak position. The total percent reflects
oth amorphous and crystalline sp2 carbon while the shift in the
eak position has been related to the structure of the sp2 carbon,
ith amorphous carbon materials tending to have lower peak
osition than ordered, graphite-like materials [46,47]. Fig. 14(a)
s a plot of the normalized amplitude of the XRD graphite (0 0 2)
eak versus the percent sp2 content as derived from the NEX-
FS data. The correlation of these two measurements is weak,

ith an R2 = 0.65 for a linear fit. This is not surprising since the

0 0 2) XRD peak only corresponds to crystalline graphite, not
morphous. Fig. 14(b) is a plot of relative graphite (0 0 2) XRD

ig. 13. Average number of run-in cycles versus diamond orientation. The verti-
al line indicates the D(1 1 1)/D(2 2 0) peak ratio for a coating with no preferred
rientation.

p
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he diamond peak amplitudes [(1 1 1) and (2 2 0)] versus measurements from
EXAFS, including (a) the sp2 content and (b) the position of the C1s → �*
eak.

eak amplitude versus the C1s → �* peak position from NEX-
FS. The coating with no discernable graphite by XRD showed

C bonding at 285.0 eV, with shifts to 285.5 eV for the films
ontaining increasing amounts of crystalline graphite. We find
linear relationship with R2 = 0.93 between these two values.

Shifts in C1s → �* peak positions have been attributed to
n increase in graphite-like phases for other carbon based films,
uch as a-CN films under varying growth conditions [55] and
ash-annealed ta-C surfaces [56]. However, the detailed nature
f the specific bonding configurations that are responsible for
he observed peak shift is not known. Gago and co-workers [47]
uggest that this downshift in absorption energy of the C1s → �*
eak position may be related to either disordered graphitic car-
on or sp2 pairs and/or chains. In our work, we find the energy
f the C1s → �* peak position to be correlated to the quantity of
raphite crystallites (of a few nm in size) rather than the overall
p2 content of the coatings estimated from the NEXAFS peak
reas.

2
Fig. 15(a) is a plot of the sp content versus run-in cycles. A
eak trend toward decreased run-in with increasing sp2 content

s found. Fig. 15(b) is a plot of the normalized (0 0 2) graphite
eak from XRD and C1s → �* peak position from NEXAFS
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ig. 15. Plots of coating properties from NEXAFS and XRD versus run-in
ycles, including (a) percent sp2 content and (b) normalized graphite peak
mplitude and C1s → �* peak position.

ersus the number of run-in cycles. These results demonstrate a
efinite trend between run-in and the graphite content of the film.
ample H0, which had no graphite peak present, had the longest
un-in and also had two tests where higher steady-state friction
nd continuous wear of the sapphire counterface was observed.
ll other coatings exhibiting this graphite peak had shorter run-

n and always exhibited low steady-state friction. Sample H36,
ith evidence for the highest graphite content, also exhibited a

hort run-in and in some cases a very quick realization of low
riction (see Fig. 5).

The evidence presented here indicates that the degree of crys-
alline order of the sp2 bonded carbon in the coating plays a role
n the run-in friction behavior of NCD. Based on the current
nderstanding of the structure of NCD [13] prepared by meth-
ds similar to those used here, sp2 bonded carbon exists in the
rain boundaries between diamond crystallites, but is typically
morphous. For the coatings discussed here, certain growth con-
itions led to more order for the sp2 bonded carbon and also
esulted in more rapid run-in to low friction. Exactly how the

resence of graphite, an effective solid lubricant material [57],
ecreases run-in is not known, but may be related to interfacial
nd transfer film chemistry, or possibly more rapid polishing
f the diamond surface. In comparison, the correlation between
ar 265 (2008) 477–489 487

otal sp2 content in the diamond films and run-in friction was not
ery strong. Based on the results here, the presence of nanocrys-
alline graphite, detectable by X-ray diffraction and NEXAFS
pectroscopy as a trace amount, appears to have a beneficial
ffect on the tribological performance of these nanocrystalline
iamond coatings.

. Conclusions

1) Nanocrystalline diamond coatings exhibited low friction
and good wear resistance for sliding against sapphire hemi-
spheres. These beneficial tribological properties were tied
to a velocity accommodation mode (VAM) of interfa-
cial sliding between a carbonaceous transfer film and the
coating.

2) In situ measurements of the contact diameter correlated well
with ex situ measurements of counterface wear.

3) For tests on coatings with evidence of graphite, wear of the
sapphire counterface only occurred during the first 50 cycles
or less followed by an interfacial sliding process between a
carbonaceous transfer film and the wear track.

4) The tribological performance of nanocrystalline diamond
coatings was not influenced by coating roughness over the
range studied (20–80 nm).

5) Friction run-in performance was influenced by coating
chemistry and microstructure. A direct correlation between
the amount of graphite-structured sp2 carbon in the NCD
films (determined by both XRD and NEXAFS) and
decreased run-in cycles to low friction was observed. The
shortest run-in times were attained for those films containing
the largest graphite-like fraction.

6) Coating wear was low and found to be polishing in nature.
The surface morphology of as-prepared coatings smoothed
quickly and the RMS track roughness decreased to below
10 nm during the first 100 sliding cycles.
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