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Abstract
Recently, a new type of lubricant called two-phase lubricants has been developed to realize a high viscosity index. Two-phase 
lubricants are mixtures of two different lubricants, realizing low viscosity even at low temperatures due to the temperature 
dependence of the solubility of the lubricant molecules. In the present paper, the effect of surface energy on the tribologi-
cal behavior of the two-phase lubricant is clarified using in situ observation with reflection spectroscopy. Sliding surfaces 
with high hydrogen-bonding terms in the surface energy components attracted high-polar lubricants, resulting in reduced 
friction. Analysis of the theoretical friction coefficient using Couette flow assumption revealed an important design concept 
of two-phase lubricants: the concentration of high viscosity lubricants on solid surfaces develops a viscosity distribution in 
the oil film, resulting in reduced friction.

Keywords Two-phase lubricant · In situ reflectance spectroscopy observation · Surface energy · Hydrodynamic lubrication

List of Symbols
θSL  Contact angle between droplet and disk
x  Droplet height
Y  Droplet width
γ  Surface energy (Subscript L and S are liquid 

and solid, respectively. Superscript h and d 
are hydrogen-bonding force and dispersion 
force, respectively)

R  Reflectance measured by reflectance 
spectroscopy

R01234567  Theoretical reflectance calculated by optical 
model

rij  The amplitude reflectivity between the 
interface of i and j

βm  The interference phase angle of mth layer
Nm  Complex reflective index of mth layer
nm  Reflective index of mth layer
km  Extinction coefficient of mth layer
tm  Thickness of the mth layer in the optical 

model
θm  Incident angle of light entering the m-th 

layer
λ  Wavelength
ck  Volumetric concentration of colored PAG in 

oil film layer
εmineraloil  Dielectric constant of mineral oil
εcolouredPAG  Dielectric constant of colored PAG
εk  Dielectric constant of oil film layer
h1, h2, h3  Oil film thickness of each layer
μex  Experimental friction coefficient
v1h, v2h, v3h  Velocity gradient of the lubricant in each 

layer 
(

=

�vk

�h

)

V  Sliding speed of friction test
τ1, τ2, τ3  Shear stress on the lubricant in each layer
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α  Viscosity-pressure coefficient
pmean  Mean Hertzian contact pressure during fric-

tion test
μth  Theoretical friction coefficient
A  Hertzian contact area
cmean  Mean volumetric concentration of colored 

PAG in the whole oil film

1 Introduction

Currently, there is a strong demand to improve the energy 
efficiency of automobile engines in order to reduce car-
bon dioxide emissions. Since friction losses account for 
16.5% of the energy input to automobiles, reducing friction 
losses is an important issue [1]. There are some techniques 
to reduce friction loss in the internal combustion engines. 
One common method is applying functional coatings on the 
surfaces. Recently, DLC (diamond-like carbon) coatings 
have attracted much attention due to advantageous proper-
ties including low friction [2–5], high hardness [6–8], wear 
resistance [9–15], and chemical stability [16–18]. Early 
studies showed that DLC coatings exhibit very low friction 
in dry conditions [19–31], but in recent years, many studies 
have demonstrated low friction and anti-wear characteristics 
in oil lubrication conditions [32–41]. Due to the excellent 
tribological characteristics of DLC coatings, some engines 
already have DLC-coated components [42–46]. Surface 
morphology and texturing effects have also been studied in 
terms of their influence on the friction and adhesion [47–51]. 
It has been found that micro/nano-scale texturing improves 
the lubrication condition, causing less hydrodynamic loss 
in the tribosystem [52, 53]. More recently, new morphing 
surfaces and machine learning have been combined to con-
trol friction [54].

The lubricant itself is also an important component in 
reducing frictional losses in engine system. There are two 
main components determining performance of an engine 
oil; one is the additives in the oil and the other is the type 
of base oil. Each additive has its own role in influencing 
tribological performance (e.g., viscosity index improvers, 
anti-foaming agents, anti-wear additives, extreme-pressure 
agents, and friction modifiers: the latter two are very impor-
tant in the field of tribology [55–65]). For example, MoDTC 
(molybdenum dithiocarbamate) and ZnDTP (zinc dialky-
ldithiophosphate) [59, 66] have been actively studied to 
achieve low friction loss and long engine life. Several simu-
lations showed that wear and stress due to external forces 
(e.g., friction) can cause changes in electron density [67–69], 
and these effects are thought to contribute to the adsorption 
of molecules and the formation of additive-derived tribo-
films[70, 71]. Most tribology researches on engine oils have 

focused on the effects of additives, but recently the concept 
of two-phase lubrication has been gaining attention.

Generally, low viscosity oils are used to reduce engine 
friction losses. Recently, 0W-20, a superlow viscosity grade, 
has become the mainstream engine oil [72–74]. However, 
low viscosity oil has the disadvantage that its viscosity drops 
drastically as temperature rises. As a result of the significant 
drop in viscosity, lubrication conditions become very severe, 
causing severe wear and increased friction.

A new type of lubricant, called two-phase lubricant, has 
the potential to overcome the drawback of low viscosity oils 
[75]. The two-phase lubricant consists of a semi-miscible 
state of two oils of low and high viscosity. At low tempera-
tures, the two-phase lubricant is highly separated into the 
high viscosity oil and the low viscosity oil. At this time, the 
high viscosity oil accumulates at the bottom of the oil pan 
in the engine system due to its large molecular weight and 
high fluid resistance. As a result, the characteristics of the 
low viscosity oil dominate the function of the lubricant at 
low temperatures. As the engine temperature rises, the high 
viscosity oil dissolves into the low viscosity oil, prevent-
ing excessive viscosity reduction. As a result, two-phase 
lubricants can achieve excellent viscosity indexes. Recently 
proposed two-phase lubricants consist of a non-polar low 
viscosity oil (PAO or mineral oil) and a high viscosity 
polyalkylene glycol (PAG) with polar functional groups. 
Kamata et al. measured the viscosity index of two-phase 
lubricants and found that the viscosity index of two-phase 
lubricants ranged from 400 to 700, higher than 200 for con-
ventional engine oils [76]. As a result, two-phase lubricants 
are expected to exhibit excellent tribological performance in 
automotive engine systems where temperature varies with 
operating conditions.

Previous studies have shown the effectiveness of two-
phase lubricants consisting of PAO and PAG for tribological 
properties. Yamada et al. found that the friction coefficient 
of the two-phase lubricant varies with temperature [77]. The 
paper reported that the two-phase lubricant maintained the 
same friction coefficient of 0.07 from 30 to 80 °C, while 
PAO showed a higher friction coefficient of more than 0.10 
at all temperatures, and PAG showed a decreasing trend 
in friction coefficient with increasing temperature (0.12 at 
30 °C and 0.011 at 80 °C). The results clearly indicated 
that the two-phase lubricant was effective in obtaining a 
constant friction coefficient with respect to temperature 
changes. Yamada et al. also conducted in situ observations 
of sliding surfaces to clarify the unique behavior of the two-
phase lubricant [77]. In recent years, in situ observations 
have become a very effective tool for analyzing tribological 
behavior that occurs during sliding. For example, Raman 
[78–81], FT-IR [82, 83], optical reflectance [84–91], and 
electric resistance measurement [92, 93] have been used 
to understand the transition of surface conditions during 
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contact. In several studies, in situ reflectance spectroscopy 
has been used to analyze the thickness and composition of 
tribofilm and oil film on friction surfaces [94]. Nishimura 
et al. succeeded in analyzing the thickness, refractive index, 
and extinction coefficient of the transformed layer of dia-
mond-like carbon coatings in situ on the order of a few 
nanometers [95]. Hashizume et al. revealed the thickness 
and composition of nanometer-order MoDTC-derived tri-
bofilms using in situ reflectance spectroscopy measurement 
[96]. Okamoto et al. successfully measured the thickness of 
PAO oil films formed on diamond-like carbon coatings using 
in situ reflectance spectroscopy measurement [97]. For two-
phase lubricants, Yamada et al. revealed the unique behav-
ior of the two-phase lubricant in which PAG with hydroxyl 
groups selectively adsorbed on solid surfaces to form high 
viscosity oil layers using in situ reflectance spectroscopy 
measurements [77]. Final, the analysis revealed that the high 
viscosity oil film layers on the two solid surfaces formed a 
layered fluid structure, with a low viscosity oil film layer in 
the center sandwiched between them. In other words, the 
two-phase lubricant has a viscosity distribution depending 
on its location, which affects the oil film flow and friction 
behavior. Gangopadhyay et al. conducted friction tests with 
PAG-based engine oil under boundary and mixed lubrica-
tion conditions, followed by surface analysis using X-ray 
photoelectron spectroscopy. As a result, PAG-derived ether 
and alcohol peaks were observed, suggesting that PAG mol-
ecules were adsorbed on the solid surface due to sliding [98]. 
Other studies showed that the control of surface properties of 
solids, especially surface energy and its hydrogen-bonding 
term, can affect lubricant and polymer adsorption, as well as 
oil film thickness and tribological properties [99–101]. Here, 
there is a strong need to understand the influence of surface 
properties (i.e., surface energy) on the frictional behavior of 
two-phase lubricants.

The present paper demonstrates the effect of surface 
energy of solid surfaces on the tribological behavior of 
two-phase lubricants. The oil film formed between sliding 
surfaces is analyzed using in situ reflectance spectroscopy. 
Next, we analyze the viscosity distribution of the oil film, 
and then describe the theoretical tribological behavior of the 
two-phase lubricant.

2  Experiments

2.1  Specimens

Oiliness strongly depends on surface properties (i.e., surface 
energy of solid surface). Thus, we prepared three types of 
disk surfaces which have different surface energy using two 
types of silicone resin splay. To clarify the surface charac-
teristics of the coated and non-coated surfaces (i.e., SUJ2 

(52100 steel in the AISI standard)), we used the sessile drop-
let method to measure the surface energy and its hydrogen-
bonding terms. A schematic of the droplet and parameters 
used in calculations are shown in Fig. 1. We used the half-
angle method described as Eq. 1 to calculate a contact angle 
θSL of a droplet [102]. Pure water and diiodomethane were 
dropped onto the disks and width x and height y of the drop-
let were measured. 

By associating Young’s equation Eq.  2 and Owen’s 
equation Eq. 3 [103], which is derived from the relation 
�i = �

d
i
+ �

h
i
 , Eq. 4 was derived.

where �S is the solid surface tension, �L is the liquid surface 
tension, �SL is the solid/liquid interfacial surface tension. The 
superscript of d and h indicates the dispersion force term 
and hydrogen-bonding term, respectively. The γL, γL

d, γL
h, 

and θSL of water and diiodomethane were substituted into 
Eq. 4, and then surface energy and its hydrogen-bonding 
term of disks were calculated (Fig. 2). The values of water 
and diiodomethane used in the calculation are shown in 
Table 1. Figure 2 shows that the surface energy decreases 
after coating. The dispersion force term, value decreases 
from 32 to 29 mJ/m2, resulting in 11% reduction. Further-
more, the hydrogen-bonding force term decreases from 4.6 
to 0.36 mJ/m2, resulting in 92% reduction. The reduction in 
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Fig. 1  A schematic of a droplet and parameters
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the surface energy of hydrogen-bonding term was found to 
be significantly higher compared to the reduction in the dis-
persion force term. Consequently, the total reduction in sur-
face energy was found to be 15%. Root mean square rough-
ness of these disk specimens were 10–12 nm, and there was 
no change in surface roughness before and after spraying. 

Sapphire hemispheres were used as the mating material in 
friction tests. The hardness and Young’s modulus of the sap-
phire hemisphere were 22.5 GPa and 470 GPa, respectively. 
The root mean square roughness of the sapphire hemisphere 
was 5.0 nm. The transmittance of the sapphire hemisphere 
for visible light is more than 85%. Therefore, sapphire is an 
excellent material for in situ measurement of reflectance in 
the contact area.

2.2  Pin‑on‑Disk Friction Test with In Situ 
Reflectance Spectroscopy

Figure 3 shows a schematic of the pin-on-disk type friction 
tester with reflectance spectroscopy. The friction tester used 
a sapphire hemisphere as the mating material, and the reflec-
tance spectroscopy was located vertically above the hemi-
sphere. Therefore, the device allowed in situ measurement 
of a sliding point. The reflectance spectroscopy measured 
the reflectance spectrum at the friction contact area through 
the sapphire hemisphere. The measurement-spot diameter 
was 10 μm, which was smaller than Hertz’s contact diam-
eter of 18 μm. The friction tests were conducted at a normal 
load of 0.3 N, a mean contact pressure of 300 MPa, a test 

temperature of 50 °C, a sliding speed of 15.6 mm/s, and a 
test duration of 30 min (Table 2). 

We used a two-phase lubricant which consisted of min-
eral oil and colored PAG (polyalkylene gycol). The colored 
PAG increased the gap of refractive index between the mineral 
oil and colored PAG to 0.05. In the reflectance spectroscopy 
system, the minimum resolution of refractive index was 0.01. 
Hence, the enlarged gap improved the accuracy of analysis 
in optical properties. In the present study, the oil film thick-
ness is described with an accuracy with 1 nm. The reflectance 
microscopy is commonly used in semiconductor manufactur-
ing to obtain accurate film thickness for each coating. The 
accuracy of the device’s film thickness analysis is said to be 
less than 1 nm. Furthermore, several studies using the same 
equipment have shown that accurate film thickness can be 
measured with an error of 0.1–0.2 nm compared to mechani-
cal observation methods [91, 104]. The viscosity of mineral 
oil and colored PAG at 50 °C under atmospheric pressure were 
12.7 and 143 mPa∙s, respectively. The preparation method of 
two-phase lubricant was the same as that of Yamada et al. [77]. 
Mineral oil and colored PAG were poured into a beaker at a 

Fig. 2  Surface energy and hydrogen-bonding term of three types of 
disk specimens

Table 1  Properties of water and diiodomethane

γL, mJ/m2 γL
d, mJ/m2 γL

h, mJ/m2

Water 71.5 29.1 42.4
Diiodomethane 46.8 46.8 0

Fig. 3  A schematic of the ball-on-disk friction tester with a reflec-
tance spectroscopy

Table 2  Friction test conditions

Three types of disk vs. Sapphire hemisphere

Lubricants Two-phase lubricant 
(mineral oil and colored 
PAG)

Normal load 0.3 N
Temperature 50 °C
Sliding speed 15.6 mm/s
Mean Hertzian contact pressure 300 MPa
Test duration 30 min
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volumetric ratio of 1:1 at 50 °C. The lubricants were stirred 
thoroughly and then allowed to stand still for 30 min. The top 
surface of the lubricant in the beaker was used as a two-phase 
lubricant for the friction test. The test lubricant on the upper 
surface contained 30 vol% colored PAG.

2.3  Reflectance Fitting

Using post-analysis software (OPTM, Otsuka Electronics Co., 
Ltd., Japan), the thickness of the oil film and the composition 
of the two-phase lubricant at the contact position were calcu-
lated by adjusting parameters to fit an estimation curve to an 
obtained reflectance spectrum. The reflectance spectrums were 
calculated using Eq. 5.

Figure 4 shows the optical model of the friction area lubri-
cated with the two-phase lubricant. In the model, the upper 
part and substrate were sapphire and SUJ2, respectively. The 
analytical layer consisted of three lubricant layers. In the previ-
ous study, Yamada et al. revealed that the lubricant phase with 
highly polar function groups is attracted to the solid surfaces 
due to thermodynamic stability [77]. In the present model, 
we simulated the thin layer, where strongly attracted lubricant 
mainly existed, by dividing the lubricant layer into three lay-
ers. The theoretical reflectance spectrums of the optical model 
R01234567 were calculated by Eqs. 6–15 [105]. The subscripts 
0–7 indicate the number of layers.

(5)R =
Intensityofref lectedlight

Intensityof incidentlight

(6)R01234567 =
|

|

r01234567
|

|

2

where Nm is complex refractive index, which is determined 
by refractive index n and extinction coefficient k, and rij is 
amplitude reflection coefficient. The theoretical reflectance 

(7)r01234567 =
r01 + r1234567exp

(

−i2�1
)

1 + r01r1234567exp
(

−i2�1
)

(8)r1234567 =
r12 + r234567exp

(

−i2�2
)

1 + r12r234567exp
(

−i2�2
)

(9)r234567 =
r23 + r34567exp

(

−i2�3
)

1 + r23r34567exp
(

−i2�3
)

(10)r34567 =
r34 + r4567exp

(

−i2�4
)

1 + r34r4567exp
(

−i2�4
)

(11)r4567 =
r45 + r567exp

(

−i2�5
)

1 + r45r567exp
(

−i2�5
)

(12)r567 =
r56 + r67exp

(

−i2�6
)

1 + r56r67exp
(

−i2�6
)

(13)
Nm = nm − ikm(m = 0, 1, 2, 3, 4, 5, 6, 7Nm, nmandkmdependonwavelength�)

(14)rij =
Nicos�i − Njcos�j

Nicos�i + Njcos�j
(i = 0, 1, 2, 3, 4, 5, 6j = i + 1)

(15)�m =
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Fig. 4  a Optical model of the friction area lubricated with two-phase lubricant, and b diagram showing the relation between reflected light and 
rij parameters
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spectrums R01234567, which includes the results of reflection 
in the lower layers, were fitted to the experimentally meas-
ured reflectance spectrum (e.g., Fig. 7 showed in the section 
that follows) using the nonlinear least-squares method to 
obtain the thickness h1, h2, h3, refractive index n1, n2, n3, and 
extinction coefficient k1, k2, k3. The refractive index n1, n2, n3 
and extinction coefficient k1, k2, k3 were used to calculate the 
volumetric concentration of mineral oil and colored PAG in 
each lubricant layer. To calculate the volumetric concentra-
tion, we used the theory of effective medium approximation 
shown in Eqs. 16 and 17.

where ε is dielectric constant, which can be calculated as the 
square of the complex refractive index.

Here, a concrete explanation of the parameters will be 
briefly explained using Fig. 4. In the present study, the 0th 
layer corresponds to sapphire and the 7th layer corresponds 
to the SUJ2 substrate. The reflection between the 6th and 
7th layers can be calculated using Eq. 14. Subsequently, 
when considering the reflectance of 6th layer (between the 
5th layer and 6th layer), we need to consider not only the 
reflectance of the boundary but also the reflected light from 
7th layer (Fig. 4b). Therefore, Eq. 12 shows that r567 also 
includes the term r67. Continuing this same calculation, 
Eqs. 6 and 7 are eventually derived, which are expressed 
with variables with linked subscripts.

3  Results

3.1  The Effect of Surface Energy of Sliding Surfaces 
on Friction Behavior of Two‑Phase Lubricant

Figure 5 shows friction evolutions of the three different sur-
face energy specimens in two-phase lubricant. These three 
specimens with different surface energy characteristics show 
unique behaviors; the lowest friction coefficient of 0.035 
was observed with the SUJ2 disk from 20 to 30 min; the 
low hydrogen-bonding coating showed a friction coefficient 
of 0.044, which was the second lowest value; the superlow 
hydrogen bond coating showed comparably high friction 
coefficient of 0.050. These friction tests were conducted 
three times each, and similar friction coefficients were 
obtained in all cases. The results clearly indicate that the 
higher surface energy, the lower the friction coefficient. Sur-
face energy is generated from the unbalanced surface tension 

(16)
ck

�mineral oil − �k
�mineral oil + 2�k

+
(

1 − ck
) �colored PAG − �k
�colored PAG + 2�k

= 0(k = 1, 2, 3)

(17)� = N2 =
(

n2 − k2
)

− i(2nk),
due to surface where no opposing substance exists. In gen-
eral, high-surface energy condition is a state in which excess 
energy attracts other molecules, resulting in higher oiliness. 
The improved oiliness may develop a moderately thicker 
oil film. The resulting higher surface energy decreasing the 
fluctuation of the friction coefficient provides evidence to 
support this mechanism.

After the friction tests, the surfaces of the three types of disks 
were observed using an optical microscope (BX60M, Olym-
pus Corporation, Japan). The images are shown in Fig. 6a–c. 
No wear track with a Hertzian contact diameter of 36 μm was 
observed on any of the disk surfaces. From the point of view of 
the Stribeck curve, a hydrodynamic lubrication condition with 
sufficient film thickness preventing solid/solid contact should 
result in negligible wear. The result that no wear track was 
observed in the present friction tests indicates a hydrodynamic 
lubrication condition. The single oil film thickness calculations 
provided a new perspective. Lubrication conditions were calcu-
lated for pure mineral oil and pure colored PAG, respectively. 
Here, we used Dowson’s formula [106] for the calculation. As 
a result, the pure mineral oil case showed boundary lubrication 
with an oil film thickness ratio, which presents the ratio of cal-
culated oil film thickness to composite surface roughness, of 1.6 
(calculated oil film thickness was 17 nm) and the pure colored 
PAG case showed hydrodynamic lubrication with an oil film 
thickness ratio of 8.1 (calculated oil film thickness was 91 nm). 
Due to two-phase lubricant is a mixture of the mineral oil and 
colored PAG, the lubrication condition can be considered as an 
intermediate one.

3.2  In Situ Measurement of Oil Film Thickness 
and its Composition Using a Reflectance 
Microscopy

To clarify the lubrication mechanism of a two-phase lubri-
cant, we conducted in situ measurement of oil film thickness 

Fig. 5  Friction curves in two-phase lubricant with different surface 
energy specimens
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and its composition using a reflectance microscopy. Reflec-
tance spectra at friction points were measured during the 
friction tests. Subsequently, we analyzed the oil film thick-
ness and its composition. First, to confirm the optical prop-
erties and a thickness of each layer, parameter fitting was 
conducted as a shape of an estimated spectrum curve fit to 
the measured spectrum curve. Figure 7a–c shows the meas-
ured and fitted reflectance spectrums.

Figure 8 shows the results of oil film analysis of a two-
phase lubricant and the experiment friction coefficients. 
First, the larger the surface energy of the hydrogen-bond-
ing term, the larger the total oil film thickness; a total oil 
film thickness of 44 nm was formed on the SUJ2 speci-
men; a total film thickness of 42 nm was formed on low 
hydrogen bond coating, and a total oil film thickness of 
40 nm was formed on superlow hydrogen bond coating. 
The lambda values, which present the ratio of calculated 
oil film thickness to composite surface roughness, ranged 
3 to 4, indicating hydrodynamic lubrication conditions. 
Second, the thickness of the layer on the metal surface 
varies; the thickest layer thickness of 7 nm was on the 
SUJ2; the low hydrogen bond coating showed a thickness 

of 6 nm, which was the second thickest value; the super-
low hydrogen bond coating showed the thinnest value of 
4 nm. Third, the specimens showed different volumetric 
concentrations of colored PAG at the bottom layers; the 
SUJ2 disk showed the highest concentration of 60 vol%; 
the low hydrogen bond coating showed concentration of 
56 vol%, which was the second highest value; the superlow 
hydrogen bond coating showed the lowest concentration of 
48 vol%. Furthermore, the specimens also show different 
volumetric concentrations of colored PAG at intermedi-
ate layers; the SUJ2 disk showed the lowest concentra-
tion of 22 vol%; the low hydrogen bond coating showed 
concentration of 25 vol%, which was the second lowest 
value; the superlow hydrogen bond coating showed the 
highest concentration of 27 vol%. Consequently, these 
results show that the higher the surface energy of solid 
surface, the thicker the oil film thickness and the higher 
PAG concentration.

Described above, the three specimens were different in 
thickness of layers and volumetric concentration of colored 
PAG, causing variation of viscosity of the oil. Here, we cal-
culated viscosity of each layer using Eq. 18.

Fig. 6  Optical images of a SUJ2, b low hydrogen bond coating, and c superlow hydrogen bond coating after friction test (Hertzian contact diam-
eter during the test was 36 μm). Yellow dot lines indicate the center of the wear track
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Fig. 7  Measured reflectance spectrums (black lines) and fitted reflec-
tance spectrums (red lines) on SUJ2, low hydrogen bond coating, and 
superlow hydrogen bond coating

Fig. 8  Analysis result of oil films of the two-phase lubricant and 
experimental friction coefficients. An oil film thickness of each layer 
and its composition is described. Numbers described in the bar graph 
indicate volumetric concentration of colored PAG in layers
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Figure 9 shows the calculated viscosities of each layer. 
Here, interestingly, when the bottom layer has higher vis-
cosity, the viscosity of the intermediate layer shows lower 
value, and vice versa. This is due to the PAG concentration 
of each layer (compare the PAG concentration value in 
Fig. 8 and viscosity in Fig. 9). The viscosity distribution 
should have an important effect on the friction. Generally, 
both high viscosity and low viscosity characteristics are 
important in lubrication; the high viscosity prevent severe 
solid contact at low sliding speed and high normal load; 
the low viscosity decreases hydrodynamic resistance in 
hydrodynamic lubrication condition. When the two-phase 
lubricant provides distribution of PAG concentration and 
viscosity, the lubrication system can develop a thick oil 
film due to a high viscosity layer and low friction due to 
a low shear layer.

Here, we check a mean volumetric concentration of 
colored PAG in the entire oil film at the contact point using 
Eq. 19.

As a result, the volumetric concentrations of the 
entire oil films were almost a same value of 33–34 vol% 
(Fig. 10), which was almost the same value as the volumet-
ric concentration of 30 vol% for the test oil. This reveals 
that the global concentration of colored PAG flowing into 
the contact position does not change even if specimens 
with different surface energy are used. On the other hand, 
we clearly see that the surface energy affects the friction 
(Figs. 5 and 8). Consequently, it is indicated that the vis-
cosity distribution due to PAG concentration causes the 
difference in the friction behavior.

(18)�k = ck�colored PAG + (1 − ck)�mineral oil

(19)cmean =
c1h1 + c2h2 + c3h3

h1 + h2 + h3

4  Discussions

4.1  The Effect of Surface Energy on Oil Film 
Composition of Two‑Phase Lubricant

The yellow line in Fig. 11 shows the relationship between 
the hydrogen-bonding term in the surface energy of the 
three specimens and the volumetric concentration of 
colored PAG in the bottom layer (metal surface side). The 
SUJ2 specimen with the largest hydrogen-bonding term 
of 4.6 mJ/m2 had the largest PAG volumetric concentra-
tion of 60 vol%. The specimen with the second largest 
hydrogen-bonding term of 1.4 mJ/m2 had the second larg-
est volumetric concentration of 56 vol%. The specimen 
with the smallest hydrogen-bonding term of 0.36 mJ/m2 
had the smallest volumetric concentration of 48 vol%. 
The red line in Fig. 11 indicates the relationship between 
the hydrogen-bonding term in the surface energy and the 

Fig. 9  Calculated viscosity of each layer

Fig. 10  Mean volumetric concentration of colored PAG in entire oil 
film
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volumetric concentration of colored PAG in the inter-
mediate layer of two-phase lubricant oil film. The trend 
of the volumetric concentration in the intermediate layer 
of the oil film was opposite to that in the bottom layer. 
The specimen with the largest hydrogen-bonding term of 
4.6 mJ/m2 had the smallest volumetric concentration of 
22 vol%. The specimen with the second largest hydro-
gen-bonding term of 1.4 mJ/m2 had the second small-
est volumetric concentration of 25 vol%. The specimen 
with the smallest hydrogen-bonding term of 0.36 mJ/
m2 had the largest volumetric concentration of 27 vol%. 
The blue line in Fig. 11 shows the relationship between 
the hydrogen-bonding term in the surface energy and the 
thickness of the bottom layer. The specimen with the larg-
est hydrogen-bonding term of 4.6 mJ/m2 had the thickest 
bottom layer of 7 nm. The specimen with the second larg-
est hydrogen-bonding term of 1.4 mJ/m2 had the second 
thickest bottom layer of 6 nm. The specimen with the 
smallest hydrogen-bonding term of 0.36 mJ/m2 had the 
thinnest bottom layer of 4 nm. The trends can be sum-
marized as follows. A larger hydrogen-bonding term of 
surface energy provides a larger volumetric concentration 
of colored PAG in the bottom layer, a smaller volumetric 
concentration of colored PAG in the intermediate layer, 
and a thicker oil film of the bottom layer. PAG contains 
polar functional groups (i.e., hydroxyl group) whereas 
mineral oil is the completely straight hydrogen carbon 
without function groups. Therefore, the PAG molecules 
are strongly attracted and adsorbed onto the surfaces with 
high hydrogen-bonding term of surface energy, resulting 
in the high viscosity of the bottom layer (metal side). 
This leads to a decrease in the volumetric concentration 
of colored PAG in the intermediate layer, leading to a 
lower viscosity.

4.2  The Effect of Oil Film Composition of Two‑Phase 
Lubricant on Friction

Figure 8 clearly summarizes the relationship between the 
friction coefficient, oil film thickness, and the volumetric 
concentration of PAG in the two-phase lubricant. Whereas 
all tests were conducted under hydrodynamic lubrication 
conditions and used same two-phase lubricant, the friction 
coefficient varied depending on surface energy. The SUJ2 
specimen showing the lowest friction coefficient had the 
highest volumetric concentration of colored PAG in the 
bottom layer, while the intermediate layer was thicker and 
has less volumetric concentration of colored PAG. Surface 
characteristics (i.e., surface energy and electrical charge) 
strongly affects wettability, adhesion, and adsorption char-
acteristics [107–112]. It has been known that the molecules 
with polar structure (e.g., carboxy group and carbonyl 
group) adsorb well on solid surfaces [113–115]. In the pre-
sent case, the PAG contains oxygen atoms, resulting in polar 
characteristics. The facts may indicate that the intermediate 
layer with low viscosity and low shear resistance is mainly 
sheared, while high viscosity layers on the surfaces supports 
the increase in film thickness. Therefore, we try to clarify the 
unique phenomenon of two-phase lubricant by estimating 
the friction coefficient using a hydrodynamic theory.

In the present study, we assume that the lubricants are 
Newtonian fluids and Couette flow is occurring because the 
oil film thickness is very small (on the order of nanometers) 
[116, 117]. Figure 12 shows Couette flow of lubricants 
whose viscosity is distributed in a layered structure like the 
two-phase lubricant. The parameters used to formulate the 
theoretical friction coefficient are also shown in Fig. 12. 
Equation 20 is derived from the relationship between veloc-
ity gradient and slip velocity.
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Equation 21 is derived from the continuity of the shear 
stress at the interface of each layer.

Applying the Newton’s viscosity law to Eq. 21, Eq. 22 
is derived.

The conjunction of Eq. 20 and Eq. 22 leads to Eq. 23.

We assume that the viscosity of each layer is determined 
from the viscosity of the mineral oil and colored PAG and 
their volumetric concentration. Therefore, we applied Eq. 18 
to Eq. 23, and then Eq. 24 is derived.

η is the viscosity of the lubricants at atmospheric pres-
sure, but the friction surface is subjected to a mean Hertzian 
pressure of 294 MPa, causing an increase in a viscosity of 
oil. Therefore, the viscosity of the oil film is modified using 
Eq. 25 from the viscosity-pressure coefficient α of mineral 
oil and the Barus’s law [118].

The viscosity of the lubricant increases at the Hertzian 
contact area. Hence, assuming that the shear force at the 
Hertzian contact area is dominant in the friction coefficient, 
the friction coefficient can be calculated as Eq. 26.

We applied the results of oil film analysis in Fig. 11 to 
Eq. 26. Theoretical and experimental friction coefficients 
are compared in Fig. 13. The correlation coefficient is 0.98, 
indicating that Eq. 26 is able to calculate the friction coef-
ficient with good accuracy.

To consider the effect of the viscosity distribution of 
two-phase lubricant oil film on the friction coefficient, we 
calculated the change in the theoretical friction coefficient 
calculated from Eq. 26. The result is shown in Fig. 14a. In 
this calculation, c3 and h3 were the independent variables. 
Also, because of the results in Fig. 10c2 was the dependent 
variable constrained by Eq. 27.

(20)h1v1h + h2v2h + h3v3h = V

(21)�1 = �2 = �3

(22)�1v1h = �2v2h = �3v3h

(23)
�1 =

V
∑3

k=1

�

hk

�k

�

(24)
�1 =

V
∑3

k=1

�

hk

ck�mineral oil+(1−ck)�colored PAG

�

(25)
�1 =

V
∑3

k=1

�

hk

ck�mineral oil+(1−ck)�colored PAG

�

∙
1

exp(�pmean)

(26)
�th =

V
∑3

k=1

�

hk

ck�mineral oil+(1−ck)�colored PAG

�

∙
1

exp(�pmean)

∙
A

W

Figure 14b shows the analytical results for c2.
From Fig. 14a, the guideline for reducing the friction 

coefficient in two-phase flow is clear; the friction coeffi-
cient decreases as the oil film thickens, and the coefficient 
decreases whether the volume concentration of colored PAG 
in the bottom layer c3 is high or low. In the present study, the 
mineral oil (low viscosity and non-polar) and colored PAG 
(high viscosity and high-polarity) were used as lubricants. 
As shown in Fig. 8, colored PAG tends to adsorb on the 
solid surface rather than concentrate in the intermediate oil 
film, indicating a higher concentration ratio of PAG in the 
bottom layer. Therefore, it is reasonable to assume that c3 is 
generally 50 vol% or higher. Therefore, the general design 
strategy for low friction two-phase lubricants is to achieve 
systems that exhibit both high h3 and c3. Figure 14b shows 
the tendency for the volume concentration of colored PAG in 
the intermediate layer c2 to vary with h3 and c3: c2 decreases 
as h3 and c3 increase in the range where c3 exceeds 50 vol%. 
This trend is easily understood as the amount of PAG in the 
intermediate layer decreases when PAG concentrates in the 
bottom layer or when the thickness of such PAG-rich oil film 
increases. When c2 is low, the viscosity of the intermediate 
layer is small. And conversely, the viscosity of the bottom 
layer of the oil film is large. As a result, the shear force in the 
intermediate layer becomes smaller and the layer is easily 
sheared. This is thought to lead to a reduction in the friction 
coefficient. Here, it can be said that a two-phase lubricant 
naturally undergoes an ideal change in which the viscosity 
of the intermediate layer becomes smaller as the thickness 
and viscosity of the bottom layer increase. Here, it is worth 
noting again that the result is obtained with several assump-
tions. Several previous studies have shown that when two 
oils with different dielectric constants are mixed, multiple oil 

(27)cmean =
c1h1 + c2h2 + c3h3

h1 + h2 + h3
= 0.34

Fig. 13  Friction coefficient of friction tests and theoretical calculation
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layers are formed due to the formation of an adsorption layer 
of the oil with the higher dielectric constant [77, 119]. In the 
present study, two different models (i.e., one homogeneous 
oil film and a multilayer oil film) were compared, and the 
multilayer model showed higher fitting accuracy. Therefore, 
the multilayer model is appropriate for the sliding condi-
tions in the present study as in previous studies. On the other 
hand, there should be some limitations to the assumptions, 
such as pressure, sliding velocity, balance between surface 
and liquid surface free energy, and severity of boundary 
lubrication conditions. In addition, changes in some fric-
tion conditions (e.g., very high pressure or very high shear 
rate) will also alter the behavior of the fluid. Therefore, it 
must be remembered that the friction estimation, especially 
Fig. 14, is applicable when the conditions are maintained.

In order to achieve such low friction conditions, the con-
trol of surface energy plays an important role. Generally, in 
two-phase lubricants, the oil with higher viscosity has higher 
polarity. Therefore, a surface with a large hydrogen-bonding 
term in the surface energy should attract high viscosity oil 
molecules and form a thick high viscosity oil film layer on 
the solid surface. As a result, sufficient load-carrying capac-
ity can be achieved. In addition, as mentioned above, the 
attraction of high viscosity oil to the surface reduces the 

concentration of the high viscosity oil in the intermediate 
layer. As a result, the shear force is reduced, allowing it to 
carry a larger velocity gradient, and the friction coefficient 
decreases as a response of the lubrication system (Fig. 15).

Considering actual automobile engine systems, the 
temperature varies with operating conditions. In the pre-
sent study, we clarify the unique behavior of the two-phase 
lubricant at low temperatures, where complete mixing of 
low viscosity and high viscosity lubricants does not occur. 
As a result, a new behavior was found in which high-polar 
high viscosity oil tends to adsorb on solid surfaces, while 
low viscosity oil concentrates between the layers of high 
viscosity oil film. As temperature increases, the solubility 
of the two oils increases. On the other hand, previous studies 
on two-phase lubricants showed that even at 80 °C condi-
tions in nanoscale gaps, there is a separation between a high 
viscosity phase formed on the solid surfaces and a low vis-
cosity phase sandwiched between the two [77]. Therefore, 
although it remains an interesting subject for future studies, 
the new findings on the effect of surface energy on tribologi-
cal behavior described in the present paper can be applicable 
to varying temperature conditions.

In actual machine parts, the effect of additives in oil lubri-
cants is very important. In the present paper, oil lubricants 

Fig. 14  Mappings of a the theoretically calculated friction coefficient and b the volumetric concentration of colored PAG in the intermediate 
layer. Red circles are tested conditions shown in Fig. 13
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Fig. 15  Schematics of the difference in the velocity distribution for a the low hydrogen bond surface and b the high hydrogen bond surface
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without additives are used. Therefore, a clear trend of the 
two-phase lubricant can be shown. Considering additives, 
differences in solubility of additives in the two lubricants 
may influence the friction behavior, especially under bound-
ary lubrication conditions. Peeters et al. simulated the behav-
ior of additive molecules and found that ZDDP additives 
tend to adsorb on the surface with higher surface free ener-
gies [120]. From this result, it can be inferred that additive 
molecules, which generally has several amounts of polar-
ity, dissolve more in highly polar and high viscosity oils. 
As revealed in the present paper, highly polar oils tend to 
adsorb on solid surfaces. Therefore, two-phase lubricants 
are expected to exhibit excellent low friction behavior even 
under additive-containing conditions. The lubrication con-
ditions in the present paper are hydrodynamic lubrication 
conditions. Due to the hydrodynamic lubrication condition 
and the non-additive-containing condition, the present paper 
successfully demonstrate the general trend of the two-phase 
lubricant, while their behavior under boundary lubrication 
conditions is a very interesting future study.

5  Conclusions

In the present paper, the effect of surface energy of solid 
surfaces on the tribological behavior of two-phase lubricants 
is investigated. Using a two-phase lubricant consisting of 
low viscosity non-polar mineral oil and high viscosity high-
polar PAG, the SUJ2 specimen (showing a high hydrogen-
bonding term in the surface energy components) recorded 
the lowest friction coefficient of 0.035, while the superlow 
hydrogen bond coating recorded the highest coefficient of 
0.050. The reflectance spectroscopy of the friction surfaces 
observed in situ were analyzed to calculate the thickness 
of the oil film and the volume concentration distribution of 
the colored PAG. First, the specimens with larger hydrogen-
bonding terms formed thicker oil films. Second, the thick-
ness of the bottom layer and the concentration of PAG in 
the bottom layer were larger for the specimens with larger 
hydrogen-bonding terms. This also resulted in a lower con-
centration of colored PAG in the intermediate layer of the 
oil film. Calculation of the theoretical friction coefficient 
assuming Couette flow reveals important factors that reduce 
the friction coefficient in two-phase lubricant. Similar to the 
experimental results, the higher the PAG concentration in 
the bottom oil layer, the lower the friction coefficient. The 
decrease in PAG concentration in the intermediate layer also 
follows this change, and the shear resistance of the layer can 
decrease. The experimental and analytical results suggest 
that the normal load is supported on the high viscosity oil 
layers formed on the solid surfaces, while the low viscos-
ity intermediate layer undergoes shear due to its low vis-
cosity characteristics, resulting in low friction as a system. 

It should be noted here again that this result is established 
under certain sliding conditions where adsorbed oil layers 
and Newtonian fluid behavior are developed. On the other 
hand, the present paper, while based on these assumptions, 
provides a comprehensive understanding of the effect of the 
multilayer oil distribution on the friction coefficient. It is 
also clarified that surfaces with a large hydrogen-bonding 
term in the surface energy components play an important 
role in the development of this condition.
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