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As diamond like carbon (DLC) coating becomes 
increasingly popular in providing low friction and wear 
under lubricated conditions, the effect of various oil 
additives on tribological behavior of DLC coating is 
drawing more attention. Various oil additives, such as 
ZnDTP and MoDTC, have been widely used in automobile 
engine industry to pursuit excellent tribological 
performance in the insufficient lubrication condition. 
Although such commercial oil additives have been proven 
to reduce friction or/and wear to some extent, usage of 
such high -SAPS (sulphuric ash, phosphor, sulfphur) 
conventional additives is bound to arouse concerns due to 
environmental reasons. In this research, we investigate 
the effect of two nanoparticle oil additives, which are 
cerium oxide (CeO2) and zirconium dioxide (ZrO2), on 
friction and wear of non-hydrogen tetrahedral amorphous 
carbon (ta-C) coating. The results show that by adding 
ZrO2 nanoparticle, the friction of DLC coating could be 
reduced about 32% compared to non-additive base oil 
scenario, but specific wear rate increases by 40%. When 
CeO2 nanoparticle is used, friction increases by 22% 
compared to non-additive base oil scenario, however 
wear decreases by nearly 77%. 

 
1.0 INTRODUCTION 

In automobile engine industry, boundary lubrication usually occurs under high load and low- 
speed condition in main bearing, cam and tappet interfaces, piston rings, etc., especially when the 
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engine starts or stops suddenly. In boundary condition, surface interaction is substantially solid 
contact with a small portion of lubrication film. Therefore, the tribological performance in 
boundary lubrication condition principally depends on the contacting surface properties rather 
than the nature of the lubrication film. Accordingly, advisable surface engineering is expected to 
be a promising solution to reduce the friction and wear under boundary lubrication condition. 
Among various surface engineering technologies, diamond-like carbon (DLC) coating is becoming 
prevailing in many industry fields as an effective solid lubricant due to its superior mechanical 
properties and low-friction and high wear resistance characteristics (Kano, 2016; Erdemir and 
Donnet, 2006; Kalin et al.,2008).  

Additionally, oil additives, such as ZnDTP and MoDTC, have been long considered to be 
indispensable supplement in boundary lubrication condition to reduce the friction and wear of 
steel or ceramic materials (Studt, 1989; Erdemir, 2005; Sato et al., 2016). In the past decades, 
researchers also studied the efficiency of such conventional oil additives on DLC coating under oil 
boundary lubrication condition (Haque et al., 2009; Kalin et al., 2004; Tasdemir, et al., 2013). 
However, due to the high content of SAPS (sulfated ash, phosphorus and sulfur) in those 
commercial oil additives, widespread use of these additives results in harmful emissions and 
consequently arouse the environmental concerns. In order to gradually eliminate the usage of 
these high-SAPS additives, it is essential to explore a novel green oil additive candidate that can 
replace the current additives. Recently, it has been proposed that several nanoparticles can be 
used as oil additives to reduce the friction and wear for conventional metal/alloy material. 
Vijaykumar et al (Jatti and Singh, 2015) reported that addition of copper oxide nanoparticle could 
effectively improve the engine oil lubricating properties to result in low friction and wear of 
aluminum casting alloy in mixed lubrication regime. Ye et al., 2003 presented that a tetrafluoro 
benzoic acid-modified TiO2 nanoparticles exhibit good performance in wear and friction 
reduction of bearing steel. Abdullah, et al., 2013 proposed that friction coefficient and wear were 
reduced significantly by dispersing several concentrations of hexagonal boron nitride 
nanoparticles in conventional diesel engine oil. 

However, there are very few researches have focused on the effect of such nanoparticles 
addition on the tribological performance of DLC coating. Kalin et al., (2013) reported that addition 
of MoS2 nanotubes into base oil can reduce the friction of DLC coating by 50% under the boundary 
lubrication regime and proposed that such nano-material can be a potential replacement of the 
current chemical-based lubrication additives with novel, physical-based additive lubrication 
technology for DLC coatings. However, in that research, author did not mention about the effect 
of MoS2 nanotubes additives on the wear of DLC coating, and it is reasonable to deduce from the 
optical images of wear scar that addition of such nanotubes did not affect the wear of DLC coating 
significantly. 

In this research, we investigate efficiency and effectiveness of two conventional abrasive 
particles: CeO2 and ZrO2 nanoparticles, on improving the tribological performance of ta-C coating 
under oil boundary lubrication condition. Although these two particles are usually used as 
abrasive particle to polish metal or alloy surface, whether they still work for much harder ta-C 
coating remains unknown. We successful find that when CeO2 nanoparticles are added into base 
oil, wear of ta-C coating is reduced significantly but relative higher friction coefficient compared 
to the pure oil lubrication. Meantime, we also confirm that when ZrO2 nanoparticles are used as 
oil additives, friction of ta-C is reduced but wear of ta-C is increased compared to the pure oil 
lubrication. It is strongly expected that these soft nanoparticles can show better tribological 
improvement if taking into consideration of their concentration and size in the near future. We 
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are, for the first time, presenting the strong potential of these nanoparticles as novel 
environmental friendly oil additives for ta-C/steel contact condition.  

 
 
2.0 EXPERIMENTAL DETAILS 
 
2.1 Nanoparticles and lubricants 

ZrO2 nanoparticles with typical diameter around 500nm (Figure 1(a)) and CeO2 nanoparticles 
with typical diameter around 300nm (Figure 1(b)) are dispersed into synthetic poly alpha olefin 
(PAO4) which has a viscosity of 19 mm2/s and a pressure-viscosity coefficient of 17.08 GPa−1 at 
40℃. Part of the experiments was performed using the base PAO oil without any additives, while 
the other part of the study was conducted by using PAO oil with 0.2 wt% ZrO2 and CeO2 
nanoparticles respectively as additives. The suspension of the oil and nanoparticle was 
thoroughly mixed using ultrasound (500W, 50Hz) for more than two hours and after which it was 
still kept in ultrasound vibration until it was used in the experiment.  
 

 
Figure 1: The FE-SEM images of (a) ZrO2 particles (b) Ceo2 particles. 

 
2.2 DLC coatings and counter materials 

The cylinder pin and disk was made from high carbon chrome steel (SUJ2) and carbon steel 
(S55C, 0.56~0.58 at. % of carbon concentration) respectively. The roller was 5mm in diameter 
and 5mm in length, while the disk was 22.5mm in diameter and 4mm in thickness. Tetrahedral 
amorphous carbon (ta-C), supplied by Nippon ITF Inc, were deposited on the curved surface of 
cylinder pins by ion plating deposition method. The characteristic of substrate and coating are 
shown in Table.1. 

 
Table 1: Important characteristic of roller and disk. 

Characteristics Roller Coating Disk 
Material SUJ2 ta-C S55C 
Deposition method - Ion plating - 
Hardness H.GPa 8.5 38±2 4.4 
Young’s Modulus (GPa) 218±17 435 ± 50 201±13 
Surfce roughness Ra, nm 22 68 6 
Film thickness t, µm - 1 - 
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2.3 Tribological experiments 
In this study, tests were performed using a rotating cylinder-on-disk tribotester under the 

boundary lubrication condition (Figure 2). The DLC-coated cylinder was loaded by 10 N 
(corresponding to a maximum initial Hertzian contact pressure of 120 MPa), and rubbed against 
S55C disk. Both the cylinder and the disk were immersed into the pure PAO4 oil, where the 
temperature was kept at 80° C constantly during the sliding test. The rotational radius and speed 
were fixed at 6.65 mm and 100 rpm (0.065 m/s) respectively. Test duration was set as 60 minutes 
and the corresponding sliding distance was calculated approximately as 245m. The friction 
coefficient was simultaneously recorded by load cell unit. Wear volume of DLC coatings on the 
cylinder was roughly calculated by measuring the width of rectangular-shape wear track with 
optical microscope. Before and after the friction tests, all samples were cleansed with benzene 
and acetone successively in an ultrasonic bath to remove oil species and contaminants. 
 

 
Figure 2: Schematic of reciprocating cylinder-on-disk tribotester. 

 
The minimum film thickness (hmin) for rectangular conjunctions and dimensionless lambda 

ratio (Λ) were calculated using Eqn. (1) and (2), respectively (Hamrock et al., 2014): 
 

ℎ𝑚𝑖𝑛 = 1.806(𝑤′
𝑧)−0.128(𝑜�̃�)0.694𝜉0.568𝑅𝑥

0.434 
 

(1) 

Λ =
hmin

√Rq.a
2 +Rq.b

2
 (2) 

 
where 𝑤′

𝑧 is the normal load per unit width, 0 is the absolute viscosity at p=0 and constant 
temperature, ũ is mean surface velocity in sliding direction, 𝜉 is pressure-viscosity coefficient, Rx 
is effective radius of cylinder, Rq,a is the curve surface roughness of cylinder and Rq,b is the surface 
roughness of disc. The calculated lambda ratio at initial contact condition is 0.6 for ta-C/steel 
tribosystem, which is less than unity, it means that operating lubrication regime is boundary 
lubrication. In addition, all the tests were repeated at least three times for reproducibility. 
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2.4 Surface analysis 
Surface roughness and morphology were measured by non-contact, three-dimensional, 

scanning white light interferometry (Zygo,Newview). Hardness and Young modulus were 
measured by Nanoindenter (NANOPICS 1000 Elionix ENT-1100a). Another scanning electron 
microscope (JEOL, JCM-5700NU) combined with an energy-dispersive X-ray detector (EDS) 
operated at an acceleration voltage of 10 keV to investigate the element on the wear scar on the 
disk. Prior to the investigation, all the worn surfaces were cleaned by repeatedly immersing into 
benzene and acetone bath 
 
 
3.0 RESULTS 

Figure 3 presents the friction coefficient of ta-C/steel contact lubricated by CeO2 and ZrO2 
nanoparticles containing base oil. Firstly, the friction test of ta-C/S55C contacts without any 
additives was conducted as a reference. The PAO oil with ZrO2 nanoparticles provides lowest 
friction coefficient of 0.5, which is significantly reduced by nearly 40% compared to the oil 
without additives. However, when CeO2 is added into the PAO oil, the friction coefficient of ta-C/ 
steel contact increases up to 0.09, which is 10% higher than the pure PAO oil lubrication condition. 
In addition, it is noted that only in the case when ZrO2 nanoparticles are used as oil additive, ta-
C/steel clearly exhibits running-in period in the beginning 1000 cycles, where friction coefficient 
decreases gradually from initial 0.082 to 0.05 and remains the same value until the end of the 
friction test. 
 

 
Figure 3: Friction coefficient versus sliding cycles for ta-C/steel contact with CeO2 and ZrO2 
nanoparticles additives. 

 
Figure 4 represents the specific wear rate of ta-C coating when lubricated with CeO2 and ZrO2 

nanoparticle additivated PAO oil, and the specific wear rate of ta-C coating in pure base PAO oil is 
also calculated as a reference. The ta-C coating shows lowest specific wear rate of 
4.2 × 10−9mm3 ∙ m−1N−1  when CeO2 nanoparticle is used as oil additives, which is a 77% 
reduction in comparison with non-additivated PAO lubrication condition. However, in the case of 
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ZrO2 nanoparticle additivated oil lubrication condition, the ta-C coating exhibits higher specific 
wear rate of 26.2 × 10−9mm3 ∙ m−1N−1 than non-additivated PAO lubrication condition. 

 

 
Figure 4: Specific wear rate of ta-C coating lubricated with CeO2 and ZrO2. 

 
Figure 5 shows the results of ex-situ optical micrographs of wear scar on the S55C disk which 

rubbed against ta-C in different additivated lubrication oil. As shown in Figure 6(a), obvious 
scratch lines can be observed along the sliding direction and it is detected that inside of the wear 
scar is dotted with brown debris. For ZrO2 nanoparticle additivated oil, discontinuous tribofilms 
are formed inside the wear scar on S55C disk and scratch lines are almost invisible (Figure 6(b)). 
When tested in pure PAO oil, very few debris could be found inside the wear scar and only several 
shallow scratch lines are generated during the friction test. 
 

 
Figure 5: Ex-situ optical micrographs of the wear scar on S55C disk after friction test lubricated 
with (a) CeO2 additivated oil, (b) ZrO2 additivated and (c) non-additivated oil. (The black arrows 
represent the sliding direction). 
 

The tribofilms formed by addition of ZrO2 nanoparticles are further investigated by energy-
dispersive X-ray spectroscopy (EDS) analyses, as shown in Figure 6. Amounts of raised island-like 
tribofilm can be identified from the SEM micrographs in Figure 6(a). The corresponding EDS 
element mapping and the detailed element composition of one of these specified tribofilms are 
shown as Figure 6(b) and Figure 6(c) respectively, indicating that those raised tribofilms mainly 
consist of ZrO2 and slight iron and iron oxides. Based on the appearance of these tribofilm layers 
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obtained from optical micrographs (Figure 5(b)) and SEM micrographs (Figure 6(a)), it is noted 
that these tribofilm layers are not just loose agglomeration of massive ZrO2 nanoparticles. It 
seems like these ZrO2 nanoparticles “melt” together to reform a bulk layer to adhere to the S55C 
disk during friction process.  

 

 

 
Figure 6: SEM micrographs of adhered tribofilm formed lubricated by ZrO2 nanoparticle 
additivated oil panels (b) show EDS element mapping results and panel (c) shows element 
composition of corresponding location by EDS analysis. 
 

Figure 7(a) presents the SEM micrographs of wear scar on disk lubricated by CeO2 
nanoparticle additivated oil and the element composition of the corresponding wear scar surface 
is revealed by EDS analysis, which is shown in Figure 7(b). It indicates that when lubricated with 
CeO2 nanoparticle additivated oil, there are only iron oxides exist inside the wear scar after a 
hand-operated cleaning procedure. 
 

(a) (b) 

(c) 



Jurnal Tribologi 16 (2018) 15-29 

 

 22 

 
Figure 7: (a) SEM micrographs of wear scar on disk lubricated by CeO2 nanoparticle additivated 
oil. Right Panels (b) show its element composition (a) by EDS analysis. 

 
Figure 8 shows the surface roughness and morphology results of the wear scar on ta-C coated 

roller and disk specimens lubricated by each type of lubricant oil by the means of three-
dimensional scanning white light interferometry. It should be pointed out that, as shown in Figure 
8(b), the morphology of tribofilms is visualized by three-dimensional images and the surface 
profile of the tribofilm is also measured, which is very smooth with a roughness (Ra) of 5 nm. 
Meanwhile, the counterpart ta-C coating is also fine polished to reach a rather smooth surface 
with a roughness (Ra) of 11 nm. Panels (a) (b) are surface morphology results of wear scar on ta-
C coated roller and disk respectively when lubricated by ZrO2 nanoparticles additivated oil; 
Panels (c) (d) are surface morphology results of wear scar on ta-C coated roller and disk 
respectively when lubricated by non additivated oil; Panels (e) (f) are surface morphology results 
of wear scar on ta-C coated roller and disk respectively when lubricated by CeO2 nanoparticles 
additivated oil. The corresponding surface profiles are shown below each surface morphology 
results. 

(a) (b) 
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Figure 8: Measurement of the roughness and morphology of the wear scar on roller and disk 
specimens using Zygo, Newview. 

 
Figure 9 presents the roughness of wear scar on the ta-C coated roller and disk when 

lubricated by CeO2 nanoparticle additivated oil, no additive oil and ZrO2 nanoparticle additivated 
oil respectively, indicating that addition of ZrO2 nanoparticle into the oil can result in ultra-fine 
polishing of ta-C coating and formation of large-scale island-like tribofilm, which also has a quite 
smooth surface. However, after the friction test lubricated with CeO2 nanoparticle additivated oil, 
the roughness of wear scar on ta-C coating does not change significantly but an increase in 
roughness of disk compared to as-received. Based on the roughness of both mating surfaces, the 
corresponding lambda values are calculated by equation. (1) and equation. (2). It indicated that 
for CeO2 nanoparticle additivated oil lubrication, the lambda (Λ) value is 0.63, which represent 
boundary lubrication condition (Λ<1). For no additive oil lubrication, the lambda (Λ) value is 1.2, 
which represent mixed lubrication condition (1<Λ<3). In the case of ZrO2 nanoparticle additivated 
oil lubrication, the lambda (Λ) value is 2.7, which also represent mixed lubrication condition but 
close to hydrodynamic lubrication condition (Λ>3).  
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Figure 9: Roughness of wear scar on the ta-C coated roller and disk when lubricated by CeO2 
nanoparticle additivated oil, no additive oil and ZrO2 nanoparticle additivated oil respectively. 

 
Figure 10 presents the relationship between friction coefficient and calculated lambda value, 

it indicates that friction coefficient decreases when lambda value increases. In order to investigate 
the effect of ZrO2 tribofilm on the friction behavior of ta-C coating under oil boundary lubrication, 
disk with the adhesion of ZrO2 tribofilm (followed by the friction test in ZrO2 nanoparticle-
containing oil as shown in Figure 3) was used as counterpart to rub against as-received ta-C under 
pure PAO oil boundary lubrication condition. As shown in Figure 11, when the tribofilm-adhered 
disk rubbing against as-received ta-C, the initial friction coefficient is around 0.062, which is less 
than that of pristine ta-C/steel contact (0.082). Subsequently, the stable friction coefficient of ta-
C/ tribofilm-adhered disk contact is maintained to be 0.058, which is similar to the above- 
mentioned ta-C/steel in Figure 3. 
 

 
Figure 10(a): Friction coefficient versus sliding cycles for ta-C when rubbing against pristine S55C 
and ZrO2 tribofilm-adhered S55C disk. 
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Figure 10(b): Variation of friction coefficient as a function of lambda value when lubricated by 
CeO2 nanoparticle additivated oil, no additive oil and ZrO2 nanoparticle additivated respectively. 

 

 
Figure 11: Friction coefficient versus sliding cycles for ta-C when rubbing against pristine S55C 
and ZrO2 tribofilm-adhered S55C disk. 
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Figure 11(b):  Variation of friction coefficient as a function of specific wear rate of ta-C coating 
when lubricated by CeO2 nanoparticle additivated oil, no additive oil and ZrO2 nanoparticle 
additivated oil respectively. 

 

 
Figure 12:  Schematic of contact condition of ta-C/steel when (a) ZrO2 nanoparticle, (b) non-
additive and (c) CeO2 nanoparticle is used as oil additives. 

 

 
Figure 13:  Schematic presentation of the effect of ZrO2 tribolayer formation on low friction of ta-
C/steel contact. (a) Two smooth surfaces in sliding contacting result in lubrication regime shifting 
to hydrodynamic lubrication regime. (b) The discrete tribolayer contact with ta-C coating to result 
in less contact area. 
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4.0 DISCUSSION 
The results of investigating the lubrication effect of the ZrO2 and CeO2 nanoparticles mixed 

with the base PAO oil show that, in boundary lubrication condition, the ZrO2 nanoparticles reduce 
the friction coefficient of ta-C/steel contact but result in relative higher wear loss, while CeO2 
nanoparticles reduce the wear of ta-C coating significantly but cause relative higher friction 
coefficient. Namely, low friction and low wear loss cannot be achieved simultaneously by using 
each nanoparticle individually. 

Figure 3 clearly shows that ZrO2 nanoparticles can reduce the friction of ta-C/steel contact by 
40% to reach low friction coefficient of 0.05 although accompany by relative higher wear loss 
(Figure 4). Meanwhile, it is observed that discontinuous tribofilms are formed during friction 
process only in the case when ZrO2 nano-additives are used (Figure 5(b)).  

Up to now, it has been revealed that most studies on the effect of nanoparticles on tribological 
properties under oil lubrication condition (Jatti and Singh, 2015; Ye et al., 2003; Abdullah et al., 
2013; Dai et al., 2016; Gulzar et al., 2016) can be generally summarized into two categories: ball 
bearing effect of nanoparticle and generation of low-shear-strength tribofilm. However, in our 
research, the size of nanoparticle is approximately 300nm~500nm, which is larger than the 
roughness of both mating surfaces before or after friction test. Therefore, it is reasonable to 
deduce that such nanoparticles are unlikely to enter into the sliding interface to serve as role of 
ball bearing. Our results show that low friction only occurs in the case of ZrO2 nano-additives and 
it is accompanied by the formation of ZrO2-condensed tribofilm. Hence, the initial ta-C/steel 
contact is gradually replaced by ta-C/ ZrO2-tribofilm contact during the friction process, and it is 
schematically shown in Figure 12(a). Thus, we believe that that tribofilm is very essential to lead 
in low friction phenomenon. 

Based on the above observations, we present the low friction mechanism of ta-C/steel: In the 
initial running-in period, with the formation of condensed ZrO2 tribofilm on the steel surface, such 
tribofilm serves as polishing pad to drastically reduce the roughness of ta-C coating, it is not 
surprising that relative high wear loss is also inevitable in this process. Meanwhile, rather smooth 
tribofilms are also formed in the steel surface. EDS analysis confirms that tribofilm is mainly 
condensed ZrO2 flake with rather smooth surface, which is probably caused by tribo-sintering 
effect (Kato and Komai, 2007). The roughness of those tribofilm and worn ta-C coating surface are 
measured by three-dimensional scanning white light interferometry to be around 10 nm. The 
lambda (Λ) value calculated in Figure 9 clearly shows that for ZrO2 additivated oil lubrication, the 
lambda value of 2.7 indicates that the lubrication regime between ta-C worn surface and tribofilm 
is nearly hydrodynamic lubrication even where some asperity contacts still exist. Consequently, 
it is reasonable to deduce that when two contacting surfaces become smoother, the lubrication 
regime would transition from boundary lubrication to mixed or hydrodynamic lubrication. Since 
there is less direct contact between two sliding surfaces, friction coefficient can achieve a low 
value eventually. As shown in Figure 10, increased lambda value leads to the drop of friction 
coefficient. 

Some researchers have already showed that the beforehand polishing process of DLC coating 
is beneficial to provide low friction under lubricated condition (Tokoro et al., 2009). Furthermore, 
it's worth noting in our study that the ZrO2-condensed tribofilm is essential to account for the low 
friction of ta-C/steel contact, Figure 11 shows that when ZrO2 tribofilm-adhered steel disk is 
rubbed against pristine ta-C coating, the initial friction coefficient is lower than the other two 
cases where pristine steel disk is used as counter material. After the running-in period, the friction 
coefficient reaches the similar low value with that has been shown in Figure 3. It indicates that 
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such adhered ZrO2 tribofilm can continually causes the low friction even the mating ta-C was 
changed to be rougher. 

The results of this study also clearly show CeO2 nanoparticles additives dramatically improve 
the wear resistance of ta-C coating under boundary lubrication regime but unfavorably increase 
the friction coefficient. Since the lubrication regime for CeO2 nanoparticle additivated condition 
is boundary lubrication condition, ta-C absolutely contacts directly with disk. Therefore, the 
friction is dominated by contact area (Bhushan, 2013). Under boundary lubrication, aggregations 
of wear debris or/and externally introduced particles in the junction of disk and cylinder’s curve 
surface can significantly increase the contact area and therefore cause a rise in friction, as 
schematically shown in Figure 12(b) and 12(c). For the non-additive condition (Figure 12(b)), 
even there are no external particles introduced into the oil, a spot of iron oxides is generated as 
wear debris, which is derived from the steel disk, to aggregate in the junction of disk and cylinder’s 
curve surface. When it comes to anti-wear effect of CeO2 nanoparticles as oil additives, some 
research reported that CeO2 nanoparticles and muscovite/CeO2 composite particles could 
improve the antiwear properties of lubricant grease by formation of a chemical reaction film on 
the worn steel surfaces (Du et al., 2016). However, in our research, there is no visible tribofilm 
observed on disk or ta-C coating worn surface when CeO2 nanoparticle is used as oil additives 
(Figure 5(c) and Figure 7). Here, we propose that increased contact area results in lowered 
contact pressure on the ta-C coating, and then the reduction in contact pressure can probably 
inhibit the wear of ta-C. 

 
 

5.0 CONCLUSION 
When lubricated by ZrO2 additivated oil, the friction coefficient of ta-C/steel contact reaches 

lowest among all three cases and ta-C coating shows highest specific wear rate. In addition, when 
lubricated by CeO2 additivated oil, ta-C coating exhibits lowest specific wear rate but highest 
friction coefficient. And in the case of ZrO2 additivated oil, the polishing effect of ZrO2 
nanoparticles on ta-C coating and formation of smooth tribofilm are assumed to jointly cause the 
lubrication regime transition from boundary lubrication to mixed or hydrodynamic lubrication 
and therefore lead to low friction of ta-C/steel contact. 
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