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Abstract For higher areal density, full helium as well as
air—helium gas mixtures are currently being investigated as
candidates for use in advanced drives. Moreover, the head
mechanical spacing and the amount of accumulated lubri-
cant on the bottom surface of the slider should be reduced
for higher areal density. To analyze the characteristics of
accumulated lubricant under these conditions, gas property
equations for binary gas mixtures as functions of helium
fraction ratio and temperature were derived. Accumu-
lated lubricant equations were derived by considering the
attractive forces, such as the dispersive and polar effects.
An increase in the helium fraction ratio reduces the small
shear stress on the bottom surface of the slider, which leads
to a decrease in lubricant transfer capability. As a result,
the amount of total lubricant transfer and accumulation
are increased markedly. Also, with a decrease in lubricant
thickness, the amount of accumulated lubricant increases
greatly with a high helium fraction ratio. In conclusion,
the HDI problems induced by lubricant transfer should be
considered in full helium-filled or air—helium gas mixture
drives.

1 Introduction
Because of the explosive increase in information to be

stored, the recording density of information storage
devices has been increasing exponentially. To achieve high

P< Kyoung-Su Park
pks6348 @gachon.ac.kr

Department of Mechanical Engineering, Gachon University,
1342 Seongnamdaero, Sujeong-gu, Seongsam-Si,
Gyeonggi-do 461-701, Korea

recording density, the head mechanical spacing in hard
disk drives has been reduced, currently to 1.5 nm, and
servo accuracy, which is generally about 10 % of track
width, has been reduced to about 7 nm to increase the
areal density over the past decade. In the near future, the
spacing and servo accuracy will be below 0.7 and 5 nm,
respectively.

To further improve off-track performance with extremely
narrow servo accuracy, one promising solution is to use the
helium as the inner gas instead of air. This technology has
become commercially available in recent years. A company
announced that with a helium-filled drive, it had squeezed
seven platters into a single 3.5 in. hard disk drive, for a total
capacity of 6 TB in 2013 and 8 TB in 2014. Because the
molecular weight of helium is one-seventh that of air, flow-
induced vibration, which is almost 80 % of track mis-reg-
istration (TMR) among all the mechanical disturbances in
HDDs, is reduced dramatically and the power consumption
is decreased by about 50 % because of the smaller shear
force (Coughlin 2015). However, due to its low molecular
weight, helium can easily leak from HDD packaging; addi-
tionally, the use of pure helium increases production costs,
and it may have a negative influence on the head-disk inter-
face (HDI). In balancing performance and cost, binary gas
mixtures, such as air-helium, are currently being investi-
gated as candidates for use in advanced drives (Park et al.
2013).

Analyses of HDI performance have hardly been reported
although full helium- or air-helium-filled drives have
advantages in off-track performance, as mentioned above.
Thus, it is important to investigate HDI characteristics in
full helium or air-helium gas mixture conditions. Due to
the smaller shear stress induced by the low molecular
weight of helium, the amount of accumulated lubricant
may be increased. The thickness of transferred lubricant
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on the slider surface is important for a further reduction in
head mechanical spacing.

In this study, the amount of accumulated lubricant
among many HDI issues, such as touch-down and contact,
was investigated for an air—helium gas mixture as a func-
tion of helium fraction ratio and temperature. First, the
gas property equations of mixed gases were derived using
a variable soft sphere (VSS) model, which can reflect real
contact phenomena between two molecules and tempera-
ture effects. Based on the properties calculated with the
equations derived, the bearing pressure under the bottom of
the slider and shear stress were calculated by considering
both Couette and Poiseuille components. The amounts of
lubricant evaporated from the disk/slider and condensed on
the slider were calculated and the lubricant transfer induced
by shear stress on the slider bottom surface was calculated,
considering the volumetric flow rate. Finally, the accumu-
lated lubricant thickness was determined by the net equi-
librium between inflow and outflow. Also, the accumulated
lubricant thickness was investigated in terms of helium
fraction ratio, temperature, and initial lubricant thickness of
the disk.

2 Calculation of gas properties for air-helium gas
mixtures

The characteristics of the accumulated lubricant in HDD
are dominantly dependent on inner gas properties, such as
mean free path and viscosity. Consider a gas mixture of
VSS molecules consisting of two species. The mean free
path for a binary mixture is derived as follows:
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where p and g indicate each molecule (air and helium). d,,,
is the reference diameter of two molecules and it can be
determined from Eq. (2), based on the VSS model. Equa-
tion (1) includes the molecular portion of each gas and
temperature terms. To consider the temperature effect and
real gas phenomena, the VSS model, which can reflect
real contact phenomena and the diffusion-based effective
diameter, was used in this research (Park et al. 2013; Bird
1994):
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where m, is the reduced mass, a;, is the exponent of the
cosine of the deflection angle in the gas mixture, and D, is
the binary diffusion coefficient in the VSS gas. The values
of these parameters were taken from (Park et al. 2013; Bird
1994).

The viscosity equation with temperature for a real binary
gas mixture is derived from Reichenberg’s equation for
non-polar binary gas mixture and a power-law formula
(Park et al. 2013; Poling et al. 2001). The modified viscos-
ity of a binary gas mixture is as follows:
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In Eq. (3), the viscosity of pure i depending on tempera-
ture can be described by w; = po;i - (T /Trer)", and can be
applied to the terms K; and H;; (Park et al. 2013).

The gas properties of an air-helium gas mixture are
affected mainly by the combination of temperature and
the helium fraction ratio, as shown in Figs. 1, 2. In the
figures, fraction ratios of 0 and 1 mean full-air and full-
helium conditions, respectively. As the helium frac-
tion ratio is increased from O to 1, the mean free path is
increased exponentially because of the larger mean free
path of helium. In the full-helium condition, it is about
three times larger than that in full-air. With increased
temperature, it increases linearly (Fig. 1). As the helium
fraction ratio is increased, the viscosity is increased grad-
ually up to fraction of 0.75 (Fig. 2). However, beyond a
helium fraction of 0.75, it tends to decrease slightly. For
the temperature, the tendency is similar to that of the
mean free path.
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Fig. 1 Mean free path of air—helium gas mixture (Park et al. 2013)
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Fig. 2 Viscosity of air-helium gas mixture (Park et al. 2013)

3 Derivation of accumulated lubricant equations

The dominant factor affecting lubricant transfer is the
attractive force, the Van der Waals force, between the
surface and lubricant with the ultra-low spacing. The
most widely used perfluoropolyethers (PFPEs) are those
having a Z-type backbone chain (Rudnick 2013). The
typical lubricant molecules used on thin-film disks are
Zdol (-CF,CH,0OH) and Ztetraol, which are functional-
ized on both ends with hydroxyl groups (OH™) (Bruno
et al. 2012; Li et al. 2011). This polar force cannot be
ignored with ultra-thin lubricant thicknesses. Thus, the
dispersive force, as well as the polar attractive force, is
considered in this research. The expression for the dis-
persive part (/1,) and the polar component (/7,) of the
disjoining pressure is as follows (Bruno et al. 2003; Ma
and Liu 2008; Rohit et al. 2008; Li et al. 2011; Wong
et al. 2011):
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where A; and A, are the Hamaker constants for the
lubricant/disk interaction and lubricant/slider interac-
tion. Also, t; is the lubricant thickness and FH is the
head mechanical spacing. In the limit of thin lubricant
thickness, polar disjoining pressure can be approximated
by a sinusoidal function, given its oscillatory nature.
Because it is approximated by a sinusoidal function, /7,
has a periodic characteristic about lubricant thickness. In
Eq. 5, y, is the amplitude of the oscillatory component
of the polar energy. h, is the dewetting thickness. In the
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Fig. 3 Mechanism of lubricant pick-up, transfer and accumulation

case of Zdol, h, is determined using hg = 7.7 - Mp(kDa)
(Waltman et al. 2002; Bruno et al. 2003).

The lubricant transfer and accumulation mechanism can
be explained in three steps (Fig. 3). The first is the evapora-
tion of lubricant molecules from the disk surface to form
lubricant vapor and the condensation of the vapor lubricant
molecules on the slider surface. Due to the attractive forces
between the disk and lubricant, the lubricant bonded on the
disk is evaporated from the disk and the same amount is
condensed on the bottom surface of the slider. The second
step is the evaporation from the slider surface. The con-
densed lubricant on the bottom surface of the slider is again
evaporated by the attractive forces between the lubricant
and slider surface. The molecule density of vapor lubricant
evaporated from the disk and the slider surface at the equi-
librium is given by (Ma and Liu 2007, 2008):
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where P,,,,, is the saturated vapor pressure of liquid lubri-
cant and the vapor pressure for molecular weight can be
calculated using an exponential fit of the experimental data
(Bruno et al. 2003). k, p, and R are Boltzmann’s constant,
the lubricant density, and the molar gas constant, respec-
tively. «; and o are the lubricant bonding ratios for disk
and for slider, respectively, D is the area density of the
lubricant molecules and the subscripts mean disk, slider
and liquid. Dy = (pNo/M,)*/3, D; = (pNo/My)t4, and
Dy = (pNo/My)ts.
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The volume flux of lubricant condensation on the slider
surface and evaporation from the slider surface is deter-
mined as follows (Ma and Liu 2007, 2008):

Ss1\ N, disk |RTM,
Rcond_disk = (1 - SY> th:?)(]l\r’; = o - (8)
s
N, iider  |[RTM
Reva[’—slider = m[;:;\;;l =t o ! )

where N, is the Avogadro constant, Sy = (oNo/M,)tos is
the area density of adsorption sites on the slider surface and
Ss1 = Dy are the sites that have been occupied by lubricant
molecules.

The final step is that the shear force washes out the
transferred lubricant from the bottom surface of the slider.
The flow is caused by Poiseuille flow, related to there being
a pressure gradient, and Couette flow, related to disjoin-
ing pressure gradients. Assuming a tangential slip-velocity
boundary condition, the shear stress can be described as
follows (Ma and Liu 2007, 2008):

L
2 0x

NgasU
h 4+ 2245

T, = (10
In Eq. 10, the first term is the gradient of inner gas pres-
sure for the x direction on the bottom of the slider. ,,, and
A gqs are the viscosity and mean free path of inner gas mol-
ecules, respectively. U is the velocity of inner HDDs.
The flow flux of lubricant in x-direction on the slider

surface caused by the stress 7, can be calculated with

2
Tyl
Vi = 1D
eff
anuhe
where nfuﬁb . is the lubricant effective surface viscosity. Zdol

viscosity for molecular weight can be calculated based
on a parabolic fit to the experimental data (Bruno et al.
2003) and Eq. 12 (Rudnick 2013). Also, ¢, is the accumu-
lated lubricant thickness at equilibrium. In Eq. 12, &, is
Planck’s constant, V, is the molar volume, AE ;; is the flow-
activation energy (AE,;, = 34.7 klJ/mol), and AS,,, is the
flow-activation entropy (AS,;; = 9.87 J/mol - K) (Rudnick
2013). The stress 7, and the flow flux of lubricant in the
y direction, V,, can be calculated in the same way.

At steady' state, the following equilibrium exists for
the small area dx x dy (grid size) on the slider surface.
By solving Eq. 12, the accumulated lubricant thickness is
determined.

RconddXdy = (V(x+dx) - Vx)dy

12
+ (V(y+dy) - Vy)dx + Revadedy (12)
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Fig. 4 Distribution of shear stress on the air bearing surface for vari-
ous helium fraction ratios

4 Simulation results and discussion

The shear stress on the air-bearing surface (ABS) design
as a function of the helium fraction ratio can be calculated
with a generalized Reynolds equation for some cases of
helium fraction ratios (Hiroyuki and Bogy 2007; Bruno
et al. 2009). In the simulation, a 2.5 in. ABS model (pemto
slider) was used (Park et al. 2013). The head mechanical
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Table 1 The simulation parameters at 300 K

Parameter Value

Hamaker constants A; and A, (J) 4x10720,7 x 1072

Amplitude of polar force y, (mN/m) 2.5
Molecular weight of lube M, (kDa) 2.1
Lubricant thickness t, (nm) 0.8-1.2
Bonding ratio of lube «; and o 0.6, 0.2
Mechanical spacing FH (nm) 1.5
Linear velocity U (m/s) 31.4
Distance of closest approach d,, (nm) 0.28
Temperature 7 (K) 300-360

spacing was 1.5 nm and pitch and roll angle were 100 prad
and zero, respectively.

Figure 4a—c shows the distribution of shear stress on the
bottom surface of the slider for the cases of some helium
fraction ratios at 300 K. A section along the center of the
slider is also reproduced in Fig. 5. As shown in Fig. 5, the
shear stress at the center of the trailing edge changes with
the helium fraction ratio. Shear stress on the ABS generally
increases from the leading to the trailing edge (Bruno et al.
2009). The local shear stress peaks occur at the end edge
of the pads, which is the region generating positive bear-
ing pressure. The maximum is located at the center of the
trailing end. In the case of full-air conditions, it was about
1.5 kPa. However, it was about 0.6 kPa for the full-helium
condition. As shown in Fig. 5, the shear stress decreased
with increased helium fraction ratio. That is because a high
helium fraction ratio leads to a low pressure gradient and
gas viscosity. The decrease in shear stress may result in a
weaker transfer capability of lubricant accumulated by con-
densation. It also makes the accumulated lubricant thicker
on the bottom surface of the slider.

To analyze the exact amount of the accumulated lubri-
cant, a simulation was conducted using the equations
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Fig. 6 Flow rate of accumulated lubricant (7 = 300 K)
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Fig.7 The amount of accumulated lube pick-up as functions of
helium fraction ratio and temperature

above. Based on the calculated shear stress at the center
trailing pad and the derived lubricant accumulation equa-
tions, the net accumulation rate and equivalent lubricant
thickness at the center trailing edge were calculated using
Eq. 12 for the Zdol lubricant with a thickness of 0.8—1.2 nm
and a molecular weight of 2.1 kDa. The parameters used in
the simulation are summarized in Table 1.

Figure 6 shows the calculated flow rate of accumulated
lubricant transfer as a function of helium fraction ratio.
With an increase in helium fraction ratio from 0 to 0.75,
it decreases by up to 4 % because the viscosity of the air—
helium gas mixture is increased in this region. However,
the viscosity decreases slightly from a helium fraction ratio
of 0.75-1 (Fig. 2). It causes a smaller shear stress on the
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Fig. 8 The amount of accumulated lube pick-up as a function of ini-
tial lubricant thicknees on the disk

slider surface. Then, the accumulation rate of lubricant
increases slightly. As a result, the accumulated lubricant
becomes thicker in this region from a helium fraction ratio
of 0.75-1.

Figure 7 shows the amount of accumulated lubricant
transfer as functions of helium fraction ratio and tem-
perature, calculated with Eq. 12. With an increase in the
helium fraction ratio from O to 0.75, the transferred lubri-
cant amount also increased gradually because the shear
stress decreased, and because the mean free path and vis-
cosity increased gradually (Figs. 1, 2). However, beyond
a fraction ratio of 0.75, it increased markedly because the
mean free path increased exponentially but the viscos-
ity decreased slightly in this region. Due to this combined
effect, the smallest lubricant removal capability occurs at
the full-helium condition (helium fraction ratio = 1). Com-
pared with the full air-filled condition, the amount of accu-
mulated lubricant is increased by about 50 % in a helium-
filled drive at 300 K. As a result, the HDI problems induced
by the accumulated lubricant transfer might be increased
in such a case. As the temperature is increased, the mol-
ecule density of the lubricant vapor, evaporated from the
disk surface and condensed on the slider surface, is gradu-
ally increased, up to about double at 360 K, as compared to
that at 300 K. Although the amount of the evaporated lubri-
cant vapor from the slider surface is increased, the amount
is increased only by about 10 % when calculated based on
Egs. (6)—(9). As a result, the amount of accumulated lubri-
cant increases not exponentially but linearly with increased
temperature.

Figure 8 shows the amount of accumulated lubricant
transfer as a function of initial lubricant thickness on
the disk. Generally, thick lubricant has weak disjoining
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pressure because the distance between each lubricant
molecule is increased and the bonding force, the Van
der Walls force, becomes small. As a result, the bonded
lubricant evaporates readily. With an increase in lubricant
thickness from 0.8 to 1.2 nm, the amount of accumulated
lubricant increases markedly. Additionally, the difference
in accumulated lubricant between a lubricant thickness of
0.8 and 1.2 nm is about 0.26 nm in the case of the full
helium condition, and it is about 0.18 nm in the full-air
condition. This indicates that the sensitivity of transferred
lubricant thickness in the full-helium condition has more
influence. In a full-helium drive, the lubricant design is
more important than in a full-air drive. In conclusion, use
of the full helium-filled condition has a negative influence
on achieving ultra low mechanical spacing for high areal
density.

5 Conclusions

For the gas properties for air-helium gas mixtures with
temperature, a modified mean free path equation with dif-
fusion, based on effective diameter (VSS model), was
derived. The modified viscosity with temperature equa-
tion was derived based on Reichenberg’s and Wassiljewa’s
equations and a power-law formula. As the helium fraction
ratio increased, gas mixture properties, such as mean free
path and viscosity, also increased. However, the viscosity
decreased slightly from a ratio of 0.75-1.

To determine amounts of accumulated lubricant, equa-
tions for lubricants with hydroxyl groups were derived
by considering both the dispersive force (Van der Waals
force) and polar force. A high helium fraction ratio, above
75 %, leads to a smaller shear stress on the bottom of the
slider because the viscosity is increased, but the mean free
path is increased much more. Due to the smaller shear
stress in the high-helium-fraction-ratio condition, the
amount of accumulated lubricant increases. Thus, because
HDI problems induced by thick accumulated lubricant can
occur, these phenomena should be considered carefully
in an air—helium gas mixture or a full helium-filled drive.
With decreased lubricant thickness from 0.8 to 1.2 nm,
the amount of accumulated lubricant decreases markedly.
Additionally, the difference in accumulated lubricant in
the full-helium condition is about 70 % higher than in the
full-air condition between lubricant thicknesses of 0.8 and
1.2 nm.

The use of helium-filled drives has many advantages,
such as low flow-induced vibration (so, higher servo accu-
racy) and lower power consumption, due to lower shear
stress. However, lubricant transfer and HDI problems due
to the low molecular density and shear stress have negative
influences for HDDs with ultra-low head spacing.
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