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Abstract

The thermal capillary migration describes a phenomenon where the thermal gradients on the surface drive a liquid to
flow from warm to cold regions in the absence of external forces. In industry, it is of great importance to prevent the
migration since it would lead to lubricant starvation on the moving components. In this paper, ferrofluids are employed
to control the migration. The influence of external magnetic field on the migration of ferrofluids is studied. The effects of
volume and saturation magnetization of ferrofluids are also investigated. Experimental results demonstrate that the
external magnetic field intensities have a significant obstruction effect on the migration behavior. An effective method
using electromagnet to control the migration and re-concentrate the migrated lubricant is proposed.
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Introduction

The motion of a liquid droplet on a horizontal solid
surface induced by thermal gradients has been
reported long ago.! ™ It essentially refers to a phenom-
enon of thermal capillary migration where the vari-
ation of interfacial tension caused by temperature
differences drives the droplet to move from a high-
temperature locale to an area of relatively low tem-
perature.”’ This migration has received abundant
attentions for its significant influences in the lubrica-
tion of space mechanisms,®'® ball bearings,!' and
magnetic recording media.'? Since on these moving
components, spontaneous heat generated by the fric-
tion will create a thermal gradient on the contact area
and induce the lubricant migration, resulting in lubri-
cant starvation in the friction region. Therefore, the
controlling of the migration behavior is a key issue to
ensure effective lubrication.

In most of the strategies, the geometrical anisot-
ropy and wettability gradient can be the effective
manners to regulate the liquid migration on a sur-
face.'> !> Generally, an aligned structure can restrict
the migration easily in the perpendicular direction,
but guide the motion of the liquid in the parallel dir-
ection;'®!? isotropic structures of microdimples pat-
terns,”*?! and low surface energy coatings around
rubbing region,”* can obstruct the omnidirectional
migration effectively. In addition, liquid lubricants

with low viscosity are prone to migrate. Thus, lubri-
cants with high viscosities are usually employed to
prevent the migration.?

Ferrofluids (FF) are a colloidal system consisting
of single domain ferromagnetic particles dispersed in
a carrier liquid.?* ?® The nanoparticles have a mean
diameter of about 10 to 20nm, and the surfactant is
adsorbed around each particle to provide a short-
range steric repulsion between particles preventing
particle agglomeration. FF is a homogeneous liquid
and widely served as the liquid lubricant in space and
vacuum conditions, helping enhance the lubrication
effect, reducing dosage of lubricant, and preventing
leakage.”” %

More importantly, FF can be magnetized by apply-
ing an external magnetic field and maintain the prop-
erties of the fluid simultaneously. With an appropriate
magnetic field intensity, it can be confined, positioned,
and controlled at a designated area. So, could this
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Figure |. The schematic diagram of the experimental apparatus.

mechanism be applied to control the migration in the
lubrication assembly, in which the volume of lubri-
cant is limited and the migration must be taken into
consideration? During the migration process, what is
the relationship between the FF migration and the
magnetic field intensity? When the migration has
already occurred, can this mechanism be used to
design a magnetic switch to re-concentrate the
migrated lubricant?

Therefore, in this paper, thermal gradient induced
migration of the FF droplet was studied. The effect of
external magnetic field on the thermocapillary migra-
tion of FF was investigated. Particular attention was
paid to the function of electromagnet on the migra-
tion behavior. A magnetic switch to control the
migration and re-concentrate the migrated lubricant
is proposed.

Experimental section

Figure 1 shows the schematic diagram of the appar-
atus used in this study. Thermal capillary migration
was experimented on a substrate of SUS 316 nonmag-
netic stainless steel. The substrates were fabricated
with dimensions of 76 mm x 30 mm x 3mm with an
average surface roughness Ra of 20 nm. Two tempera-
ture-controlled elements were tightly attached to the
ends of the substrate. The cold side was maintained at
a constant temperature of 0°C, and by changing the
temperature of the warm side, a thermal gradient
could be generated along the length of the surface.
An infrared camera (Fluke, USA) was used to
obtain the thermography on the substrate surface.
As shown in Figure 1, the thermography confirmed
that the thermal gradient was nearly linear along the
length direction of the substrate surface, and the

average value was used in this study. A digital video
camera was employed to monitor the dynamic migra-
tion process. From the location of the front edge of
the droplet in the successive images, the migration
distance and the average velocity curve could be
obtained.

To generate a stable magnetic field on the substrate
surface, a cuboid NdFeB permanent magnet (dimen-
sions of 60 mm x 20 mm x 5 mm, property: 36 MGOe)
was placed under the substrate with a variable gap (/).
Moreover, to generate a changeable magnetic field
intensity, an electromagnet was also employed and
placed under the substrate with a given gap.
Through adjusting the exciting current in the coils
of the electromagnet, the magnetic field intensity
could be changed at any moment.

Prior to the experiments, the substrates were ultra-
sonically cleaned with acetone and alcohol, rinsed
with deionized water, and blow-dried with nitrogen.
When the set thermal gradient was reached, an FF
droplet with a certain volume was dropped at the
warm side via a microliter syringe. For the FF used
in this study, the Fe;04 nanoparticles coated with an
ashless dispersant surfactant, T161 (high molecular
weight succinimides), were dispersed in the carrier
lubricant of a-olefinic hydrocarbon synthetic oil
(PAO4) via the ultrasonic method. The content of
T161 was 6 wt%. The properties of the carrier liquid
and FF were given in Table 1. The test conditions of
lubricant migration were shown in Table 2.

In order to determine the migration properties of
FF, the migration behavior of the carrier liquid, car-
rier liquid with surfactant (PAO4+ 6 wt% T161) and
FF were experimented firstly. Then, the migration
properties of FF under an external magnetic field gen-
erated by a cuboid magnet or an electromagnet
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Table I. Properties of carrier liquid and ferrofluids (FF) at
20°C.

Saturation
Density Viscosity magnetization
Liquid (kg/m?) (mPa-s) (kA/m)
Carrier liquid ~ 0.84x 10° 50 0
(PAOH4)
FF-1 1.05 x 103 67 15.9
FF-2 1.21 x 103 95 31.8
Table 2. Experimental conditions.
Environment temperature 20°C
Thermal gradient 2, 2.6, 3.2°C/mm
Gap between substrate 2,9, and I5mm
and magnet (h)
Gap between substrate 2mm
and electromagnet (h)
Volume of lubricant S5upL, 10puL

Table 3. Surface tensions of the tested lubricants at different
temperatures.

Surface tensions (mN/m)

Lubricants 20°C 40°C 60°C 80°C

PAO4 26.589 24.122 22.869 21.696
PAO4+ 6wt% T161 29.157 27.661 26.104 24.466
FF-1 27277 25336 23799  22.485
FF-2 27.256 25376 23900 22.788

were investigated. Meanwhile, the surface tensions of
the tested lubricants was measured via the Wilhelmy
plate method, and the detailed data of the surface
tensions were shown in Table 3.

Results and discussion

Figure 2(a) provides key frames, with a time interval
of 40s, showing the migration behavior of the carrier
liquid, carrier liquid with surfactant and FF-1 on the
smooth surface. The volume of FF is 10 pL and the
thermal gradient is 2.6°C/mm. The migration dis-
tances of those liquids are shown in Figure 2(b). For
the carrier liquid, the droplet migrates in a short
distance towards the cold side, accompanying with a
diffusion process to the surroundings. When the car-
rier liquid is mixed with T161 (content of 6 wt%), it is
interesting that the liquid migrates in a quite long
distance, approximately 18 mm, which is nearly
200% longer than the 9.1 mm observed for the pure
carrier liquid. Moreover, for the droplet of FF-1,
it migrates in a distance about 19mm, which is a
bit longer compared with that of the carrier
liquid+T161.

It is known that T161 is a sort of high-performance
ashless dispersant. Chemically, this dispersant con-
tains abundant polar groups, which is also regarded
as a surfactant. Our previous research has demon-
strated that adding T161 into a base oil will increase
the surface tension and accelerate the migration of
lubricant.?® Therefore, on one hand, when the carrier
liquid mixed with TI161, the surface tension is
increased (Table 3), which promotes the migration
behavior and resulting in a longer migration distance
than the pure one. On the other hand, for the FF used
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Figure 2. (a) The detailed thermal gradient induced migration process of carrier liquid, carrier liquid with surfactant, and FF on a
smooth surface. (b) Comparison of the migration distances of those three liquids.
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Figure 3. (a) Migration process of the FF-1 droplets on a smooth surface with different external magnetic field intensities.
(b) Migration distance versus elapsed time under these three magnetic field intensities.

in this study, this dispersant is indispensable since it is
chiefly used for improving the dispersion performance
of the nanoparticles in the carrier liquid and enhan-
cing the stability of FF. Therefore, in order to
obstruct the migration of FF, an external magnetic
field is applied and the migration behavior is investi-
gated in the following sections.

A permanent magnet is situated under the sub-
strate and the gap (%) between the two surfaces is
set at 2mm, 9mm, and 15mm, generating three
different magnetic field intensities on the surface.
Figure 3(a) exhibits the migration processes of the
FF-1 droplet with a volume of 10 uL under a thermal
gradient of 2.6°C/mm. Each sub-image is a superim-
posed image consisting of two video frames recorded
with the time interval of 59s. The detailed migration
distances are shown in Figure 3(b). Under the gap (/)
of 2mm, the thermal gradient yields a very short
migration distance, and just within 1s, the droplet is
absorbed stationary at this position, unable to
migrate. When the gap (/) is increased to 9 mm, the
thermal gradient yields a migration distance about
16.1 mm, which is much longer than that of /=2 mm;
as the gap () further increases to 15 mm, the migra-
tion distance is decreased a little, about 14.1 mm.

In comparison to the migration distance on the
surface with no magnetic field, which is always
increased with time elapsing, these experimental
results demonstrate that an external magnetic field

can restrict the migration behavior and positioned
the FF droplet at one position.

Definitely, the variation of migration distances
is attributable to the magnetic force induced by
the external magnetic field. The external magnetic
field produces attractive forces on the particles in
the fluid. The unit volume value of the induced mag-
netic force (F,,) for nonconductive FF can be
expressed as®!

F = pwoxmH - VH (1)

where g is the magnetic permeability of vacuum, y,,
is the susceptibility of FF, VH is the magnetic field
intensity, and VH represents the gradient of the mag-
netic field.

The surface magnetic intensities (H) generated by
the cuboid NdFeB permanent magnet with various
gaps (h) of 2, 9, and 15mm were calculated via the
Ansoft Maxwell 14.0 software. Figure 4(a) shows the
magnetic field distribution on the surface of the sub-
strate, and Figure 4(b) shows the surface magnetic
intensity (H) at the substrate centerline in the length
direction (as illustrated in the inset figure).

When the gap (h) equaled to 2 mm, the magnet
yields a considerable high surface magnetic intensity
(H) on the surface, and the maximum surface mag-
netic intensity (H) appears at the region upon the
center where the cuboid magnet is fixed, as high as
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Figure 4. (a) The surface magnetic intensity (H) distribution diagrams on the surface of the substrate with a variation gap h.
(b) The surface magnetic intensity (H) at the centerline direction of the substrate surface.

470 Gs. According to equation (1), the interaction
between the magnetic field and FF increases with
the increase in the surface magnetic intensity (H)
and the gradient of magnetic field (VH). The
generated magnetic force is too strong to liberate
the droplet to move, so the droplet was tightly
adsorbed on the surface, just migrated in a very
short distance. Moreover, it can be found that there
exists a positive gradient of magnetic field (VH) in the
vertical direction; this will produce a vertical magnetic
force on the droplet dragging it spreading in the ver-
tical direction. That is the reason why the droplet
formed a strip shape as the experimental result
shown in Figure 3(a) (A =2mm).

Actually, both the magnetic forces while /=9 mm
and 2=15mm at the central position right above the
magnet are large enough to confine the FF, therefore,
there is just a little difference between the migration
distances of #=9mm and 4 =15mm. Since the mag-
netic force (F,,) is also proportional to the gradient of
magnetic field (VH), as the calculated surface mag-
netic intensity distribution of /=9 mm and 4= 15mm
shown in Figure 4, the gradient of magnetic field (VH)
of h=9mm is larger than that of #=15mm, which
produces a larger vertical magnetic force on the drop-
let, dragging it spreading to the surroundings. As a
consequence, the migration distance of 7=9mm is a
bit longer.

Inspired by the fact that an external magnetic field
could restrict the migration behavior, a magnetic
switch is designed to control the migration and
re-concentrate the migrated lubricant. An electromag-
net is employed and placed right under the substrate
with a gap of 2mm, as the yellow dotted circle

illustrated in Figure 5(a) and (b). The droplets are
placed at two different positions on the substrate sur-
face. The thermal gradient is 2°C/mm and the volume
of the FF-1 droplet is SpL.

In case I, as illustrated in Figure 5(a), there is no
current when the droplet is placed on the surface.
Under the effect of thermal gradient, the droplet is
permitted to migrate to the cold side for 95s. Then,
as the eclectromagnet is switched on, the migrated
droplet returns back rapidly, against the thermal
capillary force, and just within 3s, the droplet is
firmly controlled at the area right upon the electro-
magnet and unable to migrate anymore. Only after
the electromagnet is switched off again, the droplet
can re-migrate to the cold side.

In case II, as illustrated in Figure 5(b), the droplet
is placed right upon the switched on electromagnet.
The magnetic force is large enough so that the droplet
cannot move, and only after switching off the electro-
magnet, the droplet is released to migrate to the cold
side. Once again, with switching on, the migrated
droplet moves backward without hesitation, and it
can be re-concentrated at the initial location.
Moreover, these processes are repeatable.

Figure 5(a’) and (b’) shows the migration distances
of the FF-1 droplet in these two cases. The migration,
re-concentration, and re-migration phenomena
induced by the repeated processes of switching off
and switching are quantitatively exhibited. It is clearly
shown that the droplet can be re-concentrated at
the location as long as possible in these two cases.
A magnetic switch to control the migration and
re-concentrate the migrated droplet is achieved. In
case II, the droplet migrated in a relatively negative
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direction during the re-concentration process,
as shown in Figure 5(b’). That is because the starting
position is defined as the front edge of the droplet
where it was first placed.

Figure 5(c) shows the surface magnetic intensity
(H) at z direction right above the electromagnet
center (as the inset figure shown). When z is 2 mm,
the surface magnetic intensity (H) is about 384 Gs,
and the surface magnetic intensity (H) decreases
with increasing z. Figure 5(d) shows the surface mag-
netic intensity (H) at x direction on the substrate sur-
face (as the inset figure shown). Actually, when x is
0Omm, it is the same location as z of 2mm, and the
H is 384 Gs. As the distance from this central
point (x=0mm) increases, the surface magnetic
intensity decreases. Compared to the surface

magnetic intensity (H) of the cuboid magnet given
in Figure 4, the surface magnetic intensity (/) at the
central point is large enough to control FF at this
designated area.

Next, to simplify the investigation on the effects of
some important parameters on the migration behav-
ior, experiments were performed with a permanent
magnet, and the average migration distance within
40s was compared. Figure 6 shows the effect of the
volume on the migration distance under various ther-
mal gradients with a gap (h) of 9mm, and FF-1 is
used. When the thermal gradient is 2.0°C/mm, the
droplet with a volume of 10 pL migrates in a distance
about 14.8 mm, which is longer than the 12.7mm
observed for a volume of 5 uL. The migration distance
increases with increasing volume of lubricant, and
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Figure 5. The detailed migration process on a smooth surface including switching on and off operations with droplets placed at
different locations: (a) case I, the start position, (b) case Il, right above the electromagnet. The detailed migration distance vs elapsed
time: (2') case | and (b) case Il. (c) The measured surface magnetic intensity (H) at z direction right above the electromagnet center.
(d) The measured surface magnetic intensity (H) at the x direction on the substrate surface.
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a similar effect is noted under various thermal
gradients.

It should be noticed that the increasing volume of a
liquid droplet would accelerate the spreading of
the liquid on the smooth surface,** and Wyart and
Wasan®** pointed out that the migration velocity
of a liquid droplet due to the thermal gradient is pro-

24

VT=2 °C/mm
B vT=2.6 °C/mm
20 | vT=3.2 °C/mm

Lubricant: FF-1
h=9 mm

Migration distance, mm

Volume, uL

Figure 6. The effect of volume on migration distance under
various thermal gradients with an external magnetic field, the
gap (h) is 9mm.
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Figure 7. The influence of the saturation magnetization of FF
on the migration behavior under various thermal gradients and
external magnetic field intensities. (a) V=10 pL, h=9 mm, (b)
V=10 uL, h=15 mm.

portional to the droplet height. As the increasing
volume will increase the droplet height, the migration
distance will be increased.

The saturation magnetization is a vital parameter
of FF and its effect on migration behavior is shown in
Figure 7. FFs with the saturation magnetization of
15.9 and 31.8kA/m and a volume of 10pL are
tested. As shown in Figure 7(a), when the gap (k) is
9mm, under a thermal gradient of 2.0°C/mm, the
FF droplet with the saturation magnetization of
159kA/m migrates in a distance approximately
15.1mm, which is a little higher than the 12.6 mm
observed for the droplet with the saturation magnet-
ization of 31.8kA/m. The migration distance is
decreased with increasing saturation magnetization,
and a similar effect is noted under various thermal gra-
dients. Figure 7(b) presents the migration distance when
the gap (4) increased to 15mm. The increasing satur-
ation magnetization of FF always leads to decreased
migration distance. It indicates that to achieve a better
obstruction effect, FF droplet with a higher saturation
magnetization should be employed.

To aid in understanding the mechanism of the
migration behavior of the FF droplet, a graphic rep-
resentation of a FF droplet migrating on an ideal sur-
face under an external magnetic field is shown in
Figure 8. The highest magnetic field is at the center
location. It is already known that the existence of
external magnetic field will generate a magnetic
force (F,,) on the droplet. Before the droplet migrat-
ing to the center location, the magnetic force contrib-
utes to the migration. When the droplet is right upon
the center location, the magnetic force (F,,) acts as an
adhesive force and fastens the droplet on this location
tightly. After the droplet migrates over the location,
the magnetic force (F),) acts as a dragging force resist-
ant to the migration, pulling the droplet back and re-
concentrating to the location. Therefore, a sufficiently
high magnetic field could control the droplet at desig-
nated area firmly, against the thermal capillary force,
and a stronger magnetic force (F,,) will be applied on
the FF droplet of a higher saturation magnetization,
obstructing the migration. Moreover, lubricants with
low viscosity are prone to migrate. Therefore, an
increased viscosity of the FF due to the external mag-
netic field could also contribute to the lower migration
distance.

—= Magnetic induction line

Migrating forward

~ N Migration direction

Confined

Migrating back

Figure 8. The force exerted on the FF droplets by the external magnetic field and thermal gradient on the ideal surface.
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Conclusions

In this study, experiments were carried out to investi-
gate the influence of the external magnetic field on the
thermal capillary migration of the FF droplets. An
effective technique of using an electromagnet to con-
trol the migration and re-concentrate the migrated
lubricant was achieved. The conclusions drawn from
this study are as follows:

1. The dispersant is indispensable for improving the
dispersion performance of the nanoparticles and
enhancing the stability of FF; but meanwhile, it
will promote the migration behavior.

2. The utilization of FF as lubricant demonstrates a
strong anti-migration performance under an exter-
nal magnetic field.

3. A magnetic switch can be designed to restrict the
migration and re-concentrate the migrated FF.

4. FF with higher saturation magnetization can
hinder the migration behavior more effectively,
and increasing the volume of the ferrofluids will
promote the migration.
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