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Nanofatigue studies of ultrathin hard carbon overcoats used in magnetic
storage devices

Xiaodong Li and Bharat Bhushana)

Nanotribology Laboratory for Information Storage and MEMS/NEMS, Department of Mechanical
Engineering, The Ohio State University, 206 West 18th Avenue, Columbus, Ohio 43210-1107

A technique to perform nanofatigue experiments was developed. This technique utilizes a
depth-sensing nanoindenter with harmonic force. The nanofatigue behavior of 20 nm thick
amorphous carbon coatings was studied. The contact stiffness was monitored continuously
throughout the test. The abrupt decrease in the contact stiffness indicates fatigue damage has
occurred. The critical load amplitude, below which no fatigue damage occurs, was identified. It was
found that the filtered cathodic arc coating exhibits longer fatigue life than a direct ion beam coating.
Failure mechanisms of the coatings during fatigue are also discussed in conjunction with the
hardness, elastic modulus, and fracture toughness, as well as deposition processes. The dynamic
nanoindentation fatigue test used in this study can be satisfactorily used to simulate and study
damage at the head–disk interface. ©2002 American Institute of Physics.
@DOI: 10.1063/1.1452699#

I. INTRODUCTION

Amorphous carbon coatings, often called diamond-like
carbon~DLC! coatings, are employed as overcoats to protect
heads and media in magnetic storage devices. These over-
coats have to be thin~2–20 nm! in order to minimize loss of
the read back signal amplitude.1 Frequent, high magnitude
impacts that occur at the head–disk interface during contact
start/stop or load/unload as well as slider flying cause fatal
damage in the hard disk drive. To evaluate the resistance to
this impact the fatigue properties of the coatings must be
measured. Nanoscale fatigue has rarely been studied in the
past because of the lack of specialized instruments. A re-
cently developed technique, continuous stiffness measure-
ment ~CSM!,2 offers a significant improvement in nanoin-
dentation testing. Load cycles used in the CSM can be used
to perform fatigue tests at the nanoscale. The fatigue behav-
ior of coatings can be studied by monitoring the change in
contact stiffness since the contact stiffness is sensitive to the
formation of damage. Intensive research has been done on
measurements of the hardness, elastic modulus, fracture
toughness, and tribological properties of ultrathin DLC
overcoats,3–6 however, very little is understood with regard
to their fatigue properties. The objective of this study was to
develop a technique with which to perform nanofatigue ex-
periments. In this article we present an attempt to measure
nanofatigue properties of 20 nm thick DLC overcoats.

II. EXPERIMENT

DLC coatings of 20 nm thickness were deposited on
polished ~100! single-crystal silicon substrates@root mean
square~rms! surface roughness of 2–3 nm# by direct ion
beam ~IB! and filtered carthodic arc~FCA! processes.3–6

Nanofatigue experiments were carried out using a NanoIn-
denter II® ~MTS Systems Corp.! equipped with the CSM

option. This instrument monitors and records the dynamic
load and displacement of the indenter during indentation
with a force resolution of about 75 nN and displacement
resolution of about 0.1 nm. A diamond conical indenter with
a radius of 1mm and an angle of 60° was used. The CSM
technique was described in detail in Ref. 2. Briefly, a har-
monic force is added to the nominally increasing load,P, on
the indenter. The displacement response of the indenter at the
excitation frequency and the phase angle between the two are
measured continuously as a function of the depth. Solving

a!Electronic mail: bhushan.2@osu.edu
FIG. 1. Schematic of a fatigue test made on a thin film/substrate system by
the CSM technique.
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for the in-phase and out-of-phase portions of the response
results in a explicit determination of the contact stiffness as a
continuous function of the depth. The CSM technique pro-
vides load cycles of sinusoidal shape at high frequencies that
can be used to perform nanoscale fatigue tests. The fatigue

behavior of coatings can be studied by monitoring the
change in contact stiffness since the contact stiffness is sen-
sitive to the formation of damage. To obtain the fatigue de-
formation and damage, large amplitude oscillations were
used. The numbers of cycles were determined from the time
elapsed. Figure 1 shows a schematic of a fatigue test on a
thin film/substrate system using the CSM technique. Load
cycles are applied to the coating, resulting in cyclic stress.P
is the cyclic load,Pmean the mean load,Pos the oscillation
load amplitude, andv the oscillation frequency. All fatigue
tests were conducted at an excitation frequency of 45 Hz.

III. RESULTS AND DISCUSSION

Figure 2~a! shows the contact stiffness as a function of
the number of cycles for a 20 nm thick IB coating on a
Si~100! substrate cyclically deformed by various oscillation
load amplitudes with a mean load of 10mN at a frequency of
45 Hz. At 4 mN load amplitude, no change in the contact
stiffness was found. This indicates that 4mN load amplitude
is not high enough to damage the coating. At 6mN load
amplitude, an abrupt decrease in the contact stiffness was
found at 0.83104 cycles, indicating that fatigue damage has
occurred. With an increase in the load amplitude, the number
of cycles to failure,Nf , decreases. Load amplitude versusNf

is plotted in Fig. 2~b!. The critical load amplitude, below
which no fatigue damage occurs, was identified. This critical
load amplitude together with the mean load is of critical
importance to the design of magnetic storage devices.

The nanofatigue properties of 20 nm thick IB and FCA
coatings are compared in Fig. 3. TheNf of the FCA coating
is two times longer than that of the IB coating. In addition,
after theNf , the contact stiffness of the FCA coating shows
a slower decrease than the IB coating. This indicates that
after theNf , the FCA coating had less damage than the IB
coating.

The nanofatigue damage mechanisms of the coating/
substrate system studied are believed to be those illustrated
in Fig. 4. BeforeNf , no cracking or delamination occurs,
only elastic–plastic deformation that does not change the

FIG. 2. ~a! Contact stiffness as a function of the number of cycles for a 20
nm thick IB coating on a Si~100! substrate cyclically deformed by various
oscillation load amplitudes with a mean load of 10mN at a frequency of 45
Hz. ~b! Plot of the load amplitude vsNf .

FIG. 3. Contact stiffness as a function of the number of cycles for 20 nm
thick IB and FCA coatings on Si~100! substrates cyclically deformed by an
oscillation load amplitude of 8mN with a mean load of 10mN at a fre-
quency of 45 Hz.

FIG. 4. Schematic of fatigue damage mechanisms of the coating/substrate
system.

8335J. Appl. Phys., Vol. 91, No. 10, 15 May 2002 X. Li and B. Bhushan

 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

129.252.69.176 On: Tue, 25 Nov 2014 18:38:32



contact stiffness value. At this stage, the energy accumulated
by cyclical deformation is not high enough to form cracks or
cause delamination. At and afterNf , cracks form and/or
delamination occurs, causing a decrease in the contact stiff-
ness. The formation of fatigue cracks depends upon the hard-
ness and fracture toughness. It is more difficult for cracks to
form and propagate in the coating that has greater strength
and fracture toughness. Table I shows the fatigue properties
together with the mean contact pressure, normal approach
and other mechanical properties of the IB and FCA coatings.
We note that higher hardness and fracture toughness lead to
longer fatigue life. The mechanical properties of DLC coat-
ings are controlled by thesp3-to-sp2 ratio. Thesp3-bonded
carbon exhibits the outstanding properties of diamond.3

Higher deposition kinetic energy will result in a larger frac-
tion of sp3-bonded carbon in an amorphous network. Thus,
the higher kinetic energy for the FCA could be responsible
for its better carbon structure and higher mechanical proper-
ties. In addition, greater adhesion strength between the FCA
coating and the substrate4 makes the FCA coating more dif-
ficult to delaminate from the substrate. After theNf , the
cracks in the coating and at the coating/substrate interface

propagate more slowly in the FCA coating because of its
high hardness and fracture toughness and adhesion strength,
thereby leading to a slower decrease in contact stiffness.

IV. CONCLUSIONS

Load cycles used in the CSM were successfully used to
study the nanofatigue properties of 20 nm thick DLC over-
coats. The fatigue behavior of the coatings was monitored by
the change in contact stiffness. The FCA coating exhibits
longer fatigue life than the IB coating. Higher hardness, frac-
ture toughness and adhesion strength are responsible for the
longer fatigue life. The FCA coating appears to be the more
promising for applications.

1B. Bhushan,Tribology and Mechanics of Magnetic Storage Devices, 2nd
ed. ~Springer, New York, 1996!.

2X. Li and B. Bhushan, Mater. Charact.~in press!.
3B. Bhushan, Diamond Relat. Mater.8, 1985~1999!.
4X. Li and B. Bhushan, J. Mater. Res.14, 2328~1999!.
5X. Li and B. Bhushan, Z. Metallkd.90, 820 ~1999!.
6X. Li and B. Bhushan, Thin Solid Films355–356, 330 ~1999!.

TABLE I. Calculated values of the mean contact pressure and normal approach at a normal load of 18mN ~mean load510mN, load amplitude58 mN! using
Hertz analysis and the mechanical properties and fatigue life of the IB and FCA coatings.

Coating

Mean contact
pressurea

~GPa!

Normal
approachb

~nm!
Hardnessd

~GPa!

Elastic
modulusd

~GPa!

Fracture
toughnesse

~MPa m1/2!
Nf

c

(3104)

IB 2.8 2.4 19 140 4.3 0.8
FCA 4.4 1.5 24 280 11.8 2.0

aMean contact pressure5(16WE* 2/9p3R2)1/3, whereR is the radius of a rigid sphere, 1/E* 5(12n2)/E1(12n i
2)/Ei , whereE and n are the respective

elastic modulus and Poisson ratio of the coating andEi andn i are the same quantities as the preceding but for the indenter.W is the normal load. The Poisson
ratio of DLC is assumed to be 0.25~after Ref. 6! and the indenter is assumed to be rigid.

bNormal approach5(9W2/16RE* 2)1/3.
cNf was obtained from Fig. 3 at a mean load of 10mN and a load amplitude of 8mN.
dReferences 3–5.
eReference 6.
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