
7th World Tribology Congress, WTC 2021 
   September 5-10, 2021, Lyon, France 

 

Probing the nanofriction of non-halogenated phosphonate ionic liquid additives 
in glycol ether oil on titanium 

Rong An,1)* Xiuhua Qiu,1) Linghong Lu,2) and Faiz Ullah Shah3) 

1) Herbert Gleiter Institute of Nanoscience, Department of Materials Science and Engineering, Nanjing University of 
Science and Technology, Nanjing 210094, P.R. China 
2) College of Chemical Engineering, State Key Laboratory of Materials-Oriented Chemical Engineering, Department of 
Chemical Engineering, Nanjing Tech University, Nanjing 211816, P.R. China 

3) Chemistry of Interfaces, Luleå University of Technology, 97187 Luleå, Sweden 

*Corresponding author: ran@njust.edu.cn 
In the ionic liquid (IL)-oil mixtures at Ti substrates, the ILs prefer to accumulate at the substrate surface to form 
ordered IL-rich layered structures, facilitating the reduction of the nanofriction by preventing the direct 
substrate-to-substrate contact. While the oil dispersed at a greater distance from the surface to form a third oil-
rich regime, preventing the escape of the IL ions from the layered structures. A further increase of ILs, results 
in a smaller fraction of the oil which cannot ensure the block of the ion escape, and thus, would not necessarily 
bring a smaller friction coefficient. 
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1. Introduction 

Friction is one of the major causes that result in energy 
and material losses in many technical and economic areas. 
Lubrication is a principal focus to reduce the losses and 
improve energy efficiency and mechanical durability. 
Conventional lubricants, e.g., base oils, adhere weakly to 
solid surfaces, and can be easily squeezed out during 
sliding, resulting in direct surface-to-surface contacts and 
high friction. Ionic liquids (ILs) are considered to be 
mixing with conventional oil to form protective films, 
improving the lubrication performance. However, the 
dependence of lubricating effects on the concentration of 
the adding ILs differs as the system varies. This led to an 
immediate controversy over the mixed IL-oil lubricants 
on the improvement of the tribological performance, 
which is necessary to be clarified. 

2. Experimental 

 
Fig. 1 Structural illustration and abbreviations of cations, anions and 
the base oil DEGDBE. What we employed in this work: [P4,4,4,8][BScB]-, 
[P6,6,6,14][BOB]-, [P6,6,6,14][BScB]-, [P6,6,6,14][BMB]-,  [P6,6,6,14][DCA]-
base oil mixtures with molar ratios of 1:70, 1:10, and 1:1.   

3. Discussion 

Non-halogentated phosphonium-based ILs were added 
into the base oil, with molar ratios of 1:70, 1:10, and 1:1, 
to study their nanofrictional behavior on the Ti substrate 
via AFM. Taking [P4,4,4,8][BScB]-oil at Ti as an example, 
as for the cases of 1:70 and 1:10 (Fig. 2, left), a significant 
reduction in the friction coefficient is observed in the IL-
oil mixtures with a higher IL concentration (1:10), due to 
the formed tightly packed boundary layer. AFM force 
curves combined with simulation exhibited an 
accumulation of ILs at the surface of Ti to form IL-rich 
layered structures in the case of a higher concentration. 
However, the structured IL layer is incomplete in that of 

lower concentration (1:70). The ordered IL-rich layers on 
the Ti surface facilitated the reduction of the nanoscale 
friction by preventing direct surface-to-surface contact.  

The IL-rich layered structure consists of two parts 
(Fig. 2, left): 1) the IL adjacent to the surface arranging 
in ordered layers (dense layer, tLD), 2) the upper IL with 
decayed ordering into layers at a greater distance from 
the surface (loose layer, tLL). The upper loose IL layer is 
less stable, and the existing oil at a greater distance (oil-
rich layer) to the substrate prevents the escape of the IL 
ions from this loose layer.  

A further increase of ILs (1:1), results in a smaller 
fraction of the oil which cannot ensure the stability of 
loose layer, and thus, would not necessarily bring a 
smaller friction coefficient. Our findings revealed that 
IL-oil mixtures with a molar ratio of ~1:1 resulted in a 
negative load-dependent friction behavior, not following 
the Amontons’ law. The negative friction-load 
dependence where the friction decreases as the normal 
load increases, was attributed to the structural 
reorientation of the ILs. As the normal load increases, the 
cation alkyl chains of the ionic liquids change the 
orientation to preferentially stay parallel to the tip 
scanning path. The flat-oriented IL structures, similar to 
the ‘blooming lotus leaf’, produce a new sliding interface 
and reduce the friction force (Fig. 2, right). In addition, 
the magnitude of the measured friction in the case of 1:1 
was much higher than that in the case of dilute solutions 
with molar ratios of 1:70 and 1:10. The understanding of 
friction behavior of IL-oil mixtures on solid surfaces at 
nanoscale provides implications for the development of 
lubrication strategies and nanofluidic devices. 

 
Fig. 2 Friction force measurements in [P4,4,4,8][BScB]-oil at Ti substrate. 
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