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Insights into the effect of thermocapillary
migration of droplet on lubrication

Heji Ke1, Wei Huang1,2 and Xiaolei Wang1,2

Abstract

Thermocapillary migration, as a liquid lubricant loss mechanism, will lead to the failures of moving mechanical assemblies

due to lack of lubricant. The purpose of this study was to determine the influence of thermocapillary migration of droplet

on surface lubrication properties. An experimental set-up was designed to investigate the migration behavior of paraffin

oil driven by temperature gradient. Friction tests were carried out to evaluate the influences of lubricant migration on

tribological performance. Aspects of the temperature gradient, oil volume and initial migrating time were taken into

account. The experimental results showed that the increment of temperature gradient and oil drop volume can both

enhance the average velocity of drop migration, while the average velocity decreases over time. Temperature gradient

exhibits the dominated effect on surface lubrication properties and starvation first takes place at the highest temperature

gradient. In addition, a transition of wear mechanism from an abrasive to adhesion wear is observed in particular

situations.
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Introduction

Friction and wear are unavoidable in mechanical sys-
tems with moving surfaces. Lubrication is always
employed to completely or partially separate the friction
surfaces by selectively introducing an interfacial medium
(lubricant) that minimizes friction and wear. Most lubri-
cants are fluids, yet they can also be solid, or gas.1 It is
universally acknowledged that fluid lubricant will
occupy its dominant position in the foreseeable future.
In fluid friction, the surfaces are separated by a viscous
liquid and the modes of lubrication may be subdivided
into boundary, mixed and hydrodynamic domains.2 To
function properly in a lubricated contact, a liquid lubri-
cant has to possess certain physical and chemical prop-
erties. But one thing is for certain: the lubricant should
always be maintained at the friction area.

Nowadays, with the development of space cause,
space lubrication, which is one of the basic technolo-
gies of spacecraft, has been becoming far more piv-
otal. NASA reported that many mechanical failures
occurred in spacecraft were caused by lubrication
problems.3 Though solid lubricant has been used for
decades, many moving mechanical assemblies
(MMAs) still rely on liquid lubricant to provide reli-
able, long-term performance under high load, high
speed and low torque conditions.4

Typically, MMAs are initially lubricated with a
small charge (mg) that is supposed to last the entire

mission lifetime, often well in excess of 5 years.5

Avoiding lubricant loss is one of the top priorities6

and evaporation is a main way of oil loss in space
environment.7 Lubricant condensation may occur
once molecules redeposit themselves elsewhere,
which will damage or impede function of another
component, for example, on lenses or optical
windows.8

Aside from evaporation, surface migration or creep
is another escaping manner for lubricant over long
lifetimes of operation. The migration refers to the
phenomenon that the lubricant freely expands on a
contact surface without any action.9 Generally, the
migration is caused by surface tension. Since the sur-
face tensions of most metals are much higher than
that of liquid, the adhesion work between metal surface
and oil molecules could be higher than the cohesive
work of lubricant molecules. Thus, the interaction
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between liquid and solid can make liquid spread on
the solid surface.

Obviously, low surface tension is usually associated
with lubricant migration, which is beneficial since it
promotes wetting of the surface. However, as the
lubricant migrates away from the contact region
excessively, it can lead to oil starvation in the contact
zone. In addition to space mechanisms, the phenom-
enon should be carefully considered in other aspects,
such as magnetic recording media,10 the flip-chip and
hard disk industries,11 in which the migration of lubri-
cant films has strong effects on device performance.
To prevent the migration loss, a layer of anticreep film
with a lower surface tension should be coated on the
surface of component or choosing lubricant with a
higher surface tension.12

Up to now, most of the reports on the migration of
droplet lie only on a theoretical level13–19 and a few by
experimental studies. Xie et al.20 carried out experi-
ments on the Marangoni migration of drops in a
microgravity environment. The lubricant migration
rate on the hard disk surface was investigated by
Cheng et al.11 and it showed that the rate of lubricant
migration increases as molecular weight decreases.
Dai et al.21 showed that the surface roughness and
orientation impact on the thermocapillary migration
of a droplet.

Limited information exists on the surface migra-
tion characteristics of lubricant oils, which makes it
impossible to deep understand the effects of migration
on lubrication in real operating mode. During the
migration procedure, what is the dominate factor
that influences the tribological behavior? And how
about the failure type and wear mechanism? There
is little knowledge about this. So the purpose of this
work is to investigate the effects of oil migration on its
lubrication behaviors. To enhance the migration vel-
ocity, a temperature related thermocapillary

migration of droplet was adopted on substrate sur-
face, in which the liquid can spread along the direc-
tion of temperature gradient.22 In addition to the oil
migration, more attention was paid on the lubrication
performances of the rubbing surface under different
oil migrating conditions.

Experimental

The Marangoni effect is a phenomenon in which a
surface tension gradient drives liquid droplet flow to
regions of high surface tension to form thin liquid
films.23 Previous studies have shown that temperature
gradient, which produces a gradient of interfacial ten-
sion, exerts a hydrodynamic force that moves the
droplet from the warmer to colder regions.17

In this article, oil migration induced by the tem-
perature gradient was adopted. The experiment was
performed using a substrate of 316 stainless steel with
the dimensions of 100mm� 30mm� 2mm and aver-
age surface roughness Ra of 0.02mm. Two tempera-
ture-controlled blocks were fixed on the ends of the
substrate (see Figure 1). One block was heated by an
embedded ceramic plate heater to the desired tem-
perature. The other was thermoelectric cooler, by
which the end surface of substrate could be main-
tained at a constant temperature of 10�C. Using the
blocks, a temperature gradient could be generated
along the length of the substrate and a digital video
was employed to record the oil migration process. To
ensure the migration behavior not caused by the
chemical reaction of an additive, the pure paraffin
oil with carbon chain length of ten was chosen for
all experiments.

Tribological experiments were performed using a
reciprocating sliding tribometer (Sinto Scientific,
JAP) and the schematic diagram of the apparatus
was shown in Figure 1. It consisted of a stationary

Figure 1. Schematic diagram of the apparatus.
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holder where a 304 stainless steel ball with a diameter
of 10mm and Ra of 0.012mm was placed and a reci-
procating table where the 316 stainless steel substrate
with heating and cooling blocks was mounted. The
reciprocating motion was perpendicular to the direc-
tion of temperature gradient and a stroke of 40mm
with a sliding velocity of 8.3mm/s was used. The
normal load of 2N, corresponding to the Hertzian
contact pressure of 570MPa was applied for all the
experiments. The test time was 6500 s and friction
coefficient curve was recorded automatically using a
personal computer controlled data acquisition system.

Before each test, the specimens were ultrasonically
cleaned in ethanol, rinsed with deionised water and
finally blow-dried with nitrogen. When a desired tem-
perature gradient was achieved, a certain volume of
oil was inlet in the same position of the heating end
and the migration process was recorded. The relation
of oil migration distance–time was obtained by a sub-
sequent image processing. The friction tests were also
performed at the same position of heating end under a
stable temperature gradient. Lubricant oil was
dropped in the center of the contact line and it started
after the oil fulfilling the fixed initial migrating time.
The special test conditions are shown in Table 1. After
the testing, the specimens were cleaned ultrasonically
in ethanol to remove residual lubricant. The micro
morphologies of the worn surface were observed by
a scanning electron microscopy (Hitachi SU8010,
JAP) and surface mapping microscope (Rtec instru-
ments, USA).

Results and discussion

Figure 2 shows a typical oil migration process at dif-
ferent migrating times. The temperature gradient on
the substrate surface was 3.67�C/mm and oil volume
was 4 mL. It can be seen that when the oil was dropped
on the surface, thermally driven migration took place
along the direction of the temperature gradient. The
migration distance for the first 20 s was about
12.7mm and it increased to 14.3mm at the end of
300 s. It shows that the average migrating velocity at
the starting position was much higher and it decreased
drastically with the diminishing temperature. This
phenomenon could be caused by the oil surface
tension.

To figure out the relation between oil surface ten-
sion and temperature, the contact angles of the oil on
the surface of substrate at different temperatures were
measured as shown in Figure 3. The dosage of the oil
used was 3 mL and the pictures were taken within sev-
eral seconds after the droplet came to an equilibrium
state. As pointed in Ref. 24, the equilibrium contact
angle reflects the relative strength of the liquid, solid
and vapor molecular interaction. It can be seen clearly
that the contact angle increases gradually with the
reduced surface temperature, which indicates the
increase in oil cohesion work. In other words, the sur-
face energy of the oil increased, which might effect-
ively suppress the oil spread. That may be the reason
why the migrating velocity decreases dramatically
with the decreasing surface temperature during the
migration process.

Figure 4 shows the relation between the tempera-
ture gradient and migration distance for the initial
migrating time of 120 s. It can be seen that the migra-
tion distance or average migrating velocity increased
with the increasing temperature gradient. As

Figure 2. The image of oil migration behaviors recorded with

the time. (Temperature gradient of 3.67�C/mm and oil volume

of 4mL.).

Table 1. Test conditions.

Experiment temperature (�C) 20

Temperature gradient (�C/mm) 1.0–4.33

Experimental liquid Paraffin oil

Kinematic viscosity (mm2/s) 46

Density (g/mm3) 0.9

Volume of oil (mL) 1–10

Initial migrating time (s) 0–300
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mentioned previously, the driving force for the oil
flow is the surface tension gradient d�/dx, which
arises from the variation in the surface tension with
temperature d�/dT and from the imposed tempera-
ture gradient dT/dx. The shearing stress � generated
in the film surface can be written as follow25:

� ¼ d�=dx ¼ d�=dT � dT=dx

where � is the surface tension of oil, T is the tempera-
ture and � is the shearing stress. The stress causes the
oil to spread towards the region of higher surface ten-
sion (the colder region). The higher stress it is, the
faster average migrating velocity it appears.
Therefore, the greater temperature gradient is more
conductive than the lower to drive the oil migration.

The experimental results also show that the dosage
of the oil can affect the average migrating velocity. As
Fote and Slade26 pointed out that the average flow
velocity of oil film is proportional to the film thick-
ness. With the increase in oil volume, the thickness of
film rises inevitably, which leads to the increase in
migrating velocity.

Figure 5 presents the typical evolution of friction
coefficients of tribopairs under different temperature
gradients. The dosage of the oil was 4 mL, and the tests
started after the oil completing an initial migrating
time of 120 s. For the six conditions, the starting fric-
tion coefficients varied between the values of 0.07 and
0.25. The higher coefficients under temperature gradi-
ent of 3.0�C/mm could be caused by a higher local
surface roughness in the contact area on the substrate
compared with others and the coefficient decreased
gradually, showing an typical running-in process.
Similar phenomenon was also observed for the tem-
perature gradient of 4.33�C/mm. However, after run-
ning-in for 1500 s, all the coefficients went into a
steady-state value of about 0.07. Distinct difference
first appeared at the test moment of 2500 s and the
friction coefficients under the highest gradient of
4.33�C/mm increased gradually. As time went on,
the coefficients under the gradient of 3.67�C/mm
also rose, which was accompanied by the formation
of large amounts of wear debris near the edge of the
wear scar mainly in the lower temperature side, as can
be seen in the image of Figure 6(a). As mentioned
before, the higher temperature gradient is conducive
to form larger shearing stress, which helps to draw
more lubricant oil to move out the friction region.
In addition, the cohesion work between oil molecules
decreases with increasing temperature, leading to the
reduction in contact angles (see Figure 3) and the net
effect is an accelerating spread. Therefore, the starva-
tion inevitably happens.

However, the friction curves tended stable and the
values were both below 0.1 at the lower gradient of
1.0, 1.67, 2.33 and 3.0�C/mm, which means the lubri-
cant is still valid though much of the oil has escaped

Figure 3. Equilibrium contact angle of oil at different

temperatures.

Figure 4. The relation between the temperature gradient and

migration distance.

Figure 5. Evolution of friction curves under different tem-

perature gradients.
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to the low temperature regions. As can be seen in
Figure 6(b), a handful of small wear debris was
found at the temperature gradient of 3.0�C/mm and
the size of the wear debris is so smaller than that
formed at higher of 3.67�C/mm. Nevertheless, there
remains slight variance between the lower gradient
conditions and the friction curve obtained at 3.0�C/
mm still shows higher values.

Beside the temperature gradient, the oil dosage also
shows a certain impact on migration (see Figure 4).
Figure 7 presents the evolution of friction coefficients
using different doses of oil at the temperature gradient
of 2.33�C/mm with initial migrating time of 120 s. All
the friction curves remained constant after a period of
testing time and the oil dosage showed no significant
influence on the friction. As can be seen in Figure 4,
the average migrating velocity was the slowest at the
condition of 2.33�C/mm and residual lubricant
depositing on the rubbing surface can sustain accept-
able tribological performance throughout the oper-
ational time.

Figure 8 presents the friction curves using different
volumes of oil at a higher temperature gradient of
3.67�C/mm. After running-in process, friction

increment first emerged in the case of 1 mL oil lubri-
cated condition, it continuously rose as time went by
and a sharp increase was observed finally. In 2 mL
case, the coefficients also showed a gradual increase
with the time prolonged. As expected, the moment of
coefficient increment appeared later than that of 1 mL
oil condition. For the cases of 4, 6 and 8 mL, very
smooth constant low friction values were observed
and the time for the friction increasing was delayed
further one by one. The friction behaviors under the
five conditions (1–8 mL) showed a clear transition
from a low value of 0.07–0.2, corresponding to the
transition from the mixed into the boundary lubrica-
tion regime. When the oil volume increased to 10 mL,
the coefficient still remains lower during the test time.
Though the average migrating velocity increased with
the increment of oil volume, the absolute account of
oil maintained in the friction area might be the highest
for the 10-mL oil lubricated condition, which could be
the reason of the steady friction process. After com-
paring with Figures 7 and 8, it can be found that the
temperature gradient rather than oil dosage plays a
greater role on lubrication properties.

Figure 6. The images of wear debris distribution. (a) at temperature gradient of 3.67�C/mm; (b) at temperature gradient of 3.0�C/mm.

Figure 8. Evolution of friction curves under different oil vol-

umes at temperature gradient of 3.67�C/mm.

Figure 7. Evolution of friction curves under different oil vol-

umes at temperature gradient of 2.33�C/mm.
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Previous studies have also shown that the initial
migrating time has a close impact on the oil distribu-
tion (see Figure 2). Figures 9 and 10 present the evo-
lution of friction curves under different initial
migrating times with a drop volume of 4 mL. It can

be seen in Figure 9 that all the curves tend to be stable
after a short time of running-in process at lower tem-
perature gradient of 2.33�C/mm. However, significant
difference was observed at a higher temperature gra-
dient of 3.67�C/mm. As can be seen in Figure 10, after

Figure 10. Evolution of friction curves under different initial

migration times at temperature gradient of 3.67�C/mm.

Figure 9. Evolution of friction curves under different initial

migration times at temperature gradient of 2.33�C/mm.

Figure 11. SEM images of the worn substrate surfaces with different initial migrating times. 20 s (a and b), 60 s (c and d) and 120 s (e and f).
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a short duration of low friction in case of initial
migrating time of 300 s, a sudden friction increment
is accompanied and it continuously grows till the
value of about 0.16. Similar phenomenon appeared
for the migrating time of 60 and 120 s. Overall, the
moments of the coefficient increment were extended
with the decrease in oil initial migrating time. And the
friction curve, which started as the oil dropped,
always kept stable.

The test results show that the oil content in the
friction area is crucial to the follow-up tribological
performances. In mixed and boundary lubrication,
the lubricant film thickness is so narrow that direct
metal-to-metal contact occurs. The frictional charac-
teristics are determined by the properties of the inter-
acting surfaces and the lubricant film present. The
high pressure and temperature at the contact surfaces
cause the formation of a boundary film, which is cap-
able of supporting the load without major wear or
breakdown. As the result shown in Figure 2, the
migration distance increased with the time and more
oil lost from the original oil dropped position. The oil,
which can be exploited in the contact area, is vanish-
ingly rare and lubrication failure first appeared due to
the excess thin lubricant film under the maximum ini-
tial migrating time of 300 s. As time passed, thin lubri-
cant films fractured in sequence for the initial
migrating time of 120 and 60 s, corresponding to the
increment of friction coefficients.

The abrasive wear mechanism was observed in
Figure 11(b) and the worn surface was covered with
many slight and narrow scratch lines parallel to the
sliding direction. The wear of the surface with 60 s
migrating time expressed through deeper grooves,
with slight addition of adhesive wear (see Figure
11(d)). Contrary to the above, the worn surface with
120 s migrating time was characterized by severe adhe-
sion and plastic deformation associated with scuffing
damage visible thereon (seen Figure 11(f)), corres-
ponding to the fast friction transition in Figure 10.

Figure 12 presents the three-dimensional morphol-
ogies of wear tracks in Figure 11 with initial migrating

times of 20 and 120 s, respectively. Likewise, the worn
surface in Figure 12(a) shows a mild abrasive wear
with shallow grooves. However, the wear scar
becomes wider and plastic deformation can be
found in Figure 12(b), which corresponds to severe
adhesion wear.

Thus, it can be concluded that the oil migrating
time has a significant effect on the wear characteris-
tics. As can be seen in Figure 2 the migration distance
increases with the migrating time. Obviously, the less
migrating time is the more oil it remains at the rub-
bing surface. It is known that in boundary or mixed
lubrication regime, surfaces are not completely sepa-
rated, resulting in surface asperity interactions. And
there is no doubt that a thin oil film between the
tribopairs is essential to maintain efficient lubrication
throughout the operation time and to increase the
friction lifetime.

Conclusions

In this article, the influences of thermocapillary
migration of oil droplet on surface lubrication proper-
ties were investigated. The main results can be sum-
marized as follow:

1. The temperature gradient and oil drop volume
show strong influences on the average velocity of
drop migration. And it increases with the increase
in temperature gradient and oil drop volume.
In addition, the average velocity of drop migration
decreases dramatically during the migration
process.

2. Among the three factors of temperature gradient,
oil drop volume and initial migrating time, tem-
perature gradient shows the dominated effect on
the lubrication properties and starvation first
takes place at higher temperature gradient.

3. At higher temperature gradient, oil drop volume
presents important influence on the lubrication
properties and the increase in oil amounts helps
to achieve better lubrication.

Figure 12. Three-dimensional (3D) morphologies of wear tracks with different initial migrating times. (a) 20 s and (b)120 s.
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4. At a higher temperature gradient, the wear mech-
anisms changed from a mild abrasive to severe
adhesion wear with the increase in initial migrat-
ing time.
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