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On the Thermocapillary Migration
at the Liquid and Solid Aspects
Thermocapillary migration is an interfacial phenomenon that describes liquid flow on a
nonisothermal surface from warm to cold regions in the absence of external forces. It is
a typical lubricant loss mechanism in tribosystems. To ensure continued reliability of lubri-
cated assemblies, knowledge of the migration capacity of different liquids and solids is
needed. In the present work, migration experiments were conducted on various liquid lubri-
cants on different solid surfaces. It was found that polar lubricants such as ionic liquids and
polyethylene glycol hardly migrate on the tested surfaces, and the antimigration capacity of
the polytetrafluoroethylene surface was discovered to be very high. Particular attention is
paid to the migration mechanism associated with surface tension and contact angle.
General guidelines for evaluating the migration capacities of different liquids on solids
are proposed. [DOI: 10.1115/1.4043972]
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1 Introduction
In tribosystems, liquid lubricants are often employed to decrease

friction and wear rate between rubbing surfaces [1]. Typically, a
process involving friction is always accompanied by energy dissipa-
tion, which generates heat and results in an uneven distribution of
temperature on the surface [2]. A liquid lubricant placed on a noni-
sothermal rubbing surface will migrate toward colder portions of
the surface in the absence of external forces. This is because a
thermal gradient alters the surface tension of a liquid and generates
a shear force on the free surface, thus contributing to the propulsion
[3–8].
Such thermalflow is crucial in industrial applications, such asmin-

iature rolling bearings, hard disks, and microfluidics [9–11]. In some
situations, liquid migration is beneficial as it promotes lubricant
wetting on the rubbing surface [12]. In others, one may desire to
limit liquid migration to ensure adequate lubrication at the contact
area [13]. Moreover, special attention should be paid to liquid migra-
tion in space machinery as they work in an extremely wide temper-
ature range (−150 to 150 °C), owing to which liquid lubricants can
run away easily under a thermal gradient [14]. Note that because
lubricants in spacemachinery are always present in limited quantities
and cannot be refueled, it is vital to regulate and control their
migration to guarantee a long lifetime and stable running of the
machinery [15].
Thermocapillary migration is a natural phenomenon occurring at

the liquid–solid interface, and a large number of studies have been
conducted on the behavior of these phases in the past. From the
liquid aspect, modifying the properties of liquid lubricants, such
as increasing their viscosity [16], enhancing the cohesiveness of
lubricant molecules [17], or using ferrofluids as lubricants subjected
to an external magnetic field [18], has been proven to be effective

ways to obstruct migration. From the solid aspect, roughening the
surface [19], fabricating isotropic structures [20], and using topog-
raphy gradients [21] or wettability gradients [22] are feasible
methods to regulate liquid migration.
Such studies promoted a significant progress in migration

research, and some of these techniques have been successfully
applied in space [23]. However, in industrial application, a great
number of solid materials and liquid lubricants are employed
depending on the working conditions. Without a comprehensive
understanding of the migration performances of different lubricants
on different surfaces, it would be rather difficult to design suitable
and effective antimigration strategies. A review of the available lit-
erature indicates that this knowledge is currently lacking.
Hence, in this investigation, five typical liquid lubricants and four

solid materials were chosen and the migration experiments were
conducted correspondingly. Particular attention was paid to the
migration mechanism associated with surface tension and contact
angle. Based on the results, general guidelines for evaluating the
migration capacities of different liquids and solids are proposed.

2 Experiment
2.1 Liquids. Two major liquid lubricant categories, nonpolar

and polar, were used in this study, as shown in Table 1. Generally,
the kinematic viscosities of these lubricants are of the same order of
magnitude. In the case of nonpolar lubricants, three subcategories,

Table 1 General information of the lubricants used in this study

Category Lubricants Molecular formula
Kinematic viscosity
(mPa · s) (at 40 °C)

Nonpolar
oil

PAO C10H21(C10H20)nH 16.6
Paraffin oil n-CnH2n+2 (n= 16–20) 26.9
Diester C26H50O4 21.2

Polar oil PEG H(OCH2CH2)nOH 22.5
IL C8H11O4N3S2F6 32.1
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namely, synthetic polyalphaolefin (PAO), mineral paraffin oil, and
ester of diesters, were included. Similarly, synthetic polyethylene
glycol (PEG) and molten salts of ionic liquids (ILs) were chosen
as polar lubricants. Ionic liquids are generally formed by reactions
between organic cations and weakly coordinating anions, a typical
IL, 1-ethyl-3-methylimidazolium bis[(trifluoromethyl)sulfonyl]
imide (EMImNTf2), was chosen in this study. Figure 1 exhibits
the chemical structures of the lubricants used. Because paraffin
oil is a mixture of n-paraffin hydrocarbons, its structure is not
shown in this figure. Note that no polar groups exist in nonpolar

lubricant molecules while PEG and IL contain polar groups of
[OH] and [NTf2], respectively.
It is known that a surface tension gradient acts as the driving force

for liquid migration, and its variation with respect to temperature
can be described as [24]

γ(T) = γ0 − γT (T − T0) (1)

where γT is the surface tension coefficient, and γ(T) and γ0 are the
values of surface tensions at the temperatures T and T0, respectively.
In this study, the surface tension was measured using the Wil-

helmy plate method. After measuring surface tension values of all
the tested lubricants at different temperatures, their surface
tension coefficients were calculated, as shown in Fig. 2. It can be
seen that the surface tension values of polar lubricants (IL and
PEG) are considerably higher than those of nonpolar lubricants.
Contact angle is an important parameter that represents the effect

of interaction between a liquid and a solid. Because most solids
have rough surfaces, their micro defects can pin the contact line
as liquids spread, thus invoking the contact angle hysteresis.
Keeping this in mind, the equilibrium, advancing, and receding
contact angles of all the chosen lubricants were monitored on differ-
ent surfaces. Images of 3 µL droplets on a solid surface were cap-
tured within 5 s after reaching the equilibrium state, at which
point the equilibrium contact angle was calculated. Initially, a
syringe needle was used to deposit a 3 µL droplet on a solid,
keeping the needle in the droplet, then increasing the droplet
volume and capturing images, the advancing contact angle (θA)
was obtained. The receding contact angle (θR) was measured
while reducing the volume. All the measured results are shown in
Table 2.

2.2 Solids. Different solids, such as gold (Au), titanium (Ti),
polytetrafluoroethylene (PTFE), and silicon (Si), were employed
in this study. Ni-based Au is often coated on rolling elements
running in high vacuum and occasionally at high temperatures
[25]. Ti-based alloys are excellent space materials with high
tensile strength and toughness while being light-weight in nature
[26]. PTFE has a low coefficient of friction both in vacuum and

Fig. 1 Chemical structures of the lubricants used

Fig. 2 Correlation between surface tension and temperature for
polar and nonpolar lubricants

Table 2 Advancing (θA), receding (θR), and equilibrium (θ) contact angles of the tested lubricants on solid surfaces

Lubricants

Contact angles (deg) on

Au (±0.5 deg) Ti (±0.5 deg) Si (±0.5 deg) PTFE (±3 deg)

θR θ θA θR θ θA θR θ θA θR θ θA

PAO 3.4 10.4 12.2 5.4 10.3 13.4 7.3 15.6 18.2 17.8 34.5 41.8
Paraffin oil 4.2 11.8 15.7 7.6 15.3 17.5 8.0 14.8 17.1 16.3 38.1 49.3
Diester 4.3 11.5 12.7 4.2 10.4 12.2 7.5 12.7 15.1 20.7 39.3 55.0
PEG 21.8 45.5 53.1 23.1 42.0 47.6 32.6 40.0 46.0 63.7 74.3 85.6
IL 18.1 43.7 52.9 21.6 47.8 54.3 19.7 42.8 46.9 30.1 59.6 67.2
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ambient atmosphere due to its very low chemical reactivity [27]. Si
is widely used in micro and nano devices in space. Therefore, these
four materials were chosen for migration tests.
First, test specimens (76 × 30 × 3 mm) were fabricated from stain-

less steel (SUS 316) and the testing surfaces were polished to a final
surface roughness (Ra) of 0.02 µm together with a high degree of
flatness. Later, Au, Ti, and PTFE coatings were fabricated on
these steel surfaces via physical vapor deposition, electrodeposition,
and spray-painting techniques, respectively. Figure 3 shows the
components of the prepared Au, Ti, and PTFE coatings, as well
as their surface morphology and roughness. Surface roughness
(Sa) is measured at three different positions on each surface; the
average Sa values of Au, Ti, and PTFE coatings were approxi-
mately 8, 30, and 1020 nm, respectively. As the Si specimen was
directly processed from a silicon wafer, its Sa was approximately
3 nm (morphology not shown).

2.3 Experimental Setup. Figure 4 shows the experimental
apparatus designed for this study. The substrate was tightly attached
to heating and cooling elements, on which all the migration tests
were performed. The available length for migration tests was
50 mm, and by setting the heating and cooling elements to 0 °C
and 110 °C, respectively, a thermal gradient of 2.2 °C/mm was

generated on the surface. Thermography results confirmed a
uniform thermal gradient, and it is accurately calibrated using ther-
mocouples. Generally, a high thermal gradient yields a faster migra-
tion velocity (limited by the available length for migration) while a
low thermal gradient results in a longer testing time. Therefore, a
thermal gradient of 2.2 °C/mmwas used for the sake of comparison.
Prior to each migration test, specimens were ultrasonically

cleaned with acetone and alcohol, rinsed with deionized water,
and blow-dried with nitrogen. A droplet of a certain volume was
placed on the warm side after the formation of a thermal gradient,
and the dynamic migration process was monitored by a digital
camera. From the front edge of the droplet observed in the extracted
frames, the migration distance and average velocity were calculated.

3 Results
Figure 5(a) shows the typical migration process of a 5 µL diester

droplet on Au, Ti, Si, and PTFE surfaces. As expected, under a
thermal gradient of 2.2 °C/mm, droplets migrate from warm to
cold regions. Migration occurs to varying extents on different sur-
faces while droplets remain stationary on the PTFE surface during
the entire test time. Figure 5(b) illustrates the relationship between
migration distance and average migration velocity over 30 s. It can

(a)

(b)

(c)

Fig. 3 Surface morphology and roughness of (a) Au, (b) Ti, and (c) PTFE coatings
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be seen that the initial migration distance increased rapidly and after
15 s, this increase became linear. Referring to the migration distance
curve, 30 s is enough to distinguish the differences among themigra-
tion capacities of different liquids on different solids. Therefore, the
average migration velocities over 30 s is employed in Secs. 3 and 4.
Droplets on the Au surface exhibited a high migration velocity of
∼0.6 mm/s. Meanwhile, droplet velocities were ∼0.52 mm/s on the
Ti surface and ∼0.45 mm/s on the Si surface. However, on the
PTFE surface, the migration velocity was nearly zero.
Figure 6 presents the migration processes and velocities of PAO,

diester, paraffin oil, PEG, and IL droplets (5 µL) on an Au surface
under a thermal gradient of 2.2 °C/mm. Obvious differences exist in
the migration performance of different lubricants on the same
surface. The migration velocity of PAO is the highest, and it is inter-
esting to note that polar lubricants (PEG and IL) hardly migrated on
the Au surface.
To confirm the experimental results shown in Figs. 5 and 6, a

comprehensive investigation was conducted on the migration
capacities of all the tested lubricants on different surfaces. As
shown in Fig. 7(a), migration velocities of 5 µL droplets follow
the order of PTFE< Si <Au <Ti; none of the tested lubricants
could migrate on the PTFE surface. The velocities of PEG and IL
droplets on all the tested surfaces were nearly zero while the migra-
tion velocities of nonpolar liquids followed the order of paraffin
oil < diester < PAO on all the tested surfaces.
Referring to Figs. 5 and 6, it is interesting to note that the surface

area of migrating droplets changes as the migration progresses,
except in the case of PEG and IL droplets (because they remain sta-
tionary all the time). By extracting key frames from the recorded
video, the relationship between surface area and elapsed time is
obtained and shown in Fig. 7(b). In the case of paraffin oil, diester,

and PAO droplets, their surface areas were initially similar and
increased rapidly in the first few seconds; as time elapsed, their
surface area gradually became constant. It is noticed that the magni-
tudes of surface areas follow the order of paraffin oil > diester >
PAO, which is opposite to the trend of migration velocity shown in
Fig. 7(a).
Even after increasing the droplet dosage to 10 µL, as shown in

Fig. 8, PTFE surfaces and PEG and IL liquids still exhibited

Fig. 4 Schematic illustration of the apparatus used in this study

(a) (b)

Fig. 5 Migration of diester droplets on different surfaces: (a) the migration phenomenon and (b) migration distance and average
migration velocity over 30 s

Fig. 6 Migration processes and velocities of different lubricants
on Au surfaces
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excellent antimigration capacities. Meanwhile, the migration cvelo-
cities of liquid lubricants followed the order PEG or IL < paraffin
oil < diester < PAO on all other tested solid surfaces. Surface areas
of the migrating droplets decreased in the order of paraffin oil,
diester, PAO, and PEG or IL. Similar to the results shown in
Fig. 7, the general trends of variation corresponding to migration
velocity and surface area are consistent, except for an increase in
their amplitude.

4 Discussion
4.1 Migration Mechanism. From the experimental results, it

is inferred that thermocapillary migration is directly correlated to
the properties of solids and liquids. Theoretically, Brochard’s
reports [28], Ford’s and Nadim’s investigations [29], and our previ-
ous studies [30] prove that droplets with small contact angles can be
regarded as thin films with curved rims. In the case of the migrating
liquid droplets considered in the present work, their contact angles
are relatively small (<16 deg), and hence, the variable component of
the droplet film at the rim is much smaller than the constant

component. Therefore, we consider a simple geometrical model
to analyze the migration process, as shown in Fig. 9. When a
liquid droplet is placed on a nonisothermal surface, interfacial ten-
sions on the warm and cold sides are unbalanced, which exerts a
driving force for migration. This driving force (per unit length
along the x direction) can be written as FT

FT = (γ cos θ)F − (γ cos θ)B (2)

where γ and θ represent the liquid–gas interfacial tension and
contact angle, respectively, and subscripts F and B represent the
front and back positions, respectively.
The thermal gradient (CT) is constant on the solid surface, i.e.,

CT= ∂T/∂x= const, when it is assumed that temperature field within
the droplet is exactly the same as that of the solid. Combining this
with Eq. (1), the relationship between interfacial tensions at back
and front positions along the droplet can be described as

γF = γB + CTγTL (3)

where L is the width of the droplet.

(a) (b)

Fig. 7 (a) Comparison of the migration capacities of all the tested lubricants (5 µL droplets) on different sur-
faces and (b) variation in the surface area of migrating droplets

(a) (b)

Fig. 8 (a) Comparison of the migration capacities of all the tested lubricants (10 µL droplets) on different sur-
faces and (b) variation in the surface areas of migrating droplets
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Substituting Eq. (3) into Eq. (2), the driving force can be ex-
pressed as

FT = CTγTL cos θ (4)

As migration progresses, the advancing edge of the droplet wets
forward, while the receding edge dewets. This wetting and dewet-
ting process inevitably involves contact angle hysteresis at the
rim. Although Cheng et al. [31] and several other researchers
[32,33] proposed a complicated theoretical model to predict the
motion after taking hysteresis into account, differences between
the migration capacities of different liquids on different solids are
still unclear. In fact, the contact angle hysteresis effect yields a
lateral retention force (FL) at the rim, generating a resistance to
motion. This force can be described as [34,35]

FL = γ(cos θA − cos θR) (5)

where θA and θR are the advancing and receding contact angles,
respectively.
It can be inferred that the thermal driving force (FT) originating

from interfacial tension gradients must overcome the lateral reten-
tion force (FL) before the droplet can migrate, i.e., FT−FL≥ 0.
Hence, a dimensionless number can be employed to check
whether migration will occur or not

H* =
FT − FL

γ
=
CTγTL cos θ

γ
− (cos θA − cos θR) (6)

By substituting the measured surface tensions (Fig. 2) and contact
angles (Table 2) into Eq. (6), the values of H* for all the lubricants
tested on different surfaces were calculated, as shown in Fig. 10. It
can be seen that for nonpolar lubricants (PAO, paraffin oil, and
diester), the values of H* were positive on Au, Ti, and Si surfaces
and negative on the PTFE surface. In the case of polar PEG and
IL, the values of H* were negative on all the tested surfaces. Refer-
ring to the experimental results shown in Figs. 7 and 8, it can be
noted that a positive H* results in migration while a negative H*

will not. Therefore, estimating the value of H* provides preliminary
information on the migration capacity of a liquid droplet on a solid
surface.

4.2 Nonpolar Lubricants. Considering the fact that the dimen-
sionless number H* represents the magnitude of the driving force, it
is asserted that a larger H* yield a faster migration velocity. In the
case of nonpolar lubricants, the H* value of PAO was the largest
and, therefore, its migration velocity was the highest as shown in
Figs. 7 and 8. However, obvious differences exist between themigra-
tion velocities of paraffin oil and diester even though theirH* values
are nearly the same; hence, there should be other reasons to explain
this discrepancy.
Previous studies [36,37] suggested that after ignoring gravita-

tional and capillary forces, a simple mathematical expression can
be used to calculate the migration velocity (U ) of a droplet on an
ideally smooth surface, U≈CTγTh/2μ, where h and µ denote the
thickness and dynamic viscosity of the droplet, respectively. In
the present study, the investigated lubricants exhibit changeable
cross-sectional morphologies depending on the solid surface used
and there is a trail of oil left behind by the migrating droplet
(Figs. 5 and 6), which makes it difficult to directly calculate the the-
oretical migration velocity without using the value of h. Neverthe-
less, the variation tendency of the surface area of migrating droplets
reflects changes occurring in the thickness of the droplet. The
previously-stated equation indicates that migration velocity is
inversely proportional to the surface area and dynamic viscosity µ
of a liquid. The dynamic viscosity (Table 1) and surface area
(Figs. 7 and 8) of paraffin oil droplets are higher than those of
diester, which is why the migration velocity of the former is
lower when compared to the latter.

4.3 Polar Lubricants. In the case of polar lubricants, their H*

values were negative; as the chemical structures in Fig. 2 show, the
major difference between polar and nonpolar lubricants is the pres-
ence of polar groups in polar lubricant molecules. Generally, these
molecules can adsorb onto metal surfaces, forming an adsorption
layer at the liquid/solid interface, and contribute to the adhesion
force between the liquid and the solid [38]. Moreover, when
studied at the molecular level, it is found that this layer is indeed
composed of ions, which are in direct contact with the substrate.
It can be confirmed that the orientation and position of these ions
are well ordered at the interface while metals are polarizable with
free electrons [39]. When a polar liquid is placed on a metal solid
surface, a powerful Coulombic force is generated between the
layer and free electrons, which increases bonding strength
between the liquid and the substrate, resulting in a strong adsorption
energy at the interface [40]. The contact line at the front edge of a
polar liquid is pinned and significant contact angle hysteresis is
involved. Consequently, the thermal driving force is insufficient
to overcome the lateral resistance force.

4.4 Solids. Most solids are naturally rough and chemically het-
erogeneous; these characteristics are associated with the pinning of
contact lines on surface defects, which weakens the spreading
capacity of a liquid on a solid. This weakening effect significantly
influences migration when surface roughness is of a considerable
magnitude. Surface roughness of the PTFE surface considered in
this study was approximately 1.02 µm, which was much larger
than that of Au, Ti, and Si surfaces; this is possibly one reason
why liquid droplets hardly migrated on the PTFE surface. Note
that the projected contact area of the droplets varies on Au, Ti,

Fig. 9 Cross section of a migrating liquid droplet on a nonisothermal surface

Fig. 10 Calculated values of the dimensionless number (H*) for
all lubricants on different surfaces
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and Si surfaces as migration progresses (Fig. 3(a)). This is because
on a smooth surface, a liquid droplet tends to spread to the sur-
rounding area and the thermal gradient contributes to forward
migration. These effects together result in an elliptical droplet
shape on Si (Sa= 3 nm) and Au (Sa= 8 nm) surfaces. Meanwhile,
on the Ti (Sa= 30 nm) surface, numerous irregular microstructures
are found (Fig. 3(b)) that hinder the droplet from spreading to the
surrounding regions and resulting in a circular shape.
Contact angles reflect interactions between a liquid and a solid.

The larger the contact angle between a solid and a liquid, weaker is
the interaction between them. As the measured data in Table 2 show,
contact angles between PTFE and all the tested lubricants are
always very high. This means that interactions between the solid
and liquid molecules are relatively weak, and hence, it is difficult
for liquids to migrate on the PTFE surface. Meanwhile, on Si, Au,
and Ti surfaces, the advancing, receding, and equilibrium contact
angles of different lubricants are similar inmagnitude and differences
in their migration capacity originate mainly from the liquids tested.

5 Conclusions
Thermocapillary migration is an interfacial phenomenon of great

importance in fundamental science and engineering applications.
However, general knowledge on the migration mechanisms of dif-
ferent lubricants on different surfaces is currently lacking. Hence,
experiments were conducted in this study to investigate the influ-
ence of the physical and chemical properties of solids (four material
surfaces) and liquids (five lubricants) on thermocapillary migration.
From the point of view of solids, a nonmetallic material with low
surface tension, such as PTFE, hinders thermocapillary migration.
Meanwhile, polar lubricants, such as polyethylene glycol and
ionic liquids, exhibit a strong antimigration capacity. For potential
industrial applications, especially in tribosystems, it is recom-
mended to provide the contact angles of lubricants on solid surfaces
or the surface tension coefficient of liquid lubricants. These param-
eters would help designers in evaluating the migration capacities of
the tested surfaces and lubricants via the proposed dimensionless
number.
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