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Abstract: Ionic liquids have been widely discussed as potential lubricants, however, their properties make them 

also very good potential candidates as lubricant additives (e.g., friction modifiers and anti-wear). In this 

work, the tribological study of two ionic liquids (tributylmethylphosphonium dimethylphosphate (PP), and 

1-butyl-1-methylpyrrolidinium tris(pentafluoroethyl)trifluorophosphate (BMP)) as lubricant additives has been 

performed on stainless steel (AISI 316L) exposed to polar (water-glycol) and non-polar (polyalphaolefin) based 

lubricants under boundary lubricating conditions. The performance of these ionic liquids as lubricant additives 

has been compared to a classical organic friction modifier (dodecanoic acid (C12)). The water–glycol lubricant 

formulated with the two ionic liquids showed friction values higher than the same base lubricant formulated 

with dodecanoic acid, however, opposite results were observed for polyalphaolefin (PAO). A detailed surface 

chemical analysis using X-ray photoelectron spectroscopy (XPS) revealed differences in the passive/tribofilm 

thickness and chemical composition of the stainless steel surface tested in all lubricants. In the case of the polar 

lubricant additivated with ionic liquids, the tribochemical reaction accompanied by a tribocorrosion process led 

to the formation of an unstable passive/tribofilm resulting in high friction and wear. However, in the absence 

of tribocorrosion process (polyalphaolefin base lubricant), the tribochemical reaction led to the formation of a 

stable passive/tribofilm resulting in low friction and wear. A detailed surface and subsurface investigation of 

the microstructure using scanning electron microscopy equipped with a focused ion beam (SEM-FIB) showed 

that high wear rates resulted in thicker recrystallization region under the wear track surface. Among all lubricant 

additives tested in this work, BMP in non-polar lubricant media showed the best tribological performance. 
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1  Introduction 

In this modern era, energy efficiency has become a 

significant issue in automotive and industrial sectors 

worldwide. In system components consisting of 

moving parts, wear and friction play a significant 

role in the energy consumption. A recent study shows 

that 23% of the world’s total energy consumption was 

lost in tribological contacts to overcome friction (20%) 

and to repair the worn parts due to wear or wear- 

related failures (3%) [1]. Lubrication is needed in 

moving parts to provide low-friction and wear- 

protective boundary films to protect surfaces. Lubricants 

consists of about 70%–99% base oil and 30%–1% 

chemical additives depending on the application and 

use of the lubricant. Base oils have two main sources, 

biological (animal or vegetable sources) and non- 

biological (mineral or synthetic oils produced by the  
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distillation and cracking process of crude oil) leading 

to a broad variety of hydrocarbons that can be polar 

and non-polar. For some specific applications where 

fire safety is the main requirement, water-based 

lubricants are also formulated (i.e., typically ca. 1:1 

mixture of water and glycols or any other polar 

hydrocarbon that helps increasing viscosity). The 

primary function of the base oil is to lubricate and act 

as a carrier of additives. Additives are chemical com-

pounds that improve the performance of base oils and 

are meant for enhancing an already existing property 

(viscosity, pour point, oxidation resistance, etc.) or  

to add a new property (cleaning/suspending ability, 

antiwear performance, corrosion control, friction 

control, etc.). Each additive or group of additives have 

a function in different or several lubricating regimes 

(i.e., boundary, mixed, and hydrodynamic regimes). 

Friction modifiers and anti-wear additives are most 

critical in the boundary/mixed lubricating conditions 

and are the focus of this work due to their relevance 

for future applications in low and ultra-low viscosity 

lubricants used in, for example, electric vehicles [2]. 

Commonly used friction modifiers are carboxylic 

acids which have a polar head and a non-polar 

hydrocarbon tail. They are commonly known as 

organic friction modifiers (OFMs). They have been 

used since the 1920s and due to their amphiphilic 

molecular structure, the OFMs can be dissolved in 

polar and non-polar media [3]. The polar head tends 

to adsorb on metal surfaces while the non-polar tail 

stretches out to the lubricant base preventing contact 

between adjacent sliding surfaces thus providing low 

friction. There are two main parameters limiting the 

functionality of carboxylic acids, i.e., high temperature 

and high pressure [4]. When the mechanical conditions 

in a tribological system become severe (very high 

pressure in the boundary lubricating regime), the 

friction modifier on the moving surface tends to 

desorb. In this extreme boundary lubricating condition, 

anti-wear additives are then required to preserve the 

integrity of the surfaces in contact. A well-known 

anti-wear additive is zinc dialkyldithiophosphate 

(ZDDP), which was developed in the 1940s as an 

antioxidant, but its ability to reduce wear was soon 

discovered [3]. The ability of ZDDP to overcome 

wear lies on its capability to form a protective film on 

the metal surface through tribochemical reactions [5]. 

However, the degradation products of ZDDP pose 

environmental risks thus its use needs to be reduced 

to meet the Euro 5 and Euro 6 standards [6, 7]. 

Therefore, current trends in industry to maintain low 

friction and wear protection in systems working in 

boundary lubricating conditions (e.g., electric vehicles 

using low and ultra-low viscosity lubricants) are 

pushing the need to find new friction and anti-wear 

additives with a greener perspective as well, for 

example, ionic liquids. 

Ionic liquids (ILs) are organic salts, containing a 

positive (cation) and a negative (anion) part, that 

are liquid at low temperature (usually <100 °C). Ionic 

liquids are considered as “green” substances due to 

their extremely low volatility (not emitting hazardous 

volatile compounds) [8, 9]. But they offer other benefits 

as well, such as low melting points (liquid at room 

temperature), chemical and thermal stability (high- 

temperature operation), non-flammability, high ionic 

conductivity, high heat capacity, high thermal 

conductivity (facilitating the removal of excessive heat), 

and high polarity (highly surface active and adsorbing) 

[10–12]. Their chemical and physical properties can be 

tuned by changing the anion and cation composition 

to obtain task-specific ILs structures. This flexibility 

makes ILs ideal candidates for lubricants for extreme 

conditions, such as high shear and high loads, extreme 

temperatures, and even ultra-high vacuum [13, 14].  

In addition, some research works performed on ILs 

as lubricant additives have proven that ILs have 

excellent friction-reduction and anti-wear properties 

[13, 15–17].  

The mechanisms by which ILs are potential good 

candidates as lubricant additives are still not clear in 

literature and this can be due to the vast amount of 

chemistries available, making it difficult to find a 

unique distinctive trend. Two main lubricating 

mechanisms for ILs are proposed/found in literature: 

(1) ILs form an adsorbed layer on the metal surface, 

and (2) ILs form a protective layer (tribofilm) on the 

metal surface by a tribochemical process [18]. For  

the first lubricating mechanism, the anions of ILs  

are attracted by the positively charged metal surface 

during the rubbing action, subsequently, cations are 

attracted by anions. Depending on the attraction force 

between the ions, a monolayer or multilayer structure 

of anions-cations can be formed originating from the  
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metal surface towards the bulk lubricant [19–21]. This 

structure has low shear strength properties thus reduces 

the friction between the two sliding surfaces [22]. 

For the second mechanism, ILs between two mating 

surfaces will be broken down or decomposed due to 

the localized high temperature and high pressure. The 

highly active IL anions will eventually react with the 

metal surface during the rubbing action. A protective 

tribofilm will be formed as a product of this 

tribochemical reaction which will eventually increase 

the wear resistance [23–26]. 

Since the possibilities for ILs as lubricant additives 

are many and the trend of low viscosity and environ-

mentally friendly lubricants is increasing, this research 

work was initiated with the aim to study ILs as 

potential green additives in two low viscosity lubricant 

media (one polar and one non-polar). The non-polar 

lubricant media was a low viscosity and low con-

ductivity polyalphaolefin (PAO). The polar lubricant 

media chosen was a water–glycol mixture due to its 

clear compatibility with the environment, but it was 

also chosen because of its high electrical conductivity 

with the aim of studying the effect of conductivity 

in the performance of ILs as lubricant additives. More 

precisely, the effect of electrical conductivity and the 

corrosion performance of the ILs were assessed in 

this work. In this respect, a hybrid tribocorrosion- 

tribochemical mechanism has been proposed. The 

tribological performance of the two ILs has been 

compared with a well-known OFM, dodecanoic acid 

(C12). The tribological material chosen for this study 

has been an austenitic stainless steel (AISI 316L) due 

to its good corrosion resistance. This metal alloy also 

allows to study the ionic reactivity of ILs towards the 

properties of the passive/tribofilm. The tribological 

performance of the different additives is discussed 

based on a detailed XPS analysis inside and outside 

the wear tracks, and a microstructural analysis of the 

wear track subsurface cross-section. 

2 Experimental procedure 

2.1 Materials 

In this work, two ionic liquids were used as 

lubricant additives in polar and non-polar media. 

As a reference, a commonly used organic friction 

modifier (OFM) was chosen. The ionic liquids (ILs) 

were the following: tributylmethylphosphonium 

dimethylphosphate (PP) (97% purity and a molar mass 

of 342.40 g·mol−1) purchased from Fluorochem, and 

1-butyl-1-methylpyrrolidinium tris(pentafluoroethyl) 

trifluorophosphate (BMP) (≥98%, 587.27 g·mol−1) 

purchased from Sigma-Aldrich. The OFM was a 

carboxylic acid (dodecanoic acid, abbreviated C12) 

(≥99%, 200.32 g·mol−1) purchased from Sigma-Aldrich. 

The chemical structures of all the additives used in 

this work are presented in Fig. 1. The additives were 

dissolved in two different media: (1) a polar media 

consisting of a mixture of water and dipropylene 

glycol (WG), and (2) a non-polar media consisting of 

a polyalphaolefin with an aliphatic hydrocarbon 

chain of 10 carbons (PAO). Dipropylene glycol (≥99%, 

134.18 g·mol−1) was purchased from Acros Organics, 

and the polyalphaolefin was obtained from Chevron 

Phillips Chemical. All chemicals in these experiments 

were used as received without further purification. 

The mixture of the base lubricant with the additives  

Tributylmethylphosphonium 

dimethylphosphate (PP) 
 

1-butyl-1-methylpyrrolidinium 

tris(pentafluoroethyl) 

trifluorophosphate (BMP)  

Dodecanoic acid (C12) 
 

Fig. 1 Molecular structures of the ionic liquids and dodecanoic acid. 
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was made using a magnetic stirrer for 4 hours at 50 °C 

and 70 °C for polar and non-polar media, respectively. 

The additive concentrations used for the tribological 

studies were 1 wt% and 0.1 wt% for ILs and a 

carboxylic acid, respectively. In a previous study 

performed in our research group, the optimal con-

centration for C12 in the same base lubricants was 

found to be 0.1 wt% [27]. Therefore, for the present 

work, 0.1 wt% of C12 was chosen as a reference. In an 

independent study, we have tested the ILs in both 

base lubricants at different concentrations (0.25, 0.5,  

1, 2, and 4 wt%). In that study, it was found that for 

the water-based lubricant, the ILs were fully soluble 

at all concentrations and friction was stable at con-

centrations equal and above 1 wt%. For the case of 

PAO, the solubility of ILs varied depending on the IL 

type. For PP, it was at the same level as in water-glycol 

and BMP was not fully soluble at any concentration 

due to its high electronegativity. Therefore, a con-

centration of 1 wt% was chosen for the ILs in both 

base lubricants.  

Stainless steel 316L samples were cut from a 30 mm 

diameter stainless steel bar purchased from Smith 

Stål (Trondheim, Norway) to create disks of 5 mm  

thickness for tribological testing. The disks were ground 

using SiC paper and polished using diamond paste 

to obtain a surface finish of Ra = 0.090 ± 0.003 μm. The 

roughness was measured using a Mitutoyo SJ-301 

surface roughness stylus profilometer. The average 

surface roughness (Ra) in 0°, 90°, 180°, and 270° 

directions was chosen to describe the roughness. After 

grinding and polishing, disks were ultrasonically 

cleaned in a 1:1 mixture of ethanol and distilled water 

for 5 minutes. Subsequently, disks were rinsed with 

ethanol and dried with hot air before testing. 

2.2 Testing and characterization methods 

Rheometer (Haake Mars Rotational Rheometer with 

a CC27 cylinder measuring system, with the built-in 

Peltier element) was used to measure the dynamic 

viscosity 23 °C in humid air. Each measurement was 

performed by increasing the shear rate from 0.01 to 

500 s-1 with a ramp time of 180 seconds, then held at 

a constant shear rate of 500 s–1 for 30 seconds, and 

continued by decreasing the shear rate from 500 to 

0.01 s-1 with a ramp time of 180 seconds. The dynamic 

viscosity was reported from the average value of 30 

measurements taken during the lubricant was held at 

a constant shear rate of 500 s−1. The dynamic viscosity 

values are presented in Table 1. There is a significant 

difference in dynamic viscosity between WG and PAO. 

However, adding the additives does not significantly 

change the dynamic viscosity of any of these two 

base lubricants. 

A turbidity meter (Hanna Instruments HI-88713) 

was used to examine the stability of the lubricant 

mixture at room temperature. Turbidity measures the 

appearance of lubricants by the degree of light that 

has been scattered by the insoluble additives in the 

lubricant. With increasing in scattered light, the turbidity 

will be higher; i.e., higher Formazin Nephelometric 

Units (FNU). The lubricants were put on a magnetic 

stirrer for 2 hours prior to the test. The reported FNU 

was measured by calculating the average value of 12 

measurements taken from 2 hours test. Turbidity 

values are shown in Table 1. WG and PAO base 

lubricants have stable turbidity numbers of 0.25 and 

0.1 FNU, respectively, being transparent and without 

phase separation. Lubricants with additives show 

similar turbidity number and stable values as their 

base lubricant, except for PAO-BMP, which increases 

turbidity number to 0.84 FNU and shows a cloudy 

appearance, indicating that it is not fully soluble in 

PAO. 

The conductivity of the lubricants was measured 

using a conductivity meter (Hanna Instruments 

HI-2300). The pH of the lubricant was measured using 

a pH meter from Radiometer analytical (PHM220 Lab  

Table 1 Physical and electrical properties of all lubricants. 

Lubricants
Dynamic 
viscosity 
(mPa·s) 

Turbidity 
(FNU) 

Conductivity 
(µS/cm)* 

pH

WG 13.99 0.25 2.5 7.3

WG–C12 13.53 0.25 4.3 4.7

WG–PP 13.76 0.13 211.2 3.4

WG–BMP 14.02 0.17 109.3 7.0

PAO 81.29 0.12 n.d. n.d.

PAO–C12 83.13 0.21 n.d. n.d.

PAO–PP 87.27 0.12 n.d. n.d.

PAO–BMP 85.23 0.84 n.d. n.d.

* For comparison, the conductivity of tap water is ca. 500 μS/cm 
and for seawater is ca. 5,000 μS/cm. 
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pH Meter). These measurements only apply to polar 

lubricants (WG) with and without additives, since 

the non-polar lubricant (PAO) has non-detectable 

conductivity or pH due to the lack of sufficient ionic 

species. Conductivity and pH results are presented  

in Table 1. C12 does not significantly increase the 

conductivity of the base lubricant compared to ionic 

liquids. Ionic liquids increase the conductivity in 2 

orders of magnitude. Among the ILs, PP presents the 

highest conductivity compared to BMP. Adding C12 

and PP to WG changes the pH towards acidic values, 

with PP having the greatest effect. However, BMP 

does not change the pH value of the base lubricant. 

A unidirectional ball-on-disk tribometer (Phoenix 

tribology) was used to evaluate the tribological 

performance of the lubricant under boundary 

conditions. An alumina (fused ceramic) ball with a 

diameter of 6 mm, purchased from Precision Ball and 

Gauge Co., Ltd., was pushed against the stainless 

steel 316L disk with a free-weight load of 20 N, which 

corresponds to a maximum Hertzian contact pressure 

of 1.96 GPa. The rotation of the disk was set to 40 rpm 

with a track diameter of 10 mm, which gives a sliding 

speed of 2.09 cm/s. The calculated lambda (λ) value, 

according to the EHL Hamrock-Dowson formula, is 

0.016 and 0.088 for WG and PAO, respectively, and 

therefore the boundary lubrication condition is met 

for both lubricants. The addition of an additive to the 

base lubricant slightly changes the viscosity value, 

but the lambda value still meets the boundary 

lubrication condition. Testing WG and PAO with C12 

additive served as the reference. All lubricants   

were tested at room temperature. The distance of the 

tribological test was set to 300 meters (4 hours 

duration). Three experiments were performed to verify 

the repeatability of the results for each condition. 

The wear volume was quantified with Alicona Infinite 

Focus optical 3D microscope and MountainsMap 

surface imaging, analysis, and metrology software. 

The wear volume was measured from four locations 

of the wear track for each sample and the average value 

was then calculated. Subsequently, from three samples 

for each condition, Archard’s equation was used to 

calculate the average specific wear rate (SWR) [28]: 

SWR
·

V

N S
 

where SWR is a specific wear rate (mm3/(N·m)), V is 

the volume loss (mm3), N is the normal load (N), and 

S is the sliding distance (m). 

The wear track morphology was observed using 

FEI Quanta FEG 650 Scanning Electron Microscopy 

(SEM) and the wear track cross sections were prepared 

and observed with FEI Helios Nanolab DualBeam 

focused ion beam (FIB) and SEM. Gallium liquid 

metal ion source was used for deposition, milling, and 

polishing. Prior to milling, a platinum layer of 24 μm × 

7 μm × 5 μm was deposited on the wear track’s surface 

to protect the surface from damage during the ion 

milling process. In FIB images, this platinum layer will 

be seen as a black layer on top of the surface. Milling 

was carried out to the depth of 15 μm using the 

gallium source with a voltage of 30 kV and a current 

of 21 nA in the right, front, and left of the protective 

platinum layer. The cross section cleaning procedure 

was done in two steps using a current of 6.5 nA and 

0.92 nA with a voltage of 30 kV. The lower current 

was applied to minimize artifacts such as curtaining 

and to get maximum grain contrast. Grain contrast of 

wear track cross section was revealed in SEM mode 

using through-lens-detector (TLD). 

X-ray photoelectron spectroscopy (XPS) was used 

to perform detail chemical analysis of the inside and 

outside of the wear tracks by a Kratos Axis Ultra 

DLD machine using monochromatic Al Kα source  

(10 mA, 10 kV). The sample analysis chamber was set 

to a vacuum of 9 × 10-9 Torr during the acquisition. A 

survey scan was performed to collect the elemental 

map of the surface using pass energy of 160 eV and 

step size of 1 eV. From the elemental map, several 

elements were selected for further detailed high 

resolution scan, i.e., nickel (Ni), iron (Fe), chromium 

(Cr), molybdenum (Mo), carbon (C), oxygen (O), 

phosphorus (P), and fluorine (F), using pass energy 

of 20 eV and step size of 0.1 eV. Depth profile chemical 

analysis was performed to study the tribofilm. 

Sputtering was performed using Argon ion gun with 

a pressure of 4.4 × 10-7 Torr, an energy of 4 kV, and a 

raster size of 2.5 × 2.5 mm. The selected sputtering 

times were 0, 5, 15, 35, 85, 185, 685, and 1685 seconds. 

CasaXPS software was used for evaluation and 

quantification. Detail curve-fitting parameters for 

different compounds used for evaluation and 

quantification are shown in Table 2. 
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3 Results 

3.1 Tribological testing 

Sliding tests were performed on stainless steel under 

the boundary lubricating regime conditions to study 

the influence of ionic liquids as boundary lubricant 

additives in polar and non-polar base lubricants. 

Figures 2(a) and 2(b) show the friction evolution over 

the whole distance for the base lubricants, base 

lubricants with ionic liquids (PP and BMP), and base 

lubricants with reference additive (C12) in polar (WG) 

and non-polar (PAO) media, respectively. Friction 

evolution of WG and PAO base lubricants alone are 

characterized by a long running-in distance with 

high friction, reaching steady friction values of 0.145 

Table 2 Detail curve-fitting parameters of compounds detected outside and inside the wear track of the stainless steel after tribo-testing. 

Signal Binding energy (± 0.1 eV) FWHM (± 0.1 eV) Line shape Assignment Reference

855.9 1.8 GL(30) Ni(OH)2 

853.7 1.8 GL(30) NiO Ni 2p 

852.7 0.9 GL(30) Ni 2p3/2 

[29, 30] 

714.4 2.9 GL(30) FeF3 

712.8 2.9 GL(30) Fe3+ 

712.6 2.9 GL(30) FePO4 

711.0 2.9 GL(30) Fe3O4 

709.5 2.9 GL(30) FeO 

Fe 2p 

706.7 0.9 LF(0.8,2,20,0) Fe 2p3/2 

[16, 31, 
32] 

F 1s 684.9 1.6 GL(30) F– [16, 33] 

578.7 1.5 GL(30) CrO3 

577.3 1.5 GL(30) Cr(OH)3 

576.1 1.5 GL(30) Cr2O3 
Cr 2p 

573.9 1.2 LF(0.8,2,8,0) Cr 2p3/2 

[31, 32] 

533.3 1.8 GL(30) O–C, O=C 

531.4 1.8 GL(30) O–H O 1s 

530.1 1.1 GL(30) O–M 

[32, 34] 

235.6 1.3 GL(30) Mo6+(ox) 3d3/2 

232.4 1.3 GL(30) Mo6+(ox) 3d5/2 

234.2 1.6 GL(30) Mo4+(hyd) 3d3/2 

231.0 1.6 GL(30) Mo4+(hyd) 3d5/2 

232.3 0.9 GL(30) Mo4+(ox) 3d3/2 

229.1 0.9 GL(30) Mo4+(ox) 3d5/2 

230.6 0.7 LF(1.1,2.3,2,0) Mo 3d3/2 

Mo 3d 

227.6 0.7 LF(1.1,2.3,2,0) Mo 3d5/2 

[35] 

289.3 1.3 GL(30) O–C=O 

288.2 1.3 GL(30) C=O 

286.5 1.3 GL(30) C–OH, C–O–C 

285.4 1.0 GL(30) C–N 

C 1s 

285.0 1.0 GL(30) C–C 

[36–38] 

P 2p 133.6 1.6 GL(30) (PO4
3–) [38, 39] 
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and 0.112 for WG and PAO after ca. 100 and 50 m 

sliding distance, respectively. Adding C12 to WG 

suppresses the running-in sliding distance (Fig. 2(c)) 

and keeps friction similar to the WG base lubricant 

alone after running-in. C12 in PAO shortens the 

running-in sliding distance to 10 m (Fig. 2(d)) but 

increases the friction to 0.15 with respect to the base 

lubricant alone. The addition of 1 wt% of ILs to WG 

significantly affects the friction evolution of this base 

lubricant. There is a sudden drop in friction at the 

start of the test (5 m sliding distance, Fig. 2(c)) and 

then the friction continues decreasing with time with 

some abrupt increments in some places until a sliding 

distance of 200 m (Fig. 2(a)). The ionic liquids in PAO 

reduce the running-in sliding distance (Fig. 2(d)), and 

friction after running-in is almost similar to the PAO 

base lubricant alone. Among the two ILs, BMP is the 

best in reducing the running-in period in PAO and it 

gives the lowest friction evolution in WG. 

The specific wear rate (SWR) was calculated from 

the volume loss measured by 3D optical microscope, 

and the results are shown in Fig. 3. The SWR value 

of the base lubricants (WG and PAO) alone are 

7.83 × 10–6 mm3/(N·m) and 1.68 × 10–5 mm3/(N·m), 

respectively. The carboxylic acid increases the SWR in 

approximately 5 and 4 times as compared to the base 

lubricants alone. PP in WG doubles the SWR, whereas 

BMP gives a similar SWR value as the WG base 

lubricant alone. The presence of ILs in PAO decreases 

the SWR with respect to PAO alone. The highest 

reduction occurs with BMP by approximately 82% 

compared to PAO alone. 

 

Fig. 3 The influence of carboxylic acid and ionic liquids on the 
wear rate of stainless steel. 

 

Fig. 2 The friction evolution at room temperature for (a) WG with and without additive, (b) PAO with and without additive, (c) the 
running-in period for WG, and (d) running-in period for PAO. Only one friction evolution graph is shown for each test due to the
excellent repeatability of the results. 



8 Friction  

 | https://mc03.manuscriptcentral.com/friction 

 

3.2 Wear track morphology 

Figure 4 shows the SEM images of the wear tracks on 

stainless steel disk lubricated by polar and non-polar 

base lubricant with and without additives. The wear 

track morphology for stainless steel lubricated by WG 

base lubricant alone shows a smooth surface with 

signs of wear and pits in several locations. These pits 

indicate cracks that propagate through the surface  

leading to material detachment. The material lubricated 

by PAO base lubricant alone, shows a smooth wear 

track surface with signs of abrasive wear and plastic 

deformation. When using carboxylic acid as additive, 

very fine wear scars with no signs of plastic 

deformation are observed in WG–C12. On the other 

hand, severe plastic deformation is observed on the 

surface lubricated by PAO with C12 additive. 

 
Fig. 4 SEM images of the wear tracks on stainless steel disk tested in different lubricants at room temperature. Pictures were taken 
with 500x magnification except for PAO–C12 with 200× magnification. 
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The wear tracks of stainless steel lubricated by 

WG–PP and WG–BMP show similar wear morphology,  

i.e., abrasive wear with little signs of plastic deformation 

with WG–BMP having the smoothest surface. Stainless 

steel lubricated by PAO–PP shows plowing with signs 

of plastic deformation and some delaminated areas. 

On the other hand, different wear mechanism is 

found for stainless steel lubricated by PAO–BMP. In 

this case, a smoother surface and abrasive grooves 

with no signs of plastic deformation can be found. 

From the wear track images, BMP seems to give a better 

effect on wear morphology than PP both in polar and 

non-polar base lubricant, which is in agreement with 

the friction evolution and SWR results. 

The cross section subsurface microstructures pre-

pared by FIB are shown in Fig. 5. The images were 

taken at the center of the wear track and perpendicular  

to the sliding direction. For all samples, the subsurface 

 

Fig. 5 FIB cross-sections of the wear tracks of stainless steel tested with different lubricants at room temperature. 
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microstructure of stainless steel exhibited different 

extents of grain refinement and plastic deformation. 

When testing with the base lubricant alone, finer grain 

recrystallization deeper along the cross section was 

observed for stainless steel lubricated by PAO com-

pared to WG. Adding C12 to the base lubricant resulted 

in very different subsurface grain features. C12 in 

WG gives a thinner subsurface recrystallization area, 

whereas C12 in PAO resulted in a thicker subsurface 

recrystallization area with finer grains. This is in line 

with the higher friction evolution of PAO–C12 (Fig. 2), 

which gives higher shear forces resulting in higher 

shear strain at the surface and subsurface areas. 

Comparing the subsurface microstructures of 

stainless steel lubricated by WG–PP and WG–BMP, 

similar grain refinement or recrystallization has 

occurred. On the other hand, different subsurface 

microstructures were observed for stainless steel 

lubricated by PAO–PP and PAO–BMP. In the case of 

PAO–PP, very fine grain structure close to the surface 

in nanometer size can be observed. Contrary, thinner 

recrystallization area was observed for stainless steel 

lubricated by PAO–BMP, indicating lower shear strain 

occurring in the subsurface region. This result is in 

agreement with lower friction and wear during the test. 

3.3 Passive film thickness and surface chemical 

composition 

Surface chemical composition inside and outside  

the wear tracks was studied by X-ray photoelectron 

spectroscopy (XPS) for base lubricant with additives 

and untested 316L stainless steel served as a reference. 

Argon sputtering was applied to perform depth 

profiling in order to study the passive/tribofilm thickness 

and its chemical composition. For each sputtering 

time, the percentage of atomic concentration was 

calculated based on peak areas obtained from the 

high resolution XPS spectra of each element (graphs 

are not shown in this paper). For all test conditions, a 

decrease in oxygen concentration and an increase in 

metallic concentration as sputtering time increased 

were observed, getting close to the chemical com-

position of the bulk stainless steel. The oxygen peak 

versus sputtering time was used to calculate the 

passive film thickness. Passive film thickness can be 

defined by sputtering time when the oxygen peak 

concentration reaches 50% of the maximum value 

[40]. To calibrate the sputtering rate with passive film 

thickness, tantalum oxide (Ta2O5) with known thickness 

was sputtered with the same procedure. The obtained 

sputter rate was 2 nm per minute for Ta2O5. Table 3 

shows the passive film thickness inside and outside 

of the wear track calculated with respect to Ta2O5. 

The passive film thickness of untested 316L was  

1.87 nm, which is in agreement with the results 

obtained from other authors [41–43]. Thicker passive 

film thickness outside the wear track was observed 

for all stainless steel tested with WG with respect to 

the reference sample, however, in the case of PAO 

thicker passive film was only observed using C12 as 

additive. Comparing inside and outside of the wear 

track (i.e., ratio inside/outside), thicker passive film 

thickness was observed for all lubricant formulations, 

except for PAO–C12.    

A detailed XPS analysis was made to study the 

passive film composition from the high resolution 

XPS spectra inside and outside of the wear tracks, and 

on the reference sample. Curve-fitting parameters in 

Table 2 were used in CasaXPS software to quantify 

the relative concentration of the compounds. A detailed 

procedure for calculating the relative concentration 

between compounds can be found elsewhere [44]. 

Figure 6 shows the subsurface relative atomic con-

centration of the passive film component from high 

resolution XPS spectra of chromium (Cr) and iron  

(Fe) inside and outside of the wear tracks and on  

the reference sample. Cr peaks consist of Cr0, Cr2O3, 

Cr(OH)3, and CrO3, and Fe peaks consist of Fe0, FeO, 

Fe3O4, Fe3+ (i.e., FeOOH and Fe(OH)3), FePO4, and 

FeF3. It can be seen that the passive film formed on 

the stainless steel surface when tested in lubricants  

Table 3 Passive film thickness inside and outside of the wear 
track. 

Passive film thickness (nm)

Untested SS316L                  1.87 

Additive 
Base lubricant Position 

C12 PP BMP

Outside 3.30 3.67 2.43

Inside 3.47 8.50 13.50WG 

Ratio inside/outside 1.05 2.32 5.55

Outside 2.97 1.83 1.87

Inside 2.60 11.63 10.17PAO 

Ratio inside/outside 0.88 6.36 5.44
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Fig. 6 Relative atomic concentration of Cr and Fe species 
inside and outside the wear track of the stainless steel tested with 
different lubricant formulations, (a) in WG and (b) in PAO (taken 
from sputtering time 35 seconds). 

with C12 additive inside the wear track consists of 

oxides and hydroxides only. However, phosphate 

and fluoride were found in the passive films inside 

the wear track of the stainless steel material tested 

with lubricant containing ionic liquid additives 

indicating a tribochemical reaction during the rubbing 

action. Moreover, iron hydroxides were suppressed in 

the presence of phosphate and fluoride for non-polar 

lubricant. 

4 Discussion 

4.1 Effect of the base fluid polarity and tribocorrosion 

on friction  

The reference lubricant additive used in this work was 

a classical organic friction modifier (OFM), dodecanoic 

acid (C12). When this additive was added to the 

polar (WG) and non-polar (PAO) lubricant, different 

friction values and evolution with time were obtained. 

C12 in WG fully suppressed the running-in period 

and it shortened the running-in period from 50 to  

10 meters in PAO as compared to the base lubricant 

alone. The lowest and more stable friction evolution 

was obtained in WG, which can be attributed to the 

surface coverage of this additive to the metal surface. 

Before rubbing starts, C12 instantaneously adsorbs 

onto the metal surface. Indeed, it was found that 

more adsorption to the metal surface for WG–C12 

(19.35 at%) compared to PAO–C12 (15.39 at%) when 

considering the relative concentration of O–C=O  

and C=O bonds found by XPS (Fig. 7). Most studies 

of carboxylic acids used as lubricant additives are 

performed in non-polar base lubricants (mineral or 

synthetic oils). For these types of base lubricants, two 

adsorption mechanisms of carboxylic acids to metal 

surfaces have been proposed in literature: (1) carboxylic 

acid molecules and surface oxide or hydroxide form 

a hydrogen bond, or (2) formation of metal carboxylates 

[45–47]. However, when polar lubricants (mostly 

water-based) are used, the adsorption of carboxylic 

 

Fig. 7 C 1s spectra on the stainless steel surface outside the wear track lubricated by WG–C12 and PAO–C12. 
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acid to the metal surface is different due to the 

deprotonation of the carboxylic head in water. In a 

previous study, it was found that the carboxylic acid 

C12 in water-based lubricant has a tendency to form 

a multilayer brush structure, efficiently separating 

the two mating sliding surfaces thus reducing friction 

in a more efficient way than in non-polar lubricant 

[27]. In addition, this mechanism depends on the 

concentration of the additive (for WG) and on the 

length of the carboxylic chain (for PAO). In WG, when 

the carboxylic acid concentration is higher than the 

critical micelle concentration (CMC), the deprotonated 

carboxylic acids form micelles separating the sliding 

surfaces even more efficiently, and in non-polar media 

(PAO) the longer the carboxylic chain the more efficient 

the surface separation is [27]. Therefore, in this work 

the very short chain of C12 was not sufficient in PAO 

to keep an efficient separation of the sliding surfaces 

and friction was higher than in WG where a multilayer 

of additive kept a very efficient separation of the 

surfaces decreasing friction. These differences in friction 

are evident from the FIB cross sections of the wear 

tracks, where the recrystallized region in WG–C12 is 

thinner than the one in PAO–C12 (Fig. 5). 

Due to the sliding action, the adsorbed carboxylic 

acid reacts with the metal to form a tribofilm [32, 47]. 

The passive film thickness inside the wear track was 

analyzed by XPS and values of 3.47 and 2.60 nm 

were found for WG–C12 and PAO–C12, respectively 

(Table 3). The passive films inside the wear tracks are 

tribofilms mostly composed of oxides and hydroxides 

(Fig. 6) since the stainless steel material is oxidized 

on the surface (i.e., passive film) and the carboxylic 

acid mostly contains C, H, and O. A further analysis 

of the XPS results has been performed to calculate the 

oxide and hydroxide to metal ratios (Cr and Fe) inside 

and outside the wear tracks (Fig. 8). Comparing these 

ratios inside the wear track, it can be seen that more 

oxide and hydroxide are present for WG–C12 than for 

PAO–C12. This is in agreement with more additive 

adsorption on the surface and a thicker passive/ 

tribofilm, thus leading to a more efficient friction 

reduction for WG–C12 than for PAO–C12. 

Interestingly, the ILs show different friction results 

than the reference additive (C12), being lowest for 

PAO–ILs and highest for WG–ILs. Clearly, the passive/ 

tribofilms inside the wear track are thicker when the 

base lubricants are additivated with ILs (Table 3) 

and this effect is also seen outside the wear track for 

WG. These differences in passive/tribofilm thickness 

are accompanied by different surface chemistry as 

compared to C12, i.e., higher oxide and hydroxide to 

metal ratio is found together with P and F (Figs. 6 

and 8). In addition, the Fe oxide to metal ratio 

significantly increases inside the wear track for all  

ILs, and outside the wear track for PP only. Worth 

noticing is that the Fe oxide to metal ratio remained 

constant both inside and outside the wear track for 

C12. The presence of F- and PO4
3- compounds (Figs. 6 

and 9) make the passive film thicker, being ILs the 

triggers for a tribochemical reaction that promotes 

the formation of Cr and Fe ions that further react 

with oxygen, phosphorous and fluorine (Figs. 8   

and 9). This surface tribochemical reaction has a clear 

detrimental effect in WG by creating fluctuations in 

the friction evolution, whereas in PAO it creates a  

 

Fig. 8 The intensity ratio of oxide and hydroxide with respect to the metallic part for Cr and Fe for all lubricants inside and outside the 
wear track. 
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thick and durable tribofilm that stabilizes friction 

(Fig. 1). The fluctuations in WG are to be understood 

as depassivation–repassivation events due to the high 

electrical conductivity of the media. Therefore, friction 

evolution in WG is mainly controlled by tribocorrosion 

[48], whereas in PAO it is controlled by the tribochemical 

reaction that creates a thick and durable tribofilm. 

The lowest friction was obtained for PAO–BMP and 

WG–BMP for each base lubricant and their respective 

tribofilms contained mostly FeF3 (Figs. 6 and 9). 

Therefore, F contributes to the tribochemical reaction 

enhancing the tribofilm formation [49]. However, this 

process is more efficient in PAO since, due to the lack 

of electrical conductivity, it does not compete with 

tribocorrosion. Thus, more FeF3 and some traces of 

FePO4 are found in PAO–BMP, whereas in WG–BMP 

only traces of FeF3 are found (Fig. 9). 

A special case is PP, which creates a tribofilm of 

mostly FePO4 in both WG and PAO (Fig. 9). Indeed, 

big differences in the Fe and Cr oxides both inside and 

outside the wear tracks are found for PP. An increase 

in the amount of Fe and Cr oxide outside the wear 

track and a significant decrease inside the wear track 

are found in WG with respect to PAO. In addition, PP 

leads to the lowest inside/outside passive film thickness 

ratio for WG among all ILs mixtures tested (Table 3).  

This is in agreement with its highest conductivity 

and lowest pH in WG (Table 1). Due to the high 

conductivity, fast repassivation kinetics for PP are to 

be expected in the wear track during the sliding 

action in water. However, the very low pH leads to a 

high (active) metal dissolution resulting in lower oxide 

and hydroxide to metal ratio compared to outside the 

wear track (Fig. 8). BMP has an electrical conductivity 

in the same order of magnitude as PP, however due 

to the neutral pH of the solution, the dissolution    

of Cr and Fe oxide was slower in WG (Fig. 8). The 

higher electrical conductivity and the lowest pH of 

PP resulted in a thinner tribofilm and therefore in 

higher friction for WG–PP than WG–BMP. Since PAO 

is a non-conductive medium, tribocorrosion does not 

take place and therefore the friction evolution only 

depends on the tribochemical reaction of the additives 

with the metal surface. Indeed, more FePO4 and FeF3 

are always found in the wear tracks of PAO (Fig. 6). 

4.2 Effect of tribocorrosion and pH on wear 

Wear rates in the different lubricants varied significantly, 

being the highest wear rate for the lubricants 

additivated with C12 (Fig. 3). A detailed investigation 

of the metal subsurface microstructure in the wear 

track shows a high recrystallization region for all  

 

Fig. 9 F 1s and P 2p spectra inside the wear track of the stainless steel lubricated by WG–PP, WG–BMP, PAO–PP, and PAO–BMP 
(taken from sputtering time 35 seconds). 
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testing conditions, but with varying depth (Fig. 5), 

which is a well-known phenomenon in tribology 

[50–52]. This subsurface investigation revealed thicker 

recrystallization region when wear rate was higher 

for same additive in different media. This effect is clear 

comparing WG–C12 with PAO–C12 and WG–BMP 

with PAO–BMP, however, the causes for each pair are 

different. The adsorption of C12 on the stainless steel 

surface depended on the polarity of the media leading 

to a thinner tribofilm in the case of PAO–C12 resulting 

in thicker recrystallization region and higher wear. 

For PAO–BMP, a thick and durable tribofilm was 

formed on the metal surface resulting in limited 

subsurface recrystallization and the lowest material 

removal of all studied base and additive pairs. In the 

case of PP, the wear rate has been mostly controlled 

by electrical conductivity and pH (i.e., tribocorrosion 

and metal dissolution). 

Further analysis of the wear track cross sections 

revealed the formation of ridges adjacent to the wear 

groove as shown in Figs. 10(a) and 10(b). The ridges 

are to be understood as material displacement to the 

sides of the wear track indicating signs of plastic 

deformation. The measured areas of the wear groove 

(Agroove) and ridges (Aridges) are presented in Fig. 10(c)  

and Fig. 10(d) for WG and PAO with and without 

additive, respectively, along with the degree of material 

loss (β). The degree of material loss is defined as the 

ratio of material loss to the volume of the wear track 

groove and it has been calculated by using the 

following equation [53]: 


 groove ridges

groove

100%
A A

A
  

β becomes zero when the material loss is due to 

plastic deformation only (Agroove = Aridges), and β becomes 

unity when the material loss is due to abrasive wear 

(Aridges = 0). Indeed, when the WG lubricants are 

additivated with ILs, they suffer more abrasive wear 

characterized by higher β values compared to 

PAO–ILs (Fig. 10). This effect is clearer for PP and it 

is aggravated by the low pH values (i.e., PP shows 

the largest values of Agroove). This is in agreement with 

the fact that the tribocorrosion mechanism in WG has 

competed with the tribofilm formation resulting in 

higher material removal rates. The corrosiveness of 

polar media on metals is mainly dependent on oxygen 

 
Fig. 10 Wear cross section profile for (a) WG with and without additive, (b) PAO with and without additive, (c) calculated area of 
(a), and (d) calculated area of (b). 
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content, electrical conductivity, temperature, and pH. 

Stainless steel 316L protects itself from corrosion    

by creating a passive film (chromium oxide) on the 

surface due to the high content in Cr. During the 

tribotest, when rubbing starts, this passive film is 

removed by the mechanical action of the counterpart 

and the pristine metal alloy (depassivated wear track) 

will be then exposed to the lubricant. If the lubricant 

contains oxygen and is electrically conductive, the 

passive film will reform almost instantaneously (i.e., 

repassivation process). This process (tribocorrosion) 

will continue in a cyclic manner until the mechanical 

action is stopped, leading to an increase in the wear 

rate of the material [48].  

A very interesting case is C12, which has the lowest 

conductivity in WG and therefore it should be expected 

to suffer of more plastic deformation. The very low con-

ductivity of WG–C12 slowed down the repassivation 

kinetics (absence of tribocorrosion) and produced a 

thin passive film that resulted in higher wear than 

otherwise expected. In addition, the acidic pH that this 

additive brings to the WG lubricant (4.7) has played 

the most important role in the wear process. This very 

low pH accelerates the active dissolution of the metal 

in the contact area and therefore very high values 

of Agroove (abrasive wear) and little signs of plastic de-

formation are found for WG–C12. Indeed, the opposite 

was found in similar tests performed previously at 

higher pH (ca. 8) for C12 in WG, where lower wear 

rates and thicker passive films were found [32, 54]. 

The passive/tribofilm thickness has also played  

an important role in the wear performance of the 

additives. Indeed, this work shows that ILs can 

function as anti-wear additives in both WG and PAO, 

whereas C12 can only function as friction modifier. 

For the ILs, the passive/tribofilm thickness inside the 

wear track was very thick (Table 3). Comparing WG 

and PAO additivated with ILs, a competition effect 

between electrical conductivity and pH is observed. 

The higher conductivity enhanced the repassivation 

kinetics for both ILs resulting in a thicker tribofilm as 

compared to C12. But on the other hand, the low pH 

of PP increased the metal dissolution thinning the 

tribofilm for WG–PP, whereas PP in PAO–PP did not 

have any detrimental effect on the wear rate or on the 

tribofilm thickness. The polarity of the base lubricant 

has played a crucial role for PP, dissociating in  

water (i.e., increasing the electrical conductivity and 

decreasing pH) and remaining intact in PAO (i.e., 

enhancing a tribochemical reaction with the metal). 

In addition, the presence of FePO4 and FeF3 compounds 

inside the wear tracks (Figs. 6 and 8) contributed to 

keeping a very low wear rate due to the creation of 

thicker and more durable films on the metal surface. 

This effect is more evident in PAO since the absence 

of electrical conductivity (i.e., very low ion mobility) 

mostly promotes the adsorption of the additive on the 

surface and the subsequent tribochemical reaction 

with the metal.  

Figure 11 summarizes the frictional and wear 

mechanisms of PP and BMP in polar (water-based) 

and non-polar (PAO) lubricants as studied in this 

work. Worth noticing is the tribocorrosion process that 

occurred in the polar lubricant and the tribochemical 

process that occurred in the non-polar lubricant. The 

interplay of these two effects was driven by the polarity 

of the medium, the electrical conductivity, and the pH 

leading to different friction and wear results.  

5 Conclusions 

The effect of ionic liquids on friction and wear of 316L 

stainless steel tested in both polar and non-polar 

lubricants has been investigated and compared 

with carboxylic acid (C12) as reference additive. The 

following conclusions can be drawn from this work: 

 The carboxylic acid (C12) in the polar lubricant 

showed lower friction than that in the non-polar 

lubricant due to higher adsorption on the metal 

surface and thicker passive film. However, the 

lower conductivity of the lubricants additivated 

with C12 resulted in thinner passive film com-

pared to lubricants additivated with ionic liquids 

thus leading to high wear (i.e., the main role of 

C12 main is as a friction modifier). 

 Ionic liquids contribute to a higher electrical 

conductivity and therefore tribocorrosion played 

the most important role in the frictional evolution 

in WG. This effect was suppressed in PAO and 

therefore friction values depended mostly on 

the adsorption and tribochemical reaction of the 

additives with the metal surface.  

 Ionic liquids form a thicker passive/tribofilm that 

results in lower wear for the non-polar base 
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lubricant. In addition, the passive/tribofilm created 

on the surface contains FePO4 and FeF3, which 

contributes both to thickening the tribofilm and to 

keeping low friction and wear. 

 In the polar lubricant, the pH played an important 

role, the lower pH dissolves the passive film 

resulting in thinner passive/tribofilm thus leading 

to higher friction and wear. This effect was 

suppressed in the non-polar lubricant. 

 Among all additives tested, BMP shows the best 

wear and frictional performance in both polar  

and non-polar lubricants. In the case of the   

polar lubricant, the neutral pH resulted in less 

metal dissolution and the intermediate electrical 

conductivity resulted in a mild tribocorrosion 

process keeping FeF3 in the passive/tribofilm thus 

decreasing wear and friction. In the case of the 

non-polar lubricant, tribocorrosion is absent and 

the tribochemical reaction leads to the formation 

of a thick P and F containing tribofilm that decreases 

friction and wear.  
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