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ABSTRACT – Using an engine oil M16A adding 

aggregate type soft matter additive, high pressure 

density and high pressure viscosity properties have been 

experimentally investigated. Consequently, it was found 

that the engine oil M16A shows the almost same 

pressure viscosity coefficient as comparative PAO 40 

with high viscosity. In addition, entrapped EHL oil film 

formation and its variations over time have been 

examined under impact loading condition. In both of 

M16A and PAO40, decrease in film thickness caused by 

liquid behavior of oil films was observed, and the oil 

film of M16A disappeared quickly compared with 

PAO40 having large lubrication parameter αη0. 

 

1. INTRODUCTION 

In the present investigation, using an engine oil 

adding the soft matter additive which form the 

aggregating film under severe lubricating conditions, 

high pressure viscosity test and high pressure density 

test were carried out, and the elastohydrodynamic 

lubrication (EHL) oil films under the impact loading 

were observed. In comparison with the test results 

obtained by a hydrocarbon synthetic lubrication oil 

polyalphaolefin (PAO), it was examined how the base 

oil and the soft matter additives influence on high 

pressure physical properties and EHL oil film formation. 

 

2. TEST OILS AND THESE REPRESENTATIVE 

PROPERTIES 

Test oil is 5W-40 multi grade engine oil M16A 

adding the soft matter additive which forms aggregated 

films under sever operating condition. Its representative 

properties (ρ: density, ν: kinematic viscosity, VI: 

viscosity index) are shown in Table 1. A polyalphaolefin 

(PAO) 40 with the representative values indicated in 

Table 1 was employed as a comparative test oil.  

 

Table 1 Table caption. 

Oil 
ρ, g/cm3 

at 288K 

ν, mm2/s 
VI 

313 K 373 K 

M16A 0.857 79.0 13.5 174 

PAO40 0.845 395 40.0 124 

 

3. RESULTS AND DISCUSSION 

3.1 High pressure viscosity property of test oil 

In the high pressure viscosity experiments of test 

oil, the high pressure viscometer of the falling-ball type 

designed in Saga University [1] was used. Test 

temperatures were four levels of 283 K, 293 K, 313 K 

and 333 K. Each load of 9.8 kN, 19.6 kN or 29.4 kN 

was applied. The pressure p to each load becomes 0.08 

GPa, 0.17 GPa or 0.25 GPa, respectively. 

Figure 1 shows the experimental results of high 

pressure viscosity test. In the tests with the engine oil 

M16A adding the soft matter additive at the temperature 

of 283 K, when the pressure of 0.25 GPa was applied, 

light quantity through the sapphire observation window 

suddenly decreased. Consequently, the value of 

viscosity could not be obtained. Therefore, the substitute 

experiments at the pressure of 0.21 GPa were 

performed. The measuring result is also shown in the 

figure. Pressure viscosity coefficient α [GPa-1] showed 

in the figure was calculated based on the values of high 

pressure viscosity. Solid line and broken line are 

approximation straight lines obtained by applying the 

values of pressure viscosity coefficient to Barus 

equation. The pressure viscosity coefficients of M16A 

indicate almost the same values as PAO 40. 

 

 
Figure 1 High pressure viscosity of test oils. 

 

3.2 High pressure density property of test oil 

For measuring high pressure density of test oil, 

high pressure densitometer of plunger type designed in 

Saga University [1] was employed. Two milliliters of 

test oil was poured into the pressure vessel of the high 

pressure densitometer. While the load in the range from 

4.9 kN to 147 kN was continuously applied to the test 

oil, pushing depth of the plunger was measured at every 

load increase of 4.9 kN. From the measuring depth 

volume V [mm3] and density ρ [g/cm3] of test oil were 

obtained, and then the relations of these values with the 

pressure were examined. Test temperatures of M16A 

were 283 K, 293 K, 303 K and 313 K. In the case of 

PAO 40, these were set at 263 K and 283 K. 

From the results of the high-pressure density test, 

the bulk modulus K [GPa] was calculated [1], and the 

relations between the bulk modulus and pressure in the 
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test oils were examined. In the engine oil M16A, when 

the pressure exceeded 0.6 GPa, the difference in the 

increase rate of the bulk modulus was found depending 

on test temperature. Namely, in the temperature of 263 

K, 268 K, 273 K and 283 K, bulk modulus rapidly rose 

at the pressure of 0.69 GPa, 0.75 GPa, 0.81 GPa and 

0.92 GPa, respectively. In the test with PAO40, when 

the test temperatures were 263 K and 283 K, the same 

phenomena were observed at the pressure of 0.57 GPa 

and 0.94 GPa. These pressures where the abrupt 

changes in the bulk modulus occurred were regarded as 

the viscoelastic solid transition pressure pVE [GPa] to the 

test temperatures. 

 

3.3 Phase transition diagram of test oil 

Viscoelastic solid transition temperature TVE0 [K] 

at atmospheric pressure is measured by the low 

temperature photo-elasticity test [1]. From the transition 

temperature in atmosphere and the viscoelastic solid 

transition pressures, the phase transition diagram of test 

oil can be produced. Figure 2 shows the phase transition 

diagrams of the test oil M16A and the comparative oil 

PAO40. Plot dots in the figure represent measured 

values. Using these values, the viscoelastic solid 

transition temperature TVE [K] derived by least square 

method is given by below equation. 

( )pAATT
VEVE

++=
210

1ln  (1) 

Where p is pressure with unit of [GPa]. Coefficients for 

the test oil M16A are A1=1057 K and A2=0.066 Pa-1. In 

the case of PAO40, A1 and A2 are 87K and 1.663 Pa-1. 

The values of the viscoelastic solid transition 

temperature TVE0 at atmospheric pressure for M16A and 

PAO40 are 222 K and 207 K, respectively. 

 

 
Figure 2 Phase transition diagrams of test oils. 

 

3.4 Entrapped EHL oil film observation test under 

impact loading 

Using the impact loading testing machine 

combining interference type film thickness measuring 

device, EHL oil films were observed [2]. Test 

temperature was kept at 293 K. The load of 73.4 N was 

applied. In this instance, maximum Hertzian pressure pH 

in a stationary state is equivalent to 0.64 GPa. Steel ball 

with a diameter of 23.8 mm was impacted on a pyrex  

glass plate with a diameter of 45 mm and thickness 

5 mm. Young modulus E and poisons ratio ν of the glass 

are 63.7 GPa and 0.2 respectively. Gap between the 

steel ball and the glass is 60 μm. Chromium coating 

with thickness of 50 nm was deposited on the glass 

contact surface. Wavelength of light source through the 

red filter is 0.6 μm. The reflection factors of test oil 

M16A and comparative synthetic oil PAO40 are 1.47 

and 1.48, respectively. Therefore, the interference 

fringes of both test oils appear at interval of film 

thickness of about 0.2 μm. 

Figure 3 shows interference fringe observation 

photos at the times of 1 s and 60 s, 90 s after impact 

loading. In the phase transition diagrams of Figure 2, 

the test point at the pressure of 0.64 GPa and the 

temperature of 293 K is represented by red point. In 

both M16A and PAO40, the changes in the interference 

fringes caused by oil outflow were observed, and so it 

was suggested that the variations in entrapped EHL oil 

films relate to liquid behavior of the oil films indicated 

in the phase transition diagram. After 1 second, the oil 

film thickness of PAO40 was thicker than M16A. In the 

engine oil M16A, whole of the circle area with radius of 

about 0.1 mm from central of oil film showed dark 

stripe. It was predicted that the entrapped EHL oil film 

of M16A is affected by the behavior of aggregated type 

soft matter. The dark stripe at the time of 90 s 

represented distorted shape, and the flat oil films 

disappeared quickly compared with PAO40. 

 

   

   
Figure 3 Interference fringes under impact contact. 

 

4. CONCLUSION 

The engine oil M16A adding the molecule 

aggregate type soft matter additive showed almost the 

same pressure viscosity coefficient as the comparative 

synthetic oil PAO40. In the both test oils, the decreasing 

process of the entrapped EHL oil films caused by the 

liquid behaviour of oil film were observed. In the case 

of M16A, the entrapped EHL oil films disappeared 

faster than PAO40 with high viscosity. 
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