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Diamond-like film as a corrosion protective layer on the hard disk
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Abstract

A magnetic layer based on Co-alloys does not possess the necessary mechanical durability and corrosion resistance and must be covered
with a protective layer. An accelerated electrochemical test has been conducted on a hard disk magnetic layer covered with amorphous
hydrogenated carbon doped with nitrogen. From the potentiodynamic and DC polarization measurements of the corrosion currentina 0.15 M
NaCl solution adjusted to different pH, it was concluded that an acid environment can largely decrease the reliability and lifetime of a hard
disk. Lubricant can contribute to corrosion protection by covering voids and other overcoat imperfections and prevent water vapor
penetration into the magnetic film. Atomic force microscope images show localized distribution of corrosion sites with a density of 1.2 X
10° defects/cm?. The overcoat also prevents a lateral spread of the corrosion products across a disk. © 2000 Elsevier Science S.A. All rights

reserved.
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1. Introduction

Diamond-like carbon (DLC) film has been extensively
used in the hard disk drive industry as a wear and corrosion
protective overcoat on the magnetic layer. Currently,
various types of amorphous carbon a-C, hydrogenated
amorphous carbon with or without nitrogen a-C:H(N), as
a single layer or in combination, are in use [1,2]. Doping
of amorphous carbon and a-C:H films by nitrogen and prop-
erties of C-N structures have been the subject of many
theoretical and experimental works [3—8]. Incorporation of
nitrogen usually leads to the reduction of the film internal
stress and the improvement of the macroscopic corrosion
resistance. At the same time this type of structure is accom-
panied by increased density of voids and higher surface
roughness that may have microscopic detrimental effect.

Corrosion is usually initiated at the overcoat imperfection
sites, on pinholes, places of large compositional inhomo-
geneity in the magnetic layer or on the sites with induced
stresses. The film stress develops during a film growth and is
induced by the substrate texture. Overcoat properties that
directly influence the corrosion behavior of the magnetic
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layer are porosity, surface roughness and electrical conduc-
tivity. Voids in the carbon amorphous structure as well as
pinholes in the matrix, being formed through the island film
growing mechanism, are permeable to water, environmental
oxygen and metal ions. The thickness of the sputter depos-
ited carbon overcoat used by the hard disk industry is around
8 nm. There is a trend of thickness reduction to 3-5 nm till
the end of this decade. This implies the development of
DLC protective films with a small density of imperfections
using other techniques, e.g. ion beam deposition, filtered
cathodic arc or mass and energy selected ion beams.

As a magnetic layer the quaternary structure of Co alloy
that contains more than 75 at.% of Co is commonly used.
Additional elements like Cr, Ta and Pt are added to improve
the magnetic properties of the layer, i.e. to increase areal
recording density, signal to noise ratio and to minimize
magnetostriction. Pure Co film dissolves easily in water. It
does not create any passivation layer that could minimize or
stop its further degradation when exposed to environmental
conditions. Corrosion studies have been performed on
various binary and ternary Co-based alloys: Co-P [9-11];
Co-Pt and Co-Ni—Pt [12], using the simple test of film
immersion in water and subsequent observation of macro-
scopic magnetic properties; Co—Ni [10,11]; various cobalt-
based alloys with different undercoats and substrates [13];
Co—Cr with and without overcoat [10,11,14,15]; and
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FeSmN [16]. When deposited as an underlayer to magnetic
film, Cr serves to increase the film magneto-crystalline
anisotropy. Also, it acts as a barrier layer. Its role is to
prevent corrosion dissolution of Ni from the NiP layer of
a hard disk, being exposed to an acid environment. In this
work the corrosion properties of ternary Co-alloy
(CogCrysTa,) were examined with the magnetic layer
being protected with nitrogenated sputter deposited a-C:H
film and tetrahedral amorphous carbon, ta-C, with a film
thickness typically encountered in hard disk media. Carbon
protective properties are addressed also with respect to a
different pH value of 0.15 M of NaCl solution in contact
with the magnetic layer.

In the a-C:H film structure voids of dimension of more
than 0.5 nm have been reported [14], through which water
molecules of dimension 0.32 nm can easily permeate.
Beside water vapor some other gases and vapors are also
detrimental to the magnetic layer. The most well known are
SO, and CI, gas. Also the residual process chemicals and
outgassings from the hard disk drive construction compo-
nents (uncured adhesive components, gaskets, bearings,
greases, plasticizers from the plastic parts, metal alloy and
case outgassing) can contribute to corrosion. Among the
most severe attacking gases that can decrease the lifetime
of a hard disk are SO, and Cl,, originating mostly from the
environment and rubber crosslinking agents outgassing.
Microscopic corrosion sites can produce magnetic defects
resulting in noise, signal deviation or even dropouts.

Corrosion effects on the magnetic layer can be measured
by different techniques: by following the changes in the
macroscopic magnetic properties, such as saturation magne-
tization (M), remanent magnetization (M,), coercitivity (H.)
and squareness (M,/M;) [17], by measuring the changes in
electrical resistance AR/R, for a structure deposited on a
glass substrate [18] or using the standard electrochemical
test methods.

Corrosion products from the magnetic layer elements are
mostly cobalt hydroxides and cobalt chlorides
[10,11,14,15]. Electrical conductivity of the carbon over-
coat additionally promotes the galvanic corrosion mechan-
ism between the overcoat and a magnetic layer since all
three assumptions for this type of corrosion can be fulfilled:
(a) electrical dissimilarity between the layers, carbon being
at the very top place in the galvanic corrosion series that
results in a Co potential difference of over 0.5 V; (b) elec-
trical contact between the layers; and (c) exposure to the
corrosive environment. This third condition is only fulfilled
at the carbon pores through which the water molecules—
electrolyte can reach a magnetic layer. Visible corrosion
sites on the carbon overcoat are mainly around such pores.
Increased surface roughness enables capillary retention of
water vapor from a humid environment. The longer water
dwelling time makes the site more prone to corrosion devel-
opment. The overcoat electrical conductivity provides the
return path for electrons created by Co oxidation and parti-
cipates in galvanic corrosion.

2. Experimental

Samples from the hard disk plate have been analyzed
using the three-electrode electrochemical (EC) tester,
atomic force microscope (AFM), scanning electron micro-
scope (SEM) and optical microscope. The hard disk struc-
ture and its composition have been studied with Rutherford
backscattering spectroscopy (RBS) and the particle-induced
X-ray emission (PIXE) technique. Electrochemical test was
performed on EG&G model 273 potentiostat/galvanostat
with a saturated calomel electrode (SCE) as the reference
electrode.

The experimental set-up is presented in Fig. 1. The work-
ing electrode was attached to the sample of a hard disk, the
examined surface of which was previously defined by an
adhesive masking tape. For the counter electrode a platinum
mesh was selected. Two electrodes were separated by a
piece of filter paper wetted in electrolyte, a 0.15 M solution
of NaCl in deionized water. Reference SCE (Hg/Hg,Cl,,
saturated KCl) electrode was placed as close as possible
to the working and counter electrode, being separated
from them by a piece of filter paper wetted in the electrolyte.

While running the EC potentiodynamic analysis the
initial potential applied to the working electrode was —
0.25 V with respect to the established open-circuit potential.
The scanning procedure ended at 0.600 V above the open-
circuit potential. The scanning voltage rate was selected at 1
mV/s. The corrosion current was measured between the
working electrode (hard disk sample) and a counter (auxili-
ary) electrode-platinum mesh. Prior to the acquisition a
sample was exposed and purged in the electrolyte environ-
ment for 20 min. It was not possible to obtain a clearly
defined minimum of the open-circuit corrosion current at
larger scan rates and on contaminated surfaces. In a scan-
ning region close to the open circuit potential the ‘rounded’
outlook of the potentiodynamic curve can be avoided by
selecting the lower scan rate, e.g. 0.5 or 0.25 mV/s. A DC
polarization resistance and a time development of the corro-
sion potential were measured on the same potentiostat. For
the AFM study of the hard disk topography the Topometrix
unit, model TMX 2010, was used in the contact mode.

Combined RBS and PIXE analysis were performed at the
Nuclear Microscopy Facility at the National University of
Singapore. A 2 MeV “He' ion beam was utilized to

Reference electrode

Filter paper

Potentiostat Pt mesh. counter electrode

Filter paper

Masking tape

Working electrode, sample

Fig. 1. Experimental set-up for the accelerated electrochemical test.
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bombard the surface parallel to the surface normal. The
beam on the target had a spot size of approximately 2
mm?. Backscattered particles were detected with a silicon
charged particle detector positioned at 160° with respect to
the outgoing beam. The detector was enclosed in a colli-
mated housing with the solid angle of acceptance of 10 msr
and energy resolution of 13 keV. The beam current was
measured with a Faraday cup and held between 15 and 25
nA. PIXE measurements were simultaneously carried out
with an energy dispersive Si(Li) detector positioned at 45°
with respect to the beam. The simultaneous use of PIXE and
RBS allowed us to deduce quantitatively the composition of
the magnetic film, even in cases where close mass numbers
of elements, e.g. of Pt and Ta, severely restricted the RBS
analysis.

3. Results and discussion

The carbon overcoat was a DLC film doped with nitrogen
and deposited in a DC magnetron sputtering discharge in a
gas mixture containing N,, C,H, and Ar. The lubricated
surface was covered with a perfluoropolyether PFPE lubri-
cant. A typical hard disk layered structure investigated by
PIXE and RBS measurements is shown in Fig. 2. The points
represent the experimental data and the solid line a theore-
tical spectrum calculated with the RUMP simulation code
[19]. The contributions of different elements are indicated
separately. The amount of chromium embedded in the Co-
alloy can be deduced from a high-energy tail of the Cr peak.
The composition and thickness of the carbon overcoat were
not precisely analyzed due to the low mass of its constitu-
ents and the limited depth resolution of the RBS method.
Attempts to detect corrosion-induced and migrated Co on
the top of the carbon overcoat failed, even after enhancing
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Fig. 2. Composition analysis of the hard disk layer structure with Ruther-
ford backscattering spectroscopy (RBS). The composition of the magnetic
layer is found to be Cog,CrsTay.
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Fig. 3. Potentiodynamic curve of the hard disk overcoat at different pH of
0.15 M NaCl electrolyte.

the RBS surface sensitivity with a graze incidence angle of
He " ions.

Electrochemical tests were performed on the non-lubri-
cated hard disk at different pH values of a 0.15 M solution of
NaCl. The pH adjustment was achieved by adding droplets
of HCl acid and NaOH solution to the base solution. For the
determination of corrosion potential and corrosion current a
series of potentiodynamic curves was collected on the
magnetic layer covered by DLC film, in a similar way as
reported in Refs. [11,14].

Each potentiodynamic (E versus logi) curve, as presented
in Fig. 3, consists of two branches, the lower one named the
cathodic and the upper one the anodic side. The acquisition
of the curve started from the potential 0.25 V below the
open circuit potential. The anodic part of the curve was
run from the open circuit potential to a value of 0.6 V
above it. At the open circuit potential the net current flowing
in the external circuit is close to zero and is presented as a
straight line during the transition from the cathodic to the
anodic part of the potentiodynamic curve.

Though the current in the external circuit at the open
circuit potential is almost negligible many chemical reac-
tions can take place on the surface. Simultaneously, the
anodic and cathodic currents flow on the surface, but in
opposite directions. At these ‘equilibrium’ conditions, an
overcoated metal surface acts as an assembly of many tiny
anodes and cathodes. The corrosion occurs at a rate given by
the theoretical anode current density i, [20]

af Ai

T 23 P A v

where « is the anodic and B the cathodic Tafel slope of the
potentiodynamic curve expressed in V/current decade, Ai/
AE is the slope in the linear region of the DC polarization
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curve expressed in wA/V and i, is the corrosion current in
RA.

During the cathodic part of the voltage sweep, the counter
electrode-platinum mesh acts as an anode, and therefore will
not contaminate the solution with its ions. The required
production of electrons on the working electrode (the cath-
ode surface) takes place through the reactions in the aqueous
solution. The most important reactions are the generation of
oxygen gas from water

2H,0 — O, + 4H" + 4e” )
and the generation of chlorine gas in the NaCl solution
2CI" = Cl, + 2e” 3)

In the anodic portion of the curve the formation of the
corrosion products affects the development of the E/logi
curve. When a metal M undergoes corrosion it is converted
into ion in a process described by M — M** + ze™, where z
represents that the metal atom can deliver more than one
electron. An upward deviation of the E/logi curve is caused
by decreased conductivity of anode. With time the corrosion
products develop on the specimen surface and pass through
various chemical reactions.

When Co corrodes in water over the broad range of pH
concentration, several reactions directly influenced by the
pH of a solution may take place:

(a) The usual anode reaction of Co dissolution

Co = Co*" +2¢~ “

is only a short form for the chain of possible chemical
reactions much better investigated in the case of iron corro-
sion, and probably comprises the following steps:

Co + H,0 — Co(OH ),4 + H" — Co(OH)" + 2¢~ + H*

— Co*" +2¢ +H,0

&)
(b) The formation of cobalt hydroxide
Co + 2H,0 = Co(OH), + 2H" + 2¢~ 6)
(c) The dissolution of cobalt hydroxide by acid
Co(OH), + 2H" = Co*" + 2H,0 (7
(d) The alkaline environment film formation reaction
Co+OH — CoOH + e
HOCo + OH™ — Co(OH), + ¢~ ®)

The reactions in Egs. (7) and (8) are directly influenced
by the pH of electrolyte while the reactions in Egs. (4), (6)
and (8) that result in the generation of electrons are influ-
enced by the variation of the electrode potential. The reac-
tion kinetics in Eq. (8) can be influenced by both the pH of
the solution and the applied electric potential.

The cathodic processes, taking place mostly in the elec-

trolyte at pH < 7 are

H' + ¢~ — H (atom)

2H — H, (gas) )

and involve the reduction of hydrogen ions to liberate
hydrogen gas on the cathode, and at pH = 7

2H,0 + O, + 4¢~ — 40H" (10)

An imbalance of hydrogen and hydroxide ions in a solu-
tion has an influence on the value of the open circuit-corro-
sion potential and corrosion current, as can be concluded
from Figs. 3 and 4. If the carbon overcoat is completely
porous-free the value of the corrosion potential will be
close to the value measured on the bulk carbon. For this
analysis the reference carbon layer was formed as a pressed
graphite powder and the value of E,,, was measured at pH
5.5. The lower found nobility of the hard disk carbon is
mainly due to the film void structure, allowing water
vapor permeation into the magnetic layer and chemical
reactions on the surface with the constituents coming from
the magnetic layer.

A comparable study was performed on another overcoat
type, the amorphous tetrahedral carbon, ta-C, deposited by
the filtered cathodic arc technique [20]. The film thickness
was in the 5-15 nm range. With this deposition technique it
is possible to produce compact film, with a density of up to
3.5 g/cm?, compared to sputter and ion beam deposited a-
C:H:N films of average density around 2 g/cm®. In spite of
the 100% coverage of the surface by only carbon atoms in
this overcoat type, the porous structure of the overcoat led to
shifting down of the value of the corrosion potential by more
than 200 mV, with respect to the value of the bulk graphite.
The corrosion potential of the bulk Co was found to be
—0.69 V versus SCE in 0.1 N Na,SO; solution [3]. Graphite
and platinum, used as a counter electrode, are the noblest
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Fig. 4. Influence of pH of electrolyte on the corrosion current density and
corrosion potential for the a-C:H:N overcoat.
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materials with the highest free corrosion potential versus
SCE in a solution similar to salt seawater.

A dependence of the corrosion current and voltage with
pH of electrolyte for the nitrogenated a-C:H film is shown in
Fig. 4. The values for the corrosion current were taken from
the computer software procedure that generated the fitted
curves on both the anodic and cathodic sides of the E,/logi
curve. Also, some of the values were calculated from the
anodic and cathodic Tafel slopes of the potentiodynamic
curve and the Ai/AE slope of the DC polarization curve,
implementing Eq. (1). A steady decrease of the corrosion
current density with increasing pH of solution was observed.
Similar behavior of the corrosion current density versus pH
was found on another type of magnetic layer (with almost
the same Co-content) without overcoat as well as with a
tetrahedral a-C carbon overcoat on it. Dissolution of Co in
an acid environment is larger than in alkaline. This has a
direct implication on the expected lifetime of a hard disk
operating in such an environment. The vulnerability of hard
disk exposed to sulfur dioxide and chlorine gas has been
related to the acid formation on the hard disk surface in the
presence of humidity [10,13]. A decrease of the DLC film
corrosion potential with increasing pH is influenced by the
concentration of H" and OH ™ ions in the electrolyte. The
higher corrosion potential, at pH 2 and pH 4, is accompanied
by a larger corrosion current. Independently from the higher
dissolution rate of Co in acid, an increased potential drop
between the carbon overcoat and magnetic layer opens the
galvanic-induced corrosion channel. An exposure of the
magnetic layer to humidity and aggressive environmental
gases can be substantially reduced with carbon overcoat
lubrication. Even one or two monolayers of lubricant can
represent a good corrosion barrier. Corrosion also provokes
evaporation and degradation of lubricant with Co emerging
on the overcoat surface [21,22]. Due to the presence of Co in
the lubricant a reduced number of the lubricant-to-carbon
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Fig. 5. Two-electrode cell electrochemical test of corrosion current on the
lubricated and non-lubricated a-C:H:N overcoat.
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Fig. 6. Time development of the corrosion current after exposing the over-
coat to the electrolyte at pH 5.5.

bond sites and increased friction between a slider and the
overcoat are to be expected.

The corrosion current measured in a two-electrode cell
for lubricated and non-lubricated nitrogenated a-C:H film is
presented in Fig. 5. A constant voltage of 1.5 V is applied
between the hard disk surface (anode) and graphite counter
electrode. Between the two electrodes was placed a filter
paper wetted in the electrolyte. The area under the i.o,
versus time curve can serve as a measure for the corrosion
current passing through the hard disk surface. This area is
proportional to the charge flow. In order to exclude the
portion of the curve when current saturation starts to
develop the first 20 s of the current flow was selected as a
convenient time interval. The same technique for the fast
evaluation of the corrosion protective properties was
reported in Ref. [10]. A total charge flow in that time inter-
val Oy for the lubricated and non-lubricated sample was 7 X
1077 and 1.2 X 10™* C, respectively. The lower value indi-
cates better disk corrosion resistance.

The corrosion current measured by the DC polarization
resistance technique and implementing Eq. (1) is presented
in Fig. 6. Linear polarization curves were obtained in the
voltage range =20 mV with respect to the open circuit
potential. A scan speed of 0.166 mV/s was used starting
from the cathodic side. Under the assumption that the
anodic and cathodic Tafel slopes can be taken as constant,
with measured values of 700 and 200 mV/decade, respec-
tively, a series of DC polarization resistance curves was
conducted with an average acquisition time of 2 min.
Prior to acquisition samples were exposed to the electrolyte
for varying purging times. An error made by taking the
constant values of Tafel slopes for the specimens exposed
to open circuit potential in the time interval between 3 and
22 min is relatively small. Saturation of the corrosion
current with time may be explained by the formation of
corrosion products under the filter paper and by the addi-
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tional film resistance connected in series to the changeable
electrolyte properties. The corrosion products in the form of
cobalt hydroxide or chloride were trapped within the inves-
tigated sample area.

Several authors presented a depth profile analysis on the
corrosion sites using Auger or X-ray photoelectron spectro-
scopy. Hard disks were exposed to the corrosive gases in an
accelerated business environmental test [10,15], or to an
electrolyte [14]. The preferential cobalt dissolution in the
magnetic layer was stressed as well as Co migration to the
overcoat surface and precipitation in the form of oxides and
chlorides. The EC tests are more convenient for the fast
evaluation of the corrosion properties of different magnetic
materials, alone or in conjunction with the protective over-
coat. The business environmental tests are more appropriate
for lifetime and reliability evaluation of the hard disks
exposed to different environmental gases and vapors.
Migration of Co through the carbon overcoat is driven
with the Co concentration gradient and carbon galvanic
action. Under our testing conditions, that were very similar
to those reported by Smallen et al. [10], the measured corro-
sion intensity O,y was more than one order of magnitude
lower than reported, giving rise to the conclusion of a smal-
ler surface concentration of migrated Co and therefore of a
better overcoat protection. Other supporting evidence is that
the Co signal from the film surface was below the detection
limit using the RBS technique in the geometry with the
highest depth resolution, and by AES analysis in the acqui-
sition area outside the corrosion hillock formation. Compar-
ison of the corrosion current densities, that are in our case at
least two orders of magnitude lower than in Ref. [11] (in
NaOH/Na,B,05), or in Ref. [14] (in 0.1 N solution of
Na,SO,), obtained in the three-electrode cell configurations
may also indicate a better corrosion property of the investi-
gated carbon overcoat.

The macroscopic magnetic properties of the corrosion
treated samples were investigated from the film hysteresis
loop, using a vibrating sample magnetometer. Within the
experimental error no macroscopic changes in the magnetic
properties were observed in the radial and axial direction,
before and after a disk exposure to the EC test. A similar
finding has been reported [14], and even a small increase in
the film coercitivity, ascribed to the effect of grain boundary
corrosion, was observed [13]. Obviously, for this type of
thin film corrosion study, a more appropriate technique
would be the magnetic force microscopy of previously
magnetically patterned hard disk.

An overcoat surface topography study has been
performed with SEM and AFM. After the EC test, under
the previously stated conditions, an average number of
created corrosion sites in the form of hillocks was estimated
to be around 1.2 x 10° defects/cm?, as can be seen from Fig.
7. The size of defects varied around an average value of 1.5
pm. The role of the carbon overcoat in preventing the lateral
distribution of corrosion products, already stressed in Ref.
[10], can be clearly seen from the AFM and SEM images.
The corrosion products are not uniformly distributed across
the overcoat. By detailed analysis over a larger surface area,
corrosion products were found even with a lateral dimension
of up to 12 wm, as shown in Fig. 8. These products were
created on places with large pinhole imperfections in the
carbon overcoat. With AFM, pinholes were also detected
on the uncovered magnetic film surface. This confirms the
importance of the Cr undercoat deposition as a barrier for
the Ni dissolution from the NigP,, layer, especially in the
acid environment.

4. Conclusion

The potentiodynamic and polarization resistance method

1276.66 nm

638.33 nm
> 0 nm

50 um

QO um

Fig. 7. Corrosion defects created on the DLC overcoat revealed by AFM analysis. The density of hillock formation is around 1.2 X 10° defects/cm?.
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2703.37 nm
1351.69 nm

Fig. 8. The large pinhole in the carbon overcoat enabled the hillock build-up of corrosion products.

can be used for evaluation of the corrosion protective prop-
erties of different types of carbon overcoats as well as
magnetic thin films. This type of test may give similar
conclusions about the overcoat quality, in comparison to
the accelerated business environment test that usually
takes much more time to conduct. Implementation of EC
tests is limited to the electrolyte environment and to the
possible detrimental gases that can be dissolved in it.
Though the accelerated business environmental tests are
more realistic, EC tests can predict the behavior of different
magnetic materials and protective overcoats at the stage of
selection and design of the hard disk media.

More severe requirements on the quality of the carbon
overcoat are imposed for the hard disk operation in the acid
environment. This environment can also include the
presence of different types of gases, like SO, and Cl,, that
create acid on the hard disk surface in the presence of air
humidity. The corrosion current density on the hard disk can
be more than one order of magnitude higher by exposing a
disk to an acid environment. Vulnerability of the magnetic
layer to the dissolution in acid is closely related to the
density of voids and pinholes in the carbon overcoat. The
quality and effectiveness of the protective overcoat can be
measured under specified conditions with the AFM and
SEM technique, determining the surface density, size and
shape of hillocks-corrosion sites. Even a very thin 1-2 nm
lubricating layer deposited on the carbon overcoat can
substantially decrease the corrosion current by preventing
the permeation of the water vapor through the void structure
of the overcoat. To minimize the galvanic action between
the magnetic layer and the overcoat it is necessary to
develop overcoats with high electrical resistance, in an
ideal case with dielectric properties.
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