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Abstract: With the growing demand in both lubrication performance and environmental 

protection, it is eager to seek novel lubricant additives of good oil miscibility and high tribological 

efficiency but without harmful elements such as sulfur and phosphorus. As a recently developed 

material with superlubricity (μ < 0.01), 1,3-diketone EPND (1-(4-ethyl phenyl) nonane-1,3-dione) 

could modify the contacts of steel surfaces through the tribochemical reaction with iron and also 

exploit strong intermolecular forces to control the near surface fluid interactions. Owing to its oil-

soluble nature, EPND also shows the potential functioning as an additive in lubricating oils. In this 

study, EPND was introduced into both pure base oils and fully-formulated oils to evaluate its 

performance as a novel friction modifier. The results suggest that with small influences on the 

viscosity and oxidation stability in the blended oil, EPND leads to an effective friction reduction 

in both boundary and mixed lubrication regimes. Moreover, the addition of EPND enhances the 

oil extreme pressure capacity as well. This work indicates that 1,3-diketone is a promising friction 

modifier even in the presence of some other commercial additives. 

Keywords: 1,3-diketone; oil-soluble additives; friction reduction; extreme pressure capacity 
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1 Introduction  

Friction is crucial for the energy efficiency and material durability of mechanical systems. The 

development of complex oil chemistries has been the most effective strategy to reduce friction 

when metal-metal contact occurs. In recent years, the use of lubricants with lower viscosity has 

become an important trend to reduce hydrodynamic friction losses[1]. However, in the boundary 

and mixed lubrication regimes where the lubricating oil cannot form a sufficiently effective film 

at the interface of friction pairs to prevent direct solid-solid contacts the lubricant chemistry 

becomes very important. Thus the development of high-performance friction modifiers (i.e. 

lubricant additives for friction reduction) becomes more and more significant[2]. 

One class of highly efficient friction modifier is the organomolybdenum compound, such as 

molybdenum dithiocarbamate (MoDTC)[3] and molybdenum dialkyldithiophosphate (MoDTP)[4]. 

This class of additive can reduce friction and wear by the formation of a protective film containing 

MoS2 and other molybdenum oxides[5]. However, both sulfur and phosphorus are harmful elements 

for the environmental concern. Ashes formed by molybdenum can also damage the 

biodegradability of the oil[6]. In the last two decades Ionic liquids (ILs), a novel developed group 

of lubricant additives such as pyrrolidinium[7], ammonium[8] and imidazolium[9] salts, can 

effectively form strong adsorption films on the rubbing surfaces due to their high polarity. But 

their corrosion inhibition and compatibility with other surface-adsorbing additives needs further 

investigation[10]. In contrast to soluble organic friction modifiers, nanoparticles such as metals[11], 

metal oxides[12] and carbon materials[13-14] have been developed to manage tribology in mechanical 

processes such as rolling effect, protective film, mending effect and polishing effect[15]. However, 

the homogeneity and stability of their dispersion in base oils are still a major challenge for 

commercial applications[16]. 
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Another novel class of lubricating material is liquid crystals (LCs), which exhibit a mesophase 

between the liquid and the crystalline phase. Owing to their high polarity and molecular orientation, 

liquid crystals exhibit attractive tribological properties both as base oil and as lubricant additives[17]. 

Luo et al.[18-20] found that when a nematic liquid crystal 5CB (4-n-pentyl-4'-cyanobiphenyl) was 

added to hexadecane, the lubricant film became thicker but the coefficient of friction (COF) was 

even significantly reduced. This actually contradictory behavior was explained by the thin film 

lubrication theory where molecules attach themselves to the surface and the shear induces a 

specific molecular orientation. Gao et al.[21] reported that the adsorption of 5CB on the sliding steel 

surfaces play an important role in the friction reduction. Itoh et al.[22] also found that the slip of the 

5CB layers adjacent to the substrate leads to low friction and high load capacity. 

Therefore, the development of effective oil-soluble additives without environmentally harmful 

elements is of great significance. The additives which have both strong solid-fluid interactions and 

intermolecular interactions like liquid crystals are especially preferable. In our prior work[23-31] a 

synthetic 1,3-diketone (1-(4-ethyl phenyl) nonane-1,3-dione) oil (abbreviated as EPND) has been 

discovered as the first oily material of superlubricity achieved through experimental methods on 

the macroscopic scale. This molecule exhibits a rod-like structure similar to 5CB and supplies a 

high intermolecular force like liquid crystals[28]. It can reach an ultralow COF (≈0.005) on steel 

surfaces after a certain running-in period in both tribological reciprocating[28-31] and rotating[23-27] 

systems. Its superlubricity is attributed to two effects (Figure 1): (1) Through chelating with iron, 

the tribochemical reaction between EPND and the steel surface eliminates solid contacts and leads 

to a full fluid film[30]; (2) The chemisorption of EPND on steel surfaces and its strong 

intermolecular interactions facilitate the molecular alignment and smaller shear resistance[25, 28]. 
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Although this 1,3-diketone has attracted more and more research interest[32-33] and shows 

excellent lubricity especially for applications with relatively low contact pressure (e.g. plain 

bearings[27]), other aspects of a lubricant such as anti-oxidation, oil detergency, low temperature 

fluidity and extreme pressure capacity must be also taken into account. Moreover, as a synthetic 

material, its high preparation cost needs to be considered as well for industrial applications. Thus 

it is meaningful to explore it in the field of lubricant additives. As 1,3-diketone functions mainly 

via the tribochemical reaction on the steel surface and the control of fluid near the surface, it is 

reasonable to hypothesize that 1,3-diketone could still work positively at the solid-fluid interface 

when it is used as additives. It is expected that the addition of a small amount of 1,3-diketone 

would improve lubrication but not degrade other physical or chemical properties of base oils. 

The present work aimed at the performance evaluation of 1,3-diketone functioning as a friction 

modifier in oils of different viscosities under various operating conditions. Two pure 

polyalphaolefin (PAO) oils with low (PAO2) and high (PAO8) viscosity were selected as the base 

oils. To study its performance in the presence of other additives, EPND was also introduced into 

two commercial fully-formulated oils with the same viscosity as PAO2 and PAO8. The rheological 

properties, oxidation stability and Stribeck behavior of the prepared hybrid oils were analyzed. 

Their friction and wear performance in different lubrication regimes and their extreme pressure 

behavior were assessed. 

 

2 Materials and methods 

The studied 1,3-diketone EPND was synthesized via a Claisen condensation reaction, and the 

detailed synthesis procedure was described in our prior work[30]. Two pure PAO base oils (PAO2 

and PAO8 from Exxon Mobil) and two fully-formulated oils (Great Wall 4121, a precision 

instrument oil from SINOPEC; Summit SH46, an air compressor oil form Kluber) were selected 
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as the lubricating oils. As the normal content of lubricant additives is less than 5%, the doping 

concentrations of EPND studied here were 1% and 5% in weight. After the homogenization in an 

ultrasonic bath for 10 minutes, well-dispersed hybrid oils were prepared, which showed no phase 

separation for several months. 

The dynamic viscosities of studied oils were measured using a rotary rheometer (MCR102, 

Anton Paar) with a cone-plate geometry. The testing temperatures varied from 20°C to 120°C at a 

constant shear rate of 1000 s-1. Each sample was tested for five times. 

The oxidation stability of studied oils was determined using a differential scanning calorimetry 

(DSC, Q2000, TA Instruments). The oil samples were heated from ambient temperature (25°C) to 

320°C under a flow of oxygen gas (50 mL/min). Due to the exothermic nature of the oxidation 

reactions, the oxidation of the sample was observed as a sharp increase in the energy flow where 

the oxidation induction temperature (OIT) was obtained. For each sample the average OIT value 

of five repeated measurements was recorded. 

Friction tests were performed in a rotating ball-on-3-pin geometry (Figure 2a) using the 

tribological measuring cell of a rotary rheometer (MCR302, Anton Paar) at room temperature (~ 

25°C). The contact of the ball (diameter = 12.7 mm, Ra = 0.03 μm, Rz = 0.13 μm) and the pin 

(diameter × length = 6 × 6 mm, Ra = 0.2 μm, Rz = 1.43 μm), both made of bearing steel (GB GCr15, 

i.e. DIN 100Cr6), was always immersed by the tested oil. The oil behavior was analyzed by 

plotting a Stribeck diagram from the speed of 1 mm/s to 1400 mm/s at a constant load of 0.5 N 

(i.e. the maximum contact pressure of 317 MPa). The 1-hour duration friction tests were performed 

under 0.5 N load at 100 mm/s and 1000 mm/s respectively. All friction tests were repeated five 

times. 
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The worn morphology of all tested ball and pin specimens were analyzed using a laser 

microscope (VK-X1000, Keyence). The worn volume of pin specimens was calculated by the 

equipment software itself. 

The oil extreme pressure (EP) behavior was examined by a 4-ball tribometer (Figure2b, MFT-

4BM, Rtec-Instruments) according to the GB12583 standard (similar to ASTM D-2783). At room 

temperature (~25°C), a series of tests were made at 1760 rpm for 10 seconds under certain 

increasing specified loads (e.g. 431 N, 461 N, 490 N, 510 N and so on). Once the generated wear 

scar diameter under which load (e.g 490 N) exceeded 5% of the specified value under this load, it 

indicated the occurrence of the seizure and the former load (e.g. 461 N in this case) was considered 

as the maximum non-seizure load (PB). Each oil sample was tested five times, in which the 

measured wear scar diameters showed a little bit different but it was found that they all referred to 

the same specified PB level according to the GB12583 standard. 

 

3 Results and Discussion 

3.1 Rheological Properties and Oxidation Stability 

The viscosity-temperature curves of studied oils measured using the rheometer are illustrated in 

Figure 3. Since the doping contents were only 1% and 5%, the addition of EPND did not obviously 

affect the viscosity of the original oils in the entire testing temperature range from 20°C to 120°C. 

Since all subsequent tribological tests were carried out at room temperature, a comparison of 

viscosity values at 25°C is also shown in Figure 4. EPND has a very similar viscosity (7 mPa·s) 

to PAO2 and 4121, so its incorporation has no influence on the viscosity of this low viscous (LV) 

group. As for the high viscous (HV) group (i.e. PAO8 and SH46), owing to the much bigger 

viscosity difference the viscosity reduction of hybrid oils was measurable. For instance, compared 
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to SH46, the viscosity of SH46+5%EPND was decreased by 6% from 78 mPa·s to 73 mPa·s, 

which might consequently influence their tribological performance. 

The oxidation stability of lubricating oils was measured using DSC. Figure 5 describes the DSC 

curves of PAO2, 4121 and EPND as the example. As a fully-formulated oil, 4121 probably 

contains anti-oxidation additives and shows the best oxidation stability with an OIT of 228.8°C. 

EPND has a lower OIT (179.6°C) than that of PAO2 (202.7°C) may be due to the unsaturation of 

its carbonyl groups. The second exothermal peak of EPND might be attributed to the enol form 

tautomer of 1,3-diketone, which has an intramolecular hydrogen bond with better stability than the 

keto form tautomer[29]. Figure 6 summarizes the OITs of all studied lubricating oils. It suggests 

that the degradation of oxidation stability induced by the incorporation of EPND was small. The 

biggest difference in OIT was between sample SH46 and SH46+5% EPND, which was still less 

than 10°C. 

3.2 Tribological Performance 

Figure 7 depicts the Stribeck curves of studied oils measured by the ball-on-3-pin tribological 

cell. To make the curve cover more regions of different lubrication regimes, a very small load (0.5 

N) and a very wide velocity range (1 ~ 1400 mm/s) were applied. Since the tribochemical reaction 

between EPND and steel could change the contact morphology and contact pressure of two sliding 

surfaces[30], a very short testing time (40 s) was used in each Stribeck measurement. In this way 

the influence of the change in friction pairs was eliminated and it was assumed that all the obtained 

curves were just due to the properties of the oil itself. 

Figure 7a shows that although EPND has a similar viscosity to PAO2, it behaved a much lower 

COF value than PAO2 over the entire speed range. This result shows a good agreement with the 

previous study using a ball-on-disc rotating measurement[25], which is attributed to the surface-
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adsorption (proved by both X-ray photoelectron spectrometry and time-of-flight secondary ion 

mass spectrometry[23]) and molecular alignment (revealed by both molecular dynamic 

simulations[28] and shear-thinning behavior[25]) of EPND like the “smart lubrication” of 5CB 

proposed by Nakano et al.[34-36]. When EPND was introduced into the LV group (Figure 7a and 

7b), in PAO2 1% EPND made a change at lower velocity of < 600 mm/s but for 5% there was a 

change across almost all velocities. For 4121 there was no change at 1% at all and at 5% a small 

change at < 500 mm/s, indicating that other additives in 4121 may have an effect. In general, the 

introduction of EPND led to the friction reduction, especially at low velocities. The reason is when 

the hydrodynamic effect is weak, EPND has better ability to form the oil film. This point has been 

witnessed by the thicker film thickness of 1,3-diketone than PAO2 at low velocities measured 

using a relative optical interference intensity method[23]. 

However, the situation for the HV group (Figure 7c and 7d) was quite different. The 

incorporation of EPND increased the friction in the boundary lubrication regime (e.g. 100 mm/s) 

and decreased the friction in the hydrodynamic lubrication regime (e.g. 1000 mm/s). Compared to 

the LV group, the viscosity change caused by EPND played a more important role. The 

performance of the HV group followed the regular correlation of viscosity, velocity and COF, i.e. 

the oil with lower viscosity behaves higher COF at low velocities and lower COF at high velocities. 

To investigate the long-term performance of studied oils, 1-hour duration friction tests were 

operated under the load of 0.5 N at constant speeds (Figure 8). Based on the results in the Stribeck 

test, hybrid oils with 5% EPND were selected and measured to show a more obvious influence of 

the 1,3-diketone additive on the COF. In order to analyze its performance in different lubrication 

regimes, the friction tests were operated at both velocities of 100 mm/s and 1000 mm/s. The wear 

scars of all pin specimens after the friction tests were observed using a laser microscope and the 
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wear volume of each pin was calculated by the software (Figure 9a). The total wear volume of the 

three pins from each test is summarized in Figure 10. 

For the LV group, the COF of PAO2 and 4121 kept nearly constant during the test at both 100 

mm/s and 1000 mm/s (Figure 8a and 8b). When 5% EPND was applied, a running-in process could 

be found accompanied with the reduction of friction and the increase of wear. This phenomenon 

was more obvious at 100 mm/s (e.g. the maximum COF reduction was more than 50% in the case 

of 4121 at 100 mm/s), presumably because the solid-solid contact was more severe and the induced 

asperity flash temperature supplied more energy for the tribochemical reaction between 1,3-

diketone and steel surfaces, which has been proved to be thermally activated in our prior work[30]. 

Here it should be also noted that although the introduction of EPND generated more wear, this 

tribochemical process could be stopped automatically as soon as the contact pressure was lowered 

enough to allow the separation of sliding surfaces by a lubricant film. Prior work has proved that 

the ultralow friction (COF = 0.005) of pure EPND can be maintained for more than 100 hours and 

the wear is self-limited after the running-in period[30]. In practical applications, low viscous oils 

such as 4121 are mainly used for the lubrication of precision instruments, which normally work at 

low loads/high speeds and place very high demands on the minimization of friction. Hence in view 

of long-term operation or even lifetime lubrication the friction reduction induced by EPND will 

be extremely beneficial and the “sacrificial” wear during the running-in will be self-limited. 

For the HV group, when the sliding velocity of 100 mm/s was applied (Figure 8c), although 

PAO8+5%EPND and SH46+5%EPND have lower viscosity than their original oils, the 

tribochemical reaction of EPND still resulted in a lower COF. As this running-in process was very 

short (~20 minutes), the generated wear scars were too shallow to calculate their wear volume 

(Figure 9b). In the case of 1000 mm/s (Figure 8d), all tested oils show constant COF values. The 
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slightly lower friction of PAO8+5%EPND and SH46+5%EPND might be mainly due to their 

lower viscosity (i.e. smaller shear resistance). Similarly, the wear volume of their scars were also 

very small and undetectable. 

Unlike the LV group, the HV group is usually applied in the operating conditions with relatively 

high load and low speed. For instance, SH46 is a typical lubricating oil for the screws of air 

compressors, in which the extreme pressure capacity is an important property. Therefore, the 

maximum non-seizure load (PB) values of the HV group were measured according to the referred 

standard using a 4-ball tribometer. After tested under a certain load for 10 s, the balls were analyzed 

by the laser microscope (Figure 11). Once seizure occurred, a dramatical increase of the wear scar 

diameter cloud be observed. The PB values of tested oils are summarized in Figure 12. Owing to 

its EP additives, SH46 showed much higher PB (618 N) than the one of PAO8 (431 N). When 5% 

EPND was added, the PB values were enhanced to 696 N in SH46 and to 530 N in PAO8 

respectively. This improvement should be due to the strong surface adsorption of EPND, which 

effectively enhances the resilience of the base oil. 

 

4 Conclusions  

The present work investigated the lubrication improvement of 1,3-diketone EPND as a novel 

friction modifier for lubricating oils. Its influences on oil viscosity, oxidation stability, Stribeck 

behavior, friction/wear and extreme pressure capacity were evaluated. The main conclusions 

drawn from the results are as follows: 

• EPND is preferable to be blended into oils with similar low viscosity such as PAO2, 

because the range of incorporation ratio could be wide without the concern of viscosity 
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change. However, when EPND is introduced into high viscous oil the viscosity change 

needs to be considered. 

• Although EPND itself shows a little worse oxidation stability than PAO base oil, it has a 

very small influence in the blended oil when applied as a lubricant additive. 

• In the boundary lubrication regime EPND functions mainly through the tribochemical 

reaction, in which the friction reduction and the acceptable “sacrificial” wear needs to be 

carefully balanced; in the mixed lubrication regime EPND functions mainly via its surface-

adsorption and molecular alignment; in the hydrodynamic lubrication regime the effect of 

EPND is small. 

• Owing to its strong adherence on steel surfaces, EPND could also greatly enhance the oil 

extreme pressure capacity. 

• Although the composition of existing additives in 4121 and SH46 are unknown, no 

obvious antagonism for EPND have been found. In the future work other aspects such as 

oil detergency, anti-corrosion and low temperature fluidity should be further studied to 

explore optimal formulated oils. 
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Figure 1. Superlubricity of 1,3-diketone EPND on steel surfaces in a tribological reciprocating 

system (50 N, 50 Hz, 1 mm, 90°C), adapted from Ref. [28] and [30]. 
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Figure 2. (a) A ball-on-3-pin tribological cell for Stribeck curves measurements and 1-hour 

duration friction tests. (b) A 4-ball tribometer for extreme pressure capacity measurements. 
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Figure 3. Viscosity-temperature curves of studied oils. 
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 Figure 4. Viscosities of studied oils at 25°C. 

 

  



 20 

 

Figure 5. DSC curves of PAO2, 4121 and EPND for measuring their oxidation induced 

temperatures (OITs). 
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Figure 6. Oxidation induced temperatures of studied oils. 
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Figure 7. Stribeck curves of studied oils from 1 mm/s to 1400 mm/s (0.5N and 25°C). 
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Figure 8. 1-hour duration friction tests of studied oils at 100 mm/s (a and c) and at 1000 mm/s (b 

and d). 
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Figure 9. Illustration of pins after 1-hour duration friction tests with detectable wear volume (a) 

and undetectable wear volume (b). 
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Figure 10. Total wear volume of three pins after 1-hour friction test (the wear volume value of all 

samples in the HV group were undetectable). 
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Figure 11. Illustration of balls after 4-ball tests without seizure (a) and when seizure occurred (b). 
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Figure 12. Maximum non-seizure load (PB) values of the HV group. 

 


