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Abstract Magnetic head wear performance was studied
using various thicknesses of D-40OH lubricant that cov-
ers hard disk media. The characteristic head wear behav-
ior to over-push the dynamic flying height power differed
for each lubricant thickness. The difference in the behav-
ior was highly dependent on the media friction coefficient.
The surface free energy also varied as a function of the
lubricant thickness. According to the lubricant coverage
analysis, we found that the head wear behavior and the
friction were dependent on the lubricant coverage change
as a function of the lubricant thickness. Furthermore, the
molecular dynamics method was applied to investigate the
lubricant molecular distribution; the coverage changed with
the lubricant thickness similar to that in the experiment.
Finally, a head—disk interface mechanism under an over-
pushed state was discussed, and meniscus bridge formation
was suggested to have occurred at touchdown power for
each lubricant thickness.

1 Introduction

Various studies to develop novel technology have been
conducted to meet the continuous demand of increasing
the areal density of hard disk (HD) drives. Reducing the
distance between the transducer of the magnetic head and
magnetic layer of HD media (magnetic spacing) is essential
to enhance the magnetic recording signal/noise ratio.
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Dynamic flying height (DFH) control technology was
developed in the mid 2000s to stabilize the space from
the transducer of a magnetic head to the magnetic media
(head media spacing, HMS). The DFH technology can
help reduce the HMS from 10 to 3 nm. In recent times, the
HMS has become less than 1 nm. Further, HMS reduction
is expected to increase the recording density in the future.
Intermittent contact occurs at the sub-1-nm HMS region.
Li et al. showed that the head slider starts to intermittently
contact during a flying test at a 0.5-nm clearance (Matthes
et al. 2013). Pseudo-contact recoding could be realized
in the future to obtain a higher areal recording density. In
addition, the thickness of the carbon protective layer and
lubricant is reduced. The lubricant thickness should be
less than 1 nm. On the other hand, these reductions must
influence the wear side; hence, maintaining reliable perfor-
mance has become increasingly important. The wear per-
formance of magnetic heads has recently become an impor-
tant requirement in ultra-thin lubricants among the various
reliability requirements. Free lubricants and lubricant vis-
cosity could be key factors in minimizing head wear. Mat-
thes et al. indicated that head wear may be correlated with
the type of lubricant and its bonded ratio. They also indi-
cated that free lubricant could help resist head wear (Li
et al. 2009). They also focused on the slider design because
it is considered a key factor. Juang et al. studied head wear
via over-pushed stress tests using three types of heads
with different DFH protrusion profiles. This process was
done to compare the flyability and durability of the heads
using scanning electron microscope (SEM) images (Juang
et al. 2011). On the other hand, Kobayashi et al. studied
head wear under constant over-push for various lubricants
(molecular weight and lubricant type) and explained the
relationship between the head wear and lubricant coverage
(Kobayashi et al. 2014).
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Tani et al. used the molecular dynamics (MD) method
to investigate the lubricants on an HD surface to study the
molecular conformation of various types of lubricants.
They found that each lubricant has its own conformation on
the HD media (Tani et.al 2009).

Against this background, we conducted head wear tests
as a function of the lubricant thickness. A change in the
head wear rate was observed as the DFH over-pushed stress
was gradually increased. Through friction, surface free
energy, and lubricant coverage measurement, a hypothesis
on the mechanism of the wear rate change was proposed.
We aim to clarify the wear and lubrication mode through
a head wear study in the over-pushed state. We also aim to
study the relationship of wear with the lubricant coverage
of the HD media.

2 Experimental and results
2.1 Sample disks and lubricants

The media used in this study were 2.5-in. glass substrate
disks with a nitrogenized diamond-like-carbon overcoat
(2-nm thick). The media had perpendicular magnetic
recording layers, and the average surface roughness (Ra)
of the disks was approximately 0.20 nm, as measured by
atomic force microscopy. The disks were coated with lubri-
cant films with various thicknesses (8.5, 14, and 18 A)
via a dip-coating process under ambient conditions and a
thermal treatment process at 450 K. The lubricant we used
was D-40H (Moresco), as shown in Fig. 1. The molecular
weight of D-40H is 2000. The thickness of the lubricant
film was measured using Fourier transform infrared spec-
troscopy (FTIR), calibrated using an X-ray reflectometer.
To prevent the free-lubricant effect (bonded-ratio effect),
we employed an identical bonded ratio of approximately
75 % for all three conditions.

2.2 Magnetic head wear experiments

To estimate the reliability risk in an ultra-thin lubricant,
magnetic head wear tests were performed for three lubri-
cant thicknesses (8.5, 14, and 18 10\) of the magnetic media.
A magnetic head and the magnetic media were set up on
a spin stand, as shown in Fig. 2. The magnetic head con-
stantly flies on the media at a radius of 20 mm under ambi-
ent conditions (25 °C and 40 % RH). The rotational speed
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Fig. 1 Chemical structure of D4AOH
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of the media was 5400 rpm. The touchdown of the DFH
protrusion on the media was detected using an acoustic
emission (AE) detector. Its power is defined as touchdown

Fig. 2 Mechanical setting of head wear test
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Fig. 3 ATouchdown power trend in D4OH 8.5 A as a function of
over-pushed DFH power
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Fig. 4 ATouchdown power trend in D4OH 14 A as a function of
over-pushing DFH power
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Fig. 5 ATouchdown power trend in D4OH 18 A as a function of
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Fig. 6 Range of low wear rate (a), and slope of low wear rate (b),
and slope of high wear rate as a function of lube thickness obtained
from Figs. 3, 4, and 5

power. We selected a highly sensitive AE sensor. A stress
test was conducted for 100 s by applying an additional
1-12 mW DFH power to over-push the protrusion. A dif-
ferent radius (r = 21 mm) was used in the over-pushing
because the media surface could be flattened after the over-
pushed head—disk interface (HDI) contact. Thereafter, the
touchdown power was measured one more time. The differ-
ence in the touchdown power before and after the stress test
is defined as Atouchdown power, which is regarded as an
index of head wear.

Magnetic head wear tests as a function of the additional
DFH power from the touchdown power were performed, as
shown in Figs. 3, 4, and 5. We can observe that two different
wear zones appeared with the additional DFH power in the
over-pushed state. In the 8.5-A case (Fig. 3), the wear slowly
increased (wear rate: 0.46 A/A) up to +3 mW, after which it
sharply increased (wear rate: 3.1 A//D\). Here, The denomi-
nator (A) is converted from the efficiency of DFH to input
power. A power of 8 mW is necessary to change a 1 nm DFH

protrusion. In the 14-A case, the wear did not increase up to
+3 mW, after which it started to increase. However, the wear
rate was apparently smaller than that in the 8.5-A case (wear
rate: 0.69 A/A). In the 18-A case, no wear was observed up
to +5 mW, after which the wear started to increase in a man-
ner similar to that in the 14-A case. In addition, the wear rate
was 0.61 A/A which was similar to that in the 14-A case.
Figure 6 shows the relationship between the wear rate and
lubricant thickness; some characteristics are observed as fol-
lows: the range of the lower wear rate was constant up to
14 A. The wear rate was almost constant beyond 14 A. The
lower wear rate in the 8.5-A case was similar to the higher
wear rate of the 14- and 18-A cases. The physical wear in all
cases was checked and confirmed by SEM images; thus, we
observed a pole tip portion of a magnetic head.

We performed a head vibration analysis using fast Fou-
rier transform (FFT). A lower frequency (~100 kHz) was
observed at the touchdown point and continued. A higher
frequency (~330 kHz) was observed at a few milliwatt
over-push after touchdown. A higher frequency vibration
could be simultaneously observed as the wear rate changes.

2.3 Media friction coefficient measurement

To study the different wear tendencies as a function of lubri-
cant thickness, the media friction was measured as a func-
tion of the lubricant thickness. A friction tester was prepared
using a pin-on-disk type suspension that had an alumina
ball (diameter: 4 mm) in contact with the media. The rota-
tional speed was 100 rpm, and the measurement radius was
20 mm under ambient conditions (25 °C and 40 % RH).

Figure 7 shows that the friction coefficient started from
0.6 and remained approximately at this value up to 5 A,
after which the coefficient decreased with the increase in
the lubricant thickness. The friction coefficient saturated
at 0.24 at a thickness of approximately 15 A. The friction
curve was similar to the Stribeck curve obtained using
mixed lubrication.
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Fig. 7 Friction coefficient as a function of lubricant thickness
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2.4 Surface free-energy measurement

The surface free energy of the media was measured using
the Lifshitz—van der Waals/Lewis acid—base (LW/AB) the-
ory (van Oss 2002). A polar component (y*B) and a Van
der Waals component (y“V) were obtained from the LW/
AB theory. The formulas are shown as follows:

y = yLW + yAB here,
(D
v =2yyty-

Three test liquids with known surface energy parameters

are required to determine the three unknown parameters

(ySLW, ]/;r , Vs ) by solving the following equations:

yLi(1+ cos6;) = 2(\/ v v+ J vs v + \/ y;yﬂ?)
i=1,23
)

Here, 6; is the contact angle, and i represents the test liquids.
The three test liquids we used were water (Y2 = 21.8 mJ/m?,
YAB =51.0mJ/m? and y* =y~ =25.5 mJ/m?), 1-bromonaph-
thalene (y*VV = 43.5 mJ/m? and y*B = y* =y~ = 25.5 mJ/
m?), and glycerin (y*V = 34.0 mJ/m?, y*B = 29.9 mJ/m?,
vyt =3.9ml/m? and y~ = 57.4 mJ/m>).

The lubricant coverage is calculated using y“V and the
equation presented by Kobayashi et al. (2014).

A*
Lw LW

V() = —
V= Yotk o+ )
VSLW (h) = Ol(h)%%:zo + (1 - a)VSLW (O)

Y ) — vy (h)
Y (©0) — v L,

a(h) =

vB and yV exhibited a simple decrease. Figure 8 shows
vV as a function of the lubricant thickness. y*V of the unlu-
bricated media was 41 mJ/m?, and it decreased with the
increase in the lubricant thickness. The value saturated at
15 mJ/m? at 14 A. The lubricant coverage was evaluated as
a function of the lubricant thickness, as shown in Fig. 9. The
coverage increased with the lubricant thickness by approxi-
mately 80 % at 8 A, 96.7 % at 14 A, and 97.7 % at 18 A.

Figure 10 shows the relationship between the lubricant
coverage and friction coefficient. A good correlation could
be observed from the figure.

2.5 MD simulation

We attempted to investigate the adhesion behavior of the
lubricant using the MD method. A graphite continuous
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Fig. 9 Lubricant coverage as a function of lubricant thickness
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Fig. 10 Friction coefficient as a function of lubricant coverage ratio

layer where 13 % of nitrogen atoms were exchanged from
carbon atoms was used as the substrate surface of a carbon
protective layer. The lubricant molecules were deposited on
the carbon layer in an MD cell. A periodic boundary condi-
tion was applied for the MD cell. The lubricant molecules
were initially processed at 450 K and at 300 K thereafter.
The 450-K temperature was used in the thermal curing
process of the HD media, and the 300-K temperature was
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Fig. 11 Lubricant (10-A thick) distribution image on the carbon sur-
face of HD media

used for cooling. Molecule conformation was optimized
during the process to minimize the potential energy of the
molecules. The thermal curing and cooling process times
were set to 2 and 3 ns, respectively, due to the limitations
in the calculation. The partial charges of the lubricant mol-
ecules and the carbon protective layer were determined by
an ab initio molecular orbital method.

After the treatment process, the lubricant thickness and
lubricant coverage were calculated. Defining the lubricant
thickness is interesting because the MD method only shows
the coordinates of the lubricant molecular atoms and does
not provide the actual thickness of the lubricant. To cal-
culate the lubricant thickness from the coordinates of the
lubricant, the MD cell was divided into 3-A cubes in the
area above the carbon layer where the lubricant was dis-
tributed. The 3-A cube was selected because the Van der
Waals diameter of fluorine is 1.47 A, and fluorine occu-
pies approximately a 3-A cube. In the next step, cubes that
include carbon, oxygen, and fluorine atoms were collected,
and the collected cubes were defined as a lubricant layer.
Because we measured the lubricant thickness by FTIR,
which has a spot size of few millimeters, the average height
of the lubricant layer was considered as the lubricant thick-
ness. A typical MD result is shown in Fig. 11.

Figure 12 shows the comparison of the lubricant cover-
age calculated by the MD method with actual dependence
of the coverage as a function of the lubricant thickness.
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Fig. 12 Comparison of lubricant coverage calculated by MD with
actual coverage as a function of lubricant thickness

According to the MD lubricant thickness method, the
lubricant coverage calculated by the MD method could be
correlated with the lubricant coverage obtained from the
experiment. However, it was approximately 5—15 % higher.
Considering the roughness of the media surface is neces-
sary because uncovered areas could appear on peaks of the
surface to decrease the coverage.

3 Discussion

The HDI mechanism in the over-pushed state can be
explained as follows. In the lower wear zone, the reso-
nance frequency is similar to the touchdown frequency,
according to the analysis. In other words, the head pole tip
can come into contact with the media lubricant. Until the
media surface is fully covered, friction can change with the
increase in coverage. Therefore, the wear rate varies with
the coverage.

On the other hand, in the higher wear zone, the head
pole tip can come into contact with the carbon overcoat,
and because of the solid—solid contact, the head vibration
frequency could be higher (~330 kHz). The wear rate is
higher if the coverage is lower. However, once the media
surface is fully covered, the wear rate becomes constant.

For the wear rate shown in Fig. 6, the lubricant coverage
can explain the wear rate. For a lower coverage, friction is
higher due to the solid contact of the head slider with the
carbon overcoat, which increases the wear rate. The fric-
tion and the wear rate could decrease when the coverage
increase. If the lubricant thickness is beyond the monolayer
thickness, the friction and wear rate could be constant
because the carbon overcoat is fully covered with lubricant.

Tani reported that the PFPE lubricant could cover from
a valley on the HD media surface for lubricant coverage of
less than 100 % (Tani 1999). From his study, we could con-
sider that many topological protrusions are exposed under
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the condition that the coverage does not reach 100 % (Ra is
~0.2 nm, Rp is ~0.6 nm, and Rv is ~0.6 nm in the case of
the current perpendicular magnetic recording media). If the
head pole starts to touch the peak of the protrusions, head
wear occurs due to the initial contact between the head
pole and the carbon surface of the media. At this instant,
the frequency of the head vibration is higher (~300 kHz).
However, previous results indicated that a soft contact area
always appears for each thickness, which implies that the
head starts from the contact with the lubricant, which is in
contrast to the hypothesis that stated that the head starts
from the contact with carbon.

Here, the touchdown power was measured and shown
in Fig. 13 as a function of the lubricant thickness. If the
touchdown power depends on the lubricant coverage, it
should be constant because the head pole should always
start from the initial contact with the surface protrusions.
However, from the results shown in Fig. 13, we found that
the touchdown power simply decreased as the lubricant
thickness increased even under a monolayer thickness (less
than 15 A). The experimental result is in contrast to the
hypothesis that stated that the head starts from the contact
with the carbon.

From these two contradictions to the hypothesis, we can
see that some amount of lubricant always exists between
the head pole tip and the media, resulting in meniscus
bridge formation even if the lubricant thickness does not
become identical to the monolayer thickness.

Figure 14 shows schematic images of the HDI for the
three lubricant thicknesses. Even if the lubricant thick-
ness does not help attain full coverage, head wear does not
occur, and meniscus bridges are formed. A 3.6-A meniscus
space should exist in the 8.5-A case, and 14- and 7.2-A
meniscus spaces should exist in the 18-A case. The low
wear rate in the 8.5-A case is similar to the high wear rate
of the fully covered media because the contact point of the
HDI is fully covered with lubricant as the meniscus bridge
and friction are constant in the nanoscale area.
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Fig. 13 Touchdown power as a function of lubricant thickness
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Fig. 14 Schematic images of the HDI for the three lubricant thick-
nesses

4 Conclusion

We have studied magnetic head wear performance as a
function of lubricant thickness when the DFH over-pushed
stress gradually increased. The results are as follows:

1. Lower and higher wear zones were observed in all
three thicknesses. They have specific behavior from the
viewpoint of the wear rate.

2. The friction coefficient was correlated with the lubri-
cant coverage. Both the lower and higher wear zones
were also correlated with the lubricant coverage.

3. According to the FFT analysis, the lower wear zone
can be understood as mixed lubrication and the higher
wear zone can be considered as boundary lubrication
in the macroscopic scale.

4. The MD simulation results well fitted with the actual
lubricant coverage as a function of the lubricant thick-
ness. We have shown that lubricant conformation and
the number determine the coverage.

5. Considering surface topology, even in areas where the
lubricant coverage was less than 100 %, a meniscus was
formed as a lower wear zone, although it was believed
that boundary lubrication is dominant in the area.
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