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ABSTRACT 

Ionic Liquids have emerged as effective lubricants and additives to lubricants, in the last decade. 

Halogen-free ionic liquids have recently started to be considered as more environmentally stable 

than their halogenated counterparts, which tend to form highly toxic and corrosive acids when 

exposed to moisture. Most of the studies using ionic liquids as lubricants or additives of lubricants 

have been done experimentally. Due to the complex nature of the lubrication mechanism of these 

ordered fluids, the development of a theoretical model that predicts the ionic liquid lubrication 

ability is currently incomplete. In this study, a suitable and existing friction model to describe 

lubricating ability of ionic liquids in the elastohydrodynamic lubrication regime is identified and 

compared to experimental results.  

Two phosphonium-based, halogen-free ionic liquids are studied as neat lubricants and as additives 

to a Polyalphaolefin base oil in steel-steel contacts using a ball-on-flat reciprocating tribometer. 

Experimental conditions (speed, load and roughness) are selected to ensure that operations are 

carried out in the elastohydrodynamic regime. Wear volume was also calculated for all tests. A 

good agreement was found between the model and the experimental results when [THTDP][Phos] 

was used as an additive to the base oil, but some divergence was noticed when [THTDP][DCN] 

was added, particularly at the highest speed studied. A significant decrease in the steel disks wear 

volume is observed when 2.5 wt. % of the two ionic liquids were added to the base lubricant.   
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NOMENCLATURE 

a  =  cylinder diameter (m) 

 = Barus’ pressure-viscosity coefficient (GPa-1) 

η             =      viscosity (cP) 

p             =      ressure (MPa) 

Z             =      Roelands pressure-viscosity index 

h             =      film thickness (m) 

U            =      speed (m/s) 

E*           =      Youngs reduced modulus (GPa) 

R             =      effective radius of curvature (m) 

λ              =      film parameter 

σ             =      surface roughness (µm) 

τ             =      shear stress (N/m2) 

ζ             =      limiting shear stress parameter 

µ             =     coefficient of friction 

G            =      Shear modulus(MPa) 

 

SUBSCRIPTS 

 

0             =       atmospheric value 

r             =       Roelands constants 

iv            =       isoviscous 
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1. INTRODUCTION 

Friction has always been of interest to man from the very beginning. Whether it was to overcome 

friction or to use it beneficially, it has always been an important factor of consideration in 

engineering problems.  In the transportation industry, overcoming friction is one of the main focus 

areas. In passenger cars for example, almost one third of the total energy is used to overcome 

friction in the tires, brakes, transmission and the engine as shown in Figure 1 [1].  

 

Figure 1: Loss of energy in passenger cars [1]. 

It is estimated that between 1 and 1.55% of a country’s Gross Domestic Product (GDP) can be 

saved if friction and wear losses in mechanical parts were reduced. It is also estimated that 

approximately 11% of the total energy consumed in the U.S annually in the areas of transportation, 

turbomachinery, power generation, and industrial processes can be saved through new 

developments in lubrication and tribology [2]. 

Friction in machinery may be reduced using the following means:  

 Low friction coatings 

 Surface Topography and Texturing 

 Lubricants 

 Altering geometry of contacting surfaces 

In the present study we will be concentrating on the effect of lubricants in friction reduction. Ionic 

Liquids (ILs) have recently been widely discussed in the context of tribology since 2001 [3]. ILs 
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are defined as salts which are liquids at temperatures below 1000C. They consist of ion pairs which 

contain bulky, asymmetric cations and anions. The melting point and viscosity of these liquids are 

strongly dependent on their molecular structures, the length of alkyl chains and the type of cation 

and anion used. This provides for a large amount of variability and hence properties can be tailored 

to suit different complex situations [4]. The most important properties that allow ILs to be used in 

lubrication are: negligible volatility, non-flammability, high thermal stability, low melting point, 

and conductivity [4]. ILs also have a higher Viscosity Index when compared to commercial oils 

and hence there is a small variation in viscosity with temperature [5]. 

Another reason behind choosing ILs as our lubricant is the fact that they can be green substances 

when they are free of halogens [6]. This is the major advantage that these liquids hold over all the 

various commercially available lubricants.  

The main aim of this study will be to identify a suitable, existing model which can effectively 

describe the lubrication mechanism of ILs, as neat lubricants (100% by weight) and as additives 

to lubricants. In this work we will focus on the interactions that take place in the 

Elastohydrodynamic lubrication regime and friction models used in this regime will be used to 

compare experimental findings so as to narrow down on an acceptable lubrication mechanism 

model.  

 

2. THE RESEARCH QUESTION 

Can an existing friction model be applied to successfully predict the behavior of ILs as lubricants?  

If so, under what specific conditions?  

ILs have been proven to be very good lubricants by the means of experiments [4,7–10], however 

a friction model which can successfully describe these interactions is yet to be determined. The 

aim of this work is to identify such a model, if it exists, and to provide guidelines in the 

establishment of such a model in the event that an existing model is not suitable. 
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3.  LITERATURE REVIEW 

3.1 Friction in Elastohydrodynamic Lubrication 

Elastohydrodynamic Lubrication (also referred to as EHL or EHD) is a form of hydrodynamic 

lubrication wherein the existence of a fluid film between two sliding contacts of high elastic 

modulus is explained by the elastic deformation of the surfaces under very high pressures and also 

by the increase in the viscosity of the fluid with pressure [11,12]. The first comprehensive 

numerical solution to the elastohydrodynamic problem was obtained by Dowson and Higginson 

[13], and the general formula obtained by them in 1959 is still in use today.  

When dealing with the variation of viscosity with pressure, one of the simplest relations is the 

Barus’ equation  

 𝜂𝑝 = 𝜂0𝑒𝛼𝑝                                                                                                                                   (1) 

where α is the pressure viscosity coefficient of the lubricant [14]. Another popular pressure-

viscosity relation was proposed by Roelands [15]:  

𝜂 =  𝜂0 𝑒
{𝑙𝑛(

𝜂0

𝜂𝑅
)[(1+

𝑝

𝑝𝑅
)𝑍−1]}

                                                                                                          (2) 

where, ηr and pR are reference viscosity and pressure and are given by ηR = 6.315 × 10-5 Pa s and 

pR = 1.98×108 Pa. The negative value of pr is a fictitious negative pressure which gives a value of 

viscosity equal to ηr. Z is a constant and is known as the pressure-viscosity index.  

Various rheological models for evaluating the friction coefficient in the EHD regime exist. The 

general approach used is to determine the surface shear stress using these models. The shear stress 

is then integrated over the contact area to determine the shear traction force and thereby the 

coefficient of friction is determined [16]. Otero et al. [17] have used two models to describe the 

frictional characteristics of  Polyalphaolefins used in point contacts. They have then used a Multi 

Traction Machine (MTM) to obtain the friction coefficient experimentally. An approach similar to 

what they have conducted will be used in this study with different lubricants: a Polyalphaolefin 

with an IL as an additive, and an IL as a neat lubricant will be used.    
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Based on the load, elasticity and sliding speed planned in this thesis, the regime of lubrication can 

be set and in this case the elastohydrodynamic regime will be used. Using the chart of Hamrock 

and Dowson, Otero et al. selected the following correlation to calculate the central film thickness:  

ℎ𝑐 = 1.39 (
𝜂0𝑈

2𝐸∗𝑅
)

0.67
(𝛼𝐸∗)0.53 (

𝐸∗𝑅2

𝑊
)

0.067

                                                                                  (3) 

where η0 is the viscosity at atmospheric pressure, W is the load, α is the pressure viscosity 

coefficient, U is the average velocity between surfaces, E* is the Young’s reduced modulus and R 

the reduced radius of curvature. 

It should be noted that Eq (3) is valid for unidirectional motion only. In the present study, a 

reciprocating friction tester will be used, and for the large stroke length to be used with this tester, 

it has been shown that that Eq (3) is valid for reciprocating motion as well at the maximum sliding 

velocity [18]. 

Once the film thickness is known, a surface roughness parameter can be calculated. This is used 

to determine if a smooth surface elastohydrodynamic regime can be considered. Given the surface 

roughness of the two mating surfaces (σ1, σ2) we have the film parameter 𝜆 =
ℎ𝑐

√𝜎1
2+𝜎2

2
  . If the 

film parameter is greater than 3, then it can be considered to be in the fully lubricated 

elastohydrodynamic regime. 

 

3.1.1 Limiting Shear Stress model:  

In a Newtonian fluid with a Barus Pressure-viscosity model, the shear stress is given by 

 𝜏 =
𝜂0𝑒𝛼𝑝∆𝑈

ℎ𝑐
                                                                                                                                   (4) 

where p is the pressure and ∆U is the sliding velocity between the surfaces. However, studies have 

shown that there is a limiting shear stress at which the above formulation is no longer valid. Hence, 

an approach is chosen wherein the Newtonian model is considered until this limiting value is 

reached, and then the boundary value is considered. The boundary value is given by 

 𝜏 = 𝜏𝐿 = 𝜏0 + 𝜁𝑝                                                                                                                         (5) 
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The limiting shear stress at atmospheric pressure (τ0) and the limiting shear stress-pressure 

parameter (ζ) are constants specific to each lubricant. 

The traction force is then obtained by integrating the shear stress over the area and from the traction 

force, the coefficient of friction is determined. The expression for the traction coefficient is given 

as 

 𝜇 =
3𝜂0∆𝑈

ℎ𝑐
. (𝑒𝑚𝛼𝑝0(𝑚𝛼𝑝0 − 1) + 1)

1

𝛼2𝑝0
3 + 𝜁(1 − 𝑚3)                                                            (6) 

where, p0 is the maximum film pressure(or Hertz pressure) and m is a parameter which measures 

the relation between the transition radius b and the contact radius a [19]. They are calculated using 

the following 

𝑝0 =
3𝑊

2𝜋𝑎2 ;  𝑎 = √
3𝑊𝑅

4𝐸∗

3
 ;  𝑚 = √1 − (

𝑏

𝑎
)2 ; 𝑏 = 𝑎√1 − (

𝑝∗

𝑝0
)2  

This model does not consider a transition zone between Newtonian and Non-Newtonian behavior. 

Because of this, an overestimation of the shear stress occurs, and hence the results are fairly 

inaccurate.  

 

3.1.2 Carreau’s Model 

Carreau provided a generalized viscosity formula of the form[17] 

𝜂

𝜂0𝑒𝛼𝑝 = [1 + (

𝜂0𝑒𝛼𝑝∆𝑈

ℎ𝑐

𝐺
)

2

]

𝑛−1

2

                                                                                                        (7) 

Exponent n and shear modulus G are lubricant specific properties which are obtained by curve fits 

to data. The calculating process is similar to that carried out in the Limiting Shear Stress model. 

The final expression for the friction coefficient is given as:  

𝜇 = 3 (
𝜂0∆𝑈

ℎ𝑐
)

𝑛

𝐺1−𝑛. (𝑒𝑛𝛼𝑝0[𝑛𝛼𝑝0 − 1] + 1)
1

(𝑛𝛼)2𝑝0
3                                                                   (8) 

The results obtained by Otero et al. are depicted in Figures 2 and 3.  
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Figure 2: Results using the Limiting Shear Stress model [17]. 

 

Figure 3: Results using Carreau’s model [17]. 

From the figures, we see that Carreau’s model agrees much better than the Limiting Shear Stress 

Model as a transition zone has been considered between the Newtonian and Non-Newtonian 

behavior of the fluid.  

 

3.2 Ionic Liquids in Tribology 

As mentioned before, ILs are salts which have a melting point lower than a 1000C. ILs have certain 

properties which make them very good lubricants. These are high thermal stability, low melting 

point, non-flammability, conductivity and negligible volatility. Another characteristic that 
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distinguishes it from other synthetic lubricants is its high polarity. The high polarity allows these 

liquids to form an adsorption film and a tribochemical surface reaction which increases their anti-

wear capabilities [4,9,20].  

ILs can be used as base oils and as additives to base oils.  The effects of Alkyl Imidazolium based 

ILs, both as a neat lubricant, and as an additive to a mineral oil in steel-aluminum contacts were 

recently studied. They found that overall, a very low friction coefficient was obtained when used 

as a neat lubricant but a further reduction (69-75%) in friction coefficient was obtained when 1 wt. 

% of an ionic liquid was used. (At 25 °C). This was due to the lack of tribocorrosion processes at 

such concentrations [7].  

The same authors also used ILs in steel-titanium contacts at 0 and 100 °C using imidazolium and 

ammonium salts and have observed a 60% reduction in friction when compared to mineral oils at 

room temperatures [8]. 

Most of today’s machinery is comprised of steel and hence a large number of surface contacts are 

steel-steel contacts. These contacts have been extensively studied with ILs as lubricants, and in 

particular, imidazolium salts with tetrafluorborate and hexafluorophosphate [3,7,8,21,22]. 

However these choices were mainly chosen as they have properties similar to conventional 

synthetic lubricants, and also because the imadozole cation is a versatile building block around 

which molecules which have appropriate physical and chemical properties [20]. But, it has been 

found that short chain imidazolium and ammonium are less hydrophobic and can absorb moisture 

which is undesirable.   

Halogen Free Ionic liquids: 

Tribology can also be considered “Green” when the fluid lubricant used is not hazardous to the 

environment. The aim of this research will be to determine if ILs which are halogen free, and 

thereby ‘green’ can be used to provide efficient lubrication. Most of the commercially available 

lubricants today have additives which are potentially harmful to the environment. Green ionic 

lubricants are expected to stable chemically and thermally, non-volatile liquids, environmentally 

inert and in some cases, biodegradable, while at the same time, reducing friction and wear 

efficiently. As mentioned above, most of the ILs used today contain harmful elements such as 

[BF4]-, [PF6]-, [SO3CF3]-, [NTf2] - etc. These are potentially very harmful as when [BF4]-and 
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[PF6]- are hydrolyzed, they form HF which is highly corrosive [23]. Thus we find the need to find 

highly stable, environmentally friendly “Green Ionic” liquids which are high performance 

lubricants which can replace commercially available lubricants.  

Gusain et al. [24] used bis(salicylate)borate as an anion with imidazolium and ammonium salts 

and found that their performance was very good when used as an additive to a base oil (PEG 200). 

These ions have the added advantage that as they are sulphur, phosphorous and halogen free, they 

protect surfaces from tribo-corrosion and are also environmentally friendly  

Minami et al. [25] studied the tribo-chemistry of phosphonium derived ILs and found that under 

similar loading conditions, the phosphonium salts performed better when compared to an 

imidazolium salt. It was also noted that phosphate and thiophosphate anions produced better results 

when compared to TFSA (trifluoromethylsulfonyl). It was also found that phosphonium 

phosphate, when used as an additive, produced a much lower wear volume when compared to 

BMIM-NTf2 [23]. Phosphonium based ILs will be used in the present study as they have been 

proven to be very effective lubricants in steel-steel contacts, and they have an added advantage of 

being halogen free.  

 

3.3 Ionic Liquids as lubricants in Elasto-Hydrodynamic contacts.  

Pensado et al. [22] obtained the universal pressure-viscosity coefficient for a group of imidazolium 

based ILs. The viscosity and density as a variation of pressure and temperature was obtained from 

already published values for these liquids [26–31]. The reciprocal asymptotic isoviscous pressure 

coefficient was calculated using Blok’s isoviscous pressure relation 

 𝛼∗ =
1

𝑝𝑖𝑣(∞)
= [∫

𝜂(𝑝=0)𝑑𝑝

𝜂(𝑝)

∞

0
]

−1

                                                                                                    (9) 

 From which the universal pressure-viscosity coefficient was found using Bair’s relation given by 

𝛼𝑓𝑖𝑙𝑚 =
1−𝑒−𝑘

𝑝𝑖𝑣(
𝑘

𝛼∗)
                                                                                                                             (10) 
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Where k=3 was empirically chosen for accuracy. Bair also found that that this value of αfilm could 

be used to calculate film thickness in equation (3) [32]. 

The pressure viscosity coefficient obtained by Pensado for ILs is shown in Tables 1 and 2.   

Table 1: α* (GPa-1) values obtained by Pensado [22] 

 

Table 2: αfilm (GPa-1) values obtained by Pensado [22] 

 

Pensado et al. states that these obtained values are lower than that of most conventional oils used 

in aerospace and gear lubrication applications. However, this does not mean that these liquids can 

not be used in EHL contacts and it actually favors their use as a lower value of the pressure 

viscosity coefficient implies that there will be a reduction in friction energy as well as pressure 

spikes, which play an active role in wear and failure of gear elements and bearings.  

An alternative method of determining a pressure-viscosity relation is presented. The Roelands 

pressure-viscosity index can be approximated from the relation given by Roelands [15,33]. 

𝑍 = [7.81(𝐻40 − 𝐻100)]1.5𝐹40                                                                                                    (11) 

where,  
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𝐹40 = (0.885 − 0.864𝐻40); 𝐻40 = log(log(𝜂40) + 1.200) ; 𝐻100 = 𝑙𝑜𝑔 (𝑙𝑜𝑔 (𝜂100  ) + 1.200)   

The above correlation gives good estimates for synthetic hydrocarbons, polymers, diesters, and 

polyolesters and for hydrocarbon and ester-base oils with additives [33]. 

If we assume that at ambient pressure (p=0), the slopes of the Barus and Roelands equation are 

equal, then the Barus parameter can be obtained from the Roelands one using [34].  

𝛼 =
𝑧𝑙𝑛(

𝜂0
𝜂𝑟

)

𝑝𝑟
                                                                                                                                   (12) 

Moes [35] shows that α* can be related to α using the following approximation,    

𝛼∗ ≈
𝛼

1+((1−𝑧)(𝛼𝑝𝑟))
                                                                                                                      (13) 

The validity of these relations was verified by comparing the results with published values of three 

commercial lubricants and three ILs. The results are shown in Table 3, in chapter 4.  
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4. OBJECTIVES 

The objectives of the proposed work will be to: 

 Perform tests to measure the friction coefficient using ILs as lubricants and additives to 

lubricants.  

 The ILs will be added in concentrations of 0.5%, 1% and 2.5% by weight to the base oil.  

 Measure the viscosity of the ILs and mixtures and calculate the pressure-viscosity 

coefficient for all lubricants 

 Theoretically calculate the coefficient of friction using the identified rheological models 

and therefore either validate or invalidate the models with the experimental data, for their 

usage with the chosen ILs.  

 Measure the wear width and calculate the wear volume of the test samples after a time 

interval of one hour.  
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5. WORK PERFORMED  

5.1 Preliminary Work 

Limited work relating to the rheological models has been done. The pressure-viscosity calculations 

suggested by equations (11-13) were validated using 6 lubricants, 3 of which were ILs, using the 

published values for the viscosity at 40 and 1000C. The obtained results were compared with the 

values published by Pensado et al [22]. 

Table 3: Validation of Pressure-Viscosity Coefficient calculations. (Equations 11-13) 

Lubricant Published Calculated 
Absolute 

Error 

Mineral Oil 20.73 20.692 0.038 

PAO 13.401 14.796 1.395 

PAG 11.041 8.3982 2.6428 

[C4C1im]BF4 8.6 17.068 8.468 

[C6C1im]PF6 12 19.8 7.8 

[C4C1Im]Tf2N 9.8 13.75 3.95 

 

From Table 3, the absolute error between published and calculated data is small for mineral oils 

and PAO. However, larger error is seen in the case of the three ILs. In the present study, ILs are 

going to be used as additives to a base lubricant which is a PAO. The concentrations of these ILs 

added are going to be in the range of 1-5% and, hence, the overall expected error in the estimation 

of the pressure-viscosity coefficient is low. Also, it is to be noted that the published values for the 

mineral oil, PAO and PAG depict the Barus pressure-viscosity coefficient while the one calculated 

in this work, is the isoviscous pressure viscosity coefficient which is found to be more accurate.  
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5.2 Experimental Details  

5.2.1 Tribological Details 

AISI 52100 steel flat disks (19 mm diameter, 243 hardness HV, Roughness Ra=0.1-0.4 μm) were 

tested in a ball-on-flat reciprocating tribometer (figure 4 and 5) against AISI 420C steel balls (1.5 

mm spherical diameter, 690 hardness HV, Roughness Ra=0.05 μm). Tribological tests were 

carried out at room temperature and under a normal load of 5 N (2.75 GPa maximum Hertzian 

pressure), and three different speeds of 0.01 m/s, 0.02 m/s and 0.04 m/s. The speeds were achieved 

by varying the stroke length (2.5 mm,5 mm,10 mm) while using  a constant frequency of 2Hz. The 

slide-roll ratio was kept constant during tests. The roughness was varied according to the speed to 

ensure that the film parameter (λ) was always between 3 and 10, thereby ensuring we were 

operating in the elastohydrodynamic regime. Table 4 shows the values of roughness used at 

different speeds and the calculated film parameter. As the film parameter is always between 3 and 

10, we ensure that we are operating in the elastohydrodynamic regime.  

Table 4: Roughness values at each speed. 

Speed 

(m/s) 

Roughness 

(µm) 

Film 

Parameter (λ) 

0.01 0.10 6.29 

0.02 0.20 6.82 

0.04 0.40 6.98 

 

Friction coefficients were continuously recorded with sliding distance. Mean friction coefficients 

and wear volume were obtained after three tests under the same conditions. Volume loss (Vf) was 

determined by image analysis after 45 wear track width (Wt) measurements for each test, 

according to Eq. (14) [36]: 
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𝑉𝑓 = 𝐿𝑠 [𝑅𝑓
2 ∗ sin−1 (

𝑊𝑡

2∗𝑅𝑓
) − (

𝑊𝑡

2
) (

𝑅𝑓

ℎ𝑓
)] +

𝜋

3
(3𝑅𝑓 − ℎ𝑓)                                                          (14) 

Where Ls is stroke length, Rf is the radius of 440C steel ball and hf is the wear depth given by Eq. 

(15) 

ℎ𝑓 = 𝑅𝑓 − √𝑅𝑓
2 −

𝑊𝑡
2

4
                                                                                                                  (15) 

 

5.2.2 Lubricants 

The base lubricant for this study is a Polyalphaolefin (PAO), specifically, Synton PAO-40, a 

synthetic oil. Two ionic liquids are used as additives to the base lubricant. The ionic liquids used 

were obtained commercially from Sigma-Aldrich (USA). Their names, structure and IUPAC name 

are presented in Table 5.  

 

 

Table 5: Names and structures of ILs used in this study. 

Code 
Structure 

IUPAC name 
Cation Anion 

[THTDP][DCN] 

 

 

Trihexyltetradecylphosphonium 

decanoate 

[THTDP][Phos] 

 

Trihexyltetradecylphosphonium  

bis(2,4,4)trimethylpentyl)phosphinate 

 

5.2.3 Viscosity Measurements 

The viscosities of all lubricants and mixtures were measured using a Brookfields DVII+ 

Viscometer with a Thermosel attachment. Measurements were made at temperatures of 40°C and 

100°C. 
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Figure 4: Schematic of ball-on-flat test configuration 

 

 

Figure 5: Reciprocating Tribometer 
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6. RESULTS 

6.1 Viscosity and Pressure-Viscosity Coefficient Results 

The viscosity values at 40°C and 100°C, and the calculated pressure-viscosity coefficient (α*) for 

all lubricants used in this study are presented in Table 6. As seen in the table, the addition of the 

IL’s to the base oil slightly increases the viscosity of the PAO. This increase is also noticed in the 

pressure-viscosity coefficient.  

As seen in Table 6, the viscosity of [THTDP][DCN] at 40°C couldn’t be obtained as it is a semi-

solid at this temperature.  

The [THTDP][Phos] also exhibits an interesting behavior due to the fact that its viscosity decreases 

as the speed, at which the viscosity is measured, is increased. Hence we conclude that this liquid 

exhibits what is known as shear thinning. Shear thinning is a phenomenon which occurs in certain 

fluids where the viscosity of the fluid decreases as the shear rate is increased. As the viscosity 

varies with shear rate, the [THTDP][Phos] can be classified as a non-Newtonian fluid.  Figure 6 

describes the variation of the viscosity of [THTDP][Phos] with speed at 40°C and 100°C.    

 

Figure 6: Viscosity of [THTDP][Phos] vs Shear Rate(sec-1) 
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In Table 6, the value of viscosity at a spindle speed of 0.6 RPM is listed as this speed corresponds 

to the speeds at which the tribometer was run. However, the obtained value of the pressure-

viscosity coefficient appears to be incorrect when compared to the other lubricants.  

A similar test was carried out with [THTDP][DCN] at 100°C to determine if the same behavior is 

noticed.  

 

Figure 7: Viscosity of [THTDP][DCN] vs Shear Rate(sec-1) 

Figure 7 shows that [THTDP][DCN] does not exhibit any shear thinning behavior and the viscosity 

remains constant as the rate of shear is increased. This can be classified as a Newtonian liquid.  
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Table 6: Viscosity and Pressure-Viscosity Coefficient of lubricants 

Lubricant 

Viscosity(cP) 
Pressure Viscosity 

Coefficient α*(GPa-1) 
400C 1000C 

PAO 325.00 32.00 16.38 

PAO+0.5%[THTDP][Phos] 330.09 32.34 16.39 

PAO+1%[THTDP][Phos] 330.35 32.18 16.47 

PAO+2.5%[THTDP][Phos] 331.99 32.13 16.55 

PAO+0.5%[THTDP][DCN] 339.00 32.70 16.51 

PAO+1%[THTDP][DCN] 360 32 17.52 

PAO+2.5%[THTDP][DCN] 343.30 30.85 17.56 

[THTDP][Phos] (at 0.6 rpm) 3310 2180 0.12* 

[THTDP][DCN] Semi-Solid 17.3 - 

 

6.2 Experimental Friction Results 

The experimental results obtained from the ball on flat reciprocating tribometer are documented 

in this section. Continuous friction data was obtained from the tribometer and a moving average 

of this data was collected in order to show trends. Each test was performed thrice in order to obtain 

consistent results. Figures 8 and 9 show the plot of the friction coefficient vs time for each lubricant 

at 0.01 m/s. These plots depict the average friction coefficient obtained from the three tests 

conducted.  
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Figure 8: Mean friction coefficient vs time using [THTDP][Phos] as neat lubricant and as an additive to 

PAO at 0.01 m/s 

From figure 8, there is no significant change in the coefficient of friction when [THTDP][Phos] is 

used as a neat lubricant or as an additive to PAO at this particular speed.  

 

Figure 9: Mean friction coefficient vs time using [THTDP][DCN] as neat lubricant and as an additive to 

PAO at 0.01 m/s 
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Figure 9 shows the friction coefficients as a function of time of PAO, [THTDP][DCN] as neat 

lubricant and [THTDP][DCN] as additive in PAO. From the figure, an important reduction in 

friction can be seen in almost all cases, except at the end of the test where the PAO performs 

slightly better than when 0.5% and 1% of the IL are added. A large reduction in friction is observed 

when 2.5% and the neat IL is used. It should also be noted that a more constant friction coefficient 

over the entire test cycle is achieved when the IL is used. The mean (and standard deviation) 

friction coefficient obtained for each lubricant is summarized in Figure 10.  

 

Figure 10: Summary of Friction results at 0.01 m/s 

When the speed is increased to 0.02 m/s, the performance [THTDP][Phos] (Figure 11) is similar 

or better than that of the PAO except when 2.5% of the IL is added to the base oil. A drastic 

reduction is noticed when 0.5% and 1% of the IL is used as an additive. In comparison, 

[THTDP][DCN] (Figure 12) slightly affects the frictional properties of the base oil at this 

particular speed. A reduction in friction is observed when 1% and 2.5% of this IL is used as an 

additive to the PAO. 
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Figure 11: Mean friction coefficient vs time using [THTDP][Phos] as neat lubricant and as an additive 

to PAO at 0.02 m/s 

 

Figure 12: Mean friction coefficient vs time using [THTDP][DCN] as neat lubricant and as an additive 

to PAO at 0.02 m/s 

 

The average friction values for each lubricant are summarized in Figure 13. 
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Figure 13: Summary of friction results at 0.02 m/s 

 

Figures 14 and 15 show the results obtained at a speed of 0.04 m/s. As can be seen, the only 

significant reduction in friction is obtained when [THTDP][DCN] is used as a neat lubricant. 

 

Figure 14: Mean friction coefficient vs time using [THTDP][Phos] as neat lubricant and as an additive 

to PAO at 0.04 m/s 
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Figure 15: Mean friction coefficient vs time using [THTDP][Phos] as neat lubricant and as an additive 

to PAO at 0.04 m/s 

Figure 16 shows the mean friction values of each lubricant at 0.04 m/s. 

 

Figure 16: Summary of friction results at 0.04 m/s 

 

Figures 17 and 18 show the variation of friction coefficient with speed. From figure 17, addition 

of [THTDP][Phos] to the base oil causes a decrease in the friction coefficient, when compared to 
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the neat PAO, at lower concentrations. A higher friction coefficient is observed at lower speeds 

when 2.5% wt. is added to the base oil, however at higher speeds a lower friction coefficient is 

observed. Also it is noted that the lowest friction coefficient is observed at the medium speed when 

1% wt. is added.  

In the case of the [THTDP][DCN] (Figure 18), a reduction in friction is observed at lower speeds 

when higher concentrations are added to the PAO. The greatest reduction in friction is observed 

when [THTDP][DCN] is used as a neat lubricant at higher speeds. It must be noted that as this IL 

is semi-solid at room temperature, it was initially heated till its melting point and then used as a 

liquid lubricant.  

 

 

Figure 17: Friction coefficient vs Sliding Speed when [THTDP][Phos] is used as a neat lubricant and as 

an additive to PAO 
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Figure 18: Friction coefficient vs Sliding Speed when [THTDP][DCN] is used as a neat lubricant and as 

an additive to PAO 

 

6.3 Comparison of Experimental Friction Results with Carreau’s Model 

Figures 19-21 compare the experimental results with those obtained from Carreau’s model. The 

parameters n and G which appear in Carreau’s model were obtained by a least squares based 

parameter estimation. The obtained values are consistent with those published for polyalphaolefins 

[37]. These values are documented in Table 7.  
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Table 7: Values of exponent n and Shear Modulus G obtained from data 

Lubricant n 
Shear Modulus G 

*106 Pa  

PAO 0.1235 4.2859 

PAO+0.5%[THTDP][Phos] 0.1242 4.3415 

PAO+1%[THTDP][Phos] 0.1275 4.2756 

PAO+2.5%[THTDP][Phos] 0.1267 4.3267 

PAO+0.5%[THTDP][DCN] 0.1167 4.4156 

PAO+1%[THTDP][DCN] 0.1089 4.6863 

PAO+2.5%[THTDP][DCN] 0.0987 4.525 

 

 

When the ILs were used as neat lubricants, Carreau’s model could not be set up correctly as there 

was insufficient information regarding the viscosity of these fluids and this meant that either α* 

could not be calculated, or the value was incorrect. The current laboratory setup also does not have 

the means to determine α* experimentally. The comparison between the experimental results and 

the results for PAO and PAO mixtures with IL from Carreau’s model are depicted in figures 19-

21. 

 

Figure 19: Comparison between experimental results and Carreau’s Model for PAO (base oil) 
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Figure 20: Comparison between experimental results and Carreau’s Model using [THTDP][Phos] as an 

additive to PAO 

From Figure 19, a good agreement between the theoretical and experimental results is observed 

when the PAO is used as a lubricant.  

When [THTDP][Phos] is used as an additive, small deviation between the experimental and 

theoretical results is observed, confirming that the model is valid for use with these lubricants. 
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Figure 21: Comparison between experimental results and Carreau’s Model using [THTDP][DCN] as an 

additive to PAO 

The results with [THTDP][DCN] (Figure 21) are fairly good, but it is important to note that as the 

concentration of the IL is increased, there is a larger deviation from the theoretical value, at the 

highest value of speed studied. This deviation can be explained due to the formation of a corrosion 

resistant tribo-layer, which may have formed due to the increase in temperature at this speed. The 

formation of this layer can be verified by observing the wear results, which are discussed in the 

following section. 
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The root mean square error values between the theoretical and experimental results are depicted 

in Table 8.  

Table 8: Root Mean Square (RMS) error values between the theoretical and experimental results for each 

lubricant 

Lubricant RMS Error 

PAO 0.0110 

PAO+0.5%[THTDP][Phos] 0.0048 

PAO+1%[THTDP][Phos] 0.0217 

PAO+2.5%[THTDP][Phos] 0.0125 

PAO+0.5%[THTDP][DCN] 0.0203 

PAO+1%[THTDP][DCN] 0.0141 

PAO+2.5%[THTDP][DCN] 0.0333 

 

The above table gives us a numerical estimate of the closeness of the fit between the theoretical 

and experimental results. We see that the deviation is small in the case of the PAO and when 

[THTDP][Phos] is added. A slightly larger deviation is observed when 2.5% of [THTDP][DCN] 

is added. This is in accordance with Figures 19-21.  
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6.4 Wear  

The wear volume for each test was calculated using Eq. 14. The wear results at each speed are 

depicted in figures 22-27. As the surface roughness values at each speed are different, comparisons 

between lubricants can be made at the same speed only. The results at a speed of 0.01 m/s are 

depicted in Figure 22. At this speed, the addition of the ILs actually increases the amount of wear 

in the samples with [THTDP][DCN] performing better. This could be due to the fact that ILs 

require a certain amount of activation energy before they actually react with the surface and this 

speed, being fairly low, could not provide this required energy. 

 

Figure 22: Summary of wear results at 0.01 m/s 
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Figure 23: Optical micrographs at 0.01 m/s 

The optical micrographs of the samples tested at a speed of 0.01 m/s are shown in Figure 23. The 

addition of the ILs increase the amount of wear at this speed. Signs of abrasive wear (parallel lines 

and grooves in the wear track) and plastic deformation are visible when the ILs are used.  

(a) PAO+0.5% 

[THTDP][Phos] 

(b) PAO+1% 

[THTDP][Phos] 

(c) PAO+2.5% 

[THTDP][Phos] 

(d) PAO+0.5% 

[THTDP][DCN] 
(e) PAO+1% 

[THTDP][DCN] 

(f) PAO+2.5% 

[THTDP][DCN] 

(g) [THTDP][Phos] (h) [THTDP][DCN] (i) PAO 
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Figure 24: Summary of wear results at 0.02 m/s 

Figure 24 shows the summary of the wear results at 0.04 m/s. From the figure, when 2.5% of 

[THTDP][Phos] and all concentrations of [THTDP][DCN] are used, a significant reduction in the 

wear volume is observed. There is an 83% decrease in the wear volume when 0.5% of 

[THTDP][DCN] is added when compared to the base oil and a 58% reduction when 2.5% of 

[THTDP][Phos] is added to the PAO. It should also be noted that there is a significant reduction 

in wear when the ILs are used as neat lubricants. The optical micrographs of the samples are 

presented in Figure 23. 

         

 
(a) PAO+0.5% 

[THTDP][Phos] 

(b) PAO+1% 

[THTDP][Phos] 

(c) PAO+2.5% 

[THTDP][Phos] 
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Figure 25: Optical micrographs at 0.02 m/s 

The wear scar of the base oil PAO shows abrasive wear but when the ILs are added, we don’t see 

any abrasive wear. Also the amount of plastic deformation is clearly reduced when the ILs are 

added.  

 

Figure 26: Summary of wear results at 0.04 m/s 

(d) PAO+0.5% 

[THTDP][DCN] 

(e) PAO+1% 

[THTDP][DCN] 

(f) PAO+2.5% 

[THTDP][DCN] 

(g) [THTDP][Phos] (h) [THTDP][DCN] (i) PAO 
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At the highest speed of this study, both ILs perform very well except when 0.5% of 

[THTDP][Phos] is added. The most probable reason for this is that at this speed, the activation 

energy required for the reaction between the ILs and the metal surface is higher, thereby increasing 

the reactivity and facilitating the formation of a corrosion resistant tribolayer. As the concentration 

of [THTDP][Phos] is increased, the reduction in the wear volume increases. The greatest reduction 

(74%) is found when 2.5% of [THTDP][DCN] is used 

          

 

          

 

         

 

Figure 27: Optical micrographs at 0.04 m/s 

Figure 25 shows the optical micrographs of the samples. The test with the PAO indicates that the 

tracks are deeper and also the effect of vibrations in the machine are imparted on the track causing 

the widening and narrowing of the track at intervals. This phenomenon starts to vanish as the ILs 

are added and the best wear track is observed when 2.5% of [THTDP][DCN] is used. The neat ILs 

(a) PAO+0.5% 

[THTDP][Phos] 

(b) PAO+1% 

[THTDP][Phos] 

(c) PAO+2.5% 

[THTDP][Phos] 

(d) PAO+0.5% 

[THTDP][DCN] 

(e) PAO+1% 

[THTDP][DCN] 
(f) PAO+2.5% 

[THTDP][DCN] 

(g) [THTDP][Phos] (h) [THTDP][DCN] (i) PAO 
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also prove to be very good in reducing the amount of wear, as is evident from the optical 

micrographs. 

 

7. CONCLUSIONS 

In this study, the tribological behavior of two phosphonium-based ILs, 

Tetradecyltrihexylphosphonium bis(2,4,4-trimethylpentyl)phosphinate [THTDP][Phos] and 

Trihexyltetradecylphosphonium Decanoate [THTDP][DCN], is investigated as additives of a 

synthetic polyalphaolefin oil—Synton PAO-40 (PAO)—in steel–steel contact. PAO-IL blends 

containing between 0.5% wt. to 2.5% wt. of each IL are investigated using a block-on-flat 

reciprocating tribometer and the experimental results are compared to the results obtained from an 

existing elastohydrodynamic friction model. The following conclusions can be drawn from this 

study.  

 Halogen-free Ionic Liquids can be used to decrease the friction and wear volume. 

 There is not a large increase in the viscosity when the ILs are added to the PAO. 

 [THTDP][Phos] is a non-Newtonian fluid and exhibits shear thinning behavior. 

 [THTDP][DCN] is a Newtonian fluid.  

 Carreau’s model can be used to describe the behavior of [THTDP][Phos], when used as an 

additive to a base oil (PAO) for the concentrations and speeds used in this study. 

  Carreau’s model can describe the behavior of [THTDP][DCN] when used as an additive 

to the base oil at slower speeds. It is less accurate at higher speeds due to the increase in 

activation energy, thereby resulting in the formation of a tribolayer.  

 At a speed of 0.02m/s, a 58% reduction in wear volume is found when 2.5% 

[THTDP][Phos] is added to the PAO and an 83% reduction in wear volume is observed 

when 0.5% of [THTDP][DCN] is added to the base oil. 

  At 0.04 m/s, a mixture of PAO and 2.5% [THTDP][DCN]  reduces the wear volume by 

74% when compared to the base oil.  

 The primary wear mechanisms observed are abrasive wear and plastic deformation. These 

effects are reduced considerably by the addition of the ILs. 
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8. SCOPE FOR FUTURE WORK 

 Experimental determination of the pressure-viscosity coefficient will mostly provide more 

accurate results. Also will enable the prediction of the friction coefficient using these 

specific neat ionic liquids. 

 Studying different models, and comparing their results to Carreau’s model, thereby 

identifying the best model.  

 Combining the results from all such models and from using different ionic liquids could 

facilitate the creation of a theoretical model solely for ionic liquids.   
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10. APPENDICES 

Appendix A: MATLAB Code to estimate Pressure-Viscosity Coefficent 

clc 

v40=3310;                              %Viscosity at 40 C (Change for each Lubricant) 

v100=2180;                             %Viscosity at 100 C (Change for each Lubricant) 

H40=log10(log10(v40)+1.200);           %H40 

H100=log10(log10(v100)+1.200);         %H100 

a=H40-H100; 

F40=(0.885-0.864*H40);                 %F40 

v0=3310/1000;                          %Viscosity at Temperature at which alpha is desired 

z=((7.81*a)^1.5)*F40                   %Calculation of z 

pr=1.98*10^8; 

vinf=6.315*10^-5; 

a1=log(v0/vinf)*z/pr                   %Calculation of Barus Pressure Viscosity Coefficient 

astar=a1/(1+((1-z)/(a1*pr)))           %Calculation of Bloks Isoviscosu Pressure Coefficient 

Appendix B: MATLAB Code to calculate central film thickness, contact pressure and film 

parameter. 

v0=3310/1000;                             %Viscosity at 40 C (Change for each Lubricant) 

U=0.005/2;                                %Average sliding speed 

E1=210e9;                                 %Youngs modulus of Steel Sample 

E2=200e9;                                 %Youngs modulus of Steel Ball 

v1=0.3;                                   %Poissons Ratio of Steel Sample 

v2=0.27;                                  %Poissons Ratio of Steel Ball 

E_1=(((1-v1^2)/E1)+((1-v2^2)/E2)); 

E=1/E_1;                                  %Equivalent Youngs Modulus 

R=(2/(1.5*10^-3))^-1;                     %Reduced radius of curvature 

a=7.1938e-11;                             %Pressure-Viscosity Coefficient 

W=5;                                      %Load(N) 

h=1.39*((v0*U/(2*E*R)^0.67)*((a*E)^0.53)*((E*R*R/W)^0.067));  %Film Thickness 

s2=0.05e-6;                               %Roughness of Steel Ball 

s1=sqrt((h^2/9)-s2^2);                    %Estimate roughness of Steel Smaple 

s11=sqrt((h^2/100)-s2^2); 

s1=0.4e-6; 

l=h/sqrt(s1^2+s2^2);                     %Film Parameter 

a1=(3*W*R/(4*E))^(1/3);                  %Area of contact 

p=3*W/(2*pi*a1^2);                       %Contact Pressure 
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Appendix C: MATLAB Code to calculate the friction coefficient and compare with 

experimental results. 

%Carreau's Model for [THTDP][Phos] 

clc 

Film 

dU=[0.005,0.01,0.02]*2;                      % Sliding Speed of Voice Coil 

U=dU/2;                                      % Average sliding speed of both surfaces 

n=[0.1235,0.1242,0.1275,0.1267];             % Values of 'n' in Carreaus Model for each Lubricant 

G=[4.2859,4.3415,4.2756,4.3267]*10^6;        % Values of 'G' in Carreaus Model for each Lubricant 

v0=[325,330.09,330.35,331.99]/1000;          % Viscosity of each lubricant 

a=[16.379,16.389,16.474,16.553]*10^-9;       % Pressure-Viscosity Coefficient 

cm=zeros(4,3); 

h=0; 

for i=1:4; 

    for j=1:3; 

h=1.39*((v0(i)*U(j)/(2*E*R)^0.67)*((a(i)*E)^0.53)*((E*R*R/W)^0.067));     % Calculation of Film 

Thickness 

cm(i,j)=3*((v0(i).*dU(j)/h).^n(i))*(G(i).^(1-n(i)))*(exp(n(i).*a(i)*p)*(n(i).*a(i)*p-

1)+1)/((n(i).*a(i)).^2*p.^3);                % Calculation of Friction Coefficient 

    end 

end 

cex=[0.080123,0.099823,0.089858;0.08306,0.089,0.075628;0.093643,0.051566,0.083057;0.094253,0.1169

58,0.083684];                                % Experimental friction values for each lubricant 

figure 

subplot(3,1,1) 

plot(dU,cex(1,:),'-*',... 

    'LineWidth',2) 

hold on 

plot(dU,cm(1,:),'-o',... 

    'LineWidth',2) 

legend('Experimental','Model') 

title('PAO') 

xlabel('Speed (m/s)') 

ylabel('Friction Coefficient') 

axis([0,0.05,0,0.5]) 

grid on 

hold off 

subplot(3,1,1) 

plot(dU,cex(2,:),'-*',... 

    'LineWidth',2) 

hold on 

plot(dU,cm(2,:),'-o',... 

    'LineWidth',2) 

 legend('Experimental','Model') 

title('PAO+0.5%[THTDP][Phos]') 

xlabel('Speed (m/s)') 

ylabel('Friction Coefficient') 

axis([0,0.05,0,0.5]) 

grid on 

hold off 

subplot(3,1,2) 
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plot(dU,cex(3,:),'-*',... 

    'LineWidth',2) 

hold on 

plot(dU,cm(3,:),'-o',... 

    'LineWidth',2) 

 legend('Experimental','Model') 

title('PAO+1%[THTDP][Phos]') 

ylabel('Friction Coefficient') 

xlabel('Speed (m/s)') 

axis([0,0.05,0,0.5]) 

grid on 

subplot(3,1,3) 

plot(dU,cex(4,:),'-*',... 

    'LineWidth',2) 

hold on 

plot(dU,cm(4,:),'-o',... 

    'LineWidth',2) 

 legend('Experimental','Model') 

title('PAO+2.5%[THTDP][Phos]') 

xlabel('Speed (m/s)') 

ylabel('Friction Coefficient') 

axis([0,0.05,0,0.5]) 

grid on 

hold off 

for i=1:4; 

rms1p(i)=sqrt(sum((cm(i,:)-cex(i,:)).^2)/length(cm));                                 % 

Calculation of RMS error values 

end 

%Carreau's Model for [THTDP][DCN] 

clc 

Film 

dU=[0.005,0.01,0.02]*2;                    % Sliding Speed of Voice Coil 

U=dU/2;                                    % Average sliding speed of both surfaces 

n=[0.1235,0.1167,0.1089,0.0987];           % Values of 'n' in Carreaus Model for each Lubricant 

G=[4.2859,4.4156,4.6863,4.525]*10^6;       % Values of 'G' in Carreaus Model for each Lubricant 

v0=[325,339,360,343.3]/1000;               % Viscosity of each lubricant 

a=[16.379,16.514,17.52,17.563]*10^-9;      % Pressure-Viscosity Coefficient 

cm=zeros(4,3); 

 

for i=1:4; 

    for j=1:3; 

h=1.39*((v0(i)*U(j)/(2*E*R)^0.67)*((a(i)*E)^0.53)*((E*R*R/W)^0.067));  % Calculation of Film 

Thickness 

cm(i,j)=3*((v0(i).*dU(j)/h).^n(i))*(G(i).^(1-n(i)))*(exp(n(i).*a(i)*p)*(n(i).*a(i)*p-

1)+1)/((n(i).*a(i)).^2*p.^3);              % Calculation of Friction Coefficient 

    end 

end 

cex=[0.080123,0.099823,0.089858;0.068537,0.10628,0.083547;0.07274,0.076889,0.10048;0.050008,0.084

181,0.107319];    % Experimental friction values for each lubricant 

figure 

subplot(2,2,1) 

plot(dU,cex(1,:),'-*',... 

    'LineWidth',2) 
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hold on 

plot(dU,cm(1,:),'-o',... 

    'LineWidth',2) 

legend('Experimental','Model') 

title('Model vs Experiment PAO') 

ylabel('Friction Coefficient') 

xlabel('Speed (m/s)') 

axis([0,0.05,0,0.5]) 

grid on 

subplot(2,2,2) 

plot(dU,cex(2,:),'-*',... 

    'LineWidth',2) 

hold on 

plot(dU,cm(2,:),'-o',... 

    'LineWidth',2) 

legend('Experimental','Model') 

title('PAO+0.5%[THTDP][DCN]') 

ylabel('Friction Coefficient') 

xlabel('Speed (m/s)') 

axis([0,0.05,0,0.5]) 

grid on 

subplot(2,2,3) 

plot(dU,cex(3,:),'-*',... 

    'LineWidth',2) 

hold on 

plot(dU,cm(3,:),'-o',... 

    'LineWidth',2) 

legend('Experimental','Model') 

title('PAO+1%[THTDP][DCN') 

ylabel('Friction Coefficient') 

xlabel('Speed (m/s)') 

axis([0,0.05,0,0.5]) 

grid on 

subplot(2,3,4) 

plot(dU,cex(4,:),'-*',... 

    'LineWidth',2) 

hold on 

plot(dU,cm(4,:),'-o',... 

    'LineWidth',2) 

legend('Experimental','Model') 

title('PAO+2.5%[THTDP][DCN]') 

ylabel('Friction Coefficient') 

xlabel('Speed (m/s)') 

axis([0,0.05,0,0.5]) 

grid on 

for i=1:4; 

rms1(i)=sqrt(sum((cm(i,:)-cex(i,:)).^2)/length(cm));            % Calculation of RMS error values 

end 

 


