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Abstract

Ž .Atomic force microscopy AFM was used to investigate the scratch]wear resistance of ultrathin superhard carbon nitride
overcoats of thickness 1, 2, 4, 6, 8 and 10 nm. When sliding against a diamond tip of radius less than 100 nm in the mode of line
scratch, the thin overcoats of thickness 1]4 nm exhibited poor wear resistance, especially at contact pressures larger than 25 GPa,
with a wear depth of 4 nm or larger and a specific wear rate up to 0.8=10y4 mm3rnm. Non-contact mode imaging of a scratched
surface has shown that a large amount of nanoscale wear debris was formed along the two sides of the scratched grooves, which
indicated that the material removal mechanism of such thin overcoats was due to brittle fracture and abrasive wear, both in the
nanoscale. In comparison, the overcoats of thickness 6]10 nm exhibited wear resistance with a specific wear rate less than
0.2=10y4 mm3rnm. Instead, the least debris was observed on the scratched surfaces and only shallow grooves were left after
scratching. It means that the grooves were formed by both plough and plastic deformation. The micrornanowear mechanism and
thickness effect of coating on scratch resistance were discussed. Q 2000 Elsevier Science S.A. All rights reserved.
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1. Introduction

In order to increase the storage capacity of magnetic
recording systems, the hard disk drive industry is focus-
ing on reducing the flying height between the magnetic
head slider and the disk. Area density in magnetic
storage is now increasing at a fast pace of 45]65%
annually. According to this trend, the thickness of the
thin coating on the hard disk, currently 10]12 nm, will
decrease furthermore, without sacrificing performance
to satisfy the increasing market demand. It is necessary
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to understand the nanoscale mechanical and tribologi-
cal characteristics of the very thin coating for both
practical and scientific significance. Because the fric-
tion and wear behavior in the lightly loaded head]disk
interface is mainly controlled by both physical and
chemical properties of a few surface atomic layers, it is
applicable to use a diamond tip with an applied load
within the range of micronewtons in AFM to simulate
the contact situation which is similar to those which
occur in head]disk interfaces.

w xSince Binnig et al. 1 developed the atomic force
Ž .microscope AFM several researchers have modified

the AFM to investigate microtribological characteris-
w xtics of the thin coating. Mate et al. 2 measured the

atomic friction of a tungsten tip sliding on a basal
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w xplane of a graphite surface. Kaneko et al. 3 investi-
gated the microscopic friction force on magnetic media

Ž .and head sliders by a friction force microscope FFM ,
w xthey 4 also developed a point contact microscope to

evaluate the nanotribological properties of the thin
coating. Most recently, using similar experimental

w xmeans, Wei and Komvopoulos 5 investigated the wear
characteristics of smooth ultrathin coating of hydro-
genated carbon with thicknesses of 5, 10 and 25 nm;

w xAnoikin et al. 6 compared the nanowear properties of
various carbon coatings of 5]10 nm. Although they
have obtained valuable information about properties of
thin coating, much work still needs to be done for
understanding the thickness effect and contact stress
effect on the nanoscale scratch]wear properties, and
especially for clarifying the material removal mecha-
nism of extremely thin coating.

In this study, we used a diamond tipped pin sliding
against a nanoscale thin CN coating to evaluate thex
thin coating’s macrornano scratch]wear resistance and
to identify the thinnest CN coating which still exhibitsx
good wear resistance. An AFM operating in the lateral
Ž . Ž .friction force mode LFM was also used to study
micrornanotribological properties of nanoscale carbon
nitride overcoats during scratch tests. Identification of
friction characterization and wear morphology in com-

Ž .bination with finite element analysis FEA was used to
clarify micrornanowear mechanisms and to explain the
thickness effect of the coating on scratch resistance.

2. Experimental method

2.1. Preparation of materials

Amorphous carbon nitride coating was prepared by
Ž . w xthe ion beam assisted deposition IBAD method 7 .

Before deposition, the vacuum chamber was evacuated
to 1=10y6 Torr and the working pressure was main-

y4 Ž .tained at approximately 1=10 Torr. Silicon 111
substrate was sputter-cleaned prior to deposition by a
5-min bombardment with Nq. The amorphous carbon
nitride coatings were synthesized by mixing sputtered
carbon and energetic Nq. Sputtered carbon was formed

Ž .by sputtering graphite )99.999% purity with Ar un-
der an energy of 1 KeV and a current of 100 mA.
Energetic Nq was produced under the energy and
current of 1.0 KeV, 20 mArcm2. The deposition rate of
carbon which was monitored via a calibrated quartz
crystal oscillator was 2.0 nmrmin, after calibration by

Ž .step masked coatings. Ultra thin carbon nitride CNx
overcoats with thicknesses ranging from 1 to 10 nm
were synthesized. The atomic concentration of nitrogen
in amorphous CN is approximately 11% according tox
analysis by X-ray photoelectron spectroscopy. The sur-
face roughness of the CN coating was measured by ax

Table 1
Surface roughness of CN coating with different thicknessx

Ž .Thickness nm 0 1 2 4 6 8 10

( )Roughness nm
Ra 0.11 0.32 0.25 0.41 0.18 0.17 0.20
RMS 0.14 0.55 0.31 0.50 0.23 0.22 0.25
Pz 1.91 2.29 2.17 2.62 1.64 1.34 1.94

Žcommercial AFM Seiko Instruments Inc., SP13700q
. Ž .SPA300 . The roughness of arithmetic average Ra ,

Ž .root-mean-square deviation R , and 10-point aver-rms
Ž .age Pz , all in nanometer units, are all listed in Table

Ž .1. The images of surface morphology not shown here
indicate that only 1-nm CN coatings inherit the sur-x
face morphology of the silicon substrate.

Ž .Raman spectroscope with an Ar ion laser 12 mA
was used to characterize the overcoat structure. The
reference laser wavelength was 514.5 nm. The laser
spot size was approximately 1 mm, and the acquisition
time was 500 s. No big difference in Raman spectra
between different coatings was found. Fig. 1 shows a
typical micro-Raman spectra of the carbon nitride coat-
ing with a thickness of 10 nm. The peak at approxi-

y1 Ž .mately 1540 cm G band overlapped with a broad
y1 Ž .band at approximately 1350 cm D band is indicated

by two arrows. The G band corresponds to graphite-like
layers of sp2 microdomains in the coating, while the D
band is attributed to bond angle disorder in the
graphite-like microdomains induced by the linking with
sp3 carbon atoms as well as the finite crystalline sizes

2 w xof sp microdomains in the coating 8 . The large
Ž .intensity ratio I rI between the D band and GD G

band can be attributed to the scratch resistance of the
CN coating. Since it is difficult to measure the hard-x
ness of a thin coating with a thickness less than 10 nm
due to substrate effect, the hardness of CN was mea-x
sured on a thick coating, which was fabricated by the
same synthesis parameters except deposition time. The
hardness of a CN coating with a thickness of 100 nmx

Žwas measured by a nanoindentation tester NEC
.MHA-400 with a load of 0]0.5 mN and indentation

speed of 2.7 nmrs, the averaged hardness is approxi-
mately 22.0 GPa.

2.2. Experimental method

AFM with a diamond-tipped stainless steel cantilever
w xwas used to scratch the CN coating 6 . The diamondx

tip is a three-sided pyramid with an apex angle of 808
and an end-tip nominal radius of approximately 100
nm. The calibration of the spring constants of the AFM
cantilevers was carried out in a commercial nano-
indentation tester by deflecting the cantilevers under
pre-set loads. During friction curve measurement, the
tip slided against the coating in a reciprocal sliding
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Fig. 1. A typical micro-Raman spectra of the carbon nitride films
with thickness of 10 nm. The peak at approximately 1540 cmy1

Ž . y1G-peak overlapped with a broad band at approximately 1350 cm
Ž .D-peak is indicated by arrows.

mode in one cycle. At least five duplicated tests were
conducted and averaged values were reported. No pre-
scanning was setup to let the tip slide against an
absolute non-worn surface, because pre-scanning, as
setup as for a default operation procedure, may result
in a scanning wear of 0.1]0.5 nm or larger, even at the
lowest reference force in AFM. During the scratch test,
unidirectional reciprocal sliding mode was used be-
cause the slider head in the hard disk drive works in
this mode. The programmed step includes: approaching
the diamond tip to the surface with no load; loading to
a preset load; unidirectional line scratching with a
distance of 1000 nm; unloading; moving back to the
original starting site; duplicate above operation by
changing loads or scratch cycles according to pro-
grammed input list. Every scratch cycle was delayed for
2 min to relax elastic deformation formed during the
scratch process. The tip slided against the coating with
pre-set force with a sliding velocity of 0.25 nmrs and
an applied load of 1, 10, 15, 25, 35 and 45 mN, respec-
tively, which corresponded to an initial maximum
Hertzian pressure of 8.6, 18.4, 21.1, 25.0, 28.0 and 30.4
GPa, respectively. After the scratch tests, the wear
morphology was imaged by the same tip but under the
lowest load. A scanning wear, which is formed during
imaging by scanning a selected area, although is very
small, was also measured and was considered in plot-
ting the figures of wear depth vs. applied load. Tripli-
cate tests or more were conducted and average values
were reported here, the relative errors of the tests were
indicated in the figures. All experiments were per-

Ž .formed in ambient conditions 258C, 40]60% RH and
the instrument was kept in a sound-proof hood.

The applied load was decided by the following equa-
w xtion 9 : WsW qW sW qkN rS where W isfr dif fr dif fr

the load according to preset reference force in the
AFM operation, W is the extra load in considerationdif
of the contribution of the differentiate signal from the

Ž .vertical two quadrants of the photodiode detector Ndif
w xin AFM 10 , k is the cantilever stiffness, and S is the

sensitivity of AFM. The values of W , S, and N werefr dif
measured before the AFM experiment, and k was

Ž .measured by a nanoindentation. The friction force mv
can be transferred as a friction coefficient according to

w xthe following calculation 9 :

K ?d ?Ht t tip
F sn 6a ?10 ?2.5?Lsensitivity cantilever

where F is friction force in Newton units, K is then t
twisted stiffness of the cantilever in units of Nrm, d ist
the measured voltage in units of mV, H is the heighttip
of the diamond tip in units of mm, L is the length of
cantilever, a is the vertical sensitivity of thesensitivity
diamond tipped cantilever in units of mVrnm. The
value of K was supplied by the cantilever manufac-t
turer, values of d , H , and L were measuredt tip cantilever
before the AFM experiment by an optical microscope,
and a was obtained during the AFM experi-sensitivity
ment. The measured friction force was comparable to

w xpublished references 5,10,13 .

3. Results and discussion

3.1. Scratch]wear tests

Wear depth of CN coating as a function of coatingx
thickness is presented in Fig. 2. A 458 slope line is
introduced in the figure to show whether the wear
occurred in the CN coating or in the substrate, e.g.x
whether wear depth is greater than or less than the
thickness of CN coating. It is seen that 1 nm, 2 nmx
and 4 nm CN , especially for the coating with a thick-x
ness of 1 nm, exhibited very poor wear resistance,
especially at high contact pressure. The wear depth of
these three kinds of coating were between 2 and 14 nm,
which was far greater than their coating thickness, it
means that the wear mainly occurred in the silicon
substrate, so the wear depth was large, as a result of
swift wearing and depletion of coated coatings. For the
coating with thickness ranging from 6 to 10 nm, they
exhibited significant wear resistance. The wear depth
was all less than 3.6 nm, far from their corresponding
coating thickness. It means that in this experimental
condition of applied loads ranging from 1 to 45 mN and
maximum Hertzian contact pressures ranging from 8.6
to 30.4 GPa, the CN coating of thickness from 6 to 10x
nm had an antiscratch effect. Interestingly, even for the
CN coating with a thickness of 1]2 nm, then canx
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Fig. 2. Wear depth of the CN overcoat on silicon substrate as a function of CN coating thickness under different applied loads and maximumx x
initial contact pressures.

exhibit scratch resistance as long as the applied load is
low enough.

From the point of view of material characterization,
some pin-holes may exist during the synthesis process
in the 1- and 2-nm coating and so the coating would be
non-homogeneous and so they would exhibit poor wear

resistance, because they decreased the strength and
w xhardness of the coating 11 . In addition, because both

the interface strength and bonding strength of all coat-
ings are almost the same due to adoption of the same
synthesis conditions and process parameters except de-

Žposition time assuming the internal stress in all the

Fig. 3. Specific wear rate of CN coatings as a function of initial maximum contact pressure for the coating with thickness ranging from 1 to 10x
nm. The applied loads were 1, 10, 15, 25, 35 and 40 mN, respectively.
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Ž . Ž . Ž . Ž . Ž . Ž .Fig. 4. AFM contact mode images and two-dimensional surface profiles of scratched surfaces of CN coatings with thicknesses of a 1 nm; b ; 2 nm; c 4 nm; d 6 nm; e 8 nm; and f 10 nm,x
Ž .respectively. The applied loads were from right to left 1, 10, 15, 25, 35 and 40 mN, respectively. Note that the depth scale of the profiles are different from one to another.
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Ž .Fig. 4. Continued

w x.coating are neglectably small 12 , a possible reason
for the better wear resistance of the ‘thick’ coating can
be attributed to the thickness effect.

A program was written to calculate the area of
cross-section of every wear groove, and then the aver-
aged wear rate of the coating was obtained. Fig. 3
shows the wear rate of various coatings as a function of
maximum contact pressure. With increasing applied
loads, the wear rate of the 1-, 2-, and 4-nm CNx
coatings increased at a large slope, while the wear rate
of the other three kinds of coating showed a slow
increase. This is because, for the coating with a thick-
ness of 1]4 nm, the wear occurred in ‘thin’ CN only atx
the initial stage and mainly in the ‘soft’ silicon subs-
trate during most of the time of the scratch process
especially at severe contact pressure, hence the curve
also reflects the poor wear-resistance of silicon subs-
trate, i.e. cracks were easily initiated and swiftly propa-
gated in single-crystal silicon subsurface especially un-

w xder large contact pressures 13 when it slided against
the diamond tip. In comparison, with increasing ap-
plied loads, the wear rate of the CN coating with ax

thickness from 6 to 10 nm increased very slowly, be-
cause the wear completely occurred in the CN coating,x
and their better wear resistance prevented them from
quickly wearing.

Fig. 4 shows wear images of worn CN surfaces andx
typical cross-section profiles, it is deserved to mention
that the depth scale of profiles shown in the right-up of
the figure is different from other profiles. These images
were obtained by in-situ scanning of scratched surfaces
by the same diamond pin. The horizontal scratched line
in the middle position of the images was formed due to
high wedge blocking the movement of the diamond tip
when it transferred its scratch track from one to an-
other. It was found from the figure that high wedge was
formed after scratching especially for the CN coatingx
with the thickness of 1]6 nm at higher contact pres-
sures. Almost no wear debris was seen on the worn
surfaces because the stainless steel cantilever has large
stiffness and it pushed away the wear debris from the
worn area during line-by-line scanning. Furthermore,
in-situ imaging resulted in slight wearing during scan-

Ž .ning imaging here we call it ‘scanning wear’ , even at
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Ž .Fig. 5. Friction force coefficient as a function of sliding distance when the diamond pin slided against the CN coating in one reciprocal sliding cycle.x
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the lowest controllable loads. Therefore, the worn sur-
faces were smooth and free of debris. A non-contact

w ximaging method, which is known as tapping mode 14 ,
was also used to image the morphology of wear mor-
phology especially of debris, which will be discussed
later in this paper.

3.2. Friction results

The friction force vs. sliding distance curve in one
scratch cycle was obtained by Friction Force Micros-

Ž . w xcopy FFM 15 . No pre-scan was adopted to prevent
any surface damage due to selection of the imaging
center and the scanning area by pre-scanning. Fig. 5
shows the friction force as a function of sliding distance
when the diamond tip slides against CN in one slidingx

Ž .cycle 2=5000 nm under the applied load of 45 mN.
When the applied load was very low, 1 mN, the friction
coefficient was very low and was approximately 0.12 or
so and it did not change too much with an increase in
the applied loads. In addition, the friction was stable
and no large friction fluctuation was observed. When
the applied load increased to 10 mN, the friction coef-
ficient increased to 0.22]0.24, and there was a little
friction fluctuation in the case of CN with a thicknessx
of 1 and 2 nm. Furthermore, increasing the applied

Ž .load to 45 mN Fig. 5 , the maximum applied load in
this experiment, there was a large friction fluctuation
for the CN of 1- and 2-nm thickness. From Fig. 5a, inx
the forward cycle, the friction coefficient was between
0.60 and 0.61, when the diamond tip was in the way of

Žreturn, the friction coefficient increased sharply Fig.
.5a, marked by D and E and was between 0.62 and

0.67. It indicated that the thin coating partially cracked
Žin the way between position B and C in Fig. 5a,

.bottom and the thin coating finally completely de-
Žpleted or cracked in its returning way marked by D

.and E . When the coating thickness increased to 2 and
4 nm, there was also a friction fluctuation and some
sharp fluctuation, e.g. position B in Fig. 5b. When the
coating thickness increased to 6]10 nm, no large or
sharp friction fluctuation was encountered. From the

Ž .friction force coefficient vs. sliding distance curves in
Fig. 5, it may be deduced that coating cracking and

Žformation of wear debris observed by the non-contact
.mode were mainly responsible for the large friction

fluctuation of the 1 nm coating. On the other hand,
differences in the rheological properties as a function
of thickness were also responsible for the large friction
fluctuation of the coating.

When the diamond pin slided against the silicon
substrate, the in-situ-formed silicon oxides play the role
of inhibiting adhesion between the diamond pin and

w xsilicon, as reported also by some researchers 16 that
silicon exhibited negative wear due to in-situ-formed
silicon oxides, hence a relatively low friction coefficient

was observed. For a 1-nm thickness coating, because it
w xis too thin and a pin-hole 17 may exist somewhere in

the CN overcoat, its friction coefficient was a littlex
high in comparison with that when the diamond slided
against a silicon substrate. Another possible reason is
that the 1-nm thickness coating had a low wear resis-
tance and some in-situ formed debris including silicon
oxides decreased the friction coefficient. For the coat-
ing with 2-nm thickness, a large friction coefficient was
observed. This is because the coating with 2-nm thick-
ness has a poor interface strength, and an interface
partially debonding results in a large friction fluctua-
tion. Because the friction between the diamond pin and
the coating is less than that between the diamond pin
and the silicon substrate, the friction coefficient in-
creased when the diamond pin contacted the silicon
surface after thin coating cracking andror removal,
meanwhile the friction fluctuation also increased
clearly. AFM has a resolution of 0.1]0.5 nm in both the
vertical and horizontal direction, it is supposed that the
measured friction fluctuation was related to the initia-
tion and propagation of cracks andror to the formation

w xof wear debris 18,19 . This was partly supported by real
time observation in AFM, the abrupt increase in the
friction signal always occurred in the place where the
diamond tip scratched across a groove or debris which
was ex-situ observed by non-contact mode imaging.

3.3. Wear morphology and wear mechanisms

The nanowear mechanisms had been investigated in
w xdifferent hard carbon coatings 5,17,21 , however, the

w xwear debris was not mentioned in these references 20
due to the limitation of instrument resolution and
stability or other reasons, although wear debris is very
important to clarify the material removal mechanism of
thin coating. As discussed ahead, the AFM images in
Fig. 4 were obtained by in-situ scanning using the same
diamond tip for clearly worn morphology due to free
debris. To clarify the wear mechanism of CN slidingx
against the diamond tip, an in-situ non-contact mode
AFM imaging method was utilized instead of a conven-

w xtional contact mode 6,21 .
Fig. 6 shows the non-contact mode AFM images of

the scratched CN surface. For the CN of 1-nm thick-x x
ness sliding against the diamond tip in one cycle, a
large amount of ribbon-like wear debris formed along
the two sides of the wear grooves. The larger the
applied load, the greater the wear debris. At the lowest
applied load, 4 mN, only a small amount of wear debris
was found, and meanwhile, a shallow groove was also
seen clearly. The groove was formed partly due to
plastic deformation of 1-nm thin coating and its subs-
trate. Fig. 6b shows a two-dimensional cross-section

Ž .profile of the scratch surface. Very high ;5]20 nm
peaks of two sides of the grooves indicate that a large
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Fig. 6. Non-contact mode AFM image of the scratched CN surface. The CN of 1-nm thickness slided against the diamond tipped pin in onex x
Ž . Ž . Ž .sliding cycle under applied loads grooves from left to right 45, 35, 25, 15, and 10 mN, respectively. a Top view image; and b two-dimensional

profile of the cross-section.

amount of debris was agglomerated. The height of the
debris peak was much larger than the depth of the
wear groove, it means that the wear debris was loosely
packed due to fracture of the peeled coating after
scratching. The above phenomena demonstrates that
the material removal mechanism of 1-nm coating was
ploughing, cutting, and brittle fracture, all in nanoscale.
The observed wear mechanism was different with wear
mechanism observed in sub-micro scale in which in-situ
SEM was used to identify the wear mechanism of the

Ž .diamond pin radius ;27 mm sliding against stainless
w xsteel at an applied load of approximately 0.35 N 22 .
ŽWith increasing CN overcoat thickness to 2 nm Fig.x

.7a , the amount of wear debris was decreased. With
thickness of the CN overcoat increased to 6]10 nm,x
the worn morphology and wear debris is completely
different. Fig. 8 shows a typical AFM image of the
scratched CN surface obtained by in-situ non-contactx
mode. The amount of wear debris decreased signifi-
cantly, and the wear debris was thin plate-like and was
formed mainly by the plough mode. The wear mecha-

nism was delamination as discussed in another paper
w x11,13 . On the other hand, 1-nm CN exhibited poorx
wear resistance because it may have contained a pin-

w xhole which decreased its strength and hardness 11 .
For 1 nm overcoats, a large amount of wear debris

was seen on the nearby sides of wear grooves, the
probable reason is that the hard ultra-thin coating was
easily cracked and smashed into pieces easily. The
phenomena may be used to explain why large friction
fluctuation occurred for ultra-thin coating such as 1-nm
coating, as shown in Fig. 5. The build-up and trapping
of third-bodies in the sliding interface due to interface
cracking results in large fluctuation of vanishing thin
coating, however, for very thin coating of thickness 6
nm or thicker, the friction force in plough components

w xwas small, which corresponded to lower friction 23 .
As a result, there are two types of wear debris found

in this study. Agglomerated continuous ribbon-like de-
Ž .bris Figs. 6 and 7 indicated that thin CN exhibitedx

poor scratch resistance and low fracture strength, espe-
Ž .cially under high contact pressure 25]35 GPa . An-
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Fig. 7. Non-contact mode AFM image of the scratched CN surface. The CN of 2-nm thickness slided against the diamond tipped pin in onex x
Ž . Ž . Ž .sliding cycle under applied loads grooves from left to right 45, 35, 25, 15, and 10 mN, respectively. a Top view image; and b three-dimensional

morphology.

Ž .other debris type is plate-like debris Fig. 8 , which was
formed due to plough in nanoscale, mainly occurred in
the coating with thickness over 6 nm.

w x w xWei et al. 5 and Kulkarni et al. 24 have investi-
gated the nanowear properties of thin carbon coating
with thicknesses of 10 and 20 nm, they found that there
existed a critical load, below the critical load no sig-
nificant wear was observed. However, such pheno-

w xmenon was not observed in other studies 4,17,25,31 .
In this study, a very clear critical load was not found for
all of the CN coating with thicknesses of 1, 2, 4, 6, 8x
and 10 nm when they slided against the diamond pin
under a wide range of applied loads from 1 to 45 mN.
Interestingly, in this investigation, there existed a de-
pendence of wear resistance on coating thickness, in
other words, a critical coating thickness of 4]6 nm
existed, below this thickness, large wear and friction
was observed. As analyzed before, it was probably that

it was too thin to resist scratch wear, and the extreme
thin coating was poorly bonded to its substrate due to
existence of the pin-hole and material non-homogene-
ity.

FEM has been successfully extended to model
w xnanoscale contact mechanics in recent years 26,29 . In

this study, three-dimensional elastic]plastic finite ele-
ment analysis was used to calculate the stress distribu-
tion on CN coatings and its substrate when the CNx x
coating slid against diamond pin under different ap-
plied loads. During FEM calculation, the diamond in-
denter was modeled with Young’s elastic modulus, Es

w x1140 GPa and Poisson’s ratio, ns0.07 27 . The carbon
nitride coating was modeled with Es200 GPa accord-
ing to the measurement results of nanoindentation and
ns0.25. Work hardening was fixed at zero for all
calculations since the amorphous carbon nitride is not
expected to show hardening behavior. According to the
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Fig. 8. Non-contact mode AFM image of the scratched CN surface. The CN of 10-nm thickness slided against the diamond tipped pin in onex x
Ž . Ž . Ž .sliding cycle under applied loads grooves from left to right 45, 35, 25, 15, and 10 mN, respectively. a Top view; and b three-dimensional

morphology.

measurement of the friction coefficient in this experi-
ment, the friction coefficient was selected as 0.1, 0.2,
and 0.6, respectively when the applied loads were 1, 10,
and 45 mN, respectively. The maximum shear stress is
supposed to result in material failure by the process of

w xcrack initiation and propagation 28 According to von
w xMises yield criterion 29 , the propensity for yielding in

the coating and substrate is governed by:
�Ž .2 Ž .2 Ž .24J s 1r6 s y s q s y s q s y s in2 1 2 2 3 3 1

which s , s and s are the principal stresses in the1 2 3
w xstate of complex stress 30 . Typical contour plots of J2

are shown in Fig. 10 for the CN overcoats of 10-nmx
thickness sliding against the diamond pin under differ-
ent applied loads. At a low applied load of 1 mN, the

Ž .maximum von Mises stress is 8.377 GPa Fig. 10 , and
its position was in the substrate of the coating. Hence,
the cracks were most probably initiated at first at this
position and propagated toward the surface. Mild wear
mode, delamination, dominated in the scratch process.
When the applied load was increased to 10 mN, the
maximum von Mises stress moved to the surface and
the value also increased to 22.65 GPa, near the hard-

ness of the carbon nitride coating, so it results in a
quick wear, and the wear mode is most probably a mix
of mild delamination and plough. For the largest ap-
plied load of this test, 45 mN, the maximum von Mises
stress is 76.09 GPa, which is much more larger than the
hardness of the coating, so it results in severe wear of
coating, which is due to plough or abrasion. In compar-
ison, in the case of the coating with thickness of 1 nm
Ž .their stress contour is not given here , the maximum

Ž .von Mises stresses are as large as 44 GPa 10 mN and
Ž .106 GPa 45 mN , far greater than the hardness of the
Ž .coating 22 GPa , and their position are all in the

surface. The surface layer could be removed very easily
under such high stress, this is in agreement with the
results in the scratch test. Hence the main wear mecha-
nism was micrornano-cutting, accompanied by large
plastic deformation. It should be pointed out that,
these calculation results here are just to show the
trends of stress distribution because the FEM mod-
elling did not consider crack initiation, crack propaga-
tion and debris formation, and in fact, the actually
stress could not arrive so high, this is because before it
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Ž . Ž .Fig. 9. Contact mode images of the diamond tip scanned by an Si N tip. a Before scratch; and b after scratch.3 4

arrives to the FEA calculated value, the thin film was
already scratched away very easily under such severe
loading conditions.

3.4. Wear of diamond tips

The wear of the diamond pin was checked by imag-
ing the diamond tip by another more sharp Si N tip3 4
Ž . Ž .tip radius ;5]20 nm in AFM Fig. 9 . Typically,
from Fig. 9a, the unworn diamond tip was very sharp
and with good roundness in the top tip. After one turn
scratch test with a 10 nm CN overcoat, minor wearx
can be found in Fig. 9b. In comparison of wear of the
CN coating, the wear of the diamond tip was veryx
small, it can be attributed to the adoption of the
line-scratch mode and low sliding speed, instead of the

w xarea-scratch mode 4]6,31 , and on the other hand, the
diamond tip is harder than CN .x

4. Conclusions

The scratch]wear resistance of the CN coating withx
thickness ranging from 1 to 10 nm slid against diamond
tip under contact pressures of 8.6]30.4 GPa was inves-

tigated in AFM. Based on experimental results and
analysis, it was concluded that the wear resistance of
CN was sensitive to both the applied load and filmx

thickness. There existed a critical CN coating thick-x

ness which decides different wear rate and wear mech-
Ž .anism: 1 When the applied load was greater than 25

mN, the critical coating thickness was 6 nm. Below this
critical thickness, CN had large wear depth especiallyx

for the case of 1]2-nm thickness in which a large
amount of wear debris was found near the two sides of
scratch grooves, the wear mechanism was nanoscale
cutting, abrasion and brittle fracture, the wear oc-
curred mainly in substrate; while above this critical
thickness, CN had a low wear depth especially for thex

case of 8]10-nm thickness, almost no wear debris was
found, the wear mechanism was micrornano plough,
accompanied by large plastic deformation, the wear

Ž .occurred in the CN film. 2 When the applied loadx

was less than 15 mN, the critical coating thickness was
approximately 2 nm. Above this critical thickness, the
wear occurred in CN ; and below this critical thickness,x

the wear mainly occurred in the substrate. It means
that even extremely thin CN , e.g. 2-nm CN , canx x

exhibit wear resistance as long as the applied load was
low enough, e.g. 10 mN or lower.
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Fig. 10. Contours of von Mises equivalent stress of the deformed 10 nm CN coating when it slid against a diamond pin under applied loads of 1x
Ž . Ž . Ž .mN up , 10 mN middle and 45 mN bottom , respectively. The abrupt variation of contours indicates the position of the CN rsubstratex

interface. The numbers near the labels indicate the values of von Mises equivalent stress in units of GPa.
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