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A B S T R A C T   

Water-based lubricants have been used in different industrial applications in recent years. However, studies 
evaluating the tribological and electrochemical effects of lubricants with Protic Ionic Liquid (PIL) and talc 
particles (TC) as additives on SAE 1010 and SAE 1045 steels are still scarce in the literature, which is the 
objective of this work. Samples extracted from steel sheets were investigated in the normalized (SAE 1010) and 
quenched-tempered (SAE 1045) conditions. Wear tests in a ball-on-plate type tribometer and corrosion tests 
using potentiondynamic polarization curves were performed in the presence of different lubricant solutions (PIL 
3% + DI water, commercial lubricant 3% + DI water, with and without talc particle additions 0.05 and 0.1 wt%). 
Analyses of viscosity, pH, wettability, and particle size distribution were conduted on the lubricant and talc 
samples. Wear and corrosion surfaces were analyzed by SEM/EDS, and Raman techniques. The results showed 
that the tribofilm formed from the interaction between PIL lubricants and steel substrates decreased the wear due 
to the increase of lubricity of these lubricants. When the PIL and the commercial lubricants are compared, PIL 
additives presented higher performance, despite the talc addition. The influence of talc on the corrosion of steel 
is associated with the differential aeration effect, mitigated by adding the PIL.   

1. Introduction 

Water-based lubricants are used in numerous industrial applications 
such as metal forming, machining, oil extraction and assembly pro-
cesses, as lubricant, cutting or hydraulic fluid, however, they often 
exhibit poor performance compared to petroleum-based lubricants [1]. 
Despite the low-cost and high-cooling capacity of the water, its low 
viscosity and corrosive properties make it inappropriate as a lubricant in 
tribological applications [2]. Therefore, an alternative to improve work 
performance of water-based lubricants is using high quality additives as 
active surface/interface molecules [3]. In general, these additives are 
solid nanoparticles, ionic liquids, and biobased oils. Aspects related to 
tribological properties and corrosion responses, as friction reduction and 

oxidation resistance, respectively, are improved with these additives [1, 
4] The main characteristics of lubricant additives that influence lubricity 
are ideal concentration, particle size and shape, and the secondary as-
pects are the microstructure and surface conditions of the substrate. 
Spherical particles, which have the potential to apply a very high surface 
tension, should be avoided in dispersions [5]. 

Ionic liquids (ILs) are liquid organic salts, composed of an anion, a 
cation, and at least one proton, which can form hydrogen bonds, which 
characterize these ionic liquids. ILs have shown immense potential for 
numerous applications, including energy storage devices, catalysis, 
biomass processing, pharmaceuticals, extractions, CO2 capture [6]. 
Since the beginning of the 21st century, the use of ILs, as lubricants, has 
been studied [7–10]. Protic ionic liquids (PILs) have promising 
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molecules for use in lubrication, as they have properties required for a 
lubricant, such as high viscosity and low volatility, they are good sol-
vents and potential uses as additives to reducing friction in various 
contacts [11,12]. Numerous works are using ionic liquids as additives, 
sometimes associated with solid phases (particles), as reported in the 
work of Avilés et al. [13], where the authors analyzed the tribological 
behavior of halogen-free PIL ionic liquids. The results showed that the 
coefficient of friction (COF) decreased throughout the test due to the 
evaporation of water from the emulsion. Other works analyzed the 
behavior of ILs as an additive in lubricants containing water [14]. In 
tribological tests with water-based lubricants, water evaporates after a 
certain testing period. When this occurs, there is a transition from a 
lubricated regime to a wearing regime without lubrication, leading to a 
consequent increase in the coefficient of friction (COF). However, in 
studies using PILs as additives, the formation of tribofilm was evidenced, 
which maintains lubrication even after water evaporation [13]. Tang 
and Li [15] presented a review of different promising products as future 
lubricants, confirming the great potential of ILs as lubricant due to 
adsorption, which occurs on the surface of the lubricated metal, with the 
consequent formation of tribofilm and reduced friction. Similar behavior 
was reported by Xiao et al. [25] considering the film thickness. 
Furthermore, they mentioned the potential that particles such as 
graphite, boron nitride, mica and poly(tetrafluoroethylene) (PTFE) have 
as lubricants in dispersions. The roughness of the shear surfaces can act 
as physical barriers that keep particles within the contact zones. This 
promotes an expected lubricating effect which consequently decreases 
wear [5]. 

In order to optimize the lubricity of water-based lubricants, many 
manufacturers have added lubricants with graphite particles [16–18], 
which have a high lubricating capacity. However, these particles cause 
galvanic corrosion when in contact with steel in aqueous solutions, 
further increasing the rate of steel corrosion. This is attributed to the 
very noble electrochemical potential of the graphite, which provides 
excellent sites for the development and acceleration of cathodic re-
actions. This corrosion increases at the same rate as the anode currents 
applied, because of the effects of galvanic couple formation between the 
graphite of the lubricant (which has nobler potentials) and steel (which 
has more active potential). 

On the other hand, the use of solid lubricants has been known for 
centuries, as is the case of talc, for example, it can be used in lubricant 
formulations with applications in total loss of lubrication systems such 
as two-stroke engines and fuel systems, environmental awareness in 
agriculture and hydropower [19]. However, talc is rarely used as part of 
a lubricant composition based on water and PILs, and studies of 
water-based lubricants and PIL which analyze the tribological and 
electrochemical behavior of additives with talc particles are even rarer. 

The aim of this study was to analyze the effect of the addition of talc 
particles in water-based lubricants with additives of a chosen PIL (that 
has lubricating properties [20], corrosion inhibiting capacity [21] and 
low toxicity [22] on the tribological and electrochemical responses of a 
low (SAE 1010) and a medium (SAE 1045) carbon steels. Lubricating 
capacities were tested in a ball-on-plate type tribometer, and lubrication 
and wear mechanisms determined through wettability, MEV/EDS and 
RAMAN analyses. Corrosion-inhibiting capabilities were determined 
through the electrochemical testing of potentiodynamic polarization 
curves. The performance of lubricants containing PIL was compared 
with that of lubricants with formulations containing a commercial 
additive. 

2. Materials and methods 

2.1. Characterization 

In this work, six formulations involving deionized water, talc, PIL 
and a commercial additive were investigated as lubricants. Each 
component of the formulation, with exception of the DI water, is 

referred to by the term “additive”. The water-based lubricants were 
obtained through the solubilization of protic ionic liquid (PIL) m- 
2HEAOL (Table 1), used as an additive in deionized water at a con-
centration of 3% (wt.%), hereafter referred to m-2HEAOL_WP. To 
compare performance, tests were also carried out with a commercial 
water-soluble lubricant, as an additive, in the same proportion of 3% 
(wt.%), identified as Commercial_WP. The lubricants were kept under 
mechanical agitation for 5 h, followed by a rest period for 24 h. (WP 
means “without talc particles”). 

Schumacher brand talc particles, at concentrations of 0.05% (wt.%) 
and 0.1% (wt.%), were used as additives in PIL + H2O and commercial 
additive + H2O, labeled as m-2HEAOL_TC_0.05%; m-2HEAOL_TC_0.1%; 
Commercial_TC_0.05% and Commercial_TC_0.1%, respectively, as shown 
in Table 3. These concentrations are similar to those used by other au-
thors [19]. After adding the particles, the lubricants were left to rest for 
24 h. Before wear and corrosion tests, the dispersions were mechanically 
stirred for 30 min. 

Brookfield viscosity was measured by a Brookfield Viscometer, 
model RVDV-I Prime (spindle SC4-21, 50 rpm and 100 rpm) at a tem-
perature of 23 ◦C. The pH was determined with a Digimed pH meter, 
model Dm-22. 

The particle size distribution (PSD) of talc particles was determined 
using a particle size analyzer, Cilas laser diffractometer, model 1180. 
The measurement was carried out in an aqueous medium, after 15 min 
on ultrasound. For X-ray diffraction (XRD) analysis, the talc particles 
were placed in the sample holder of a Shimadzu X-ray diffractometer, 
model XRD 7000. Cur Kα1 radiation was used for analysis, operating at 
40 kV and 20 mA, 2θ angles ranged from 2◦ to 60◦ and step size 1◦/s. 

Samples of SAE 1010 steel, normalized at 800 ◦C, and SAE 1045 
steel, austenitized at 850 ◦C, quenched in oil at 25 ◦C and tempered at 
300 ◦C, were used in the study. These materials were chosen because 
they are used in numerous metalworking applications, such as rolling, 
stamping, forging, cutting, where lubricated conditions are usually 
required. The samples were grounded with silicon carbide sandpaper 
(#100, #220, #320, #400, #600, #1200), and later polished with 0.1 
μm alumina solution. The chemical composition of the steels was 
analyzed in a Bruker spark emission spectrometer (OES), model Q2 ION. 
The microhardness was measured in a Mitutoyo microhardness tester, 
model HV-100, with a load of 50 g. Microstructures were analyzed in a 
Zeiss optical microscope, model Axio Lab. A1, after etching with Nital 
3%. For image analyses, ZEN 2.6 software (blue edition) was used. 

Average surface roughnesses (Ra and Rz) were measured in a Mitu-
toyo linear roughness meter, model SJ-400. Before the analyses, the 
samples were cleaned with water and neutral detergent, followed by 
ultrasound cleaning using acetone, after ethyl alcohol, and deionized 
water, for 15 min each, and finally dried using a hand-held hot air 
device. 

2.2. Tribological test 

A computationally controlled CETR Universal Micro Tribometer, 
model UMT-3, ball-on-plate configuration, was used in linear and 
reciprocal motion to evaluate the lubrication performance. The coeffi-
cient of friction (COF) was analyzed during the entire 1 h test (36 m 
sliding distance) with the samples immersed in the lubricants. The wear 
was performed by a 5 mm diameter Yttria Stabilized Zirconia sphere, 
Macea, grade 10, 1510 HV hardness, Ra = 0.020 μm roughness, ac-
cording to the manufacturer. A normal force of 1 N and stroke of 5 mm 
was applied. The initial maximum and average hertzian contact pressure 
in the steel samples considering the elastic modulus (210 GPa) and 
Poisson’s coefficient (0.33) were approximately 0.7 GPa and 0.63 GPa 
respectively, for SAE 1010 and SAE 1045 steels, and are within the 
surface tension range that most authors use in studies involving 
boundary lubrication [23]. In addition, very high surface tensions could 
make it impossible to study possible tribofilms formed [24]. In tests 
involving ball-on-flat reciprocating tribometer, frequencies lower than 
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8 Hz are not influenced by microstructural differences in the steels [25]. 
Thus, the frequency of 2 Hz was applied to evaluate the performance of 
the lubricant on both substrates. The external temperature was main-
tained at 21 ◦C and the lubricant temperature was monitored by a 
thermographic camera. The tests were carried out in triplicate for each 
condition. After the wear tests, the worn profiles were obtained using 
the Ambios contact profilometer, model XP-2. Three measurements of 
the cross-sectional area of three different points of the wear tracks were 
conducted. The average worn volume (Vm) of each system studied was 
calculated using Eq. (1), as recommended by the ASTM G133 standard 
method [26]: 

Vm =Am.CT (1)  

where: Am is the average area of the cross section of the track (mm2). 

CT is the total length of the stroke (mm). 

Analyses of variance (ANOVA) of the results of the worn volumes 
were performed aiming to detect the statistical significance and possible 
synergistic effects between the studied input parameters [27–29]. The 
confidence level determined was 95% (α = 0.05). 

The specific wear rates (k coefficient) were calculated by Eq. (2) 
[30]: 

k=
Vm

F . s
(2)  

where: F is the normal load (N). 

s is the total sliding distance (m). 

Considering that wear occurs on both flat specimen and ball 
(sphere), the worn volume of the counter body (ball) was determined by 
measuring the scar formed using the ZEN software (blue edition). The 
images of the spheres were obtained in the Zeiss Axio Lab. A1 optical 
microscope. The worn volume of the counterbody was calculated using 
Eqs. (3) and (4) [26]: 

Vc=(πh / 6)
[
3D2 / 4+ h2] (3)  

h=R −
[
R2 −

(
D2/4

)]1/2 (4)  

where: D is the mean scar diameter (mm). 

R is the original radius of the sphere (mm); 
h is height of material removed (mm). 

The measurement error (u())of the worn volume of the spheres was 
determined through equation (5) [31]: 

u() ≅
πa3

4R2

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(
a2u(R)2

+ 16R2u(a)2
√

(5)  

Where: a is the radius of the sphere wear scar. 

u (R) is the measurement uncertainty of the sphere’s radius (0.125 
mm informed by the manufacturer). 

u (a) is the measurement uncertainty of the scar radius of the sphere 
(measurement equipment sensitivity: 0.01 μm). 

The wear mechanisms and the morphology of the talc particles were 
evaluated using a high-resolution scanning electron microscope, FEG- 
SEM Inspec, model F50. The wear tracks were also analyzed by 
Raman spectroscopy in a Horibam LabRamHr Evolution Laser Raman 
Spectrometer, model DXR (laser excitation wavelength of 532 nm), and 
Access alpha 300 (632.8 nm - micro-Raman single-spot analysis and 
mapping microscope). 

To confirm the surface changes that occurred in the steel samples in 
contact with the lubricants, immersions were carried out for 1 h in the 
samples of both substrates. After immersions, wetting tests were carried 
out. Contact angle measurements were performed using the sessile drop 
method and apparatus developed by the Corrosion Research Laboratory 
(LAPEC) of the Federal University of Rio Grande do Sul (Porto Alegre, 
Brazil). The deionized water drop was observed through a low- 
magnification lens and the contact angle measured in Surftens 4.5 
software. 

2.3. Electrochemical tests 

The inhibition capacity of the studied lubricants was determined 
through potentiodynamic polarization curves (PPC). Tests were carried 
out on lubricants containing the proposed maximum particle content 
(0.1% (%wt)) of talc. For comparison purposes, tests were also carried 
out containing deionized water and particles, in the concentration 
mentioned above. Thus, it was possible to compare the corrosion inhi-
bition capacity of PIL and the commercial lubricant, as well as to eval-
uate the electrochemical effect of talc particles added to the lubricants. 
Assays were performed on both substrates mentioned above. CPP were 
obtained in an Autolab potentiostat from Metrohm, model PGSTAT302 
N. 

The three-electrode electrochemical cell consisted of the steel sample 
as a working electrode, against a platinum electrode and saturated 
calomel reference electrode. The reference electrode was immersed in a 
saturated KCl solution. Electrical contact was carried out through the 
salt bridge of a saturated KCl solution and agar-agar. Before the exper-
iments, the working electrode was immersed in the test solution for 30 
min and a less than 5 mV/s variation at the open circuit potential (OCP) 
was reached. 

The potentiodynamic polarization curves were obtained from the 
EOCP in the cathodic direction down to − 800 mV below the EOCP; then, 
samples were exchanged and immersed again for 30 min to stabilize the 
OCP. From the stabilization of the EOCP, scanning was performed in the 
anodic direction, up to +1000 mV above the EOCP. The scan rate used 
was 1.0 mV/s. The tests were carried out in triplicate for each condition. 
After CPP, surfaces of the samples were analyzed in a Zeiss Axio Lab. A1 
optical microscope. Corrosion potentials (ECorr) and corrosion current 
density (ICorr) were obtained through Tafel extrapolation by electro-
chemical software NOVA version 2.1.4. And the corrosion rates were 
calculated according to ASTM G102 [32]. 

Table 1 
PIL used as additive in the investigated lubricants. Adapted from Vega et al. [28].  

PIL Structure 

m-2HEAOl 
N-methyl – 2 – hydroxyethylammonium oleate 
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3. Results and discussion 

3.1. Characterization of steel samples and lubricants 

The chemical compositions of the steels are shown in Table 2, as well 
as the hardness and surface roughness of the samples. As observed, the 
amounts of main solutes are close to the specified values. The hardness 
values of the normalized SAE 1010 steel were about 127 ± 22.5 HV (≅
70 HRB) while the quenched-tempered SAE 1045 steel exhibited values 
of 540 ± 26 HV (≅ 52 HRC). In both conditions, the average surface 
roughnesses were similar, and are in accordance with the ASTM G133 
standard method (<0.03 μm). Fig. 1 shows the microstructures result-
ing from the different heat treatments used in the samples of normalized 
SAE 1010 and quenched-tempered SAE 1045 steels. In Fig. 1A, the 
predominance of an α-ferritic matrix is noted, with small lamellae 
pearlite islands located preferentially at the grain boundaries. The 
microstructure is characteristic of low carbon steel alloys cooled under 
low cooling conditions. The heat treatment of quenching (850 ◦C) fol-
lowed by tempering (300 ◦C) resulted in a tempered martensitic 
microstructure in the SAE 1045 steel samples (Fig. 1B), with hardness 
values superior to that of the samples of SAE 1010 steel. 

The lubricants investigated in this work are shown in Table 3. A 
difference of approximately 10 mPa s can be seen in the viscosity values 
obtained at 100 RPM when comparing IL with commercial lubricants, 
while at 100 RPM the values were the same. Therefore, the lubricants 
containing m-2HEAOL are slightly more viscous than the lubricants 
containing commercial additives. It is known that lubricants with higher 
viscosities tend to show better lubricity in hydrodynamic lubrication 
regimes and, consequently, influencing the minimum thickness in the 
lubricant film that separates two surfaces in relative motion [33]. 
Furthermore, significant changes in lubricants containing talc particles 
in the proportions of 0.05% (wt) and 0.1% % (wt) were undetected in 
the viscosity tests. 

The pH values of the lubricants were similar, with PIL lubricants 
being slightly more alkaline, especially when compared to the com-
mercial lubricant combined with talc particles. A more alkaline pH of 
lubricants containing m-2HEAOL may be associated with the presence of 
free electrons in the amino group in the structure of LI (-NH2) and of the 
hydroxyl group (-OH). Furthermore, the presence of polarity in the 
molecule and its ionic characteristic also contribute to a higher pH. 
Possibly, the differences observed in pH values and viscosity measure-
ments between the commercial additive and PIL m-2HEAOL, may be 
associated with differences in their molecular structure. 

Fig. 2A shows the particle size distribution (PSD) of the talc micro-
particles. The distribution of equivalent diameters is close to a Gaussian 
distribution. As for the particle size, 90% of the particles have di-
mensions up to 59.8 μm, 50% of the particles are up to 23.7 μm and 10% 
are up to 6.8 μm. The average particle diameter was approximately 29.6 
μm. Previous works showed that particles with dimensions greater than 
0.5 μm are not the most suitable for lubricating conditions, as they do 
not produce a stable suspension due to the precipitation tendency of the 
suspended particles. Consequently, it is more difficult to fill in peaks and 
valleys on the surface due to their large dimensions [15,34]. However, in 
addition to the known lubricating capacity of talc resulting from its 
structure [35], the lamellar shape seen in talc particles (Fig. 2B) can 
contribute to increased lubricity. According to Akbulut [5], particles 
with a similar shape to bars can be deposited between the peaks of the 
surfaces in contact and in relative movement, contributing to increase in 
lubricity and decrease in wear. From the XRD analysis (Fig. 2C), it was 

possible to detect only magnesium silicate hydroxide phases, talc 
(JCPDS NO. 01-073-0147) and vermiculite (01-074-1732), with no 
detectable presence of contaminants. 

Fig. 3 shows the results of contact angle after immersion in the 
studied lubricants. Due to the low corrosion resistance of the steel 
samples, it was not possible to immerse the samples for 1 h in H2O and 
H2O with 0.1% (%wt.) TC. These samples were immersed for 2 min. The 
immersion in H2O practically unchanged the contact angle of deionized 
water with the surface of both substrates, with values in the range of 
30◦–33◦ and 40◦–43◦ for SAE 1010 and SAE 1045 steels, respectively. 
However, immersion in the formulation containing H2 O and 0.1% talc 
increased the contact angle values, leaving the surfaces more hydro-
phobic. Adhesive interactions between talc and water are strong enough 
to overcome unfavorable entropy, so water is adsorbed onto the talc 
surfaces in environments with low relative humidity. However, these 
interactions are weak to surpass the cohesive interactions of water. 
Thus, the presence of a second water molecule weakens the water- 
surface interactions, which need to compete with the cohesive in-
teractions between the water molecules [36]. Therefore, in environ-
ments with high humidity, it is easier for water molecules to escape from 
the talc surface, generating hydrophobic behavior [36]. Talc particles 
have two faces: the hydrophobic basal surface and the hydrophilic edge 
surface [37]. However, approximately 90% of the surface area is hy-
drophobic [38,39]. Besides, talc carries irrelevant or no electrical 
charge, and the magnesium oxide layers, sandwiched between two silica 
layers, are electrically balanced and linked by covalent bonds. This lack 
of charge produces an absence of polarity in the talc particles, resulting 
in a non-polar and hydrophobic character, predominantly in the flat 
layers. As a result, talc can bind to others hydrophobic substances rather 
than to electrically charged materials or polar substances such as water 
[40]. 

In tests with commercial additives, the contact angle was higher than 
90◦, showing the hydrophobic behavior. The addition of talc particles to 
lubricants containing the commercial additive decreased the contact 
angle, showing more hydrophilic behavior. Studies have shown the 
adsorption capacity of talc from oily materials in aqueous [41] and 

Table 2 
Chemical composition, hardness, and roughness of the steel samples.  

Steel Fe (%) C (%) Si (%) Mn (%) P (%) Hardness(HV) Ra(μm) Rz(μm) 

SAE 1010 Balance 0.10 0.10 0.40 0.02 127(±22.5) 0.3(±0.1) 2.3(±0.3) 
SAE 1045 Balance 0.47 0.15 0.50 0.02 540(±26.0) 0.3(±0.1) 2.1(±0.4)  

Table 3 
Composition, viscosity, and pH of the studied lubricants.  

Lubrificant Composition (wt. 
%) 

Viscosity 
50 RPM 
(mPa.s) 

Viscosity 
100 RPM 
(mPa.s) 

pH 

m-2HEAOL_WP H 2 O + 3% m- 
2HEAOL 

20 (±0.5) 30 (±0.5) 8.0 
(±0.5) 

m-2HEAOL_ TC _0.1% H 2 O + 3% m- 
2HEAOL + 0.1% 
Talc 

20 (±0.5) 30 (±0.5) 8.3 
(±0.5) 

m-2HEAOL_ TC 
_0.05% 

H 2 O + 3% m- 
2HEAOL +
0.05% Talc 

20 (±0.5) 30 (±0.5) 8.8 
(±0.5) 

Commercial_WP H 2 O + 3% 
commercial 
additive 

20 (0.5) 20 (0.5) 8.4 
(0.5) 

Commercial_TC_0.05% H 2 O + 3% 
commercial 
additive + 0,05% 
Talc 

20 (0.5) 20 (0.5) 7.8 
(0.5) 

Commercial_TC_0.1% H 2 O + 3% 
commercial 
additive + 0.1% 
Talc 

20 (0.5) 20 (0.5) 7.2 
(0.5)  
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non-aqueous [42] media. Considering the predominantly non-polar 
behavior of talc and its structure that facilitates intercalation pro-
cesses, it is suggested that the presence of talc in formulations containing 
commercial additives promotes greater migration of organic molecules 
into the interior of the talc, preferentially interacting in the multiple flat 
layers [42]. This interaction will promote a decrease in the contact angle 
values, since there will be more functional groups of polar characteris-
tics coming from the talc, and which are located on the outer edges of the 
talc structure (having greater affinity with water) and exposed on the 
surface of the film formed on the substrate. This increases the interaction 
of water molecules with the substrate, building H bridges of the OH 
groups present in the talc with water molecules. This phenomenon can 
also occur in lubricants containing PIL; however, this occurs less 
intensely, since PILs present a structure with a more polar characteristic, 
as shown by Alvares et al. [43], which can difficult the initial interaction 
with talc. 

It should be noted that, after the immersion time in the lubricants, 
there was a significant increase in the hydrophobicity of the surfaces of 
the samples. According to Schmitzhaus et al. [21], the observed surface 
hydrophobicity can be attributed to the adsorption of ionic liquid mol-
ecules on the steel surface, which may be related to the amphiphilic 
character of m-2HEAOL. In this PIL, alkyl chains of the anion molecules 
behave in a hydrophobic way, while the head of carboxylate anion, with 
a polar character, behaves as hydrophilic, as well as the cationic frac-
tion. Therefore, when comparing the lubricant containing commercial 
additive with m-2HEAOL, a difference in contact angle of up to 30◦ is 
observed. This decrease is related to the presence of polar groups (-OH, 
–COO–, –NH 2+) present in the molecular structure of m-2HEAOL, which 
facilitate the interaction of water with PIL. 

When adding talc to the lubricant containing m-2HEAOL, a marked 
difference between the contact angle measurements is not evidenced, 
since the PIL molecule already performs sufficient interactions with 
water, minimizing the effect of talc on the wettability measurements. 

3.2. Tribological tests 

Fig. 4 shows the coefficient of friction (COF) found in the tribological 
tests for both steels. It is noticed that, in the beginning of the tests, the 
COF values decreased from 0.2 to values close to 0.1, usually in the first 
250 s of the tests. After this initial transit regime, the values remained 
close to this order of magnitude until the end of the test, probably due to 
the initial surface roughness of the samples. The slight reduction is 
explained by the breaking of peaks present on the surface of the steel 
samples. Furthermore, this initial wear process and found COF levels 
demonstrated that a hydrodynamic lubrication mechanism is absent 
during the tests on both substrates. Consequently, viscosity differences 
of lubricants have an inconsiderable effect on the performance of the 

evaluated lubricants [33] under the conditions used in this study. Due to 
the lubricity of the lubricants, the COF remained at a constant level until 
the end of the tests. No significant temperature variation was detected in 
the tribological system during the test. 

Tests performed on normalized SAE 1010 steel showed variations in 
COF during the tests. These behaviors are associated with the variation 
in the wear scar surface throughout the test, due to the higher wear 
observed in the tests with this substrate (Fig. 5), mainly when analyzing 
the worn volume in the counterbody. 

The Hersey Number (λ) was calculated by Eq. (6) [44]:  

(λ) = η.N/P                                                                                    (6) 

where η is fluid dynamic viscosity (Pa.s), N is velocity (m.s− 1) and P is 
normal load (N.m− 1). Both additives present in water-based lubricants 
(commercial additive and m-2HEAOL) contributed to a boundary 
lubrication regime (λ < 1) in all studied formulations [45,46]. Hsu et al. 
[47] comment that there are several mechanisms by which the boundary 
lubricating films can function like low shear interfacial lubricating layer, 
sacrificial layer, friction modifying layer, shear resistant layer, and 
load-bearing solids. In the sacrificial layer, the reaction products provide 
an easily removable, low shear interfacial layer against the wear track. 
For such films to be effective, the rate of film formation has to be higher 
than the rate of film removal to protect the surface [48]. In other 
tribological conditions, an alternative mechanism have a strongly 
adhered bonded layer that is shear resistant. The lubricant layer will 
behave as a solid exhibiting limiting shear and shear band fracture [47, 
49]. As is known, this regime is independent of viscosity but is depen-
dent on the physicochemical characteristics of the molecular film of the 
lubricant adhered to the surface. 

ANOVA analyses confirmed the difference in performance of com-
mercial additives and m-2HEAOL (P value = 0.004 < α = 0.05). Figs. 5 
and 6 show the worn volumes and the wear coefficients (k). Despite the 
similarity in COF, when comparing lubricants containing commercial 
additive (and m-2HEAOL without the presence of particles of talc 
(Commercial_WP and m-2HEAOL_WP, respectively), a difference in the 
lubricity capacity between both additives can be seen in the tests with 
normalized SAE 1010 steel (values about 1.6 × 10− 3 mm3 for com-
mercial additive against 2.4 × 10− 4 mm3 for PIL). In the case of SAE 
1045 steel, the difference was unobserved, and the values for all lubri-
cants were practically constant (about 2.0 × 10− 4 mm3). 

The worn volume of the counterbodies (Fig. 5) presented values 4 
orders of magnitude lower than the worn volume of the substrates. This 
is due to the characteristics of the ball material, which has a higher 
hardness (approximately 1500 HV) than the hardness of the steel alloys. 
Due to this low wear, no signs of Zr were detected in the EDS tests 
performed on the wear tracks. However, there were differences between 

Fig. 1. Optical microstructures of the: A) normalized SAE 1010 steel, B) quenched and tempered SAE 1045 steel. Etch: Nital 3%.  
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the volume worn in the tests performed. Despite the hardness of the 
quenched and tempered SAE 1045 steel, the worn volume of the balls 
applied in these tests (between 1.5 × 10− 7 mm3 to 2.16 × 10− 7 mm3) 
showed a lower wear volume than the balls in the SAE 1010 tests (be-
tween 3.2 × 10− 7 mm3 to 4.93 × 10− 7 mm3). The higher wear in the SAE 

1010 samples generated a larger ball-plate contact region compared to 
the SAE 1045 tests, generating a seeming higher wear scar and wear 
volume on these spheres. It should be noted that the method proposed by 
the ASTM G133-5 standard for measuring the worn volume of the 
spheres may have some inaccuracy between the measured values and 

Fig. 2. Analysis of talc particles. A: Particle size distribution. B: SEM image of talc particles. C: XRD result.  
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the actual values. The measurement uncertainty of this technique for 
measuring the worn volume of the sphere was estimated using equation 
(5) [31], obtaining a value of around 15% of measurement uncertainty. 
The value varied between 13% and 17%. Despite that, it was possible to 
differentiate the worn volume between the tribological systems studied. 
Furthermore, the results were consistent with what was expected in 
terms of counterbody wear. 

As shown in Fig. 6A and by the statistical analysis (P value = 0.001 <
α = 0.05), the talc particle addition increased the lubricity of lubricants 
containing the commercial additive in the tests for SAE 1010 steel. The k 
coefficient increased from levels close to 4.5 × 10− 5 mm3 /Nm in the 
Commercial_WP lubricant, to values near 1.0 × 10 − 5mm3 /Nm in the 
Commercial_WP_TC_0.05 lubricant and to 0.5 × 10− 5 mm3 /Nm in the 
lubricant Commercial_WP_TC_0.1. This means that, as the concentration 
of particles was increased in lubricants containing the commercial ad-
ditive, the lubricity increased, leading to a decrease in the k coefficient 
to values close to those of lubricants containing m-2HEAOL ionic liquid 
(Fig. 6B). 

ANOVA demonstrated a synergistic effect between lubricants and 
talc particles (P value = 0.004 < α = 0.001). The synergistic effect was 
detected by this analysis, mainly due to the large variation of worn 
volume in the analyses involving normalized SAE 1010 steel with the 
commercial additive, as observed in Figs. 5A and 6A. Possibly, the well- 
known lubricating capacity of talc [19] increased the performance of 
lubricants containing the commercial additive, leading to a decrease in 
the worn volume and the k coefficient. 

However, the behavior of lubricants with added m-2HEAOL (with 
and without talc particles) was always superior when compared with the 
commercial additive. The polar nature of the carboxylate anion of the 
PIL molecule made it difficult to interact with the non-polar talc mole-
cule, preventing the formation of even more lubricating talc particles, as 
in the case of lubricants containing the commercial additive. Schmithaus 
et al. [21] explained that this PIL molecule is adsorbed on the metallic 
substrate through a mixed phenomenon of physisorption and 

chemisorption. Chemisorption is the predominant phenomenon, i.e. 
steel can develop electrostatic interactions and some charges shared 
with PIL molecules. 

Fig. 7 shows the RAMAN results of wear tracks after the tribological 
tests. Similar results were found off-track for both additives. The anal-
ysis detected chemical bonds present in both lubricants, i.e. there was 
indicating that occurred adsorption of the commercial additive and m- 
2HEAOL on the evaluated metallic surface. The presence of talc particles 
in the commercial lubricant was not evidenced by Raman analysis. The 
peaks identified are from the organic groups that are likely to be char-
acteristic of the commercial lubricant. As highlighted by the manufac-
turer, this lubricant is water-based and silicone-free, contains organic 
compounds and amine salts. Fig. 7A 7C show the characteristic peaks of 
oxygenated organic compounds, as: C––O (670 cm− 1) [50], C–O (770 
cm− 1) [51], COC (941–1050 cm− 1) [52], in addition to the carbon chain: 
CC (1062 cm− 1, 1251 cm− 1) [53,54], C––C (1555 cm− 1) [55], –CH2 – 
(815 cm− 1) [50]. 

In the lubricant (containing) PIL (Fig. 7B), there is a greater amount 
of oxygenated organic groups: C––O, CO, COC [56], when compared to 
the commercial lubricant adsorbed on SAE 1010 steel. It is noteworthy 
that the analysis by RAMAN allows the identification of functional 
groups and organic molecules based on molecular vibration. In this 
sense, the difficulty in finding characteristic peaks of talc molecules in 
lubricants may be associated with the absence of covalent bonds formed 
between the lubricants and the particles. In this case, the talc particles 

Fig. 3. Wettability after 1 h of immersion for both systems.  

Fig. 4. Coefficient of friction. A: SAE 1010 lubricated with lubricants con-
taining commercial additive and particulates; B: SAE 1010 lubricated with lu-
bricants containing PIL and particulates; C: SAE 1045 lubricated with lubricants 
containing commercial additive and particulates; D: SAE 1045 lubricated with 
lubricants containing PIL and particulates. 
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were likely mixed with the lubricants without the formation of a strong 
interaction through the formation of primary bonds. 

According to Xiao et al. [57], the lubrication mechanism of ionic 
liquids, in the limit lubrication regime, can form strong adsorption films 
on the friction surfaces, due to the polarity of the ILs, leading to a 
reduction in wear. Longer alkyl chains in IL cations, such as those pre-
sent in m-2HEAOL molecules and detected in the RAMAN analysis 
(Fig. 7B–D), are more favorable to form thick films due to van der Waals 
forces. It is known that the main lubrication mechanism of ionic liquids 
is by adsorption, which is a key factor for lubrication [58]. As suggested 
by Kondo [59], two factors determine the improvement in lubricity 
generated by PILs: better coverage and strong interaction between the 
lubricant and the metallic surface. The best coverage is attributed to the 
balance of both hydrophobic and hydrophilic properties of the lubricant. 
The balance between these properties is achieved when the hydrocarbon 
chain is introduced. The results found by Huang et al. [60] indicated that 
the strong adsorption of cations played an important role in the lubricity 
of the lubricants studied by these authors. Furthermore, there is a great 
advantage in the adsorbed layer of PIL in relation to the commercial 
additive, detected in the RAMAN analysis and previously reported, 
which makes the interaction between the tribofilm and the newly worn 
surface increases the performance of the lubricant. The anionic portion 
of the ionic liquid can be easily adsorbed onto the positively charged 
locations of the metal worn surface, providing protection against severe 
wear. Therefore, under adverse slip conditions, active elements in ionic 
liquids can react with the worn surface, forming a reaction film on the 
freshly worn surface of the material [61]. 

Fig. 8 demonstrates the differences found in the wear tracks of the 
tests lubricated with lubricants added with PIL and 0.1% talc particles 
on both substrates. The different colours are a result of phenomena that 
occurred between the wear track surface under conditions of boundary 
limit lubrication (tribochemical reaction), as suggested by Hsu et al. 
[62]. Friction can induce complex surface changes on the worn surface 
such phase transitions, material transfer, oxidation, plastic deformation. 

Fig. 5. Comparison between the worn volume after the tribological tests: A) normalized SAE 1010 steel, B) quenched-tempered SAE 1045 steel.  

Fig. 6. Coefficient k for water-based lubricants, as a function of wt % of talc for 
lubricants with the addition of PIL (m-2HEAOL) or commercial lubricant. 
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The cooperation between thermal, chemical, and mechanical effects 
may be responsible for these surface changes [63]. The tribolayer 
formed by oxides and material of both counterfaces and their oxides are 
called mechanically mixed layer [64,65]. The RAMAN analysis, using 
the laser beam with a wavelength of 632.8 nm [66], permits identifi-
cation of oxides formed in wear tracks on steel substrates. In all tracks, 
iron oxides were detected (α-Fe2O3- hematite and Fe3O4 – magnetite). In 
the reciprocating sliding tests, α-Fe2O3 oxides is rarely formed in 
lubricated tests, unless oxygen is present in the lubricant [67]. This is the 
case of the water-based lubricants applied in this study. It is known that 
FeO3 and Fe3O4 are hard and brittle oxides and could supress defor-
mation, under certain conditions [68]. Crockett et al. [69] reported the 
formation of oxide films composed of magnetite and hematite in lubri-
cated HFRR tests using different additives in commercial diesel. Ac-
cording to the authors, the increase in the wear resistance in the tested 
tribological conditions caused by hematite was practically insignificant. 
Although, the formation and preservation of hematite in the wear track 
are associated with tribological systems with low wear. Therefore, the 
homogeneous oxide film found in the wear track in the m-2HEAOL tests 
on SAE 1045 steel confirms the lubricity of the adsorbed PIL film 
detected in Fig. 7D. 

Magnetite and Hematite are known Fe oxides formed by corrosion 

[69]. In addition, these oxides are also associated with high tempera-
tures, and can be formed by the tribooxidation sub mechanism during 
wear tests [24,70]. According to Quinn [67], these oxides may be 
formed at the “hot-spot” temperature in the real contact areas, even in a 
lubricated tribological systems. The higher wear resistance of SAE 1045 
steel, contributed to the elevation of the hot-spot temperatures between 
the surface and the zirconia ball. Depending on speed, the mechanical 
dissipation of friction produces heat which raises the temperature at the 
contact asperities substantially for a microsecond or less [47]. None-
theless, compared with dry wear, frictional temperatures in lubricated 
wear are much lower and the presence of oil, or water-based lubricant, 
may limit or prevent oxide film growth [68]. In the adsorption of PIL on 
SAE 1045 steel (Fig. 7D), the presence of oxygenated organic groups was 
not identified by RAMAN analysis but those characteristic groups of the 
lubricant’s own carbon chain (CH, –CH 2 -, =CH-, CC). However, the 
wear tests performed on the SAE 1045 showed very similar k values 
(Fig. 5) in all measurements performed, i.e. similar performances. 

Furthermore, it is known that the oxide formed by tribochemical 
reaction remains stable from a critical thickness [70]. The lower lu-
bricity of the lubricants containing the commercial additive, even in the 
tests containing talc, prevented the formation of the homogeneous oxide 
film, which were removed during the test on both substrates. The lower 

Fig. 7. RAMAN analyses on wear tracks (wavelength of 532 nm). A: SAE 1010 with commercial additive; B: SAE 1010 with m-2HEAOL additive; C: SAE 1045 with 
commercial additive; D: SAE 1045 with m-2HEAOL additive. 
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Fig. 8. Optical microscopy and RAMAN (wavelength of 632.8 nm) analysis on m-2HEAOL wear tracks. Where • = α – Fe2O3 (hematite), ◆ = Fe3O4 (magnetite), ♣ =
α – FeOOH (goetite), ♠ = γ – FeOOH (lepidocricite). 
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wear resistance of SAE 1010 steel also prevented the formation of this 
homogeneous film in all lubricants. Thus, in all tests of SAE 1010 steel 
and in tests of lubricants with commercial additive in SAE 1045 steel, 
only oxide islands were detected in the worn tracks (Fig. 8). However, as 
the lubricants used in the study are water-based, hydrated oxides (as α – 
FeOOH and γ – FeOOH) can also be associated with peaks at the same 
wavelength numbers (298, 397, 414, 1322 cm− 1) [71,72]. 

Figs. 9 and 10 show the SEM analyses of wear tracks with lubricants 
on both substrates. It is observed that all tests showed abrasive wear 
lines aligned with the sliding direction [73]. The micro-
cutting/micropluging (groves) are the main abrasive micro-mechanisms 
[70,73,74]. In commercial additive and PIL wear tests, delamination (a 
submechanism of surface fatigue with predominantly plastic in-
teractions) were found in both substrates (Figs. 9A–10A) [24]. 
Observing the wear track surfaces of SAE 1010 steel with the Com-
mercial_WP lubricant (Fig. 9A), the severity of plastic deformation and 
micropluging is noted. The addition of talc caused a decrease in the 
severity of wear (Fig. 9B) in the tests containing commercial additive, 
caused mainly by abrasive wear, (microcutting/micropluging). As for 
the behavior of lubricants containing PIL (Fig. 9C–D), the higher lu-
bricity of this additive led to less intense formation of abrasive wear 
mechanism and sub-mechanism, demonstrating the superior lubricity of 
m-2HEAOL in relation to the commercial additive. However, circular 
craters (pits) generated by the cyclic stresses inherent to the applied 

wear test were found, mainly in tests containing talc particles (Fig. 9D). 
Although the behavior of the COF and the worn volume were similar 

in all tribological analyses of SAE 1045 steel, differences in the wear 
dynamics in the tests with different lubricants can be observed. SEM 
images of the wear track with Commercial_WP lubricant (Fig. 10A) 
showed a higher severity compared to the other tests. Regions with 
plastic deformation, probably caused by micropluging, were detected, in 
addition to delamination [24]. The worn volume was similar in the tests 
with the Commercial_WP and the Commercial_TC lubricants. However, 
the addition of talc reduced the severity of wear in the quenched and 
tempered SAE 1045 steel (Fig. 10B) when compared to SAE 1010 steel. 
SEM images of in the tests using m-2HEAOL_WP detected groves 
resulting from abrasive wear, however, with a lower severity than 
Commercial_WP. Regions with deformation were also not detected, 
indicating that microcutting was the main active submechanism in this 
tribological system. Guo et al. [45] also demonstrated that tests lubri-
cated with PILs could mitigate the occurrence of plastic deformation that 
other lubricants were incapable. In the wear tracks, those lubricants 
containing PILs also showed grooves associated with abrasive wear in a 
borderline lubrication regime. However, as seen in Fig. 10D, the addi-
tion of talc particles caused the formation of regions with plastic 
deformation and pits generated by surface fatigue (indentations). Thus, 
the lubricity of m-2HEAOL is superior to talc particles. Therefore, the 
addition of particles impaired the adsorbed layer of this additive, which 

Fig. 9. SEM Images: A: SAE 1010 with Commercial_WP; B: SAE 1010 with Commercial and 0.1% TC C: SAE 1010 with m-2HEAOL_WP; D: SAE 1010 with m-2HEAOL 
and 0.1% TC. 
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led to the occurrence of plastic deformation and surface fatigue, which 
were not detected in the tests without particles. 

Figs. 11 and 12 show the results found in the zirconia balls used in 
the wear tests. The EDS analyses detected the presence of Fe at the 
contact point of the ball with the substrate, possibly associated with the 
removal of Fe oxides detected in Fig. 9. However, a higher amount of 
material adhered to the sphere can be seen in systems lubricated with 
the commercial lubricant, as observed in Figs. 11A and 12A. Besides, 
optical and SEM images show the presence of groves on the surface of 
the balls, which indicates microcutting and/or micromining (abrasion 
submechanisms) [24]. Even with this wear, EDS analysis of the wear 
tracks did not detect the presence of zirconium. The balls used in the 
tests of SAE 1045 steel (Fig. 12E) lubricated with PIL showed a lower 
amount of material adhered to the surface. EDS analysis (Fig. 12 F) 
detected mainly Zr peaks. Possibly, the oxide layer formed in these 
tribological systems prevented the wear of the tracks and, consequently, 
the adhesion of this worn material to the spheres. 

3.2.1. Discussion 
Despite having similar COFs, lubricants containing m-2HEAOL and 

commercial additive, applied to SAE 1010 steel, presented different 
lubrication mechanisms. The characteristics of the PIL molecule induce 
to the formation of a high lubricity tribofilm, reducing the worn volume 
(Fig. 5) and the specific wear rate k (Fig. 6), and significantly mitigating 

the occurrence of wear adhesive and plastic deformation in relation to 
the performance of the commercial additive. Due to the higher lubricity 
of PIL in the borderline lubrication regime, talc particles practically 
unchanged the lubricity behavior of the PIL, and this can be attributed to 
the oxides formed by tribochemical reaction, which did not reach the 
critical thickness, and can be removed during the test. Despite the for-
mation of an adsorbed layer in lubricants containing a commercial ad-
ditive, their lubricity was substantially lower than that of PIL tribofilm. 
Therefore, the addition of talc particles led to a reduction of the k co-
efficient to levels close to that of the m-2HEAOL_WP lubricant for SAE 
1010 steel. In addition, the oxide layer formed in quenched and 
tempered SAE 1045 steel in the PIL lubricated tests may also have 
contributed to the increased wear resistance of these tribological sys-
tems. The presence of hematite may demonstrate the superior lubricity 
of PIL, as previously mentioned. In these tests, a tribofilm composed by 
two layers was formed: the oxide layer and the adsorbed layer, as pro-
posed by Stemmer and Fischer [24]. Unlike other systems, this oxide 
film made it difficult for material to adhere to the wear sphere, as evi-
denced by the EDS analysis. 

According to Hsu and Gates [47], for an ideal boundary lubricating 
film, a strongly bound molecule, as in the case of the studied PIL, could 
provide a softer and more deformable component of the film that would 
distribute the roughness load. Furthermore, it could provide an easily 
shear layer to limit surface stress penetration. This ability of m-2HEAOL 

Fig. 10. SEM Images: A: SAE 1045 with Commercial_WP; B: SAE 1045 with Commercial and 0.1% TC C: SAE 1045 with m-2HEAOL_WP; D: SAE 1045 with m- 
2HEAOL and 0.1% TC. 
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was present in all tests carried out with lubricants containing this ad-
ditive. These authors also comment that boundary lubricating films can 
be thought of as a mixed component film composed of a hard 
load-bearing phase and a soft, easily sheared phase. This hard phase was 

formed in tests lubricated with PIL on quenched and tempered SAE 1045 
steel, through tribochemical reactions, possibly by thermal action. 
Therefore, in the tribological tests of this steel, the adsorption capacity 
of the PIL and the tribochemical reactions favored the formation of an 

Fig. 11. Images of the spheres of SAE 1010 analyses. A, D: Optical microscopy; B, E: Scanning electron microscopy (SEM); C, F: EDS analysis.  

Fig. 12. Images of the spheres of SAE 1045 analyses. A, D: Optical microscopy; B, E: Scanning electron microscopy (SEM); C, F: EDS analysis.  
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ideal limit lubrication regime, which, together with the greater wear 
resistance of this material, significantly reduced the wear volume in all 
formulations containing m -2HEAOL. 

The balls used in all tests wore 10,000x less than the metallic sub-
strates and Zr were not detected in the EDS tests. Microcutting/micro-
pluging (Abrasive Wear) were the main wear sub mechanisms detected 
in all tracks. Furthermore, delamination (surface fatigue) and craters 
were also detected. The proposed mechanisms are exemplified in 
Fig. 13. 

3.3. Electrochemical tests 

In order to analyze the corrosivity of the studied lubricants, polari-
zation curves were performed on samples of both steel alloys in lubri-
cants containing m-2HEAOL and commercial additive, with and without 
0.1% talc particles (%wt.). Tests in deionized water without particles 
(H2O_WP) and containing 0.1% (%wt.), H2O_TC, were also performed. 

The results are shown in Fig. 14. Analyzing the curves of SAE 1010 
steel, it can be seen that the curves with electrolyte composed of H2O, 
with or without talc particles in relation to the curves with lubricants, 
showed an abrupt increase in current density (at an approximate po-
tential of 300 mVSCE) indicating a greater acceleration in the corrosive 
process above this potential. However, even at free potential, the current 
values already refer to a very high corrosion rate in the H2O_TC formula, 
behavior that was not observed in the curves with commercial additive 
and PIL. The curves with commercial additives and m-2HEAOL, from 
potentials close to 300 mVSCE with and without the presence of talc 
particles, showed a pseudo passivation, which may be associated with 
the adsorption of PIL and commercial additive, as demonstrated by 

RAMAN analysis (Fig. 7) on the SAE 1010 steel surface. The corrosion 
potentials presented in Table 4 stabilized at − 230 mVSCE and − 260 
mVSCE with electrolyte H2O_WP and H2O_TC, respectively. However, in 
the presence of PIL, they shifted to more positive potentials between 
− 155 mVSCE and − 187.5 mVSCE and between − 141 mVSCE and − 165 
mVSCE in lubricants containing commercial additive, indicating a better 
behavior in relation to corrosion in the presence of the additives. The 
corrosion current densities in the tests for this steel remained at levels 
close to 10− 2 μA/cm2, with a slightly lower value for the tests in the 
lubricant Commercial_WP, with a current density of 0.7 × 10− 2 μA/cm, 
and this was reflected in the lower corrosion rate (0.8 mm/year). In the 
other tests for the SAE 1010 steel, a very similar corrosion inhibition 
capacity can be seen between the commercial additive and PIL. There 
was a decrease in the Corrosion Rate, to values similar for both 
additives. 

The H2O tests for SAE 1045 quenched and tempered steel showed a 
higher reactivity than SAE 1010 steel, taking the corrosion rates to 
higher values, where H2O_WP presented a corrosion rate of 11.4 × 10− 4 

mm/year. As can be seen in Fig. 15, after the electrochemical test, the 
SAE 1045 steel sample in the H2O_TC electrolyte showed pronounced 
pitting and red corrosion product. Other authors have demonstrated the 
influence of microstructure on the corrosion resistance of steels. Katyar 
et al. [75] demonstrated that the martensite obtained by quenching was 
the microstructure with the greatest tendency to corrosion compared to 
other pearlitic and bainitic structures. The results in Clover et al. [76] 
also showed that the martensitic microstructure had the highest corro-
sion rate among the analyzed microstructures. As can be seen in Fig. 14, 
for SAE 1045 steel in the presence of the H2 O_TC electrolyte, the curve 
shows a shift to higher current densities compared to the H2 O_WP 

Fig. 13. Representation of the lubrication mechanisms of the m-2HEAOL lubricants.  
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electrolyte and, also, the curves with the other additives (E Corr = − 330 
mVSCE and ICorr = 26.50 μA/cm2). Consequently, it has the highest 
corrosion rate among the systems studied (CR = 30.3 × 10 − 4 mm/year). 

The H2O_TC had a pH close to neutral (pH = 7.5), which should not 
contribute to the corrosive process, since in the presence of water 
without talc we would have a pH close to it. The XRD analysis, as 
mentioned above, detected only magnesium silicate hydroxide phases 
(Fig. 2C), suggesting that the increase in the corrosive process was not 
caused by contamination by corrosive substances, such as chloride, for 
example. 

It is known that, in some situations, talc can induce increased 
corrosion. Dubus et al. [77] showed that talc particles in the atmosphere 
of museums can lead to increased corrosion when deposited on metallic 
surfaces, due to the adsorption of humidity from the air by these parti-
cles. This difference in humidity leads to the formation of corrosion by 
differential aeration. Possibly, talc caused an increase in the corrosion 
rate (CT) in a similar way, even with the differences in humidity in the 
environment between the two studies. As shown in previous works [15, 
34], and in section 3.1, particles in a solution with sizes larger than 0.5 
μm tend to prevent a stable suspension, depositing on the surface. The 
talc particles used as an additive had an average size of 23.7 μm. Thus, 
these deposited particles would generate a corrosion process by differ-
ential aeration or crevice, leading to the formation of the type of 
corrosion found on the steel surface (Fig. 15). Due to the reactive nature 
of the quenched and tempered SAE 1045 steel discussed above, this 
phenomenon occurred more intensely in this substrate. 

However, in lubricants used as electrolytes containing commercial 
additives and PIL, in SAE 1045 steel, this increase in the corrosivity of 
talc particles was mitigated in relation to electrolytes with talc, but 
without the commercial additives and m-2HEAOL, resulting in much 
smaller rates of corrosion: m-2HEAOL_TC (CT = 8.0 × 10− 4 mm/year) 
and Commercial_TC (9.1 × 10− 4 mm/year). However, the corrosion 
rates found for lubricants with talc gave values higher than the rates 
found for additives without talc, in both substrates (Table 4). Therefore, 

Fig. 14. Potentiodynamic polarization curves. A: SAE 1010 with lubricants without talc particles; B: SAE 1010 with lubricants containing 0.1% (wt.%) talc particles; 
C: SAE 1045 quenched and tempered with talc-free lubricants; D: SAE 1045 quenched and tempered with lubricants containing 0.1% (wt.%) talc particles. 

Table 4 
Electrochemical results obtained from Tafel extrapolation.  

Lubricant Substrate Ecorr 

(mVSCE) 
icorr[10− 2] 
(μA/cm2) 

Rp[105] 
(Ω/cm2) 

Corrosion 
Rate 
[10− 4] 
(mm/ano) 

H2O _WP SAE 
1010 

− 230 
(29.0) 

3.50 (0.7) 14.5 4.0 

H2O _TC − 260 
(25.0) 

5.00 (2.0) 7.4 5.7 

m-2HEAOL_WP − 155 
(7.0) 

1.50 (0.7) 19 1.7 

m-2HEAOL_TC − 187.5 
(3.0) 

3.50 (2.0) 8.0 4.0 

Commercial_WP − 141 
(13.0) 

0.7 (1.5) 49 0.8 

Commercial_TC − 165 
(21.0) 

3.50 (2.0) 8.0 4.0 

H2O _WP SAE 
1045 

− 305 
(21.0) 

10.00 (0.5) 3.1 11.4 

H2O_TC − 330 
(14.0) 

26.50 
(20.0) 

0.3 30.3 

m-2HEAOL_WP − 230 
(28.0) 

6.50 (0.7) 3.4 7.4 

m-2HEAOL_TC − 180 
(70.0) 

7.00 (3.0) 5 8.0 

Commercial_WP − 220 
(42.0) 

2.00 (0.5) 15 2.3 

Commercial_TC − 255 
(7.0) 

8.00 (1.5) 2.3 9.1  
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the adsorption mechanism described above, involving commercial ad-
ditive and talc, contributed to the decreased corrosivity. However, the 
presence of talc generates a considerable increase in the corrosion rate, 
even in the presence of other additives. Thus, talc particles contributed 
to the increase in the corrosive process in all lubricants; however, the 
corrosion mechanism in lubricants containing m-2HEAOL was mitigated 
in relation to the lubricant H2O_TC, due to the strong adsorption of 
functional groups present in the strongly polar molecule of PIL, 
following the model proposed by Schimtzhaus et al. [21]. 

4. Conclusions 

In the present study, the effect of talc particles on water-based lu-
bricants with protic ionic liquid (PIL) was investigated. The results were 
compared with similar formulations containing a commercial water- 
soluble additive. The tests aimed to evaluate the tribological and elec-
trochemical performance of these lubricants. The main results are 
presented. 

• In the wear tests, lubricants containing PIL showed the best perfor-
mance in the formulation without talc particles, compared to the 
commercial ones tested for normalized SAE 1010 steel. This was due 
to the presence of a tribofilm formed due to the strong PIL/substrate 
interaction. 

• SAE 1045 steel (quenched and tempered) exhibited small and uni-
form wear in the presence of all tested lubricants. In the case of m- 
2HEAOL lubricant, the formed oxide hard layer and the soft adsorbed 
m-2HEAOL layer, in the boundary lubricant regime, increased the 
wear resistance.  

• The synergistic effect detected by ANOVA in increasing the lubricity 
of formulations containing commercial additive and talc particles led 
the worn volume, in tests on SAE 1010 steel, to levels similar to those 
of m-2HEAOL_WP (without particles), demonstrating the superior 
lubricity of m -2HEAOL.  

• The corrosive action of talc seems to be related to the deposition of 
particles on the steel surface, developing a corrosion process by 
differential aeration. SAE 1045 steel showed a greater susceptibility 
to corrosion than SAE 1010 steel in all of the tested lubricants.  

• PIL and the commercial additive significantly mitigated the corrosive 
effect generated by talc particles observed in water on both 

substrates. Furthermore, the pseudo passivation observed in the 
potentiodynamic polarization curves was confirmed by the PIL 
adsorption detected by the RAMAN analysis. 
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