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Abstract

:

The replacement of conventional lubricants with esters is an alternative to provide a low environmental impact and at the same time excellent lubricity features, the high solubility of additives, good viscosity index, low volatility, and high thermal stability. Friction modifiers and antiwear/extreme pressure additives are extensively used to save energy and increase operational life in machine components. In this study, the lubricity of a Group IV base oil containing ester and various benchmark friction modifiers and/or antiwear/extreme pressure additives is measured to evaluate the influence of the ester on the tribological performance of the mixture components. The tribological performance is discussed based on the tabulation of the traction coefficient using a Mini-Traction-Machine and on the measurement of the specific wear rate from the wear scar of the experimental studies using an optical profilometer. In general, results show synergies between the ester and the additive formulations, reducing the wear rate to 75% and decreasing the traction coefficient a 20 to 50%, depending on the evaluated additive.
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1. Introduction


Along with the advancement of the modern automotive industry, and the exponential transformation of the internal combustion engine vehicles (ICEVs) fleet into hybrid and electric vehicles, fluids have to offer higher levels of performance and lower the life cycle cost (LCC) [1]. Current automotive lubricants are characterised to be low-viscous [2] and they are usually composed of a base oil containing a large amount of additives. One of the main objectives of using lubricants in automotive is to improve fuel efficiency by reducing frictional losses and increase the operational life by minimising wear, in increasingly harsh operating conditions, improving the life cycle assessment (LCA) of some mechanical parts [3,4]. Some studies show that for a model of a fully electric car from 2017, the frictional losses generated in the engine and transmission represent an intake of 2% of the total energy delivered from the batteries, including the recovered energy [3]. Taking action to decrease friction could be reflected in savings of up to 9% of global energy use [5]. Regarding the base oil, the conventional choices are synthetic-based, mainly polyalphaolephines (PAOs), which belong to Group IV base stocks according to the American Petroleum Institute (API) classification, and mineral oil-based lubricants due to their good performance on final application [6]. One of the biggest challenges is the development of a new generation of eco-friendly base stocks that could replace the current ones which suppose threats to the environment with the increased environmental awareness as a primary driving force. Synthetic esters (SEs) are gaining prominence as environmentally acceptable lubricants due to their no toxicity, excellent biodegradation and the possibility to achieve tailor-made properties at the same or higher level of performance as conventional lubricants [7].



The driving force in this study is the increasing demand of SEs, which belong to Group V base stocks, to form semi-synthetic lubricants that can meet and fulfil the upcoming requests from the higher performance electric vehicles operation specifications, such as the higher torque in low-temperature operative ranges compared with conventional vehicles [8]. Specifically, on bearing systems where the temperature range is comprised between 30 and 160 °C on some types of motor rotors [9]. It is well known that substantial improvements and optimisation of the engine oils and transmission fluids can be achieved when these compounds are incorporated into PAO formulations. Some biodegradable engine lubricants composed of 1:1 mixtures of esters with PAOs and conventional additives have been tested demonstrating better tribological performance and environmental compatibility [10]. Compared with low molecular weight PAOs, esters offer less volatility and higher solubility due to higher polarity. Additionally, PAOs tend to shrink rubber seals. On the other side, esters are less hydrolytically stable and may show lower oxidative stability. In comparison with mineral oil-based lubricants, SEs offer higher polarity and seal compatibility [11]. In addition, they offer better lubricity and antiwear properties, high thermal stability and conductivity, higher specific heat, environmental compatibility, and high-temperature operation range, among others. In general, SEs have analogous performance as mineral oils [12]. These properties offer promising applications in the automotive sector. For instance, by increasing the electric vehicles (EV) autonomy, and reducing the weight and waste by unifying the vehicle fluids in innovative drivetrain configurations [13]. On the contrary, the cost of esters limits its use, but considering that SEs may require less maintenance, the total energy and machine downtime savings, the cost difference can be misleading. An optimum point between environmental compatibility, performance and cost often has to be searched [14].



This paper is focused on the behaviour of an ester in presence of friction modifier additives, which can drastically reduce friction and keep it stable [15], and on antiwear additives due to the use of slim lubricants, in order to assure assembly integrity under the applied conditions [16]. Since lubricant additives are designed to optimise work with conventional base oils and improve tribological performance, a great number of experimental studies are available to investigate the compatibility between additives and base oils. However, to the best of our knowledge, studies aimed at understanding the effect of the esters in friction modifiers and antiwear additives have not been widely reported and the research completed cannot be generalised owing to the broad range of additives. For instance, it was found that the lubrication performance of various fatty acids and amines formulated in a polyol ester oil, is highly influenced by structural differences, such as chain length or unsaturations [17] but the influence of the ester performance on the mixture has not been evaluated. Furthermore, the tribological compatibility of a trimethylolpropane (TMP) ester as an additive in a PAO formulation containing glycerol mono-oleate (GMO), molybdenum dithiocarbamate (MoDTC) or zinc dialkyldithiophosphate (ZDDP) was also studied but the main scope was on the influence on DLC coated steel where the ester is more effective by itself [18]. In addition, it was found that under reciprocating conditions, controlled amounts of the ester can improve the lubricant performance, but they can also decrease the activity of the MoDTC additive [19]. The friction performance of molybdenum dithiophosphate (MoDTP) was also studied in an ester-containing lubricant by means of a reciprocating contact. Additionally, high concentrations of ester reduce the additive activity [20].



The aim of this paper is to evaluate the effect of a Group V ester on the tribological performance of some conventional benchmark antiwear and/or friction modifier additives, in front of steel, when it is incorporated into a Group IV base stock PAO 6 in comparison with a pure PAO 6 formulation in sliding/rolling conditions. This study is performed by means of a Mini-Traction-Machine, reproducing the possible mechanical contact mechanisms found in an EV with the test conditions, and profilometry analysis. Some studies, using this technique on steel surfaces, have been previously reported. For instance, in this study [21] where the most effective conditions of fourteen friction modifiers of various families were identified. In addition, this technique was used in a study where a synergistic tribochemical impact of some aminic friction modifiers in combination with ZDDP in PAO 4 on tribological performance was determined through severe sliding/rolling conditions [22].




2. Materials and Methods


2.1. Test Base Fluids and Additives


The base stocks used throughout the study consist of a Group IV polyalphaolefine 6 (PAO 6), and a blend (BO) Group V ester (from Industrial Química Lasem, Castellgalí, Spain) with PAO 6 at the same weight proportion. The kinematic viscosity properties of the base stocks are summarised in Table 1. The base oil was specifically designed to solubilise a 1% (%w/w) of all the additives under study. In order to just study the ester effect and not interfere with the evaluation, the final kinematic viscosity of both, PAO 6 and BO formulations, are not adjusted. The final formulations had the same kinematic viscosity as the raw base stocks.



Five commercially available AW and/or FM benchmarking additives were evaluated, see detailed description in Table 2. The molecular structure of each additive used is depicted in Figure 1. All these additives are intended for the automotive sector among other applications.




2.2. Test Materials


AISI 52100 was used as reference material for steel (MTM specimens are provided by PCS Instruments Ltd, London, UK; SRV specimens are provided by Optimol Instruments Prüftechnik GmbH, Munich, Germany). This steel grade is used in several mechanical components of engines and transmissions. AISI 52100 steel balls and discs were used to simulate steel–steel contacts. The chemical composition and main properties are summarised in Table 3 and Table 4 correspondingly. The surface roughness and hardness of SRV specimens are provided by the supplier. Conversely, the surface roughness value of MTM specimens is experimentally measured with the optical 3D measurement instrument AliconaInfiniteFocusSL (Bruker Corp., Billerica, MA, USA). Additionally, materials hardness is experimentally measured, in triplicate, with a microhardness tester FM-700 (Future-Tech Corp., Kawasaki, Japan).




2.3. Test Method and Conditions


2.3.1. Tribological Behaviour


The characterisation of the tribological performance of the additives was performed by monitoring the traction coefficient through a set sliding/rolling contact generated between a steel disc and a steel ball using a Mini-Traction-Machine (MTM2; PCS Instruments, London, UK), represented in Figure 2. This apparatus is controlled with software which allows setting the load, the fluid temperature and the ball and disc rotational speeds.



Test conditions are shown in Table 5. The temperature was set at 80 °C, a value comprised on the bearing’s operative temperature and a reference value on lubricity and bearing studies [24,25,26]. Fresh ball and disc specimens were used for each test. Before each test, they are immersed in heptane in an ultrasonic bath for six minutes. The test was run for 240 min. Each additive was tested in triplicate in order to ensure good repeatability.



All tribotests were carried out at an applied load to ensure the same theoretical contact diameter of 250 μm. The initial contact pressure for the 19 mm diameter balls employed, based on Hertzian law calculous, is 0.95 GPa.



Traction coefficient is obtained from the relation of measured friction force and applied load.




2.3.2. Evaluation of ZDDP Activation Conditions


The activation study of the extreme pressure and antiwear additive was performed following the DIN Standard 51834-2. It was performed by subjecting it under reciprocating sliding conditions with a punctual contact between a steel disc and a steel ball using an SRV® 5 tribometer (Optimol Instruments Prütechnik GmbH, Munich, Germany), represented in Figure 3.



Test conditions are in Table 6. Fresh 10 mm diameter ball and disc specimens were used for each test. Before each test, they are immersed in heptane in an ultrasonic bath for six minutes. The test was run for 120 min. Each load was tested in triplicate in order to ensure good repeatability.




2.3.3. Wear Behaviour


The characterisation of wear behaviour of the final formulations was performed. After the tests, specimens are cleaned by immersing them in an ultrasonic bath with heptane and analysed with a S neox 090 3D optical profilometer instrument (Sensofar Metrology, Terrassa, Spain). The scar profiles from disc specimens were obtained from 2 × 2 mm topographic images of the worn surfaces with a 100× magnification. Topographic images were processed, via SensoView v1.9 software (Sensofar Metrology, Terrassa, Spain), to obtain a mean profile of the surface where the cross-section area of the modified surface can be measured. Four topographic images are recorded for each disc, as represented in Figure 4.



The mean cross-section area is multiplied by the corresponding track perimeter to obtain the scar volume. Finally, by dividing the worn volume by the total sliding distance and the applied load, the specific wear rate is obtained.






3. Results


The friction behaviour of the different additives is summarised in Figure 5, where a representative traction curve for each formulation is represented, due to no significant differences between replicates.



After the sliding/rolling test, the surface profilometries of the cleaned discs and balls, used with the final formulations, were completed. The overall average wear rates are represented in Figure 6.



The traction curve of PAO 6 shows a constant increase in the traction coefficient until 0.135 with a sharp oscillation around 120 min. When the ester is added, the traction curve lows the slope, stabilising the traction coefficient around 0.093, since the minute 60 (Figure 5). The evaluation of the disc surface used in PAO 6 test, shows a wear rate value of 1.01 × 10−6 mm3·m−1·N−1. When ester is added, the wear rate decreases to 4.89 × 10−7 mm3·m−1·N−1 (Figure 6).



When ZDDP additive is added to PAO 6, a noticeable increase in the traction coefficient is observed during the first 60 min to finally stabilise around 0.141, the highest value of this study. When an ester is added to the formulation, the traction coefficient is reduced, and it is stabilised around 0.083 (Figure 5a). The behaviour of the traction curve is similar to the observed in the BO traction curve, but the result is even lower. The evaluation of the disc surface after the test under ZDDP in PAO 6 gives a wear rate value of 1.09 × 10−6 mm3·m−1·N−1, showing no significant change, compared with the PAO 6 wear rate. Conversely, when the ester is added, the obtained wear rate value is 2.55 × 10−7 mm3·m−1·N−1 (Figure 6) improving the results obtained in all the previous formulations, PAO 6; BO; and ZDDP + PAO 6. In order to check the activity of the ZDDP additive, the wear behaviour of the same ZDDP in BO formulation was tested using the DIN 51834-2 as standard at 55 and 275 N by triplicate, observing the antiwear performance of this additive improves when conditions are harsher, see Figure 7.



In the case of the MoDTP additive in PAO 6, the traction curve shows a sharp increase during the first 20 min and then it decreases slowly until a final value of 0.087. A clear traction reduction and a change in the behaviour of the traction curve compared with PAO 6 is observed. When ester is added, the traction coefficient increases to 0.110 (Figure 5b), a higher value compared with the previous formulation and the BO. The behaviour of the traction curve is like the observed in the ZDDP in PAO 6 mixture. The wear rate values of the MoDTP in PAO 6 and MoDTP in BO are 1.09 × 10−7 and 2.68 × 10−7 mm3·m−1·N−1 correspondingly (Figure 6). A great protection against wear is observed and it is similar in both cases, improving the performance of both base stocks.



When OFM additive is added to PAO 6, a clear decrease in the traction coefficient is observed until a final value of 0.048. During the test, the traction coefficient decreases following a slight slope and shows a broad oscillation, an undesired result. When an ester is added, the traction coefficient increases to 0.083 (Figure 5c). Even with this increase, the OFM in the BO mixture gives better results compared with both reference base stocks and also, the traction curve is more stable than the one obtained with the OFM additive in PAO 6. The traction curve is similar to the result with ZDDP in PAO 6 but with a lower increase in the traction at the beginning of the curve. Negligible wear rates are obtained.



The traction coefficient behaviour and the final traction value of the PFM1 additive mixtures with PAO 6 and BO are similar in both cases. The final traction coefficient values are 0.075 for the additive in PAO 6 and 0.079 in BO (Figure 5d). Only a slight difference is observed around the 45 min of the PFM1 in the PAO 6 test, where a sudden destabilisation of the curve takes place. Negligible wear rates are obtained.



The last study case is the PFM2 additive. It presents a solubility problem under PAO 6 which is solved when the ester is added. Regarding the traction curve in PAO 6, the lowest traction coefficient of this study is obtained with a value of 0.039. The traction curve has a similar behaviour to the MoDTP in PAO 6, but with a more pronounced slope. When an ester is added the traction coefficient increases. A sudden decrease in the traction curve takes place during the first 30 min to finally get stabilised to 0.063 (Figure 5e). It is the lowest value among the different additives in BO mixtures. Negligible wear rates are obtained.




4. Discussion


When an ester is added to the pure base stock, a decrease of 31% in the traction coefficient is observed. In addition, the wear behaviour is drastically improved, reducing the wear rate ratio a 52%. The ester interacts with the surface and creates a tribofilm which is able to reduce the traction coefficient and also protects the surface against wear.



Regarding the traction coefficient and wear rate of the ZDDP additive, when it is blended with PAO 6, the highest values of this study are obtained. ZDDP (Figure 1a) is described as one of the most effective and broadly used antiwear additives under steel–steel contact. It also offers other advantages such as antioxidants, corrosion inhibitors and extreme pressure properties [28]. It interacts with the surface through a chemical process through the formation of a sacrificial bilayer [29]. This bilayer has a solid-like morphology which is able to inhibit the entrainment of liquid lubricant between the rubbing surfaces [30]. This effect keeps the boundary friction value of the tests up to 4% above the reference PAO 6 friction value. Conversely, when the ester is blended with the previous formulation, the obtained traction coefficient is lower, decreasing the formulation traction coefficient by 41%. This result clearly shows that the ester has a detergency effect on the additive tribofilm. Regarding the wear behaviour, the addition of ZDDP additive in PAO 6 has a worsening effect, increasing the wear rate value to around an 8% (Figure 6). Even though, when the ester is added, the wear rate is reduced a 77% and 48% compared to ZDDP + PAO 6 and pure BO samples, correspondingly (Figure 6). The antiwear behaviour of the additive ZDDP in PAO 6 has not been seen under MTM test conditions which are not harsher enough (Figure 6), whereas under SRV harsher conditions, ZDDP shows a decrease in the wear rate values (Figure 7). The ester has synergistic effects with this additive and improves considerably the capacity of protection against wear of the formulation under both MTM and SRV test conditions.



MoDTP has been investigated as well (Figure 1b). It is classified as a highly effective friction modifier from the family of organomolybdenum compounds. MoDTP is also able to reduce wear and act as an antioxidant additive by itself and also presents synergism with ZDDP [31]. Friction and wear reduction on steel surfaces are achieved through an oxidation and reduction process, resulting in an amorphous phosphate glass tribofilm, containing MoS2 composites among others [32] which usually requires harsh conditions of pressure and temperature to be generated [33].



Even observing a decrease of 36% of the traction coefficient with respect to the PAO 6 reference, probably the additive is not working under its optimum conditions. When an ester is added, a worsening effect takes place, and the traction coefficient increases by 26%. The friction performance is even worse than the BO reference. The friction modifier properties of this additive are inhibited in presence of an ester. The antiwear behaviour of formulations with and without ester is maintained. Yet the addition of an ester has a worsening effect and an increase of 45% in the wear rate value is observed. The ester and the additive have competitive surface interaction mechanisms and these results could also be explained due to ester–additive interaction.



The OFM additive is classified as a friction modifier, belonging to the nitrogen-derivated organic friction modifiers subclass. To understand its action mechanism, it is necessary to deeply understand the molecular structure (Figure 1c). A polar head which includes the amide and hydroxyl functional groups can be differentiated from a lipophilic hydrocarbon chain, originally from the tallow oil fatty acids. The polar group interacts with polar metal surfaces while non-polar chains are extended to the base oil. Molecules interact with each other creating a protective layer on the metal surface. Furthermore, a multilayer system is formed via a conglomeration process [34]. These layers exhibit low shear-off strength between them, boosting friction reduction.



As can be expected from an organic friction modifier, after surface conditioning, the OFM additive keeps the traction coefficient constant, and the traction coefficient is decreased a 64% compared with PAO 6. When an ester is added, the traction coefficient shows a substantial increase of 73% but it continues reducing the traction coefficient of both base stocks. A kind of surface adsorption competition exists between both, but at this concentration are compatible.



PFM1 is classified as a friction modifier from the block copolymer family. Two main types of blocks can be identified in its structure: on one side, polar blocks, constituted by polyetheramine monomers and on the other side, non-polar blocks, which in this additive are the polyisobutyl chains from polyisobutylsuccinate. This configuration is responsible for the friction reduction mechanism [35]. Polar blocks remain anchored with the polar surface, while lipophylic blocks are extended to the oil and give lubricity to the system (Figure 1d) [36,37].



When the PFM1 additive is added to the PAO 6 base stock, the traction coefficient is decreased by 44% compared to the reference oil. The addition of the ester has a neutral effect on the additive performance. The lubricity effects provided by the structure of the polymer prevail rather than the possible surface competition effects between ester and additive.



Finally, PFM2 is classified as a friction modifier and structurally can be identified as a complex amide/ester compound, a polymer of low molecular weight. The interaction with the surface is similar to the PFM1 additive behaviour. The polar part includes the polypropyleneglycol, the amide and the ester functional groups. The non-polar blocks are formed by the hydrocarbon chains from fatty acids (Figure 1e).



The evaluation of the PFM2 additive in PAO 6 shows better friction modifier properties, decreasing the traction coefficient to 71% compared to pure PAO 6. The addition of the ester has a clear worsening effect on the traction coefficient which increases by 62%. Still, the traction coefficient decreased by around 32% compared with the BO reference. In this case, the surface competition has a greater impact than the lubricity provided by the polymer structure. Probably, the polymer is not large enough to avoid the contact between surfaces, oppositely to the PFM1 additive.




5. Conclusions


The combination of the PAO, as base stock, and the additives under study show great efficiency. The obtained traction curves of the PAO–ester formulations, show better performance than the base oil traction curve, so ester addition has a great effect on the evaluated parameters. The friction modifying properties of the additives have also improved the friction behaviour of the used base oil, showing synergism or neutral effect of the ester. One exception is observed, MoDTP additive formulation shows a larger traction coefficient, but it keeps its antiwear properties. The surface competition between ester and those additives which physically interacts with the surface has been proven. Further understanding of ester–additive interactions is required. In addition, it has been demonstrated that under the test conditions, without high temperature and high pressure, the ZDDP additive is unactive. Even though, when the base oil contains a part of ester, ZDDP additive seems to be more effective, while ester is able to decrease the traction coefficient. Synergism between both ester and additive takes place. Either way, the addition of an ester into the studied formulations has had, in general, a positive effect on the tribological behaviour of the final formulations, decreasing the PAO 6 traction coefficient a 20 to 50% depending on the additive. The partial substitution of mineral oils and synthetic base oils for SEs is possible. Further investigations are being performed to study the influence of the additives in tribology for different metal contacts, especially those where aluminium is present.
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Figure 1. Additives’ molecular structures. (a) ZDDP; (b) MoDTP; (c) OFM; (d) PFM1; (e) PFM2. 






Figure 1. Additives’ molecular structures. (a) ZDDP; (b) MoDTP; (c) OFM; (d) PFM1; (e) PFM2.



[image: Lubricants 11 00109 g001]







[image: Lubricants 11 00109 g002 550] 





Figure 2. MTM2 assembly representation. 
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Figure 3. SRV assembly representation. 
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Figure 4. Wear measurement sequence. 
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Figure 5. Traction curves comparison for (a) ZDDP; (b) MoDTP; (c) OFM; (d) PFM1; (e) PFM2 during sliding/rolling test under steel–steel contact. 
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Figure 6. Steel discs specific wear rates. No measurable wear scars are obtained with OFM, PFM1 and PFM2 additives. 
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Figure 7. Antiwear performance of ZDDP additive in BO. 
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Table 1. Oil used.






Table 1. Oil used.





	Code
	Description
	Viscosity at 40 °C
	Viscosity at 100 °C
	Viscosity Index





	PAO 6
	PAO 6
	30.3 cSt
	5.9 cSt
	143



	BO
	Base Oil: Group V ester + Group IV PAO 6 (1:1)
	22.9 cSt
	4.8 cSt
	136
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Table 2. Additives tested.
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	Code
	Description
	Function





	ZDDP
	Zinc Bis(2-Ethylhexyl)Phosphorodithiodate
	AW



	MoDTP
	2-Ethylhexyl-MoDTP
	AW + FM



	OFM
	Bis-(2-hydroxypropyl) Tallowamide
	FM + low AW



	PFM1
	Polyisobutylsuccinate-polyetheramine polymer
	FM



	PFM2
	Polymeric product from reaction of C8-C18 unsat FA, DEA and Propyleneoxide
	FM
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Table 3. AISI 52100 steel chemical composition. Reprinted/adapted with permission from Ref. [23]. 1996, ASM International ®.
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	Element
	Composition, % (w/w)





	Carbon, C
	0.98–1.1



	Chromium, Cr
	1.3–1.6



	Iron, Fe
	96.5–97.32



	Manganese, Mn
	0.25–0.45



	Phosphorous, P
	≤0.025



	Silicon, Si
	0.15–0.30



	Sulphur, S
	≤0.025
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Table 4. AISI 52100 steel specimens properties.
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Property

	
MTM Specimen

	
SRV Specimen




	
Disc

	
Ball

	
Disc

	
Ball






	
Hardness, Vickers 1 kg

	
755 ± 10

	
876 ± 8

	
790 ± 50

	
805 ± 25




	
Roughness, Ra (mm)

	
<0.020

	
0.046 ± 0.003

	
0.020 ± 0.001




	
Young’s Modulus (GPa) [23]

	
210

	
210




	
Poisson’s Ratio [23]

	
0.30

	
0.30
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Table 5. MTM test parameters [27].






Table 5. MTM test parameters [27].





	
Contact Conditions






	
Load

	
31 N




	
Sliding rotation ratio, SRR (%)

	
50%




	
Mean speed

	
50 mm·s−1




	
Temperature

	
80 °C
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Table 6. SRV test parameters.






Table 6. SRV test parameters.





	
Contact Conditions






	
Load

	
55 and 275 N




	
Pressure *

	
1.70 and 2.94 GPa




	
Stroke

	
2 mm




	
Frequency

	
50 Hz




	
Temperature

	
80 °C








* Based on Hertzian law.
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