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Abstract

A Viscous Model for Lubricant Transfer from Media to Head during Heat-Assisted
Magnetic Recording (HAMR)
by
Siddhesh V. Sakhalkar
Master of Science in Engineering — Mechanical Engineering
University of California, Berkeley
Professor David B. Bogy, Chair

Heat-Assisted Magnetic Recording (HAMR) is widely viewed as a technology that is
essential to achieve storage densities beyond 1 Th/in? in hard disk drives!. While traditional
magnetic media is thermally unstable at room temperature for the small bit sizes needed for
high density recording, the high coercivity HAMR magnetic media can safely store data at
very small bit sizes of ~ (25 nm)?. In order to write on the high coercivity media, a complex
laser delivery system integrated into the magnetic head is used to locally heat the HAMR
recording bit to its Curie temperature (~ 500 °C) within a few nanoseconds, thereby reducing
its coercivity. However, reliability of the head-disk interface (HDI) during high temperature
transient laser heating still remains a major challenge that needs to be addressed before
HAMR can be made into a robust commercial product?.

One of the challenges in HAMR is the creation of write-induced contamination at the
near field transducer (NFT) on the head. While the peak disk temperature during HAMR
writing is ~ 500 °C, the peak temperature of the head is much lower (~ 310 °C)3. This
temperature difference causes the polymer lubricant, which covers and protects the disk, to
evaporate, form vapor in the HDI and subsequently condense on the relatively cooler head.
The lubricant acts as a carrier, causing a continuous deposition of media contaminants at
the head NF'T. In this study, we develop a viscous continuum model that predicts the disk-
to-head lubricant transfer during HAMR writing. The model simultaneously determines the
thermo-capillary shear stress driven deformation and evaporation of the lubricant film on
the disk, the convection and diffusion of the vapor phase lubricant in the air bearing and
the evolution of the condensed lubricant film on the slider. The model also considers molec-
ular interactions between disk-lubricant, slider-lubricant and lubricant-lubricant in terms of

disjoining pressure.
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Chapter 1
Introduction

The demand for data storage is increasing rapidly with the increase in the number
and size of the information that we are generating and keeping. Much of the world’s digital
information has been and still is stored on hard disk drives (HDDs). While HDDs may appear
to be giving way to solid state drives (SSDs) in many smart phones and laptops, much of our
digital data is actually stored on cloud storage services, which are enormous arrays of HDDs
connected on a network, maintained by the cloud service provider. Simplistically, a HDD
consists of a magnetic disk (also known as media) which stores data and a magnetic head
(also known as slider) which flies over the rotating disk and reads/writes data onto it. In
between the head and the disk, there is a column of air, known as the air bearing. To prevent
wear & tear of the disk/head, it is customary to apply a coating of a polymer lubricant on
the disk. The minimum head-disk clearance in HDDs has reduced from a few microns (~ 40
years ago) to < 10 nm today. This necessitates the lubricant film in contemporary HDDs to
have a thickness of only 1-2 nm.

Current HDD products have approached upto 1 Th/in? storage density. Higher storage
densities will soon no longer be possible with convectional recording technologies due to the
superparamagnetic limit: if the size of the magnetic media bits is further decreased, the
bits will become thermally unstable. Heat-Assisted Magnetic Recording (HAMR) offers to
overcome this obstacle by using magnetic media material with a high coercivity (coercivity
is the ability of a material to maintain its magnetic domains and withstand any undesired
external magnetic influences). This enables the HAMR media to safely store data at very
small bit sizes of ~ (25 nm)?. The coercivity of a material is temperature dependent.
If the temperature of a magnetized material is increased above its Curie temperature, its

coercivity will become much lower, until it has cooled down. HAMR utilizes this property



to write on the high coercivity media by using a complex laser delivery system integrated
into the magnetic head to locally heat the HAMR recording bit to its Curie temperature
(~ 500 °C) within a few nanoseconds. However, reliability of the head-disk interface (HDI)
during high temperature transient laser heating still remains a major challenge that needs
to be addressed before HAMR can be made into a robust commercial product?. One of the
tribological challenges in HAMR is the formation of write-induced head contamination at
the near field transducer (NFT - a component inside the HAMR head used to focus the laser
beam onto the disk)3. Kiely et al.® reported that this contamination begins soon after the
laser power is turned on (< 1 second) and grows over time until the contamination height
reaches the head-disk clearance. Once the head contamination contacts the media surface,
the disk motion generates a smear down-track of the NFT.

One possible mechanism that has been proposed for HAMR contamination is lubricant
transfer from the disk to the head through thermodynamic driving forces®. While the peak
media temperature during HAMR writing is ~ 500 °C, the peak temperature of the head is
~ 310 °C3. This temperature difference causes the lubricant to evaporate from the disk, form
vapor in the HDI and condense on the relatively cooler head. The lubricant acts as a carrier,
causing a continuous deposition of contaminants originating from the media at the head
NFT. Xiong et al. also reported similar deposition of materials on the head after HAMR
writing. They observed that after the NF'T was turned off and the head-media temperature
difference was inverted, material was transfered from the head back to the media. This
indicates that the temperature difference between the head and the media is an important
mechanism for the material transfer.

Understanding the mechanism of disk-to-head lubricant and contaminant transfer is
crucial in order to eliminate or control its effect and to develop reliable HAMR drives.
During HAMR writing, there is a continuous circulation of lubricant between the disk, the
air bearing and the slider. The depletion and deformation of disk lubricant, diffusion and
convection of the vapor phase lubricant in the air bearing and the evolution of the deposited
slider lubricant are strongly coupled and must be modeled simultaneously to understand the
physics of the transfer process. In this study, we develop a viscous model that predicts the
evolution of the disk lubricant film, the lubricant vapor phase in the air bearing and the slider
lubricant film during HAMR writing. Our model considers the effects of thermocapillary
stress, disjoining pressure, thin-film viscosity and evaporation/condensation on the behavior
of lubricant in the HDI.



Chapter 2
Lubrication Theory

During HAMR writing, the media is locally heated to its Curie Temperature (T},42.4 ~
500 °C). The high spatial temperature gradient (VT}) causes the lubricant film on the disk
(thickness hy) to deform and evaporate. Lubricant evaporation causes the partial pressure of
the lubricant vapor in the air bearing, p, to rise. Some of this lubricant vapor condenses on
the relatively cooler slider surface (maximum head temperature T},4, s ~ 310 °C) 3 depositing
a thin lubricant film of thickness hs. The spatial temperature gradient on the slider (V7j)
causes this deposited lubricant film to deform. A schematic of this disk to slider lubricant
transfer process is shown in Figure 2.1. The temperature profile of the disk Ty(z,y,t) and
the slider Ts(x,y,t) is assumed to be known (a Gaussian profile with a peak of Tynaz.a/Timaz s
and FWHM of 20 nm). Thus, we have three unknown profiles in this problem - hy(x,y,t),
hs(z,y,t) and p,(z,y,t). In this chapter, we drive the governing equations for these three

unknown profiles using lubrication theory.

2.1 Governing Equation for Disk/Slider Lubricant

We consider the generic problem of a thin Newtonian lubricant film (with viscosity p)
resting on a flat substrate moving at a constant speed U. The co-ordinate axes are defined
such that the z axis is along the lubricant thickness and the = axis is along the direction
of the substrate velocity U. The top surface of the lubricant is free to evolve under the
influence of external shear stress 7 = 7,e, + 7,€, and external pressure p and thus the
lubricant thickness h(z,y,t) is unknown. The fundamental assumption of lubrication theory
is that the characteristic dimension in the thickness direction hqy is much smaller than the

characteristic dimension in the length and width directions, L (i.e. hy < L). Additionally,
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Figure 2.1: HAMR Lubricant Transfer Schematic: Lubricant film of thickness hq(z,y,t) on the
disk is subjected to laser heating. The disk lubricant evaporates to form vapor having partial
pressure p,(x,y,t) and density p,(z,y,t) in the HDI. The vapor condenses on the slider to form a
film of thickness hs(x,y,t). Reprinted by permission from Springer Nature (Tribology Letters)?,
Copyright (2017).

the inertial terms in the equation of motion are assumed to be small compared to the viscous

terms (i.e. low Reynols number flow) and the effect of gravity is assumed to be small. With

these approximations, the Navier Stokes equations for the x and y velocity components v,
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and v, simplify to
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Here p is the lubricant viscosity, p is the lubricant pressure. Since % = 0, the pressure
p is independent of the normal co-ordinate z, i.e, p = p(z,y,t). We additionally assume
that the lubricant viscosity also does not vary the the normal direction, i.e., p = pu(z,y,t).

Integrating Eq. (2.1) with this assumption and boundary conditions v, = U,v, =0 at 2 =0



and p2 =7, u% =71, at z = h, we get:
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Integrating the continuity equation for incompressible fluids V-v = 0 across the film thickness
h, we get
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Here p; is the constant lubricant density and 7 is the mass flux due to evaporation. Inserting

the velocity profiles from Eq. (2.2) into the integrated continuity equation (Eq. 2.3), we

arrive at the governing evolution equation for the lubricant®”
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Equation (2.4) is the well-known Reynolds lubrication equation which describes the evolution

L. =0 2.4
3u8:€+2uT (24)

of thin viscous, incompressible fluid films. In the chapter 3, we will discuss the functional
dependence of p = p(h) and p = p(h,T) on temperature T" and film thickness h for the
lubricant. We will describe expressions for the net evaporation flux for both the disk (ni4)
and the slider (m;) lubricant films. We will also discuss the source of the traction boundary
terms: 7,(7") and 7,(7"), which are components of shear stress acting on the top surface of
the lubricant film in the x and y directions respectively.

Equation (2.4) describes the evolution of the disk lubricant height hy(z,y,t) during
HAMR writing (h replaced by hg, U replaced by the disk linear velocity w4, p replaced by
ta, p replaced by pg4, 7, replaced by 7,4, 7, replaced by 7,4, T' replaced by Ty, m replaced
by mg). The governing equation for the slider lube thickness h is also given by Eq. (2.4) (h
replaced by hg, U = 0, pu replaced by us, p replaced by ps, 7, replaced by 7, ,, 7, replaced by
Tys, 1 replaced by T, m replaced by my).

2.2 Governing Equation for Lubricant Vapor

The disk lubricant evaporates to generate vapor, which forms a dilute, binary mixture

with air in the HDI. Consistent with the lubrication approximation, we assume that the

5



density of the lubricant vapor in the HDI, p, is independent of the normal co-ordinate z, i.e.,
po = po(x,y). We start with the continuity equation, integrated along the normal co-ordinate

z, across the air bearing thickness h,:

0 om om

—(pyha x Y — " 2.5

g puha) 4 T T i (25
Here h, = (fh — hs — hq) is the height of the air bearing where fh is the constant head-disk
spacing at the NFT (Refer Figure 2.1). m, = }Zﬁh“ PuUy zdz and m, = h};”h“ Py ydz are

the lubricant vapor mass flow rates per unit length in the x and y directions respectively,
obtained by integrating the product of lubricant density p, with the lubricant vapor velocity
Uy, and v,, in the z direction across the air bearing clearance. niq and mg are the net
evaporation mass fluxes from the disk and slider lubricant films respectively. Using Fick’s

Law for diffusion, the lubricant vapor velocity v, , and v, , can be expressed as

om,
PoUvz = PoUmyaz — me aTn
X
om, (2.6)
PvUvy = PoUmy — me ay

Here vy, , and v,,, are the air-lubricant vapor mixture velocities in the z and y directions,
Pm is the mixture density and m, = pp—;. D is the lubricant vapor diffusivity in air. We
assume that the lubricant vapor in air is a dilute mixture so that the mixture velocity can
be approximated by the air bearing velocity, vy, . = Vs, and vp,, = v,, and that p,, is
approximately constant over the scale on which p, varies. With these assumptions, Fick’s

law can be re-written as

Ipy
PoUvz = Polaz — D ap
X
o (2.7)
PoVuy = Pulay — D B

The lubrication assumption implies that p, and p,, are independent of the normal co-ordinate

z. Integrating across the air bearing thickness with this assumption, we get

hd+ha 8
my = pv/ Ua,xdz - Dha% = Pvqz — Dha
ha x

dpy
0
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hq+ha 0 o
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Now we substitute these mass fluxes in the integrated continuity equation to get the governing

equation for the lubricant vapor®

0 0 0 0

_ 0py 0 0py ) )
a(pvha) + a—x(pyqx) + a—y(pvqy) =5 (Dha ax> + 3y (Dha ay) +mg+ms  (2.9)
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the x and y directions, obtained by integrating the air bearing velocity v,, and v,, in the

Here ¢, = Vgpdz and q, = Vqydz are the volume flow rates per unit length in
z direction across the air bearing clearance.

Equation 2.9 is the governing equation for the lubricant vapor density in the air bearing.
We assume that the effects of the lubricant vapor on the air bearing pressure, temperature
and velocity can be neglected. Also, the lubricant as well as air bearing temperature is
simply assumed to be equal to the average of the disk and slider temperatures T, = (%)
Finally, the lubricant vapor density p, and partial pressure p, are assumed to be related by

the ideal gas law
_ poRT,

M,

where R is the molar universal gas constant and M, is the lubricant molecular weight. The

P (2.10)

first term in Eq. (2.9) models the unsteady lubricant vapor density change and dynamic
air bearing height change. The next two terms on the LHS of Eq. (2.9) model the vapor
convection effect due to the air bearing velocity. The effect of lubricant vapor diffusion in
the air bearing layer is modeled by the first two terms on the RHS of Eq. (2.9). Finally,
lubricant evaporation/condensation from the disk/slider is modeled by the last two terms of
Eq. (2.9).



Chapter 3

Lubricant Transfer Model

3.1 Lubricant Property Models

In this chapter, we study the properties of nanoscale lubricant films used in HDDs
such as surface tension, disjoining pressure, viscosity, diffusivity and vapor pressure. Per-
fluoropolyethers (PFPEs) are common lubricants used in the magnetic recording industry
due to their favorable properties such as chemical stability, low volatility, thermal stability,
and low viscosity. In this study, we consider the PFPE lubricant, Zdol 2000 (i.e. Molecular

weight 2 kg/mol) for our simulations.

3.1.1 Thin Film Viscosity

The first question that needs to be answered in order to study the behavior of nano-
scale lubricant films is if continuum theory can be used to describe the lubricant flow. This
question was addressed by Karis et al. in®. Their experiments suggest that the flow of
molecularly thin liquid films on a solid surface can still be described by the continuum
theory with the adoption of an enhanced effective viscosity. In this section we discuss a
theoretical model for this effective thin-film viscosity and comparison of this model with
experimental data.

At high rotation rates of magnetic recording disks (5000-10000 RPM), a significant
amount of lubricant coated on the disk spin-offs from the disk surface due to air shear stress
on the free surface. Karis et al.? measured this spin-off and used this experimental data
to determine the film thickness dependence of lubricant viscosity. Lubricant thickness was

measured as a function of spin time at 10000 RPM on typical carbon overcoated magnetic

recording disks initially lubricated with 1 to 13.5 nm of perfluoropolyether Zdol 4000.



The simplified form of the governing equation (2.4) in radial co-ordinates in a frame of
reference which is rotating with the disk is given by?
Oh 10 [ h?
ot ror [ 2u } (3:1)
Here 7, is the radial component of the external shear stress acting on the lubricant (due
to air). In this equation, the circumferential component of the air shear stress, 7y and the
centrifugal body force are assumed to negligible. Additionally, the lubricant is assumed to
have a uniform pressure, and evaporation is ignored. An exact solution of the air flow problem
is available for the case in which the column of air above the rotating disk is unbounded.

The expression for the radial component of the air shear stress is given by?

7 = OV HaPa® (3.2)
2
where 1, and p, are the air viscosity and density, respectively, r is the radius, and w is the

disk angular velocity. Hence, by combining equations (3.1) and (3.2), we get?

oh h?
5 =~y (3.3)
Equation (3.3) was employed to calculate viscosity from the measured spin-off removal rate
% by Karis et al.? In reality, intermolecular van der Waal’s forces between the substrate
and the lubricant film cause the viscosity of the lubricant film to increase near the substrate
as compared to its bulk value, i.e., the lubricant viscosity varies along the film thickness.
However, Eq. (3.3) assumes that the viscosity is constant along the film thickness. Thus,
the viscosity calculated from equation (3.3) is the viscosity that the fluid would have if it
were actually constant throughout the film. Hence, the viscosity calculated from the spin-off
removal rate with equation (3.3) is referred to as the effective thin-film viscosity p = u(h,T').
The influence of this intermolecular interaction on the viscosity can be explained by
Eyring’s rate theory. Eyring reasoned that because some of the same intermolecular bonds
are broken in a flow process as in a vaporization process, the activation energies of viscous
flow can be estimated from vaporization energies. Karis? applied Eyring’s rate theory to
hard disk drive lubricants. The resulting thin film viscosity model is:

Nahp AE,is(h) — TAS,;,(h)
exp
v, RT

w(h,T) = (3.4)

where N, is Avogadro’s number, hp is Planck’s constant, V; is the molar volume of the

lubricant, R is the universal gas constant and 7" is the lubricant temperature. AE,;s(h)
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Figure 3.1: Lubricant viscosity as a function of film thickness for Zdol 4000. Reprinted by per-
mission from Springer Nature (Tribology Letters)®, Copyright (2001). Filled symbols are from the
spin-off measurements using Eq. (3.3). The solid and dashed line are computed using Eq (3.4).

and AS,;s(h) are the flow-activation energy and entropy that depend on film thickness. The
effective viscosity of Zdol 4000 as a function of film thickness based on this theoretical model
(Eq. (3.4)) and comparison with the spin-off measurements (using Eq (3.3)) is shown in Fig.
3.19. The viscosity of the disk lubricant pug = u(hq, Ty) is given by Eq. (3.4) with h replaced
by hq and T replaced by T.

3.1.2 Disjoining Pressure

The concept of disjoining pressure was introduced by Derjaguin'® and defined as the
difference between the normal component of the pressure tensor in the liquid film and that
of the bulk phase of the same liquid under the same thermodynamic conditions. Inter-
molecular forces (both van der Waals and others like electrostatic) have some finite range
r. For a thick liquid film, molecules at the liquid-air interface experience intermolecular
forces from liquid molecules in the film. However, for nanoscale films, as the film thickness
becomes comparable to the range of intermolecular interaction r, the lubricant molecules at
the lubricant-air interface experience intermolecular forces from both liquid molecules in the
film and the molecules in the solid substrate. Hence, the hydrostatic pressure p in the thin

liquid differs from the pressure of the bulk phase under the same thermodynamic conditions
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(equal temperature and chemical potential). The difference between these two pressures is
defined as the disjoining pressure. For a single-component liquid, the disjoining pressure
may be determined as the derivative of the free energy per unit area of a thin layer, which

arises from the effect of surface forces. Based on this definition, the disjoining pressure of

disk lubricant II; as a function of its thickness hq is given by 112
Ovg O a Avis
[My(hg) = —== — =2 =1l4(h My(hy)? = ————— + y(hy)? 3.5

Here we consider two components of disjoining pressure and use the mischaracterizing nomen-
clature common in hard drive lubricant literature!® - dispersive I1¢ and polar IIf), based on
the corresponding components of the thin film surface energy 74 and 19. The dispersive
disjoining pressure I1¢ is a consequence of van der Waals interactions and has a 1/h® de-
pendence. Here Ay g is the Hamaker constant for the vapor-liquid-solid system and dj is
a constant introduced to account for the molecular effect of the finite size of the atoms and
molecules within the lubricant film. The oscillating polar component IT}, is due to structural
effects or non-van der Waals interactions introduced by the functional end-groups and is
typically represented by a polynomial expansion. The coefficients of dispersive disjoining
pressure (Ayrs = 4.59 x 1072 J, dy = 0.172 nm) and polar disjoining pressure (curve-fitting
parameters for polynomial expansion) of Zdol 2000 can be found in the paper by Sarabi and
Bogy!*. These coefficients are based on the methodology described by Karis & Tyndall!
and the experimental data of surface energy of Zdol 2000 given by Tyndall et al.!?

Some researchers!® have questioned the assumptions made in the widely used contact
angle method used to determine disjoining pressure in'!,'?. While such methods seem to
provide reasonable estimates of surface energies for solid surfaces, it has been cautioned that
the values determined for disjoining pressure should not be taken as a true experimental
measurement. In the absence of an accurate method for measuring disjoining pressure for
actual lubricant/disk systems, we use the contact angle measurements in Tyndall et al.!?

At nanometer scale head-disk clearances, the disk lubricant disjoining pressure is also

influenced by the presence of the slider and the lubricant layer on the slider (of thickness

h) 131516 The resulting expression for the disk lubricant disjoining pressure is given by:!7 18
AvLs
Ma(has he) = —pa = —YES 4 T, (ha)?
dihar o) = =pa = g Tala) (3.6)
Avrs Arvr .

+

67T — ha—do)? | 67 (fh — hg — by — 2dg)?
Here Ayy g is the Hamaker constant for the liquid-liquid interactions through vapor. In this
study, we assume that Ay &~ (2.1 x 10718)y, & 3 x 1072 J1619 where 7, = 15.8 x 1073
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J/m? is the bulk surface energy of Zdol 2000. A detailed derivation of Eq. (3.6) was given
by Forcada.'”

3.1.3 Surface Tension

Whereas molecules deep within the liquid have neighbours on all sides, those within
a distance of order r (where r is the range of intermolecular forces (see Section 3.1.2)) of
the interface see neighbours on one side only. Thus, lubricant molecules at the interface
experiences intermolecular attractions from one side only. The unbalanced intermolecular
forces near an interface means there is a thermodynamic surface energy v,y per unit area of
liquid-vapor interface. This means that in order to bring more molecules to the surface and
increase the area of the interface, an additional energy v,y per unit of the added area needs
to be applied to the system. For liquids, surface energy can be interpreted as a force per unit
length that acts tangent to the interface, and this force is commonly called surface tension.
The resultant stress due to surface tension can be decomposed into two components. The
first component called Laplace pressure acts normal to the lubricant surface due to surface

curvature and is given by
Py = (—V -n)n =~ (yVh)e, (3.7)

Here we have used the quasi-parallel film assumption (|[Vh| < 1,n =~ e,). Previous
studies by Dahl and Bogy” and Sarabi and Bogy ! have shown that the effect of the Laplace
pressure on lubricant evolution under HAMR is negligible, particularly for thin lubricant
films (< 1.2 nm). Hence, in this study, the effect of Laplace pressure on the lubricant
evolution is ignored in this study.

The second component called Maragoni stress?® acts tangential to the lubricant surface
due to spatial non-uniformity of surface tension. In this application, the variation in surface
tension is due to the temperature gradient (also called ”thermocapillary shear stress”) and
can be expressed as:

T=Vy—(Vy-n)n (3.8)

With the quasi-parallel film assumption (|[Vh| < 1,n =~ e.), the resultant shear stress on

the disk lubricant can be expressed as:

0y 0y o7y oty
Td — Tz,d€Cx + Ty,d€y = %em + a_yey = —C <%€w + a—yey (39)
Here, Ty = Ty(x,y,t) is the disk temperature profile and ¢ = —j—% is assumed to be constant

and equal to 0.06 mN /(m°C) for Zdol 20007.
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3.1.4 Thin film Evaporation

Vapor pressure depends on the system temperature and the nature and strength of the
intermolecular interactions that need to be overcome for a molecule to escape the condensed
state and vaporize. The bulk liquid vapor pressure is typically expressed as a function
of liquid temperature 7" and molecular weight M,, (i.e. pyapoo(T, M,y)) and is estimated
using the well-known Clausius-Clapeyron equation. pyap.oo(1, M,,) for Zdol 2000 is given by
Karis?*. Independent of its origin, a pressure difference across an interface causes a change
in the equilibrium vapor pressure from the bulk value at a given temperature (Kelvin Effect).
In the case of thin lubricant films, the disjoining pressure contributes to a pressure difference
across the lubricant-air interface, causing enhancement in the equilibrium vapor pressure.

With the bulk vapor pressure known, the equilibrium thin film vapor pressure of the disk

lubricant is determined using the following expression 2!
pvap,film Mw
—— = exp —T, ]’L ,hs ) 310
Puap, (leTd [ d< a )] ( )

Here m4(hg, hs) is the disjoining pressure of the disk lubricant given by Eq. (3.6). Next,

the net evaporation rate from the disk m, is determined using the Hertz-Knudsen-Langmuir

17,22 a.
. [ M,
mg =« %—m(map,film(hm hs) — py) (3.11)

where m is the net evaporation mass flux, M, is the lubricant molecular weight, R is the

mode S:

molar universal gas constant, 7" is the lubricant temperature and « is the accommodation
constant. Dyap, fitm is the equilibrium thin film vapor pressure and p, is the partial pressure

of the lubricant vapor in air.

3.1.5 Convection and Diffusion

The lubricant convection model in Eq. (2.9) requires the air bearing velocity profiles
in the x and y directions near the location of the NFT. Theoretically, this velocity profile
can be obtained from an air bearing model for HAMR like CMLAir HAMR?3. However, the
air bearing model in?® is rather coarsely meshed near the NFT location. Hence, due to the
lack of accurate air velocity profiles very close to the NFT, we assume the following simple

model for volume fluxes ¢, and g,

Qo = ua(fh —hoa—hos) ¢, =0 (3.12)
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Karis?* used the Hirschfelder approximation to obtain the lubricant vapor phase diffusion

coefficient:

1 1\% 715
D =1. 1074 | — v 1
858 x 10 (Mw+Ma) Pro (3.13)

where M, and M,, are the air and lubricant molecular weights and P, is the air bearing

pressure. Expressions for collision diameter o; and collision integral € can be found in?*.

3.2 Governing Equations for Lubricant Transfer

3.2.1 Governing Equation for the Disk Lubricant

The governing equation for the disk lubricant can be obtained by substituting Egs.
(3.4), (3.6), (3.9) and (3.11) in Eq. (2.4)

oh Oh o [ h on h? oT, d [ h3 or h? oT, m

8_; +Ud3_; "o 3Mdd axd - Qljdc a;} Ay {SMdd ayd N QdeC 3?Jd " P_ld =0 (1)
In this study, we have ignored the effect of the air bearing pressure and shear stress on the
disk lubricant evolution. The timescale of disk lubricant evolution during HAMR writing is
of the order of nanoseconds, while the effects of the air bearing pressure and shear stress are
expected to be on the order of seconds?®. In general, the net lubricant pressure is given by
the sum of the disjoining pressure (Eq. (3.6)), the laplace pressure (Eq. (3.7)) and the air
bearing pressure. However, with the latter two effects ignored, the net lubricant pressure is
given by pg = —Il4(ha, hs) (i.e. Eq. (3.6)). Similarly, the net lubricant shear stress 74 is, in
general, given by the sum of the thermocapillary stress and the air shear stress. But, with
air shear ignored, 74 is given by Eq. (3.9).

We use the same non-dimensionalization scheme as Dahl and Bogy”.
hax = hahoa xx =L yx =yL pgx = papo  Tyx = TyAT,; + To (3.15)

Here hy 4 is the initial disk lubricant thickness, L is the disk temperature profile FWHM., Ty, is
the ambient temperature, ATy is the maximum prescribed disk temperature rise 7},,45.4 — 10
and po = p(7o, hoa). This choice of non-dimensional variables implies the following scales

and coefficients:

tk =1ty Tgk = Taps ts = QLLz
hO’dCATd

_ §cATd o = 20 Lug g = 2p0 L2 mqg (3.16)
Ps = 2 hO,d v ho@CATd 4= hadCATd Pl
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We now switch to a notation where quantities with an asterisk are dimensional and quantities
without an asterisk are non-dimensional. The final non-dimensional governing equation for
the disk lubricant is:
Ohs ,  Oha | O [Woms O] | 0 [hidma 130,
ot “Or  Ox Oy | pa Oy pa Oy

The initial condition is a uniform film of lubricant of prescribed thickness hgq. We use

g O g O :| +S3=0 (317)

Neumann boundary conditions on the ends of our domain.

3.2.2 Governing Equation for the Slider Lubricant

Similarly, the final non-dimensional governing equation for the slider lubricant can be

expressed as

3 2 3
Oh, a[hsaws hs@} 8{@% ~0 (3.18)

L= L= —@@E+S
ot | ox oy s Oy ps Ay ’

The initial condition is a uniform film of lubricant of thickness hy,. We use Neumann

s Ox  pg Ox

boundary conditions on the ends of our domain. It is worthwhile to highlight that h, is
nondimensionalized with respect to hg 4 and T is non-dimensionalized with respect to ATy.
Also, we assume that the FWHM of disk and slider temperature profiles are the same and

equal to L.

3.2.3 Governing Equation for the Lubricant Vapor

The governing equation for the lubricant vapor density in the air bearing is given by

Eq. 2.9. We use the following non-dimensionalization for the lubricant vapor equation (2.9):

Pv* = Pupl hox = hahﬂ,d 4z* = 4z90  qy* = qyqo
Lh(),d ts Do (319)

Cp =
t b="r2

Here p; is the density of the liquid lubricant and Dy is the diffusivity at ambient temperature

Dsx=DD, ¢ =

To and pressure py (Dy = D(Tpy,po)). The spatial and temporal non-dimensionalization is
the same as that for the disk/slider lubricant Eq. (3.15) and (3.16). We now switch to a
notation where quantities with an asterisk are dimensional and quantities without an asterisk
are non-dimensional. The final non-dimensional governing equation for the lubricant vapor
is:
G0t 50+ o) = o (CoDm G ) 4 5 (CoDn ) 4 504 5.
(3.20)
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3.3 Numerical Scheme

Equations (3.17), (3.18) and (3.20) are three coupled partial partial differential equa-
tions in the three unknows hg, hg and p, (or equivalently p, through (2.10)). Equations
(3.18) and (3.20) are discretized using a finite volume method (Hybrid Scheme)?. For the
disk lubricant equation (3.17), we follow the method used by Dahl and Bogy” - the non-
advective part of the equation is discretized using the Hybrid Scheme and the advective
part is solved using the Cubic Interpolation Spline (CIP) scheme?"?®. The resulting set of
non-linear, coupled algebraic equations are solved iteratively to obtain the three solution

profiles.
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Chapter 4

Results

During the HAMR writing process, a complex laser delivery system integrated into the
head is used to heat the media locally to its Curie temperature, causing the disk lubricant
to deform, evaporate and subsequently condense at the NFT location on the slider. In this
chapter, we present some preliminary simulation results to study the evolution of the lubri-
cant film on the disk, the evaporated lubricant vapor in the air bearing and the condensed
lubricant film on the slider under write conditions.

In our simulation, we assume an initially uniform film of Zdol 2000 (M, = 2 kg/mol)
of thickness hy4 = 1 nm on the disk. The ambient conditions are assumed to be Ty = 25
°C and py = 101325 Pa. The disjoining pressure experimental data is valid in the thickness
range 0.2-2 nm, hence we assume the initial lubricant thickness on the slider (hos) to be
0.2 nm. We prescribe a Gaussian temperature profile centered at the origin (z = 0 nm,
y = 0 nm) with a peak of 500 °C and FWHM of 20 nm on the disk. The slider temperature
profile has the same FWHM but a peak of 310 °C. The head-disk clearance fh is set to 4
nm, so that the initial air bearing height (h,o) is 2.8 nm. We consider a linear disk speed
ugq of 12.5 m/s (correspoding to disk rotational velocity of 5400 RPM and radial distance of
22.215 mm) and a simulation time ¢; of 2 ns. The air bearing pressure at the NFT is set
to 2.2 MPa. The peak disk/slider temperature, head-disk spacing and air bearing pressure
data are approximately based on 15 mW TFC (Thermal Fly Height Control) Power and 2
mW NFT Power simulations using the CML HAMR code?®. We consider the same slider
Air Bearing Surface (ABS) design for the HAMR air bearing simulations as Dahl & Bogy 3.
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Figure 4.1: 3D plot of lubricant profile on disk after 3 ns of laser heating. T},40.04 = 500 °C, Trnaz,s
=310 °C, Ug = 12.5 m/s, hg 4 = 1 nm, th = 4 nm, FWHM = 20 nm.

4.1 Disk Lubricant Thickness Profile

Figure 4.1 shows a 3D plot of the lubricant profile on the disk after 3 ns of laser
heating. Projections of the disk lubricant profile along the down-track (x) and cross-track
(y) directions are plotted in Figs. 4.2a & 4.2b. The stationary laser is centered at the origin
(x = 0 nm, y = 0 nm), while the disk moves with a linear velocity of U; = 12.5 m/s in the
down-track direction. We see a central trough of depth 0.48 nm (at y = 0 nm) and side
ridges of height 0.2 nm (at y = +10.5 nm) in the cross-track disk lubricant profile in Fig.
4.2b, similar to those seen in previous works.” The disk lubricant trough depth does not
change much over time, however, the length of the depleted region increases with time in
Fig. 4.2a, due to the disk motion in the down-track direction.

The driving forces acting on the disk lubricant during HAMR writing are evaporation,
thermocapillary stress and disjoining pressure. Evaporation leads to depletion of the disk
lubricant. The disk temperature profile is a Gaussian curve centered at the origin (z = 0
nm, y = 0 nm) with a peak of 500 °C and FWHM of 20 nm. Since the disk temperature
is maximum at the origin, the evaporation rate is also maximized here, and decreases as we

move radially away from the origin. The thermocapillary stress is directly proportional to
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(a) Down-track disk lubricant profile (hy vs x at y = 0)
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Figure 4.2: Down-track and cross-track lubricant profiles on disk at different times of laser heating.

Tmaz,d = 500 °C, Trazs = 310 °C, Ug = 12.5 m/s, hgq = 1 nm, th = 4 nm, FWHM = 20 nm.
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the spatial temperature gradient on the disk and hence tends to push the lubricant away
from the origin. This causes the lubricant to deplete at the center (i.e. at the origin) and
accumulate at the sides (at y = £10.5 nm). In summary, the central trough in the cross-
track profile is caused by evaporation as well as thermocapillary stresses, whereas the side
ridges are largely due to thermocapillary stress.” Disjoining pressure acts as a restoring force,

opposing the deformation of the lubricant.”

4.2 Slider Lubricant Thickness Profile

Figure 4.3 shows a 3D plot of the lubricant profile on the slider after 3 ns of laser
heating. Projections of the slider lubricant profile along the down-track (x) and cross-track
(y) directions are plotted in Figs. 4.4a & 4.4b. As disk lubricant depletion length increases
with time (in down-track direction in Fig. 4.2a), lubricant accumulation on the slider also
grows. Starting with a uniform film of 0.2 nm on the slider, the cross-track slider lubricant
profile (Fig. 4.4b) shows a peak height of 0.84 nm at the end of 3 ns of heating.

Slider Lube Thickness (nm)

20
Crosstrack 20 -20 Downtrack
(Y) (nm) (X) (nm)

Figure 4.3: 3D plot of lubricant profile on slider after 3 ns of laser heating. T},4,,q = 500 °C, Tyn4z,s
=310 °C, Ug = 12.5 m/s, hg 4 = 1 nm, th = 4 nm, FWHM = 20 nm.
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Figure 4.4: Down-track and cross-track lubricant profiles on slider at different times of laser heating.
Tmaz,d = 500 °C, Trnazs = 310 °C, Ug = 12.5 m/s, hgq = 1 nm, th = 4 nm, FWHM = 20 nm.
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4.3 Lubricant Vapor Pressure Profile

Figure 4.5 shows a 3D plot of the partial pressure of the lubricant vapor in the air
bearing after 3 ns of laser heating. The lubricant vapor pressure is less than 0.1 MPa, while
the air pressure at the NFT is 2.2 MPa, thereby justifying the dilute vapor assumption. At
the origin (z = 0 nm, y = 0 nm), the disk and slider lubricant thicknesses at the end of 3 ns
are 0.52 nm and 0.84 nm respectively. The thin film equilibrium vapor pressure (Eq. 3.10)
at film thickness of 0.52 nm (h;) and temperature of 500 °C (Ty) is 0.25 MPa and at 0.84
nm (hs) and 310 °C (T}) is 5 x 10* MPa. The partial pressure of the lubricant vapor phase
at the origin (p,) is 0.05 MPa. Thus, the large difference between the equilibrium vapor
pressure of the disk lubricant and the head lubricant causes this relatively large mass flux

from the disk to the head through the air bearing.

0.06
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Figure 4.5: 3D plot of lubricant vapor phase partial pressure after 3 ns of laser heating. Tyq0q =
500 °C, Tinae,s = 310 °C, Uy = 12.5 m/s, hg g = 1 nm, fh = 4 nm, FWHM = 20 nm.
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Chapter 5

Conclusion

5.1 Summary

We have developed a continuum mechanics based viscous model that predicts the lu-
bricant transfer from the disk to the slider during HAMR writing. The model simultaneously
determines the deformation and evaporation of the lubricant film on the disk, the convec-
tion and diffusion of the vapor phase lubricant in the air bearing and the evolution of the
condensed lubricant film on the slider. Our model considers the effects of thermo-capillary
stress (caused by the spatial temperature gradient) and thin-film viscosity of the disk and
slider lubricant films. The model also accounts for molecular interactions between the disk-
lubricant, slider-lubricant and lubricant-lubricant in terms of disjoining pressure. Disjoining
pressure causes the equilibrium vapor pressure of the thin film to differ from its bulk value,
which in turn, affects the evaporation rate. Our model also accounts for this thin-film evap-
oration/condensation rate. Our preliminary simulation results suggest that laser heating
of the disk lubricant during HAMR writing causes several angstroms of lubricant depletion
from the disk and subsequent condensation on the slider, in a timescale of nanoseconds for
the PFPE lubricant, Zdol 2000.

5.2 Limitations and Future Work

We have presented preliminary simulation results for disk-to-head lubricant transfer
during HAMR writing. Additional simulations need to be performed to study the effect
of HAMR design parameters such as head temperature, media temperature, initial disk

lubricant thickness, laser FWHM, lubricant molecular weight and head-disk spacing on the
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disk-to-head lubricant transfer process. Our model can also be extended to other PFPE
lubricants such as Ztetraol, so as to compare the performance of different lubricants during
HAMR writing.

In this study, we have not considered the effects of thermal decomposition or lubricant
polydisperity. Experiments suggest that the thermal decomposition of Zdol occurs at tem-
peratures above 600 K?°. Hence, in addition to evaporation, thermal decomposition could
be another potential mechanism contributing towards lubricant depletion at high temper-
atures. PFPE lubricants are not chemically pure materials, but rather are a mixture of
different molecular weight components. Since the rate of evaporation is a strong function of
molecular weight, the degree of polydisperity will determine how the evaporation rate varies
as lighter molecules will evaporate first?.

The same physics of molecular interactions and their changes with temperature applies
to surface tension and interfacial energetics. Marchon and Saito3! considered the effect of a
temperature dependent Hamaker constant on lubricant thermo-diffusion under laser heating.
The model developed here can be improved by considering the effect of temperature on the
Hamaker constants Ay g, Aryr and Agyr.

The lubricant is assumed to be a viscous, Newtonian fluid in this study. However,
PFPE lubricants are viscoelastic fluids and can behave like viscous fluids or elastic solids or
a combination of both depending on the flow timescale?*. The model presented here can also
be improved by considering viscoelastic effects on the lubricant transfer process. Finally, we
do not consider the effect of lubricant slippage on the disk. At high shear strains, the no slip
boundary conditions needs to be replaced by an appropriate slip boundary condition (such

as Navier slip) to account for lubricant slippage.
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