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chedule i

LECTURE .

Measuring techniques:
mechanical profilometry,
optical interference. elec-
tron microscopy, section-
ing, electrical resistence,
surface tunneling micro-
scopy (STM), and atomic
force microscopy (AFM).

LECTURE

2

Real and apparent contact
area; effect of load and
shear; factors affecting
real area of contact. elas-
ticity, plasticity, and creep.

LECTURE

3

Properties of interfaces:
volumetric properties,
plastic and elastic yield
strength, penetration
hardness, and stored
elastic energy.

LECTURE

4

Surtace properties: chem-
ical reactivity, absorbed
surface layers, and sur-
face energy.

LECTURE

5

Interfacial forces: origin
and magnitude of surface
forces; van der Waals;
electrostatic, steric, and
meniscus forces; and role
of surface forces in
adhesion and friction.

LECTURE

6

7

Adhesion: basic concept
of adhesion, factors affect-

ing adhesion surface forces

(dispersive, meniscus, and
viscous). and effects of
time and environment.

'LECTURE

Friction: origin and
magnitude of the friction
force, quantitative laws of
frictions, simple adhesion
theory, and various contri-
butions to the friction force.

LECTURE

8

Friction of metals and
nonmetals, irregular
friction (stick-slip), and
experimental measure-
ments of frictioq.

LECTURE

S

1

Wear: types of wear;
adhesive, abrasive,
corrosive, and surface
fatigue; and measure-
ments of wear.

_ LECTURE

Lubrication: properties of
lubricants; boundary of
lubrication; general require-
ments, mechanism, and
role of lubricant attach-
ment; solid film lubrication;
shear properties of moie-
cular thin films; and mode!
of molecular friction.
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Fig. 4.18

Tribology in Ancient Egypt-
calculation of the coefficient of
friction in the transport of an
Egyptian colossus.

poe an e o | 80 Ibs

—

EEEEENEEERED 172men

y=-E - 172x180 _ 454

as 180 Ibf (800 N) per man for the present calculation. On this basis
the total effort, which must at least equal the friction force (F), becomes,
172 x 180 Ibf (172 x 800 N).

Thus, the coefficient of friction (u) is given by

_F 172 x 800

The basis of this calculation is summarized in Fig. 4.18. It is interesting
to note that Bowden and Tabor (1950) quote coefficients of friction for
wood-on-wood as follows: ’

wet 02 clean (and dry) 0-25-0-5

A comparison of the calculated coefficient of friction for the Egyptian
sledge with the values quoted by Bowden and Tabor suggests that the
sledge was indeed sliding over lubricated planks of wood.

This survey of the remarkable tribological achievements in connection
with the drill. the potter’s wheel, wheeled vehicles, the use of lubricants
and the transport of heavy stone statues completes our study of the early
civilizations in Mesopotamia and Egypt. Brief mention will now be made
of a few similarities, and differences. in the developments in later civiliza-
tions in other parts of the world.
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Fig. 4.16

Transporting the statue of
Ti-from a tomb at Saqqara.
Egypt (c. 2400 B.C.). (Steindorff,
1913).

Fig. 4.17

The first recorded tribologist-
pouring lubricant (water) in front
of the sledge in the transport of
the statue of Ti (c. 2400 B.C.).
(Steindorfl, 1913)
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Fig. 1.3. Transporting an Egyptian colossus ca 1880 B.C. From a drawing in a grotto at El Bensheh.
(Reproduced from Sic A. 1. Lavard, Discoveries in Nineveli and Babylon.)



TRIBOLOGY OF HEAD-TO-MEDIA INTERFACE
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Figure 6. Schematic representation of various factors affecting reliability of the head/disk
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FILM DISK: TECHNOLOGY ISSUES
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TRIBOLOGICAL REGIMES

. Stiction Regime ¥

when the power is switched on in a disk drive, enough
force has to be applied to the slider to overcome the static
friction or stiction force on the slider.

Dragging Regime »

during the relative low speeds, < 10m/ sec, encountered
during takeoff and landing, the slider maintains almost
constant contact with the disk. In this regime, dynamic
frictional forces and wear dominate.

s Flying Regime

during flying, the slider contacts the medium only
infrequently, but at high speeds (10-40 m/sec) most
contacts are caused by collision with media asperities,
third bodies such as corrosion products, or other
contaminants. \

é-,«j;éct o e g




RECORDING MEDIA

e Historical

First came metal wires (remember Poulsen!), then metal
tapes, next we went to oxide particles held in organic
~~ binder on polymer substrate (audio tapes).

- For digital storage, piated metal films on drums were
used, followed by particulate (oxide) media on disks.
Today, we have returned to metal films for rigid disks
for future applications.

e Particulate Media

- ¢ y-ferric oxide particles, accicular, M, x350 emu/cm?,
H_ ~ 300-400 Oe.
e Advanced particulate media Co-modified ;-Fe,O,
(higher H ), CrO2 and metal particles.
« In general, oxides are stable, both thermally and
chemically.

e Film Media

e Usually Co-based alloys (sputtered y-Fe,O, is the
primary exception) with hexagonal crystal structure.
¢ Plated, evaporated or sputtered. )
o Thickness 100A to ~ 2000A.
wagreX = > e M, can be as high as 1000 emu/cm® and H_ can be
Propari i in range 400-2000 Oe.

Mv: Herein lies the advantage of film media - high T)S:ment,
thinner layers - better resolution, high coeujcivity and
ability to tailor magnetics by the deposition process.
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Principle of horizontal magnetic recording and playback.

Flux lines
generate
magnetism
in magnetic
coating

Flux lines from
magnetized medium

Recording Parameters
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HEAD/MEDIA GEOMETRY. HEAD <
= "~z Thickness
g = Gao Length
-KEY VARIABLES K -g t e
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MEDIA )
? SUBSTRATE
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DISK MOTION

Read beck voltage

_——

e(t) =4n x lO"aNW‘—"-%M, U@2r8/2) TNA)S(2)G (/) cos(2axq/A),

where

M, = remanent magnetization (remanence or residual flux density)
of the medium (emu/cc, G, or Wb/m?; 1 emu/cc =
4nG = 4n x 107 Wb/m?)

= Spo,p,
T(2) = thickness loss

- 1 - exp(—2nd/4)

278/4 ’
S(7) = separation l‘oss o SC?) - ;'l&..éd'/f\
= exp(—2nd/A), G d iy L= v‘w.)
G(~) = read gap length loss
_ sin(ng/7)
(ng/2) * '
2 = head efficiency factor,
LOOC - GE'Q
O‘S
-10f \m 7&” -
s
» 1ty
. B
o =30+ k
s
-40
-850~
-60

0.0 a1 1 10
&N, 6N, /A

N = number of turns 1n the head.
" = width of the head (mm).

4, = relative permeabulity of the core = flux density in the core fluz densit
nair.

L = sliding speed (m-sk

Xo = L1, the longitudinal position of the head with respect 10 an arbitrar
reference in the medium (mmj

t = timetsL
+ = recorded wavelength (um)
J = thickness of the medium (um)

J = eflective magnetic spacing between the head and the surface of th
medium (um) (which can be higher than the mechamicai spacingl

¢ = gap length of the head measured from one pole face 10 another (umL

§ = remanence squareness (reduced saturation remanesace) of the
hysteresis loop of the medium = A, "M,

M, = saturation magnetization of the medium (emu cc. G. Wb m°),

P = packing fraction of particies in the coating (0-1.0),
o, = specific saturation magnetizanion of particies (emu g). and
» = denssty of particies (g-cc)

Welldce | @.L, T. Betl Sy Teclu.
30, lug (1gT)
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Schematic of the head-disk interface in an IBM 3370 hard disk drive. The
inset shows the profile of the head and disk and the spacing between them.

. o ) Liguid Ludbricant 0.5-4 am (optional
[an ~a— Liquid ludricant 10-30 am [« Yo Protective Overcoat 20-40 nm !

-> -— L —J - \
= =-_—= Magnetic coating 1-2 um I~ Magnetic Coating 25-150 nm
-— e-e‘e‘—s-o «— Electroless Ne-P
- P "\ Chromate conversion coating 10-20 ym for metal film
£0-75 nm (opnonatl) or Anodized (alumite)
Al-Mg (96-4) 2-20 pym tor oxice film
substrate N
i~ Al-Mg (96-4)
1.3-19 mm subsirate
@l 1.3-1.9 mm
[{Y)

Sectional view of a rigid disk: (2) particulate and (b) thin film.
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Mounting block
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Hub rail
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Load beam pivot point
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Schematic of 3370-type suspension-head slider assembly.
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Table 1.8(h). Sclected physical properties of various thin-film rigid disk substrates

Knoop
hardness CocefTicient of
Young's of surface. Fleaural % Thermal Specific thermal Elec
Density.  modulus. GPa strength,  conductivity. heat, cxpansion. resis
Substrate material kg/m? GPa (kg/mm?) MPa wm K Jikg. K x 107" C jiohm-cm
Al-Mg (5086) with Ni-P 2680 70 59-78 TR 127 900 28 5.6
(600-800) 250%¢ /
Chemically strengthenied (~ 15 gm) 2500 73 54 275® 0.75 750 85-9.0 100" O
Soda-lime silica float glass (550)
(Nippon shcet glass}
Chemically strengthened (~ 125 um) 2460 73 58 345" 88 10°Y L
alkali-aluminasilicate glass (not 3 (590)
(Coming G313) ~ - ‘
Lithium silicatc glass ceramic 2410 ) 87 49 175" 25 \/ 880 10.3 S x [01"(/
(Corning) (5000 . )
Cordierite (2MgO - Al, 0, - 5Si0;) 2600 120 6.9 225* 31 \/ 970 57
glass ceramic (Pyreceram-Comning (700)
9606)
Stainless steel 330C (for refcrence) 7720 200 24 450*¢ 25 480 98 20
(240)° :
64 M
(650)°
* Yield strength. .
* \Mfaximum design stress is about 1/6 of flexural strength.
¢ Anncaled.
¢ Strain hardenced.
€ Hcat treated.
; | ~
e, gt mechosy Sen)
Table 1.6. Selected physical properties of hard head materials
Knoop .
. . . . Electrical
Matcris Dcn’sn:y. Young's modulus, microhardness. Flexural ,.e:i:, ,r:f:;
aterial kg/m GPa GPa (kg;mm?) strength, MPa ohm-cm‘
Ni-Zn ferrite 4570 122 69 (7
. . . - .9 (700) <_10°
* Mn-Zn ferrite . 4570 122 59.(600) :fg o ln(;)_: j
ALLO,-TiC (70-30) 2*0C 4220 450% X 226(2300) 880 3 m-_.‘f x 107
Zr0:-V,0,(93-6) 6360 ° 210 12.8 (1300 i = J0T X0
A (1300) S00-700 10 .
uTi0, 3950 110 93(950)
BaTiO, (for reference) 4320 110 10.3 (1050)
Fowoceram (Glass Ceramic) 2410 87 . 4.9 (500) 200 S x 10M

whoodd he  samo R onoliiro —j-o'\, wbtfﬁ cock othee .

Twro er@ «wa

Table 1.10(b). Environmental requirements of a metal-film rigid disk with a 130-mm
diameter for low-end applications

Disk aperating entironment

Temperature: S0 60 C

Relative humidity: 8 to 80”,

Maximum wet bulb temperature: 30 C
Disk storagye environment

Temperature: 01065 C

Relative humidity: & to 80°,,

Maximum wet bulb temperature: 30°C
Disk shipping environment

Temperature: —40t0 65 C

Relative humidity: 8 to 807,

Muumum wet bulbh temperature: 30 C

%Fcu.« B



A, = ab > A, }_J Al (n: number of contacts)

FIGURE 1.



Manufacturing Process of Rigid Disks

Al-Mg substrate
| (diamond turned and polished)

!

Substrate passivation | {(Optional)

'
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MATERIAL PROPERTIES

t '
SURFACE BULK
| |
¢ ' ' 1 ] A ! 1
NATURE SHAPE INTERACTION WITH  OTHERS METELLURGICAL  MECHANICAL THERMAL
ENVIRONMENT

CLEANLINESS ROUGHNESS RECONSTRUCTION  SURFACE ENERGY  BOND ENERGY SHEAR STRENGTH OXIDATION

o n "t
CONTAMINATION  WAVINESS SEGREGATION COHESIVE ENERGY  CRYSTALLINITY TENSILE STRENGTH  CONDUCTIVITY
WORK HARDENING PHYSISORPTION  POINT IMPERFEC- COMPOSITION ELONGATION ‘;%LE%’:‘FE‘C”’:_:EM

TIONS
CHEMISORPTION GRAIN SIZE YIELD STRENGTH

DISLOCATIONS
COMPOUND FORMATION GRAIN BOUNDARIES

CORROSION

FIGURE 3.1 Vaurious surface and bulk properties that are relevant to tribological behavior of materials.
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Pictorial Display of Surface Texture

Drection
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/
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the geometric characteristics fall into three categories:

Roughness (or microroughness): Surfacc irrcgularitics of short wavclength,
~haracterized by hills (or aspcritics) and valleys of varying amplitude and spac-
ings that arc larger than molccular dimensions. These crcate the predominant
-urface pattern, which exhibits thosc surface features intrinsic to the manufac-
INg process.

Himuness (or macroroughness): Surface irrcgularitics having much longer
«avelength than microroughness. They often result from heat trcatment, ma-
<hine or workpicce deflections, vibration, or warping strains.

L]

& Zirors of form: Gross deviations from nominal shape. In general these devia-
“ons are not considered a part of the surface texture.




Average Roughness Parameters

Surface roughness most commonly refers to the variations
in the height of the surface relative to a reference plane.
The departure of the profile from the reference plane may
be identified by the parameters rms (root-mean-square)

IR bLE

and cla (center-ffne-average)

it is statistically

a A
rFas (_V‘T Z Cz ‘ )‘l = & | identical with the
L=t standard deviation .
and
it is often referred
to as the arithmetic
\ N\

cla = 5 2_,\ l Zs l average or roughness

height rating

for most engineering surfaces the rms and cla values

are very similar and the rms is simply the standard ( ‘f/ A
[ it
deviation, s , of the ordinate distribution curve. /2 f25cla

Horizontol int:vcepts

infer vcls

“Port of pr of le consndered Dsmbunon Beoring areo
of ordinotes curve

‘T'he conversion f a surface protile to an ordinate distribution and
L hearing arcea cury



other heights descriptors are also used

R.(P-V) is the distance between the highest asperity
(peak) and the lowest valley;

/I
R Is the distance between the highest asperity and
the mean line;

R Is the distance between the average of five highest
asperities and the five lowest valleys. ° d:”m L?

for complete characterizetion of a surface, any of
these pararneters are not sufficient.

They do not provide any information about the slopes,
shapes, and sizes of the asperities or about the
frequency and regularity of their occurence.

They are mainly used

/\/\/\/ for classification of the

/—\ surfaces of the same type
that are produced by

/\
\_/' the same method.

”\/‘L/\V/Mﬂg

Geometrie profiles having the same el value
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Fig. 2.7. Method of deriving the histogram and-cumulative distribution function from
a surface height distribution.

Surface profile can be represented statistically in

terms of the probability denstty function P, also

known as a histogram. From the surface height distribution
the cumulative distribution function can be derived.

It is also known as the Bearing Area Curve.
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Gaussian or Normal Probability Density Function

The data representing a wide collection of random

physical phenomena tend in practice to have a Gaussian
function and in such cases the shape of the distribution
curves is completely defined by the standard deviation

g (rms value), since the expression for the Gaussian

distribution is:

R [ Cif Jon [-225]

o =rms=025

Histogrom for @
' ~~ground surface

Equivalent
~~ Goussian distribution

Frequency of occurrence

! ! ! {
— 075 050 025 © 025 050 075 +

Verticol distonce 2 from
centre line in um

Fig. 2.13. A typicul ordinate distribution curve for a ground surface.

68.3% of the resufts

will differ from the average
by less than one std.
deviation (* C ),

95.5% by less than (£25),

and

99.7% by less than ( £ 3G ).

Us(/94

|
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recognizing the deficiency of one-parameter characterization,
several authors proposed three and even five parameter
modeling of surface roughness

SINGLE-PARAMETER MODELING OF SURFACE TEXTURE

1. Nikuradse (1933) Roughness factor (pipe flow)
<20 L—- Root-mean-square of profile (US.A.)

3.7 - Centre-line-average of profile

4. Kreisle (1957) Predominant peak roughness

5. Ocvirk and Du Bois (1958) | Predominant peak roughness

RMS roughness
6. Myers (1962) RMS of 1st derivative, or RMS of
2nd derivative, or directional parameter
7. Schultz and Beckmann Mean void spacing
(1962) .
8. Horne and Drcher (1963), | Texture depth
Sabey (1968)
9. Scrivnerand Hudson (1964) | Length of profile
10. Peklenik (1965) Autocorrelation function
THREE-PARAMETER MODELING OF S!.mncz TEXTURE
1. Posey (1946) Histograms of profile, of Ist derivative
(slope) and of 2nd derivative (curvature)
. 2. Rousc (1961) Height, shape and spacing of asperitics
3. Moore (1963) Size, spacing and shape factors
4. Williamson and Hunt (1968) Surface density, height distribution, and -
| mean radius of asperities

according to Moore, D.F., in "The Friction and Lubrication

of Elastomers", Pergamon Press, 1972
1. Size
2. Spacing } Factors for typical average asperities (macro-roughness)
3. Shape

4. Micro-roughness at asperity pcéks
5. Height distribution of asperities

the parameters of interest in microcontacts of two rough

surfaces are the surface density of the summits (n),

the std. deviation of the probability distribution of

summit heights (3:), and the mean radius (R,) of the Summ+ Cups (G T
it LONQUIAIA



Measurement of Surface Roughness

/ Mechanical Stylus Method (Tepures coutacs)

«Optical Methods

specular reflection j
diffuse reflection
interference

AL seele L::,‘CL N o

Co u'*u_c,/—_

/Electron Microscopy Methods s:n
e "Exo = K

v Scanning Tunnelling Microscopy (STM) | ¢ « &
L

MCI"‘\.C &. vT

v Atomic Force Microscopy (AFM)

Note:

STM and AFM are used for ultramicroscopic «
measurements of surface roughness.



Mechanical Profilometer
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Talysurf..

one of the most popular stylus instruments

— > /2 wavelength

A / ;
I N — resolution > 6 um
— \Xa A )| load 25-100 mg

Photocells

max. vertical
resolution ~ 50 K

Ligament hinge Light guide

Surtace Lamp
assembly

pd | i
/\/\ . \] Amplifier m ax' horlzontal
Chart recorder ) reSOIUtion ~ 100
Data logger @ . traversing met ol ,L@C"r
B I Direction of stylus travel Ie ngt h 2"50 mm

A-=t---b--eroo—bb--4--4 Plan

: vertical resolution
; ca.2nm

i SUf@Ce mapping
possible with

a scanning
technique

Sectonon BB

Direction of stylus travel

(b}

Fig. 2.17. (a) Schcmmi(! of 1 modern stylus instrument (Talysurf 10. Rank Tavlor
Hobson. England). (b) Plan und section of 1 commercial diamond stylus showing
typical dimensions (Reprinted with permission from: Groupement pour Favincement
de lu mecanique industriclle: Mecinique - Materiaux-Electricité No 337, 1978),
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Figure 18 shows the relationship between
v'arious Toughness parameters and the sliding
tume.

) The parameters are as follows:

Rpmax  : Distance between the highest peak
lowest valiey :

R:  :Distance between the averages of five
highest peaks and five lowest valleys

‘ [3 y CL_ "‘(“O Q/‘L &Q ) R, : Distance between the lowest valley and

~J

the center line
Ry : Distance between the highest peak and

" . ' ; the center line
A 5 e o %’\Sk 1\/:{ Kg‘(( “ R : Avenage roughness at the center line.
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Retlected specular
Incident beam beam
1

(a)

Fig. 2.19. Modes of re
iffuse only, and (c) combined specular and diffuse.

fon of electromagnetic radiation from a solid surface:

<

Optical Methods

Modes of reflection

of electromagnetic
radiation from a

solid surface

a) specular only

b) diffuse only, and

c) combined specular
and diffuse

Specular Reflection Method

'Q/rgo = exp [_ (4maceso, )2_7~ - (4;«“%\ /‘Gloss or specular reflection

vl'ﬁ)S

/
Photomultiplier /
Diffuser

Receiver aperture = \

Collimator lens —_\ >%

Iris diaphragm

Sample

Fié. 2.21. Schematic of a glossmeter (Budde. 1980).

Appt. opca _(_E )22§z(ﬁ ‘80\

depends on the surface
property of the material,
namely, the refractive
Index and surface

roughness.

Gloss meter operates from
380 to 760 nm wavefength
and angles of incident of

20, 45, 60, 75 and 85 degrees.
Higher angles for rougher

surfaces required.
lesr 5“}” - beth~



Interference Microscopy
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Digital Optical Profiler
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~Fig. 2.29. Optical schematic of the three-dimensional digital optical profiler with
Linnik interferometer (Bhushan et al. 1988).
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Table 2.2. Optical profiler options

3

Objective magnification®

CID
Features . array 1.5x 25x - 5% 10x 20 x 40 x 100 x 150 x 200 x
Interferometer type Michelson Michelson Michelson Mirau Minau Mirau Linnik Linnik Linnik
Profile length (mm)* 2D 8.87 5.32 2.66 133 0.666 0333 0.133 0.089 0.067
3D 68x68 41x41 20x20 10x10 05x05 025x025 O0!x01 0068 x0068 005 x 005
Spatial sampling 2D 8.67 520 260 131 0.650 0325 0.130 0.087 0.065
interval (um) 3D 2667 16.00 800 4.00 200 1.00 0.40 0267 0200
Working - - . .
distance (mm) 115 1.5 15 45 25 40 10 02 02
Maximum surface
heights (um) 792 792 792 7.80 3.05 1.95 0.60 0.54 0.54
Maximum surface
slopes (deg) 2D 0.81 134 269 537 10.74 2149 48.12 53.85 53.85
3D 0.26 044 0.87 175 349 6.98 1746 26.19 3491
Numerical aperture 0.0366 0.075 0.1 025 04 . 05 0.9 0.95 0.95
Optical .
resolution (uzm) 10.83 529 397 1.59 0.9 0.79 044 042 042

* Vertical resolution (0.1 nm) is unchanged for diflerent magnification.
* Profile length can be extended to several centimeters using a computer controlled X-Y stage.

BEp.

(7 \.v
5@«- '7\ () t\) ? \C
\, O g( Ce s(’

Table 2.5. Surface topography statistics of various rigid disks and slider from optical profiler at objective mugniﬁcalion of 40 »

e

Particulate, Thin-film Thin-film Thin-film 2370-
© disk disk disk disk 1vpe
Roughness paramcter® A Bl C D slider
Rms surface height. nm 9.39 7.33 211 4.62 163
Rms prolile slope x. mrad 3713 4.15 050 240 0.99
Rms profile slope v. mrad 1.56 0.55 0.50 0.60 0.61
Rms surface siope. mrad 4.03 4.17 0.70 247 1.16
Rms profile curvature x. |'mm 3.96 521 0.70 2.6l 143
Rms profile curvature y. 1;mm 1.57 0.67 0.69 0.52 0.79
Rms surface curvature, | :mm 216 267 ) 0.35 1.35 083
Summit height. nm
Mcan 6 5 9 2
Standard deviation 9 7 2 . 4 2
Summut |slopef. mrad
Mean 202 213 0.16 1.06 043
Standard deviation 0.96 1.17 0.32 0.53 0.32
Summit curvature. 1, mm . .
Mean 479 4.90 224 3.30 0.53
. Standard deviation 12 2.34 032 0.32 0.32
Summit-to-vallev distance. nm 740 48.5 16.3 374 17.2
%# Number of summits‘mm? 5935 % +ha~ 4lis 732 9l Bem \-‘-‘—’\ bt 2406
Profile zero crossings x. 1'mm 73 125 52 117 97
Profile zero crossings y. i mm s 4 38 38 13
Average autocorrelation distance. um 19 4 36 3 20
ARiSOIropy rauo x : x 2 x 4
(circumference)® (circumference)® * (random)® {circumfercncel’

“ Here. x 1s along the radial axis for disks and along the slider length for sliders.

* Polishing onentation. . . ’
. . 3 B P

* Teaturing orientatron.
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General Uses

* Imaging of surface features at 10 to 100,000 % .
Resolution of fectures down to 3 to 100 nm,
depending on sample

* When equipped with a backscattered detector,
microscope allows (1) observation of grain
boundaries on unetched samples, (2) domain
observation in ferromognetic materials, (3)
evaluation of the crystallographic orientations of

grains with diameters down to 2 to 10 wm, and (4)

imaging of a second phase on unetched surfaces
when the second phase has o different average
atomic number

* When svitably modified, the microscope can be
used for defect and quality control of
semiconductor devices

Examples of Applications

* Examinations of metallographically prepared
samples at magnifications well above the useful

magnification of the optical microscope

* Examination of fracture surfaces and deeply etched

surfaces requiring depth of field well beyond that
possible with the optical microscope

* Evaluation of crystallographic orientation of
features on o metallographically prepared surface,
for example, individual grains, precipitate phases,
and dendrites

+ ldentification of the chemistry of features down to
micron sizes on the surface of bulk samples, for
example, inclusions, precipitate phases, and wear
debris

¢ Evoluation of chemicol composition gradients on
the surface of bulk samples over distances
approaching 1 pm

e Examination of semiconductor devices for failure
analysis, function control, and design verification

Samples
* Form: Any solid or liquid having o low vapor
pressure (1073 torr, or 0.13 Pa)

Size: Limited by the scanning electron microscope
available. Generclly, samples as large as 15 10 20
cm can be placed in the microscope, but regions on
such samples that can be examined without
repositioning are limited to approximately 4 to 8
cm .

Preparation: Standard metallographic polishing and
etching techniques are odequate for electricolly
conducting materials. Nonconducting materials are
generally cooted with a thin layer of carbon, gold,
or gold alloy. Samples must be electrically
grounded 1o the holder, and fine samples, such as
powders, con be dispersed on an electrically
conducting film, such as a silver paint that has
been thoroughly dried. Samples must be free from
high vapor pressure liquids, such as water, organic
cleaning solutions, and remnant oil-base films

Limitations

Image quality on relatively flat samples, such as
metallographically polished and etched samples, is
generally inferior to the optical microscope below
300 to 400 x

Fecture resolution, although much better than the
optical microscope, is inferior to the transmission
electron microscope and the scanning transmission
electron microscope

Capabilities of Related Techniques

X-ray diffraction: Provides bulk crystallographic
information

. Optical microscopy: Faster, less expensive, and

provides superior image quality on relatively flot
samples ot less than 300 to 400 X

Scanning transmission electron microscopy, Auger
electron microscopy: See Toble 3 for comparison
Transmission electron microscopy: Provides
information from within the volume of material,
such as dislocation images, small angle boundary
distribution, and vacancy clusters. Superior
resolution, but requires thin samples
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(b) Sum (d) 4um

Fig. 10.24. SEM micrographs of Ni-Zn ferrite surfaces lapped for different times:
(@) 3 min. (b) 9 min. (c) 15 min. and (d) 60 min (Chandrasckar ct al.. 1987b).

(o) 25um (d) Sum

Fig. }0.25. SEM micrographs of lapped Ni-Zn ferrite surfaces after different etching
times with orthophosphoric acid: () 0.25 min. (b) 0.75 min. (c) 1.5 min. and (d) 15 min.
Eiching ratc ~ | um/min. (Chandrasekar et al.. 1987b).

from J.Eng. Industr., Trans., ASME 109, 83 (87)

Effect of
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Effect of
chemical
etching
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Fig. 6.54. (a) SEM micrograph of a wom particulate rigid disk surface against
Al,0,-TiC slider after a head crash in CSS. (b) Stylus profile of a worn particulate
rigid disk against Al,0,-TiC slider after head crash in CSS.
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Fig. 6.61. Features of wear tracks
on spincoated SiO, film against
Al,0,-TiC slider in a low-speed
sliding test: (aQ) SEM micrograph and
(b) surface profile across the wear
track (Yanagisawa, 1985b).
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7 SC@.uwiuj 'luMMQ_Q.U% m{cfamk:} (STM)

CONSTANT CURRENT MODE | CONSTANT HEIGHT MOOE

SCHEMATIC VIEW

ONE SCAN

MULTIPLE SCANS

Scanning tunneling microscope can be operated in either the constant current
or the constant height mode. The images are of graphite in aig}
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STM of Carbon-Coated Disk

J
£
2

3
N

XY axes [nm],

Fig.3 Surface topography of an untextured disk

1

from Kaneko, R.; "Micro-tribological Approach to
Head-Medium Interfaces of Magnetic Recording'

Proc. Sth Intern. Congress on Tribology,

Helsinkl, Finland, Vol. 5, 210 (89)




STM of Lubed Disk Surfaces

Topography ‘Variance
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' Fig. 1 An electron-beam-deposited tip on etched tungsten

Topography Variance

Fig. 3(s) Topography and current variance images obtained on the wear
track from a disk tested in dry helium; ) topography and correspond-
ing current variance image from region away from wear track on the
same disk

Topography . Variance

Fig. 2(z) An STM topography image of a rigid disk surface acquired at
1 nA and a bias of 20 mV; () current variance image obtained from
the same area at a bias of 4 V

Topography Variance

from Sriran, 7.S. et al. "The Application of Scanning
Tunnelling Microscopy to Study Lubricant Distribution

b)
Fig. 5 Topography and i .
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Atomic Force Microscopy (AFM)
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Principle of the operation of the atomic force microscope
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Schematic diagram of the atomic force microscope. which uses optical
interference 10 detect the level deflection (Erlandsson et al., 1988). €

Eriandsson etal., J. Vac. Sci. Techn., A8, 226 (88)
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Fig.3 NOP and AFM images of (a) disk A, () disk B, (¢) disk C, (d) disk 3
D, (e) disk E, and (f) disk F. The wireframe NOP images are of a 250 ym
square region, and the AFM images are solid grey level images (white is
high, black is low) of 2.5 xm regions of the same disks.

Table 2 Construction of disks and slider

) 5 )
Ao e /STLE '—‘\\Qib.cca.(",_! Cfomm s .("' A
Oct. 1-u 1§90 " '

Sampie

disk Substirate, Substrate Construction of

designation Al-Mg with finish magnetic layer Overcoat

A Polished Fe,0, particies in Perfluoropolyether

Tm:ot binder lubricant (liquid)
B, Ni-P Textured &;_a:xenﬂ Co-Pi-Ni Sputtered C
im

C Ni-P Polished Sputtered Co-Ni film Sputtered SiO,

D Ni-P Textured Plated Co-P film Sputtered C

E, Ni-P Polished Plated Co-P film Sputtered C

F Alumite Polished Sputiered y-Fe;0, film [ Spin coated SiO,
(textured) on
sputtered SiO,

Slider

(A1;0,-TiC)

) A Voo~

Fig. 4 NOP and AFM i { Al,0,- i : 3 b A b . <
ig. images of Al,0-TiC slider _g Ve A E} 4-(% E) {( QLQ— (.\/\u&_‘k @ -.

S{i
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/ Table 3 Surface topography statistics of various rigid disks and a slider
Roughness U Disk A Disk B, Disk C Disk D Disk E, Disk F 3370 type slider
Parameter NOP AFM - NOP AFM NOP AFM NOP AFM NOP AFM NOP AFM NOP AFM
Rms surface height 9.39 13.6 7.33 6.33 2.11 3.37 4.62 6.43 2.70 2.63 4.07 1.68 1.63 1.55
(nm) .
Rms profile slope 373 99.3 415 91 0.50 76.7 240 913 045 123 057 3Ll 0.9 13.1
x (mrad) :
Rmsprofile slope ~ 1.56 234 0.ss 131 0.50 107 060 950  0.64 147 ost 2737 0.61 39.0
y(mrad) -
Rms surface slope 403 162 4.17 101 0.70 80.2 247 743 0.78 9.6 075 297 1.16 3.4
(mrad) —_— ’
Rms profile 3.96  5.36x10° 527 5.96x10' 0.70 6.5x10° 2.61 7.1x10° 0.66 13.4x10° 0.85  3.29x10° 1.43 1.27x10°
curvature x(1/mm) ( T = : .
Rms profile 15777 17.5x10° 0)67 12.4x10° 0.69 9.6x10' 0.52 9.6x10° 0.73 17.5x10° 0.79  4.27x10° 0.79 4.87x 10
curvature y(1/mm)
Rms surface 2.16 ~ 267 6.87x10° 0.35 5.9x10° 135 6.2x10° 0.53 11.4x10° 0.64  2.83x10° 0.84 2.53x 10
curvature (1/mm)
Summit height (nm)
mean 0.41 b 0.71 1 2.8 9 6.9 2 39 1 2.6 2 0.15
standard deviation A 7 6.7 2 88 4 2.1 2 1.1 4 3.7 2 1.4
Summit!slopei(mrad)
mean 2.02 713 2.13 498 0.16 15.6 1.06 22.1 0.21 9.0 0.32 18.3 0.43 10.7
standard deviation 0.96 29.5 2.17 20.7 0.32 12.8 0.53 15.5 0.32 10.6 0.32 11.7 0.32 9.1
Summit
curvature (1/mm)
mean 4.79 6.0x10° 4.90 4.0x10° 224 6.1x10° 330 7.4x10° 1.9 11.3x10° 2.24 3.5x10° 0.53 1.2x10'
standard deviation 1.92 2.5x10° 2.3¢ 09x10° 0.32 0.76x10° 0.32 2.0x10* 0.32 1.2x10° 0.32 Li1x10* 0.32 0.43x10°
Summit-to- 40  79.6 48.5 39.5 163 2.5 37.4 352 182 24 26.7 17.4 17.2 13.6
valley distance (nm)
Summit density 5.9%10° 2.4x10° 732 9.Ux10° 911 3.5x10° 33 S.Ox10° P44 6.4x10° 2.0x10° 3.0x10*° 2.4x10° 13.3x10°
(1/mm°)
» N S
AP s awch ocie s Al han~ n)')h. cel .

Bl B skl ::’“2.-».3 u?&fu«L
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Applications of STM and AFM in Microtribology

F1G. 3. Schematics of atom-
ic force measuring mechs-
aism for () adhesion force
anad (b) frictional force.

Q‘F?‘-a e Ceerl

Condact o v twy srail

.«;.—smfo.u, Lo fcc”‘j cortach

from Kaneko, K. et al., J. Vac. Scl Techn., A8, 291 (88)
.Sl;j l:,‘,,- ~ Ru(cn, JUIﬁS;DN. 5 8(% .

Fi1G. 4. D ion of ion forces a carbon sy d surface
and 3 Sum radis tungsien up.



Comparison of roughness measurement methods

. On-line
Quantitative Three-dimensional Resolution, nm " measurement
Method information "~ data Lateral _Vertical capability Limitations
Stylus instrument Yes Questionable 1000-2000 S No Contact type, can
: damagc the sample
Optical methods -
Taper sectioning Yes No* 250 25 No Destructive,
tedious specimen .
. preparation
Light sectioning * Limited * Yes ol No
Specular reflection No No . Yes
Diffuse reflection Limited Yes 001 Yes Very smooth surfaces
(scattering) (< 100 nm)
Speckle pattern Limited Yes . Yes Very smooth surfaces
: (<100 nm)
Optical interference Yes Yes 600-1000 0.2-1 No ' Very smooth surfaces
(<200 nm)
Elcctron microscopy
" Refection/replication No Yes 2-4 10-20 No
Integration of backscattered Yes Yes 2-4 10-20 No
signal
Stercomicroscopy Yes Yes 2-4 10-20 No
Scanning tunneling microscopy Yes Yes 03 0.02 No Requires a conducting
: ) surface; scans small
arcas
Atomic force microscopy Yes Yes 03 002 No
Fluid/electrical No No Yes Semiquantitative

B-‘S\) PO (VO

&



Measurements of Isolated Asperities

Optical Methods (light scattering)

Glide Test Methods
* plezoelectric sensors (PZT) scnlix « P’
x magnetoresistive sensors (MR)

Countar  pued Logpc |
Photemmiuglics cube
— Sin
a
I:\‘
]
(BB
0 LN
¢ 1N
¢ 1\
- al“
3 1 ] \

d

Fig. 245 Optical schematic of a grazing incidence laser asperity counter (Grimm,
179)- r\e“ 9(-'.\_;,41:\,& , 8,(‘(:(,‘. Jv.’),ﬂ.' CCC‘/&/ Tl ?"}‘\— W‘%C\ [

(a)
Fig-2.47.(2) A PZT sensor mounted on a 3380 slider and (b) an unfiltered and 100-400 kHz filtered PZT signal from a 3380 slider Nlying over
a disk defect (1 ms full trace) (From: C. E. Yeack-Scranton, *Novel Piczoelectric Transducer to Monitor Head-Disk Interactions™ 1EEE Trans.
Magn. vol. MAG-22 ¢ 1986 IEEE.)



Loading of Solids

Basic relations:

w when a solid Is subjected fo load (W),

* stresses are produced In the solid
€, 4 (& . whichincrease as the load Is Increased.
i - »~ These stresses produce deformations

; - ;1 which are defined by the strains.

/5. = stress In axial direction = 1284 W)
1 cross-sectionaf area

€, = straininaxial direction = S12nge In length

original length
end —o—— where E Is the elastic
? =t € Z constant, the Young
TN Modulus
and |
where ¥ is the

Poisson Ratio, and
g & --VE, 7 €, is the strain

e~ in the transverse
direction

Yisid stress (Y) is the siress siate at which the transition
from elastic behavior io plastic behavior occurs.
Herdness (H), H = W/a® the retio of the foed to the
surface aree of the permanent indentation.




Loading of Solids

Basic relations:

w when a solid is subjected to load (W),
+ sfresses are produced in the solld
& t _ _@ < Which Increase as the load Is Increased.
-

»- These stresses produce deformations

C
<) - which are defined by the strains.
g,, = stress In axial direction = load (W)
cross-sectional area
€, = strain in axial direction = :g;?:; ;:;;r:hgth
and -~ —— where E is the elastic
§ C =t &, constant, the Young
TN——— Moduius
and
where V is the
Poisson Ratio, and
S & ._VE, ? €, is the strain
o~ In the transverse

direction

Yieid stress (Y) is the siress state at which the transition
from elastic behavior to plastic behavior occurs.
Hardness (H), H = W/a’ the ratio of the load to the
surface area of the permanent indentation.




Contact BetWeen a Spherical
and Flat Surface

what are the factors that determine the real area

over which the load is supported?

/ﬁ /R E1

—igg |
W=0 w>o0
according to Hertz's equation for elastic deformations

wR (L. )5 ser('s
@=Ly Z g T S =

at this stage the contact area A = azu’w—W%and the
mean pressure over the area of contact P = W/a~i 52% H = 2y

varigtions of A & P, |
with load (W) during
elastic deformations

However, as the load is increased, the mean pressure
P increases urtil it reaches such a vaiue that af a
critical point within the softer meterial the efastic

fimtt is exceeded. This limit is exceeded when

T\
P = 11@




the mean pressure
L 2 A (LC-.;«; ;
cer Pt 2}3{,{‘ .

At a later stage the

plastic regime
the onset of plasticity occurs at the point z
(according to Hertz - about 0.6a below the center
of the circle of contact) below the surface when

P ~1.1Y

whole of the material around

the indentation flows plastically; at this stage

P, BY

AQ
~<
}

Mean Yield Pressure (P
L]
}
-
~, \\
3‘0
2
~A
.<

~
]
T

load (W)

&



It is interesting to calculate the load (W, ) required
to bring the deformation up to the onset of plastic flow

(B, =1.1Y)
W, = 13.1P R (1/E, + 1/E,)
if —_
~Y = 200 kgl mm‘: typical for
fin = 220 kg/mm tool steel

E =EF,= 2x10»/2dynes/cm"

then X ’
g w, =14x10°g .  forR=1x10 cm
14g N for R = 1x10%cm
14x10%g forR=1cm

Contact of Rough Surfaces

b

nominal and real
area of contact

n
- .'i .
Ay adm A s 2 AL (n: number of contacts)
121

j) the nominel area of contact, A, i.e., the apperent
area of overlap of the contacting solids

ii) the real area of contact, A, i.e., the sum of the
separate microscopic areas at which the asperities are
in contact.

Aar/o

) .
T e B-iM
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According to Archard (1957), the multipoint contact under
elastic deformation can give a real area of contact almost
linearly proportional to load (W), i.e.,

A = constart (W/E)©

where 4/5«<c«44/45 (depending on the model)

Another extension of the Hertzian theory of an elastic contact
between spheres to the case of rough surafecs with Gaussian
distribution of peak-heights was made by Greenwood and

Williamson (1966)* . < 5 §i S
\ g o c,“’ . J/\ ‘yg,,
They assumed that: v (e Vo

. %(f“(;&wc ’5\4;&‘

1) rough surface is covered with spherical asperities
2) asperities’ summits have constant radius (R)

8) asperities’ heights vary randomly, and

4) surfaces have Gaussian distribution of peak heights.

deformable surface

* Proo. Roy. Soc. Lond. A 296, 330 (1966)

2




Influence of Plasticity Index on the Real Area of Contact

. .
. [ e to minimize friction
"1 e and wear the ratio
R I ' of the reel area of
< |
contact to the apparent
L !
contact should be as
o= ! | ] 1 I B .
°© - C ‘ 5 low as possible
Metal oh.sticnv index
i) the plastic contact resufts in a minimum contact . /.i;::;i-——*

P
area, but repeated plastic contact leads to wearand =" s

undesirable permanent deformations "

ii)fb(fsp/ﬁs%ould be as high as possible. The asperities -~ == =
with high E_and low R, produce high contact
stresses and resuit in lower A for a given load

ma@ séw:—j(a e ««wvﬁ—f—w -> AMmS ?"8{(‘9’4)
iif) Highffaf!ows contact with fewer asperties and also
resufts in fower A

Caveats

* when in shear, contacts yield plastically at lower Lﬂ
* with thin overcoats, yielding is dominated by
the modulus and hardness of the substrate
* £, Y and H are functions of strain rate ( L"a—e&'u.s oo wun. em_aévf/
i RMS | "-f’%‘b%? Cowéwg)

- 0. C\;‘-’Y";‘_‘_‘L (_’{. Ol b



Nanoindentation Hardness Apparatus
| Developed by Pethica (1983)

Lo displacement sensitivity _ :
Susoorang — 2 - 3A
oo o ' 0.2-0.3 nm
g ‘ P
|t force resolution~0.5 uNewctoo
! X s minimum penetration 15 nm
a ,
strain rqfes 3-6 nmjs
Nanoinderter, Naro Instr.,
Oekridge, Tem.

CROACCFE Ll 2E e mechoonic L /DMF"’»(» %)

, e the slope of the unloding
i, A2 Tyl ont ity o s curve (dW/dh) is used as a

wsing the nanoindentation apparatus (Pethica et al., 1983) for a thin-film (metal) disk

Pt i it b s eyt mieasure of the elastic
modulus of the thin film

by extrapolating the fitted line 10 zero load.

the compliance for the Berkovich indenter (5> )

is given as )
| ah ( —\ X s - speciment
3w E—_('Z) i - indenter
where
{ {— \7; - IR \)Z’. \1 atea l/?_
—EC_ Eg E¢ f “\2us




5,

Greenwood & Williamson'’s Plasticity Index (y)

y E - Yecen ) .‘165{._,_(.;__
2 . o
k{/ — CEC H ) CSP /QP ) H‘ > Kl:~d 0
d {7 . RMS

where E_is the composite modulus

L Cl-\),:') . O“\)z})
o &, Ey

H is the hardness of softer solid
S  is the standard deviation of peak heights distribution

Se = C(PT* 5??. )}i

1/R, is the asperity-peak curveture

I SR
Re Re, Re,

then
elastic contact if ‘.(J <08

and
piastic cortact if \{J >1
using G&W analysis, Bhushan derived a relationship

for the real area of contact in the elastic regime:

’{*fe ~ 32 ?QAGL/EC. (5? /@?)‘/z Li/ £L0.6

for plastic contacts:

7*(9 ~ ‘P‘LA&A‘ '~V> l
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Fig. 3.8. Relationship between mean real pressure. real area of contact. number of
contact spots. and mean asperity real area of contact with apparent pressure (Bhushan.,

1984a).

Table 3.1. Interplaner separation. mean real pressure. real area of contact. number of
contact spots. and mean asperity real area of contact for elastic and plastic contacts

Plustic contact® |

Parameters Elastic contact
(W <060ry, <18) (v>1 or ¥ > 26)
Interplaner D = 140 [log (0.57/P,)]°**
scparation
Mean rcal n
— = 0.42P0%4 'L 0.32 i b 0.5 ¢
pressure Fro, R° - 0.42P° 0.3 p.iH = 1% 0
1] 1 pen 1] 4
Real arca Ae 2 40P9% < 3.20P, A &5 n
of contact A,RG,) 4, H H 21
Number of n . n c
contact — = | 2P0 L264P, = 0.5(D=0) —(in I;mm*) ~ 511.11(p, /H)**
) A, : 4,
spots
Mean asperity . -3
. Aen A . . 195 x 10
real arca v 200P2%% ~ 121 —Z(inmm?) ~ ——t————(p,.'H)"""('
of contact Al " .

P, = p, R,G,)E (G, R,V * < 0.57
&= (L RUEH)

2 H = Bulk hardness of the softer material.
® Based on Bowden and Tabor (1950).

¢ Based on Gupta and Cook (1972a).

¢ Based on Pullen and Williamson (1972).

B.r le7
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and

Compliance, nm/mN

0 1 1 1

1 - 1 J
5 10 15 20 25 30 35
1/Plastic indentation depth, um™'

Fig. A.24. Compliance as a function of plastic indentation depth for a thin-film
(metal) disk (same as that in Fig. A.12) using the nanoindentation apparatus. A con- -
stant modulus with depth would be indicated by the straight line. The deviation
indicates a lower modulus near the surface for composite structure.

Real Area of Contact of Typical Magnetic Rigid Disks

measurements required:

) surface roughness (5,3, ). A 8-D optical
profiler should be used.

i) Young'’s moduius (E) and microhardness (H) is ‘
obtalned using a nanoindentation apparatus developed
by Pethice. The Berkovich indenter, e triengular pyramid-
shaped diamond, is well epplicable for extremely

thin films



Table 3.4. Construction of the rigid disks used

Substrate, : Construction of
Disk designation Al-Mg with Substrate finish magnetic layer Overcoat
A - - Polished +Fe,0; particles in Perfluoropolyether
: epoxy binder lubricant (liquid)
B! Ni-P - Textured Sputtered Co-Pt-Ni film Sputtered C
B2 Ni-P Textured Sputtered Co~Pt-Ni film Sputtered Zr0,- 1,0,
c Ni-P Polished Sputtered Co-Ni film Sputtered SiO, )
D Ni-P Textured Plated Co-P film Sputtered C
E, " Ni-P Polished Plated Co~P film Sputtered C
E,; Ni-P Polished Plated Co-P film Norne
F Alumite Polished Sputtered ;-Fe, 0, film Spin coated SiO,
: (textured) on sputtered Si0), -
10
o7 § ! 1 SR, .
i1 Qte f hardness of the particulate
-
Q
O 6 e P}
disk (A) is seen to be much less
g .
v i
s 4F
* than that of the thin-film disk
o Disk A
2k o Disk B,
a Disk B,
é §3c0 ¢ @
o i i i L ] L 1 1 L Nl 1 1 L 1 L J

[+] 100 200 300 400 SO0 600 700 800
Indentation Plastic Depth, nm
(€ ]

10 -
‘-

ST

o

Hardness. GPa
»
T
—o—p—0—4
——0—y
=y

2t o Disk E,
o Disk E,
o L 1 e ) i N
0 50 100 150 200 250 .300
ingentation Plastic Depth. nm
(]
10
v .
8y o . -
or - §§-~g - o - - ogim NeoP
d
[
O 6
i ﬁ{
@
£
°
s 4r
X
2F & Disk C
- o Disk F
° . . B i o
[¢] 50 100 150 200 250 300

ingentation Plastic Depin. am
«©

effect of the overcoat (E,)
on the hardness &t
small depths Is visible

in alf cases, the decrease
L réon .

in thickness is seen near

the surface with the

hardness approaching that

of the substrate layer (Ni-P)

at large depths



° | effective Young’s modulus
ettty - . of elasticlty

s [hn ! *‘

2% | observe that:

tel ks i) about 120 GPa is obtained

A O J for Young's moduius which

Incentation Plastic Depth, nm is less than that measured
for Ni-P alone on the Mg-Al substrate (128 GPa), and
ii) & decrease at farger indentation depths, is due
to a lower stiffness of the Mg-Al substrate (70 GPa) r<t st~

Table 3.5. Real arca of contact calculations for rigid disks Recl A
Disk designation®” E. H. RIJS L.R. Age AP nAP,. A e
slider GPa GPa nm a,.nm I mm @ 1-GPa I.mN pm” MPa
A 9.4 0.5 9.39 9 479 0.267 226 99 23 45
Bl = 113 6.0 7.33 7 490 0.124 . (to 43 . 25 1.7 239
B2 ) 129 6.2 "7.33 1 490 0135 _i2y 38 22 1.7 268
C 107 6.2 1 2 2.24 0.054 (30 9.6 8.8 1‘! 107
D 108 5.5 4.62 4 130 0.081 7.1 49 1.5 143
F 98 5.2 407 4 223 0.060 10.3 4.7 2.2 1o
Al,0,-TiC slider 448 226 1.63 bl 0.53
¢ Against Al,O,-TiC slider.
Tabie 3.6. Young's modulus and microhardness of rigid disks. disk materials. and
hders 4 Note that ¥ values
. Young's moduius, Hardness,
Disk designation/slider GPa GPa (kgymm?) ; ¢
— are all < 0.6 which
sk
A - 94+5 0.5 £ 0.13(54)
B n3+1s 60 + 1.8(612) suggests that all contacts
{B1® 105 + 10 74 £0.15(758)]
B2 120 + 23 62 + 1.6(632) P
c . 107%5 62 +05(632) are elastic.
D . 108 + 12 5.5 + 1.7(564) _
El 71415 3.5 £09061) Jéxtect
E2 96 + 15 20 + 0.6(207)
F 98 +5 .2 + 1.3(530)
Disk materials© .
Ni-P coating on Si (15 pm} 128+ 38 5.9~7.8 (600-800)
C overcoat on Si (100 nm) 170 + 10 10-20(1020-204n
Co-Cr alloy coating on Si (150 nm;) 191 + 20 7.8-9.4 (795-958)
Slider - L.
Al,O,-TiC 450 262300 —> bath- )Dm,-fa ~ O G
Mn-Znferrite - o o132, 5.9 (6001 :

* At an indentation plastic depth of 15-20 nm and corresponding load of about 0.1 mN.
* At an indentauon plastic depth of 280 nm and corresponding load of 18 mN.
* At an indentation plasuc depth of 35 am and corresponding load of about 0.5 mN.



Asperity contact diameter: mean=2.36um Asperity contact diameter: mean=3.87um

- standard dev.=2.94um standard dev.=21.58um
Number of contacts=4032/mm2 - Number of contacts=4868/mm?2
Fraction of real area of contact=1.64% Fraction of real area of contact=2.51%
- -L
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(a) (b)

FIG. 10. Log normal distribution of asperity contact diameters for a thin-film disk before aund
after 60 h of contact time at 0.5 N load. Notc the increase in the number of contacting aspentics
and the real arca of contact (Bhushan and Dugger. 1990).

the rate of increase in the area is attributed to
the rate-dependant mechanical properties, i.e.,
viscoelastic and viscoplastic deformations and the

normal stress.



Conclusions:
* most contacts are definitely elastic (<0.6)

* for wear and magnetic performance considerations
It is desirable to design HDI with elastic contacts
E’ (5,,/@ ) as large as possible (¢-0.6). It is preferable
to achieve it by selecting a high E’ rather than a
high value of ({./@ ’gl/”

* the effective modulus can be increased by increasing

the modulus of the overcoat or of the substrate film.

* hardness effects the wear of the summit caps and
should be high and comparable to that of the slider
to maintain a low A,.

* the effective hardness can be increased by incresasing
the hardness of the substrate.

* the effective hardness should be high and comparable
to that of the slider to maintain a fow A



Residual Stresses

Neaerly all coatings, by whatever means they ere produced,
and surface layers of treated parts are found to be in a state
of residual stress. Griding, lapping (magnetic heads) and
sputtering of thin films are found to give rise to a considerable
amount of residual stresses on the surface.

The stresses may be:

compressive (i.e., the coating would like to expand
) parallel to the surface) .

tensife (i.e., the coating would fike to contéct)
Compressive stresses are believed to increase hardness of

the coatings. They tend to reduce sliding wear, reduce formation
of wear particles, and increase fracture strength.

-

Tené:‘!qst:_esSes, In the extreme cases, may lead to cracking
and delamination of the coating. |
For the ceramics such as magnetic heads, both tensile

and compressive residual stresses are undesirable and
should be minimized as much as possible.



Teghniques used to measure residual stresses involve
determination of the stresses by measuring the physical
- properties of the body that are affected by the presence

' of these stresses.
The method used to measure residual stresses are:

1) deformation (or curvature) methods
2) x-ray, electron, and neutron diffraction

Deformation Methods

Disk Method ga_g_ ' 3'(55\’) ty
oo L : S > [=Vg -tc

terference. ...

: SUBSTRATE
m/mm
o oPTcAL AT .ty = substrate thickness
4 .
oo t. = coating thickness
| .
! . ;
\ . MONGOOHAT ~ & = deflection at the
LIGHT SOURCE
\ | distance r from
| e s | the center
70 MicRoscoee
ol et o e o o1 e omin . the above equation

. kvalldif f <<

Applications: stresses in megnetic and overcoat fims
as produced by the sputtering process.

@



Beam Methods

CLAMP

OPTICAL
MCROSCOPE

\\\\-EEAtGOEfLECﬂON

OIRECTION OF
OEPOSITION

FIGURE 1526 Schematic diagram for measurement of
deflection of the frec end of a centilevered beam by mi-
croscopic observations.
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Beam methods can be used in situ
during the deposition process.
Beam deflection can be measured
electromechanically or by using
capacitive, inductive or interference
methods. |
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Adhesions of Coatings

ADHESION MEASUREMENT TECHNIQUES
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FIGURE 1530 Classification of coating-t0-substrate adhesion measurement techniques.

Direct Pull-off Method
PP limited by the strength
of the adhesive.

Max. strength is about
100 MPa (Eastman 910)

| | Scoth tape method
“ usually applicable for
coating with edhesion
strengths less than 0.5 MPs.
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Lap - Shear Method
cm(m Normal - = force required to break
\ | adhesion normalized to the
Substrate Coutng  agnesive coma area
:z—gs.t;:fl?;te adhs:u:::l:m‘lm ;‘9‘;2;Ehmrm°d for measurement of coating- K c <L loom g

Indentation Method

Fig. A.Jl Schematic illustration of the mdcnuuon mahod for mcasurement of
coating-to-substratc adhesion.
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The minimum load at which the coating fracture is observed
is called the critical load and is employed as the measure

- of the coat:ng adhesion.
c=<><({- “«)w

.H - mean hardness
where

2 d;t:éf TR
ol = K '
i < ) intecfece fracture toughness




Scratch Method
The minimum load or
the critical load &t which
the coating is removed
. or detached is used to
. E.'IG:JRE 1539 Schematic illustration of the scraich method for adhesion measure- measure the adhesion.
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MICRO-INDENTATION AND MICRO-SCRATCH TESTS
ON SUB-MICRON CARBON FILMS.

T.W. WU*, RA. BURN*, M.M. CHEN** AND P.S. ALEXOPOULOS*
*IBM Research Division, Almaden Research Center, San Jose, CA 95120.
**IBM General Product Division, San Jose, CA 95139.

ABSTRACT

Micro-indentation and micro-scratch techniques were used to characterize the hardness and
the adhesion strength of 0.11 um thick sputtered carbon films on Silicon substrates. Hardness
depth profiles and critical loads were measured using a microindenter under indentation and
scratch testing modes, respectively. The carbon film with 6 mtorr argon sputtering pressure shows
better practical adhesion (or higher critical load) and slightly higher hardness. The indentation

fracture phenomenon observed on the 30 mtorr film is closely related to its poor adhesion. The
failure mechanism will also be discussed.

INTRODUCTION

Adhesion is not just an important problem but also a difficult one. Nowadays, extremely
thin films ( < 0.1 #m) are extensively used both in semiconductor and computer storage tech-
nologies; therefore, a device which is capable of measuring this critical property of a sub-micron
thick film is highly desirable. The characterization of adhesion strength by scratch testing is well
established and commonly used in the hard coatings industry [1-4]. However, because of ap-
proxmatelytwoordmofmagmtudcd:ﬂ‘mmtheampkthxin&s new specifications are
required on the potential testing devices, such as the range and the resolution of the applied load,
the smsxtmty of the acoustic emission detector, the tip radius and quality of the indenter...etc.,
anc!l these stringent demands mean convenuonal type scratch testers are not immediately apph-
cable.

In this study, we have modified the existing microindenter developed at the IBM Almaden
Research Center [S] to perform not only the micro-indentation but also the micro-scratch tests.
Two sub-micron carbon films with differeat mechanical properties have been used to demoastrate
this added capability. Extensive SEM studies were also carried out to understand the failure
mechanisms.

EXPERIMENTAL PROCEDURE

Two 0.11 um thick carbon films were deposited on Si<111> wafers using a DC planar
magnetron sputtering system under the same process conditions except for different argon sput-
tering pressures. The nomenclature, process conditions and some of the sample properties are
summarized in Table I. After deposition, the Si wafer was cut into approximately 10 mm square
coupons which were mounted on the sample post (2 in Fig.1) for the indentation and scratch
tests.

For obtaining the hardness depth profiles, we have performed the continuous load and un-
load test and utilized the data processing routine described in the previous report [S]. The in-
dentation rate used for the loading and unloading stages were 4 and 15 nm/sec, respectively. The
indenter used for hardness measurement was a 3-sided diamond pyramidal or Berkovich indenter
tel.

TABLE I: Some Properties of the Sample Films

Sampie ID Ar-pressure Residual stress Mass Density Hardness Critical load
(mtorr) (dyne/cm?) (g/cm?®) (GPa) (8)

A 30 -2x10° ¢ 15¢% ~23 0.2410.03
B 6 -6x10° t 212 ~25 2.98+0.34

compressive stress, obtained by wafer curvature measurement.
1 measured by X-ray lbsorpno:yted:mque.[l 1]

et Aes. Soc. Symp. Proc. Vol. 150. ST9UD Wwteria Aussarch Soclely

f 5194
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Fig. 1: Schematic diagram of indenter |
" assembly and loadcell assembly. b i
Here IND: indenter probe, LC: 204}
loadcell probe and SD: scratch ] ]
distance probe. -
02 .
The scratch test can be treated as a combi- A
nation of two operations, one is the normal in- 0 <

dentation process carried out by the indenter 0 005 0W 015 020 025
assembly, the other is a horizontal motion exe- Total Depth:

cuted by the precision X-translation stage. Com- - pm
bining the existing capabilites of the
microindenter with an additional capacitance Fig. 22 Indentation loading curves of (a)

probe (SD in Fig. 1) for monitoring the displace- Sample A and (b) Sample B.
ment of the X-translation stage, we can perform Nogjc: the ?:dcn((a)ﬁo: "f',’;ém
a scratch test under the following modes: phenomenon shown on (a).

(1) Indenter-servo mode: We can have any pre-

determined displacement pattern for the indenter

motion during the eatire scratch process, for instance, a constant indentation

(2) Loadgell-servo mode: By using the loadcell output (LC) instead of indenter capacitance probe
output (IND) as the input signal for the servo system, the microindenter can perform an inden-
tation or a scratch test under a constant loading rate, or hold the applied load constant at any
stage. (3) Profilometer mode: By locking in the loadcell output at a small constant load via the
servo system, usually it is set at 10 mg, then scanning the indenter across the sample surface by
moving the X or Y-translation stage. The recorded locus of the indenter tip is then the surface
profile. This is a very useful funcgion for measuring the scratch groove depth.

The current version of the microindenter has a range of applied load from a few mg up to
200 g with a load resolution of 3 mg, and a depth resolution of 1 nm. The scratch speed is
0.5 um/sec up to S0 um/sec and the scratch length can be up to several mm.

To perform a scratch test, we first place the indenter about 0.1 um away from the sample
surface. This mmru&c toxbegm.m'm?a;cntdi with algm ap.p;l‘i:d load. Second, we set the trav-
cling range ol ion stage at pum 1 um/sec, respectively, through
"the controlling program and then start the motion. Finally, the PZT motor is activated to drive
the indenter toward the sample surface at a speed of 15 nm/sec. The outputs from three
capacitance probes (i.e. IND, LC and SD in Fig. 1) were recorded during the entire period of the
scratch process by a standard data acquisition system. The maximum applied load can be ad-
justed by selecting the indentation speed, the scratch speed or distance. A conical type diamond
indenter with nominal 5 um tip radius has been used for the tests.

A JEOL 840 Scanning Electron Microscope was used for examining the fractography of the
scratch tracks. Because of the relatively low electrical conductivity of sputtered carbon films, a
10KV accelerating voltage was used.
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Fig. 3: Hardness depth profiles of Sam-
ple A and Sample B.

RESULTS AND DISCUSSION

Micro-indentation and Micro-scratch Tests

Figs. 2a and 2b show the indentation loading
curves of Samples A and B, respectively. Sampie

A shows failure events during the indenting proc- 0 S50 100 150 200 250
ess :l;;he abrupt grgépsmloadutheapphed load Scratch Length; um
rea roughly Ineonmst,SampleB .
sxmplyshowst.hcnomiﬂoadmgm Fig. 4: Scratch loading curves of (a)
7.5g(on1yrangetoo.8gMnnFig.3)).The Sample A, and (b) Sampic B.
bardness depth profiles of Samples A and B are Arrows indicate the positions of
shown in Fig. 3. So as not to obscure the inden- the first load drops.

tation fracture phenomenon which occurs for

Sample A, we have omitted plotting the final average hardness values and the standard deviation
bars which we have shown for Sample B. The profile of Sampie A shown in Fig. 3 is simply a
superposition of the individual hardness curves obtained from each indentation. The intrinsic
hardness of the carbon coatings can be estimated from the first plateaus in the hardness depth
profiles [S], and they are ~23 and ~25 GPa for Samples A and B, respectively. The slightly
higher hardness of Sample B may be attributed to its higher mass density as verified by X-ray
absorption measurements [11]. As expected, both hardness depth profiles approach the hardness
of the Si substrate, which is about 16 GPa, at large penctration depth.

The following information can be acquired after scratch testing. (1) The distribution of the
apphedloadalongthemtchkugth. (2) The distribution of the total and the plastic along
the scratch length. (3) The critical load, which is the applied load corresponding to the
of failure during the scratch process, awhnﬁlmmekmgorddamauon.'rheanmlloadu
obtained directly from the loadcell output. (4) The scratch hardness (or scratch resistance); by
adopting the concept of the Meyer hardness [7], the scratch hardness can be simply defined as
Hsc= 9.8x[L-'-(0.5xtx(WIZ)3))] [10]. Where, Hsc: the scratch hardness in GPa. L: the applied
e L S —————

1gs. are the scratch loa curves o A scra

loading curve is the plot of the scratch load vs. the scratch length. For clarity, we have shifted
cach scratch loading curve 15 gm apart to prevent overlap. Interestingly enough, we have ob-
served that, in both cases, the first abrupt drop on the scratch Joad occurs very regularly, al-
though for Sample B it has occurred at much higher load than for Sampie A. 'ﬂnsmplntthat
achamctmsucpropenyofuchnmplehasbemdeteaed. If we define the critical load, Lc, as
the applied load which is associated with the first occurrence of the load drop on a scratch load-
mgmqthentheavmgemuallmdsmdthwmndarddcwmmfmSamplaAmdBm
be calculated. The results are also included in Table 1. Because of the high accuracy in moni-
toring the lateral scratch position, for each scratch we can match the applied load to its corre-
sponding scratch pattern along the entire scratch length.
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Fig. 6: SEM micrographs of
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Fractography

Figs. 5 and 6 show the correlations between the scratch loading curves and the corre-
sponding scratch morphology of Sample A. Similarly, Figs. 7 and 8 are for Sample B. The fol-
lowing observations can be made; (1) A smooth scratch loading curve was observed before the
applicd load exceeded the critical value, Lc, which is in contrast to the zig-zag type curve when
it exceeded this value. (2) The initiation of film delamination always occurred at the scratch po-
sition where the first drop of the applied load was observed. (3) The zig-zag shape of the scratch
loading curve is attributed to consecutive delamination of the carbon films. (4).The size of the
load drop is proportiona! to the scale of the film delamination. (5) On Sample B, a set of uniform
teasile type cracks [8] were observed along the scratch tracks before the film delamination initi-
ated (see Fig. 8). This suggests that although the carbon film had been fractured, it was still
bonded to the Si substrate until the applied load eventually exceeded Le. The cracking of the film
causes only small changes of the loadcell output and hence induces small or 1t struc-
tures on the scratch loading curve. '

The explanation for observations (1) and (Z) may be argued as follows. Because of the high
hardness of the carbon filia (ref. Table I) and the low friction between the and the indenter
tip, the indenter slides smoothly on the carbon film up to the load level of Lc, and the failure
mechanism up to this stage is simply wearing and thinning down the carbon
when the applied load reaches Lc, the carbon film starts to delaminate and/or
track. Failure events such as film cracking and delamination inevitably cause a sudden increase
of the local compliance of the sample system, which in tum, results in an a drop of the
loadcell output. Items (4) and (S) actually can be thought of in terms of the load drop scaling
with the amount of elastic energy released during the corresponding failure event. This also im-
plies that there is a limitation to the sensitivity of our detecting scheme, i.e. direct loadcell output
measurement. In other words, if we assume that the released energy can be scaled by the de-
laminated area, then for small scale delamination, say for which the diameter of the coating flakes
is smaller than 0.1 um, the criterion for Lc determination may not be applicable because the load

i
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Fig. 7: SEM micrograph of Sample B. 4
Notice that the higher critical
load corresponds to the later de-
lamination.
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Fig. 8: SEM micrograph of Sample B. 40 r— T - T v
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the uniform tensile type cracks : ~1 1
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drop becomes so small it may not be discernible from the background noise. A similar problem
also exists in devices which use the acoustic emission detection scheme. However, locating the
delamination spots by high resolution SEM or increasing the loadcell seasitivity are two possible
ways to increase the seasitivity.

Figs. 5 through 8 have clearly demonstrated the one-to-onc correspondence between the
critical load and the first point of film delamination. Based on this fact, it seems reasonable to
conclude that the critical load, Lc, as we defined previously does correlate to the practical adhe-
sion strength [9] of the film/substrate interface. It is worthwhile to emphasize that Lcis a quite
complicated function, which includes variables such as the hardness, Young’s moduli of coating
and substrate, the coating thickness, the friction between the indenter and the coating, indenter
tip radius, and even the testing conditions such as the scratch speed and loading rate [3,8].
Therefore care must be exercised when attempting to rank adhesion strength using only the crit-
ical loads measurements.

Direct Scratch Depth Measurement

The plastic depth profile along a scratch track can be obtained by the following procedure;
¢)) Pre-scan. Operating the microindenter in the profilometer mode and then acquiring the
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scratch test is often used to evaluate the adhesion
strength of the hard carbon films deposited by sputtering
onto the magnetic media (see Matsuura et al.)
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COATING - THICKNESS MEASUREMENT TECHNIQUES
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TABLE 15.1 Comparisoa of Some Common Thickness-Measurement Techniques

Measurcment technique Coating materials ‘Thickness range Accuracy or precision Remarks
Muitiple-beam interfer- All 3amto 2 um -1am Nondestructive; step and highly
ence reflective surface required; most
. accurate but time consuming
CARIS/VAMFO Transparent coatings 40 nm 10 20 km ~1om 0 0.1% Nondestructive
Ellipsometry Transparent coatings - 1 nm to a few microme- =0.1 nm t0 0.1% Nondestructive; mathematics
. ters - complicated; most accurate, es-
pecially with very thin coatings
Stylus All 3 am to a few millime- 5% Nondestructive; step in the coat-
ters ing required; the coating should
be hard enough to resist the pen-
etration of stylus; substrat st
. be quite smooth and rigid ¢
Resistance Metals 20amtolum = 1% Noadestructive; also used as
: depaosition-rate monitor
Tonization All No limit <0.]1 nm s™* Only uscd as vapor depositi
T rate monitor - b
Eddy current Metals on metais pro- 1~1000 pm 1% Nondestructive
ided conductivitics are :
differeat ] :
Magnetic force/ Coatings or substrate to~ 3-125 um 1% Nondestructive; sensitive to the
electromagnetic - be magnetic - .- magnetic conditions and proper-
. ) - ties of the test specimen g
X-ray absorption Al _ 10 am to 1000 pm 5% Nondestructive; substratc must |
=~ produce the characteristic radia-
) s tions; simple, rapid scan, used in
. - - on-line manufacturing (
emission ) 2 am to 1000 2% Nondestructive; substrate must
X-ay Al m not contain any of the elements .
in the coating materiai;
multicomponent coatings ¢an be,
measured; simple, rapid scan,
. - used in on-linc manufacturing |
s 10 am to0 S0 5% Nondestructive; coating and sub
Beta backscaticring Al ) v strate material must have differ-
. ence in atomic number; simplc, |
- - rapid scan, uscd in on-line many
factyring
Microbalance oAl No limit ~0.tamem™? - Used as vapor deposition-ratc
(gravimetric) : mx}itor: simpic
Microbaiance (momen- All No limit ____ . ~0.1 am min~* pcrde-  Used as vapor deposition-rate
tum type) * gree rotation monitor; simplc
ing quanz- | No limit . «<0.1 pm cm*? Most commonly uscd vapor
Oc:sit‘:m! ¢ Al ! deposition-ratc monitor; s
Coulometric Metais (must be dis- 11050 um 10% Dcstmcxiw:; gencrally user' “°r
solved anodically) plated coatings )

7



Thickness Measurements (cont’d)
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the ellipsometric parameter  is then

potad [ee) (505
and the phase difference N=A4r-4;: =
(e FEFIECTE D

A= (e.- @j (- ¢.) s:,,-,;;;:r

In general, at a very small film thickness, a is a function

of the film thickness and «f}is essentially a constant.
Changes in c//can be attributed to changes in the structure
of the surface layers of the substrate itself.

varal ne

TABLE 2-11. - VITREOUS SILICA*
Polished with Diamond Polished with Cerium
: Paste Ozxide
Surface history ¥ (indegrees) & ¢ (indegrees) &

ideal case 379 | 36000 379 360.00

Mech. pofish 052 290.00 3.79 359.64

2yches 5= dh 2 min etch in 109% HE 2.55 © 33400 3.77 359.93
HE 4 min étch in 10% HF 3.93 4.00 3.79 0.1
bdminetchin 10% HF 416 3.04 . 3.80 0.29

AReference 17.

from Vedam, K., "Characterization of Surfaces"”, Syracuse
Univ. Press, p. 503, 1975.

diamond-polished sifica have been densified (ref. index
1.53 and thickness of 95 nm). No work hardening observed
with cerium oxide. |
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Surface Analytical Techniques

Infrared, /‘7 O“emgya'nalyw

L d
-7 Electron kinetic
energy analyzer,
fon detector

Fig. B.1. Excitation of sampie and detection of radiation.

over 60 techniques are
Xeaywavelengh, ISTED (N LTEeaTURE

Table B.3. Comparison of the various techniques used for chemical analyses / /
cadiation Sampliag Resulis, Pupulant
Elements Spatial depuh, Sensitivity shuolne or (1. ment
Tech fnf jon® not covered Tyre Encrgy Envi . b Ly (ander of ) i rulacr
1. Hich-cwcrpy beam UHV (primarily for inorganic i .
AES € H. He Electeon | 1-10keV -« UHV WRQpm -~ 3 03°% Com. Y ]
FPMA E H.He. Li (WD) Elcctron 15-50 keV UHV (I T i=2pm 0.05% (1 pg) Com. Y 1
Z S 9(ED) . .
1ss E H. He fon 0.1-10 keV CHV | mm 1 % Com. Y 2
RBS E H. He lon 1-3MeV HV,UHV | e 10. 10 1 Abs, Y ?
SIMS(sticy € - ton ST keV GHV 1om ] 0.1% Ceen. N 2
SIMS (dymamic £ -_ a5 pm L. 1 ppm Com.
maging) ' ;
SIMS (dymamic € . O puem 0 1 pren Cem.
deruh profilc) . .
Xrs .- C . H.He X-ray 15-1Skev UHV 02 mm 3 0.3%% Com. v 1
CuK, laser ; )
. XRF E Z< 11 air X-ay 1-4SkeV HViait 1-$ mm SO um-tmm 0.05% (<! pg) Com. Y
S © H.He li (Tungsicn lamp)
Bewac. (WD)
2 Lowwcnergy bea i i 1 (primarnily for organic .
TMs F N/A* Electron 6-100¢cV uy N/A NA tpg Com. N .t
NMR F N/A dc magnetic 200-300 MHz  Air NA N.A Q.lmg Com. N 2
Geld/ef signal .
FTIR F N/A R teaW Aie ix3com 10? - 10* Q.S am Com. Y 1
L) F N/A Vasible 1-2mW Aic Opm 10 -10* 5-50 om Com. Y k]
ELL Onticalpronertics,  N/A Visible 1-2mW A Wam-lmm 107 ~ (0* 0. am Abs. Y 1
fdlen thickness -
. ck L: €, ehemmical ¢k 1 with binding cacrgy informatioak: sad ¥, fuactiona! grour in argans
, SUHYV. shteahigh vacwem ( ~ 10 *® Torr: HV, high vacwsm (~ 10 ® Tarr).
7 stommic sumbcr.
‘Elﬂ“ MS. -
*N A. mot applicabic. ——

AES : Auger Electron Sbéctroscopy

'SIMS - Secondary lon Mass Spectroscopy

XPS - x ray Photon Electron Spectroscopy

MS - Mass Spectroscopy

FTIR - Fourier Transform Infrared Spectroscopy



Electron Beam Techniques

Final Auger
e = There are two (2) possible
° I — processes:
Fue e 1. when hv ora photon
€ N ofenergy is emittedwe (. Es
I S have x-ray flourescence
P 2. whenhvis given to a
. ) ———= . third electron (Auger electron)
e o P e in the L, shell, we have

1. B.13. Schematic energy level diagram of the process of Auger emission and X-ra isSi

-ray .
orcscence in a solid. Binding cnergies are measured downward from an assumed Auge!' emission
‘0 of cnergy at the Fermi level (E¢) (Briggs and Scah, 1983).

The Auger electron (after Pierre Auger) is efected from

the atomn with a weli-defined energy E p ! given by
o ) *
EA" EK—E[-—- ELz'3
* e |
where E thsxs the binding energy of Ll’sin the presence
of a hole in L.
Auger electrons have energies

unique to each atom (except
hydrogen and helium).

+ Sensitivity ca. 1/100 monolayer
0-3 A

Escape pathca. Tnm - 2-2.~

Spacial resolution ca. 0.2 um

Fig. B.14. Schematic diagram of the cyl
cylindrical mirror analyzer asan A
meter (Czanderna. 1975). e seetre
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Depth Profiling

Ar ions efect neutrals
by momentum transfer.
energy range 0.5 to 5 KeV.
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Fig. 2 Chart of principal Auger electm energies
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X-ray Photoelectron Spectroscopy (XPS)
or Electron Spectroscopy for Chemical Analysis (ESCA)

EA =hV-EK

In this process the x.

(photons) expels ar{
electron giving up th

energy to it.

Schematc of
XPS spectrum

Eoetv-E The binding energy

~hv = ¢

Fig. B.18. Electronic energy level diagram and the resultant XPS spectrum usingCOas p .
an example (Casper and PowelL, 1982) orbital electrons i~

_ charecteristic of each atom. However, electron energles are
" affected by chemical interactions between atoms in the

molecule, and as a result, binding information can be aiso

obtained.

(CaH7)uN " S,PF3

Cis

Fig. B.19. Schematicdiagram of an X-ray

photoelectron spectrometer (Buckley. 1981).

S2s S2p

800 70 600 S0 400 30 200 100 Rm:m
B8inaing energy. eV comrol
. . ‘ - . 4
Fig. 8.20. XPS spectrum illustrating qualitative clemental ideniification and their [ Mo computer e Recorcer|

valence states (Czanderna, 1975).




XPS (cont'd).
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Figure 6-66. — XPS spectrum of epoxy pin before sliding. Note absence of iron peaks. Silicon
peaks indicate thar some ahco:z was transferred from polishing paper 10 epoxy :urface

during preparation.
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Figure 6-67.—XPS spectrum of epoxy pin after steady-state Sriction coefficient was



Pre-treatment temp. Fez203

-No Fel~C
Pre-treatment
RT. L’J\vw
jM FIG. 8. XPS spectra of Fe2P;»
at the interface of DLC (the
2000C | CVD processed hard carbon

film) and y-Fe.O, media. The
peaks at 707 and 71.1 ¢V show
Fe-C and y-Fe,O,. respec-
C— " . “ . tively. Pretreatment was con-
700 705 70 75 720 725 T30  ducted by hydrogen plasma for

Binding Energy (eV) 3 min at the tcmperawre shown.

Table 2. Correiation between Fe compound and adhesion strength

Temperature Gas Fe compounds Adhesion strength
RT No treatment Fe:O, 1.3 = 0.05
RT H, Fe.O, 1.3 =0.05
200°C H, Fe.0,. Fe-C >5.0

(from Matsuura et al., Adv. Info. Storage Syst., V2, 68, 1997)

ARXPS (Angle Resolve XPS)

this technique is used to measure distribution of an lubricant
on the carbon surface.

Electron intensities as a function of the exit angles

(from ca. 5 to 90 degrees) is measured. This permits to
calculate a fraction of the surface area covered by the

thin film of the lubricant (escape path).

(from Kimachi, Y., et al., !ElEE Trans., Magn. MAG-23, 2392, 1987).



Secondary lon Mass Spectroscopy (SIMS)

s orinc Fig. 2 The physical effects of
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a fractional portion of the monolayer can be detected and

a sampling depth as smalf as a few monolayers can be achieved.
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Fig. B.23. Sichematic diagram of a SIMS (Willard et al.. 1974).
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cal Auger specira prior to and after several cleaning steps. Source et 10

Liquid reagent cleanup sequence inciudes deionized water -
tinse, 10 percent HF acid dip, deionized water rinse, and .
isopropanol or Freon vapor dry. {Adapred from Yang et al. .
(1975) and Sparrow (1977).] . )
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Mass Spectroscopy (MS)
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Fig. B.24. (a) Schcmal.ic diagram of the Dempster (l80°) mass. spectrometer and )
(b) blowup of clectron-impact ion source and ion aceclerating system (Willard ot al..
1974). -

I
r= ’L; ( 2V "")/z’ where H is the uniform magnetic
e

accollarads o va,/'rf&/f:»v

field (in G), V - is the mass of”
jons (in g) and e - Is the charge (in absolute couiombs)

to obtain the (mfs) spectrum, the accelerating voltage or
the magnetic filed is varied at a constant rate.
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Infrared Spectroscopy (IR)

General Uses b ide; 10-pm di ter for a single particle; 1 1o
« {dentificotion and structure determination of 10ng ":f;d;t “‘;‘e °d:°‘°'“e ’d*n‘: (“'e"';":“’“
organic and inorganic materials methy , chloroform, a so on). Ao
« Quontitative determination of moleculor metal surfoces—1 by 1 cm (0.4 byO4in)or
" cbmponents in mixtures larger. Liquids—10 pl if neat, considerably less if
«+ identification of molecular species odsorbed on soluble in o transparent solvent. Gases—1 10 10 ng
surfoces - = Preparation: Minimal or none; may have to grind in
« Identification of chromatogrophic effluents a msmm bromide matrix or dissolve in a
+ Determination of molecular orientation or infrared parent solvent
o« Dx v of lecular e and PP
' LUimitations
l‘I'IlStty. . « Little elementol information
Examples of Applications * Molecule must exhibit o change in dipole moment
- « Identificotion of chemical reoction species; reaction in one of its vib { modes upon expasure 10
kinetics of o infrared rodiation
+ Quantitative d inati ponents « Bockground solvent or matrix mustberekmvely
in complex matrices transparent in the sp { region of i
< D ination of leculor orientation in hed
pol films Estimated Analysis Time
« identificotion of flavor and aroma components < 110 10 min per sample
. De'efm‘w“:fﬂ :‘ “ﬁ«“;:';w:d“fe and 1 Capabifities of Related Techniques
orientation of thin films ited on metai
substrates (oxidation and corrasion products, soils, * ?brm; fmm‘oiomplmry molecular
adsorbed surfoctants, and so on) . x onat ¢ o 1ol inf . bulk
* Depth profiling of solid somples (granules, so.:é;s va on
powders, fibers, and so on) .
- Characterization and identification of different ’f,'f"”' photoslectran spectrascopy: Elemental
phases in solids or liquids ~ . tnforma '°,“A°“ species
. Samples Molew!or vabrataoncl surfoce mformouon o
* Form: Almost any solid, liquid, or gas somple * Mass sp Molecular weight information
* Size (minimum}: Solids—10 ng if it con be ground  * Nudleor mognenc resonanar Addmoool molecular
in a transparent motrix, such as potassium structure information
Film

The spectra range of

greatest use covers the

frequency range from
@ : _ 200 cm-1 to 4000 cm-1
(50 to 2.5 um).

The technique simply

- //%““‘ involves irradiating

the surface with photons

Fig. B31. Schefnatic diagram showing the internal reflection and (b) schematic diagram of Vainﬂg wavelen gth
’

showing the external reflection for an oxide coated metal with an overlayer film.

detecting the reflected signal, and looking for the adsorption
bands resutting from the interaction of a surface with the

®)

IR radiation.



° Disptacement or time

(O]

Fig. B32. {a) Schematic dnagrzm of a Fouricr mmsiorm infrared spectrometer:
(b) simplified diagram of a Michcison interfcrometer: and (¢) mirror movement
~ translated into cosinc wavc pattern (Willard et al.. 1974).

* Fourier Transform Infrared Spectroscopy (FTIR) uses an
| " interferometer to modulate the intensity of each wavelengtﬁ
" of Iight at a different audio frequency. Advantages of the
" FTIR over the d:spers:ve IR spectrometers include a hrgher
S/N fatfo (arger no.of scans/ per unit of time) and higher
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T Figure 1. The thennal gas phaqo <l< e uhlmn products of Tnmh/{m Z15 (a),
.{ Detnnumn S$200 (b) and Krytox 143 AD (c) as measured by FTIR Note tlw
-0.040—_:! change in scale for figure (a) on the absorbance axis.
<.0s00 L . A L L AL B B
2000 1000

J
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from Vurens, Q., et &., in *Surface Science Inveatlgaﬂc;m in
Tribology', ACS Symp. Series #4885, 1892.

The FTIR technique hes been also used for analysis and
measurements of the lubricant thickness and also other -
organics present on the disk surface.

(see Au-Yeung, V., IEEE Trans. Magn. MAG_19, 1662, 1983).
gop of 10)26 /94
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Fic. 1. Diagrammatic represcatation of different types of interfuce:
(a) Solid-gas interface at E, E.
(b) Solidliguid intcrface at F, F and
Ligquid-vapour interface at G.
(¢) Solid-solid interface at K, K, ctc. Lumps of Solid L arc

(d) Liguid-liquid interface at H, H. Drops of liquid N in liquid
© M (e.g., oil in water). p
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PHENXOMEXA WHOLLY OR PARTLY ARISING
THEREFROM, OR WHERE INTERFACE IS

INTERFACE™
SPECIALLY IMPORTANT

SoLp-Gas . . | Adsorption of gas. Friction. Sublimation. oo Aeon H/p
Tensile strength of solid. Dust, smoke .. ;1. ﬁ. £
(Acrosols). Decomposition of solid to give .
solid plus gas; chemical reaction of gas
with solid. Catalysis.
Sorin-Liquip . | Adsorption of solutes from solution.

: Electrode processes. Rate of dissolution
of solid in liquid. Colloidal sols. Solder-
ing. Wettability ; waterproofing. Flota-
tion of minerals. Catalysis.

SoLip-SoLip . | Adhesion an hesion. Friction. Strength
of allovs. Reactions between solids.

Liquin-Gas - |Surface tension. Evaporation, distillation.
Foams. Mists, fogs. ’

Liquinv-Liquip . | Emulsions.
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Forces between Molecules
Dutch physicist J.D. van der Waals (1873) included correction

termis in the ideal gas lfaw (PV= nRT) to account for the effects

of attractive forces between molecules
(P+ a/vz)(\/,y = hRT

in 1903, Mie proposed an interaction potential of the

foltowing form

()= A - B
the repulsive term is poorly underdstood and n=9 or n=12 works
satisfactory in most cases.
For the attractive term, m=1 which corresponds to the
interaction of two fons (Coulomb’s energy).
m=2 & m=38, correspond to jon-permanent dipole and permanert

dipole-permanent dipofe interaction.
@, describes jon induced dipole interaction, and m=6,

——

corresponds to dipols-induced dipole and London dispersion

forces (see Fig.4 on the next page).

The best known form of the Mie's equation is that known as
the Lennard-Jones potential for the interaction between a pair

of non-dipolar molecules, such as a pair of inert gas atoms:

%ZS _,Ar/r/z _ B/V.é



K73

“

Type of interaction Interaction energy w(r)
Covalent @ H, H,0 Complicated, short range
@ Q: 0.0, /4neyr
Charge—charge ° T DS (Coulomb energy)
u Q
¢
%——-’— —Qucos 6/ 4xc°r1
Charge-dipole Fixed dxpoleQ
u
. — Q% /6(4meokTr
Freely rotating
uy ¢ Uz
6 - 6, —uuy{200s 8, 0056, —
Ficed C sin 8, sin 8, cos ¢ Jf4xe,r®
Dipolc-dipole u, uy
LA — sl 3 dreo) kv
(Keesom energy)
Freely rotating
Q a
Charge-nonpolar _ r _ —Q%af24ne,)r*
u 6 o« P2
: > —12a(1 + 3 c0s? 6)/24reo)r®
Fixed
Dipolc-noapolar
u . r : _u2¢/(4x€°)1r6
( ! J Rotating (Debye cacrgy)
T o ! o « 3\ hw?
Wwo nonpotar * ¥ ° 4 (4%)2'.6
(Londoa dispersion cacrgy)
-~ O\
H_ __H H, _H Complicated, short range,
Hydrogen e .20l 1
bond H “H B H cnergy t.ough y
~o” proportional to —1/r

Fig. 4 Common types of intcractions between atoms, ions, and molecules in vacuum. w(r) is
the interaction free energy (in 3); Q. clectric charge (C): «, dlectric dipole moment (C m); «,
clectric polarizibility (C? m? J™*); r, distance between interacting atoms or molecules (m); &,
Boltzmann coastant (1.38 x 10723 J K™¥); T, absolute temperature (K); &, Planck’s constant
(6.626 x 10734 3 s); v, clectronic absorption (ionization) frequency (s™%); £o. permittivity of free
space (8.854 x 107'2 C2 J™* m™*). The force is obtained by differentiating the energy wir)

with respect to distance r.
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Complications
a) the L~J potential refers to the interactions of two ions

atoms or molecules and the interaction of macroscopic

bodies is the result of the summation of all the interactions
b) the London forces exhibit phenomenon of retardation

which is due to coupling of the electromagnetic frequency

of the instantaneous dipoles with those induced in

neighboring atoms. The transition to fully retarded regime

occurs over a range of 80 to 50 nm and the value of m

fncreases to 7.

Attractive Forces at Interfaces

molecuie

$ i
or atom /= = p
° v
ARG wvhere w;=-8
surface ( paiv pv ‘feu:f ‘,,,E_)
@) o O g O lomdou replaced sSuvm «’f_j
O O O

lm'fe\_ﬁya,] - £
w": - 5 r Ndv (Q\%L@)

where N is the no. of atoms in unit volume at a distance r
fromthe atom. If N is & constant ) Fre , F
_fe Wyl IM%"CLOF oL

Ouenpy —> W= NTB/LT F=0Ybr =
@ .JJNB/ZT_
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25 Methods of summing (integratng) the interaction energics of molecules in ot

gl between macroscopic bodics.

phascs to obtain the interaction energics
(a) Molcdule near a wall.

(b) A spherical particle ncur « wull (R » Dt
(¢} Two planar surfaces (I » M.

to calculate the interaction energy of two planar surfaces
separated by a distance in vacuum, a further integration is
required over the depth of the second surface which leads to

Wis)= -4 /laws™

where ;ﬁ[ is the Hamaker cj:onstant ¢~N) and N is the number

denstty of atoms.
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AND  SURFACE <Fowrees,

Adhesion force

Peeling

force \

Force-measuring
spring or balance

B

(a) (b) (c)
Surfactant
molecules
/
7, -
Water ,~ Light
k v
%* N s/
Contact AN Ve
- ® Adsorbed
Liquid AN V4 7/
angle o Soap N s  “tiquid film
film N p3
(d) (f)
Large colloidal Piston
particles (e. g., Semi- Stable Unslqble
latex, viruses, permeable colloid colloid
DNA) membrane . N
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- {— ° . - . ° . ° . ° . . .
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dispersed coagulated
- (g) (h) (1)

Fig. 28 Different types of measurements that provide information on the forces between particles
and surfaces.

(a) Adhesion measurements (practical applications: xerography, aerosols, crop dusting. particle
adhesion).

(b) Peeling measurements (practical applications: adhesive tapes, crack propagation).

(c) Direct measurements of force as a function of distance D (practical applications: testing
theories of intermolecular forces).

(d) Contact angle measurements (practical applications: detergency, mineral separation pro-
cesses using froth flotation, nonstick pans, waterproofed fibres).

(e) Equilibrium thicknesses of thin free films (practical applications: soap films, foams).

(f) Equilibrium thickness of thin adsorbed films (practical applications: wetting of hydrophilic
surfaces by water, adsorption of molecules from vapour, drainage of liquid layers).

(g) Interparticle spacing in liquids (practical applications: colloidal suspensions, paints, ink,
pharmaceutical dispersions).

(h) Sheet-like particle spacings in liquids (practical applications: clay and soil swelling
behaviour, microstructure of soaps, biological membrane interactions).

(i) Coagulation studies (practical application: basic experimental technique for testing the
stability of colloidal preparations).



Interaction Energy between Bodies
of Different Geometries

Two spheres

Two atoms

w = -Ci*

Atom-surface

w = -xCpl6D*
N

Two paraltel chain molecutes

W = 3xCLMBa** W= AL AR, )%
’ 20" \R, +R,
Two crassed cytinders A Tweo surfaces

# = ~A/12xD* pec unit acea

we-A

. FuB 29 Noarctarded van der Waals interaction free encrgics between bodies of different
geometries calculated on the basis of pairwise additivity. The Hamaker constant A is defined
by A = 2*Cp,p,, where p, and p, are the number of atoms per unit_volume in the two bodies
and C is the cocfficient in the atom-atom pair potential (top keft). A more rigorous method of
calculating the Hamaker constant in terms of the macrascopic properties of the media is given in
Section 11.3. The foroes are obtained by differentiating the energies with respect to distance.




A

A 4, for various substances immersed in water at 20°C (taken from reference [11])

42 /mIm™ Apld
Polyhexafluoropropylene 18 2 x1072
Paraffin wax 255 2 x107®
Polyethylene 35 2 x107%
Polystyrene 44 S x107
Copper 60 14x107%°
Silver 76 25x 107
Anatase (TiO,) 91 35x107®
Iron 98 4 x10™°
Iron (IIT) oxide 107 45x 107
Graphite 110 S x107®
Tin (IV) oxide ' 118 55x107™®
Silica 123 6 x107™°
Rutile (TiO,) 143 8 x107®
Mercury 200 13x107"

Strength of van der Waals interactions (air or vacuum)

for two planar surfaces i«/= -4/ 12D

and the adhesion force: Flunitarea = ‘OW /20

Or pra@ssure. A
P _AP=ASETD> ¥ Dx 10 N o™
= 1 000 ofn, CI% /Mj

we used H (Hamaker constant) equal to 1x10exp-19 J and

b= 0.2 nm. (average radius of atom)

thus, for D= 10 nm
— 3 2
AP= 3% 10 N/u,
or

gtifl Sig n'?«f—r'camT s loe v
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o

e
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EXAMPLES OF SURFACE FORCES
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Fig. 52 (a) Measured force F between two curved mica surfaces of radius R(=~ 1 cm) in OMCTS
(o =09 nm) 2t 22°C. For comparison, the theoretical continuum van der Waals force is also
shown. '

(b) Thefull foroe law plotted on 2 reduced scale. The right hand ordinate gives the corresponding
interaction encrgy per unit 2rea of two flat surfaces according to the Degjaguin approximation:

W = Ff2aR. (From Hom and Israclachvili, 1981.)
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Fig. 34 Attractive van der Waals force F between two curved micz surfaces of radius R~ 1 cm
measured in water and aquoous clectrolyte solutions. The measured nonretarded Hamaker
coustant is A = 2.2 x 10729 J. Retardation cffects arc apparent at distances above S nm. (From
Isradlachvili and Adams (1978) and Israclachvili and Pashley (unpablished).]
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Concept of Surface Tension

O
2,0 7
why m_ir_w dropsO are not cubes @, rods

or rectangufars? j

Nature tends to minimize its energy and it is doing so by
reducing the ration of surface to volume.

Condensation of water into droplets resuits in an energy
change associated with the formation of a liquid surface.

This energy increase is termed the surface free energy or the
excess surface free energy.

The energy units are in Joules (J) per m>

* surface in a state of lateral

Sdf\’r"’?-CE .
"o o.o0—®© © - © tension or surface tension
o o/d X) 5 © 00 g - —

the surface tension unit is mN/m and the symbol is }~

Customary units are also: ergs/cm.2 or dynesfcm.
thermodynamically 3/ =
the surface tension }is the reversible work, W, required

to create a unit area of the surface, A, at constant volume,

temperature and chemical potential.
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Equation of Young and Laplace

total surface free energy

is 4w r’y  buton shrinking
r decreasesby dr

7 (r_djd/- lf//r'd’ -

8 rdrd/%

soap bubble ' (&irvravg)
decreases in surface energy

must be balanced by a pressure difference across the film A r
such that the work against this pressure difference  AP4u ~dr
is equal to the decrease in surface free energy.

 APHT A = Xﬁ“rovdv—
~ %wv{au, 4o
o qan i)

leio Prewmuns - pressure is equilibrated

whenr = r,

me Gl
o-? Coudense o

/5/// e

o /////// s
*Tex# Qoeel

Fig. I1-3. Illustration of the equation of Young and Laplace. \/3 P= '
d.a_fe/ncl Loy el ea dox it
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for an elliptical surface
/ /
AP= ( I —7—;)
Kelvin's Equation
Liquids that wet or have a small contact angle on surfaces
will condense from vapor into cracks and pores. At equilibrium

the meniscus curvature r is related to the relative vapor
pressure p/p_ by the Kelvin's equation

L. vy where V is
= e =2
] R ley (78) the molar volume

A G = \/cd e i )?_:.‘.5’) condenssimg. |

o o <0 ,)()or F/Fz:l (oC). R

' 1 Ce. A_P: .Qd//y— |
g ~ | Jov Pl = A TR

A G = -Zd"\//w = (O nm >
bt G = G—B +f:\>T/8u.P ra l€am 5?0\,- 1)/?0: BINY
.AG‘:: R)T/QV\(P/Po) r~ ~ O.S"Mu\ _f;w P/,Z;-o/
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Measurements of Surface Tension

kﬁf//?/x}“—-*‘”
Ay oy
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Capillary rise (capiliary much magnified in relation to dish).
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Capillary depression.
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TO BALANCE

Capillary Rise Method
AP= -?.a"/w
AP =A¢g h =

HyveoSTaTIic PessSsU ec
Do,

A?g//) = 2y /-

MorsE GENERALLY

Apgh=2ycn®

Ring Method

L\)-f-,,«- = w@wg + Gu ‘?d/

CorrRECTIoN) THACTOR %
REQULIRE D

VANGEIE:
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Spreading Liquids over Solids

The contact angle @ vecswe pent

é} 2@"‘15“%\/ ds Cos B —
0 6”‘5(’
(JO

Jev ds =0

5’ |
&Y Lipuid CL)
P L 57777 and
4% Soli) (5)
s banee as stated by Young in 1805
Work of Adhesion

S oo

the work of adhesion is the work
required to generate two new

_ surfaces cormrected for the energy
B lost at the original interface

for pure liquids {\L‘JA = 2@1

the work of adhesion between a liquid and a solid surface

N L\/SL = 95/ Lt va - %A Dupré equation




o

where 8; > the surface tension of the solid
against air (or vapor)

ai v~ the surface tension of the liquid
against air (vapor), and

% , - thesurface tension of the solid
against liquid

using Dupre and Young's equations, we can obtain
for the work of adhesion:

] I — .
_ Young - Dupre
W, = 7 + Cos @) / g
[ s az’ ( . J equation

Therefore, the work of adhesion between a liquid and
a solid can be obtained by measuring the contact angle.

[
. K%
Wetting e m %\ o

Wetting occurs when & is between 0 and 90 degrees.
At 80°, the aftraction of the liquid for the solid is
half that for itself.

ifBis > 90 no wetting occurs
if 6= 0 liquid spreads

* Thus, spreading occurs when the adhesive energy is greater

than the fluid’s cohesion. «

LJSL = 232\/




Measurement of Contact Angle

corntact angle ®measured
directly by means of

Sessile iO'rOPS ) .
T a goniometer
t .
& { 3 L
S

easy to obtain receding

and advancing angles.
Assures that the solid-
Syinge liquid interface is in
View finder ' e equilibrium with the saturatea
e foot B Gotswe  VEROT.

.Ez‘-;’ = 2
‘lrw*. -
{ntermediate

Advaaciag

. . (Courtesy .
Fig. X-5. The captive bubble method. { . Ottewill.)

Apart from energetic considerations of the surface,

the contact angle also depends on the surface state, that
is, the surface roughness, the manner of preparation, and
the degree of oxidation or the level of contamination. |
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COnTACT 4neLe , O
w
o

Effect of roughness

Contamination

Hv O

il

= TiME Cf/ves)

Cos ©, = CosOypye
where r is the roughness factor
that gives the ratio of the true
surface area to the projected

area.

due to roughness, surface
heterogeneity or contamination

diference in kinetics of
adsorption reflects on higher
affinity for Zr0, (higher surface
energy) than for carbon
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Advaacing coatact angle, 20-25°C

Liquid 6. de/dT. .
v. erglem® Solid deg deglPK  erg/lcm® Reference
Mercury (484) PTFE“ 150 g 73
Glass 128-148 47.79. 80

Water (72) n-H* 1t 77
Paraflin {10 &1
PTFE“ 112 81
108 73
) 98 8.8 82
FEP- 108 —0.05 &
Polypropylene 108 -0.02 &4
Polyethylene 103 —-0.0! 8s
96 -0.11 83
94 &6
93 &7
83 14 88
Human skin 30 89
754 90
Naphthaleae 887 -0.13 9
" Stibaite (SbaSs) 84 48
Graphite 86 9 92
59 93
Graphon 82 86
Pyrolytic carbon 72 208 &8
Stearic acid” 80 98 88
Gold 0 74
Platinum 40 86
Silver 1odide 17 94
Glass Small ca. 20 95

CH.l. (67. 50.8*y PTFE 85.88 9. 109
Paraffin 61 K1
60 9
Talc 53 50

Polyethylene 46.51.9 90. 109
40 87
Formamide (58) FEP 92 -0.06 83
Polyecthylcae B -0.01 83
CS. (ca. 359) lec? 35 0.35 45
Benzene (28) PTFE* 46 73
n-H* 42 77
Paraflin 0 96
Graphite 0 96
n-Propanol (23) PTFE“ 43 8.8 91
Paraffia 22 97
Polyethylene 7 5 98

Zisman’s Approach (next page)

This approach alfows to predict welting and spreading
from contact angle measurements. The data is plotted as
Cod @ s surface tension of a homologous series of

liquid to yield ja (the critical surface tension)

| /4.



Atomic constitution of the surface

z00

cos 8

Tno

o

T020

1.0
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0.6
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SURFACE TENSION Y DYNES { CM.

FIG. 12—WETTING DATA FOR POLYETHYLENE (48]

(s

at cosO=1, the contact engle
is zero, and the surface
is completely wet

J<

critical surface tension
for the solid surface

any liquid with

1L = 3<

wilf spread over the surface

Dependence of 32 on the Chemical Composition

7. = Critical surface tension, dynesfcm at 20°C

4] 10 20 30 40 S0
1 T { i i 1 1 { { 1
4 i BE B B B—on—on—
—CFy —ChRH  f—ChR— 4 CFy—CH,—
—CFy——CFy— —Cf; —CFH—
Fluorination
I ¥ E 81
—CHy —CH, —CH— * FECHEE
—=CHz— -T=7CH™=
Hydrogenation
EE E
——ccm—cu,—f =CC{,
~— CCl;— CH—
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—CHOH— CHz—
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aop-{] B [JTE
r ——C(NO,),+ —CONH~CH—
T CHa OO, —cH,NHNo,I
i L—-(IOI)
U Crystat I Monolayer E Paolymer

Fig. X-12. The wettability **

spectrum”™” for selected low energy surfaces. (From Ref. 104.)
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Fowkes’ Approach

Zisman's critical surface tension measurements are only
applicable to low energy surfaces such as waxes, polymers
or adsorbed monolayers of fatty acids.

By contrast, Fowkes method can be used, in principle, to
high energy solids like metals and oxides.

Fowkes postulates that the forces at interfaces can be
separated into different components depending on their
origin. Thus for water

d h

%osaﬂl/{,’o—raﬂ/za

d,
where/] is the surface energy arising from dispersion
forces (van der waals) and 3/ is the contribution from
hydrogen bonding. For mercury (Hg)
d h

Yo = da, *+ 04

3 9 b/
M

where J is a contribution from the metallic bonds

and interfacial tension (liquid/liquid or solid/solid)

Vr 0 F 2T
Ve = ger 8- 277

\\

(%
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TABLE 1. DETERMINATION OF 1¢ FOR MERCURY
(Exgs/Sq. Cm. 2t 20° C.) 4
Hydrocarbon ij/ able I
(No. 2) R £ Y12 ¢ the va!ues (7- )
n-Hexane 18.4 378 210 a b 7 ne
a-Octanc 21.8 375 199 and{ ('r !e ) Obtaf d
rz-Nondnc 22.8 372 199
Benzene 285 | 363 | 194 with different hydrocarbons
Toluenc 28.5 359 208
o-Xylene 30.1 359 200
Sylome 29 | 357 po appear to confirm the validity
p-Xylene 28.4 361 203 .
«-Propylbenzenc | 290 | 363 194 of Fowkes equation
n-Butylbenzene 29.2 363 , 193
Average 200 =7
v = 484 ags[sq. cm. at 20° C.
See Reference 71.
TABLE 1. DETERMINATION OF v.¢ FOR
WATER
(Ergs/Sq. Cm. at 20° C.)
(No. 2) . om | e "t
n-Hexane 18.4 s1.1 21.8
u-Hepuane 20.4 50.2 22.6
a2-Octanc 21.8 50.8 22.0
n-Decanc 23.9 . S1.2 21.6
a-Tetradecanc 25.6 52.2 20.8
Cyclohexanc 25.5 50.2 22.7
Decalin 29.9 S51.4 22.0
White oil (25°) 28.9 51.3 21.3
Average 21.8 £0.7

M = 728 ergsfsq. an. at 20° C.

Dispersion Force Component of the Surface

combining Young's and

Fowkes equations

Energy%j,
JivC=s® =d;v—3§,_ & av D

a/SL:&/s\/*. LV“ZWJ

o= [ +2 ff({g/-ﬁg (see next page)
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TABLE . SUMMARY OF +“ VALUES fFOR
+ AND SOLIDS (AT 20°Q) . -tQuios
+1: R e S, ) ' Deter-
' ; gg Substance: ¥ e :;:‘_d
: 40 Liquids:
N Dimcthyl siloxanes 16.9 %= 0.5 19.0 é
#%0 Water 21807 72.8 .,
60 Glycerol 37.2 £ 0.2 64.5 4
@ Formamide 39.5%7 58.2 6
70 = Mercury 200 £7 484 e
. 80 < Hydrocarbons Y=L
< =
S0 ;=2 Monolayers on Platinum:
had - 90 = ’ 1
NV s -1-Cy, F2yCOOH 10.4 8
-,005 1-n-C,F;,COOH 13.1 )
S 1-2-CysHyNH, 22.1 )
110 Low Energy Solids:
120 Polyhexafluoropropylenc  18.0 é
Polytctrafiuorocthylenc 19.5 L}
130 . nCyHa crystals 21.0 I
140 Paraffin wax . . 25.5 [’
150 Polypropylenc 28 6, AG,de.
—1 Polycthylenc  35.5 ‘ 6, yextrap
0 o1 02 03 Polystyrenc 44 6
L 4 ri/n High Enecrgy Solids:
Figure 3. Contact angles of a number of liquids on four low cnergy Copper 0 8Guae
swrfaces.  Triangles refer 2o polyethylene, open squares to paraffin wax, . Silver 74 AGade
open drdes to Caclye, and black squares %o [fiuorododecancic acid Barium sulfatc 76 8Gade
monolayers on platimum. AU points below arrow are contact aagles Silica 78 AG.de
with water
Anatasc (Ti0;) 92 8Guae
Graphite 926 6, AGads,
AH-d::
o . AHin
Table IV provides a useful guide L. 99 8Guus
; : Tin 101 AGade
in comparing the adsorbent
th f Iron 106 AGada
properties of materials. Iron Oxidc 107 5Cu
. *6—~contact exgle
For example, it shows that vie—iukefocial esion
Brade—Srec ""’q?l o ‘J:’/’i‘::;' = from d
H H xle rxtrajeolation face tension frem dctated temperatuses
graphite is one of e eot o] e
BH;—hcat of immersion
the strongest adsorbants.
TABLE (V. VALUES OF vs? OBTAINED FROM x, MEASUREMENTS FOR ADSORBED VAPORS
Adsorbent Adserbate Reference Temperature x, ¥s4, Ergs/Sg. Cm.
Polypropylenc Nitrogen (76) 78° K. 12 26
S nk AbCersiF Argon (16) 90° K. 13 28.5
< Graphic¥f Nitrogen (29) 78° K. s1 123
a-Heptanc (3. 6, 20) 25°C. 63, 56, S8 % 132, 115, 120
Copper a-Heptaae (21) 25°C. 29 60
Silver n-Heptane (21) 25°C. 37 74
Lead n-Heptaac (21) 25°C. 49 99
Tin n-Heptane (27) 25°C. 50 101
Iron n-Heptanc ) 25°C. S3 108
Argon (2) 90° K. 47 106
Nitrogen @ 78°K. 40 89
Ferric oxide n-Heptaoe 62)} 25°C. S4 107 _
Anatasc (TiO:) a-Heptanc (26) 25 C. 46 92 |
Butanc (26) ce°C 43 89 !
Nitrogen (26) 78° K 56 141
QA -Hrntane 6) 25°C. { 39 78




The Role of Interfacial Forces in Tribology

* electrostatic

* steric

* van der Waals
* meniscus

* viscous

Electrostatic Forces

* electrostatic forces are produced by electron transfer

fromone atom to another

* the amount of charge transfer depend's on the contact area,
the work function difference, and the density of electronic

surface states.

——— -—’2- 2.

——faz 4. S x lo = ‘4— y

if A e O 15 mm2 ( 5% of the apparent area of 3 mm2)
andV = 0.8 vofts, h = 8 nm, and E = V/h = 1x10e6 Vicm.

@2



Van der Waals Forces

these forces arise from interactions of permanent or induced
dipoles. They are effective from a very large separations

(ca. 50 nm) down to interatomic separations (ca. 0.3 nm).
Fod/ two parallel plates separated by the distance D, the force

per unit area (or the adhesive pressure) is
-19

oo = H,7CT0" sthere A= 1xi0 T
H MQA Som e
if j = O. 3 hw, Ag.-’mﬁyb :L_cf'ﬁ Lo
g
- ya
‘;K ._D = / h i
-:-P = S,-B’r/OCN/nqz'_’)‘. 53 at n,
VD
¥ the apparent contact area of the average head is 0.025 ¢r »
and the real contact area is about 0.5% of the apparent area
( 1.25x103fff~? om;a:‘), the adhesive pressure is ca. 6.6 grams.
[nm = 1X( o m
I/ = N
T/m*(Joute furs™)= N/
( Newton /Wf;-)

I\//M” = o C79Q/~1C¢2,€)



Surface Free Energyv in Adhesion

Co © e ° e 1
o © ~/ o g
0O o ) cletmss DA L broken bonds =
190 % > "9 ¢° :
O o”r ) FracTuRE . . iree energy
0~.é.-o OF CO#HE SIVE Rel o ?
07" Bonpe ol Mo (2 (in excess of

1

O

the buitk energy)

Ad/ = 21/ * K - 2/,2/ work of adhesion

where a/represem‘s the energy that must be appflied to
separate a unit area of the interface.

Adhesion between elastic solids was analyzed by Fuller and
Tabor (1975). They modeled asperity contacts of two rough
surfaces following Greenwood and Williamson’s approach.

The adhesion parameter after Fuller and Tabor predicts that

vz

Jo
O-£8. R Tor )y

where E_ is the composite madulus,é. is the standard deviation
of the summits, and R, is the composite of mean radii of

curvature of the summits.
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Relative pull-off force
o
wn
i

Relative pull-off force

cla, ym
)

Fig. 4.9. (a) Predicted relative pult-off force as a function of the adhesion parameter
(Fuller and Tabor. 1975). (b} Relative pull-off force for smooth rubber spheres in
contact with a flat Perspex surface as a function of the cla roughness of the Perspex.
Effect of modulus E of the rubber: curve 1. 2.4 MPa: curve 2. 0.68 MPa: curve 3.
0.22 MPa. The pull-off force of smoothest surfaces was a few mN (Fuller and Tabor.
1975).

the adhesion parameter represents the statistical average
of a competition between the compressive forces exerted by the
higher asperities that are trying to separate the surfaces and

the adhesive forces between lower asperities that are trying
.‘}("/ to hold the surfaces together.

M

(e E = (006G (\mC’\/\
/

C

Yo re
g

KP:Q“M ~ 52 @-’-‘O.‘/‘
Rp = Soopm
3
T A a/:: INAm (/o dynes /e W)
T - ng/w,l

predecor
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thus, solid-solid adhesion is significant especially for
smooth surfaces (slider/disk). '

Idealized Geometries

Simplified schematic of the interfacial forces acting betwe
an isolated asperity and a flat surface. Note that different
relationships describe forces in normal and tangential

directions.

— Interfacial Forces —_,

Norrnal =2

F,= H[6nh

Fo = 2A.y,/h

F( = A(y,,/r, + 37!7]14/4h2t.

Tangential- »e~ -+

3'2.’«7/\, slvw..:}é_fv
surfcce Fi=Asq

surface 2

\brldgmg reglme/ foan

St gl S L T AU IB\AM

= Ap — = wette d veloc:
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Meniscus Effects

The meniscus forces between a sphere and a flat surface

f1ite)

Laplace pressure: Alase? ’e
_ Sutfoce fou 5
AP =y (—1—+—1— ~ IV (ry>>ry) Qf‘“é’ﬁ
. =7wv ry fh /7y 1= 12 , \\/
Since wetted area ~nx?~2znRd __r IS Ozl )(’-“"O“"/

100 <ta” 8%

=
Fr "(ﬁ)QﬂRd Kg.lrx(oge%r-%

For small ¢, d~2rcos 8 thacleiety

.'.Fm = 47ZR)’LV cos @
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F1c. 108. Adhesion of a spherical glass bead on a flat glass surface in 4 humid atmo-

sphere. The adhoesive force A is directly proportional to the radius of curvature.

R, of the bead. The slopo of the straight line is a measure of the surface tension
of the liquid between the surfaces, and the calculated valuo is 67 dynesjem.
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Fic. 109. Adhesion of glass surfaces as a function of tho humidity of the surround-

ing utmosphere. The adhesion rises rapidly at humidities exceeding 80 per cent.

saturation (curve @). There isa close paraliel to tho results of McHaflio and Lenher
(curve A) for the thickness of the water film adsorbed on glass sarfuces.
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criterium for unsticking against viscous force is that

a particular impuise must be exceeded

\

proportional to Y, (viscos fj)

(from Mattewson, Phil. Mag. A57, 207, 1988)

f24 .



thus the time integral of the viscous force is

s _ :
th

and F, - T, /755 ¢ z) where t, is the
separation time

this is essentially the same formula as given by McFariane
and Tabor (1950)

- _ 3

T ﬁ 7 / s () )
whereﬂ is the proportionality constant (dimension of length )
Equation (2) applies when a constant force is applied

When the force increases linearly with time and at some rate )
| “oF/ 0t (F)
— - — A4
7 - (271 ) (%)

Mattewson derived formufas for the impuise required to separate

surfaces in the perpendicular and paralle! directions.

(Mattewson, Phil. Mag., vol.57, 207, 1988)
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notle that equations 8 and 4 apply for any geomelry separating
along any path and geometry and path information is contained
in the appropriate expressions -

i A - | impulse required to
L -
G Lvi '

separate flat surfaces

///_/__// /ﬁh N 3;“)1 (s) = equivalent radius
—— = (- of the surface area

where t is the fluid film thickness and D_ is the distance
of the closest approach (combined roughness)
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Total Adhesion
for separation in normal direction
Caw L s Tyt T O
for separation in tangential direction

Fad [ = o (Fon P+ P (9

where P is the externally applied normal load.

The Force Pendulum Apparatus
was used to verified the equations for the case of a sphere

separating normally from a flat surface

—,Cor Smatl &
Flat
- Computer v
Motorised ! 7 _ ™39 (,
:Stage D = ya ,,)

e

Schematic diagram of the force pendulum apparatus.



from equations 9 and 2

—_— R -
— —V.L
-+62.d - —77_:‘1 * = (Z)
S
where the separation tirme is measured as a function of a

constant applied force (static experiment).

and from equations 9 and 4

—_ 24
— by 2rg L,V
"+a.d:+M +<~3_—/(.,V }

(12)

where the adhesive force is measured as a function of the

constant stage velocily, i.e., the applied force is ramped

linearly with time.
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Figure 4. Results of (a) ‘static’ and (b) ‘dynamic’
adhcsion measucements for a 4 mm radius sphere on
abraded glass.
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Head - Medium Interface.

“Flooded”

“Pillbox”
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Figure 5. Mecasurements of the viscous impulse for
various surfaces roughnesses, liquid film thicknesses

and sphere radii.

“Toe Dipping” V

“ny"

o

Figure 2. Geometry of the meniscus
bridges between two surfaces at different

wetting regimes.

A2 tn (£/2D,) / mm?

Head Liquid
Medium
Head Liquid
——
Medium
Head Liquid

-

“Pillbox™" regime

testing eq. 7

L, = 6T R C‘f‘)

the resufts span four
decades in roughnes
(ie., D, ), two decade
in film thickness and

one in sphere radius.

. S

“Toe-dipping” regime

“‘M

Medium

“Flooded” regime

Fig. 4.15. Regimes of different liquid levels in the head-medium interface.

The "Flooded" Regime
ﬁﬂ .:F;: iﬁ Ly, Co.__S.Q

COR I ~
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- (peate vigsy

H

!

{ the meniscus force

the peak viscous

| force



where 7:‘3 the fluid viscosity, L is the distance the surface
need to slide to become unstick and X the start-up linear

accelersation.

The "Pilibox" Regime

= N2Te yeso ( 1¢)

l«)
I A
+V//$(TF“LV) 07)

this is the peak viscous force when the applied force

and thew T =k X

accelerates at a constant rate.

X isthe statt-up acceleration
_x “7..._ ()

and the total adhesive force for a constant acceleration is

¢ a.re:‘z‘o i = Nia ( 22/ ) (‘?) m 2Ty

no. of ,oc'll.bcxe_S !

- 32.~F— 3 — —
cand “+hes —. = Nuna”® 7 <.
aree = 57 ” h* (2.0) m < +V

The "Toe-Dipping" Regime
-::;4 = N(#/T/?d’@.s@) (2»1)
Gnd o l/\/ (W /
BEIR PTACYZ  a
(6. é&/\/ (Cose -rcos@)

(=2)




Total Tangential Force |
Ty e (Fur D+ oy
where/a is the true coefficient of friction and is given as

R

/"‘g 3.2 fCCl;'/z. ﬁy
where T is the mean shear strength of the contact area,
E is the complex modulus,S,and R, are the composite std.
deviations and mean radius of curvature of the summits.

Experimental Results

204

note a significant

écv lmm

increase in adhesion with

] | start-up rate

u [

Figurt 2 Apparatus for measuring Figurc 3 Adhcsion as a function of
adhes|on force. start-up rate.

\' "high* adhesion surface 2 nm (s.)
"ow" adhesion surface 5nm Cq,)
both surfaces were coated with 2 nm of fubricant.

(frem Mattewson and Mamin, MRS Symp., Proc., Vol. 119, 87, 1988).
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Figure 4 Adhesion as a functin of
normal load for thc “high™ adhesion
surface.

150

g

Adhesion {mN}

8

% T R - R R )
Load (mN}

Figurc 5 Adhesion as a function of

normal load for thc “low” -adhesion

surfacc.

(32,

"High" adhesive surface
A= 1and 8 mm*

the adhesion is substantially
independent of load.

The interface is operating

at the flooded end of

the pillbox regime.

KP =2nm,t=2nm.

7
b ivicaeT %Gf%uedj

"Low" adhesive sutface

the adhesion is proportional
to the normal load and is
independent of the apparent

contact area

given{,: 5 nmandt = 2 nm, the results imply that the

toe-dipping regiiiie is Gperaive ior tivis inteiface.
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Fig. 4.70. Change of the coefficient of static friction as a function of the number of
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rigid disk with sputtered carbon overcoat. :
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=205, 2% (22 )
R 22 8. = film thickness
Ys = surface tension (23 erglem?)
substituting for K R = molecular volurize (5x10-“cm?)
and integrating: R = surface radius (1.5 cm)
kT = Boltzman constant (4.12x10-ery)
i 160 0,7, 2R t-l
7 kT )
X
.8
£ PFPE polymer L
TU 5 Slope = (112D, 5' kT 3)
=
X
2 4
= D, = 1.2x10"%em? sec for thicker films
S ,
® 2 | e 0.7 nm on bonded monolayer and L. .
X a 1.8 nmon bqnded monolayer D,Etix!d'"cmz/sec tor? A film
o A 1.7 nm on mico .
Z O ! g L
1 2 3 4 S
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(1) G.C.Kuczynski, Trans. AIME 185, 169 (1949)
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Fig. 1. (a) Crossed cylinder configuration of mica sheets, showing formation of the
cont.act: area. Schematic drawings of .the fringes of equal ‘chromatic order (FECO) ob-
. Served in the spectrometer are shown for (b) two mica surfaces separated by distance
and .(c) two flattened mica surfaces separated by a single monolayer of organic molecules
Typical experimental parameters are as follows: undeformed radius of surfaces (R) fron;
(11‘ to 2 cm; externally applied loads (L) up to 50 g and down to negative loads; contact
_la.meters (2r) up to.loo Mm; areas (A) up to 10 cm?; sliding velocities (v) up to 40 um
s nurpber of liquid layers (n) separating surfaces during sliding from 1 to 4, cor-
responding to gap thicknesses D up to 25 A. '
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Fig. 3. Drawings of some typical chart-recorder traces, showing both steady friction
(where the static and kinetic .friction coefficients, F; and Fy, are equal) and stick-slip
friction where Fg > Fy, the stick-slip amplitude being given by Fg — Fy. (a) Sliding of.
mica in ambient environment and (b) while separated by molecules of simple neat liquids.
In the latter case, the amplitude and frequency of stick-slip was found to depend on
load, sliding velocity and the number of intervening molecular layers [8]. It should be
noted that, before each slip, the surfaces are pinned together with the slope of the force
vs. time trace proportional to the driving velocity v and the spring constant.
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Table 1.1. Friction and wear results for various material combinations.

Matcrials 3 Wear rate
cm3/cm x 10-12
Mild steel on mild steel 0-62 157 000
60/40 Brass on tool steel 0-24 24 000
PI'FE on tool steel 0-18 2000
Stellite on tool steel 0-60 320
Stainless steel on tool steel 0-53 270
Polythene on tool steel 0-65 30
Tungsten carbide on itself 0-35 2
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sliding test (Yanagisawa. 1983b.
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Fig. 8.5. Wear behavior of stearic acid films deposited on stainless steel sliding against
stainless stecl surtace (Bowden and Tabor. 1950).

Table 8.1. Shear stress as a function of number
of boundary layers trapped between two mica
surfaces for octamethylcyclotetrasiloxane
(OMCTS) and cyclohexane®

Shear Stress. MPa

Number of

layers OMCTS Cyclohexane
1 80+ 0.5 23+06x 10
2 60 + 10 10+ 02
3 30+ 1.0 43+ L5 x 107!
L} Not mcasured 20+ 1.0x 1073

* Molccular diameter ~ 085 nm.
® Molecular diameter ~ (0.5 nm.
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.Overcoats provides- mechanical protection (tribology,

durability), corrosion- protection, and electrical
insulation. o

Spacing loss. cons:deratlons limit overcoat thlckness to

250-400A range.

Typi_cal overcoat materials - amorphous carbon, SiO,
or ZrOZ.

Hardness is usually considered a key parametei', but

effective hardness is often dominated by substrate and

underlying films.

High tensile strength; resistance to brittle ‘fracture and
adhesion are also important.

- Qvercoat should be chemically inert.

“Others” include TiC, TiN, SiC, BN, Cr,0,, ALO;,

273
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TABLE 9.1 Process Parameters of Various Coating Deposition Techniques Based on Vapor Deposition®

194

chemical va-
- or deposition
. \IfECV D)

TiC, B,C, SiC, TiN, BN,
SiaN,, polymers

material that
can withstand
dcposition
temperature

Form of coat- Deposition Deposition Coating thick- Deposition
Deposition . ing material.  Type'of - Kinetic en- pressure, temperature, ness range,  fate, pm Relative
technique Type of coating materials source substrates ergy, eV Pa (torr)’ -*C wm min~! adhesion
Dircct evapo-  Essentially any pure Solid  Any T 011 1072-10"%  200-1600t 0.1-1000 1-25  Fair at cle-
ration metal, many alloys, and nongassing (1073-10"% ) vated temper-
compounds, ¢.g., Al, Au, material R ature
Ag, Ni, Cr, Ti, Mo, W,
stainless steel; Ni-Cr, Pb-
Sn, MCrAlY, Al,O,, TiC,
TiB,
Activated re- Almost any, c.g., Al,0,, Solid  Any 5-20 10721 2001600t 0.1-1000 1-75  Fair to good
active evapo- Si0,, Y;0,, TiO,, Sn0,, nongassing (107*-1072) at clevated
ration (ARE) . In,0,, W,C, TiC, Ni-TiC, material temperature
-ZsC; HIC, VC, NbC, TiC-
. €O, TiC-Ni, TiN, HN,
CBN, TiB,, ZsB,, TiC-’
TiB,-Co . .
Glow- Almost any, ¢.g., Au, Ag, Solid  Substrate 10-100 5 x*107'-10 100-300 0.02-10 0.02-5 Generally
discharge ion  Pb, Sn, Pb-Sa, Al, Ni, Cr, must with- (5 x 107*-107%) - good
Pplating Ni:Cr, CoCrAlY, SiO,, stand jon ) :
Al0;, Cr,0;, Z10,, TiO,, bombardment .
WC, TiC, Cr,C;, B.C, heating
TiN, HIN, ZeN, SiaN,,
. and (TIAIN .
‘- lonbcamion  Almost any, ¢.g., Ni, Al, Solid  Substrate 100-10.000 107%-10"?  100-500 0.02-10 0.02-2  Excellent
plating Au, i-C; Cr-C, Cr-N, TiN, must with- (1077-107%) - ’
Si;N,, AlN, and (TIAI)N stand ioa
bombardment
heating
TABLE 9.1 Process Parameters of Various Coating Deposition Techniques Based on Vapor Deposition® (Continued)
Form of coat- Deposition Deposition Coating thick- Deposition
Deposition ing material Type of Kincticen-  ~ pressure, temperature,  NCSS range,.  ratc, pm Relative
technique Type of coating materials source substrates ergy, eV Pa (torr) *C nm min~! adhesion
Glow- Essentially any, ¢.g., Au, Solid Any 10-100 5 x 107110 100-300 0.02-10 0.02-2 Generally
discharge Ag, Ni, Cr, Co, Mo, W, nongassing (5 x 107°-107") good
sputtering Al,0;, ZrO,, Cr,0;3, SiO,, material
TiC, ZrC, HIC, B,C, TiN,
ZrN, HIN, Si;N,, CrB,,
Mo,Bs, Cr,Si;, MoS,,
WS,, PTFE, poly(amide-
imide) _
Ton beam Almost any, ¢.g.. Ni, Cr, Solid Any 100-10,000 +107%-1072 100-500 0.02-10  0.02-0.5 Good to
sputtering Mo, Ti, W, Zs, Ta, Si, nongassing (107-10"4) excellent
Ni,Al, Nb-Ti, i-C, Al,O;, material .
Si0,, Ta,0s, Cr-C, AIN,
Si;N.. i:BN, PTFE - o
Chemical va- Essentially any, ¢.g., Ni, Solid, liquid, Any metalor 0.1-1 10-10° 150-2200 0.5-1000 0.5-25 Excellent
por deposition  Cr, Mo, Ti, W, Zr, Ta, Si, gas/vapor nonmetal that (0.1-760)
(CVD) Cu, Fe, Pt, Al,0,, ZrO,, : can withstand '
' Cr,0,, Si0;, Sn0;, TiC, deposition
ZrC, HIC, B,C, Cr,C,, - temperature
WC, TiN, ZsN, HIN, and chemical
SiyN,, BN, TiB,, ZrB,, attack by plat-
MoB, FeB, TiSl,. MoSi, _ ing vapors . )
Plasma- Essentially any, ¢.g., Si, Solid, liquid, “Any 10-500 1-500 100-500 0.5-10  0.1-2 Good to
enhanced Ni, C, diamond, TiO;, gasivapor  nongassing {1073-5) excellent




TABLE 9.2 Advantages and Disadvamaéés of Various Vapor Deposition Techniques

\'\\q'{

T \ey

Deposition technique -

Advantages

Disadvantages

Direct/reactive evaporation

Activated rcacuvc cvapora-
tion (ARE,

_ Glow-discharge ion plating

lon beam ion plating

Glow-discharge sputtering

Ion bca;n sputtering

Chemical vapor dcposition

Pt 'Y 4 ch sl
riasma a

vapor deposition

Simple, checap, ext ly high deposition rates, low pressure, no
gas scattering, and mcorporauon of gas atoms

Exuemcly hij dc tion rates, varicty of oo:mn; com|
tions, prcc%shc co‘::'ol of sxo;chnomt'xyy, better adhcsnonp“‘
denser microstructure than evaporation .

Simple, lic dh ded intesface, moderately bxgh
deposition rau:. good wvenge of complex shapes

Excellent adhesion, very
o(hncuceaergymdiuudemandeoﬁompo“ible.low-
pressure deposition, no gas atom incorporation

Simple, wide choice of coiting materials, casy to obtain
stoichiometric coatings through optimization of parameters,
low substrate temperature, excellent uniformity over complex
and large areas, but poor coverage and deep recesses -

Independent control over kinctic encrgy and current deasity of
»ons,dlrecuonahlreommio(mbeams.vefyhngb-bneuc
energy ion beam Icads to excellent adhesion and high density,
low deposition pressure, high ition rates, no gas atom
incorporation, no substratc heating, and unique coating prop-
erties

Wide choice of coating ma(cmls. extremely high deposition
rates, near-theorctical density, controlled grain sazpeo.s excellent
adhesion, relatively uniform coating of complex shapes and
over large areas possible

Lower substrate temperatures as compared to CVD, high depo-
sition rates, excelient adhesion duc to high kinctic cnergy,
-and flexibility of substrate shape and size

/ high kinetic energy of ions, fin¢ control .

Low kinetic energy, inadequate adhesion, high substrate temper-
ature for dense coatings, imprecise control of stoichiomctry of
com, coatings, substrate must generally be rotated for
uniform coating

High substrate tem rature, addition of extra clectrode make. '
process slightly compihicated as compared to evaporation, sub- *
strate must generally be rotated for uniform coating

Deposition is oomgmled due to sub biasing as parcd
to sputtering and cvaporation and ARE

Neceds scparate non source, poor throu}hpu(. low deposition
rates, not for

Relatively low kinetic energy

Needs ion t be used with very large sub-
strate areas because of small jon bean size (= 100-mm diame-
ter)

High substnxe (cmpemurc low kinetic energy, relatively high
cost of starting materials, low utilization o s(anmg materials

More lex as ed to CVD b of inclusion of
phsma. strong interaction of plasma with growing coating re-
sulting in somewhat nonuniform deposition,: dcposmon o
purc materials very difficult
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© TABLE 14.32 Sclected Properties of Hard Diamond-like Carbon (a-C, a-C:H) Coatings Applicd by Various Plasma Techniques ’
Deposition conditions_ ’
Deposition tech- Source of Electrical resis- Optical Hardness (HY Chemical ) -
nique carbon Ion coergy Density, kg m™> tivity,  cm propertics or HK) _incress References
Sputter deposi-  Carbon target in  f pos&ct 22and — 10-2-10° . E, ~ 08¢V _ -
tion (2-C) of plasma W - Hauser (1977)
dc magnetron Power 10 W 2100-2200 1.5 x 10? n=23 2400 HV —_ Savvides and
sputtering of a E, = 0.68 ¢V Window (1985)
k"_[‘ graphite target
Ne ~ e 50 W 1900 10 n=2.73 2095 HV -
v :
d ,-~,Ot>f Eo =05 .
'Jq 4 v 500 W 1600 0.2 n =295 740 HV -
J - . E, = 0.4
Carbon target in  1-20 ¢V 2100-2200 >10% Reflectance = 0.2 — - Banks and
dc plasma (with Absorptance = 0.7 Rutledge (1982)°
simultancous Co-
bombardment of Ly PR l\~ ;;;'L
substrate) P K ¢L~ Y W X ¢
X (CH) Carbon targetin  — - 101 © . E =14t28 2000 HV - Hiraki ct al.
of plasma of hy- eV’ (1984)
drogen : ©
lon beam depo-  Hydrocarbon in~ 0.5-1.5-keV ~2000 10710 — 4000-6000 HV —_ Weissmantel ct
sition (a-C:H) dc plasma and : al. (1982)
' Ar jon beam
Carbon target 12 keV 2250 - E, = 0.7eV >2000 HV - Kaplan et al.
and Ar ion (198S)
. beam - .
PECVD deposi- Hydrocarbon m  40-100 ¢V — ~10' n=20 © >glass Resist HF for Holland and
. tion (a-C:H) rf plasma 40h Ojha (1979)
Hydrocarbon in 50100 eV —_ —_ n =23at 1850 HK — Moravec and
dc plasma A=5um Orent (1981)
Hydrocarbon in 200 eV —_ —_ - 3000 HV —_ Yamamoto et al.
tf plasma - (1988)
Hydrocarbon in  0.5-1.5-keV 1500-1800 10*? ‘n = 1.85t02.20 1250-1650 —_— Bubenzer et al.
f plasma E,=1010 1.6 ’ (1983)
eV .
Hydrocarbon in 100 ¢V — —_ — 2500 HK, modu- — Memming ct al.
of plasma . lus of (1986)
clasticity - 120 : .
l}dPa
n = refractive index. N

E, = cnergy band gap.



Tabie R.11. Structure and properties of some deposited thick (2 | um) diamond-like carbon films

\97

Electrical
resistivity, Microhardness, Structure/surface analytical .
Typeof C Q-cm kg/mm? techniquets) - Reference
lon Plated
aCH 10" Able 10 scratch glass Pglycrysuu.ine background of cubic Aisenberg and Chabot (1971)
diamond with a particie size of Spenceret al (1976)
5-10 nm with single crystal region up
10 5 pm J/X-ray diflraction; surface
layer amorphous;electron difftaction .
2-CH 107-10'° 3000-6000 Microcrystal of diamond/clectron Weissmantel et al. (1982)
diffraction and encrgy loss
spectroscopy
R plasma - . ’
a-C:H 10" XPS specira (ound between diamond and Berg and Andersson (1979)
- graphite '
a-CH 10! XPS spectra found between diamond and Nyaicsh and Holland (1984)
graphite
3-C:H 1900 Amarphous Pethica et al. (1985)
+CH Tetrabodrally and trigonally Kaplan et al. (1985)
bonded carboa/NMR
a-CH 2500 Amorphous, FTIR Memming ct al. (1986)
Young's modulus, :
" 0.12GPa
a-CH- 3000 Raman spectra found betwees diamond Kurokawa et al {1987)
and graphite
Spuitered
a-C 10 1200-2400 Tetrahedrally and trigonally bonded Savvides and Window (1985)
carbon/oplical . -
a-CH 102 1000- 2000 Improved diamond-like structure/electron

Jiflraction and Raman

Miyasato et al. (1984)
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FIGURE 14.63 Raman spectra of single-ciystal diamond,

single-crystal graphite,
strate produced by rf-

(1987).]

and DLC carbon coating on a silicon sub-
PECVD. [Adapted from Kurokawa et al.

Schematic diagram showing possible atomic configurations
in a random network of hyvdrogenated amorphous carbon.
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[Adap!ed from Nyaiesh and Holland (1980).) .
Pl , "
TABLE 14.34 Properties for the Four a-C:H Coaungs Produccd by rf- PECVD‘ f\/‘_“)v' ~e ol
Negative sclf-_ Bias volt./(gas Micro-
bias voltage, Gas pressure, press.)'?, V/  Hydrogen Dcnsuy, kg hardncss kg 'Refractive in- Optical band
" Matcrial \Y Pa Pa'? conc., at % - sp¥/sp° ratio m” mm dex gap, ¢V .
Diamondt — — — 0 0/100 3000-3500  8000-10,400  2.41 - 5.5
Coating - 200 3.2 11 60 10190 1490 — 1.78 2.05
Coating 400 : 5.0 180 S0 - 13/87 1500 1200 1.82 1.60
Coating L 3.6 . 420 40 20/80 1590 3000 1.93 1.20
Coating 1200 19 869 25 38/62 - ©1750° 2200 2.10 0.95
Graphitct — —_ - - 0 100/0 2300-2700 Soft 28 (L1C) - 0

*Yamamoto ct al. (1988) reported that substrate temperature from ~ 100 to 230°C had little cffcct on the proper-
tics. : - -

tLiteraturc values for bulk diamond and graphite are included for comparisons.
Source: Adapted from Fink ct al. (1984), and Yamamoto ct al. (1988). '

TABLE 14.35 Propertics of a-C:H Coatings Produced by PECVD and Ion Beam Sputtering

Material Hjat. % ‘ sp¥/sp® Density, kg m™* Hardncss, g to scratch Optical band gap, ¢V
Diamond* 0 T 0100 3000-3500 Exlrcmcly hard . 5.5
if anode PECVD 61 14/86 1020 160 - T 4.1
f cathode * 58 20/80 T 1170 250 . 4.0
" dc anode - 47 50/50 ‘1460 700 1.7
dc cuthode o3 6040 1700 1250 —
lon bcam sputtering 35 62/38 ' 1530 >2000 1.2
($8% H, in Ar) : .
lon beam (0S¢ H, in. Ar) 0 —_ 2250 >2000 0.7
Graphite® o . : 100/0 2300-2700 Soft 0

“Literature values for bulk diamond and graphitc arc included for comparisons.
Source: Adaptcd from Kaplan ct al. (1985).
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: ¢ * * FIGURE 14.57 Coefficient of kinetic friction
R ) . , . as a function of relative humidity of an Mn-Zn
A 10 o \0" ‘ 0 00 ferrite slider sliding on dc magnetron-sputtered
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FIGURE 14.65 Coefficient of: kinetic friction as a function
of water vapor partial pressure (py.o) in N, atmosphere of a
steel pin sliding on an rf-plasma CVD (DLC) carbon coating
on a silicon substrate. [4dapted from Enke et al. (1980).)
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DISK DURABILITY

To Achieve Durability, Thin Film Media Requireé:

1. Surface overcoat (ZrQ,, carbon)
‘To provide a hard and wear resistant surface
To reduce risk of crash due to head/disk contact
To provide corrosion protection to the magnetic film

2. A liquid'or solid lubricant (free, bonded or partially bonded)
To reduce friction and wear
To provide flyability

2. Rght Rou. gk rins

- .
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. Table 8.6. Types of liquid lubricants (oils) Woldo A oA °‘~L‘B/
. N - — - —
atural organics Synt_heucorganm : Q S) \o i ooud S
Animal fat i Synthetic hydrocarbons (polybutene)
Shark oil Chlorinated hydrocarbons o ) o oA
Whale oil Chlorofluorocarbons 05" /QJ:B a‘o aaQ bo ik ¢
Vegetable oils Esters
Mineral (petroleum oils) Organic acid QM\Q \f\ ot S QW e ‘\'QA-eSw
- - Paraffinic Fatty acid Q,.
Naphthenic - - Dibasic acid (di) PR e S OO0
Aromalic * . Neopentyl polyol M O ~<anav" A
’ Polyglycol ethers . (‘ . ) -
Fluoro "k‘QJoA '—\0 Q—Q,(C é‘o"a"“'
Phosphate X
Silicate o (é_,\.c o o Aclid —Lile
Disiloxane - :
Silicones ~
it . e o H
: Phenyl methyl
Chlorophenyl methy! .
Alkyl methyl Nl \ .
Ayl methyl el S il
Silanes ' ’
Polyphenyl! ethers
Perfluoropolyethers QN.,#’\ 4 WO i% Mk QdQ
Qs MQB \":jdw!o Cwu&ob
" ) | I
He G H H—C—H L‘(’a"r""j%‘g"’“s) QA v
—C— - H—C—HH —
H—G—H | | “\’QA& Mé—w Ao '\Mﬁ
H-—C—H 4 H—C—C—H
H—(‘:—H ' H—G—HH Qe ‘3‘\'~fa,i5\«.‘f o~
H—C—H : G bon -
H—-é—H B H—?—?"?"’?‘H' Y~ oan M C’Q“"a’ S >
H—é—H H——C}-—HH H H
@ ‘ (b) O_\{‘ow\r\wk% &Q.daa/
H
H _H l b Ao TT o
el A" .
gy LA C~ bm Sy
H/C>C/C\H H %?/ ~H .
H \ "'4 "‘* H—C‘—H 9, B\/.‘c.gS¢s,‘. .
H-C‘?‘?’T'" H—C—H '
|
y.i—-o::—l}--l‘l -H H—C—H
| :
H—-?—-H
H .
© ) d

Fig. 8.10. Main types of mineral (petroleum) oils: (a) §u‘aight paraffin, (b) branched
- paraffin, (c) naphthene, and (d) gromatic.



Class

Typocal structural formula

Synthetic hydrocM (Polybutene)

Chiorofiuorocarbon

Diester

Neopentyl polyol ester

" Fatty acid ester

Polyglycol ether
Fluoroester
Phosphate ester
Silicate ester

Disiloxane

Silicone

Silane

Polyphenyl ether

Pertluoroalky! polyether

(—=CH;—CH;—CH,—CH,—),

cF
.
P
C.H,,—O—CI'O-C,H,s—pO-—O—-C.H.,
CH,00C—Cati7

" CHy—CH3—C—00C—CsH1;

CHQOOC—CGHH

It
C13Hz;—OC—C gHy;
CH,

] | :
HO(—CH;—CH—0—),H
F(CF2)(CH,00C(CF2)F
(CH3—C¢H —~0),P=0
Si(O—CeHys)e
(|34H9 Cl:.Ha
i
c.H.—o—?a-o—sl‘.a—'o-c.H,
°
Cqu G‘Hg
?H, (I:H; CHs
CH;—?i— O—Sli— O-—?i—CH;
CHs| CHs| CHy
(C12H26)SCeH1a)a

atese

AN
F— c!:,—clz'—' o—cl;—CF3
CF, F F
n

. Fig. 8.11. Typical chemical structure of pﬁncipal classes of synthetic lubricants (Braith-

waite, 1967).
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Table 8.7. Typical propenic-s of commonly used classes of synthetic lubricants (oils)

.. Mo On Specific ’ witk Do
Thc{rf:al Kinematic viscosity (cSt) at, °C Spcci.ﬁc Thcm.xa‘ld! heat Flgsh Pqur O:fid?}ive *
. stability, gravity conductivity, at38°C, point, point, stability, Vapor pressure
Lubricants °C -20 0 40 100 200 at20°C cal/hm°C «calig’C °C °C °C at 20°C, Torr
Mineral oils 135 170 75 19 55 0.86 115 0.39 105 -57 10710 1072
Diesters 210 193 75 13 33 11 0.90 132 0.46 230 -60 10-®
Neopentyl polyol esters .230 16 16 15 45 0.96 .25 -62 1077
Phosphate esters 240 85. 38 11 4 1.09 109 - 042 180 --57 1077
Silicate esters 250 115 47 12 4 13 089 18 ~ —65 1077
Disiloxanes 230 200 100 33 11 38 093 200 -70
Silicones : S ’ 5x10°¢
Phenyl methyl - 280 850 250" 74 25 22 1.03 124 034 260 -70 240 .
Fluoro © 260 20,000 190 30 24 1.20 . 290 -50 220
Polyphenyl ethers :
4P-3E " 430 : 2500 70 63 14 1.18 133 043 240 -7 290 107
SP-4E . 430 - 363 1301 21 2% ¥4 290 ‘
Perfluoropolyethers ) . .
Fomblin YR 370 " 8000 515 35 1.92 .82° 0.24 none =30 320 10°°

Fomblin Z-25 370 1000 440 150 41 1.87 0.20 none —67 320 3Ix 107
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Table 8.9. Surface tension of several base oils

Surface tension,

Liquid ) dynes/cm (= mN/m)
Water 72
Mineral oils 30-35
Esters 30-35
Methyl silicone 20-22

Perfluoropolyethers 19-21 -

1.0
0.9
0.8
0.7

' istamide g/ camide ' : Sed
0.6 Palmitamide g ! WW
05 . .. Behenic acid W 2_.7-3
0.4

Stearamide /g

T 717 1 11

0.3

Coeflicient of static friction

& Octadecylamine g_aﬁ_?l Co "”"If o VJ{.
- Lko VT A pob,
¢/ Behenamide Q ,/)_\-\o " me
I - Ov&‘wo( CodyellS
Surface tension, dynes/cm . bQ/b T IN SS\{“) ca
Fig. 8.12. Coeflicient of static friction as a function of critical surface tension for several : S M
long-chain, solid fatty lubricaats in thin co.mngs of vinylidene chlondc acrylonitrile

- copolymer (Owens, 1964). m(ri S~



| _,\&L B G W comeﬂgc;«?;udj Ok %,e_u&:b heos
ey e WAL Gan \eaT R peSTonn Ao
22 g b B

C o ot Ao /,g\r\'(/éﬁf).%t weall Covn VCAUAF (o,
e oralaTone wordle Hee St GO o s atecdt

;;iif%&agﬁra&uw,o% Mow"; abpeaning a
<°*>‘ \//"&%—‘Eﬁmﬁ; | |
Ta NPeSed —o (\w%c&QMweﬂg,L;* (_N \/«’.Q-c,o«xi?j |
)J‘we \’\A%&v&,:d&% Cnoleeo Lo we,;gl,\;‘ ,*{"-e_ Qo e =
Al \/o.«hrgﬁxé—a o I i Revedally valoravedk an Hae
WELANT ey fgﬂ“w @ Ddacpe eTed vameley - Atoudkand
Conn €40y 51( e cudd Hersbelaf T
?‘*’%’f%ﬂ%v&»m C_?FPE> oo M Correns T
Vado o M\I‘c C’\o—\l—'\d \O‘B%JVJ

(3 Toesmal €ofodies Bt

‘oo[:.. @«L« ;MCJ‘CJ.A;_A-Q_ i A’nﬁa_g

| 3 +e ke veeaT

Volatility loss, %

Q«ﬂ/g',.g(ow A0 Lo \CZ S

-

0 L1 S 1 41 1 J
37 427 - 483 539
Normat boiling point. *C - !

Volohilibn Lot o w dumtron,
ol e wevuad \@M&;.V.S Pt

(“.}30%@1 .) Ag >



(5) Oxibrve St 209
Oxidiarie Saliliby | dhe shdorliby of o Rt
A R Mersute of auv ot oo A Ko et pnfa
F{o\aodﬂa ‘ OX;OQ&:FOM &;{00&@,03/_3 i e cbasia - il
‘QM*OCQTO—QZY\*C %&,‘)x\,{c_x}. KT (v hoes %\wan%

é?‘r e RA o '%:o.réxcé\f% ol e T (e feane
e voFe auon _@N‘r&l\@h Cosdesin ™ mmesuk %‘%\—M
Cund CONANMURA Oxon T w \bf.omov'mc—e_é G»‘Vaﬁ:-B‘é_
Q%J NN gp-roc\mo.&;@.j <§J(~c Nere \_\/M\M'E:%w\r_g
C&WA.; -6>(\.¢7(2~<';\/\A:.T.C":<_13& ey el @A Ave s Aic Sy
ey ov o albials wne et elleiue AL
Kag. QAﬁb'{{WT.'is Ny CwQ%Q,mQ:)AC’,‘M %\Q\M_S
<e> WS} Shaloilady (o)
| g He VerinTance of <t Gbineal T AL etfer o leands
e cke oo n on VSuiTen g el X olessiToal e
A e abrece og oLV, A Ie oeny He Wavinmin
}M—e,(gfwt Yo Lo e @ e R Whviceo T can bLe
pred - TS iy kol Ao e atveng Tl L) s

. . — N L4 . Py
e b seea C’AM;) e~ O\)vwc) NP «\'Que F'v":"’jvm«,\ CQ&.",{;—\_\

TS i dee w ST 3 '\gﬂ“‘“ Hoebnany

(3 Mool Shalo by (oot wvianey

G Lr)c\.;\/\'o % -+ cc,&d — oSves 4 Wele | C\CL?#LU: h;Q

aud -
Crace et 14 ardia We CQ*) ot Cpen g oS <COZ>

G W A Ve (’QV ‘i/*—-('c ok Lh(-.;u.?) C,..}\___. dJ RV — \’"Q;..

e a . : . . ) -
CLan L\ NZEV & NP {IQW T Vet vy .



—Gonena. Fobatiey of Some Clarte, of

9 d’efvg_éﬁ‘ g-L\,Jo\rC |
@ pales COunt-¢ —

\NP“U(L-

208

effect

Viscouty . Flumma- Soivent Solubility in ment srwe
tempera- . Resis- bility Lubrica- effect - pelroleum additive tange
ture char- Oaidatica Thermal tance 10 characier- uon char- oa pauals, and other compati- pet.
Lubncant acteristics Volatility -  resistance stability - ° hydrolysis stics acleristics rubber, etc. syathetics bility liter Typical applications
* Chloro - Poor~ - Some Excellent Poor 10 Poor to Excellent 1+ Good 10 Widely Generally Widely $10-100 * Noaflammabic.
fluoro- lower. excelient excelleat excellent vanable poor vanable extreme oxidation-
carboas some resisiant lubncants
higher for plant processes or
° devices hatdling
. o reacuve matenials
Dibasic-acid  Good to Genenally Fairto. Fair o Fair o Poor to Fai to Pronouaced * Good to Generally $2-5 lnstrumeat oils. low-
ethers excelient lower good good good fair good effect excelient good . volatility grease bases.
special hydraulic fluids,
° . Jet-turbine lubnicants
Neopeatyl Good 10 Lower Good Good Fair 0 Poor to Fair to Pronounced Good to Generally $2-5 Instrument oils, low-
polyol excelient good fair good cflect - cacellent §00d volatility grease bases,
caers special hydraulic fluids,
. - Jel-turbioe lubricants
Polyglycol Good 10 Geacrally Poor to . Fairwo Fair to Fair o Good Pronounced  Fair to Generally $1-3 Special hydraulic
cthers excellent lower fair good good good eflect on good g00d fuids. forming and
paint, drawing lubricants,
. effect on . grease base, vacuum-
fubber pump lubricants,
. . . component of otber
. syathetic lubricant
. formulauoas
Phosph i Genenally Good Faico Poor to Good 10 Good to Pronouaced Good 1o Genenally  $2-6 Fire-resistant hydrau-
esters lower good good excellent cxeetient effect excellent good lic fuids, low-volatility,
. ’ high-lubricity grease
base, lubncauon addi-
uves in other syathet-
ics, special low-tem-
perature lubncaats
Silicate Excetlent Lower Poor to Good Poor to Pooc to Fairto Some cflect  Fair to Fairto $4-10 Heat-transfer fluids.
esters fair fair fair good good good high-temperature
hydraulic fluids. low-
volatility, low-
N viscosily grease bases.
components for low-
) viscosity hydraulic
. . fluids
Silicones Excellent Much Good 10 Good to Excellent Poor 10 Poor to Generally Poor Poor $20-40  High-temperature
lower excellent excelient good fQair small bearings, condensa-
effect tion pump luoaican:,
low-volatility grease
base for lightly loaded
beanings, damping
fluids, devices re- .
. Quiring miaimum
viscosity change with
- temperature
Silanes Fair o Much Fair to Good 10 Good Poor 1o Faicto Geaerally Fair Fair Buse stocks lor high-
goud lower good cacellent fir good small lemperature greases,
cffect hydraulic fluids. and
engine lubrcants:
- . require extensive
. foemulation
Polyphenyl  Poor 1o Much Exceil Exceil Excell Poor 10 Fair 10 Generally Fair S o0  High-temperatuce
cthers (air, gen- lower fair good small Nuid for reactor
crally effect covlant, hydraulic
high pour . applications at very
. points . . X . high temperature
Perflyoro Good 10 Lowest " Eacellent Excclient Excellent Poor 10 Good Generally Fair SM o0 Base stk fur greases foe
poly- excellent fair small ° high-temperatuce.
cthers vacuum and chemwal

reaiatanve applications:
hydraubic Auids for
sery high temperatures,
magnctic ngd disks

* Properises are (or typical class b P 3
uons are flammability and volatility where petroleum products would rate poor and lubrication charactenstics and hydrolysis where petroleum products woukd be rated eacetlent.

Y

with well-refined p

1 ey

service. For comparative purposes, the petroleum product woukd tate as (air 1o good. Excep-
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- Good boundary lubrication ., dun e, Zaicv
e Provide adequate wear'p‘rotection
¢ Insure long-term flyability

Low surface tension
e Lower stiction force
e Minimize contamination sensitivity -

Low. volatility
¢ Reduce loss due to evaporation and air shear
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S Good surface affinity 73 fborol Tk
e Provide long-term durability |
e Reduce loss due to spin-off and displacement

High thermal/chemical stability

e Prevent catalytic decomposition

e Prevent formation of frictional polymers
» Compatible with other file components

Good hydrolytic and shear stability petyelgucns ] _, resees &
-e  Provide stable interface/performance poby clhylers fefoe o ;1
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Lubrication for Thin. Film Disks

Special constraints

o Lack of a disk-based replenishment mechanism
o Conﬂlctmg demands for low stiction and high durabxllty
e Enhanced severity of tribological environment

Emphasis

e Role of lubricant molecular structure
° Mechamsm of lubricant retentlon
e Lubricant stability
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SURFACE LUBRICATION OF FILM MEDIA

Film media is generally treated. with 5-30A of surface
lubricant for improved durability. In general, lubrication:-

- -.._ Reduces wear (particularly at lower humidities)
- Improves flyability ) y
- But, lubricant increases stiction/friction

Lupricahts used include hydrocarbons (stearic acid, ”
palmitic acid) and perfluoroethers (Z-15, Z-DOL). -

Cbnge'rns with hydrocarbon lubricants are volatility,
crystallization during cycling, frictional polymer
formation, reactivity with head materials. :

Major EOncern with perfluoroethers is stiction.
Lubricants can be applied by:

1. Spraying

2. Spin Coating
3. Dipping

4. Evaporation
. 5. Wiping
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controlled speed
linear actuator ]

T

-]

dii:ping tank

Dip coating device

ludricant solution feed

nozzle
excess solution
collector |
s =] |
asx | || g

4
linear actuator for
nozzle translasion

rotating splndlc'

Spin/spray coating device '

17

disk rack

lubricant solution

coated

tnc(sﬂol-

continuous
(0) filtration
O system
concentration
a=0.5 £/100 ml -
®= 1.0 £/100 ml >

+= 2.0 /100 ml

1 2° 3 4 5 6
withdrawal speed (mm/sec)

2ypical dip coating calidration gTaph
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Silicone Lubricants

' Advantages
- @ Good thermal/oxidative stablhty
e . Low volatility

- Disadvantage
e Generally a poor boundary lupri;:ant -

Review

e Adequate performance on early Wmchester pamculate
disks ‘(Harker et al. 1981) '

e Poor durability under boundary librication conditions
(Cogdell et al. 1987)

e Good: performance on SiO2 overcoated thin film disks
(Yanagisawa and Suganuma 1978) ‘

Now /jwaxcw\— el Qubaccont
Conclusion : | |
e Applications are too selective, depending on overcoat type
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Hydrocarbon Lubricants

Aavantage
- @ Good boundary lubricant

Dfsadvantages
‘e High volatility
e Poor thermal/oxidative stability .

Review

° Pferformance strongly influenced by chain properties
(Yanagisawa 1985; Beltzer and Jahanmir 1987)

e Polarity - pu, lube depletion -
e Chainlength - pu
e Chain substituents - coverage, wear protection

* Durability of LB layers of cadmium arachidate is
superior to that of physisorbed fluorocarbons on SiOp
(Novotny and Swalen’ 1989)

e Adequate interface performance achxeved using fatty
acids with a reservoir device in & thm film disk ﬂle
(Gregory et al. 1988) .

Conclus:on :
‘e Potential applications only wnth a replemshment device
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flat and pin-on-disk tribologic a!.
. . o . c
scanning micrcellipsometry to profile wear of

N AR T
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s et et o bl cperimen

or disk coated with multilayers; (c) with both surfaces coated with

a monolayer.
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. Figure 7. Comparison of film thickness profiles before failure
for Si0,/Si coated with physisorbed PPFPO (poly(pertluoro-
propylene oxide)) and chemisorbed (three CdA monolayers) lu-
bricants. The rectangular, ceramic slider has a 150-mN load.
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Perfluoropolyether Lubricants

'Advantages

Good boundary lubricant
-High thermal/chemical stability

Low surface tension
Low vapor pressure

Disadvantage . .

* Possibility of autocatalytic degradation

¢ ﬂﬁk “‘lﬁri/ ) r},&d‘:}\a*\/?{fc“"“’/\/
Review.

Reactive end groups improve lube adhesion
(Caporiccio 1986)

Functional lubes have significantly lower friction
coefficients and better durability than non-functional .lubes
(Scarati and Caporiccio 1987; Miyamoto et al. 1988)

Duplex lube: functiénal + non-functional
(Barlow et al. 1987; Hoshino et al. 1988)

Composite lube: solid + liquid
(Reick 1982 Mlyamoto et al. 1987)

Assembled lube: hydrocarbon + perfluoroalkyl chains
(Kondo et al. 1989)

, Conclusion

State-of-the-art rigid disk lubricants

2% 0
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- Perfluoropolyether Lubricants -

Linear PFPE
e Fomblin Z
| RrO-(CFZ-CFZ-O)m-(CFa-O)n-Rf
~where m/n = 0610 0.7 a random copolymer

e Demnum

RAO-(CF,-CF+CF,-0) -R, & homopolymer
Bafl dabulohy |

Branched PFPE

e FomblinY : | . doko
| CllFs .
RyO-(CF-CF,-0),,-(CF0)R; -

where m/n ='_ 20 to, 30 a random 'copdy'mer- L
~* Krytox

CFs .
: Rf'o’(.CF -CF. z’O)nTRf a“.ho.mODOlymer



Table 8.10. Typical physical and chemical properties of commonly used

perfluoropolyethers
Fomblin Z-25 Fomblin YR Krytox 143AD
Absolute viscosity, cP
25°C 230 1700
Kinematic viscosity, cSt .
20°C 250 1600 )
38°C 150 515 495
Viscosity index, ASTM :
_D2270 350 130 135
ASTM slope 0.30 0.58 0.55
Pour point, °C -67 =25 =29
Specific gravity 1.87 1.92 1.88
Molecular weight . . _
number, Daltons 12,800 . 6800 2600
Vapor pressure, Torr .
20°C 3 x 1072 1x10°* 2x10°°
60°C 6 x 107%(93°C) S x 1077 6 x10°*
Volatility, % wt. loss 003(2hat 150°C) 1(22h at 150°C) 1.4 (6.5 h at 260°C)
Bulk modulus at 20°C,
kg/mm? 92 x 10°
Surface tension at 20°C,
dynes/cm 24 21 19
Contact angle on a parti- . .
culate rigid disk, degrees 10 16 - 12
Thermal conductivity at 75'\
38°C, cal/h m °C 82 83 O 5
Spexific heat, cal/g°C 020 0.24 022 J 3
Coeflicient of thermal S
expansion,/°C . 1x1073 09 x 1073
Dielectric strength, kV/mm 30 16 . h
Electrical resistivity, Q-cm 3.9 x 103 -4.1 x 10*
Refractive index 1.294 1304 1.301 +
Maximum useful tempera- v
ture in air, °C o
Long term 260 260 260
Short term 320 320 320 *

CT—-—FZ)\M,\DQAM (?wg:r Je B X—L\'\Ac‘:‘nq \—«,Q,Q\——E)/

Type - Structure M. W. \/:_gsf
Z-DEAL CH300C — (Rf) —CQOCHj3 2200
‘Z-DIAC -Hooci- (R)—COOH 2200
Z-DOL HO — CH = (Rf) —CH,OH 2200 | Siesr
Z-DISOC OCN— (R)—(Rf)-—(R) —NCO | 3000 | ltocsr
" AM R— (R —R ~aw»r %;ij “ 2300 © | Ae st
Series \Maw -

. S~— ! Tpevi wagd ().“A 'ﬁd"w
Rf = —CF,0— (c2F40),,-(CF20)m—CFz{%’C*’f Pl
R = neutral’ planar ring .groups . . L
‘R’” =. alkylene, cycloalkylene, aromatic groups
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F1Gure 7: CEnNTRIFuGAL CREEPING TESTS :
setal plated S.25-inch thin-fila rigid disk spinning at 3600 rpa for 250 hours.

Ludricant Bet it i test
thickness efore centrifugation tes
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4 redius
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I.0. widdle 0.0.
" Lubricant After centrifugation test
thickness . 4. Y 25
(a) o= Z 25
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-1 T T
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F1eure 8: StaTic COF As FuncTion ofF LuBRICANT LAYER THICKNESS

Tests compare 5.25-inch rigid disks with amorphous carbon overcoats and nevtral or functianai
PFPE fluorocarbon overcoats. illustrating the effect of lubricant type and lubricant thickress.

Static C.0.F.

T ’

so 100 . 1s0 200

.
Lubricant layer thickness (A)



‘Fomblin ¥: CF;- (OCFCF:),,~(OCF,)

I
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FIG. 2. Measured forces between mica surfaces separated by perfluo-
ropolyether fluids. When compressed under a very large force the two
surfaces flatten but.do not come any closer than shown by the arrows
(referred to as “*hard wall”). This hard wall corresponds to a compressed
polymer layer at each surface and is equal to 6.4 nm for Y, 7.4 nm for
Z + Y blend, and 9 nm for Z type polymers, respectively.
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FIG. 3. Measured film thickness vs load. Bottom two curves show respec-
tive behavior of polymers Y and Z during sliding. The equilibrium forces
for the polymer Y and Z (upper curves) are included to highlight the
effect of shear on the film thickness. :
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FIG. I. Schematic drawing of the Shearing Force Apparatus outfitted
with a translational stage. The lateral sliding mechanism permits two
surfaces to be sheared past each other at various sliding speeds while
simultaneously controlling the normal load and measuring the transverse
force. The environment is maintained by purging the instrument with
argon at the flow rate of 2 cc/min.

..

100,00 g T T T
& PFPE type Z 2.6 nm
Load 14 MPa O PFPE Z+Y (1:1) 350m
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FIG. 4. Shear stress vs shear rate. Shearing of the Z type fluid results in
decrasi;ng sheag stress with sliding velocity while the opposite hoIQs for
the Y type. The 1:1 blend of Z and ¥ shows an intermediate behavior. It
should be noted that the load and thickness were held constant through-
out the experiment.
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Lubricant Adhesion Enhancement

Disk Surface Texturing

¢ Mechanical or chemical.

. Retenti.onj affected by shape, frequency,
and aspect ratio of topographic features
- (Lee 1988)

« Decreased friction and stiction
(Doan and Mackintosh 1988; Tasi et al. 1989)

* Unattractive for higher recording density

Surface M-od'iﬁcation Agents

e Create lube-like disk surfaces through chemical bonding
» Diazo compounds (Afzali-Ardakani et al. 1984) '
« Aminosilane molecules (Hoshino et al. 1988)
e 'Azide compounds (Kudo et al. 1988)

o Highly reactive, causing ,potential‘head./disk interference - |

e Used primarily for relatively reactive surfaces .and
not readily applied to the more inert carbon overcoat



Relative Volume of Lubricant Reétained - Q/Q,
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The cfTect of groove shape on hibricant retention (1.ce, 1988).



2
Lubricant Adhesion Enhancement

| Post Lubrication Treatment_- :
o Diféctly affix lubricant molecules to disk surface |

_ Lube Substrate
Heat film (overcoat)
X-ray - -
Far-UVv

Interface to be bonded

» Heat treatment: elevated temperatures in air
(Caporiccio 1986; Kimachi et al. 1989; Viswanathan 1989)

only works with reactive lubes
o X-ray irradiation: 0.01 ~ 0.1 MeV
(Heidemann and Wirth 1984)
~ easily decomposes fluoropolymers
e Far-UV irradiation: ,185 and 254 nm in N2
(Saperstein and Lin 1990) '
requires light absorption
* Eliminate lubricant depletion due to spin-off, evaporation
“and displacement | : , '
e Stability of bonding mechanism needs verification .
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Fig. 2—Successive surtace contours for PFPE liquid lubricant (15 cSt)

on the rotating magnetic disk at 3400 rpm.
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Table 1. A,dhesion of the Lubricants after UV Treatment

initial exposure  UV-fixed
thickness, time, thickness,*
lubricant surface - A min A

zZ-03 carbon 50 10 L 18x1
Z-15 carbon’ 50 10 22
Z25 carbon 50 10 25
YR carbon 30 10 20 -
AM2001 carbon - 35 10 30.
Z-DOL carbon 35 10 15
Krytox 143AD  carbon 50 10 15
Demnum S100  carbon - 50 10 18
Z-15 SiO, 50 5 20
Z-15 2:0, 50 5 20
Z15 - Au 50 10 18

© Without UV treatment, <1 A remains after Freon rinsing
except for Z-DOL (2 A)'and AM2001 (4 A).
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Figure 1. Measured Z-15 thickness on amorphous carbon as a

function of UV exposure time: (®) initial thickness = 50 A; (&)
- after UV irradiation showing fixed and free lubricant; (v) after

Freon rinse showing UV-fixed thickness only. - -
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Figurg 2. Measured thickness of UV-fixed Z-15 as a functio
of the initial lubricant thickness on amorphous carbon for a fixe
exposure time of 20 min. . - :
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4 Table 3: Heat of adsorption and heat ot dissolution of the PFPE | and 2

Heatof Heat of dissolution! in:
adsorption!’? Freon' CF3;0H CsFis
ZDOL 1 6445 101 ° 45 6.7
- 20322 - 33 +5 100 - 0.2 - 5.40
Z152b 33 +5 - ' - -

water : =200 - - -

linJ/g: +05J/g

2 on silica powder (Aerosil, Degussi, 200 m?/g by BET)
3 according to ref. (12) .

_Table2:  Thickness of the periluoropolyether films attached to various
surfaces and activation energy for the attachment

material thickness - method of acti;/azion.
’(nm). measurement - energy

carbon (sputtered) 1.8 FT-IR.XPS.ellips. - 322
graphite . L5 XPs A -
sili@ - ; 25 * ellips..XPS. To1ss2
aluminum . 4.0 FT-IR 1624 )
sold o 1.7 ellips. -
chromium - s - FT-IR 1443
poly(acrvlicacid) .~ 2.6 XPS - 7
“poly(vinyl alcohol) 1.8 XPS -
polvstyrene <.5 XPS -

activation energy in kcal/mol

4.0 '° .. ! [
2;0 C  4750°C
30| 250 °c 0 ]
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Perfluoropolyether Lubricant Stability -

| Mbst PFPE lubes are thé}mally. stable in air up to 350°C
"However:

Catalytic Degradation below Ty

(Jones et al. 1983; Carré 1986; Bierschenk et al. 1988;
Mori and Morales 1989; Zehe and Faut 1989)

A LowerM,
Acid end group (-COF)
“COF, |

PFPE Lube + Catalyst

Catalyst:  Lewis acids (AlF;, FeF;, .)
g Metal alloys (Ti, Fe, ..)
Metal oxides (Alzos, ZrO .)
e The presence of O-CF ;-O- linkages promotes decomposxtlon
Stability: Demnum, Krytox >> Fomblin Z

e During sliding contact, mechanical shear can generate'freéh
surfaces with catalytic activity, causing lube degfadation
e Modified PFPE and additives have been developed for
- reducing degradation (Jones et al. 1983-1988)
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Perfluoropolyether Lubricant Stability .

At Head/Disk Interface

During sliding contact at -head/disk interface,. siéniﬁcant
frictional heating may exist (Suzuki and Kennedy 1989)

A AlF3
~ Alp03-TiC Slider.+ 'PFPE —'———> "Catalyst”
TiO2
A

- PFPE LUbé + Catalyst ——— Scission & Unzipping
Lube degradation - “autocatalytic” mechanism

o Cataly’zic nature of slider surface may play a role
e [ube degradation could be system-life-limiting

» Passivation of catalytic activity of file components
may be necessary
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The Mechanism of Electron Curing of Perfluoropolyethers.

G.H. Vurens
C.S. Gudeman
LJ. Lin
J.S. Foster .
TBM Research Division

Almaden Research Center - ’

650 Harry Road
San Jose, CA 95120-6099

Perfluoropolyethers (PFPE’s) are a group of polym'u; widely

‘used as lubricants, diclectric fluids and mechanical and diffusion

pump oils. PFPE’s are chemically and physically very stable materi-
als. They show an accelerated decomposition in contact with Lewis
acid surfaces' -2 but only at cicvated temperatures. At room temper-
ature PFPE’s are sensitive to low energy electrons®, high energy
clectrons’ , x — rays* , y — rays’ and ion beams®.

. Tile decomposition of gas phase PFPE’s by low energy
(10-90 eV) clectrons has been studied by D°Anna et al¢. They show
that there is a threshold of 14 eV before positive ions can be formed

from a PFPE molecule during electron bombardment. In this paper -

we show that perfluoropolyethers can be crosslinked with low energy
electrons of energy below 14 ¢V. In fact decomposition of the PFPE's

. occurs into negative ions and radicals with all clectron encrgies used

(1-20eV).

The experiments have been performed using several different
commcrcially available PFPE’s: Fomblin® Y and Z and Demnum®,
all with a variety of difTerent chain lengths. Fomblin Y is a random
copolymer of CF,CF(CF,)O and CF,0 groups. Fomblin Z is a ran-
dom copolymer of CF,CF,0 and CF,0 groups and Demnum is a
homopolymer consisting of CF,CF,CF,0 groups.

The negative ion spectrum emitted from Demnum DMS-200 under
low energy clectron bombardment is shown in figure 1. Most of the
signal consists of F- ions. It is known from gas phasc experiments®
that low energy clectrons have strong interactions with perfluorinated
molccules. The electron attaches itself 1o the perfluorinated molecule
generaung 2 negative ion rcsonance state, which can decay in several
difTerent ways. The re-emission of an elcetron is the most obvious
way in which the negative ion resonance state-can decay. The results
is the elastic scattering of the clectron by the perfluorinated molecule.

. Dissociation is another very favourable decay path for the negative

ion resonance state of perfluorinated molecules. This process,
dissociative electron attachment is cffectively the initiation step of the
crosslinking of the PFPE. PFPE's dissociate into a F- ion and a
radical. The radical formed can then crosslink the polymer by propa--
gauion and termunation steps. Evidence for the crosslinking is the re-

Mass (a.m.u.)

Q32

1BM-SJ4-550

duced solubility of the PFPE’s in freon and perfluorooctane, while the
FTIR spectra of the PFPE’s before and after clectron bombardment
are identical

Besides F- ion emission there are other decomposition pro-
ducts observed in the negative ion spectra due to dissociative electron
attachment. The peak with the highest intensity is always f'; followed
by CF; if CF, sidegroups are present (e.g. Fomblin Y series). Then
ncgatively charged monomer species are observed. PFPEts consisting
of C.Fx0 groups will emit C.Fa.,0i and C.F....Q_' species upon low
energy electron bombardment. The specics containing 2 oxygen at-
oms has a higher intensity than the species containing only | oxygen
atom, except for n= 1. Also many smaller negatively charged (rag-
ments are emitted (sce figure 1). The apparent rearrangement of the
atoms in the monomer species emitted is not understood at this time.

We conclude that low encrgy clectrons are able to ctosslink
perfluoropolyethers. The crosslinking is initiated by a dissociative
clectron attachment process in which the PFPE molecule dissociates
into negative ion and a radical The radical leR behind then propa-

' gates and terminates to form a crosslinked polymer.
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Future Challenges

DeVelopment of a lubricant for contact recording

B Contact chemistry

Thérmal/catalytic effect
Tribo-electric effect '
Mechanical shear effect

Characterization of surface interactions

Interface specific measurements

Atomic force microscope

Surface forces apparatus

Secondary ion mass spectrometry

Angle resolved X-ray photoelectron spectroscopy
X-ray reflectivity

Surface derivatization -
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The Role of Disk Carbon and Slider on Water Adsorption

M. Smallen', J. K Lee, A. Chao, and J. Enguero
Conner Peripherals, San Jose, California, 951342128, USA.

Abstrect - Water adsorption was measured on carbon overcoated,
thin film magnetic recording disks and magnetic recording heads.
Measurements were made using an ellipsometer with a humidity
chamber mounted on the sample stage. Water adsorption is

dependent primarily on the hydrogen coatent of the carbon
overcoat, for both lubed and unlubed disks. Water adsorption is

independent of the lube type and thickness, except when the carbon
overcoat has a low bydrogen content In the latter case, water
adsorption depends on the functional endgroup of the lube and

slightly on lube thickness. Water adsorption oa magnetic recording
heads depends on both the head composition and its surface
roughness.

-

INTRODUCTION

There is a continuing demand for higher storage densities in
magnetic recording disk drives. High deusity can be achieved
by flying the magnetic recording head at low fly heights.
However, this requires smoother disk and head surfaces. One
problem with smooth surfaces is increased friction and
stiction. Another factor that causes high friction and stiction
is exposure of the disk drive to high relative humidity (RH).
These two factors will interact and increase the likelihood of
liquid induced adhesion, as disk drive manufactures begin to
incorporate smoother disks and heads into their products.
Therefore, it is important to study the properties of disk and
head materials in relation to high RH exposure.

There have been many studies on the effects of RH on
friction and stiction 1] -{14). They have shown that adhesion
between the disk and head at high RH depends on a buildup of
adsorbed water on the disk and head surfaces. Some of these
studies include the effects of surface roughness and lubricant
on water adsorption, stiction, and friction. In.this paper, we
studied the role of the type of carbon and slider on water
adsorption.  Different types carbons were fabricated by
varying their hydrogen content. The sliders were composed of
different ceramics, which are commonly used as the head
materials in disk drives.

' EXPERIMENTAL

An ellipsometer was used to measure the thickness of

adsorbed water on the disks and heads. The wavelength of the

ellipsometer light source was 632 nm and the incident angle
was sct at 70°. An RH chamber was built on the stage of the

ellipsometer. The RH in the chamber was controlled by mixing -

streams of dry sir end air saturated with water vapor.
Temperature of the chamber was controlled at 22+2°C. Both
Massncript ecocived Apri 4, 1994,
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e RH and temperature were messured with a calibrated meter.

The thickness of the adsorbed water was measured using a
-ﬁmhyu program. Ithasbeen shown that errors
due o using the single versus a multilayer program are less than
66[12].[!3]. The refractive index and extinction coefficient of
water were assumed (o0 be 1.33 and 0.0, respectively. The
refractive index and extinction coefficient of the disks and heads
were measured at 0% RH, before measurements st higher RH
The procedure was to place the sample in the chamber, adjust the
RH, wait 5 minutes, and then measure the thickness of the
adsorbed water layer.

Five types of diskswere tested in this study. Each disk had a
different hydrogen conoentration in its carbon overcoat. All other
layers in the disks and the substrate were the same. The hydrogen
conoentration was varied by adjusting the C,H, concentration of
the argon-C,;H, ges mixture in the carbon sputtering chamber.
This process produced disks at C,H, concentrations of 0, S, 10,
20, and 30%. All disks had a surface roughness of 4.0 nm.
Water adsorption was measured on both lubed and unlubed
disks. Disks were lubed with Fombin Z-25, AM2001, and Z-
dol. The lube thicknesses ranged from 0.2't0 4.0 nm.

Three types of heads were evalusted. One was composed of
ALO,-TiC (70%-30%), while the other two were composed of
different compositions CaTiO,. CaTiO, heads had the same
amount of Ca0, TiO,, ALO,, NiO, and SiO,, but differed in their
BaO and ZnO content. Each of the CaTiO, heads was also
finished at two surface roughnesses.

RESULTS

Fig. 1 shows the water adsorption on the unlubed disks. The
adsorbed water thickness increased with RH and CH,
concentration in the argon-C,H, gas mixture. The one
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Fig. 1. Amumwmmmaﬁmmmm

versus relative humidity. The carbon overcoats were produced with C;H,

concentrations of 0, S, 10, 20, 30% in the sputtering gas. The disks were

unlubed.



than 0% CH, Fig 2,3, and 4 show water adsorption as &
function of lube thickness and C,H, concentration for Fomblin Z-
25, AM2001, and Z-dol lubes, respectively. Data in these
figures were collected at 90% RH. The adsorbed water thickness
is independent of lube thickness at C,H, concentrations above 5%
for Z-25 and above 10% for AM2001 and Z-dol. Fig. S shows
the adsorbed water thickness at 90% RH, with a 2.0 am thick
lube on the disks. At0% C,H, concentration, disks lubed with
Z-dol adsorb significantly more water than those lubed with Z-25
or AM2001. However, at higher C,H, concentrations, this
difference decreases. The general trend is that disks lubed with
Z-dol adsorb the most water, followed by disks lubed with
AM2001 and Z-25.

Fig. 6 shows the results of water adsorption on heads. The
ALO,-TiC head adsorbs the most water. For the CaTiO, heads,
a comparison of curves 2 versus 4, and 3 versus 5 shows that
heads with higher surface roughnesses adsorb more water. A
comparison of curves 4 versus S shows that there is not much
difference in water adsorption among the two different CaTiO,
compositions.
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Fig 2. Adsorbed water thickness on disks with carbons sputtered in CH,

concentrations of 0, S, 10, 20, and 30% versus Fomblin Z-25 tube thickness. The
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Fig. 3. Adsorbed water thickness on disks with carbons sputtered in GH,
ocomatratiors of 0, S, 10, 20, and 30% versus Fomblin AM2001 hsbe thickness.
The rclative bumidity was 90%.
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Fig 4. Adsorbed water thickness on disks with carbons sputiered in C;H,
concerdrations of 0, S, 10, 20, and 30% versus Fomblin Z-dol lube thickness. The
relative humidity was 90%.
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Fig 5. Adsorbed water thickness on disks with Fomblin Z-25, AM2001, and Z-
dol lubes versus the disk sputtering gas C,H, concentration. The relative bumidity
was 90%.
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Fig 6. Aduorbed water thickness on heads versus relative humidity. ALO,-TiC
(1), CaTO, -eomponition §, Rr=32.2 am (2), CaTiO, - composition 2, Rt=26.4
() Qi) -composition 1, R1=19.4 am (4), snd CaTiO, - composition 2,
R=19.4 am ().



DiscussioN

Water is a polar adsorbate and it forms a stronger hydrogen
bond with nitrogen, oxygen or fluorine than with other atoms.
Because of the hydrogen bonding tendency of water, the
adsorption of water is sensitive to the degree of polarity of the
adsorbent surface [15]. For example, the smount of water
adsorbed on carbon has been shown (o increase with the oxygen
content of the carbon [16]. The polar groups in this case were
chemisorbed oxygen, OH, and COOH. In Fig 1, the adsorbed
water thickness increased with the hydrogen content of the
carbon films. At0% C,H,, oxygen chemisorbs oato the carbon
surface, passivating the carbon dangling bonds (17] and
providing some sites for water adsorption. Hydrogen in the
carbon films at higher C,H,, concentrations not only passivates
the carbon dangling bonds but it also is incorporated into the
carbon structure as sp’ and  sp’ C-H bonds (18)-{20]. This
makes the carbon more polar, producing more sites for
hydrogen bonding and thicker adsorbed water layers. The
reduction in adsorbed water thickness between 0 and 5% C,H,
maybcductothesq)aposmonofamfor decresasing
oxygen sites and incressing hydrogen sites versus C,H,
concentration. :

As seen in Fig. 2 through 5, lube has a minor influence on
the water adsorption characteristics of these disks. It does
exert some influence on disks with low hydrogen contents. The
minimum in the O and 5% C,H, curves at one monolayer of
lube has been explained in [12] and {13]. At one monolayer,
the disk surface becomes the least polar due to the lube
coverage. With thicker lubes, the unattached functional end
groups of the lube provide more water adsorption sites. The
fact that a minimum also occurs with Z-25, which has no
functional end group, shows that the lube molecule backbone
may also provide water adsorption sites. Disks lubed with Z-
dol were found to adsorb the most water. The higher .
adsorption characteristics of Z-dol may be due to its type of
endgroup, OH, which favors water adsorption [14]. At higher
hydrogen contents, the abundance of water adsorption sites in
the carbon overwhelms the lube influence. Therefore, there is
no dependence on lube thickness. In all cases, adsorbed water
penetrates the lube and reaches the disk surface as shown in [1].
Diffusion was the proposed mechanism, in that study. Itis
unfortunate that*higher hydrogen content carbons adsorb more
water because the hydrogen also gives these carbons better
wear resistance and friction properties[21].

The higher water adsorption characteristics of the AL,0,-TiC
versus the CaTiO, head are probsbly due to the presence of the
Al,O, phase. This is to be expected since Al O, is a good
adsorber of water and other chemicals, and is used in chemical



filkers. It was found that the rougher CaTiO, heads adsorbed
more water. This is also to be expected since increased roughness
increascs surface area.

CONCLUSIONS

Water adsorption on carbon overcoated, thin film disks is
dependent primarily on the hydrogen content of the carbon
overcoat. This is the case for both lubed and unlubed disks.

Water adsorption is independent of the lube type and thickness,
unless the carbon overcoat has a low hydrogen conteat. In
this latter case, water adsorption depends on the functional
endgroup of the lube and slightly on lube thickness. Water
adsorption on magnetic recording heads depends on both the
head composition and its surface roughness. ALO,-TiC heads
adsorbmorcwaterthanCaTiO,heads,mdmgh«heads
adsorb more water than smoother heads.
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The Role of Relative Humidity, Surface
Roughness and Liquid Build-Up on Static
Friction Behavior of the Head/Disk Interface

Stiction at the head/disk interface has become one of the major concerns as
smoother surfaces are required to achieve lower flying heights of magnetic heads
over magnetic disks. In this paper, static friction forces on three types of disk
samples with different surface roughness values were measured at various
relative humidities. It was found that static friction coefficients were well
correlated with total thickness of liquid (lubricant and adsorbed water) at the
head/disk interface. The experimental data also agreed fairly well with the
calculated values based on a proposed stiction model. It is implied in the stiction
model that the bearing ratio or the shape of asperity height distribution,
especially the part of high asperities, determines the stiction force. Moreover,
long-term stiction was investigated on the unlubricated disk surfaces at 80%
relative humidity and on the lubricated disks at 5% relative humidity to separate
the effects of water build-up and lubricant build-up at the head/disk interface. It
appears that long-term stiction occurs only when enough mobile lubricant is

" present and the thickness of liquid at the head/disk interface is close to a critical

thickness value which is related to surface roughness values.

INTRODUCTION

The ever-increasing demand for higher storage deasities
requires smooth surfaces to achieve ultra low flying heights
of magnetic heads over magnetic rigid disks. However, the
smooth surfaces generally have a larger real area of contact
and consequently higher friction (Bhushan and Doerner,
1989). Another major concern over the smooth surfaces is the
stiction at the head/disk interfaces due to meniscus effect of
a liquid. Several studies have contributed to our understand-
ing of the stiction at the head/disk interface. Liu and Mee
(1983) were among the earliest studies in this area. They
found that stiction occurred at the head/disk interface when
relative humidity was high, due to water condensation on
disk surfaces. Later, Li, Rabinowicz and Saka (1989) ob-
served severe stiction at the head/disk interface at relative
humidities over 80 percent. They also suggested that thick-
ness of lubricant should be controlled below the combined
peak-to-valley surface roughness of disks and heads to avoid
severe stiction. Water adsorption data on disk surfaces as a
function of relative humidity have been reported by Miyamoto
et al. (1989) and by Li, Trauner and Talke (1990). It was
found that thickness of adsorbed water on unlubricated disk

Presented at the ASME/STLE Tribology Conference, San
Diego, CA, October 18-21, 1992.

surfaces increased considerably when relative humidity was
over 85% and that stiction measurements qualitatively agreed
with the thickness of adsorbed water on disk surfaces. How-
ever, little information is available for water adsorption on
head surfaces as relative humidity changes.

Recently another important issue was raised by Gitis et
al. (1991) and by Koka et al. (1991). During long period of
head-disk contact, migration or diffusion of mobile lubri-
cants around contacting asperities enhances the meniscus
effect of lubricant. Consequently long-term stiction occurs.
On the other hand, one of the advantages of the mobile or free
lubricant on disk surfaces is its ability to recover after being
sheared by a sliding head. The mobility of lubricant is
important to durability of the head/disk interface because
surface migration of lubricants is the only way for thin film
disks to obtain resupply of lubricant. To achieve high me-
chanical durability of the head/disk interface, therefore, it is
essential to understand the relationship among short-term
and long-term stiction, surface roughness, and thickness of
liquid at the head/disk interface.

In a recent study by authors (Tian and Matsudaira,
1992), the static friction on very smooth disk surfaces was
measured at various relative humidities. It was found that the
static friction coefficients were better correlated with the
total thickness of liquid (lubricant and adsorbed water) on
both the head and the disk surfaces, compared with the
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correlation between the friction coefficients and the total
thickness of liquid on disk surfaces only or the total thickness
of water at the head/disk interface. In this study, the correla-
tion between the static friction and the total thickness of
liquid at the head/disk interface was examined on three types
of disks with different surface roughness values. A stiction
model was also proposed to analyze the experimental data.
Thus the objective of this study is to identify a critical
thickness of liquid for given surface roughness distributions.
Moreover, the effects of water build-up and lubricant build-
up on long-term stiction were also investigated in the light of
surface roughness.

EXPERIMENTAL

Three types of thin film disks with sputtered carbon
overcoats (about 25 nm thick) were used in the study. Glass
substrates with isotropic surface roughness patterns were
used for Type A and Type B disks. Aluminum substrates
which has circumferential textures were used for Type C
disks. Surface roughness was measured using a surface
profilometer (Taylor-Hobson: Talystep). The stylus has an
extremely fine knife-edge tip, nominally 0.1 jan wide in the
direction of measurements and 1.5 pm across. The roughness
values of the disk surfaces are listed in Table 1, including Ra
(average), Rq (rms), Rz (five-point average peak-to-valley),
Rp (mean-to-peak) and R (Average asperity radius). Con-
ventional IBM 3370-type two-rail taper-flat sliders (fabri-
cated from Al,O3-TiC) were used as testing heads. The head
size is 2.85 mm x 2.2 mm and the total flat area of the slider
rails is 1.58 mm?. The roughness values of the head surfaces
are also listed in Table 1. A perfluoropolyether (Montefluos:
Fomblin AM2001) was used as a liquid lubricant. Surface
tension of the lubricant is 25 dyne/cm and its viscosity is 90
cSt @ 20°C (Caporiccio, 1986). Thickness of lubricant was
measured by an ellipsometer and by a Fourier transform
infrared (FT-IR) spectrometer.

Thickness of adsorbed water on the head and the disk
surfaces was measured using an ellipsometer. The sample
was placed in a humidity-controlled chamber which was
sitting on a sample stage of the ellipsometer. It was assumed
that thickness of adsorbed water at two percent relative
humidity (2% RH) is negligible. This assumption is consis-

Table1  Surface Roughness and Properties

of Heads and Disks*

R, Ry R; Rp R E

(am) (om) (om) (oam) (xm) (Gpa)
Type A 064 084 410 3.02 34 90
Type B 6.18 776 3201 2073 13 90
TypeC 1324 1537 8025 4254 21 85
Head 191 238 882 437 52 4%

* Flastic modulus values are from various references.

tent with the measurements by Li et al. (1990). Optical
indices of the sample surface at 2% RH were taken as a
reference point. Then the humidity inside the chamber was
controlled at a desired level. The optical indices of the sample
surface were measured again and the thickness of adsorbed
water was calculated using a single-transparent-layer pro-
gram. The refractive index of water was assumed to be 133,
Errors in measuring water thickness, which is caused by
using the single-layer program for lubricated disks (refrac-
tive index of lubricant is 1.3), were evaluated to be less than
6 percent compared with the measurements using the multi-
layer programs. Each measurement was taken after sample
surfaces were exposed to a given relative humidity environ-
ment for about twenty minutes.

A friction tester was set up in another humidity-con-
trolled chamber. The relative humidity was monitored by a
humidity sensor which provides an output to a process
controller. Two independent valves, which were regulated
by the process controller, controlled the passing of a moist air
and a dry air into the chamber to maintain the relative
humidity at a given value within +1% error range. The static
friction force was determined as the maximum force value
during the start-up of disk rotation at an acceleration of
5 mm/s2. At each relative humidity condition, the static
friction was measured in twenty minutes after heads were
loaded on disk surfaces. All the experiments were conducted
at room temperature (20-23 °C) in a clean room (Class 100)
environment.

RESULTS
Static Friction Coefficient and Relative Humidity

Figure 1 shows static friction coefficients versus relative
humidity for three types of disks. For the Type A disks which
had small surface roughness (Fig. 1a), the static friction
coefficient at 50% relative humidity (RH) was slightly lower
than that at 2% RH when no lubricant was applied on the disk
surface. Then the static friction coefficient increased as
relative humidity further increased. For the Type A lubri-
cated disks, however, static friction coefficient increased
monotonically with relative humidity. At 2% RH, the effect -
of adsorbed water was negligible. A thin layer of lubricant
(about 0.7 nm thick) effectively reduced friction from 035 to
0.18. But excess lubricant resulted in even higher friction (up
to 0.9 for 2.0 nm thick lubricant). At highter relative humidi-
ties (S0% RH above), the static friction of the lubricated disks
was higher than that of the unlubricated disks. Apparendy the
effectiveness of lubricant in reducing friction was offset by
the meniscus effect of liquid which includes the lubricant and
the excessive water adsorbed on the head and the disk
surfaces at high relative humidities. For the Type B and the
Type C disks (Figs. 1band Ic, respectively), the similar trend
was observed as in case of the Type A disks, but the values
of static friction coefficient were much smaller, especially at
high relative humidities.

To clearly demonstrate the effect of lubricant alone on
the static friction of these three types of disks, we plotted the
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Fig. 1

static friction coefficient at 2% RH versus thickness of
lubricant as shown in Fig. 2. The static friction coefficient
reached a minimum at around 2 nm thick lubricant for the
Type B and the Type C disks, but at around 0.6 nm for the
Type A disks. Miyamoto et al. (1990) used an Atomic Probe
Microscope to measure the interaction forces between a
tungsten tip and lubricated disks. They found that as thick-
ness of lubricant increased, the interaction force decreased
until reaching a minimum at about 2 nm thick lubricant.
Further increase in the thickness of lubricant resulted in an
increase of the interaction force. One explanation for the
minimum friction value is as follows. A too thin lubricant

—O— TypeA

Static Frictlon Coefficlent

0.0II LR L L A B S
23456789101112

Thickness of Lubricant, nm

Fig.2 Static friction coefficient versus thickness of
lubricant for three types of disks at 2 percent
relative humidity

layer leaves the surface not covered completely so that solid-
solid contact still contributes to high frictton. But a too thick
lubricant layer brings about an additional meniscus force to
the interaction force, which also causes higher friction. Thus
a proper amount of lubricant will effectively reduce the
friction to 2 minimum. We observed this minimum friction at
1~2 nm thick lubricant only for relatively rough surfaces
(Type B and Type C). For the Type A disks which had rather
smooth surfaces, however, the thickness of lubricant corre-
sponding to the minimum friction is much smaller, about 0.6
nm. The reason is that the meniscus effect of lubricant on the
smooth surfaces may become a dominant factor even when
thickness of lubricant is small.

Itis well known that adsorption films and/or contamina-
tions are unavoidable unless surfaces are carefully cleaned
and degassed in ultra high vacuums (Bowden and Throssell,
1951). If the surfaces are perfectly clean and ductile, the
friction coefficient will be enormous and of order of unity
(Tabor, 1981). From our experiments and from the literature
(Timsit and Stratford, 1988; Li et al., 1990; Streator et al.,
1990), the static friction coefficients on unlubricated disks
with carbon overcoats are usually around 0.2-0.4, even at
very low relative bumidities. These observations indicate the
presence of some kind of adsorbed surface film which
reduces the adhesive strength of contacting asperities. Con-
sequently a lower static friction was obtained in the experi-
ments, just as well reported in the literature for metal surfaces
(Rabinowicz, 1965; Gao and Kuhimann-Wilsdorf, 1990).
Nevertheless,-a thin layer (a monolayer or a few layers) of
lubricant will effectively reduce the interfacial strength of
contacting asperities, which in turn reduces friction.

Total Thickness of Liquid at the Head/Disk Interface

Figure 3 shows thickness of adsorbed water on the head
surface and on the unlubricated disk surfaces as a function of
relative humidity. The thickness of adsorbed water increased,
as expected, with relative humidity. Figure 4 shows thick-
ness of adsorbed water as a function of lubricant thickness at

3-
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Fig.3 Thickness of adsorbed water on the head sur-
face and on the three types of unlubricated disk
surfaces versus relative humidity.

various relative humidities. The lubricated disks adsorbed
slightly less water than the unlubricated disks when the
lubricant was thin. When the lubricant was thick, the lubri-
cated disk adsorbed a little more water. One explanation is as
follows: When the amount of lubricant is just enough to cover
a disk surface, the disk adsorbs the least amount of water
because the disk surface becomes hydrophobic due to lubri-
cation. When an excess amount of lubricant is on the surface,
however, the functional end groups of the excess lubricant
attract water molecules instead of interacting with the disk
surface. Thus more water is adsorbed on the disk with a thick
lubricant layer.

Since all the measurements were taken on the virgin
surfaces, the amount of lubricant transferred to the head
surfaces was negligible. Thus the total thickness of liquid at
the head/disk interfaces was the sum of the lubricant thick-
ness on the disk surface, the adsorbed water thickness on the
disk surface and adsorbed water thickness on the head
surface. Figure 5 shows the static friction coefficient data
versus the total thickness of liquid at the head/disk interface
for three types of disks. The best fitting exponential curves
were also plotted in the figure. Apparently the static friction
coefficient increased with the thickness of liquid at the head/
disk interfaces for all three types of disks. The Type A disks
with a small surface roughness showed a quick increase in
friction as increasing thickness of lubricant. When the thick-
ness of liquid was over 2 nm, the friction coefficient in-
creased very rapidly. For the Type B disks, the friction
coefficient increased moderately with the thickness of liquid
until the total thickness of liquid was about 4 nm. Then the
friction coefficient increased significantly afterwards. For
the Type C disks which have a large surface roughness, the
friction coefficient increased, as expected, rather slowly with
the thickness of liquid. Nevertheless, when the thickness of
liquid was over 8 nm, the friction coefficient was over 0.5
even on the Type C disk surfaces.

The increase in static friction with the thickness of liquid
is caused by the meniscus effect of liquid. However, there are
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Fig.4 Thickness of adsorbed water versus thickness
of lubricant for three types of disks at various
relative humidities

no apparent critical thickness values beyond which the
meniscus effect of liquid becomes predominant. There is also
no clear definition in this nature about the critical thickness
value of liquid. Just for convenience, we chose the friction
coefficient of 0.5 as a threshold and the thickness of liquid at
this point is a critical thickness value. Although this threshold
is an arbitrary value, the friction coefficient does increase
with the thickness of liquid much more rapidly when friction
coefficient is above 0.5 (see Figure 5). Moreover, because the
lowest value of friction coefficient on three types of disks is

-4-
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Fig.5 Static friction coefficient versus the total thick-
ness of liquid at the head/disk interface for three
types of disks. The solid lines are the best fitting
exponential curves

around 0.2, we can say that the meniscus effect of liquid
contributes at least half of the total friction whean the friction
coefficient is above 0.5. Accordingly, the critical thickness
values for the Types A, B, and C disks are about 2, 4, and 8

nm, respectively.

Long-Term Stiction
Water Build-up at the Head/Disk Interface

Figure 6a shows the thickness of adsorbed water on the
Type A and the Type B unlubricated disk surfaces at 80% RH
as a function of sitting time. Apparently the thicknesses of
adsorbed water on both disk surfaces were relatively stable
during a long period of exposure to 80% RH. Figure 6b shows
the static friction coefficients at 80% RH as a function of head
contacting time. For the Type A disks, the friction coefficient
increased significantly with the contact time, while only a
moderate increase in friction coefficient was obtained for the
Type B disks. This is obviously due to the roughness differ-
ence of the two disks. The more quantitative way to explain
the results in Figure 6 is to compare the initial thickness of
adsorbed water at the head/disk interface with the critical
thickness values of liquid for the Type A and the Type B
disks. The initial thickness of adsorbed water at 80% RH is
- about 1.6 nm for both the Type A and the Type B unlubricated
disks (see Figure 3), which includes 0.6 nm on the disk
surface and 1.0 nm on the head surface. Since the disk
surfaces do not adsorb more water as the contact time
increases, any changes in the friction are mainly due to water
build-up at the head/disk interface. For the Type A disks, the
initial thickness of adsorbed water (1.6 nm) was very close to
the critical thickness value (2 nm). Thus a small amount of
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Fig. 6 (a) Thickness of adsorbed water on the Type A
and the Type B unlubricated disks versus sitting
time at 80% relative humidity; (b) static friction
coefficient versus the time of head resting on
the Type A and the Type B unlubricated disks at
80% relative humidity

water build-up would result in a significant increase in
friction. Indeed, the static friction coefficieat increased up to
1.1 after about 3,000 minutes (2 days) of head coatact. It can
be seen from Figure S that about 2.5 nm thick of liquid at the
head/disk interface will give a friction coefficient of 1.1.
Thus we can estimate that the thickness of adsorbed water
building up at the head/disk interface is about 2.5 nm, that is,
increased by 0.9 nm after 3,000 minutes of head contact. For
the Type B disks, by contrast, the initial thickness of adsorbed
water (1.6 nm) was far below the critical thickness value (4
nm). Thus the water build-up had much less effect on friction.
The static friction coefficient increased, as expected, only
marginally with the contact time.

Lubricant Build-up at the Head/Disk Interface

‘When a lubricant with functional end groups adsorbs on
a solid surface, it will first form a strongly adsorbed lubricant
layer (bonded or immobile lubricant), and then form more
loose multilayers of the lubricant (mobile lubricant). One
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way to determine thickness values of the bonded lubricant
and the mobile lubricant is to measure the residual thickness
of lubricant after the disk is rinsed with a Freon solvent. We
measured the residual thickness of lubricant AM2001 on the
three types of disk surfaces using FT-IP. The average re-
sidual thickness of lubricant was about 0.5-0.7 nm. Thus the
thickness of mobile lubricant on disk surfaces used in the
present study should be around the initial thickness of lubri-
cant minus 0.6 nm.

Figure 7a shows the static friction coefficients on the
Type A lubricated disks as a function of head resting time.
The relative humidity was controlled at 5% so that the effect
of adsorbed water was insignificant. Three thickness values
of lubricant were chosen for this experiment, 0.6 nm, 1.2 nm,
and 2.2 nm. The disk with 0.6 nm thick lubricant had the
bonded lubricant only. Thus the lubricant did not migrate and
no lubricant build-up was expected. Indeed, Figure 7a shows
that the friction coefficient remained unchanged during the
- head contact. The disk with 1.2 nm thick lubricant had about
0.6 nm thick bonded lubricant and about 0.6 nm thick mobile
lubricant on the disk surface. However, the thickness of
lubricant was far below the critical thickness for the Type A
disks (2 nm). Therefore, little increase in the static friction
was obtained When enough mobile lubricant (0.6 nm bonded
plus 1.6 nm mobile) was on the disk surfaces, the initial static
friction was already high and a considerable increase in the
static friction was observed after a long period of head
contact. This is because that the thickness of lubricant (2.2
nm) was already greater than the critical thickness value.
Apparently that occurrence of long-term stiction requires not
only that mobile lubricant is present on disk surfaces but also
that thickness of lubricant is close to a critical thickness
value.

To further confirm this finding, we did the same kind of
experiments with the Type B disks. Figure 7b shows the
static friction coefficient versus the head resting time for the
Type B disks. The disk with 2.8 nm thick lubricant had about
2.2 nm thick mobile lubricant on the disk surface. But no
significant increase in static friction was observed over a
long period of head contact. This is because the initial
thickness of lubricant (2.8 nm) is far below the critical
thickness value for the Type B disks (4 nm). Even the
lubricant slowly migrated or diffused into the contact re-
gions, meniscus effect of lubricant would not be significant
until the thickness of lubricant was close to the critical
thickness value. The other disk with 6.9 nm thick lubricant
had about 6.3 nm thick mobile lubricant available and the
initial thickness of lubricant was larger than the critical
thickness value. The initial friction was already high and a
significant increase in the static friction was observed over a
long period of contact. Availability of a large amount of
mobile lubricant on the disk surface and a high initial
thickness of lubricant contributed to the long-term friction
increase. Comparing the friction coefficient value after about
4,000 minutes (3 days) of contact in Figure 7b with the data
points in Figure 5, we can estimate that about 10 nm thick

lubricant was building up at the head/disk interface for the
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Fig. 7 Static friction coefficient versus the time of head
resting on (a) the Type A lubricated disks and
(b) the Type b lubricated disks at 5% relative
humidity

disk with 6.9 nm thick initial Jubricant after about 4,000
minutes of contact.

DISCUSSIONS

When a hemispherical surface of radius R is in‘contact
with a flat surface and a drop of liquid is introduced at the
point of contact, surface tension effects will arise. The
pressure inside the liquid is lower than that outside the liquid
by an amount of y/r’, where g is surface energy of the liquid
and r’ is the radius of curvature of the liquid surface.
Rabinowicz (1965) has shown that the adhesion force (me-
niscus force), pm, due the pressure difference is given by

Pm = 4Ry cosa ®
where a is angle of contact between liquid and solid. In the

case of the hemisphere adjacent to a flat surface (Figure 8a),
the meniscus force is given by (Israelachvili, 198S):

@
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Fig.8 Schematics of (a) an isolated meniscus; (b) a
non-contact but wetted asperity; and (c) a con-
tact asperity

where b is the separation between the sphere and the flat
surface and h is a geometric length related <o the curvature of
the meaiscus. Obviously equation (2) becomes equation (1)
when b=0.

Recently Li and Talke (1990) have developed an ana-
lytical sticion model in which the equation (2) was incorpo-
rated into the Greenwood-Williamson surface model (Green-
wood and Williamson, 1966). They predicted the effect of
humidity on stiction as a function of a number of factors.
Later Koka et al. (1991) pointed out that the actual peak
height distributions rather than the Gaussian distribution
should be used in the model to obtain a good correlation with
experimental data. Equation (2), which was used by Li and
Talke (1990) for calculating the meniscus force, is for the
case of an isolated meniscus, i.c., a drop of liquid is intro-
duced between two surfaces after the two surfaces are pressed
into contact or close to contact. In an actual head/disk
interface, however, disk surfaces are already covered with a
layer of lubricant and a layer of adsorbed water before a head
contact Then the contact area wetted by the liquid is greater

than the value calculated from equation (2) because some of
the liquid is squeezed out. Therefore a larger stiction force
will arise.

Assume that a flat surface is in contact with a rough
surface which uniformly covered with a liquid layer. The
asperity height of the rough surface is described by a distri-
bution function ¢(z), where z is the asperity height from the
mean plane. Further it is assumed that all asperities are
spherical with a constant radius R. When the two surfaces are
pressed together under a normal force P, a meniscus force
will arise. The meniscus force consists of two parts: one
about non-contact but wetted asperities (Figure 8b) and the
other about contact asperities (Figure 8c). d is the distance
between the flat surface and the mean plane of the rough
surface; t is thickness of the liquid layer; o is the angle of
contact between the liquid and the solid.

The meniscus force between a flat surface and one non-
contact but wetted asperity, p,,. is equal to the wetted area
(7r2) times the pressure difference y/r” (Figure 8b):

Prn = nr”; )

By using simple geometrical relationship,

= 2R+)M+y), r= G-L— . R>>t

+cosa)

we can rewrite the equation (3) as

Pmn = 2Ry (14+cosa) (l + %) @

Similarly, the meniscus between a flat surface and one
contact asperity, Ppc. is equal to the wetted area (u? - xal)
times the pressure difference y/r” (Figure 8c):

p.,.::(:tr"—naz)y; &)

Using the above geometrical relationship and a =~ 2Rx, we can
rewrite the equation (5) as:

Pme = 2nRY (1+cosa) (1 + Y_l'll) - (6)

Since R>>t, |d-z|, y, then the selected geometric volumes
of liquid (see Figures 8b and 8c) are given by

Vi= %vry’ BR+0) - y)] = 2Ry ©)
Va=1h RaR+OG+Y) - 2R 0yl = aRh® ®)
V3= %ny’ BR+) - Y1 - %«x’ B3R - x)==R(y*-x*) (9)

v4=%h RuR+t)(B+y) - 2R +1)y] = xRA’ (10)

Since the liquid is incompressible, the volume of the liquid
must be conserved, i.e., V=V5, V3=V,. Then the following.
equations can be obtained:



h=y for the non-contact asperity
h2=y2-x2 for the contact asperity

If the deformation of contact asperities is considered, then
x=0. Thus the equation (4) and the equation (6) becomes the
same equation:

Pm = Pma = Pmc = 4tRy (1+cosa) (11)

Then the total meniscus force over the apparent contact area
Ay is given by

@

Pm = 4xRy (14+cosa)Aom [ @(2) dz (12)
d-t

7 is the areal density of asperity and is determined by using

the following relationship (Bhushan and Doemer, 1989):

oRn = 0.04 (13)

where o is the standard deviation of the distribution function
@(2). d is calculated by solving the following equation
numerically (Greenwood and Williamson, 1966):

P= ;_ﬁz‘m E J (z@”’cp(z)dz 14)

d
where E’ is effective elastic modulus of the two contact
surfaces. Then the friction force, F, is given by (Li and Talke,
1990)

F=A:Sr+Pmrm (15)

where s, is average shear strength of asperities; fm is the
friction coefficient associated with the meniscus force Pm;

Ar is the real contact area given by (Greenwood and
Williamson, 1966)
@
Ar=xRAon[ (z-dp()d 16)
d

Figure 9 shows the actual asperity height distributions
for the head ard the three types of disk surfaces. Since the
actual asperity height distributions do not striclly follow the
Gaussian distribution, we cannot convert the head and the
disk into a flat surface against a rough surface. Therefore, in
our calculations, we consider the disk (for head/Type A disk
interface) or the head (for head/Type B or C disk interfaces)
as a flat surface. The parameters used in the calculations are
as follows: P=6.5 grams; fm=02; Ag=1-58 mm2; Yy 16,~0.07
N/m: Yyybricant=0-025 N/m; Gg/0e=60°; Qyyprican=0°- The
wetting angle of the lubricant is very small and the contact
angle of water on unlubricated or lubricated disk surfaces
with carbon overcoats is around 60°, as reported in a previous
study (Tian and Matsudaira, 1992) and also in the literature
(Caporiccio, 1986; Saperstein and Lin, 1990). Figure 10
shows the experimental data and the model predictions based
on the actual asperity height distributions. Three sets of
experimental data were plotted: the unlubricated disks at
various relative humidities (adsorbed water), the lubricated
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surfaces

disks at 2% RH (lubricant) and lubricated disks at various
relative humidities (lubsicant + water). Appareatly the model
can only describe a single layer of liquid (lubricant or
adsorbed water) at the head/disk interface. Nevertheless, we
calculated the friction coefficient based on the model assum-
ing that the liquid layer is a pure lubricant or a pure adsorbed
water, and plotted the calculated values in Figure 10. It seems
that the calculated values agree fairly well with the experi-
mental data of the Type B and the Type C disks. The
calculated values for the Type A disks are higher than the
experimental data. The discrepancy may be caused by treat-
ing the Type A disks as flat surfaces. The surface roughness

- of the Type A disks is smaller but not negligible compared

with the surface roughness of the head. For the Type B and
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Fig. 10 Experimental data and the model predictions for
(a) Type A disks; (b) Type b disks; and (c) Type
C disks

the Type C disks, however, the roughness of the head is
insignificant and thus the head surface can be treated as a flat
surface.

The predictions from the proposed stiction model tel] us
that friction increases with thickness of liquid. This is not
quite true when a small amount of liquid exists at the head/
disk interface. It was shown in Figures 1 and 2 that a small
amount of water or lubricant at the head/disk interface
actually reduces friction. Equation (12) also tells us that the
effect of a layer of thin lubricant is different from the effect
of a layer of adsorbed water with a same thickness value. The
meniscus force depends on two properties of the liquid, the
surface energy y and the contact angle . According to
equation (12), the meniscus force due to the adsorbed water
is about 2 times of the meniscus force due to the lubricant of
same thickness. However, when the thickness of liquid is
small, our experimental results shows that the difference
between the adsorbed water and the lubricant is small.

One important implication from Equation (12) is that for
a given distribution of asperity height ¢(z), the meniscus
force is simply proportional to the bearing ratio which is
calculated based on a new parameter, d-t, instead of the
separation parameter d only. In other words, the distribution
shape of the high asperity part is directly related to the
meniscus force. Therefore a small number of high asperities
will effectively minimize meniscus effect of liquid at the
head/disk interface.

CONCLUSIONS

(1) The static friction coefficients were well correlated with
the total thickness of liquid at the head/disk interface for
three types of disks with different surface roughness
values. When the liquid at the head/disk interface is
below the critical thickness value which is related to
surface roughness values, the meniscus effect of the
liquid is insignificant. When the thickness of liquid is
larger than the critical value, the static friction increases
drastically as increasing thickness of the liquid.

(2) The thickness of adsorbed water on the disk surfaces
does not change much during afong exposure to an 80%
relative humidity. However, when the initial thickness
of adsorbed water at the head/disk interface is close to
the critical thickness value, static friction increases with
the head contact time due to the water build-up at the
contacting asperities.

(3) Presence of the mobile lubricant does not necessarily

cause long-term stiction. Long-term stiction occurs only

when enough mobile lubricant is present and the thick-

ness of liquid at the head/disk interface is close to a

critical thickness value, which is related to surface

roughness values.

(4) The meniscus force is directly related to the bearing ratio

of surface roughmess in the proposed stiction model. The

calculated values based on the model agree fairly well
with the experimental data.
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Nomenclature

a Radius of contact

Ao Total flat area of the slider rails (apparent
contact area)

Ar Real contact area

d Distance between a flat surface and the mean
plane of a rough surface

E Hastic modulus

E Effective elastic modulus of two contact sur-
faces

F Friction force

fm Friction coefficient associated with a menis-
cus

h Geometric length related to curvature of a
meniscus

P Normal force

Pm Meniscus force of a single meniscus

Pmc  Meniscus force of a contact asperity

Pmn  Meniscus force of a non-contact but wetted
asperity

Pm Total meniscus force

T Geometric radius of wetted asperity

r Curvature radius of a meniscus

R Radius of asperity

sy Average shear strength of asperities

t Thickness of liquid

Vi Geometric volume (i=1,23.4)

X,y  Geometric length

z Asperity height from the mean plane of a
rough surface

a angle of contact between a liquid and a solid

Y Surface energy of liquid

n Areal density of asperity

")

Distribution function of asperity height
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Tribological studies of friction and wear were performed on carbon overcoated thin-film
magnetic recording media with pin-on-disk tests. Scanning microellipsometry was employed to
measure the wear of carbon overcoats on rigid magnetic media. Severe wear produced after the
carbon film wore through was measured by mechanical profilometry. The wear rate of the
carbon is three orders of magnitude lower than that of the underlying metallic layers and is
nearly proportional to slider load. Micrographs of the wear tracks and the magnitude of the
wear coefficient from the Archard wear equation indicate three-body abrasive wear.

I. INTRODUCTION

Animportant task in the development of thin-film mag-
netic recording media is the formation of a mechanically
durable and stable disk surface.'> Metal magnetic media
without protective films have very poor wear resistance.’
Because of this, the magnetic layers are usually overcoated
with films providing wear and corrosion protection. Cobalt
based magnetic films between 40 and 100 nm are deposited
on the substrate consisting of a nickel-phosphorus layer 10-
20 um thick on an aluminum-magnesium alloy disk. The
cobalt alloy is normally overcoated with a carbon or silicon
dioxide protective film 20-100 nm thick. In this study, the
wear of thin-film disks produced by the contact sliding of a
spherical cap probe against the rotating disk under a wide
range of loads is examined using a pin-on-disk apparatus,*-
and scanning microellipsometry® is employed to measure the
wear at early stages before the protective carbon layer has
worn through. Later stages of wear are measured by me-
chanical profilometry. Raman spectroscopy’ can also mea-
sure wear of mechanical overcoats.

This tribological study had the following objectives:
First, to develop a test to quantitatively evaluate the tribo-
logy of the thin-film magnetic recording media. Second, to
set up methods to measure the wear with depth sensitivity
better than 1 nm and spatial resolution of at least 20 um.
Third, to compare the wear of the carbon overcoat with the
wear of the underlying magnetic layers, and to examine the
dependence of the wear on load. Finally, to identify the pre-
vailing wear mechanism in these media from the magnitude
of the wear coefficient and optical micrographs.

Il. EXPERIMENT
A. Apparatus

The pin-on-disk (POD) apparatus consists of a spindle
that rotates the disk and a dual-air slide probe mount* that
maintains the probe tip in contact with the disk under the
desired load. In this apparatus, air slides are used to isolate
the vertical and tangential motions of the probe. (An air
slide allows motion only along the axis of the slide through
its housing.) The vertical air slide on which the probe is
mounted is held perpendicular to the disk surface and moves
freely in the vertical direction to follow any disk runout.
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Weights are added to the top of the vertical slide to obtain the
desired normal load. The vertical air slide housing is mount-
ed on the end of another air slide with its axis of motion
perpendicular to that of the vertical slide and tangential to
the sliding direction. This is called the tangential air slide.
The tangential air slide is held centered at equilibrium by
opposing springs.

The displacements of the tangential air slide from its
equilibrium position due to the friction force is measured to
within + 5 um by a fiber optic sensor that converts the dis-
placement to a voltage. This tangential force signal is low-
pass RC filtered at 1 Hz. A personal computer (PC) withan
interface card periodically monitors this voltage and con-
verts it to the friction coefficient with an accuracy of 0.02.

Test duration and disk rotation rate are also controlled
through the PC. The rotation rate is within the range of 25-.
100 rad s~', the rotational velocity is 1-6 ms™', and the
normal load is within the range of 0.05-1 N.

B. Materials

Spherical cap Al,O; (75 wt. %) + TiC ceramic test
probes with a 10-cm radius of curvature are used. Tests are
done on unlubricated sputtered carbon overcoated thin-film
133-mm (5!-in.) diam magnetic recording disks. Since the
purpose of this study was to develop the measurement meth-
odology for overcoats, no attempt was made to further char-
acterize the disks. The root-mean-square roughness of the
disk and probe surface is typically 2 and 5 nm, respectively.

C. Procedure

Each test is carried out with a new or thoroughly
cleaned probe. The probes are fastened onto the bottom of
the vertical air slide with cyanoacrylate adhesive and
cleaned with Freon solvent to remove any grease. The probe
tip is centered on the surface of the disk by adjusting sct
screws on the tangential air slide mount.

After the probe is positioned at the desired radial loca-
tion and aligned, the tangential force calibration is donc. The
probe is raised off the disk by propping up the vertical air
slide, the tiber optic sensor is zeroed. and known weights are
suspended from the tangential air slide with nylon line
strung over an air bearing pulley to obtain the voltage corre-
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sponding to two tangential loads. These calibration loads
and corresponding voltages are then input to the PC. Once
rotation has begun, the probe is gently lowered to the disk
surface. The wear tracks are maintained at least 5 mm apart
and tests on the same surface are run from outside to inside
diameter to avoid contamination by debris from previous
tracks.

D. Analysis

After a given number of sliding cycles, the wear of the
overcoat can be evaluated by scanning microellipsometry
with the set up sketched in Fig. 1. Ellipsometry® is based on
measurement of changes in the polarization of monochro-
matic polarized light caused by reflection from the surface.
When polarized light is reflected from a surface, changes in
the relative phases and amplitudes of the electric field vec-
tors parallel and perpendicular to the plane of incidence oc-
cur. These changes determine two angles ¥ and A which can
be related to two unknown optical parameters such as the
real and imaginary parts of the refractive index of the sub-
strate n, and k_, the real and imaginary part of the refractive
index of the film n, and & or » and film thickness d by rela-
tions

V= fi(n.k,,nkdoA), (1)
A= fi(n k,nkddA), (2)

where f| and f; are functions derived from properties of re-
flected light,” ¢ is the angle of incidence, and 4 is the wave-
length of light.

The complex multilayer structure of the film disk can be
treated as a single film over the substrate characterized by
the effective optical constants. The magnetic layer is usually
thick enough that the contributions of underlying layers are
minor. The measured optical constants of the substrate (in-
cluding the magnetic layer rich in cobalt) from Egs. (1) and
(2) areincluded in Table I together with the real and imagi-
nary parts of the refractive index of carbon. The imaginary
part is determined by optical spectroscopy. These values for
the carbon film are comparable to those reported by Tsai et
al.’® For profiling of wear tracks the laser beam of the ellip-
someter is focused into a spot. The sample is scanned at 10-,
25-, or 50-um steps across the wear track to profile it. During
profiling the refractive index is constant and the unknown
carbon thickness d is determined from Egs. (1) and (2). The

Laser Detector
Polarizer

Compensator

FIG. 1. A schematie drawing of scanning microellipsometry as used to pro-
file the wear track in the overcoat.
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TABLEL The optical constants measured by cllipsometry and optical spec-
troscopy at A = 633 nm.

Parameter Value
Real part of magnetic film refractive index. n, 2.3
Imaginary part of magnetic film refractive index, k, 44
Real part of carbon film refractive index, n 20
Imaginary part of carbon film refractive index, & 0.6

thickness resolution is 0.1 nm, as determined from calibra-
tion with Langmuir-Blodgett layers of known thickness.
The elliptical spot size is 20 X 60 £m, hence the sampled area
is approximately 1000 um-. A typical ellipsometer trace
across the wear track is shown in Fig. 2(a).

Another instrument used to analyze the wear track was
the surface mechanical profilometer. In measuring surface
roughness with a profilometer, the surface irregularities are
traced when a stylus is moved slowly across the surface. A
typical profilometer trace is shown in Fig. 2(b). The profilo-
meter is capable of detecting changes in depth of approxi-
mately 10 nm with spatial resolution of 1 um®.

The apparent difference in the surface roughness height
outside the track between Fig. 2(a) (ellipsometer) and Fig.
2(b) (profilometer) is due to the difference in the spatial
resolution between the two measurement techniques. With a
1000-um” spot area, the ellipsometer averages out the local
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FIG. 2. An cxample of the wear track measurement by (a) cllipsometer and
an illustration of the parameters used to characterize wear traces, and (b)
protilometer. The regions outside the wear track indicate the typical surface
roughness. :
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variations in the surface roughness height which are detect-
ed by the 1-um-” spatial resolution of the profilometer. Most
of the wear tracks were not deep enough to be detected by the
profilometer and measurements were done with the ellipso-
meter. However, on some of the larger, more prominent
tracks, the carbon layer of the disk had apparently been
worn through and ellipsometry was no longer applicable. In
these cases the mechanical profilometer was necessary for
the wear track measurement.

Whether the profilometer or ellipsometer is employed to
measure the profile of the wear scar, the track width /,, maxi-
mum depth /,, and cross-sectional area 4 are measured from
the profile. The relation of these parameters to the profile is
schematically illustrated in Fig. 2(a). Width /, is estimated
from the trace, maximum depth /, is the difference between
the estimated surface level and the deepest groove in the
track, and the area A4 is measured by integration. The wear
volume ¥ is obtained by multiplying the profile area 4 and
track circumference.''

For most of the tests the cross section of the wear scar
was measured in each quadrant around the circumference to
test the uniformity of the track. Typical variation in the wear
parameters around the circumference of the track is illus-
trated in Fig. 3. This variation is attributed to the statistical
nature of the wear initiation and propagation. Wear initiates
at some point around the track which contains a flaw or
loose particle. Wear track growth then propagates around
the circumference in an irregular manner, determined by the
dynamics of debris transfer between the probe and the over-
coat and debris expulsion from the track. Hence, it is natural
to observe some variation in the parameters measured to
characterize the wear around the circumference of a track.
Owing to the irregular character of the grooves and ridges
within the wear track, the cross-sectional area is not equal to
the area of the segment defined by the radius of the probe and
the maximum depth. Variation in the cross-sectional area is
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F1G. 3. An example of variation in (a) the cross-sectional area, (b) track
width. and (¢) maximum depth around the circumference of a track.
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significant and obscures the effect of minor changes in the
wear produced by small variation in the test conditions,
However, if the test conditions are varied substantially, the
orders of magnitude difference in the resulting wear is much
larger than the error due to nonuniformity around the cir-
cumference of the track.

lIl. RESULTS

During all runs, the friction coefficient was recorded at
60-s intervals. A typical friction trace is shown in Fig. 4. All
tests were done at ambient conditions and no systematic
variation in the friction coefficient is found with load, veloc-
ity, or relative humidity in the range of 45%-60%. In gen-
eral, the friction coefficient gradually increases with increas-
ing time or number of cycles. The initial dynamic friction
coefficients are around 0.1-0.15 and they reach a 0.3-0.4
value before carbon failure. An increase in the friction coeffi-
cient is attributed to a rise in the frictional energy dissipation
at the interface, which may occur due to a larger real area of
contact accompanying removal of asperities.

To characterize the wear, a wear rate is calculated from
the cross-sectional area of the track 4 and the number of
sliding cycles m. The wear rate R is defined as

R=_Z=2_’7’_.A;=f_, (3)
S 2orm m

where Vis the wear volume, S is the distance traveled, and r
is radial location.

In one set of tests, the load was held constant at 0.15 N
with an increasing number of cycles on each of three disks
with different carbon layers. The results of the tests on these
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FIG. 4. The typical dynamic friction cocfficient during a test run with car-
bon overcoat. The failure of this overcoat occurred in 2 x 10” sliding cycles:

T. €. Karis and V. J. Novotny 2708



s

100

0.1

o
o
=

Wear Rate (x 10° ,un")
- 3
L N A O B 2 R
L )
L] g
o .
& >
x
[¢]
FETI SNNNT! MR TI AN AN T NN R T ININ T

Wear Rate (x 104, pm"’)

0.001 : S
1

N
IS
-
o
N
o
I
o

Number of Sliding Cycles (x 107%)

FIG. 5. The wear rate on three different carbon overcoated thin-film re-
cording disks under a 0.15-N load. The open symbols correspond to wear of
the overcoat while the solid symbols correspond to wear of the underlying
layers. -

three disks, referred to as disk A, B and C, are shown in Fig.
3. and the typical data are given in Table II. No significant
wear of the spherical cap probe during the wear of carbon
was observed. In the cases of severe wear, debris was found
on the probe near the point of contact. Wear rate differences
between the three disks reflect the sensitivity of mechanical
durability to the sputtering conditions during overcoat de-
position.

As an aid to understanding the wear process, it is useful
to measure the dependence of the wear rate on load. Tests
were done on another set of thin-film recording disks under
loads 0of 0.05, 0.15, 0.3, 0.5, and 1 N. Although there is con-
siderable variation in the wear rate, reasonably smooth load
dependence results were obtained by averaging the data. The
wear rate as a function of slider load is shown in Fig. 6.

IV. DISCUSSION

The results shown in Fig. 5, obtained with a 0.15-N load,
show considerable variation in the wear rate. Initially the
wear rate is low and fairly constant during wear of the car-
bon film. Once the carbon film has worn through, the wear
rate sharply increases as wear proceeds through the magnet-
ic layer. The wear in this regime is evident with disks A and
Cand is identified by the solid symbols. Following this tran-
sition region, the wear rate levels off at this higher value as
shown by the two solid points for disk A.

In practice, the wear regime of interest is before the
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FIG. 6. The average wear rate of the overcoat as a function of the slider load.

overcoat is completely removed. The series of tests at differ-
ent loads was designed to cover this region of initial wear to
further study the tribology of the protective overcoat. One
means of attempting to determine the wear mechanism is to
calculate the wear coefficient by Archards law!>~'*

K_—.p_V=£&, (4)
ws w

" where K is the wear coefficient, W is the load, and p is the °

indentation hardness. The physical interpretation of X is
that it is a probability factor, a measure of the probability of
wear particle formation at each asperity interaction. If a sin-
gle wear mechanism is dominant over a given range of load,
the wear coefficient should be independent of the load. A
least-squares fit to the data in Fig. 6 gives (with a 90% confi-
dence interval)

R=aW!''t02 (5)

wherea = 2.8 X 10~3 um?/N. Within the limits of measure-
ment error and over this range of load, the wear rate is pro-
portional to the load. The indentation hardness of the carbon
overcoat was measured to be approximately 22 GPa. Taking
the wear rate to be proportional to the load, the wear coeffi-

TABLE II. Typical wear data obtained by averaging several runs with 2 0.15-N load on disk B. A's are 90% confidence half intervals.

Width Depth Area
Number of Wear Wear
cycles l, A 1, A A rate cacfficient
(%10 %) (um) (um) (nm) (nm) (um?*) (um*) (X 10* yem*) (£10%)
1.40 not detectable
2.86 200 40 9.4 0.73 0.2 0.25 0.37
S.73 240 30 10.0 1.10 0.5 0.20 0.33
11.50 260 100 14.0 1.60 0.8 0.14 0.20
2709 J. Appl. Phys., Vol. 66. No. 6, 15 September 1989 T. E. Karis and V. J. Novotny 2709



cient is K = 5.5 10~°. This wear coefficient is within the
range reported by Rabinowicz'® for ceramic sliders on unlu-
bricated particulate disks. A comparison can then be made
with wear coefficients observed for other sliding situations to
speculate on the type of wear being observed in the POD test
on film disks. For unlubricated three-body abrasive wear'* K
varies from 1073 to 5 10™3, which includes the value for K
found in this study.

Optical micrographs of the worn carbon overcoat are
shown in Fig. 7. In Fig. 7(a) the track is difficult to distin-
guish, but in Fig. 7(b) the track appears as a series of grooves
in the surface. Grooves along the track were also noticed in
the ellipsometer and profilometer traces shown in Fig. 2.
Given the magnitude of the wear coefficient and the ob-
served grooves, it seems that the wear is mildly abrasive. The
likely wear mechanism is that some wear particles are gener-
ated and give rise to three-body abrasive wear with a low-to-
moderate abrasive concentration. The micrographs also in-
dicate the difficulty in quantitatively measuring the track
width by optical microscopy. Roughness in the track can
affect the microellipsometric thickness, but roughness is es-
timated to introduce at most a 1-2 nm uncertainty in our
results.

It should be pointed out that the wear rate varies over
orders of magnitude between different disks. This is appar-
ent from the data in Fig. 5, and from comparison of the wear
rate in Fig. 5 with that in Fig. 6. Since the measured hardness
of the carbon does not vary by more than a factor of 2, the
orders of magnitude difference between wear rates is attrib-
uted to variation in the wear coefficient. Typical values of the
wear coefficient for disk B are listed in the last column of
Table II. These are an order of magnitude below the wear
coefficient on the disks used in the load dependence study.
The overcoats on disks A, B, and C and the disks in the load
dependence study were produced by different sputtering
methods. This variation serves to illustrate the main point of
this study, that the POD test, in conjunction with ellipso-
metry and profilometry, can detect differences in the wear
coefficient of thin films. In general, with mild wear, the wear
coefficient is a function of surface topography and mechani-

(a) (b)

FIG. 7. Optical micrographs of the wear scar on the overcoat illustrating
t2) mild wearand (b) severe wear. The apparent wear tracks are indicated.
but eptical micrographs do not provide reliable track width measurements.
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cal properties. For example, X is affected by the fatigue and
fracture properties, areal density, geometry of asperities, and
the film adhesion.'

One further and very interesting observation is the rela-
tion of the wear track width to the depth. This relation can be
calculated with the mensuration formula for the chord
length /, and rise /, of a circle with radius 7,

L= 2\/7r73 (6)
when /, < 2r. For example, the values of /,, calculated from /.
in Table II are 87, 90, and 106 um (top to bottom). )

The Hertzian contact area of the spherical cap probe on
a flat surface may also be considered.'® The contact radius @
is given by the Hertz equation

@’ =3rF(k, +k,)/4, (7)

where F'is the total force on the contact, including adhesion
forces, and

ki=(1—=1})/E, i=12 (8)

are the elastic constants of the two materials with their re-
spective Poisson’s ratios v; and Young’s moduli £;. Taking
E, =100 GPa, v, = 0.25, E, = 450 GPa, and v, = 0.25 for
the disk and slider, respectively, the load of 0.15 N and esti-
mated adhesion force of 0.03 N, /, = 2a=110 um, in agree-
ment with the geometric calculation, but roughly two times
lower than the observed track widths.

The tracks wider than expected from the measured
depth are attributed to the tangential displacement of the
slider oscillating about its equilibrium position. Since the
slider is mounted on a vertical air slide, it is able to follow
disk runout. However, the vertical air slide is mounted on a
tangential air slide that is held in place by centering springs.

"The tangential air slide undergoes a small oscillatory dis-

placement at its natural frequency.® It is this small amplitude
oscillatory displacement that widens the track beyond that
expected from the measured depth. This phenomenon
should not affect the results because the measured track
cross sectional areas are used to calculate the wear volume.

Since the pin-on-disk test provides reasonable values for
the wear coefficient, we suggest that it can be used for pro-
cess optimization and control of the thin-film coating tribo-
logy. Several factors should be considered in the design of
test procedure. If the ellipsometer is to be used one should
consider that different types of carbon may have optical con-
stants that differ from those in Table I. To determine the
wear coefficient X, the wear rate R in Eq. (3) should be
measured over a range of slider load from 0.05 to 1 N as
shown in Fig. 6. If the wear rate is proportional to the load.
then the wear coefficient can be calculated from the slope 0!
the line and the hardness with Eq. (4). Changes in the slope
of wear rate as a function of load are indicative of a different
wear mechanism.'* The hardness should also be measured
for each type of overcoat with a microindentation hardn.ef*b
tester using an indentation depth much smaller than the film
thickness. In addition, the number of sliding cycles to run it
a given load must be determined. Although no dependence
of the wear rate on sliding velocity is observed, the sliding
velocity is limited at the low end by the turntable motor and
at the high end by bouncing of the probe off disk runout and
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development Ol an air pearing. Lo >tudy vty wedl UL Lue

- overcodt, the amount of wear produced must be sufficient to
measure with the ellipsometer but not so much that the over-
coat is completely worn through. In this study, the test with
20.05-N load was run from 3.7 to 14.3 X 10° cycles and with
a 1-N load from 0.07 to 7.4 10* cycles. Notice also that
«ince the ellipsometer measures only the overcoat thickness,
the observed tracks cannot be due to plastic deformation of
the surface, and must result from partial removal of the over-
coat. :

V. CONCLUSIONS

Pin-on-disk tribology of carbon overcoated thin-film
magnetic recording disks in conjunction with scanning mi-
croellipsometry and profilometry provides a measurement
of the wear volume arrd-the wear coefficient of the carbon
avercoat. This method may be employed as a tool to further
understanding of the wear mechanism and to evaluate pro-
cessing conditions giving mechanically durable media.

From the results obtained in this study, it appears that
the carbon overcoat wear is three-body abrasive wear. This
shows indirectly that the carbon layer has a very good adhe-
sion to the magnetic layer. Once this protective film has
worn away, wear proceeds into the magnetic layer and sub-
strate at a much higher rate.
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Correlation Between Contact Start/
Stop and Constant Speed Drag
Testing in Magnetic Head-Disk
Tribology

A model to establish the correlation between wear in constant speed drag testing
and contact start/stop testing is developed. The model is based on the Archard wear
equation and uses the quasi-steady Kita-Kogure-Mitsuya model for the transition
of a slider from sliding to flying to calculate the velocity dependent contact force
between the slider and disk during start/stop. Experimental results for the wear of
a zirconia overcoated disk are obtained for both start/stop and constant speed drag
testing as a function of the number of repeated cycles using optical profilometry.
The correlation between predictions and experimental data shows good agreement
for up to at least 10,000 cycles of sliding.

Introduction

Two types of tests are generally used to evaluate the dura-
bility of the magnetic head-disk interface. One is the constant
speed drag test, in which the head is maintained in contact
with the disk at a constant speed and load. The disk velocity
is chosen to be low enough to ensure that the head does not
fly during rotation. The second is a contact start/stop (CSS)
test in which the head rests on the disk when the disk is not
rotating but flies on the disk when the disk is rotating at its
operating speed. During the acceleration of the disk, the head
starts flying over the disk at the so-called “‘take-off” velocity
due to the formation of a hydrodynamic air bearing. As the
velocity of the disk decreases during spin down, the head
‘“‘lands’’ on the disk, and stays in contact until the disk comes
to rest.

Since in a constant speed drag test the slider is always in
contact with the disk, wear occurs as long as there is relative
motion between the head and the disk. In a CSS test, however,
wear occurs predominantly during start-up and shut-down of
the disk, i.e., during the time that the air bearing is not fully
developed. A further difference between the CSS test and the
drag test is that in the drag test the contact force between the
head and the disk is constant as a function of time, while in
the CSS test, the contact force decreases as a function of
increasing velocity, until the head starts flying. When the head
flies, the contact force between the head and the disk in zero.

Although the CSS test simulates more closely the conditions
in a disk drive, it takes more time to perform. In view of the
differences between the constant speed drag test and the CSS
test, it is apparent that a need exists to determine whether and
to what degree the constant speed drag test can simulate the

'Current address: Applied Magnetics Corporation, 75 Robin Hill Road, Go-
leta, CA 93117.
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durability of the head disk interface. This paper examines the
differences between the constant speed drag test and the CSS
test, and establishes a correlation between wear during start/
stop and constant speed drag testing in the case of a zirconia
overcoated disk. Although the zirconia overcoated disk is not
as widely used as a carbon overcoated disk in the industry, we
chose it because we found that in contrast to the carbon over-
coated disk, it wears more gradually. Many investigdtors have
studied the wear of carbon overcoated disks (e.g., Yamaguchi
et al., 1988; Lee, et al., 1989; Suzuki and Kennedy, 1989;
Dugger et al., 1990), but zirconia has been less well researched
(Yamashita et al., 1988).

The Kita-Kogure-Mitsuya model (Kita et al., 1984) is used
to simulate the transition of the slider from sliding to flying
and to determine the variation of the contact force between
the slider and the disk during start-up and spin-down. The
time dependent contact force is used in an Archard-type wear
equation to predict the wear depth as a function of the number -
of repeated cycles. The predictions agree well with experi-
mentally measured values of the wear depth by optical pro-
filometry up to about 10,000 cycles of sliding, but deviate at
larger number of revolutions.

Theory

Archard (1953) proposed a model of wear for two surfaces
in sliding contact according to which the wear volume W of
the softer material is proportional to the contact load F, the
distance of sliding s and inversely proportional to the hardness
of the softer material H, i.e.,

Fs
W=k—
H (8))

For adhesive and abrasive wear, the dimensionless wear coef-
ficeint & denotes the probability that a wear particle is formed
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during asperity contacts. The wear coefficient has been doc-
umented for various material combinations sliding under dif-
ferent conditions (for example, see Rabinowicz, 1965).

In the following analysis, we assume that wear proceeds
gradually with the number of cycles. There is evidence in the
literature (Ganapathi et al., 1992) that wear is localized in many
regions of the disk. However, this localization in the form of
cracks and pits occurs in regions that are on the order of |
um in length. In comparison to the circumference of the wear
track, the combined area of these regions of localized wear is
negligible. In this paper, only the issue of the uniform wear
of the overcoat is addressed, and the non-uniform localized
wear mentioned above is not taken into account. This treatment
is justified for a zirconia overcoated disk which shows a de-
creased tendency for localized wear.

Constant Speed Drag Testing. For a constant speed drag
test, the applied force F; and the distance of sliding s are known,
while H is constant, i.e. the wear volume is

W=cF,s )
where the constant ¢ = k/H is assumed to be constant through-
out the test.

Denoting the width of the wear track by d, the length of the
wear track by 2xr (where r is the radius of the wear track on
the disk), and assuming that the overcoat material is softer

than the slider material, we obtain the wear depth z as a func-
tion of the number of cycles n as

b z2=cFn/d 3)

Contact Start/Stop Testing. In a contact start/stop test,
when the disk is at rest, the applied suspension force is fully
supported by the contact force at the head disk interface. When
the disk rotates at its operating speed, an air bearing exists
and the suspension load is supported completely by the air
bearing. During the transition from sliding to flying, the con-
tact force between the slider and the disk decreases as the disk
velocity increases.

If the air-bearing force developed during the transition from
sliding to flying is denoted by F{¢), and the applied suspension
force is F,, then the contact force F{(f) during the transition
from sliding to flying is given by F.(7) = F, — F/t). Hence,
the incremental wear volume dW for a sliding distance ds
during the transition from sliding to flying is given by

dW=cF.(t)ds

= cF.(1) ({:—f) dt @

=cF.(t)v(r)dt

We have assumed above that both “H’* and ‘‘k’’ vary iden-
tically for the drag and CSS test. This assumption may appear
restrictive at first; however, in this paper we are mainly in-
terested in determining whether the experimental data for the
CSS and drag test can be modeled by a simple Archard equa-
tion. Thus, agreement of the theoretical predictions with our
experimental results would indicate that it is justifiable to use
the above assumptions while disagreement would indicate that
H and k may be different for the two tests.

For a disk accelerating with a constant angular acceleration
a, the velocity at radius r is v = art and Eq. (4) becomes

dW=cF (t)artdt ®)
Thus, the total amount of wear W during one start-up is given
by
i
W= carS Fu(r)dt ©
o

where ¢, denotes the time from the beginning of motion at
t = 0 to the time at which the slider starts flying. For the
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Fig. 1 Typical velocity-time profile for CSS testing

quasi-steady model under consideration, the contact force var-
ies with velocity in the same way for both the spin-up and spin-
down phases of a start/stop cycle. Therefore, the total amount
of wear for one start/stop cycle is twice that of the spin-up
phase.

Since the contact force varies along the track during take-
off and landing, the wear depth for a single spin-up or spin-
down of the disk is not uniform along the wear track. However,
the wear depth may be averaged by assuming that the slider
starts at random positions along the wear track for each cycle.
Thus, the average wear depth of a track after n start/stop
cycles is given by

is
nca S F.(t)tdt
0

—d @

From Eq. (3) and (7), the ratio of the wear depth in a contact
start/stop test and a constant speed drag test after a given
number of cycles is given by

=

aS’Fc(t)tdl
Z(CSS) %

z(Drag)

. ®

Experimental Procedure

Constant speed drag tests and CSS tests were conducted
using commercially available ferrite heads and 95 mm diameter
zirconia overcoated disks. The overcoat thickness was on the
order of 25-30 nm. The disks were textured but not lubricated.
A load of 0.093 N (9.5g) was used for the tests. A typical
velocity-time profile for the CSS test is shown in Fig. 1. The
wear tests were stopped after a predetermined number of cycles,
and the mean decrease in thickness of the overcoat in the wear
track was measured by non-contact optical profilometry using
a 2.5X objective lens. Several measurements were made at
different angular positions along each wear track and the depth
of the track was averaged over these measurements. The disk
was reinserted in the CSS tester and the test was continued on
the same track. A new head and disk were used whenever the
conditions of sliding were changed.

Determination of Takeoff Velocity. An acoustic emission
technique was used to determine the takeoff velocity v, of the
head. The method followed was similar to that described by
Benson et al. (1988) and Kita et al. (1984). A typical variation
of the acoustic emission RMS (AE RMS) voitage as a function
of velocity from a zirconia disk for an applied load of 0.093
N is shown in Fig. 2. We observe that the RMS voltage de-
creases to a low value for velocities greater than about 1.6 m/
s, indicating that the slider flies at velocities greater than this
value. When the applied suspension load is decreased to 0.068
N, the slider takes off at a velocity of 1.25 m/s.

Model for Predicting the Variation of Contact Load With
Velocity. In order to calculate the amount of wear for the
contact start/stop test, the variation of the contact load with
time, or equivalently, velocity is needed. Following Kita, et
al. (1984), we assume a quasi-steady model for the transition
of the slider from sliding to flying (Fig. 3), and calculate the
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Fig. 3 Quasi-steady model for the transition of a slider from sliding to
flylng (Kita et al., 1984).

air bearing pressure at each velocity up to the takeoff velocity,
making the following assumptions:

1. The slider is in static equilibrium during its transition
from sliding to flying and all dynamics effects are neglected.

2. During the transition, the slider is supported on the peaks
of the asperities of the disk, i.e., at low velocities, the slider
“‘rests”” along its full length on the disk asperities (Fig. 3(a));
at intermediate velocites, the slider begins to pitch, and only
the trailing edge of the slider is in contact with the asperities
(Fig. 3(b)); and at high velocities, the slider flies over the disk
surface (Fig. 3(c)).

3. The air bearing force on the slider in the low and inter-
mediate velocity regimes is calculated as if the trailing edge of
the slider were flying at a distance A, over a perfectly smooth
surface.

4. The Reynolds equation modified for first order slip is
applicable for calculation of the air bearing force during the
transition from sliding to flying, i.e., the air bearing force is
calculated based on the fictitious flying height A,,.

To determine A, the following procedure is used. The take-
off velocity is first determined by the acoustic emission tech-
nique described above. At the takeoff velocity, the air bearing
force on the slider must be equal and opposite to the applied
suspension force. Furthermore, to maintain equilibrium of
moments, the pitch angle of the slider must be such that the
air bearing force acts through the pivot point. The above two
conditions of force and moments equalibrium are now solved
simultaneously with the Reynolds equation at the takeoff ve-
locity to determine h,, and the pitch angle 6. In practice, the
values of h, and @ are obtained by an iterative numerical
solution of the Reynolds equation. Once the value of A, is
determined, the Reynolds equation is solved for values of the
velocity below the takeoff velocity to obtain the air bearing
force as a function of velocity. At each velocity,the pitch angle
is adjusted to maintain moment equilibrium of the slider.

Applying the above model, we found for a take-off velocity
of 1.6 m/s that the value of h,, is approximately 34 nm for a
Winchester 3380 type slider. Using this value of &, the var-
iation of contact force with time during the transition from
sliding to flying of a Winchester 3380 type slider is shown in
Fig. 4 for angular accelerations of 188 rad/s?, 97 rad/s and
63 rad/s?, respectively. We observe that the time of contact ¢,
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Fig. 4 Variation of contact force as a function of time during the tran-
sition from sliding to flying in a CSS test using different angular ac-
celerations
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Fig. 8 Computed wear depth normalized with wear constant ¢ as a
function of the number of cycles

between the head and the disk decreases as the angular accel-
eration increases. Numerical integration of Eq. (7) using the
contact force profile of Fig. 4 yields the average wear depth
along a track as a function of the number of cycles and the
constant c.

Results .

An example of the measurement of the wear depth by an
optical profiler is shown in Fig. 5. The wear depth divided by
the wear constant c, i.e., (z/c), as predicted by our model is
shown in Fig. 6 for both the constant speed drag test and the
CSS test as a function of the number of cycles.

The experimentally measured wear depths under the same
conditions are shown in Fig. 7. The wear depth for a given
acceleration increases linearly at first with the number of cycles,
but after about 10,000 cycles, the rate of wear decreases. The
initial linear increase with sliding distance is intuitively in ac-
cordance with Archard’s law. The measured decrease in wear
rate at larger number of cycles will be discussed later.

We also observe that the wear depth for a given number of
cycles decreases with increasing acceleration, as is intuitively
expected. Experimental measurements of the wear depth for
the drag test at 0.1 m/s and the start/stop test at accelerations
of 97 rad/s® and 63 rad/s’ are shown in Fig. 7. We observe

JULY 1983, Vol. 115/ 389
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that the wear depth in the CSS test is greater than that in the
drag test for both the angular accelerations considered, and
that the wear depth in the CSS test is larger for the 63 rad/s®
test than that for the 97 rad/s® test.

In Fig. 8, we have plotted the ratio of the wear depths in
the CSS test and the constant speed drag test conducted at 0.1
m/s as a function of the number of cycles using Eq. (8) and
the data of Fig. 7. We observe good agreement between the
predicted and the experimental results up to about 10,000 cycles
of sliding, the agreement being better for the higher acceler-
ation test. Futhermore, we note that the wear depth ratio
decreases as the angular acceleration increases, indicating that
the wear depth in a CSS test increases as the angular accel-
eration decreases.

Discussion

The correlation between the wear depth predicted by the.

model and the experimental measurements of the wear depth
decreases for sliding distances greater than about 10,000 cycles
for the low acceleration test, but remains good up to 20,000
cycles for the high acceleration test. We also note that as the
angular acceleration/deceleration during a start-stop test in-
creases, the wear depth for a given number of cycles decreases.
This is to be expected, since the slider is in contact with the
disk for shorter periods of time as the acceleration increases.
From our data, we extrapolate that at an angular acceleration
of about 120 rad/s?, the wear depth in the CSS test is ap-
proximately equal to that in the constant speed drag test con-
ducted at 0.1 m/s.

The correlation between the computed and experimental
data suggests that wear of a zirconia overcoat during drag and
CSS testing can be well explained by means of Archard’s equa-
tion as long as care is taken to account for the velocity de-
pendcnt contact force in the CSS test. For thedisk accelcranons
used in out experiment (97 rad/s® and 63 rad/s? ), the wear
depth of the overcoat was found to be higher in the CSS test
than in the constant speed drag test. If the disk acceleration
is increased, say to 190 rad/s?, we predict from Fig. 6 that the
wear depth for this acceleranon is approximately 60 percent
of the wear depth from a constant speed drag tests.

The good agreement between experimental results and the-
oretical predictions also indicates that our assumptions con-
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cerning the constancy of H and k in the wear equations for
constant speed drag and contact start stop testing are justified.

The increasing discrepancy at large number of cycles and
low accelerations appears to be related to several factors. First,
at very large sliding distances, the assumptions in Archard’s
wear model are less likely to be satisfied, since the operative
wear mechanism may involve a combination of several indi-
vidual wear phenomena, making the wear characteristics non-
linear. Another possible reason for the deviation at large dis-
tances and low accelerations may arise from the measurement
limitations of optical profilometry as discussed by Li and Talke
(1990); as the overcoat thickness decreases in the wear track
with an increasing number of cycles of sliding, the underlying
magnetic layer increasingly contributes to the phase shift of
the reflected beam, making the optical wear depth measure-
ment increasingly more suspect. Since this error increases with
the amount of wear of the overcoat, the deviation between
theory and experiment sets in at a smaller number of cycles
as the acceleration decreases. In principle it is possible to over-
come this problem by using a mechanical profilometer, since
it is dependent only on the surface profile, rather than on the
thickness of the layer. However, stylus profilometers permit
only line scans across the width of the wear track, and their
resolution is less than that of optical profilers. An optical
profiler offers the advantage of area scans at various regions
of the wear track which can then be averaged. It is possible
to obtain better resolution with an atomic force microscope
(AFM), but this instrument suffers from the limitation that it
can only sample very small areas at a time, and cannot cover
the entire wear track. Moreover, determination of the wear
track region is very difficult with an AFM.

It is interesting to examine the measurement of the decrease
in the wear track depth with time. As mentioned earlier, the
measured wear depth is an average across the wear track of
the various pixels in an optical profiler trace. The physical
interpretation of this averaged wear depth is that some peaks
in the surface profile get deformed and truncated during sliding
contact. This removal of peaks causes new peaks to be exposed,
which again go through the process of deformation and trun-
cation. The average depth of the wear track therefore increases
with the number of cycles and this is demonstrated by the
example profile of the wear track shown in Fig. S. This is a
direct consequence of the fact that the head slides on the highest
peaks of the disk.

The contact force profile at an angular acceleration of 97
rad/s? shown in Fig. 4 indicates that the contact force between
the head and the disk is almost constant in the initial stages
of sliding. This implies that at low velocities (below ~0.4
m/s) the air bearing force developed is very small. Therefore,
the wear depth versus the number of cycles in a constant speed
drag test should show little dependence on the velocity in this
velocity regime. In order to verify this point experimentally,
we conducted drag tests at different velocities up to 0.4 m/s
and measured the wear depth as a function of the number of
cycles. The results, shown in Fig. 9, indicate that the wear
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depth at a given number of cycles is indeed nearly independent
of velocity for velocities below 0.4 m/s, further indicating the
usefulness of our model.

In order to further test our model, we conducted wear tests
in the CSS mode at an applied suspension load of 68 mN (7g).
According to the analysis presented above, load affects the
wear depth in two ways. First, since the wear depth is directly
proportional to the load, the wear depth is expected to decrease
with decreasing load. Second, a smaller suspension load causes
a decrease in the takeoff velocity, thereby decreasing the time
of contact between the slider and disk and consequently, the
amount of wear. Figure 10 shows the wear depth as a function
of the number of cycles for the two loads of 0.068 N and
0.093N. Good agreement between the predictions and the ex-
" perimental results for sliding up to 20,000 cycles is observed.
In particular, a decrease in load of 27 percent (from 0.093N
to 0.068N) decreases the wear rate by 50 percent.

. ¢ In addition to the above tests to verify the usefulness of our

model, it is possible to verify the validity of the results of Fig.
4 using friction measurements at the head-disk interface. Ear-
lier experiments in this laboratory (Trauner et al., 1990) in-
dicate that the friction coefficient, when plotted as a function
of velocity, shows a behavior as shown in Fig. 11, i.e., the
friction coefficient is initially constant, then decreases and
reaches a minimum at the take-off velocity. In Fig. 11, the
friction coefficient was computed by Trauner et al. (1990) by
dividing the experimentally measured frictional force by the
[constant] applied suspension force. The variation of the fric-
tion coefficient as shown in Fig. 11 is typical for the transition
from sliding to hydrodynamic flying, but is predicated on
calculation of the friction coefficient based on the contact force
at zero sliding velocity. However, in the absence of hydro-
dynamic effects, one finds in most friction tests that the coef-
ficient of friction is nearly independent of the sliding speed.
It is therefore justifiable to assume that even in the presence
) of hydrodynamic lubrication, the ‘‘true’’ friction coefficient,

i.e., the friction coefficient calculated by dividing the instan-
taneous frictional force by the instantaneous normal force at
that velocity, should remain constant. Thus, if the “‘true”
friction coefficient of friction is assumed to be constant, the
data in Fig. 11 can also be interpreted as the variation of the
contact force with sliding velocity. Comparing Fig. 11 with
the variation of the contact force calculated from the Kita-
Kogure-Mitsuya model (Fig. 4), we observe that the experi-
mentally measured variation of the normal force closely fol-
lows the variation of the normal force with velocity as predicted
by the model. This agreement further indicates that the results
of our model are well supported by experimental results.

Summary and Conclusions

In this study, a model is developed to predict the wear depth
of magnetic rigid disk overcoats in a constant speed drag test
and a contact start/stop test using Archard’s law and the quasi-
steady Kita-Kogure-Mitsuya model for the transition of a slider
from sliding to flying. The model is used to compare the ef-
fectiveness of the constant speed drag test in predicting the
results from a CSS test. The model takes into account the fact
that in a CSS test the contact load between the head and the
disk varies as a function of velocity during start-up and shut-
down of the disk drive, while it remains constant in a drag
test. The correlation between predictions and experimental
measurements of wear depth depends on the load and accel-
eration used in the tests, but good agreement is found up to
at least 10,000 cycles. The results indicate that a decrease in
the wear rate of the overcoat can be achieved by both a re-
duction in the suspension load of the slider and an increase in
the acceleration/deceleration of the disk during start-up and
shut-down.
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against rigid disks composed of thin films of a sputtered cobalt-nickel-platinum
alloy and carbon, with perfluoropolyether as the topical lubricant. The contact life,
as marked by the total distance slid to the point at which the coefficient of friction
increases rapidly over the steady state value, is much longer in air with 50 percent
relative humidity than in dry air or vacuum. The wear debris generated in humid air

is much finer and is enriched with cobalt on its surface. In dry air and vacuum, the
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Introduction

There is physical separation between a rigid disk surface and
the read/write head by hydrodynamic action during steady-
state operation, provided there is no particulate contamina-
tion, and friction remains very low. However, during startup
and shutdown, the relative speed between the disk and head
are insufficient to maintain the air bearing and surfaces are in
direct sliding contact. Since the friction force in sliding in-
creases with the real contact area, some degree of roughness is
desired to minimize the contact area and consequently friction
[1] at low interfacial speeds. Lower flying heights required by
the push toward higher recording densities can also lead to
asperity contact during disk access or in the presence of con-
taminant particles. To reduce wear during start/stop opera-
tions and isolated asperity contacts, hard coatings and/or
topical lubricant layers (solid and liquid) are employed. The
effect of the environment on the wear mechanisms of this
multilayer structure is at present not well understood. In addi-
tion, such issues as wear-induced composition changes and
lubricant redistribution on the surface have not been ad-
dressed. The objective of this paper is to examine the chemical
and morphological changes on the sliding surfaces that accom-
pany changes in the contact life, and investigate the role of the
environment on contact durability. Results of wear studies
and proposed failure mechanisms are discussed. The rigid disk
file selected for this study consists of a 70-90 mm thick cobalt-
nickel-platinum magnetic layer over a polished NiP coating
10-20 um thick, on a 5086 aluminum alloy substrate. A 20-30
nm thick sputtered amorphous carbon film covers the
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debris is substantially larger than one micron and tends to be enriched with nickel on
its surface. We present a hypothesis which explains the wear mechanisms in various
operating environments.

magnetic layer and 1-4 nm of perfluoropolyether lubricant is
placed on top of this overcoat.

In order to perform contact sliding experiments over a range
of speed and load conditions, a hemispherically ended pin in-
stead of a slider was used for accelerated wear studies. The
wear tests were conducted in controlled environments to
simulate operation in various ambient atmospheres.

Experimental

Pin-on-disk sliding experiments were performed using
hemispherical pins of manganese-zinc ferrite (a slider
material) to simulate conditions present during contact
start/stop operations. Since lower linear speeds were used (1-4
m/s) than in actual files in order to maintain direct contact of
the surfaces, the pin radius of curvature and applied load were
selected to produce contact stress as close as possible to those
of the real file environment. Experiments were carried out in
an environmental tribo-chamber that allows control of the
ambient test atmosphere and incorporates a variety of surface
analysis techniques. The tribo-chamber is shown schematically
in Fig. 1(a). The system is evacuated by a high capacity pump
so that vacuum conditions can be achieved in the presence of
small amounts of lubricant with relatively short pumping
cycles. The system incorporates a leak valve for controlled gas
dosing, an ion gun for sputtering, and a horizontal rotating
turntable which is driven through a ferrofluid drive and is
capable of sliding speeds of up to 10 m/s. A tribometer beam
(Fig. 1(b)), which can deliver normal loads of 0.049 to 2 N, is
outfitted with semiconductor strain gauges (gauge factor 115)
whose outputs are read by an analog-to-digital converter in a
microcomputer. Accuracy in the applied load is estimated at
+5 mN with a resolution of 1 mN. Analytical equipment in-
cludes in-situ Auger electron spectroscopy (AES), an
aluminum K, X-ray source for X-ray photoelectron spec-
troscopy (XPS) and a windowless solid-state X-ray detector
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for sampling the disk composition at greater depth using
energy dispersive X-ray analysis (EDX).

Sample Preparation. Pins of manganese-zinc ferrite 3.2
mmXx3.2 mmX12 mm were cut from hot-pressed ferrite
bricks using a diamond saw. Hemispherical caps of 50 mm
radius of curvature were ground on one end of the pins in a
lathe using concave grinding dies and silicon carbide abrasive
papers. Care was taken not to use the near-surface regions of
the ferrite bricks (1-2 mm) in preparing the pins to avoid large
porosity or other surface inhomogeneities. Polishing was con-
tinued with diamond abrasives and colloidal alumina down to
0.05 pm grit size. Density measured by the Archimedes techni-
que was 99.77 percent of theoretical, with 0.2 percent closed
porosity and 0.02 percent open porosity. Pins were
ultrasonically cleaned in freon and stored in a dessicator.
Commercial disks with a circumferential texture (rms surface
height =7.3 nm, Bhushan and Doerner, 1989) were used. All
disks were from the same lot. The same side was always used
for testing, and disks were stored in clean, sealed containers
until ready for use.

Friction and Wear Testing. Disk and pin specimens were
transferred to the testing chamber through a front access port,
where a high-efficiency particle filter maintained class 100 or
better clean room conditions. The disk was clamped to the
turntable at the hub and the pin was mounted at the end of the
tribometer beam. The chamber was evacuated without baking
to a pressure of 1.33 to 2.00%10-¢ Pa (approximately 24
hours pumping time). For humid air testing, the chamber was
backfilled at the conclusion of this evacuation cycle with air
that passed through a dessicant column (silica gel), cold trap
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Fig. 1(a)

(dry ice +acetone, —78°C) to remove water vapor, and a salt
solution (saturated Ca(NO;),+4H,0) to generate 51 percent
relative humidity at room temperature (24.5°C). In the case of
dry air testing, the last stage was bypassed. The desired normal
load at the pin was adjusted to between 50 and 150 mN. The
speed control was set to give a sliding speed of 1 or 4 m/s at
the test radius. The friction coefficient was measured at
regular intervals (50 ms to 5 s, depending on the environment)
until the onset of failure as evidenced by a rapid and irreversi-
ble increase in the friction coefficient. The contact life was
taken as the total distance slid to failure.

Analysis. Elemental analysis of the top approximately S
atomic layers was performed using electron-excited Auger
electron spectroscopy. Auger analyses were performed in
derivative sector field sweeping mode using a hemispherical
analyzer at a primary electron energy of 3 keV and a beam cur-
rent of 0.6 to 0.75 pA. Chemical state information over ap-
proximately the same depth range was obtained ex-situ using
small spot X-ray photoelectron spectroscopy. Investigation of
the surface morphology and elemental analysis at greater
depths was performed in a scanning electron microscope with
energy dispersive X-ray analysis. Topography and distribution
of lubricant at the sub-micron level was examined with a scan-
ning tunneling microscope (STM).

Results

Accelerated Wear Tests. Due to the number and desired
range of variables to be tested, factorial analysis and frac-
tional replication were used to determine which variable(s) ex-
hibited the greatest influence on the contact life. Two levels of
speed: 1 and 4+0.1 m/s, three levels of applied normal load:
49, 98 and 147x1 mN, and three environments:
2.00+0.7x 10~¢ Pa, dry air at atmospheric pressure (partial
pressure of water vapor =7.5x 10-2 Pa) and air with 50 per-
cent relative humidity at atmospheric pressure (partial
pressure of water vapor = 1.5 x 10° Pa), were tested at room
temperature (24 £2°C). A typical contact life test consists of
an initial run-in period in which the larger asperities are worn
down, accompanied by a slight decrease in kinetic friction
coefficient as a better ““fit>’ is established between the sliding
surfaces. A steady-state period usually follows, the length of
which depends upon the severity of the testing conditions.
Failure occurs with a sudden increase in the kinetic friction
coefficient, at which point the test is stopped as the surfaces
begin to wear catastrophically.

Figure 2 shows the results of friction tests to date. As can be
seen, the test environment is the most important factor deter-
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Fig. 1 Schematic illustration of (a) the tribo-testing chamber used and

(b) the tribometer beam.
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Fig. 2 Summary of contact life as a function of load, speed, and en-
vironment tests. Data generally fall in three regimes with humid air giv-
ing the longest contact life, vacuum the shortest and dry air
intermediate.

mining contact life over the range of variables tested. For ex-
ample, at a load of 98 mN and sliding speed of 1 m/s run at 50
percent relative humidity, the specimen survived greater than
10,000 meters of sliding before an increase in kinetic friction
coefficient and a visible wear track was observed. Under the
same conditions, sliding in dry air produced a contact life of
approximately 1300 meters, while in vacuum the life was
reduced to less than 100 meters. This comparison is shown in
Fig. 3. It is important to note that this dramatic reduction in
contact life in vacuum is not due to the volatilization of the
lubricant since in all runs (including dry air and humid air) the
testing chamber was evacuated to between 1.33 and
2.00x10~¢ Pa after specimen introduction. Friction coeffi-
cients were in the range of 0.1 to 0.3 in all cases and were
slightly higher for tests in humid air. This trend has been seen
previously in carbon-coated thin film media {2, 3], and ap-
pears to be a characteristic of the amorphous carbon film
[4-6]. This is in contrast to the behavior of graphite and dia-
mond, whose friction coefficients (in contact with iron)
decrease with increasing relative humidity [6].

Microscopy and Surface Composition. Scanning electron
microscopic examination of the wear scars on the pin and disk
revealed morphology markedly dependent on the testing en-
vironment. This is illustrated in Figs. 4(a) to 4(c).
Characteristic of post-failure surfaces in vacuum and dry air is
severe damage to the disk surface (Figs. 4(a) and 4(d)) with
the pin from the vacuum test also exhibiting extensive damage,
including intergranular fracture and grain pull-out. In both
cases there is also material transferred from the disk to the
pin. In humid air, however, the contact area on the pin is
covered with very fine (about 1 um) particles in a dark film
(low atomic number), with fine particles on either side of the
worn area (Fig. 4(c) and Fig. 7, to be discussed later). SEM
examination of the disk wear track shows that (i) the wear
damage is small and (ii) the track is covered by a layer with low
atomic number contrast, suggesting a carbonaceous deposit.

An investigation of topography on the sub-micron scale was
conducted using scanning tunneling microscopy (STM). A
sharp metallic tip mounted on a three-axis piezoelectric
translator is brought to within a nanometer of the specimen
surface and a bias voltage is applied. Under these conditions,
electrons can tunnel across the gap creating a current that
depends exponentially upon the tip/sample separation. As the
tip is rastered over the surface, it must be moved up and down
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Fig. 3 Representation of the trends in kinetic friction coefficient and
contact life with environment at 98 mN applied normal load and 1 mis
sliding speed.

Pin Disk

(c)

Fig. 4 SEM micrographs of pin and disk surfaces run to failure at 98
mN normal load, 1 m/s in (a) vacuum, (b) dry air, and (c) humid air.

to maintain constant tunneling current. The voltage fluctua-
tions required on the vertical axis of the piezoelectric
translator to maintain constant tip/surface separation give a
high resolution image of the surface topography. The STM
allows noncontact, real time imaging of the nanometer-scale
surface roughness typical of thin film rigid disks directly,
rather than building up a two dimensional image from many
traces of a stylus profilometer or employing stereomicroscopy
on SEM micrographs. The lateral resolution also exceeds that
of optical profilometers. Figure 5 illustrates the topography of
the untested as well as wear track regions on disks tested to
failure in vacuum and humid air over a S pm scan area. The
general observation is that compared to the untested disk sur-
face (Fig. S(a)), the surfaces of vacuum (and dry air) tested
disks become rougher (Fig. 5(b)) while in humid air the finer
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Fig.5 Two-dimensional surface profiles using the scanning tunneling
microscope on (a) the untested disk surface; (b) on wear tracks after
testing at 98 mN applied normal load, 1 m/s sliding speed in vacuum and
(c) in air at 50 percent relative humidity. The line scans indicate a general
roughening of the surface after testing in vacuum and smoothing after

testing in humid air.

grooves in the surface disappear, leaving a surface roughness
of longer wavelength (Fig. 5(c)). This qualitative picture of
how the topography changes on a small scale is consistent with
observations of the worn areas in the SEM. A disadvantage is
that because of its high resolution and limited horizontal scan
range, statistically meaningful surface roughness parameters
can only be obtianed from many images.

In an effort to track the evolution of wear debris and deter-

mine its origin, friction tests were repeated at fractions of the
expected contact life at 98 mN applied load and 1 m/s sliding
speed in each environment. Figure 6 shows wear debris col-
lected on the pin of specimens run to 33 percent of their ex-
pected lives in vacuum, dry air, and humid air and analysis by
EDX of the wear debris composition.

In vacuum, there was no observable grain pull-out or in-
tergranular fracture in the ferrite at 33 and 68 percent of the
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Fig. 6 SEM micrographs of wear debris on pin surfaces and EDX spec-
tra of this debris after running to 33 percent of the expected contact life
in (a) vacuum, (b) dry air, and (c) humid air.

contact life as there was at failure, indicating that the severe
damage sustained by the ferrite occurs over a short period near
the end of the test. Fine ferrite debris about 1 um in size ap-
pears at the trailing edge of the wear scar on the pin. The ma-
jority of wear particles found at 33 percent of the contact life
are 5 to 30 um in size. The wear particles are composed essen-
tially of the disk magnetic layer with some phosphorus also
present. This indicates that damage on the disk already ex-
tends beyond the media layer and into the underlying NiP buf-
fer layer.

In dry air, very fine particles (=<0.5 um) appear around the
contact zone on the pin early in sliding (33 percent of life).
These particles exhibit the characteristic spectrum of the fer-
rite, with some nickel and phosphorus present. The cobalt X,
peak overlaps iron Kj, but the iron K, to Kj intensity ratio in
this material of about 5.8 is appropriate for these peaks, in-
dicating that the concentration of cobalt in these particles is
much less than the approximately 80 percent present in the
magnetic layer. Later in life (68 percent and failure), wear par-
ticles 10 um and larger consisting of the magnetic layer are
found on the pin surface.

In humid air a black, carbon-rich deposit believed to be a
transfer film from the carbon overcoat or a reaction product
from the lubricant is present at the apparent area of contact on
the pin surface. The area covered by this deposit increases
steadily throughout the life of the contact. No macroscopic
damage to the ferrite was observed even after failure, but fine
ferrite wear debris on the order of 1 um in size is present at the
trailing edge of the contact spot on the pin as early as 10 per-
cent of the expected contact life. It is not possible to quantify
the amount of this debris present at later stages of sliding due
to the appearance of the very fine particles forming a pseudo-
continuous film to the sides and at the trailing edge of the wear
scar, as shown in Fig. 7(a). As demonstrated in Fig. 7(4), the
particles are generally much less than a micron in diameter.
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Fig.7 SEM micrograph of the overall distribution of wear debris on the
pin from a test at 98 mN applied normal load, 1 mis sliding speed in (a)
humid air, and (b) the size of debris in the contact zone.

Additional experiments were performed in each environ-
ment in an attempt to determine the role played by the small
ferrite debris generated early in sliding in the failure of the
contact. In this case, the pin and disk specimens were prepared
as described previously, and the test chamber was brought to
the desired ambient atmosphere (after an initial outgassing
period as described for the other tests). At 98 mN applied nor-
mal load and 1 m/s sliding speed, sliding was maintained for
10 percent of the anticipated contact life based on the earlier
tests to failure. The chamber was then opened and the pin sur-
face cleaned with a freon-saturated lint-free cotton wiper. It is
important to note that this cleaning was done without remov-
ing the pin from the clamping fixture so that exact alignment
of the pin and the disk would be maintained. The tribometer
beam was stepped in to a new track on the disk to avoid any
ferrite debris that may have been transferred to the disk. The
outgassing treatment was repeated and the ambient test at-
mosphere prepared. The specimens were then tested to failure
under the same conditions used for run-in. The results are
presented in Table 1. No change in contact life with run-in was
observed for tests in vacuum and dry air, suggesting a failure
mechanism that does not depend on the presence of hard,
abrasive particles, such as solid/solid adhesion. Adhesion of
ferrite to transition metal surfaces has been previously ob-
served in vacuum (7], and was found to depend on the
chemical activity of the metal surface. More active metal sur-
faces (quantified by the percentage d-bond character) ex-
hibited larger adhesion to ferrite, and this interfacial bond was
found to be in general stronger than the cohesive bond in the
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Table1 The influence of cleaning after run-in on contact life

Contact Life+o (km)  Contact Life+o (km)
Environment no cleaning cleaned after run-in
vacuum 0.07+0.01 0.08*
dry air 1.4410.14 1.20*
50% RH
air 6.39+2.91 25.83+4.79

*Single measurement. All others are the result of at least three in-
dividual experiments.
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Fig. 8 Auger spectrain the gy range of 550 to 900 eV on disk wear
tracks from tests run to failure in each environment at 98 mN applied
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metal, resulting in metal transfer to the ferrite. In humid air, a
statistically significant increase in contact life was observed
when the ferrite debris generated early in sliding was removed.
This suggests that burnishing of the pin surface to flatten large
asperities, and removal of this debris from the contact zone,
reduces abrasive wear and ploughing of the overcoat and
magnetic layers and extends the contact life.

Auger analyses of worn disk surfaces from dry air and
vacuum runs shown in Fig. 8 reveal the components of the
magnetic layer, indicating that the lubricant and carbon films
have indeed been broken through. The specimen surface run
in vacuum was composed primarily of nickel, whereas that run
in dry air was also nickel-rich but contained relatively more
cobalt. Analysis of the wear track from a test in humid air to
failure was difficult due to severe attenuation of all but the
hydrocarbon peaks, but a high resolution scan of the energy
range where peaks from the magnetic alloy should lie revealed
only cobalt (bottom spectrum in Fig. 8). Any evidence of
nickel in the wear track was completely absent.

The ex-situ XPS spectra taken in small spot (~300 um)
mode on a disk track tested to failure in 50 percent relative
humidity reveals the presence of strong peaks from the lubri-
cant layer (fluorine, carbon, and oxygen) as shown in Fig. 9.
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Fig.9 XPS spectrum from a 300 xm spot on the disk wear track from a
test at 98 mN applied normal load, 1 m/s sliding speed in humid air.
Locations of elements present in this system are indicated.

This indicates that the lubricant has not evaporated from the
surface during the evacuation cycle. In fact, the lubricant has
survived one evacuation cycle for wear testing, and a second
evacuation cycle after introduction into the small spot XPS
chamber.

An additional imaging mode was used on the scanning tun-
neling microscope to investigate the uniformity of lubricant
distribution on the disk surface. In the normal (topography)
imaging mode, the tip is scanned over the surface (~10
seconds per 128 x 128 point array) and the tip height adjusted
to maintain a constant tunneling current. In an alternate imag-
ing mode, many readings of the tunneling current are recorded
at each point. When the tip is located over a region of the sur-
face that is covered by a species of poor conductivity, the sur-
face of this insulating region will begin to accumulate charge.
This decreases the voltage bias between the tip and the surface
and suppresses tunneling. When sufficient charge has ac-
cumulated in the surface layer of this region to create a voltage
gradient across the insulator which exceeds the dielectric
strength of the material, it will discharge into the conducting
substrate. Mapping of the amplitude of such tunneling current
fluctuations as a function of position is known as variance im-
aging. Data acquisition speed is reduced (~60 seconds per
128 x 128 point array), but the current fluctuation map gives
an indication of the relative conductivity of different regions
of the surface. Figure 10 shows both the topography and
variance image of the same (untested) region of the disk sur-
face. Comparison between the topography and variance in-
dicates that ““low’’ areas on the surface are also those ex-
hibiting a high degree of tunneling current fluctuation. One
reasonable explanation is that the lubricant (an insulator) is
not uniformly distributed, but rather accumulates as ‘‘pools”’
in the lower areas of the disk surface. Nonuniform lubricant
distribution on unused disk surfaces can be the result of *‘spin
off”” during the finishing process, where radial air shear from
the hub to the outer edge has been observed to cause migration
and loss of lubricant films down to 1 nm thick [8]. Lubricant
tends to remain preferentially in the low regions of the surface
that are somewhat protected from air shear. On used disks,
constant “‘wiping’® of the disk surface by the slider rails during
start/stop operations can redistribute the lubricant. Such
pooling of lubricant may leave asperity tips unprotected and
lead to a higher probability of disk damage during contact at
these points.

Discussion

Flash heating due to dissipation of frictional energy can
cause degradation of the lubricant layer by dissociation,
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Fig. 10 STM topography and variance image from an untested disk
surface

desorption, or oxidation. Under some conditions, frictional
heating can be great enough to activate processes such as dif-
fusion and recrystallization in the media layer. Detailed ther-
mal analysis based on heat generation and dissipation at the
interface [9)] as well as modeling of asperity contact growth
during sliding for ferrities in contact with magnetic tape [10}
yield a modest 10°C maximum temperature rise at the tape-
head interface, but a possible 900°C maximum temperature
rise for a head-magnetic particle (y-Fe,O; or CrO,) contact.
Clearly the interfacial temperature rise is extremely sensitive to
the mechanical and thermal properties of the contacting
bodies. The case of the thin-film disk is complicated by the
fact that it is a multilayer structure with very thin layers. The
mechanical properties of the surface layers of such a structure
have only recently been investigated [1]. The nominal contact
stress in this work is a factor of about 3700 greater than that in
Bhushan’s [10] 900°C head/particle contact temperature
estimate, but the sliding speed and friction coefficient are
lower. In addition, the thermal diffusivity for a thin metal film
on a metallic substrate is expected to be greater than that for
an oxide particle, which will also reduce the flash temperature.
While we recognize that there are driving forces for chemical
changes within the Hertzian elastic contact zone even at room
temperature, gny temperature rise can have a dramatic effect
on the tribochemical reactions at the interface since many of
the processes depend exponentially on temperature.

We must now ask what processes may be activated under
these conditions. Segregation of alloy components and im-
purities has been observed previously in sliding contact on
steel surfaces [11]. In the case of Co-Ni alloys, recent ex-
perimental work using low energy Auger peaks [12] has shown
that nickel segregates to the surface of Co-Ni alloys in vacuum
over the entire composition range, as predicted by embedded
atom calculations for the 50-50 percent alloy for which the
surface layer was found to be about 90 percent Ni at 800 K
[13]. On the other hand, since the heat of formation for
Co0;0, (—71 kcal/mole of Co) is more negative than that for
NiO (—57 kcal/mole), oxidation-induced segregation of
cobalt is expected to occur in oxidizing environments [14].
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Fig. 11 SEM micrograph of an isolated metallic wear particle on the
pin from a test at 98 mN applied normal load, 1 m/s sliding speed in
vacuum, showing evidence of agglomeration

There is additional evidence in the literature for the migration
of cobalt in magnetic alloy layers at high humidity [15]. This is
in exact agreement with our observations. .

Based on the results of this work, a consistent picture begins
to emerge. When testing starts, fine (~ 1 um) ferrite wear par-
ticles are generated in the contact zone as the larger asperities
on the pin are worn down. The lubricant can offer little pro-
tection against such hard, abrasive particles at the contact
stresses encountered here. Repeated passage of these particles
through the contact zone gradually wears through the over-
coat layer. Metallic wear particles are created either by
chemical interaction between the ferrite and the Co-Ni alloy
(adhesive wear) or by mechanical shearing of asperities. In
vacuum, frictional heating may cause segregation of nickel to
the surface of wear debris from the Co-Ni alloy. Driven by the
high surface free energy of nickel, small wear particles may ag-
glomerate to produce large wear fragments that lead to
catastrophic failure. It is known from the literature [16] that
there is a size effect on wear rate. There is a dramatic increase
in wear rate above a particle size of about 1um. We believe
that rapid agglomeration to particle sizes of greater than a few
microns is responsible for the reduction in contact life in -
vacuum and dry air. Figure 12 is an SEM micrograph taken on
the ferrite pin after sliding for 33 percent of the contact life in
vacuum at 98 mN applied load and 1 m/s sliding speed, show-
ing a typical wear particle. It is apparent that the wear particle
is an aggregate of many smaller ones. EDX analysis reveals the
presence of elements from the magnetic layer. In humid en-
vironments, oxidation-induced segregation of cobalt is ex-
pected, in agreement with the observed enrichment of cobalt
found in the wear debris. These cobalt oxide covered particles
are expected to have lower surface free energies than pure
cobalt or nickel. The thermodynamic driving force towards
agglomeration is therefore reduced. It is well known that ox-
ides generally sinter more slowly than do metallic alloys.
Therefore, wear particles remain small and do not cause severe
damage to the disk. Also, humid air seems to facilitate the for-
mation of the black carbonaceous deposit on the pins and
disks. The film is never observed in vacuum. In dry air, it
forms much more slowly, as evidenced by the state of film for-
mation from specimens tested to 33 percent of their an-
ticipated contact lives.

It is clear that large wear particles are undesirable for suc-
cessful performance of the system. In addition, the presence
of small ferrite wear debris in all environments tested may in-
itiate the failure process by creating the initial magnetic alloy
wear debris which later agglomerates in the case of vacuum
and dry air. If the ferrite debris is generated by the first few
passes of the pin due to shearing of the largest asperities, we
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may expect to see a dramatic difference in contact life once
these particles are removed if media wear is caused by
ploughing of the ferrite particles. The results of tests in each
environment presented earlier where the pin was cleaned after
a 10 percent run-in show that this treatment does not change
the contact life in a statistically significant way in vacuum or
dry air. This implies that either ferrite particles are generated
continuously or that some other phenomenon, such as fer-
rite/media layer adhesion, is responsible for creating the
metallic wear particles. The contact life in humid air increased
by more than a factor of four after run-in and cleaning of the
pin. This result may indicate that in this environment, since
oxygen is readily available to reduce the driving force for
adhesion, the ferrite debris plays a more important role in the
eventual failure of the contact. Our observations here lead to
several recommendations to improve the contact life of the ac-
tual head/thin-film disk system in all environments. First,
reduce the probability of forming fine ferrite wear debris in
early stages of sliding by employing a slider with higher sur-
face toughness. This may be accomplished by surface alloying
the slider material to place the surface region in compression.
Alloying of alumina with chromia on the surface has been
demonstrated to produce a factor of two increase in toughness
and a factor of ten decrease in wear rate against 52100 steel
{17]. Also, alumina and chromia are chemically more stable
than ferrite, thereby lowering the tendency of chemical in-
teraction with cobalt or nickel. The asperity flash temperature
should be minimized to reduce the driving force for ag-
glomeration and degradation of the lubricant. This is ac-
complished with the use of higher thermal conductivity
materials. Again, alumina is a better material than ferrite in
this respect. More thermally stable lubricant species may be
provided on the surface that resist decomposition or desorp-
tion in the event of local heating. Lubricant molecules with
proper functional groups can be attached to the overcoat to
offer these degradation-resistant properties. Finally, in the
event that wear of the magnetic layer does occur, it is impor-
tant to oxidize this debris as soon as possible to reduce the
tendency toward agglomeration. This may not be possible
with dry atmospheric oxygen at concentrated asperity con-
tacts, as demonstrated here. However, one possible solution is
to use an oxide overcoat which absorbs water vapor from the
atmosphere (such as silica), thereby providing a local source of
water vapor upon mild heating at contact points where
metallic wear debris will be generated. This will increase the
local partial pressure of water vapor and hence the probability
of oxidation. As the oxide exits from the contact zone, it has
time to be re-hydrated by absorbing water from the ambient,
thus providing a continuous supply of water vapor to the
contact.

Summary

The variation of surface layers in the sliding of manganese-
zinc ferrite pins on Co-Ni-Pt sputtered thin-film disks has
been explored in vacuum, dry air, and 50 percent relative
humidity air using a device with surface analytical capabilities.
Observed differences in total distance slid to failure between
air, vacuum, and humid air runs and examination of the sur-
face chemistry and morphology suggest different failure
modes for the three environments. The major findings may be
summarized as follows:

1 In vacuum, agglomeration of fine metallic wear debris
leads to large particles which cause catastrophic wear and a
short contact sliding life. Similar results are obtained in dry
air, with some increase in contact life.

2) In humid air, oxidation of wear debris at the disk surface
suppresses agglomeration and leads to fine, cobalt-rich wear
debris that is not very damaging to the contact. Contact life is
increased by approximately a factor of four over dry air and a
factor of ninety over vacuum.
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3) These differences in contact life are not due to volatiliza-
tion of the lubricant because all specimens receive the same
treatment prior to friction testing, and lubricant species are
observed on disk wear tracks by XPS after testing.

4) Auger spectra indicate nickel-rich disk wear tracks in
vacuum and dry air that may be due to delamination of the
magnetic layer, exposing NiP from the underlying buffer
layer. In humid air, however, surface analysis indicates
oxidation-induced segregation of cobalt to the disk surface.

5) Fine ferrite wear debris found in the early stages of
sliding in all environments may initiate formation of metallic
wear particles. '

6) STM imaging of the disk reveals that the lubricant
distribution on the surface may be quite nonuniform, leaving
asperities exposed. Improved bonding of the lubricant to the
disk surface may provide a more uniform initial coverage and
increase resistance to thermal degradation and desorption.
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Pin-on-disk wear tests on thin-film magnetic disks were performed using transparent
materials. Quartz glass (QG), transparent zirconia (TZ), sapphire (SA), and synthe-

sized diamond (DI) were used as pin materials. In addition to friction, sliding
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condition and pin wear were continuously monitored with video camera. Simulta-
neous friction measurement and video monitoring showed that friction dropped
when wear debris intruded between pin and disk surfaces. Pin wear, from the
measured diameter of wear scar on spherical pins, increased in the order of DI, SA,
OG, and TZ. This order of pin wear does not coincide with that of the pin bulk

hardness. Disk lifetime increased in the order of TZ, QG, SA, and DI, and the
smaller the pin wear, the longer the disk lifetime.

Introduction

Head-disk spacing must be reduced to increase the recording
density of rigid disk storage systems, and near-contact/contact
recording technologies have been proposed for this purpose
(Yeack-Scranton et al., 1990; Hamilton et al., 1991). Because
these technologies require head-disk spacing of less than 50
nm, head-disk wear is inevitable. Materials at the head-disk
sliding interface must therefore be carefully studied so that
head-disk wear can be reduced. The sliding interface of thin-
film disk is usually a carbon overcoat with lubricant, but heads
are made from a wider variety of materials. It is thus very
important to investigate the wear characteristics and failure
mode with various head materials. Near-contact/contact re-
cording heads will be smaller than present floating heads (Ham-
ilton et al., 1991). Head contact area will then be orders of
magnitude smaller than the disk recording area. If the specific
wear volume of head and disk materials are in the same range,
the head wear depth would be orders of magnitude larger than
the disk wear depth. This makes the reduction of head wear
more important.

Head wear on magnetic recording disks was first studied on
particulate coated disks (Talke and Tseng, 1974). Accelerated
wear tests using spherical pins were then developed, because
of very low head wear (Talke and Su, 1975; Kita et al., 1984;
Kawakubo et al., 1986). On thin-film magnetic disks, multi-
phase materials like AL,Os-TiC were shown to exhibit more
variation in friction than single-phase materials (Chu et al.,
1990), and single-crystal diamond was reported to show the
lowest friction against thin-film disks (Chandrasekar and Bhu-
shan, 1991). Enhancement of wear durability by carbon over-
coats on head rails has also been reported recently (Bogy et
al., 1993). In these papers, the sliding characteristics of head
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materials were studied by measuring friction, but wear char-
acteristics of head materials were neither measured nor directly
compared in those studies. We recently reported that a trans-
parent pin wear test on thin-film disk is a good technique for
measuring pin wear and for directly comparing it with friction
(Kawakubo and Yahisha, 1993a). Transparent pin materials,
such as quartz glass, transparent zirconia, and single-crystal
sapphire, have been studied (Kawakubo and Yahisa, 1993b).
The present work included a synthesized diamond as a pin
material. Sliding conditions, failure process, friction, wear,
and disk lifetime, were compared for those pin materials.

Experiments

Pin-on-disk type sliding wear tests were performed with a
pin placed on a test disk surface (Kawakubo et al., 1986). The
sliding condition was monitored through a hole at the back of
the sliding position and recorded with an optical microscope,
a TV camera, and a videorecorder with 540 nm wave length
monochromatic light. The test load was 200 mN and the sliding
speed was 20 m/s. All tests were performed in a class 100
environment at 23 to 26°C and with 40 to 60 percent RH.

Tests disks were 1.9 mm thick thin-film disks with 224 mm
diameter. They had about 10 um of textured Ni-P underlayer
on an aluminum substrate, and then 250 mm Cr underlayer,
60 nm magnetic film, and 30 nm carbon overcoat film were
deposited. A liquid perfluoropolyether lubricant was applied
on top. Test pin materials were quartz glass (QG), transparent
zirconia (TZ), single-crystal sapphire (SA), and single-crystal
diamond (DI). Their characteristics are listed in Table 1. The
surface curvature radius of the pins was polished to 19 mm
except for the 10 mm of the DI pins because of the difficulty
in polishing. The back surfaces of the pins were polished in
order to make them transparent.

The wear scar diameters D of the pins were measured from
the photographs taken from the back of the pins while sliding.
It was confirmed that the wear scar diameters D were the same
as those measured from the sliding surface after sliding tests.

‘Discussion on this paper will be accepted at ASME Headquarters until December 19, 1994



Table 1

Test pins

Knoop

Materials hardness

curvature

Surface

X Remarks
radius

Quartz glass

Transparent zirconia
Synthesized sapphire
Synthesized diamond

82ZrO, - 8Y,0; — 10TiO,
<0001> direction of (1120) surface
<100>,< 110> direction of (100) surface

Because D was much smaller than the surface curvature radius
R of the pins, the apparent wear volume V, was calculated
using the following equation (Talke, 1972).

V,=xD"/64 R )

In photographs of the contact before sliding, however, there
was a dark Oth order Newton ring because of the elastic de-
formation. If Eq. (1) were applied directly to those photos,
pin wear volume before sliding would have a finite false value.
To compensate for this effect of elastic deformation, the ap-
parent elastic deformation volume V; before sliding was cal-
culated from the diameter D, of the Oth order Newton ring
before sliding using the following equation.

The wear volume V was then calculated from
V=V,-V,. 3)

The disk lifetime was determined by the adhesion of metal
film to the pin surface, since the adhesion of metal film from
the disk was a sign of the disk carbon overcoat failure.

@

Results

Typical sliding conditions and the coefficient of friction
(COF) change during a wear test with QG pin are shown in
Fig. 1. As shown in Fig. 1(a), the COF increased rapidly to a
little more than 0.4 at the start of the test. It then increased
and decreased randomly between 0.4 and 0.6 until 22 x 10°
passes, when the disk failure took place. The Oth order circle
at the center in Fig. 1(b) shows the elastic deformation before
sliding. As shown in Fig. 1(c), the center circle became wider
after 100 sliding passes, showing the wear of the pin sliding
point. With more test passes, the pin wear scar diameter in-
creased, and the wear debris accumulation and the wear scar
on the disk appeared and increased. As shown in Fig. 1(d),
the width of the wear scar on the disk just before the disk
failure was similar to that of the wear debris adhered on the
pin surface.

Typical sliding conditions and the COF change during a
wear test with a TZ pin are shown in Fig. 2. As shown in Fig.
2(a), the initial COF was about 0.35, and it soon decreased to
0.25. It again increased to 0.35 until the disk failure took place
at 1.1x 10° passes. The Newton rings in Figs. 2(b) to (d) are
obscure because of the poor transmissivity of the TZ pin. As
shown in Fig. 2(c), the Oth order circle diameter of the TZ pin
after 100 passes was larger than that of the QG pin in Fig.
}(c). As shown in Fig. 2(d), the wear scar on the disk surface
Just before the disk failure by the TZ pin was less clear than

. that by the QG pin in Fig. 1(d). A white spot at the leading
. cdge of the TZ pin showing a wear particle intrusion was
- observed just before the disk failure as in Fig. 2(d)(pointed by
:!,al,!,a‘rrow). Metal film adhesion followed at the place of the
. particle intrusion.

»: Typical sliding conditions and the COF change during a
,Wear test with an SA pin are shown in Fig. 3. As shown in
:Fig. 3(a), the COF started from 0.25 and increased gradually

increased again to 0.45 until disk failure took :
) -4> unt place’ at
MP:PM As shown in Fig. 3(c), the Oth order circle

t 0.5. Then, it decreased to 0.35 at about 9 x 10° passes.

@)
©)
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1615 35

s
Disk Rotation (x103 passes)
(a) Coefficient of Friction

(d) After 22 x10°

passes
Just before disk failure

200 m
>

Disk Rotation

Fig. 1 Sliding conditions of QG pin (R=19 mm)

diameter of the SA pin after S00 passes was smaller than that
of the QG ?in after 100 passes in Fig. 1(¢). The sliding condition
at 9.3 x 10° passes when the COF dropped in Fig. 3(a) is shown
in Fig. 3(d). Black debris was formed in the middle of the
center circle and the color of the surrounding circle was lighter
than that of Fig. 3(c). This shows that the black debris sep-
arated and lifted the SA pin surface from the disk. As shown
in Fig. 3(e), the wear debris accumulation on the pin surface
and the wear scar on the disk surface were similar to those
with the QG pin in Fig. 1(d).

Typical sliding conditions and the COF change during a
wear test with a DI pin slid in < 100> direction are shown in
Fig. 4. As shown in Fig. 4(a), the COF started from 0.12 and
increased monotonically to about 0.6. As shown in Figs. 4(c),
very little wear debris was found on the DI pin surface about
1000 passes. And as shown in Fig. 4(d), the adhesion of the
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Fig. 2 Sliding conditions of TZ pin (R=19 mm)

metal film was not found on the DI pin until the test was
stopped at about 50 x 10° passes.

Friction change patterns during wear tests are shown in Fig.
5. Large scattering and sharp drops were found in Figs. 4(a)
and (c) like those in Figs. 1(a) and 3(a) with the QG and the
SA pins. Simultaneous friction measurement and sliding con-
dition monitored showed that COF dropped at wear debris
intrusion between pin and disk surfaces as shown in Fig. 3(d).
Two curves of the DI pin in <100> and <110> directions
in Fig. 5(d) were almost identical to each other. Figure 5 shows
that the COF changed quite similar within each pin material.
The COF curves in Fig. 5 were stopped at disk failure or at a
certain test passes before disk fmlure The disk lifetimes were
21.7, 22.1, 19.8, 2.8 and 2.9 x 10° passes for the QG pins, 2.6,
1.5,1.1,0.73, and 0 55 % 10° passes for the TZ pins, and 21.5,
16.1, and 2.4x 10° passes for the SA pins. Some tests were
stopped before failure, at 22.9, 21.0, and 20.2 x 10° passes for
the SA pins and at about 50x 10° passes for both sliding di-
recuons of the DI pin. All the tests with lifetime less than
3 x 10° passes showed similar sliding pattern with that shown
in Fig. 2.

Pin wear volume calculated from pin wear scar diameters
are shown in Fig. 6. For the TZ and the QG pins, the wear
volume increased gradually and disk failure occurred while the
wear volume was increasing. For the SA pms, the wear volume
increased at the beginning, but after 3 x 10° passes, it increased
very slowly or became almost constant until disk failure. This

Journal of Tribology

3 10 15 20
Disk Rotation (x10 3 passes)
(a) Coefficient of Friction

(¢) After 16 x10 asses

Just before disk failure
200« m Disk Rotation
e |

Fig. 3 Sliding conditions of SA pin (R=19 mm)

coincided with the adhesion of wear debris on the SA pin
surfaces For the DI pin, the wear volume mcreased from about
1 x 10~ "mm? at the beginningto 5 x 10~ "mm® at 50 x 10° passes.
They were more than an order of magnitude smaller than those
of other pin materials tested. The pin wear increased in the
order of DI, SA, QG, and TZ.

Discussion

From Figs. 1 to 4, it is clear that the pin wear debris had
large effects on sliding conditions. The changes of the COF
with the QG and the SA pins after several hundred passes were
attributed to the results of wear debris intrusion at the pin-
disk interface. The changes in lifetime also seemed to be due
to the effects of wear debris adhesion on the pin surfaces. It
was also found from the observation of the SA pin slidm%
conditions that the SA pin was lifted by wear debris after3x 10
passes and that the debris slid against the disk surface. This
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Fig.5 Coefficient of friction change during transparent pin sliding test

seemed to be the reason for very small or almost no wear of
SA pin .after that. The wear volume of the DI pin was the
lowest in this study and very little wear debris was found on
the DI pin sliding surface. This coincided with the similar low
COF reported in a previous paper (Chandrasekar and Bhushan,
1991). This is probably the reason for the monotonic COF
increase with the DI pin shown in Fig. 4(¢) and the identical
COF increase of two tests in Fig. 5(d).
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Fig. 7 Effects of pin bulk hardness on wear volume at 1000 passes
during transparent pin sliding test

The effects of the pin bulk hardness on wear volume at 10°
passes are shown in Fig. 7. Pin wear volume increases in the
order of DI, SA, QG, and TZ. This order does not coincide
with that of the pin bulk hardness in decreasing order, DI,
SA, TZ, and QG. The difference between those two orders is
the position of TZ. If the data of TZ were excluded, Fig. 7
would show that the harder the pin, the smaller the pin wear.
In this study, only TZ was a multiphase material and the three
remaining materials were all single-phase materials. This seems
to be the reason why the wear volume of TZ was larger than
that of the other pin materials in this study. This coincided
with results from an earlier report, which said that, in general,
the single-phase slider materials showed lower wear than the
multi-phase materials (Chu et al., 1990).

The effects of the pin bulk hardness of the disk lifetime are
shown in Fig. 8. From the scattering range of the above data,
it was found that the disk lifetime increased in the order of
TZ, QG, SA, and DI. This order does not coincide with that
of the pin bulk hardness in increasing order, QG, TZ, SA,
and DI. In fact, an inverse relation between the orders of pin
wear volume and the disk lifetime is clear from Figs. 7 and 8.
The relationship between pin wear volume and the disk lifetime
is therefore plotted in Fig. 9, which shows that the smaller the
pin wear, the longer the lifetime. The reason for the above
relationship was supposed to be to the fact that the hardness
of the thin-film disk surface was similar to the bulk hardness
of the pin materials and that the carbon overcoat is very thin.
More study is necessary to confirm this. Fig. 9 clearly shows
that the pin wear (and, hence, the head wear) should be as
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small as possible for high reliability. An earlier report em-
phasized the importance of wear particle generation and rec-
ommended the use of materials with little tendency to produce
wear debris (Hedenqvist, 1992). This recommendation is con-
sistent with the results of the present study.

It was shown that the transparent pin sliding test reported
here is very useful to analyze the sliding characteristics. Sliding
tests using transparent glass disks with carbon overcoat and
lubricant on top would also be a good tool to analyze real head
sliding characteristics.
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Conclusions

Pin-on-disk wear tests on a thin-film magnetic disk were
studied. Transparent pin materials—quartz glass (QG), trans-
parent zirconia (TZ), sapphire (SA), and diamond (DI)—were
used for pins. In addition to friction, sliding conditions and
pin wear were continuously monitored with a video.

A close relation between wear debris intrusion and friction
drop was shown by simultaneous observation of friction and
sliding conditions. Pin wear increased in the order of DI, SA,
QG, and TZ. This order of the pin wear did not coincide with
that of the pin bulk hardness in decreasing order, DI, SA, TZ,
and QG, probably because TZ is a multi-phase material. This
shows the importance of the direct wear measurement of head
materials. Disk lifetime increased in the order of TZ, QG, SA,
and DI, and the smaller the pin wear, the longer the disk
lifetime.
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Magnetic Recording Applications—
Part Il: Friction Measurements

Friction and wear experiments have been conducted under lightly loaded conditions
(less than 0.1 MPa) on a number of single crystal and polycrystalline ceramics in
sliding contact against magnetic thin-film hard disk and against themselves in order
to compare their tribological behavior. The ceramics studied range from single crystai
diamond and sapphire to polycrystalline engineering ceramics such as manganese-

zinc ferrite, alumina-titanium carbide, and zirconia. The results are analyzed in the
context of earlier work on the friction and wear of these ceramics under lightly
loaded conditions which has been recently reviewed by Chandrasekar and Bhushan

(1990).

1 Introduction

Conventional hard disk magnetic storage systems utilize the
relative motion of a hard disk against a stationary or moving
read/write magnetic head (Mee and Daniel, 1987; Bhushan,
1989). The magnetic head material, the slider, is usually made
of a ceramic; ceramics that are currently in use include Mn-
Zn ferrite, alumina-titanium carbide, and calcium titanate. The
magnetic thin-film rigid disk usually consists of several layers
of thin-films deposited on a thin disk substrate. The layers
contain, among other things, the magnetic medium, overcoat
and a liquid lubricant. Typically, under steady-state operating
conditions, an air bearing of thickness ~0.15 to 0.4 um is
formed between the head and the disk, thereby preventing
direct contact between the two. The average interface contact

" pressures between head and disk are typically around 7 to 14
kPa (1-2 psi). Depending on the type of head-disk system, the
head usually starts to fly and leaves the disk surface at speeds
ranging from 2 to 15 m/s. The operating speeds are about 10
to 60 m/s (~3600 rpm). Physical contact between head and
disk occurs below the flying speed, during start and stop and
sometimes at isolated asperities during flying.

The need for improving the storage density and resolution
of read/write magnetic recording systems has necessitated re-
search into systems with ultra-low flying gaps, typically <0.1
pm. In this regime, the friction and wear of magnetic disk and
head at the contact zones is of even greater interest. A critical
need exists for the development of head-slider materials and
disk surfaces, which would have a low coefficient of friction
between head and disk; this in turn would minimize localized
heating and contact temperatures, starting and steady-state
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power requirements, and high wear of both head and disk
materials. A more durable and ultra-high density magnetic
recording system could possibly emerge.

In this regard, we recently reviewed (Chandrasekar and Bhu-
shan (1990)) the friction and wear of ceramics under lightly
loaded and marginally lubricated sliding conditions which are
similar to those prevailing in magnetic recording systems. Based
on this, several ceramics were identified as potential slider
materials. In this paper we report results of friction experiments
on several of these ceramic materials when in sliding contact
with a magnetic disk. Coefficient of friction measurements
were also carried out for several of these ceramics in sliding
contact against themselves at light loads (~0.06 N/mm?). The
purpose of these measurements was to see if there were any
similarities between the frictional behavior of ceramics in con-
tact with a magnetic disk and ceramics in contact with them-
selves, under similar lightly loaded conditions. Similar studies
on head-tape contacts are described in Bhushan et-al. (1984)
and Bhushan (1990). The experimental results are analyzed in
the context of the results of earlier studies on the state of
ceramic friction which are summarized in Part I (Chandrasekar
and Bhushan, 1990).

.

2 Experiments

2.1 Description of Apparatus and Experimental Details. The
experimental apparatus used in the study of the friction and
wear of various ceramics in sliding contact with magnetic disk
is shown schematically in Fig. 1. In this apparatus, disks of
95 mm (3.5 in.) diatheter could be rotated at speeds of up to
8000 rpm. The ceramic sliders were glued onto a 3380 type
suspension (which applies 0.15N of normal load), and mounted
on a crossed ‘I-beam fixture as shown in Fig. 1. The sliders
were positioned at a distance of 25 mm from the center of the
disk. The crossed I-beam fixture was instrumented with sem-
iconductor strain gauges to measure the normal and frictional
forces exerted on the ceramic slider. The semiconductor gauges
had a gauge factor (=ratio of fractional change in resistance

Discussion on this paper will be accepted at ASME Hea(iduarters until December 17, 1990
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Fig. 1 Schematic of a friction and wear apparatus with the crossed |-
beam configuration used in the force measurements

0.8 AQ,0,-TiC Mn-Zn Ferrite
a ‘ /
o
L2 06
k] Calcium Titanate 2r0,-Y,04
i
S 04
|5
°
£ 0.2 Diamond (111)
g -

l 1 1 1
0.00 2 4 6

Number of Passes, x 103

ool

Fig. 2 Variation in the coefficient of friction of three ceramic sliders
in contact with thin-film magnetic disk (surface roughness =7 nm rms)
with number of sliding passes. External load = 0.15 N, 800 rpm, slider
location is along radius at a distance of 25 mm from center (sliding
velocity = 2.1 m/s). Each data point is an average of four runs.

to the strain) of 115. Frictional forces as small as 1 mN could
be measured with this arrangement. The disk structure con-
sisted of a circumferentially textured Al-Mg alloy substrate
with a 10-20 um thick electroless plated Ni-P coating, 25-70
nm thick magnetic coating (Co-Pt-Ni), 20-30 nm thick dia-
mond-like carbon coating, and 0.5-4 nm thick perfluoropo-
lyether lubricant coating (Bhushan and Doerner, 1989). The
surface roughness of the finished disk surface was 7.3 nm rms
and 48.5 nm peak to valley distance. Six different ceramics -
single crystal diamond with (111) plane as the slider face,
polycrystalline Mn-Zn ferrite, 70 wt percent alumina - 30 wt
percent titanium carbide (N-58), calcium titanate, partially-
stabilized zirconia (7-8 wt percent Y,0;), and silicon nitride -
were used as slider materials in friction studies against a thin-
film magnetic disk. The physical properties of these ceramics
are given in Chandrasekar and Bhushan (1990). The diamond
slider face was approximately square with nominal dimensions
of 2x 2 x 1 mm, while the other ceramic sliders had a geometry
typical of commercial heads with an rms roughness of about
1.6 nm and peak-to-valley distance of approximately 17.0 nm.
In the ceramic-against-ceramic friction experiments, the ce-
ramic slider was typically in the form of a 2 mm x 2 mm flat
(except in the case of Si;N, (5 mm diameter sphere)) and was
mounted on a cross I-beam as in Fig. 1. The other ceramic
member was in the form of a rectangular flat which was
mounted onto the table of a computer numerically controlled
(CNC) milling machine. The length of the flat in the direction
of sliding was at least 10 mm in all cases except for single
crystal SiC (~4mm long flat) and diamond (~2.2 mm long
flat). The crossed I-beam was instrumented with semiconduc-
tor strain gauges for normal and frictional force measurements.

2

Table 1 Initial coefficient of friction for various ceramics in
sliding contact with thin-film magnetic disk. (External load =
0.15 N, 1000 rpm, slider at 25 mm along radius from center.)

Ceramic slider Coefficient of friction, u
material
Polycrystalline Mn-Zn 0.19
ferrite
Alumina titanium 0.19
carbide
Calcium titanate 0.21
Partially-stabilized 0.15
zirconia
Silicon nitride 0.22
Single crystal 0.13
Diamond (111)

Table 2 Number of passes beyond which there is a steep
increase in the coefficient of friction of various ceramic-mag-
netic disk contacts. (External load = 0.15 N, 800 rpm, slider
at 25 mm along radius from center; each value is an average
of four runms.)

Slider material

Number of passes

Polycrystalline Mn-Zn ferrite ~4500
Alumina-titanium carbide ~ 3500
Calcium titanate ~ 1500
Partially-stabilized zirconia ~ 5000

Diamond (111) Not seen even after 5500

The I-beam was kept stationary, while the flat mounted on
the CNC machine table was moved relative to the ceramic
member fixed to the I-beam. In the case of friction experiments
with diamond, the diamond flat was mounted on a motorized
linear slide to attain speeds lower than those achievable with
the CNC machine table.

2.2 Friction of Ceramics Against Thin-Film Disk. Table 1
gives the measured coefficient of friction values for these ce-
ramics when in sliding contact with a magnetic disk. The meas-
ured values shown here are those obtained immediately after
the slider has been brought into contact with the disk. Amongst
the ceramics listed in Table 1, single crystal diamond has the
lowest coefficient of friction (u~0.12 to 0.13) followed by
partially stabilized zirconia (u ~0.15), the remaining ceramics
all have an initial coefficient of friction close to 0.2 when in
contact with the disk. There was no significant change in the
initial coefficient of friction when the rotational speed of the
disk was varied in the range of 600 to 1200 rpm.

With increasing number of passes, the coefficient of friction
between the ceramics and the disk material was generally found
to increase as shown in Fig. 2. This increase was, however,
small for single crystal diamond even after it had been in
contact with the disk for about 5500 passes. The number of
passes after which a significant increase in the coefficient of
friction occurred is shown in Table 2 for various slider ma-
terials. Calcium titanate, in general, exhibited a poor behavior
in this regard, that is a significant increase in the coefficient
of friction occurred after a smaller number of passes in com-
parison with the other sliders. Diamond was the best in terms
of durability in this context, with the coefficient of friction
remaining low even after 5500 passes. Often, when a significant
increase in the coefficient of friction occurred and the test was
stopped, faint scratch marks were to be seen on the disk sur-
face.

2.3 Friction of Ceramic in Sliding Contact With It-
self. Figure 3(a) shows the measured coefficient of friction
for the ceramics in sliding contact with themselves. The coef-
ficient of friction is lowest for diamond-on-diamond (x ~0.1)
and highest for polycrystalline Mn-Zn ferrite on Mn-Zn ferrite
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Fig. 3 Coefficient of friction of various ceramics in sliding contact
against themselves. (a) Our experimental results. Sliding velocity = 0.1
mmJs in all cases except diamond where velocity = 0.033 mm/s, external
load = 0.25 N, and (b) summary of experimental resuits of various ma-
terials sliding against themseives from literature. Shaded regions denote
a range in g (Chandrasekar and Bhushan, 1989).

(1 ~0.3). The cross-hatched regions in the figure are the ob-
served scatter in the measured values of the coefficient of
friction. The variation in the coefficient of friction observed
in the present experiments follow a trend similar to values
reported in the literature at room temperature and under lightly
loaded conditions, which are summarized in Fig. 3(b) from
Chandrasekar and Bhushan (1989). The actual magnitudes are
different, reflecting the differences in geometry and conditions
of sliding. It should be pointed out that at normal loads much
greater than those reported here and over extended periods of
sliding, significantly higher coefficients of friction (e.g., 0.7
for Si;N, on Si3N; and 0.8 for PSZ on PSZ) have also been
reported for Si;N, and partially stabilized zirconia; see, for
example, Ishigaki et al. (1986) and Hannink et al. (1984).

2.4 Friction of Diamond on Diamond. From our experi-
ments, we see that under lightly-loaded conditions, single crys-
tal diamond has consistently shown a lower coefficient of
friction than other ceramics while sliding against a magnetic
disk. However, since humidity, load and sliding velocity have
varying degrees of influence on the friction coefficient, it was
decided to embark on a systematic investigation of the friction
of single crystal diamond as a function of these variables.
Preliminary results are reported here. We also refer the reader
to Chandrasekar and Bhushan (1989) which summarizes the
pioneering studies on diamond-diamond friction of Seal, Ta-
bor, Wilks and their co-workers.

Two conical diamond styli with hemispherical tips of radius
40 pm and 100 zm and of an unspecified orientation were slid
against the (100) face of a single crystal diamond flat (~2.2
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Table 3 Variation in the coefficient of friction (x) between
diamond stylus (40 pm radius) and (100) diamond flat with
relative sliding velocity

Sliding speed Hary HPwater
[mm/s}
0.017 0.103 +£0.006 0.093 +£0.008
0.033 0.093 +£0.006 0.109+0.007
0.050 0.108 +0.007 0.088 £0.01

mm X 2.2 mm X 1.5 mm thick), the latter being mounted on a
motorized linear slide. The effect of relative sliding velocity
and normal load on the coefficient of diamond-diamond fric-
tion was investigated. In addition, the experimental results
obtained with these 2 styli also enabled comparisons to be
made in a load regime with the theoretical predictions of Lawn
(1967), and Enomoto and Tabor (1981).

Table 3 gives the measured values of coefficent of friction
during dry sliding contact (relative humidity ~ 54 percent) and
in the presence of water (surfaces flooded with water). The
coefficient of friction is relatively low (~0.1) and a simple
statistical analysis of the data using hypothesis testing showed
that there is no statistically significant difference between the
friction in air and water under these conditions. The experi-
mental results are in agreement with the conclusions of Seal
(1958) and Casey and Wilks (1973) who showed that water did
not have any noticeable effect on the diamond-diamond fric-
tion. However, their experiments were conducted at much lower
sliding velocities, typically a few micrometers per second.

In contrast to relative sliding speed, the normal load does
have an important effect on the friction of diamond-on-dia-
mond. Figure 4 shows the variation of u with normal load for
diamond styli of two different radii; over a certain critical
range of the normal load - which is 0.4 to 0.6N for the 40 xum
stylus - the frictional coefficient increases significantly, see
Fig. 4. Seal (1958) and Enomoto and Tabor (1981) were amongst
the early workers to observe such a transition in the coefficient
of diamond friction. Enomoto and Tabor attributed this to
the onset of sub-surface cracking and demonstrated the onset
of this sub-surface damage using cathodeluminescence studies.

Discussion

The coefficient of friction measurements show that under
lightly-loaded conditions, single crystal diamond sliders had
the smallest coefficient of friction against a thin-film magnetic
disk in air, see Fig. 2 and Table 1. Furthermore, the coefficient
of friction of the diamond (111) surface did not increase sig-
nificantly even after 5500 passes of slidiing as shown in Fig.
2. This is in contrast to a relatively rapid increase in the coef-
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Fig. 5 Plot of critical load W, against stylus radius, wh W, is load
atwhich a marked rise in coefficient of friction or surface damage occurs
on diamond (100) surface. o, Seal’'s (1958) data for crack initiation in
sliding on (100) diamond. -, line drawn through Seal’s data; -, Lawn’s
(1967) theoretical curves for-the onset of Hertzian fracture in diamond
assuming an existing crack size of 0.5 um; =, Enomoto and Tabor’s
(1981) results of friction coefficient of diamond; o, present study.

ficient of friction for calcium titanate, alumina-titanium car-
bide and Mn-Zn ferrite after about 1500 to 4500 passes of
sliding in air in Fig. 2. These are all commonly used slider
materials. Our survey of the literature reveals that these are
some of the first reported results on the low coefficient of
friction for diamond sliding against a magnetic disk. Besides
diamond, partially stabilized zirconia (PSZ) also had a small
coefficient of friction (u~0.15) and this coefficient increased
significantly only after 5000 passes sliding. Its friction and
wear behavior was therefore much better than that of calcium
titanate, alumina-titanium carbide and Mn-Zn ferrite.

Because of its high hardness relative to the disk material, it
was thought at the outset that diamond would abrade away
the disk surface and that subsequently a higher coefficient of
friction would result in comparison to the other ceramics.
However, this was not observed in the experiments. Under
these lightly loaded conditions ({0.1 Mpa mean contact pres-
sure), adhesion is expected to be the most important contri-
bution to friction. It appears therefore that the adhesion
between the diamond and the disk material is much smaller
than for other ceramics. A possible reason for this is due to
the nature of the diamond surface.

It is known that the diamond surface is covered by carbon
atoms with free dangling bonds (Schlossin et al., 1966; Sappok
and Boehm, 1968; Spear, 1989). These bonds have a great
affinity for hydrogen and the adsorption of hydrogen on the
diamond surface has been shown to reduce the adhesion and
friction between diamond and metal surfaces (Pepper, 1982a,b).
With regard to the diamond-disk system, the strong adsorption
of hydrogen on the diamond surface would create a hydro-
carbon-like layer. Since the disk surface contains a hydrocar-
bon lubricant, the interfacial contact would be between two
hydrocarbon layers which would result in low adhesion and
friction. It is necessary that if the above mechanism is to be
operative, the hydrocarbon layer, if one exists, on the diamond
surface remain intact during sliding. At the low contact pres-
sures prevalent in our experiments, this is a likely possibility.
More evidence for the existence of a hydrocarbon-like layer
on the diamond surface comes from the recent work of Feng
(1989) and Feng and Wang (1989). They have observed a waxy
debris similar to that reported by Seal (1958) generated by the
sliding of diamond-on-diamond. The waxy debris was found
to contain a significant fraction of hydrogen-rich material and
about 10 percent by volume of graphite. This furthers the
hydrogen adsorption hypothesis. We propose to systematically
pursue this aspect in the near future.

The ceramic-ceramic sliding contact studies carried out at
low interfacial pressures have some implications on the selec-
tion of slider materials for magnetic recording. Single crystal
sapphire, as shown in Fig. 3(a) has a coefficient of friction of
about 0.13 to 0.15 when sliding against itself. This is smaller
than the friction coefficient of any of the other ceramic-ceramic
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contacts studied, with the sole exception of diamond. Sapphire
may be a potentially good choice as a slider material. The
measured friction coefficients given in Fig. 3(a) compare well
with values reported for these systems at somewhat greater
normal pressures by other investigators (e.g., Buckley, 1981);
see Fig. 3(b) for a summary of these results.

The measurements of diamond-on-diamond friction show
that the coefficient of friction is little affected by humidity
and sliding velocity. In the former context, Field (1979) reports
that the strength of diamond is relatively unaffected by hu-
midity. This is to be contrasted with reductions in the strength
of several ceramics observed at high humidity (Kingery et al.,
1983). The marginal changes in the friction of diamond with
increasing humidity are noteworthy for magnetic recording
systems, where sliders can be subjected to a variety of envi-
ronments.

Our experimental observations in Fig. 4 with two different
(tip radius) diamond styli sliding against a diamond flat show
that there is a transition in the friction coefficient from a lower
to a higher value when the normal force is increased. This is
in keeping with the observations of Enomoto and Tabor (1981)
who used styli of different tip radius than those used in the
present study. This increase in the friction coefficient was
attributed to the onset of cracking in diamond at a threshold
value of the normal force.

Enomoto and Tabor (1981) analyzed the onset of surface
damage using Lawn’s earlier analysis (Lawn, 1967) of cone or
ring crack formation underneath a sliding spherical indenter,
which derived an expression for the critical load for onset of
brittle fracture. This is henceforth termed Hertzian fracture.
Their experimentally measured critical loads for the transition
in the coefficient of friction were in reasonably good agreement
with Lawn’s predicted critical load for Hertzian fracture in
diamond. It is interesting to analyze our experimental results
in the context of Frank and Lawn (1966), Lawn (1967), Seal
(1958) and Enomoto and Tabor (1981). In Fig. 5, the exper-
imentally observed values for the critical load at which the
coefficient of friction of diamond underwent a transition are
plotted as a function of the diamond stylus-tip radius; this is
a summary of the experimental results of Seal (1958), Enomoto
and Tabor (1981) and our study. The solid heavy line is the
theoretical curve due to Lawn for the threshold of Hertzian
fracture under conditions of elastic contact. It is based on the
assumption of an average elastic modulus, an average surface
energy for the diamond surface, an average coefficient of fric-
tion (u~0.12) and a surface crack size of 0.5 um. It is seen
that our data which is shown as unshaded blocks in Fig. §,
for the critical load for transition from a lower to a higher
coefficient of friction falls somewhat to the left of the theo-
retical curve of Lawn. However, the qualitative agreement is
very good and provides further validation of the theory of
surface damage induced changes in the friction coefficient, as
enunciated by Enomoto and Tabor (1981). Similar changes in
the friction coefficient have also been observed by Skinner et
al. (1971) for a tungsten stylus sliding on single crystal graphite.
The exact mechanism by which surface damage induces a
change in the friction coefficient in this load range is not well
understood.

4 Conclusions

Friction experiments have been conducted on several ce-
ramics during sliding contact against a magnetic hard disk and
against themselves, under lightly-loaded conditions in air. Sin-
gle crystal diamond has the lowest coefficient of friction during
sliding contact against these mating materials. We report some
of the first results on a low coefficient of friction for single-
crystal diamond against a magnetic disk. Furthermore, the
increase in the coefficient of friction of diamond during sliding
contact against a magnetic disk was relatively small even after
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5500 passes, in contrast to other ceramics such as calcium
titanate, alumina-titanium carbide, Mn-Zn ferrite, and par-
tially-stabilized zirconia. Single crystal sapphire and silicon
carbide also have lower friction coefficients compared to other
polycrystalline ceramics, during sliding contact against them-
selves. .

Experiments on diamond-diamond sliding show that sliding
velocities in the range of 1 to 3 millimeters per minute had no
significant effect on the coefficient of diamond-on-diamond
friction. However, there was an increase in this friction coef-
ficient with increasing normal load. The normal forces at which
the increase in the friction occurred was higher for a 100 um
radius diamond stylus than for a 40 um stylus in contact with
a diamond flat. These observations agree with Enomoto and
Tabor (1981), and Seal (1953); the critical loads at which the
transition occurred for these styli was close to the theoretically
predicted loads for onset of brittle fracture in single crystal
diamond by Lawn (1967) and Frank and Lawn (1967). The
experimental results, thereby, further reinforce the theoretical
prediction of the dependence of a transition in the friction
coefficient on the onset of Hertzian fraction in diamond.
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STRUCTURE AND MECHANICAL PROPERTIES OF HYDROGENATED
CARBON FILMS PREPARED BY MAGNETRON SPUTTERING
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J.W. Ager I
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Abstract - Hydrogenated thin carbon films have been prepared by
DC-magnetron sputtering in an hydrogen-containing Argon
atmosphere. A monotonic decrease in friction buildup as well as an
increase in abrasion TeSISWANCE 1s observed for increasing hydrogen
proportion in Argon, from 0 to 5%. At the same time, Raman data
shows higher sp’ chara®ter-and an increase in hydrogen content in
the film, as monitored with FTIR, is observed. Resistivity
measurements also show a transition from conductor to insulator.
For very high hydrogen content, the film becomes increasingly
softer. These data are attributed to an initial increase in the sp’/sp’
bonding ratio, followed by a loss of three-dimensional cross-linking
eventualily leading to polymerization.

INTRODUCTION

The mechanical performance of thin films used as wear-resistant
overcoats is critical for the reliability of a Winchester disc-drive {1].
In the particular case of carbon films, the structure-property
relationship and its relevance to magnetic media has attracted a lot
of interest in the past decade [2]. Numerous paper have reported on
the mechanical properties of carbon films and their dependence on
preparation conditions [3-6]. In particular, hydrogenated carbon
films (a-C:H), prepared from ion-assisted Chemical Vapor
Deposition have been shown to demonstrate good tribological
properties in applications such as overcoats on magnetic media (7].
For films prepared by DC magnetron sputtering [3], hydrogen can
be incorporated by introducing it directly in the plasma [8]. This
technique has been reported to enhance the friction and wear
properties of the carbon film [9,10], without being detrimental to
magnetic properties in an in-line system [9].

In this paper, carbon overcoats prepared in 2 DC sputtering system
containing various amount of hydrogen (from O to 5%) are prepared
and their tribology is evaluated. Raman spectroscopy, electrical

resistivity, and Infrared Spectra showing gradual changes in the film

structure are also reported.

EXPERIMENTAL .
Films of 25nm thickness were deposited on untextured 9Smm discs.
Hydrogen was premixed with Argon in quantities of O (pure Argon),
1,2, 3, and 5%. Total sputtering pressure was set to 10 and 20mT.
Friction buildup was measured in a drag test at 25 RPM. using a
thin film head (5g load) on unlubricated discs. Abrasive wear tests
were performed using a SiC abrasive tape loaded at 6 psi, against a
rotating disc for one minute. Raman spectroscopy was performed
using the 488nm line of an Argon ion laser at a power of 35mW.
Decomposition of the Raman spectra into "G" and "D" peaks (see
below) was performed with a customized curve-fitting program,
using Gaussian peak shape and a linear background. FTIR spectra
were recorded on a Nicolet spectrometer. Resistivity measuremeats
were performed with a four-point probe, on films deposited on glass
slides. Because the films are very thin, only resistivity values lower
than 20 Q.cm could be measured.

RESULTS

Figure 1 shows the results of the drag tests on unhydrogenated

5% hydrogen sample. The rate of frictional buildup is significa
slower for the hydrogenated sample. Variations of the rate of fric
buildup, expressed in gram/turn, vs. hydrogen content dw
sputtering are reproduced in Figure 2. Total sputering pressurn
20 mTorr leads to slower buildup than 10 mTorr. Furthermore, tt
is a monotonic decrease of frictional buildup with increas
hydrogen content during sputtering. In Figure 3 are reproduced (
after abrasive wear test, expressed as the number of scratches
millimeter on the disc surface after the test. Addition of hydro
also improves the durability of the film continuously, with lo'
pressure giving better results in agreement with previous density

[11]. .
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Figure 1: Drag tests (2SRPM) on non-hydrogenated :

hydrogenated (5% H2 in Ar) carbon films.

The Raman spectra of the samples sputtered at a total pressure
10mTorr are reproduced in Figure 4. The two peaks at around 1:
("D") and 1560 cm” ("G"). characteristic of carbon thin films |
show changes in position and intensity. In particular, the "G* pe
position shifts down from ca. 1575 to 1555 cm® when going fr:
0 to 5% hydrogen (Figure S, left). At the same time, the intens
of the "D* peak, as measured by the intensity ratio I(DYI(G) of

. two peaks, decreases from ca. 1.4 to 0.7 (Figure S, right). At

same hydrogen proportion. changing the total sputtering press:
from 10 to 20 mTorr does not significantly affect Raman spect
Similar changes in the Raman spectra of DC-magnetron sputte:
hydrogenated carbon films had been reported previously [13].
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sputtering.

Figure 6 shows FTIR spectra in the 2400-3400 cm™* region, for the
films sputtered at 10 mTorr. A steady increase in the amount of
hydrogen in the film can be monitored by the increase in the
intensity of the peak at around 2900 cm, attributed to a stretching
of the CH bond {14]. No clear distinction between vibrations arising
from sp’ or sp® bonded carbon [14] can be detected.

Addition of hydrogen also increases electrical resistivity (Figure 7).
A clear transition from conductor (no hydrogen) to quasi insulator
can be observed, in agreement with Cho et al. [13]. Films sputtered
at 20mTorr have higher resistivity than those prepared at 10mTorr.
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Figure 3: Resistance to abrasion vs hydrogen content during

sputtering.

s161
DISCUSSION

According to theoretical work by Beeman et al. [15], a shift of the
Raman "G"‘ peak to lower frequency indicates a greater sp’/sp’
bonding ratio. According to Figures 4 and 5 (left), addition of
hydrogen during sputtering therefore increases the number of four-
fold coordinated carbon atoms. At the same time, the total ni:mber
and/or size of graphitic microdomains, as measured by the I(Di 'I(G)
intensity ratio {16). is reduced (Figures 4 and 5 right). Fri_tion
buildup during slow speed drag test has been associated tc sp
BONUST carbon atoms, through a tibochemical wear mechanism - vith
ambiem-oxygea-H7|. ITeaSE O the sp/sp’ bonding ratio in he
carbon film is therefore expected to slow down rates of frict on
buildup. and this is confirmed in Figures 1 and 2, and is consist-at
with earlier studies [18].

RAMAN INTENSITY (ARB.) °

1200 1400 1600
FREQUENCY (CM-1)

Figure 4: Raman spectra of carbon films sputtered at 10mTorr
with various bydrogen content.
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Figure 5: left: Raman "G" band position and right: I(D)/I(G)

intensity ratio vs hydrogen content during sputtering.
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FTIR in the 2400-3200 cm-1 region for films
sputtered at 10 mTorr.

Figure 6:

As for resistance to abrasion, Figure 4 demonstrates that hydrogen
addition improves the abrasive wear properties of the film, which
seems to contradict previous studies reporting a lowering of film
hardness with hydrogen [13,19]. However, the resistance to abrasion
as quantified by our particular test, is likely to involve contributions
of film toughness, internal stress and adhesion, as well as hardness.
Only a careful estimate of all these mechanical parameters could
therefore allow to assess our experimental data precisely. Finally,
the reduction in abrasive wear for films of lower I(D)/1(G) ratios is
in apparent disagreement with earlier work showing better durability
for films of higher "D" band intensity [18]. This study however,
was performed on unhydrogenated films, and it may not apply to the
set of samples described here. The better mechanical properties as
reported here will therefore simply be ascribed to a more diamond-
like character for increasing hydrogen content, as monitored by the
FTIR data in Figure 6. Hydrogen is believed to induce sp’ from sp’,
graphite-like, carbon-carbon bonding. Resistivity data from Figure
7 is also consistent with this model. For very high hydrogen content
(>20%), the film becomes increasingly soft, with a Raman
spectrum showing a high fluorescence background (data not shown
bere). Such characteristics can be attributed to a transition to a
polymeric structure, as hydrpgen slowly destroys the three-
dimensional carbon network [19].
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Figure 7: Film resistivity vs hydrogen content during

sputtering.

CONCLUSIONS

Addition of hydrogen (up to 5%) in Argon during DC magnet
sputtering has been shown to enhance friction and wear propen
of carbon overcoat of thin film media. In the 0-5% range repor
bere, monotonic decrease in friction buildup and abrasive wear r
have been observed. This improvement in mechanical properties |
been monitored with Raman spectroscopy. FTIR and resistiv
measurements. A transition from graphite-like to more diamond-lil
and eventually polymer-like for increasing hydrogen content
proposed to account for the data.

ACKNOWLEDGMENTS

We thank 0 B. Ho, J. Norton, and R. Jacobs for samy
preparations and evaluations. The authors also acknowledge

Grangette for Raman measurements. This work was supported,
part, by the Director, Office of Energy Research, US Department
Energy, under contact No. DE-AC03-76SF00098.

REFERENCES

{1}~ B. Bhushan, "Tribology and Mechanics of Magnetic Stora
Devices®, Springer Verlag (1990).

{21 H.C. Tsai and D.B. Bogy, J. Vac. Sci. Technol. A, S, 32
(1987).

[31  N. Savvides and B. Window, J. Vac. Sci. Technol. A, .

. 2386 (1985).

[4]  S. Hoshino et al., J. Appl. Phys., 65, 1918 (1989).

[5) K. Enke, Thin Solid Films, 80, 227 (1981). .

{61  R. Memming, H.J. Tolle, and P.E. Wierenga, Thin Sol
Films, 143, 31 (1986).

{71 H.J. Lee and J.R. Weiss, Contributed Paper HA-06
Intermag’90.

[8] D.R. McKenzie, R.C. McPhedran, L.C. Botten, }
Savvides, and R.P. Netterfield, Appl. Opt., 21, 36]
(1982).

[9] J.K. Howard, US Patent# 4,778,582 (1988).

[10] Y. Mehmandoust, H.C. Tsai, H. Samani, and A. Eltoukh'

Contributed Paper HA-07 to Intermag'90.

L.P. Franco , J. Vac. Sci. Technol. A, 8, 1344 (1990).

H. Seki, Surf. Coat. Technol., 37, 161 (1989).

N.H. Cho, K.M. Krishnan, D K. Veirs, M.D. Rubin, C.I

Hopper, B. Bhushan, and D.B. Bogy, J. Mat. Res., §, 25«

(1990).

J.W. Zou. K. Schmidt, K. Reichelt, and B. Dischler,

Appl. Phys., 67, 487 (1990).

D. Beeman, R. Lynds, and M.R. Anderson, Phys. Rev. t

30, 870 (1988).

R.O. Dillon, J.A. Woollam. and V. Katkanant, Phys. Re:

B, 29, 3482 (1984).

B. Marchon, N. Heiman, and M.R. Khan, IEEE Tran

Magn.. 26, 168 (1990).

B. Marchon, N. Heiman, M.R. Khan, A. Lautié, J.W

Ager, and D.K. Veirs, J. Appl. Phys., in press.

F. Jansen and M.A. Machonkin, Thin Solid Films, 140, 2.

(1986). .

(11
[12]
(13]
114]
115]
(16]
(17
(18]
(19}



'ﬂn Societyshall ioh ﬁmpois Y
‘cussion at meetings of the Society or of its D orS

mlwsmmnnorwﬂmuvﬁ;dm“&mmhm

intts p X 3
'm'm”mﬂﬁml!mmhmlchmlsuEmm Papers are available *“?"

“from ASME for fifteen m
Pﬂmod in USA.

h ahcrtho

Transparent Pin Wear Test on
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Thin-Film Magnetic Disk

Pin-on-disk wear tests on thin-film magnetic disks were performed using transparent
materials. Quartz glass (QG), transparent zirconia (TZ), sapphire (SA ), and synthe-

sized diamond (DI) were used as pin materials. In addition to friction, sliding

Yotsuo Yahisa

Data Storage and Retrieval Systems Division,
Hitachi, Ltd.,

QOdawara, Kanagawa, 256 Japan

condition and pin wear were continuously monitored with video camera. Simulta-
neous friction measurement and video monitoring showed that friction dropped
when wear debris intruded between pin and disk surfaces. Pin wear, from the
measured diameter of wear scar on spherical pins, increased in the order of DI, SA,
QG, and TZ. This order of pin wear does not coincide with that of the pin bulk

hardness. Disk lifetime increased in the order of TZ, QG, SA, and DI, and the
smaller the pin wear, the longer the disk lifetime.

Introduction

Head-disk spacing must be reduced to increase the recording
density of rigid disk storage systems, and near-contact/contact
recording technologies have been proposed for this purpose
(Yeack-Scranton et al., 1990; Hamilton et al., 1991). Because

these technologies require head-disk spacing of less than 50-

nm, head-disk wear is inevitable. Materials at the head-disk
sliding interface must therefore be carefully studied so that
head-disk wear can be reduced. The sliding interface of thin-
film disk is usually a carbon overcoat with lubricant, but heads
are made from a wider variety of materials. It is thus very
important to investigate the wear characteristics and failure
mode with various head materials. Near-contact/contact re-
cording heads will be smaller than present floating heads (Ham-
ilton et al., 1991). Head contact area will then be orders of
magnitude smaller than the disk recording area. If the specific
wear volume of head and disk materials are in the same range,
the head wear depth would be orders of magnitude larger than
the disk wear depth. This makes the reduction of head wear
more important.

Head wear on magnetic recording disks was first studied on
particulate coated disks (Talke and Tseng, 1974). Accelerated
wear tests using spherical pins were then developed, because
of very low head wear (Talke and Su, 1975; Kita et al., 1984;
Kawakubo et al., 1986). On thin-film magnetic disks, multi-
phase materials like Al,O;-TiC were shown to exhibit more
variation in friction than single-phase materials (Chu et al.,
1990), and single-crystal diamond was reported to show the
lowest friction against thin-film disks (Chandrasekar and Bhu-
shan, 1991). Enhancement of wear durability by carbon over-
coats on head rails has also been reported recently (Bogy et
al., 1993). In these papers, the sliding characteristics of head

Contributed by the Tribology Division of THE AMERICAN SOCIETY OF ME-
CHANICAL ENGINEERS for presentation at the ASME/STLE Tribology Confer-
ence, Maui, Hawaii, October 16-19, 1994. Manuscript received by the Tribology
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No. 94-Trib-45. Associate Technical Editor: A. K. Menon.
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materials were studied by measuring friction, but wear char-
acteristics of head materials were neither measured nor directly
compared in those studies. We recently reported that a trans-
parent pin wear test on thin-film disk is a good technique for
measuring pin wear and for directly comparing it with friction
(Kawakubo and Yahisha, 1993a). Transparent pin materials,
such as quartz glass, transparent zirconia, and single-crystal
sapphire, have been studied (Kawakubo and Yahisa, 1993b).
The present work included a synthesized diamond as a pin
material. Sliding conditions, failure process, friction, wear,
and disk lifetime, were compared for those pin materials.-

Experiments

Pin-on-disk type sliding wear tests were performed with a
pin placed on a test disk surface (Kawakubo et al., 1986). The
sliding condition was monitored through a hole at the back of
the sliding position and recorded with an optical microscope,
a TV camera, and a videorecorder with 540 nm wave length
monochromatic light. The test load was 200 mN and the sliding
speed was 20 m/s. All tests were performed in a class 100
environment at 23 to 26°C and with 40 to 60 percent RH.

Tests disks were 1.9 mm thick thin-film disks with 224 mm
diameter. They had about 10 um of textured Ni-P underlayer
on an aluminum substrate, and then 250 mm Cr underlayer,
60 nm magnetic film, and 30 nm carbon overcoat film were
deposited. A liquid perfluoropolyether lubricant was applied
on top. Test pin materials were quartz glass (QG), transparent
zirconia (TZ), single-crystal sapphire (SA), and single-crystal
diamond (DI). Their characteristics are listed in Table 1. The
surface curvature radius of the pins was polished to 19 mm
except for the 10 mm of the DI pins because of the difficulty
in polishing. The back surfaces of the pins were polished in
order to make them transparent.

The wear scar diameters D of the pins were measured from
the photographs taken from the back of the pins while sliding.
It was confirmed that the wear scar diameters D were the same
as those measured from the sliding surface after sliding tests.

Discussion on this paper will be accepted at ASME Headquarters until December 19, 1994



Table 1 Test pins
. Knoop Surface
Materials hardness curvature Remarks
radius

QG Quartz glass 7 GPa 19 mm
TZ Transparent zirconia 12 19 82Zr0, - 8Y,0, - 10TiO,
SA Synthesized sapphire 20 19 <0001 > direction of (1120) surface
DI Synthesized diamond 80 10 <100>,<110> direction of (100) surface

Because D was much smaller than the surface curvature radius
R of the pins, the apparent wear volume V, was calculated
using the following equation (Talke, 1972).

V,=xD'/64 R (1)

In photographs of the contact before sliding, however, there
was a dark Oth order Newton ring because of the elastic de-
formation. If Eq. (1) were applied directly to those photos,
pin wear volume before sliding would have a finite false value.
To compensate for this effect of elastic deformation, the ap-
parent elastic deformation volume V, before sliding was cal-
culated from the diameter D, of the Oth order Newton ring
before sliding using the following equation.

Vo== D4/64R @
The wear volume V¥ was then calculated from
V=V,-V, 3)

The disk lifetime was determined by the adhesion of metal
film to the pin surface, since the adhesion of metal film from
the disk was a sign of the disk carbon overcoat failure.

Results

Typical sliding conditions and the coefficient of friction
(COF) change during a wear test with QG pin are shown in
Fig. 1. As shown in Fig. 1(a), the COF increased rapidly to a
little more than 0.4 at the start of the test. It then increased
and decreased randomly between 0.4 and 0.6 until 22 x 10°
passes, when the disk failure took place. The Oth order circle
at the center in Fig. 1(d) shows the elastic deformation before
sliding. As shown in Fig. 1(c), the center circle became wider
after 100 sliding passes, showing the wear of the pin sliding
point. With more test passes, the pin wear scar diameter in-
creased, and the wear debris accumulation and the wear scar
on the disk appeared and increased. As shown in Fig. 1(d),
the width of the wear scar on the disk just before the disk
failure was similar to that of the wear debris adhered on the
pin surface.

Typical sliding conditions and the COF change during a
wear test with a TZ pin are shown in Fig. 2. As shown in Fig.
2(a), the initial COF was about 0.35, and it soon decreased to
0.25. It again increased to 0.35 until the disk failure took place
at 1.1 x 10° passes. The Newton rings in Figs. 2(b) to (d) are
obscure because of the poor transmissivity of the TZ pin. As
shown in Fig. 2(c), the Oth order circle diameter of the TZ pin
after 100 passes was larger than that of the QG pin in Fig.
1(c). As shown in Fig. 2(d), the wear scar on the disk surface
just before the disk failure by the TZ pin was less clear than
that by the QG pin in Fig. 1(d). A white spot at the leading
edge of the TZ pin showing a wear particle intrusion was
observed just before the disk failure as in Fig. 2(d)(pointed by
an arrow). Metal film adhesion followed at the place of the
particle intrusion.

Typical sliding conditions and the COF change during a
wear test with an SA pin are shown in Fig. 3. As shown in
Fig. 3(a), the COF started from 0.25 and increased gradually
to about 0.5. Then, it decreased to 0.35 at about 9 10° passes
and increased again to 0.45 until disk failure took place at
16x 10° passes. As shown in Fig. 3(c), the Oth order circle

0.0 N A R

0 50 15 %3S
Disk Rotation (x103 passes)
(a) Coefficient of Friction

R/
= “\—/; -
(d)After22x103pam
Just before disk failure

200 m Disk Rotation
«—>{ —
Fig. 1 Sliding conditions of QG pin (A= 19 mm)

diameter of the SA pin after 500 passes was smaller than that
of the QG O?in after 100 passes in Fig. 1(c). The sliding condition
at 9.3 x 10° passes when the COF dropped in Fig. 3(a) is shown
in Fig. 3(d). Black debris was formed in the middle of the
center circle and the color of the surrounding circle was lighter
than that of Fig. 3(c). This shows that the black debris sep-
arated and lifted the SA pin surface from the disk. As shown
in Fig. 3(e), the wear debris accumulation on the pin surface
and the wear scar on the disk surface were similar to those
with the QG pin in Fig. 1(d).

Typical sliding conditions and the COF change during a
wear test with a DI pin slid in <100> direction are shown in
Fig. 4. As shown in Fig. 4(a), the COF started from 0.12 and
increased monotonically to about 0.6. As shown in Figs. 4(c),
very little wear debris was found on the DI pin surface about
1000 passes. And as shown in Fig. 4(d), the adhesion of the

Transactions of the ASME
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Fig. 2 Sliding conditions of T2 pin (R= 19 mm)

metal film was not found on the DI pin until the test was
stopped at about 50 x 10° passes.

Friction change patterns during wear tests are shown in Fig.
5. Large scattering and sharp drops were found in Figs. 4(a)
and (c) like those in Figs. 1(a) and 3(a) with the QG and the
SA pins. Simultaneous friction measurement and sliding con-
dition monitored showed that COF dropped at wear debris
intrusion between pin and disk surfaces as shown in Fig. 3(d).
Two curves of the DI pin in <100> and < 110> directions
in Fig. 5(d) were almost identical to each other. Figure 5 shows
that the COF changed quite similar within each pin material.
The COF curves in Fig. 5 were stopped at disk failure or at a
certain test passes before disk failure. The disk lifetimes were
21.7,22.1, 19.8, 2.8 and 2.9 x 10’ passes for the QG pins, 2.6,
1.5, 1.1, 0.73, and 0.55 x 10° passes for the TZ pins, and 21.5,
16.1, and 2.4 x 10° passes for the SA pins. Some tests were
stopped before failure, at 22.9, 21.0, and 20.2 x 10 passes for
the SA pins and at about 50 x 10 passes for both sliding di-
rections of the DI pin. All the tests with lifetime less than
3% 10° passes showed similar sliding pattern with that shown
in Fig. 2.

Pin wear volume calculated from pin wear scar diameters
are shown in Fig. 6. For the TZ and the QG pins, the wear
volume increased gradually and disk failure occurred while the
wear volume was increasing. For the SA pins, the wear volume
increased at the beginning, but after 3 x 10° passes, it increased
very slowly or became almost constant until disk failure. This
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coincided with the adhesion of wear debris on the SA pin
surfaces. For the DI pin, the wear volume increased from about
1 x 10~ "mm?® at the beginning to § x 10~ "mm?® at 50 x 10° passes.
They were more than an order of magnitude smaller than those
of other pin materials tested. The pin wear increased in the
order of DI, SA, QG, and TZ.

Discussion

From Figs. 1 to 4, it is clear that the pin wear debris had
large effects on sliding conditions. The changes of the COF
with the QG and the SA pins after several hundred passes were
attributed to the results of wear debris intrusion at the pin-
disk interface. The changes in lifetime also seemed to be due
to the effects of wear debris adhesion on the pin surfaces. It
was also found from the observation of the SA pin slidin§
conditions that the SA pin was lifted by wear debris after 3 x 10
passes and that the debris slid against the disk surface. This

3
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Fig.5 Coefficient of friction change during transparent pin sliding test

seemed to be the reason for very small or almost no wear of
SA pin .after that. The wear volume of the DI pin was the
lowest in this study and very little wear debris was found on
the DI pin sliding surface. This coincided with the similar low
COF reported in a previous paper (Chandrasekar and Bhushan,
1991). This is probably the reason for the monotonic COF
increase with the DI pin shown in Fig. 4(¢) and the identical
COF increase of two tests in Fig. 5(d).

4

104
—— QG-Nol
— QG-No2
——— QG-No3
E3 —— QG-No4
10 —— QG-No.S
- ———- TZNol
£ ——e- TZNo2
E —=e- TZNo3
£ & ~—®- TZNod
H 10°F -—®~- TZ.NoS
2
b eaveeer SANoI
$ meme=- SA-No2
z cememer SANo3
w0l c=-@--- SANo4
-e=®-=- SA.NoS
....... Dt <100
seee Di<ll®
'o.l Py s .
001 o 1 1 10 100

Disk rotation, x 10 >pasees
Fig. 6 Wear volume change during transparent pin sliding test

104

10°5¢
g. g é
“e 10§}
-
3
2 o
2 07}
L o
~
z
108 " N : :
0 2 © 0 % 100

Knoop hardness, GPa

Fig. 7 Effects of pin bulk hardness on wear volume at 1000 passes
during transparent pin sliding test

The effects of the pin bulk hardness on wear volume at 10°
passes are shown in Fig. 7. Pin wear volume increases in the
order of DI, SA, QG, and TZ. This order does not coincide
with that of the pin bulk hardness in decreasing order, DI,
SA, TZ, and QG. The difference between those two orders is
the position of TZ. If the data of TZ were excluded, Fig. 7
would show that the harder the pin, the smaller the pin wear.
In this study, only TZ was a multiphase material and the three
remaining materials were all single-phase materials. This seems
to be the reason why the wear volume of TZ was larger than
that of the other pin materials in this study. This coincided
with results from an earlier report, which said that, in general,
the single-phase slider materials showed lower wear than the
multi-phase materials (Chn et al., 1990).

The effects of the pin bulk hardness of the disk lifetime are
shown in Fig. 8. From the scattering range of the above data,
it was found that the disk lifetime increased in the order of
TZ, QG, SA, and DI. This order does not coincide with that
of the pin bulk hardness in increasing order, QG, TZ, SA,
and DI. In fact, an inverse relation between the orders of pin
wear volume and the disk lifetime is clear from Figs. 7 and 8.
The relationship between pin wear volume and the disk lifetime
is therefore plotted in Fig. 9, which shows that the smaller the
pin wear, the longer the lifetime. The reason for the above
relationship was supposed to be to the fact that the hardness
of the thin-film disk surface was similar to the bulk hardness
of the pin materials and that the carbon overcoat is very thin.
More study is necessary to confirm this. Fig. 9 clearly shows
that the pin wear (and, hence, the head wear) should be as

Transactions of the ASME



e §
i 0}
-
e
"

Q
S © o
E [°)
E 1} ©
= o
= o
e A

stopped before failure
O diskfailure
) - I A 2 i
0 2 «© 6 0 100

Knoop hardness, GPa

Fig. 8 Effect of pin bulk hardness on disk lifetime during transparent
pin wear test

102
Mo
oé’
10lL
-
=1
”»
. ® o
£ °
S 00 o ©°
=% ]
a
Qmppdhlmf-iln
1° | o disk failure
10! - - “ s -
10 10 10 10 10
Wear volume at l(>3|nnu,-\m3
Fig.9 Relation bet wear vol at 1000 passes and disk lifetime

during transparent pin wear test

small as possible for high reliability. An earlier report em-
phasized the importance of wear particle generation and rec-
ommended the use of materials with little tendency to produce
wear debris (Hedenqvist, 1992). This recommendation is con-
sistent with the results of the present study.

It was shown that the transparent pin sliding test reported
here is very useful to analyze the sliding characteristics. Sliding
tests using transparent glass disks with carbon overcoat and
lubricant on top would also be a good tool to analyze real head
sliding characteristics.

Journal of Tribology

Conclusions

Pin-on-disk wear tests on a thin-film magnetic disk were
studied. Transparent pin materials—quartz glass (QG), trans-
parent zirconia (TZ), sapphire (SA), and diamond (DI)—were
used for pins. In addition to friction, sliding conditions and
pin wear were continuously monitored with a video.

A close relation between wear debris intrusion and friction
drop was shown by simultaneous observation of friction and
sliding conditions. Pin wear increased in the order of DI, SA,
QG, and TZ. This order of the pin wear did not coincide with
that of the pin bulk hardness in decreasing order, DI, SA, TZ,
and QG, probably because TZ is a multi-phase material. This
shows the importance of the direct wear measurement of head
materials. Disk lifetime increased in the order of TZ, QG, SA,
and DI, and the smaller the pin wear, the longer the disk
lifetime.
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CARBON-COATED HARD DISK FAILURE IN
CONTACT-START-STOP TESTS®
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The failure mechanism of carbon-coated hard disks was inves-
tigated by contact-start-stop (CSS) tests. The CSS tests were carried
owt with AlyOs-TiC sliders and unlubricated carbon-coated hard
magnetic disks at relatively low humidities whick do not cause slider
stiction. Effects of the rise time of disk velocity and the number of
CSS cxcles on disk failure were investigated. After etching the tested
disk, cracks existing below the disk surface were observed by SEM
and AES.

From these investigations, the following observations have been
made:

1. Wear of the carbon coating is negligibly small until an abrupt
disk failure occurs

2. The number of CSS cycles to failure decreases when the rise
ume increase

3. Fatigue cracks occur within the magnetic media and prop-
agate to the surface

4. Fa!iéue cracks also propagate in-plane at the boundaries of

individual layers
. The fatigue cracks lead to an abrupt failure.

INTRODUCTION

In rigid disk drives, developments toward higher density
data storage led to smaller flying heights between a disk
and a recording head (/). To achieve reliable low flying
height, the contact-start-stop systems (CSS) have been widely
adopted. In CSS systems, when the disk is being started or
stopped, sliding contact occurs between the disk and slider
surface. As a result, lubricant or a protective overcoat layer
is essential 1o reduce mechanical damage and wear. The
lubricant and protective layers must not only satisfy the
requirement of good resistance to wear and corrosion but
also be thin enough to accomplish high recording density.
And hence, investigations on the tribological properties of
liquid and solid lubricants are reported (2), (3). When liquid
lubricant is coated on thin film recording media, lubricant
thickness decreases on account of sliding contact. Recently,
from the viewpoint of mass production, the practical ap-
plication of sputtered carbon films is investigated (4), (5)
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because the process is compatible with the sputter-carbon
deposition of thin flm recording media. However, there is
uncertainty concerning the wear properties of carbon coated
thin film disks.

The aims of this study are to investigate the failure mech-
anism of carbon coated thin film disks. CSS tests at different
rise times of disk rotation were conducted. The changes in
disk surface were observed by scanning electron microscope
and surface profilometer before and after the disk failure.
Worn disk surfaces were sputter-etched, and a scanning
electron microscope was used to observe the cracks below
the surface and to identify the mechanisms of disk failures.

EXPERIMENT

Experimental Apparatus ’
Figure 1 shows a schematic view of the experimental ap-
paratus. The experimental apparatus consists of two sys-
tems; disk drive system and slider support system.
A disk is attached to a spindle motor with a clamp which
has a pin to determine a disk position. An encoder is at-

. tached to the end shaft of a spindle motor to control the

starting position of the disk and the disk rotational speed.

A suspension arm, which holds the slider, is installed on
the holder. The holder is supported with a support plate
through a parallel spring type load cell. An acoustic emission
(AE) sensor is-installed on thcend of the holder to
monitor the change of contact conditions between slider and
disk. The holder is set on micro-stages to determine the
radial position of the slider.

Tested Disk and Slider

Disk construction is shown in Fig. 2. A Ni-P layer was
plated on the Al substrate. The magnetic layer (Co-Cr and
permalloy) and carbon layer were deposited on the Ni-P
layer by sputtering. The thickness of the carbon layer is
about 20-30 nm. No lubricant was coated on the carbon
layer. A taper-flat type slider made of sintered Al;Os and
TiC was used for the experiment.
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Experimental Method and Conditions

A disk was attached with a clamp to the spindle motor
within the accuracy of 5 pm for both circumferential and
radial directions. The disk position was adjusted so that each
start-stop cycle started with the slider and disk in the same
relative position.

After pressing a slider to a disk with a vertical micro-stage
at a load of 50 mN, the disk was rotated to the starting
position at a relatively slow speed. Then, the disk was driven
with the velocity-time pattern shown in Fig. 3. The relative
speed of the slider was set at 10 m/s to obtain a flying height
of the slider of 0.15 um. The deceleration time was the same
as the acceleration time, and these values were varied from
2t024s.

AE signals and disk rotational speed during one CSS cycle
were recorded every 100 CSS cydes. Surface roughness of
the disk was measured with a non-contacting surface pro-
filometer at every 500 CSS cycles to investigate the degree
of wear of the disk. To detect disk wear precisely, it is
necessary to measure the surface profile at the same loca-
"“tion. A pair of indentations were made with a micro-hardness
tester at both the outer and inner peripheries of the track
that the slider glided on, and the surface profile was mea-
sured after adjusting the sensor position of the surface pro-
filometer to trace the pair of indentations.

Experiments were performed in a clean chamber with the
following conditions; dust level was below class 100,.and

t, t, t, t,

Disk velocity

Time
Fig. 3—Velocity-time relation of the disk

fluctuations of the relative humidity and temperature were
within 5 percent and 1 degree, respectively. To prevent
slider stiction, the relative humidity was set at 15-20 per-
cent.

Lifetime of the disk was defined as the time when the
depth of damage became larger than the thickness of the
carbon layer, because output signal level decreased if the

.damage reached the magnetic layer.

Disks which had been damaged were sputter-etched by
Ar. After etching a certain volume, etched disks were ob-
served using the scanning electron microscope (SEM) and
auger electron microscopy (AES). Etching depth was esti-
mated by the auger spectrum. As defect distribution in a
layer was considered to differ from that at a boundary of
layers, subsurface defects were observed at the following
positions; the boundary between the carbon and Co-Cr layer,
within the Co-Cr, the boundary between the Co-Cr and
permalloy layer, within the permalloy, and at the boundary
between permalloy and the Ni-P layer.

RESULTS AND DISCUSSION
Changes of disk surface roughness and AE
ouufut signals

Figure 4 shows typical AE signals and sliding velocities
during a CSS cycle whose rise time is 6 s. The number of
CSS cycles is normalized with the maximum number of the
CSS cycles obtained for a series of experiments. From Fig. 4,
AE signal does not change below normalized CSS number
of 0.92 which is about 97 percent of the tested disk life (0.95).

Sliding velocity is obtained from disk revolution signals
which are generated every rotation. AE signal fluctuates
during the positioning of the disk to the starting point. The
following was found from the measurements of AE signal:
fluctuation level of AE signals during a CSS cycle is smaller
than that during the positioning of the disk at a slow speed.
The AE signal level increases rapidly just before a disk
failure occurs.
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Figure 5 shows surface profiles of tested disks at the same
normalized CSS cycles as those in Fig. 4. Surface profile
fluctuates within the resolution of a surface profilometer

(c) Normalized CSS cycle, 0.95

Fig. S—Surface profile of tested disk

(3 nm) as shown in Fig. 5. Clear wear trace could not be
detected below the normalized CSS cycles of 0.92.

The width of the deep scratch is about 50 um; that is
one-order narrower than the width of the slider. The depth
of the deep scratch measured at the normalized CSS cycles
of 0.95 reaches to more than 0.1 pm, and wear debris de-
posits on the disk (left side of the deep scratch).

These results lead to the following conclusions: wear of
carbon is negligibly small during a CSS test under the con-
dition that relative humidity is comparatively low and slider
stiction does not occur. Furthermore from Figs. 4 and 5,
the disk failure occurs abruptly.

Macro Observation of Slider and Disk Surface

Slider Surface
Figure 6 is a scanning electron micrograph of a slider
surface and its surface profile after the normalized CSS

cycles of (.15 Clear scratches or severely worn portions are
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not observed, but some parts of the surface are coated with
adhered material. Thickness of the adhered material is less
than 5 nm from the measurement of surface profile shown
in Fig. 6. The thickness of the adhered material is the same
order as the surface roughness of the disk and smaller than
the depth of the deep scratch. The adhered material may
consist mainly of carbon detached from the disk.

From these results, it is difficult to consider that adhered
material on the slider (shown in Fig. 6) scratches the disk
surface and produces a deep valley as designated in Fig. 5(c).

Disk Surface _

Figure 7 shows scanning electron micrographs of a failed
disk surface at the rise time of 6 s (a) and 24 s (b). An arrow
indicates the rotational direction of the disk.

The width of the deep scraich is about 30—40 um and is
small compared with the slider width. These deep scratches
were observed within the sliding track.

Edge and bottom portion of the deep scratch for a rise
time of 6 s is very similar to that for 24 s:

1. Many small cracks are observed at the boundary of
the non-defect and deep scratch zones. These cracks
seem to be separated from the edge of the deep scratch.

2. Scratched and flaked traces are observed at the bottom
of the deep scratch.

Accordingly, the disk failure occurs by the same mech-
anisms for the rise times of 6 to 24 s. The failed disks at a
rise time of 6 s are observed in detail in the following sec-
tions.

Micro Observation of Failed Disks

Surface Cracks
Figure 8 shows a scanning electron micrograph of a failed
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Fig. 6—Scanning etectron micrograph of slider surface and its surface
profile.

20 um

Fig. 7—Scanning electron micrograph of failed disk surface.
(a) Risetime of 6 s
(b) Risstimeof24 s

disk surface enlarged at the edge portion of the deep scratch
at the rise time of 6 s. Parallel small cracks are observed just
separated from the deep scratch. Paying attention to the
parallel cracks, the following 4 regions are defined: Region 1
is the failed region, regions II and IV are the non-damaged
region, and region 11! is the region that contains parallel
cracks at about 2 um from the edge of the deep scratch.

Parallel cracks are about 4 um in length and some cracks
Jjoin each other in region I11. The angle between the parallel
cracks and slider rotating direction is about 45 degrees.
Although similar cracks to the parallel cracks are observed
at region I, these were not frequently detected at region III
because of plastic flow caused by the scratch traces. The
crack length at region I is about 20 um, and cracks at region I
are roughly parallel to those at region III.

Auger spectra from the failed disk are also shown in Figs.
8(b) and (c). Figs. 8(b) and (c) were obtained from point A
of region 1V and point B of region I, respectively.

Only carbon was detected from region IV from Fig. 8(b).
On the other hand, cobalt and chromium were detected
from region I. This means that the deep scratch reaches
the Co-Cr layer at point B. Carbon is still detected at point B.
The following factors are considered in realizing that car-
bon was detected from region IV: Wear debris consisting
of carbon and Co-Cr scratch the disk surface. Part of the
wear debris may adhere to a disk, and then carbon is de-
tected from the adhesive wear debris.

Subsurface Cracks

SEM observations in the preceding section suggest that
the cracks observed in both regions I and III occur by the
same mechanism. Therefore, extensions of the cracks, which
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(a) Scanning electron micrograph of a falied disk enlarged at the
edge portion of the deep scratch shown in Fig. 7(a)

(b) Auger spectrum at point A in Fig. 8(a)

{c) Auger spectrum at point B in Fig. 8(a)

were observed in both regions I and 111, were investigated
at the subsurface of the disk. Failed disks were sputter-
etched by Ar to the following depths; (2) the boundary be-
tween the carbon and Co-Cr layer, (b) approximately the
middle of the Co-Cr layer, (c) the boundary between the
Co-Cr and permalloy layer, (d) approximately the middle
of the permalloy layer, (e) the boundary between the perm-
alloy and Ni-P layer.

Eiched surfaces were observed with SEM at every etching
stage as shown in Figs. 9(a)—(e), respectively. Eiching depth
was estimated by monitoring the Auger spectrum at point A
in Fig. 8. Region I is etched to the Co-Cr layer at both Figs.
9(a) and (b), etched to the permalloy layer at both Figs. 9(c)
and (d), and etched to the Ni-P layer at Fig. 9(e). Regions
I to IV shown in Fig. 9 correspond to those in Fig. 8. From
Fig. 9(a), cracks are observed only at regions I and I1I and
not observed at region Il near the boundary between the
carbon and Co-Cr layer.

On the other hand, cracks are observed at region Il when
the disk is etched to the Co-Cr layer through the boundary
between the Co-Cr and permalloy layer. A continuous crack
is observed from region I to 111 and its length reaches about
30 wm.

Region IV
Region W

———————

Region o

Reglon 1

S um
—

Region IV
N
Region I

Region O /

Region 1

5 um

Region IV,

Region B

Region I
Region 1

5 um

()
Fig. 9—Scanning electron micrographs of a failed disk after etching;
(a) Boundary between carbon and Co-Cr
(b) Approximately the middie of Co-Cr
(c) Boundary between Co-Cr and permalioy

—cont'd
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When the etching proceeds to the permalloy layer as shown
in Fig. 9(d), previous cracks are observed only at regions I
and 11, and not observed at region III. Etching further to
the boundary between the permalloy and Ni-P layer, pre-
vious cracks are not observed as shown in Fig. 9(e). From
these results, the cracks are found to extend beneath the
deep scratch. Cracks reach the surface at the outer edge of
the deep scratch and also propagate along the thickness
direction to the permalloy layer beneath the deep scratch.

In comparison with Figs. 9(a) and (b), the micrographs’
contrast of region 111 near the boundary between the carbon
and Co-Cr layer is different from that of regions Il and IV.
On the contrary, the difference in micrographs’ contrast is
not observed at the Co-Cr layer. The same phenomena are
found in Figs. 9(c) and (d) that the contrast of regions I
and I11 is different from that of region IV at the boundary

between the Co-Cr and permalloy layers. Clear contrast is
not observed at the permalloy layer. Itis known that contrast
irregularity of SEM photographs means the differences in
elements and/or surface roughnesses. _

These results suggest that defects occur at boundaries of
the cracked region.

Generation Mechanism of Subsurface Cracks

The area that contains the crack at the etched disk is
schematically illustrated in Fig. 10. Observation results of
crack existence area at regions II and III reveal that the
crack extends obliquely in the depth direction. Normal and
traction load act on a disk from the slider. The extension
of a circular subsurface crack under normal and traction
loads has been investigated analytically with a fracture me-
chanics approach (6): The circular subsurface crack prop-
agates mainly Mode 2 under the repeated loading, and the
leading crack tip extends toward the surface. The crack
propagation pattern at regions II and III shown in Fig. 10
is similar to that of the leading crack tip. Therefore, sub-
surface cracks seem to extend first along the extended plane
of the crack face (region I) and then extend toward the
surface (regions Il and III).

Figure 11(a) shows the scanning electron microphoto-
graph of another type of disk failure considered to be caused
by flaking, and a surface profile is also recorded in Fig.
11(b). It is found from Figs. 11(a) and (b) that the depth of
the deep scratch is 0.4 pm, that the bottom profile of the
deep scratch is nearly flat, and that the wear debris scratches
the disk. A different defect is observed at the right side of
the deep scratch. The surface profile indicates that a lump
of wear debris falls off the disk. The fallen wear debris
penetrates between slider and disk, and adheres to the disk
pressed with the slider. The height of adhered material is
higher than the flying height of the slider, and this kind of
surface damage leads to a head crash.

From these results, it is considered that such disk failure
as pitting or flaking occurs abruptly when the fatigue crack
reaches the surface, or the fatigue crack extends along the
extended plane of the crack face.

Effect of Rise Time on CSS Lifetime

Figure 12 shows the relationship between normalized CSS
cycle to failure and rise time of disk. From Fig. 12, CSS
lifetime is found to decrease with an increase in the rise
time of disk.

The following two factors acting on the disk must be
considered at the start of the disk; static friction coefficient
between the slider and disk, and dynamic load factor (DLF)
of the slider which gives the maximum spring reactive force
under the dynamic condition defined by the disturbance (7). -

Friction coefficient . is the largest at the start. and DLF
decreases with an increase in the rise times. If the dynamic
load at starting is dominant for a disk failure, CSS lifetime
would almost be constant. This does not agree with the
experimental results shown in Fig. 12. If repeated rubbing
is dominant for disk failure, CSS lifetime would decrease
with an increase in the rise time. It would be obvious that
when a rise time is long, the disk surface undergoes re-
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Fig. 11—Flaking faillure and its surface profile.
(a) Entire view of the failure
(b) Surtace profile

peated rubbing by many times. Therefore, it is mentioned
that the effect of cyclic friction force is greater than that of
the number of CSS on propagating fatigue cracks.

Normalized CSS cycle

T S

0 10 20 30
Rise time, s
Fig. 12—Reistionship between CSS cycles to failure and rise time of disk

o

CONCLUSIONS

The failure mechanism of carbon-coated hard disks dur-
ing CSS tests was investigated experimentally. From these
investigations, the following conclusions were made:

1. Wear of carbon is negligibly small during a CSS test
under the conditions of;low relative humidtity, which
decreased stiction of the Stider-

2. Disk failure occurs abruptly by the following mecha-
‘nism: Fatigue cracks are produced in the disk with
repeated CSS cycles. The cracks extend in-plane and
propagate toward the disk surface. When the crack
reaches a boundary, the crack extends in both the in-
plane direction along the boundary and in the surface
direction.

3. Flaking occurs abruptly when the crack reaches the
surface, or extends long enough along the extended
plane of the crack face.

4. CSSlifetime decreases with an increase in the rise time.
This means that, to propagate the crack, cyclic load
caused by the glide of a slider is more dominant than
forces acting at the start.
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In order to further the ability to design tribologically veliable disk
media, fundamental properties of adsorplion, inleraction between tu-
bricant and overcoats and mobility of adsorbed lubricants were in-
vestigaled for perfluorinated polyether (PFPE) lubricants on carbon
surfaces. A variety of oxygen-conlaining functional groups and un-
paired electrons, i.e. dangling bonds, were detected on carbon sur-
Jaces. These dangling bonds were found to be the effective adsorption
sites for PFPE lubricants. Intra-molecular mobility for a PFPE diol
~on an amorphous carbon surface was studied using nuclear magnetic
resonance (NMR). Thin film viscosities for molecular segments were
derived from relaxation time. The viscosity near the hydroxyl segment
was determined Lo be 6.3 times as large as that for a bulk tubricant
at 20°C. However, the mobility for the segments in a main chain
was found (o be similar o that for liquid PFPE. The magnitude of
the interaction, evaluated by heat of adsorplion, increases with an
increasing density of dangling bonds and with an increasing hydro-
philic affinity for funciional groups in lubricants.

KEY WORDS

Carbon, Magnetic Data Storage, Surface Films, Lubricant
Analytical Techniques

INTRODUCTION

Maintaining the current industry trend in recording den-
sity improvement will require continued reduction in head/
media scparation. Decreased head/media separation places
progressively more severe constraints on the boundary lubri-
cation system. It is therefore essential to the development of
an improved fundamental understanding of the behavior of
lubricant molecules in the head/media interface in order to
maintain the reliability of future magnetic disk systems.
Achicving an appropriate molecular design, based on the

Proveravd os & Sucisty of Tribelogists and Lubrication Enginesrs
. ouper at G ASMESTLE Tribology Conference in
Lehaine, Muwell, October 16-20, 1904
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molecular conformation, interaction with slider and overcoat
surfaces, and an understanding of the boundary lubrication
mechanism, is a systematic way 10 reach dhe goal.

Previous work reported the static and dynamic conforma-
tions of adsorbed PFPE derivatives on plated magnetic disks
avercoated with Sol-gel SiO; (1), (2) referenced to basic data
for bulk lubricants. For example, PFPE with hydroxyl groups
(PFPE diol). adsorbs to silanol groups on the solgel SiO, sur-
face through hydroxyl groups. Main chains in PFPE diol mol-
ccules orient paraliel to the overcoat surface. Changes in fre-
quencies and relative intensides of IR peaks with film
thickness suggested that the conformation of PFPE deriva-
tives on SiO; surfaces is unlike bulk conformation, with poly-
mer chains extended preferendally along the surface (3).
Studies of the molecular conformation of ksbricants on car-
bon surfaces of sputtered disks by STM (¢) and IR (5) report
that a benzene ring in PFPE hsbricants with phenoxy or pi-
peronyl groups interacts with the carbon surface. However,
adsorption sites on the carbon surface have mot been
identified.

Dynamic behavior for molecutarly thin lubricants, partic-
ularly, a film viscosity, are interesting and imporeant issues in
investigating B mechanisms (6)-(8), spin-off
calculations (9), (10) or boundary lubrication mechanisms.
reported. For example, the swace diffusion for PFPE on a

‘magnetic disk surface was sscasured by an eflipsometry (11),

(12). Shearing stress and a' shear rase for a PFPE film be-
tween mica surfaces were measured by interferometry (13).
The report suggested that the effective viscosities of PFPE
films with several nonometers in thickness was several orders
of magnitude larger than their corresponding bulk values.
Therefore, the film viscosity on the disk surface can be dif-
ferent than that for intermediate lubricants located between
the head and the disk Furthermore, there has been
no report published on thed molecular mobility of PFPE hu-
briantt‘orhua—molecuhr‘egmnu.

Structural and mechanical properties of carbon films de-
termined by various ' methods have been re-
ported (14),(15). A varicty of Functional groups has been
determined w0 exist on carbon surfaces (16). However, there
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have been no reports specifying which functional group is
the effective adsorption site for PFPE lubricant molecules.
This study reports on adsorption sites of carbon surfaces,
adsorption energy between carbon surfaces and lubricant
molecules, and intra-molecular mobility for thin PFPE lubri-
cant layers on disk surfaces through various analytical

measurements.

EXPERIMENTAL

The primary lubricant investigated in this work was per-
fluoropolyether with hydroxyl groups (PFPE diol):

HOH,CR, CH,OH
R=F,C[OCF;] [ OC, F,) ,OCF,

The average molecular weight and viscosity of PFPE diol
are 2000 and 0.96 cm®/s at 20°C, respectively.

In addition to PFPE diol, several other PFPE derivatives,
such as nonfunctional group, ester, and piperonyl, are ex-
amined for an interaction energy to carbon surfaces.

Various carbon surfaces from graphite to diamond were
prepared for adsorbent in order to evaluate adsorption sites.
Graphite and diamond powders have pure sp? and sp* struc-
tures, respectively. CVD carbon powder, prepared by grind-
ing a chemically vapor-deposited carbon target for sputtering,
shows high graphitic structure, as shown in Fig. 1(a). Amor-
phous carbon powder was prepared through carbonizing by
baking resin powders at 800°C. The amorphous carbon pow-
der has mixed structures with sp® and sp®. G band and D
band in Raman spectrum of the amorphous carbon are sim-
ilar to those of sputtered carbon, as shown in Fig. 1(b). Sput-
tered carbon powder was prepared by collecting from sput-
tering chambers, in which carbon films had been deposited
without hydrogen gas. The conventional BET method was
applied to measure a specific surface area of the carbon
powders.

Lubricants were coated on the carbon surfaces by mixing
the carbon powders with PFPE lubricant solution, whose con-
centration corresponds to desired thickness. The lubricant
solution was prepared by dissolving PFPE diol into 1,1,24ri-
chloro-1,2 2-trifluoro ethane solvent. The PFPE lubricant was
adsorbed on the carbon surfaces after the solvent was re-
moved in vacuum at room temperature. The thickness of ad-
sorbed lubricants was calculated from the specific surface
area of adsorbent and the adsorption quantity, derived from
the weight change before and after the adsorption. Neither
rinsing nor draining was introduced. There is no excess hu-
bricant in the sample because whole lubricant was coated to
a molecularly thin film on carbon powders after the solvent
was evaporated.

Functional groups on carbon surfaces were analyzed by
X2y photoelectron spectroscopy (XPS) and electron spin
resonance (ESR). Oxygen-containing functional groups such
2 -—C00~, > C=0, - C— O ~ can be analyzed by C;,
spectra. However, spectra of — COO — cannot distinguish
beoween carboxyl (- COOH) and ester (— COOR) groups.
Further, specara of -+ C~0 - cannot distinguish between
hydroxyl (= COH) and ether (—+ C — O — C ) groups. Par-
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Fig. 1—Raman spectra.
(a) for CVD carbon
(b) for amorphous cartbon

ticularly, carboxylic and hydroxyl groups should be noticed
because they show 30 strong affinity as major adsorption sites.
The chemical modification method (17), (18) is applied
to identify carboxylic and kydrexyl groups from XPS spectra.
When a carbon surface is exposed in wifluoro-ethanol (TFE)
and trifluoro-acetic anhydride (TFAA) vapor, the TFE or the
TFAA alternatively react with ¢he carboxyl group or the hy-
droxyl group on the carbon serface, respectively, as shown in
the following chemical reacdions.
F,CCH,OH + HOOC- CARBON ["
~ F,CH,00C~ CARBON + 0
F;CCOOOCCF; + HO—- CARBON
—bl",diO-W-!- CF;CO0H

(2]

Reaction rate (modification rase) is devived from standard
surfaces, polyacrylic acid (PAA) and polyvinyl alcohol (PVA).
Tlnw‘baxylgroupanddiehytuylmonatuau~
faces are quantitatively analyzed from the reaction rases and
XPS spectra of chemically modified groups.

Bkmmmmdb*hmm
Mwbemjumﬁnmm
The ESR spectrometer was wsed with magnetic fickds of 336.5
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+ 250 mT. Mn?* in MgO is used as an external standard
material.

Nudear magnetic resonance (NMR) was used to measure
intra-molecular mobility of PFPE lubricants on carbon sur-
faces. The detail theory for derivation and measurement of
lubricant film viscosity from relaxation times of nuclei is de-
scribed in Ref. (2).

The FT-NMR spectrometer, equipped with a 6.34-T super-
conduction magnet, was used with resonance frequency of
270.0 MHz and pulse width of 6 u s. Hexafluoro benzene and
tetramethyl silane- were used as the standard material for '*F
and 'H, respectively. The nuclei, proton("H) and
fluorine('%F), were selected for measurement of the spectra
and a spin lattice relaxation time, 7,. The solid mode NMR
was used with the CP-MAS (Cross-Polarization Magic Angle
Spinning) technique (79) with MAS rotational speed of 5kHz
to measure NMR spectra and 7, for thin PFPE diol films on
carbon surfaces. The molecular mobility at the end groups
was obtained through 'H measurement. The molecular mo-
bility at the main chain was obtained from the nuclei '*F. T;
relaxation times were measured by an inversion recovery
method. The magnetization, — M,, inverted by a 180 degree
pulse, recovered through the zero<rossing point to the mag-
netization, + M, in the thermal equilibrium. The magneti-
zation, M(¢), at a certain time, ¢ is shown as the following
equation.

M(t) = Mo(1-2exp(— ¢/ Tq)) (3]

T, is calculated from the slope of In(M(¢)) vs. ¢ diagram,
where M(t) is proportional to the intensity of the NMR spec-
trum. Relaxation times at various temperatures were mea-
sured by the time-dependent spectrum intensity, when the
temperature of the sample holder was controlled.

The magnitude of adsorption between the carbon surfaces
and the lubricants is indicated by the heat of adsorption. The
heat of adsorption is measured by the flow micro-calorimeter
(1), in which the temperature change, caused by adsorption
or desorption, is measured using thermistors. The adsorption
occurs in carbon powders of adsorbent when the adsorbate
(lubricant) solution is introduced. The desorption occurs,
when the carrier flow is switched from adsorbate solution to
solvent. The heat of adsorption is defined as the difference

between the endotherm value of the adsorption process and

the exotherm value of the desorption process.
Hy=H—H,, (4]

H,,, shows the component of chemisorption in the heat of
adsorption.

RESULTS AND DISCUSSION

fnteraction between Adsorption Sites on Carbon
Surfaces and Lubricant Molecules

Hydrophilic adsorption sites are analyzed by XPS. Figure 2
shows XPS specra of C,, en the sputicred carbon surface.
Peals, derived from separation, are assigned © conjugated
doublebomds, - CO—, >C=0, and ~ GO0 — from the high

1] ¥ ) ) L] | L] L]

COUNTS (2000 COUNTD/DIV.)

TABLE 1-—FUNCTIONAL GROUPS RATIO TO TOTAL CARBON,
ANALYZED 8Y XPS Wit QEMICAL MODIFICATION
% OF INORGANIC
ToTAL CHARACTER
FUNCTIONAL GROUPS CARBON NUMBERS
Ether —+C-0-Ce 15.7 2
Conjugated | >C=C-Ce 70 )
Carbonyl >C=0 60 3
Ester -COOR 35 60
Carboxyl - COOH 05 150
Hydroxyl —COH 03 190

bonding energy side. Many oxygen-containing functional
groups are found on the sputsered carbon swrface. Table 1
shows the ratio of these functional groups © el carbon,
measured by the chemical modification medhod. There are
many functional groups such as carbonyls, esters, ethers, or
conjugated double bonds, which may show weak bondability.
The bondability among themeelves is shown by an inorganic
character number which is defimed im Ref. (20). The inor-
ganic character number shows the relative magnitude of as-
the boiling point curve of a methane series kydrocarbons and
the curve of saturated, univalent, primary straight-chain al-
cohol is taken as an inorganic character number of 100. The
inorganic character numbers of carboxyl, hydroxyl, carboayl,
ester, and cther, conjugated doublc Bond are 150, 100, €5,
mnmzwm»mmm
ﬂsme&mamnjwwewdnw'e&
bondability, compared with hyd:uyldrctbuylmlf
ﬁehﬂmphmchydmxﬁmidmdkkw
m«mmwmmhw
%0 be an appropriate index showing bowdability between k-
bricants and carbon surfaces, although there is mo data on
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the inorganic character number between different functional
groups.

Table 1 also shows that there is only a small amount, 0.8%,
of functional groups such as carboxyl and hydroxyl groups,
that are expected to show strong affinity for the lubricant
because of their large inorganic character number. Similar
results were reported in the previous work (18). Therefore,
the functional groups shown in Table 1 may not be major
adsorption sites on carbon surfaces. Dangling bonds are ex-
pected to be another adsorption site, because unpaired elec-
trons commonly show strong affinity (21).

Figures 3(a) and (b) show ESR spectra of amorphous car-
bon and amorphous carbon with PFPE diol lubricants. In the
figures, A indicates peaks of Mn®*, that was used as the stan-
dard material. The peaks of approximately g of 2.0, shown
by A, show ESR spectra of dangling bonds (22). Peak inten-
sity of the dangling bond decreased after the PFPE diol -
bricant was coated. This suggests that dangling bonds are ma-
jor adsorption sites on carbon surfaces. A fifty percent
reduction of dangling bond density is observed, and is shown
in Table 2 after a lubricant coating is applied to the carbon
surface. The ESR signal also, involves dangling bonds in the
bulk carbon, not only on the surface of carbon. If the lubri-
cant adsorbs to the dangling bond on the carbon surface, the
reduction rate for adsorbed dangling bond to the unad-

TABLE 2-—DANGLING BOND DENSITIES BEFORE AND AFTER
LUBRICANT COATING ON AMORPHOUS CARSON

SAMPLE ¢ SPN DenstTy (g~ 1)
Amorphous Carboa 26903 225 x 10"
Lubricant Comed 2.604 1.09 x 10"
40

¥
€
E 20
2
<
6
-
g
% %
SPIN DENSITY ) [x109]
Fig. 4—Relation between heat of adeorption for PFPE @iol and dengling

bond density of carbon.

sorbed bond on the surface can be greater than the observed
reduction rate in Fig. 3.

Relation between heat of adsorption, representing adsorp-
tion energy for PFPE diol, and spin density, representing
amount of dangling bonds, is shown in Fig. 4. Heat of ad-
sorption increases with increasing spin density. The correla-
tion between the heat of adsorption and spin density shows
that the graphite or the CVD carbon with sp® bond structure
does not contribute to the adsorption of lubricants. Con-
versely, the sp® bond, involved in diamond, shows the heat
of adsorption. When a bond dissociation occurs at the surface
or in grain boundaries or dislocations, dangling bonds easily
appear in sp® structures. However, the sp® structure does not
create dangling bonds, because unsaturated bonds with w
electrons are easy to rejoin after bond dissociations. Poly-
crystalline diamond, prepared in this study, can involve many
dangling bonds on surface dislocations or in grain
boundaries.

A question arises why dangling bonds are not saturated by
hydrogen or contaminants. Some reports (23), (24) said that
dangling bonds in carbon are relatively stable compared with
bonds (24), (25). Dangling bonds are not saturated by by-
drogen because, different from the case of silicon, carbon
shows an allotropic nature, i.c. the presence of wnsatarated
sp® bonding states, requiring incorporated hydrogea sot only
to pasify the dangling bond but also ©0 saturae the sp*
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graphite bonds (14). Evea if the carbon is hydrogenated, the
spin density of unpaired electrons in the hydrogenated car-
bon is found w0 decrease from 10* o0 10'® cm ™2 by hydro-
genation (25), but whole unpaired spins are not saturated
by hydrogen. Further, there is no evidence that dangling
bonds are satisfied by chemisorption. Carbon-hydrogen
bonds are not observed on amorphous carbon by diffuse re-
flection FT-R or 'H-NMR within their resolution. The activity
of dangling bonds remains even if water or other hydrogen-
containing contaminants are adsorbed, because they are not
chemically bonded, but physically adsorbed, ie. covalent
bonds between carbon and hydrogen are not formed.

In the case of diamond, Refs. (26)—(28) suggest that pol-
ished surfaces of single crystal diamond are hydrogenated
(29), which could be formed by tribochemical reaction
through polishing and following washing with hydrogen con-
aaining solvent, such as acetone (30) or olive oil (27). How-
ever, artificially synthesized diamond powder with a poly-
crystalline structure, used in the present report, has a history
of neither mechanical polishing nor washing. Many dangling
bonds can exist on polycrystalline diamond, because it can
involve many defects or dislocations in grain boundaries. Fur-
ther, there is no evidence of hydrogen-carbon bonding on
diamond powder from NMR and diffuse reflection FT-IR
within their resolution.

intra-molecular Mobility of PFPE Molecule Adsorbed
on Carbon Surfaces

Figure 5 shows 'H-NMR spectra of PFPE diol liquid, amor-
phous carbon, and amorphous carbon with PFPE diol thin
film as a function of PFPE diol thickness. The pecaks, assigned
to OCF,CH3OH and OCF,CH,OH?*, are shifted to the lower
magnetic field and are broadened with decreasing thickness.
This may occur because an association between hydroxyl
groups in diol molecules decreases and an interaction be-
tween hydroxyl groups and functional groups on carbon sur-
faces increases. A peak near 0.5 ppm in the spectrum for 0
nm is believed to be adsorbed water, because there is no
proton on the carbon surface except water, according to dif-
fuse reflection infrared (IR) spectroscopy, and the peak dis-
appears by baking at 150°C. The rightward shift, i.e. toward
the high magnetic field, of the water peak with increasing
lubricant thickness saturating for a 0.7 nm thick diol film
implies that the water interacts with lubricant molecules. The
saturation at 0.7 nm may correspond to monolayer coverage,
since the lubricant molecule is approximately 0.6 nm in size.
Further, the rightward shift reveals that the bonding strength
is weakened. For example, an inter-molecular interaction be-
tween water and adsorption site on the carbon surface can
be weakened with adsorption of lubricant molecules. The
proton in the weakly-bonded water molecule shows higher
electron density than that of the strongly adsorbed water mol-
ecule, because electrons, used for the bonding, are concen-
trated around the proton nucleus. The bonding state is ob-
served in NMR spectra because chemical shift is affected by
electron density around the nucleus. High electron density
requires high external magnetic field to interact with nuclear
magnetic moment because the electron clouds shield the ex-
ternal magnetic field. .o
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Fig. 5—'H-NMR spectra for PFPE diol liquid, amorphous carben, and
amorphous carbon with PFPE diol thin film, as a function of
PFPE diol thickness.

Figure 6 shows "*F-NMR spectra as a function of PFPE diol
thickness. Three peaks, assigned o OCF$ (—55.3 ppm,
—53.6 ppm, and —52.0 ppm), OCF$CH,OH (—83.2 ppm
and —81.1 ppm), and OCF,CF} (—90.6 ppm and —89.0
ppm), are slightly shifted w0 dhe lower magnetic fickd and are
broadened with decreasing thickness. This indicases kiule in-
teraction between ether groups and the carbon surface.

Peak width of NMR spectra imcreases with diecreasing thick-
ness of lubricant, because the mobility of lubricant molecules
decreases. An error can be introduced when relaxation times
are measured, because peak separation becomes difficult. In
order to improve the peak scparation, solid mode NMR was
used. Different from liquid mode NMR, the solid mode NMR
with CP-MAS (Cross-Polarization Magic Angle Spinning)
technique shows 2 potential to obtain sharp NMR spectra of
thin PFPE diol film on carbon surfaces, as shown in Fig. 7.
The peaks of OH and CH, for PFPE diol film are clearly
separated by the solid mode NMR (b), compared with the
liquid mode (a). {

Figure 8 shows the relation between the ratio of the film
viscosity (v,) for the diol at the thickness of 0.5 nm, reduced
from the relaxation time (7}),;t0 the bulk viscosity (v,) and
the measurement temperature for the 'H in the segments
OH and CH,, and for the "F in the scgments OCF, and
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Fig. 6—""F-NMR spectra as a function of PFPE diol thickness.

OCF,CF,. Thermal mobility of molecules usually increases
with increasing temperature. A gradient of the molecular mo-
bility for the temperature is affected by the magnitude of
bonding, namely inter-molecular bonding between lubricant
molecules or between lubricant molecules and functional
groups on carbon surfaces. Since the molecular mobility of
functional groups on solid surfaces is very small, the mobility
of lubricant molecules which interact with carbon surfaces
becomes small in comparison with that for liquid lubricant
molecules. Therefore, the gradient of the ratio (v/vs) for
the temperature can show the relative magnitude of molec-
ular mobility for bonded lubricant as a function of temper-
ature. The ratio (v,/v,) for the proton segment increases
with increasing temperature. This occurs because the molec-
ular mobility for the bulk lubricant becomes thermally active
because of the three dimensional degree of freedom,
whereas adsorbed segments do not show active movement
because of restriction to the carbon surface. Generally speak-
ing, the v,/ v, for the 'H segment, OCT$CF}, and OCF} in-
creases in order. This order may stand for the magnitude of
bondability of every segment to carbon surface. Specifically
speaking, the molecular mobility becomes small when bond-
ing strength is large. The large viscosity ratio (v,/ v;) and the
large gradient of the ratio for temperatures basically shows
that lubricant molecules are bound to the carbon surface
more tightly than the bonding among molecules. Since the
OH group is the adsorption site itself, the maximum ratio
and gradient are observed. The molecular mobility for the
CH, scgment is affected by that of the OH segment, because
~ e prowon in CH, locates in the neighbored position o OH.

6. 7am OH CH:

HsO

PAMAAT ARARF SRaAY RRRRT aRSs aaaes ~asad)

CHEMICAL SHIFT
(@)

CH,
6. Tam

OH

A AL SN A N A S B e s me MR Na A e ae s
» » 10 -0 -0 -2

CHEMICAL SHIFT
)

Fig. 7—'"H-NMR spectra for PFPE dgiol fiim st thickness of 6.5 am en
amorphous carbon.
(s) liquid mode
(b) solid mode

Therefore, the viscosity ratio and gradienc for the CH, seg-
ment are in second order. The viscosity ratio v/ %) for the
segment OCF, and OCF,CF, for thin diol film is almost the
same as that for the bulk diol, because the fluorine atom in
the OCF, segment is surrounded by the ether group (-O-)
with large mobility. Exacidy speaking, the ratio (v,/v,) for
the 'F segments seems o slighdy decrease with increasing
temperature. This may occur because the molecular mobility,
particularly rotational motiom, in ein chain segments for
the bulk jubricant, increases on the carbon surfaces. . PFPE
molecules in the main chain aear 0.5 am in thickness can be
more mobile than bulk molecules when the PFPE film is too
thin to form a homogeneous film on the carbon surface. This
may be because molecules are isolated from other molecules;
therefore, there is little interaction among them.

Figure 9 shows the diagram for the adsorbed diol molecule
on the carbon surface at 20°C. The hydroxyl groups interact
with functional groups on the carbon surface, where dan-
gling bonds are effective adsorption sites. The attached num-
ber at the atoms shows the viscosity ratio, normalized by bulk
viscosity. If the minimum mobility in the molecule deser-
mines the net viscosity, the film viscosity is 6.3 times grester
than for bulk at 20°C. Therefore, the functional growps be-
have as an anchor. Conversely, scgments in the muin chain

~ may behave as lubricants with low shearing srem. This ob-
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Fig. 8—Relation between the ratio of the film viscosity (v,) for the diol at
thickness of 0.5 nm, reduced from the relaxation time ( 7;), 1o the
buik viscosity (v,) vs. temperature for *H in the segments.

servation is important to consider in formulating a boundary
lubrication mechanism for functional PFPE lubricants. This
result agrees well with the observations of the molecular mo-
bility, made by scanning tunneling microscopy (STM) ().

Adsorption Energy Between PFPE Lubricants and
Carbon Surfaces

The magnitude of interaction between various functional
groups and various carbon surfaces is evaluated by heat of
adsorption. Table 3 shows heats of adsorption for PFPE with
no functional group, ester, piperonyl, and hydroxyl groups
to graphite, CVD carbon, sputtered carbon, amorphous car-
bon, and diamond. The magnitude of heat of adsorption is
in the order none < ester < piperonyl < hydroxyl. This or-
der agrees with that of calculated inorganic character num-
bers, which are 60, 75, and 100 for ester, piperonyl, and hy-
droxyl, respectively. This suggests that hydrophilic groups
adsorb well to dangling bonds. The order is general over five
examined carbon materials. This suggests that dangling
bonds are effective adsorption sites on carbon surfaces for
PFPE derivatives.

It is remarkable that the piperonyl group seems to adsorb
to carbons with either sp® and sp® structure. The first reason
is that the heat of adsorption for the piperonyl group with
one benzene ring and three ether groups is several times as
much as that for the ester group or the nonfunctional group.
Exactly speaking, PFPE with no functional group as the end
group has ether groups in main chain. The large difference
cannot be explained, if ether groups are effective functional
group for the adsorption, because an ether group or an ester
group shows small heat of adsorption. Therefore, the benzene
ring in piperonyl group can be an effective functional group.
The second reason is that the ratio of the heat of adsorption
for the diamond with 100% sp* so that for the graphite with
100% sp® is 9.2, 5.8, or 10.8 for the ester group, the piperonyl
group or the hydroxyl group, respectively. The ratio for pi-
peroayl i smaller than that for esser and -hrydroxyt-groups.

LUSRICANT
(PFPE BIOL) H 1.4
1

SITES
9P FO9H o FO
canaoy —C—C—C—C—=C—C—C—C—C—
overcoar | | | | | | | | |
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Fig. 9—Diagram for the diol molecules adeocrbed en the carbon surface
at 20°C.

TABLE $—HEAT OF ADSORPTION FOR PFPES WITH VARIOUS
FUNCTIONAL GROUPS TO VARIOUS CARBON SURFACES
HEAT OF
ADSORSENT FUNCTIONAL GROUP ADSORPTION
(CARRON) (PFPE) (mf / m®)
Graphiee No Functional 0.00
CVD Carbon No Functional 0.01
Sputtered Carbon No Functional -_
Amorphous Carbon No Funcuional 0.05
Diamond No Functional 0.07
Graphite Ester 0.06
CVD Carbon Ester 0.15
Sputtered Carbon Ester —_
Amorphous Carbon Ester 0.32
Diamond Ester 0.55
Graphite Piperonyl* 0.44
CVD Carbon Piperonyl* 1.5
Sputtered Carbon Piperonyl* -
Amorphous Carbon Piperonyl* 262
Diamond Piperonyl* 257
Graphite Hydroxyl 356
CVD Carbon Hydroxyl 564
Sputtered Carbon Hydroxyl 14.60
Amorphous Carbon Hydroxyl 19.14
Diamond Hydroxd 8.47

Spiperonyt
i

The ratios demonstrate that the contribution of piperonyl
group %o the adsorption for graphite with sp? is relatively
large. As a result, the benzene ring in the piperonyl group
shows an affinity to sp® carbon. However, its adsorption en-
ergy, equivalent to the heat of adsorption, is not so large
compared with the hydroxyl group.

CONCLUSIONS

Interaction between various carbon surfaces and PFPE -
bricants with various functional growps from a viewpoint of
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adsorption sites, molecular conformation, intra-molecular
mobility, and molecular adsorption energy. The following

1. Many functional groups are detected on carbon surfaces
as adsorption sites; however, the effective adsorption site
appears to involve unpaired clectrons, namely dangling
bonds, because only small amounts of strong hydro-
philic functional groups such as hydroxyl and carboxyl,
were found on the surface. Secondly, the heat of ad-
sorption was found to increase with increasing dangling
bond density. Third, ESR indicated a decrease in dan-
gling bond density with the adsorption of lubricant on
the surface.

2. Intra-molecular mobility for PFPE diol molecuies on
amorphous carbon surface is investigated by NMR. Re-
duced viscosity near the hydroxyl group of PFPE diol
shows 6.3 times greater than the bulk diol at 20°C. Con-
versely, main chains show almost same mobility as bulk
liquid.

3. Adsorption energy between functional groups and car-
bons increases with increasing hydrophilic affinity of
functional groups, namely inorganic character number.
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Abstract—This paper examines the tribological
performance of phosphazene lubricated disks under different
environmental conditions. Three groups of disks with different
lubricant thickness were evaluated. The disks with lubricant
thickness of about 0.5 nm showed good tribological
performance at ambient, high humidity and elevated
temperature conditions.

1. INTRODUCTION

Phosphazene lubricants have recently been investigated
as alternative lubricants for computer hard disks due to their
extremely low vapor pressure, high thermal stability and
good solubility in non-CFC or HFC solvents[1]. In ref. [2],
the tribological performance of phosphazene lubricated disks
was studied in terms of stiction and friction during contact

- start/stop (CSS) testing. It was found that the phosphazene
lubricated disks performed well when the lubricant thickness
was about 0.5 nm. This thickness is less than a monolayer
since the molecules of X-1p lubricant are ellipsoids with
diameters of 1.1 nm by 1.2 nm. In other words, the results
in ref. [2] indicate that the disk surface is not covered
completely with lubricant for conditions corresponding to
best tribological behavior. Because of this incomplete
coverage, concerns about phosphazene lubricant systems
exist with respect to the effects of humidity and temperature.
This paper investigates the effects of relative humidity and
temperature on the tribological performance of phosphazene
lubricated disks.

II. EXPERIMENTS

A custom-built environmental chamber was used to study the
dependence of phosphazene lubricated disks on the
environmental humidity and temperature. The chamber,
made of stainless steel, accommodates a vacuum compatible
disk, spindle and motor assembly, and allows variations in
temperature, humidity and pressure. The test disk is
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mounted on the spindle and a set of solid state strain gauges
is attached on an I-beam slider holder to monitor friction
during the test. Different gases may be introduced into the
chamber, although for the current study air was used. The
test gas passes through a dryer and a filter, after which it is
separated into two lines, namely, the "wet line" and the “dry
line". The gas in the wet line passes through a water
bubbler and then mixes with the gas in the dry line before
entering the chamber. The gas outlets inside the chamber
are arranged toward the chamber wall to obtain uniformly
distributed gas flow. By controlling the flow rates in the two
lines, the humidity inside the chamber can be effectively
controlled. To control the chamber temperature and ensure
that there is no water condensation due to the fluctuation of
temperature, the chamber is double walled with temperature
controlled water inside the double walls. The gas lines in
the humidifier have a spiral shape and are surrounded by a
water jacket. A constant temperature circulator is used to
pump water continuously into the chamber and the
humidifier, thereby ensuring that the entire system is at the
desired temperature during the tests.

Commercially available carbon overcoated disks of
65 mm diameter with a center line average R, of
approximately 5 nm were lubricated with a cyclic
phosphazene lubricant, X-1p, by gravity drain coating using
three drain rates. The solvent used is hexane and the
concentration of X-1p is 0.1 wt%. The X-1p lubricant has
the following chemical structure: 4 Ao

Aedr]

O HQ 1

The lubricant thickness was measured by a Fisons S-probe
X-ray Photoelectron Spectrometer with a spot size of
approximately 200 pm x 400 pm. The lubricant thickness,
D, is obtained using equation (1):
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where I and I, are XPS intensities for an element of the
lubricant film on the hard disk and a "thick” lubricant film
standard, respectively. The escape depth (A) is sample
dependent and relates to the photoelectron kinetic energy.
For X-1p, the fluorine F(ls) signal was used to obtain the
lubricant film thickness. The escape depth used for fluorine
was 1.8 (0.5) nm. An estimation of the analysis accuracy
from these data is about 20%. The measurements from the
fluorine signal was cooperated with the measurements based
on phosphorus. Eleven measurements were made from
inner radius to outer radius on each analyzed disk. The
average value of the lubricant thickness and the standard
deviation were calculated for the disk.

Constant speed drag tests were then performed in the
environmental chamber to examine the effects of humidity
and temperature on the tribological behavior of the disks.
Each group of disks lubricated by different drain rates was
tested at (a) standard conditions (23 °C, 40% RH), (b) high
humidity conditions (23 °C, 80% RH), and (c) elevated
temperature conditions (60 °C, 40% RH). A new disk and a
new slider were used for each test condition. The strain
gauges were calibrated at different temperatures and the
measurements were temperature-compensated to eliminate
the effect of temperature on the strain gauges. The test
velocit% was 0.2 m/s and acceleration during start-up was
0.1m/s<. Thin film sliders made of Al,O3-TiC (70% style
with R, of approximately 2.5 nm) were used in all tests with
a preload of 68.6 mN. The head crown for all sliders was
between zero and 50 nm, and the edge blend was less than
75 nm.

II. RESULTS

The lubricant thicknesses of the three groups of disks
analyzed by XPS are shown in Table I. We note that the
thicknesses are in the range of 0.3-0.8 nm, which is similar
to the range in ref. [2], where the solvent used was Freon,
rather than Hexane. In particular, the lubricant thickness of
group A (0.46 nm) is close to the thickness that performed
best during stiction and CSS tests reported in ref. {2].

TABLE1
LUBRICANT THICKNESS & DRAIN RATE
Group Drain Rate Lubricant thickness Standard deviation
{mm/min) (nm) (em)
A 12.78 0.46 0.18
B 2794 0.36 0.04

C -101.6 0.74 0.09
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Fig. 1. Coefficient of friction versus revolution for 23 °C and 40% RH
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Fig. 1 shows the variation of the coefficient of friction
during drag testing at standard conditions. We observe that
the coefficient of friction for group A is slightly higher than
the other two groups. Although the coefficient of friction for
group B is the lowest, it decreases after 8000 revolutions and
a visible wear track was observed after testing. No visible
wear tracks were observed on the other disks.

Fig. 2 shows the variation of the coefficient of friction as
a function of the number of revolutions at high relative
humidity. We observe that the coefficient of friction is lower
at 80% RH than at 40% RH for all three groups of disks.
Group A shows the lowest coefficient of friction at the high
humidity conditions. The variation of the coefficient of
friction for group A is smaller at 80% RH than at 40% RH.
No visible wear track was observed for group A after testing,
while wear tracks were observed on the disks of groups B
and C after testing.

The variation of the coefficient of friction at elevated
temperature is shown in Fig. 3. We observe that the
coefficient of friction is lower at 60 °C than at 23 °C.
Again, group A shows the lowest coefficient of friction

among the disks. The coefficient of friction curves are fairly

smooth except for the disk of group C. No visible wear track
were observed on any disks after the tests.

IV. DISCUSSION

It is apparent that the disks of group A (046 nm
lubricant thickness) performed best among the tested disks.
This result is consistent with the results of stiction and CSS
tests[2]. The lubricant thickness on the disks of group B
seems to be too thin (0.3 nm) as the disks failed at both 40%
and 80% RH. The lubricant on the disks of group C is
strongly affected by high humidity and elevated temperature.

The observation that friction decreases with an increase
of relative humidity from 40% to 80% seems to indicate that
the X-1p lubricant interacts with water from the
environment. However, X-1p is hydrophobic so the
interaction between X-1p and water molecules could only be
physical mixing. A possible explanation for the friction
decrease in high humidity is that either the surface energy,
or the viscosity of the lubricant, has decreased due to
mixing.

The observation that friction decreases as environmental
temperature increases from 23 °C to 60 °C seems to be
related to viscosity. The viscosity of X-1p decreases from
1.401 Pas-s at 25 °C to 0.1 Pas's at 60 °C (see Table II).
Comparing Figs. 1 and 3, we observe that the disks
performed better at elevated temperature. This seems to

TABLE Il
VARIATION OF VISCOSITY WITH TEMPERATURE
Temperature Viscosity (Pas-s, x103)
(°C) X-1p AM200] Z-Dol
20 1401(25 °C) 75 87
40 312 3R 3s
60 100 14 Y
80 3s 6
100 15.6 1.5

suggest that a phosphazene type lubricant with lower
viscosity may perform better from a tribological point of
view. From Table II, we note that the viscosity of X-1p is
much higher than that of AM2001 .and Z-Dol at room
temperature and that the viscosity of X-1p at 60 °C is close
to the value of AM2001 and Z-Dol at 20 °C. To achieve a
viscosity for the phosphazene lubricant systems
corresponding to the viscosity of AM2001 and Z-Dol, it may
be necessary to mix X-1p lubricant with some other low
viscosity lubricant. Further studies is needed since the
viscosity of a lubricant monolayer may be several times
higher than that of the bulk material[3].

V. CONCLUSIONS

Phosphazenes are promising lubricants for hard disks. A
typical phosphazene lubricant, X-1p, performs well at
ambient, high humidity and elevated temperature conditions
with a lubricant thickness of about 0.5 nm. It seems likely
that a lower viscosity may improve the performance of the
phosphazene lubricant system.
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