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Abstract
The in�uence of the heat transfer �eld on anomalous �lm formation under elastohydrodynamic
lubrication (EHL) conditions was studied. Liquid lubricant �lm shapes between a transparent disc and
steel ball friction pair were investigated by white light optical interferometry. 1-Dodecanol was used as the
representative lubricant to develop anomalous �lm shapes. A sapphire disc and glass disc, which have
different thermal conductivities, were used as the transparent bounding surface. The heat transfer �eld
signi�cantly in�uenced the formation of anomalous �lm shapes. The anomalous �lm shapes
approximated the shape of a conventional EHL �lm with increasing ambient temperature. However, a
thickened part of the lubricant �lm remained, although the phase diagram of 1-dodecanol suggested it to
be in the liquid state.

Introduction
Elastohydrodynamic lubrication (EHL) has been one of the most important topics in the tribological �eld
for over a century. Pressure develops at the entrance of the contact area and builds up to the order of
several gigapascals. A signi�cantly high pressure causes large elastic deformations of the bounding
surfaces and an increase in the viscosity of the lubricant, termed as the piezoviscous effect [1]. The �lm
formed in the lubricated area has a speci�c shape with a �at part around the contact area and a
constricted shape at the exit zone [2]. A lubricant �lm with a thickness of less than 1 µm is greatly
sheared under the movement of the bounding surfaces at speeds of several metres per second.

For a better understanding of EHL, both the traction and the �lm thickness are important information.
Traction is generated in the contact area, where a lubricant �lm of signi�cantly high viscosity is sheared
at a high shear rate of the order of 106 s− 1. A lubricant �lm under signi�cant shearing force does not
exhibit the Newtonian rheological behaviour. Instead, it shows shear thinning, viscoelastic, or
elastoplastic behaviour [3–8]. On the contrary, it has been recognised that the �lm thickness is
determined by the �ow at the entrance with a great geometrical convergent shape [9]. The formed �lm
has a speci�c shape; it is �at around the central area and constricted at the exit zone [2]. Representative
formulas have been suggested for the �lm thickness at the centre and minimum �lm thickness for
conveniently designing the lubricated area [10]. A fast numerical simulation algorithm has also been
developed for solving the EHL problems [11].

Further, the in�uence of the rheological characteristics of the lubricant within the lubricated area on the
�lm formation has attracted increasing interest over the last two decades. Signi�cant variations in the
�lm shape were identi�ed under rolling/sliding conditions [12–20] and opposite sliding conditions at a
zero entrainment speed [21, 22], and in the cases of high-viscosity oil [23] and liquids with a clear melting
point [24–30]. Variations in the �lm shape under rolling/sliding conditions [12–20] and opposite sliding
conditions [21, 22] were concluded to arise from the viscosity wedge action [29], whereas the �lm shape
variations in the cases of high-viscosity oils [23] and liquids with a clear melting point [24–30] remain to
be fully understood.
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Herein, we present the appearance of anomalous �lm shapes in the case of a liquid with a clear melting
point [24–30]. Anomalous �lm shapes were discovered at the point contact area between a glass disc
and a steel ball lubricated with a fatty alcohol, 1-dodecanol [24–27]. Under pure rolling conditions, the
�lm was found to have the conventional shape [2]. The shape of the �lm however changed, resulting in a
gradual increase in the �lm thickness around the central zone with increasing slide-to-roll ratio. At high
slide-to-roll ratios, the thickened part moved towards the entrance, and then a thinner part of the �lm
dominated. The �lm shape depended on the sign of the slide-to-roll ratio at high slide-to-roll ratios; the
thickened part tended to move towards the entrance at higher steel ball speeds, whereas it tended to
remain in the lubricated area at higher glass disc speed. In ensuing studies, other fatty alcohols [26], an
acid, an amine, a chloride, and various alkanes [28] were found to adopt the same �lm shape as 1-
dodecanol. Furthermore, the maximum traction coe�cient was observed at a low slide-to-roll ratio, and
the value decreased gradually with increasing slide-to-roll ratio for 1-dodecanol and other liquids that
developed anomalous �lm shapes. In contrast, liquids developing the conventional �lm shape exhibited a
gradual increase in the traction coe�cient with increasing slide-to-roll ratio [28]. The shear rate of the
maximum traction coe�cient for liquids developing anomalous �lm shapes ranged from 105 to 107 s− 1,
which is of the same order as those of traction �uids [29]. The shear rate depends on the liquid type; for
example, the shear rates for n-tetradecane and n-hexadecane (alkanes) are ~ 2.0 × 106 s− 1, while that of
1-dodecanol (an alcohol) is ~ 4.0 × 105 s− 1. Reddyhoff et al. [30] focused on the transition of the traction
behaviour of 1-dodecanol with pressure and ambient temperature.

The anomalous �lm formation in the case of liquids with a clear melting point [24–30] has been
attributed to the solidi�cation of the lubricant. In a previous study [25], a small temperature rise of ~ 30°C
was estimated using a simple temperature formula based on the assumption of semi-in�nite bodies.
However, the heat generated in the �lm in�uences the formation of anomalous �lm shapes, because the
possibility can be predicted based on the trend of the traction coe�cient with increasing slide-to-roll ratio
and a signi�cant difference in the �lm shapes at positive and negative slide-to-roll ratios at the glass–
steel contact. Therefore, in the current study, we focused on the in�uence of the heat transfer �eld on the
�lm formation. White light optical interferograms of the �lm formed at the point contact area between a
transparent disc (glass or sapphire) and steel ball were captured. Sapphire and glass with different
thermal conductivities were used as one of the surface materials to change the heat transfer �eld of the
friction surfaces. The formation of the anomalous �lm shapes was investigated by changing the material
of one of the bounding surfaces, sliding conditions, and ambient temperature.

Experimental Procedure
Tests were conducted using a ball-on-disc type test rig, as reported previously [28, 29], to study the
variations in the lubricant �lm thickness and traction. Fig. 1 shows a schematic of the test rig. A point
contact area was created between a rotating transparent disc (diameter: 80 mm; thickness: 5 mm) and a
rotating steel ball (diameter: 25.4 mm). SUJ2, which is equivalent to AISI52100, was used as the steel
substrate. The rotational speeds of the disc and ball are independently controlled using AC servo motors
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to set desired slide-to-roll ratios. The ball and disc are placed in a chamber containing the lubricant. The
temperature of the chamber is controlled using a heating system consisting of heat pipes, a thermistor,
and a controller. The lubricant is supplied to the contact area by ball rotation. An optical microscope is
installed above the test rig to measure the �lm thickness via white light optical interferometry. White light
from the microscope is illuminated onto the contact area, and the re�ected light is captured by a digital
camera attached to the microscope. A thin chromium layer was deposited on the contact side of the disc
surface to increase the contrast of the optical interferograms between the transparent disc surface and
steel ball.

A BK7 glass disc or a sapphire disc was used as the transparent material. Both these materials are
transparent to visible light, but have different thermal conductivities. Table 1 lists the properties of the
two discs and steel ball counterpart. A fatty alcohol, 1-dodecanol, was used as the representative liquid
lubricant that develops anomalous �lm shapes, as demonstrated in previous studies [24–28].

The slide-to-roll ratio, S is de�ned as follows:

where ub is the ball speed and ud is the disc speed. The entrainment speed, um is de�ned as um = (ub +
ud)/2. When the ball speed is higher than the disc speed, S is positive, and when the ball speed is lower
than the disc speed, S is negative.

Table 1
Properties of steel, glass, and sapphire

Properties Steel Glass Sapphire

Young’s modulus (GPa) 210 81 365

Poisson’s ratio 0.300 0.208 0.2

Density (kg/m3) 7850 2510 3980

Thermal conductivity (W/mK) 46.00 1.11 27.00

Speci�c heat (J/kg K) 470 840 577

 
The phase diagram of 1-dodecanol was constructed using a diamond anvil cell device. Figure 2 shows a
schematic of the diamond anvil cell device. A gasket of stainless steel SUS304 (thickness: 0.5 mm) with
a 0.6 mm diameter hole was sandwiched between the diamond anvils with a currete diameter of 1.2 mm.
A small amount of the lubricant, 1-dodecanol, and a piece of ruby were introduced into the hole. A
hydraulic pressure was applied to the lubricant by tightening a screw attached to the device. The
temperature of the device was controlled using a heating system consisting of heat pipes, a K-type
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thermocouple, and a controller. The pressure was calculated on the basis of the �uorescence of ruby [31].
The phase state of the lubricant was observed with a transmission optical microscope. The phase state
of the lubricant was con�rmed from the appearance of the lubricant crystal grains in the visible images.

Results
Figure 3 Optical interferograms of the lubricant �lm at the glass–steel contact at different slide-to-roll
ratios under the applied load of 40 N (the maximum Hertzian pressure and Hertzian radius were 0.57 GPa
and 183 µm, respectively) and ambient temperature of 30°C.

Figure 5 shows the variation in the traction coe�cient with the slide-to-roll ratio. The traction coe�cient
had the maximum value at low S, and then it decreased monotonically with increasing S. The maximum
values of the traction coe�cient at the sapphire–steel contact were smaller than those at the glass–steel
contact. However, the traction coe�cient at the sapphire–steel contact was greater than that at the
glass–steel contacts at greater S, because of the marginal decrease in the traction coe�cient with S at
the sapphire–steel contact.

Figure 6 shows the optical interferograms recorded to study the �lm thickness variation at the glass–
steel contact at the ambient temperatures of 30, 50, and 70°C under different positive S values, while
Fig. 7 shows the variation under the same conditions under negative S values. Figure 8 shows the
variation in the traction coe�cient under the same operating conditions as those of Fig. 6 (i.e., at different
positive S values). The tests were conducted to investigate the �lm formation behaviour of 1-dodecanol
in the liquid state. The phase state of 1-dodecanol was con�rmed from the maximum Hertzian pressure,
ambient temperature, and its phase diagram. Both the �lm thickness and the shape changed with
increasing ambient temperature. Under pure rolling conditions, the �lm thickness decreased to less than
70 nm at 70°C because of the decrease in the viscosity of 1-dodecanol. However, the thicker part of the
�lm around the central zone remained even at the ambient temperature of 70°C, when 1-dodecanol
appeared to be in the liquid state. The thickened part of the �lm showed a greater tendency to remain at a
higher negative S than at positive S at the ambient temperature of 30°C, whereas the trend was reversed
at the ambient temperature of 70°C. The traction coe�cient decreased with increasing ambient
temperature. The trend of the traction coe�cient with respect to S at 70°C was different from the trends
at 30 and 50°C; the traction coe�cient increased gradually with increasing S at 70°C.

Figure 8 Variations in the traction coe�cient at the glass–steel contact under the applied load of 20 N
(the maximum Hertzian pressure was 0.45 GPa) at different slide-to-roll ratios and different ambient
temperatures of 30, 50, and 70°C. The operating conditions were the same as those of Fig. 6.

Discussion
The tests revealed that the anomalous �lm shape of the liquid lubricant depends on the heat transfer
conditions, such as the material of the bounding surfaces and ambient temperature. At the glass–steel
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contact, the shape/thickness of the �lm depended on the sign of S; a thin �lm part expanded over the
lubricated area at a high positive S value with a higher ball speed, whereas a thick part of the �lm
remained at a high negative S value with a lower ball speed, as shown in Fig. 3. In contrast, at the
sapphire–steel contact, the shape/thickness of the �lm was almost symmetrical with respect to the sign
of S; a thick �lm existed between the inlet zone and central zone, and the �lm was slightly thinner at
positive S than at negative S, as shown in Fig. 4. These differences in the �lm formation behaviours can
be attributed to the different thermal conductivities of the glass and sapphire discs. The thermal
conductivity of glass is signi�cantly lower than that of sapphire (Table 1). It is well-recognised that the
thermal properties of bounding surfaces greatly in�uence the �lm formation characteristics. One of the
representative �ndings on the in�uence of the thermal properties of the bounding surfaces is a dimple
discovered by Kaneta et al. [19, 20], which appeared under simple sliding contact conditions between a
moving glass disc and stationary steel ball counterpart, but was not observed when the steel surface was
slid against the stationary glass disc. The thick �lm formation in the current study is the opposite trend to
the dimpling phenomenon reported by Kaneta et al. [19, 20]. Further studies are necessary to clearly
comprehend how the differences in the thermal properties of the bounding surfaces in�uence the
lubricant �lm formation.

A solid-like behaviour was indicated by the variations in the traction coe�cient as well as the �lm
thickness/shape. The maximum traction coe�cient at a low S, and a gradual decrease in the traction
coe�cient with increasing S were observed, as shown in Fig. 5. This is a typical trend observed in the
cases of traction oils [6–8], which were speculated to behave like elastoplastic materials. Further, a
decrease in the traction coe�cient with increasing ambient temperature, which is shown in Fig. 8, has
also been observed for traction �uids [6–8]. The gradual increase in the traction coe�cient with S at the
ambient temperature of 70°C is different from the trend observed at the other lower ambient
temperatures. The trend observed at 70°C is similar to the trends of ethylene glycol and glycerol, which
develop conventional �lm shapes [28, 29]. However, a thickened part of the �lm appeared around the
central zone at a high S, as shown in Fig. 6.

Figures 10 and 11 show the visible images of 1-dodecanol in the liquid and solid states, and the phase
diagram of 1-dodecanol. The phase states at the contact area, which were estimated from the ambient
temperature and maximum Hertzian pressure under the current operating conditions, are plotted in
Fig. 11. At the ambient temperature of 70°C, 1-dodecanol exists in the liquid state, as shown in Fig. 11.
This fatty alcohol may solidify in the contact area, although the phase diagram indicates a liquid state
under static conditions. There are two possibilities for the increase in the melting temperature of 1-
dodecanol in the lubricated area. The �rst is the alignment of the lubricant molecules along the sliding
direction under high shear rates. 1-Dodecanol has a simple linear chain structure, and thus tends to align
along the sliding direction. The second possibility is the increase in the melting point of a thin �lm
con�ned between two solid surfaces. It has been reported that the melting point of a �lm on a solid
surface increases for a monolayer of 1-dodecanol [33–36]. This might be a possibility, although the �lm
is considerably thicker in the current study. These two phenomena suppress the movement of the
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lubricant molecules; these are related to the adsorption of additives on surfaces as well as the
solidi�cation phenomenon described in the current study.

The current parametric study under varying slide-to-roll ratio, surface material, and ambient temperature
revealed the solid-like behaviour of the �lm formation and traction. Additionally, the current study
provides key guidelines for further studies on this topic. Further studies on the mechanisms of the
anomalous �lm formation can aid understand the other aspects of boundary lubrication as well as EHL
and hydrodynamic lubrication.

Conclusions
In this study, the �lm formation behaviours and anomalous �lm shapes of a long-chain alcohol, 1-
dodecanol, were investigated. Parametric experiments were conducted with a focus on the in�uence of
the heat transfer conditions. BK7 glass and sapphire, which have signi�cantly different thermal
conductivities, were tested as one of the contact pairs. Optical interferograms of the �lm thickness were
captured by changing the slide-to-roll ratio and ambient temperature. The phase diagram of 1-dodecanol
was used to determine the phase state of the lubricant in the contact area. The following results were
obtained:

When a sapphire disc was used as one of the contact surfaces, the shape and thickness of the
anomalous �lms were almost symmetrical with respect to the sign of the side-to-roll ratio. In contrast,
when a glass disc was used, the �lms were not symmetrical. The traction coe�cient according to the
slide-to-roll ratio showed a trend similar to that of a traction oil; it had a maximum value at a low slide-to-
roll ratio, and then decreased gradually with increasing slide-to-roll ratio. The maximum traction
coe�cient in the case of the sapphire disc was slightly lower than that for the glass disc. The gradient of
the decrease in the traction coe�cient at high slide-to-roll ratios for the sapphire disc was smaller than
that for the glass disc. Consequently, the trend of the traction coe�cient between the sapphire disc and
glass disc was reversed at high slide-to-roll ratios.

The �lm thickness and the fraction of the thickened part of the anomalous �lm decreased with increasing
ambient temperature. The trend of the traction coe�cient changed from that of a traction �uid to that of
a viscous �uid; the traction coe�cient increased monotonically with increasing slide-to-roll ratio. However,
a small thickened part of the �lm remained around the central zone, although the lubricant was
speculated to be in the liquid state based on the maximum Hertzian pressure and ambient temperature.
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Figures

Figure 1

Schematic of the test rig
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Figure 2

Schematic of the diamond anvil cell device. (a) Full view of the device and (b) enlarged view of the
diamond anvil cell

Figure 3

Optical interferograms of the lubricant �lm at the glass–steel contact at different slide-to-roll ratios under
the applied load of 40 N (the maximum Hertzian pressure and Hertzian radius were 0.57 GPa and 183
μm, respectively) and ambient temperature of 30 °C.

Figure 4
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Optical interferograms of the �lm at the sapphire–steel contact at different slide-to-roll ratios under the
applied load of 40 N (the maximum Hertzian pressure and Hertzian radius were 1.00 GPa and 138 μm,
respectively) and ambient temperature of 30 °C.

Figure 5

Variations in the traction coe�cient with the slide-to-roll ratio under the applied load of 40 N (ambient
temperature: 30 °C).

Figure 6

Variations in the optical interferograms of the �lm at the glass–steel contact under the applied load of 20
N (the maximum Hertzian pressure was 0.45 GPa) at different positive slide-to-roll ratios and ambient
temperatures of (a) 30, (b) 50, and (c) 70 °C.
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Figure 7

Variations in the optical interferograms of the �lm thickness at the glass–steel contact under the applied
load of 20 N (the maximum Hertzian pressure was 0.45 GPa) at different negative slide-to-roll ratios and
ambient temperatures of (a) 30, (b) 50, and (c) 70 °C.

Figure 8

Variations in the traction coe�cient at the glass–steel contact under the applied load of 20 N (the
maximum Hertzian pressure was 0.45 GPa) at different slide-to-roll ratios and different ambient
temperatures of 30, 50, and 70 °C. The operating conditions were the same as those of Fig. 6.



Page 14/15

Figure 9

Variations in the optical interferograms of the �lm thickness at the glass–steel contact under the applied
load of 10 N (the maximum Hertzian pressure was 0.36 GPa) and constant slide-to-roll ratio of 0.6 at
different ambient temperatures.

Figure 10

Visible images of 1-dodecanol pressurised by the diamond anvil cell at (a) the atmospheric pressure and
(b) at 60 MPa under a constant temperature of 30 °C.
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Figure 11

Phase states of the lubricated area, as estimated from the ambient temperature and maximum Hertzian
pressure.


