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 A B S T R A C T 

Fretting wear is very common damage found in parts under small-
amplitude motion or vibration. Nano-lubrication is a very efficient way to 
reduce the friction and wear of mating parts. Therefore, fretting study was 
conducted on magnesium alloy (AZ91) under lubricating conditions using 
poly alpha olefin grade 4 (PAO4) with Graphite nanoparticles (NPs) (GNP) 
and hexagonal boron nitride (h-BN) NPs as lubricant additives. The 
experimental results reveal that the coefficient of friction (COF) and wear 
volume were reduced by 76% and 28%, respectively, using GNP and by 
28% and 20%, respectively, using h-BN NPs. At optimal concentration of 
NPs, the effect of load on COF and wear was also investigated in this study. 
Wear volume and COF increases with increasing load. The performance of 
GNP was observed to be better as compared to h-BN NPs, which suggests 
its use as a lubricant additive in PAO4 as lubricated fretting conditions for 
AZ91 alloy. However, h-BN NPs perform well under higher loads. 
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1. INTRODUCTION  
 
To enhance the performance of a system there is 
always a need to modify the system. The 
modifications can be in terms of design, working 
principle, process, and material of components. 
Material of component is a key parameter for 
deciding the performance of a system. Instanced 
research is going on for the advancement of 
materials in various fields. Researchers explored 
many advanced materials such as: lightweight 
materials [1], smart or intelligent materials [2], 
biomaterials [3,4], nano materials [5], corrosion 

resistant materials [6] etc. For structural purposes, 
the material should full fill the requirements of 
strength to withstand the load and optimized 
weight of the component. Magnesium alloys are 
low in density, have high specific strength, are well 
castable, machinable, weldable, and have strong 
corrosion resistance. These properties make 
magnesium alloys useful materials in automobiles 
and aircraft applications. Mordike and Ebert [7] 
and Mehta et al. [8] reported the magnesium alloy 
properties and their potential applications in 
various industries, particularly in the automobile 
industry. Several applications include the steering 
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wheel, dashboard mounting bracket, gearbox 
housing, transfer case and chassis components etc. 
In vehicles and aircrafts, various structural parts 
are made up of magnesium alloys such as AZ91 [9]. 
These components undergo vibrations during 
operation, which are transmitted to the structural 
parts and can cause micromotion between the 
parts in contact with each other.  
 
Fretting is surface damage resulting from the 
plastic deformation of softer surfaces caused by 
low amplitude cyclic oscillating motion. [9,10]. 
Khabale and Wani [9] studied the fretting wear 
properties of AE41 and AZ91 under dry condition 
against AISI 52100 steel. Constant average COF 
with running time, marginal increment in COF 
with amplitude, and decrement in COF with 
applied normal load and oxidation, oscillation 
frequency was recorded. Adhesion, abrasion, and 
delamination were the principal wear 
mechanisms. AZ91 proved to have better wear 
resistance as compared to AE41.  
 
Liang et al. [11] reported different wear regimes 
of AZ91 alloy. Under the steady-state condition, 
mild wear advances. The rate of wear under the 
severe wear regime constantly increases with the 
sliding distance. Delamination and oxidation 
were reported in mild wear regime, and plastic 
deformation and melting were reported in severe 
wear regime. Huang et al. [12] reported 
increasing wear with increasing load.  
 
Researchers have put great efforts into the 
advancement of materials to enhance the 
tribological behavior of the system. One of the most 
efficient methods to improve the tribological 
behavior of the system is lubrication. Various 
additives are used to increase the tribological 
properties of lubricants [13,14]. Nano-lubrication 
is considered one of the most appropriate methods 
of improving the tribology of materials under 
various operating conditions [15]–[20]. Carbon 
nano additives are very promising in reducing the 
friction and wear of a tribological system. Many 
researchers studied the application of carbon nano 
additives in lubricants in the form of nanoparticles, 
nanotubes, nanosheets etc. and reported the 
enhancement of the tribological properties of the 
lubricants [15,17,21]. Lee et al. [15] reported that 
the COF on the coated plate was lower when 
comparing the GNP-coated plate to the base 
lubricant. Saini et al. [22] investigated the extreme 
pressure (EP) and anti-wear performance of Talc 

nanoparticles (NPs) in various lubricants. Zheng et 
al. [16] reported a reduction in COF by 70.2 % and 
in wear volume by 65.8 % using PAO4 dispersed 
with WS2 for graphene nanocomposites. Reduction 
of COF by 0.057 and wear coefficient by 60-70% 
was reported by Kumar and Wani [17] when using 
Graphene oxide NPs in SAE20W50 lubricant. 
Charoo and Wani [18] reported a reduction in wear 
by 30 to 70 % by using h-BN NPs in SAE 20W50. 
The COF reduces by more than 40 % by using 
diamond NPs (0.5 weight %), and the wear scar 
diameter of nano-Si3N4/nano-SiC reduces by 140 
μm using the diamond NPs mixed with mineral oil 
[18]. A friction reduction of 35.89 % and wear 
volume reduction of 20.86 % was reported by 
Srivyas and Charoo [23] by adding graphene nano-
platelets in PAO4 lubricant. Tribological properties 
of Al-Si alloy against chrome plated steel balls 
improve under nano-lubrication using PAO4 
mixed with h-BN NPs as EP additives [24]. 
 
PAO is made up of oligomers of hydrogenated 
olefins, with the general formula CnH2n+2. These 
high-performance base oils for motor oils, 
hydraulic fluids, transmission fluids, etc. 
developed using synthetic hydrocarbons [25]. 
They also have a higher viscosity index than 
mineral oils. Syed and Wani [26] and Fayaz and 
Wani [27] studied the compression of tribological 
behavior of the SAE9254 ring under lubrication 
starvation, boundary lubrication and mild EP 
lubrication conditions. The tribological tests were 
performed on a chromium coated SAE9254 grade 
steel piston ring against R185220 grade grey cast 
iron cylinder liner. Triaryl phosphate was added to 
PAO10 as EP additive to form EP-PAO10 (extreme 
pressure lubricant). EP-PAO10 reduces the COF by 
74.1 % when compared to dry sliding conditions. 
GNP forms a protective film at the interface during 
sliding, which reduces friction and wear. Results 
show that nano-lubrication reduces friction and 
wear drastically at high-temperature sliding [28]. 
 
The development in the lubricants is taking place 
at a faster pace. Zinc dialkyldithiophosphate 
(ZDDP) proved to be an exceptional anti-wear 
additive in engine oil by forming tribofilm [29]. 
The use of ZDDP also cause electrolytic corrosion 
due to the presence of zinc [30]. The presence of 
sulphur, phosphorous and zinc causes ash 
formation which can results in reducing the 
effectiveness of catalyst in exhaust system and 
can block the filters [31]. So, finding a better 
alternative is essential for engine tribology.  
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As AZ91 is a promising material for high strength 
with light weight requirement of the components. 
Some of these components undergo vibrations 
which can result in wear of the components at the 
contacts. Very few researchers studied the fretting 
wear of this material. The fretting study of AZ91 
under lubrication condition has not been 
performed previously. This work aims to 
investigate the tribological behavior of AZ91 
under lubricated fretting condition. Tribological 
experiments were conducted on a ball (AISI-
52100 steel) on disk (AZ91) tribo-pair using PAO4 
with 0.1 weight % GNP and 0.1 weight % h-BN NPs 
under fretting condition. To determine the 
properties of prepared nanolubricants, the 
rheological tests were also conducted on a 
modular compact rheometer. Worn surfaces were 
analyzed using scanning electron microscope 
(SEM) and electron dispersive spectroscopy (EDS) 
to study the wear mechanism involved. 
 
 

2. MATERIALS AND METHODS 
 

2.1 Materials 
 

For disc, AZ91 magnesium alloy, and balls (dia: 10 
mm), AISI-52100 stainless steel was used. AZ91 
was procured from Exclusive Mg alloy Pvt. Ltd. 
The approximate chemical composition (weight 
%) is given as; Ni: 0.001, Cu: 0.08, Zn: 0.84, Fe: 
0.02, Al: 9.2, Mn: 0.22, Si: 0.14, and Mg: 89.57. The 
surfaces of AZ91 magnesium alloy samples were 
prepared by abrasive grinding using emery papers 
of different grit sizes (i.e., 180 for rough grinding 
and 220 to 2000 for fine grinding) and then 
polished using water suspension of alumina 
powder as per ASTM E3-95 Standard. Mirror-like 
finish was obtained by using a special-purpose 
polishing cloth with diamond paste. Fig. 1 shows 
the optical image of the polished surface of AZ91.  
 

 
Fig. 1. Optical image of AZ91 disc before the test. 

PAO4 used in the study was procured from Aero 
Biotechniques Ltd. New Delhi. The properties of 
PAO4 are given in Table 1 as provided by the 
supplier of PAO4 oil. GNP and h-BN NPs 
(approximate particle size: 60-100 nm) were 
purchased from Nanoshel Pvt. Ltd. USA.  
 

Table 1. Typical properties of Poly alpha olefin oil 4.  

Sr. No. Property Value 
1 Kinematic viscosity (cSt) at 100°C 4.1 
2 Kinematic viscosity (cSt) @ 40°C 18.50 
3 Kinematic viscosity (cSt) @ -40°C 2800 
4 Viscosity Index 124 
5 Pour Point (°C) -65 
6 Flash Point (°C) 204 
7 Specific Gravity at 15.6°C 0.830 
8 Density (lb/gal) 6.820 

 

Field emission scanning electron microscope 
(FESEM) micrographs (Fig. 2a and b) show the 
morphology of the nanaoparticles. Fig. 2 (a) shows 
the flaked or 2D layered shape of GNP. Fig. 2 (b) 
shows the round shape of h-BN NPs, and these are 
nearly uniform. The layered structure and the weak 
interaction between the layers of GNP provides 
easy sliding between these layers resulting in the 
reduction in friction between two surfaces. 
 

 
(a) 

 
(b) 

Fig. 2. FESEM micrographs of the nanoparticles used as 
nanoaddititves: (a) GNP; and (b) h-BN NPs.Fig. 3 (a) and (b) 
shows the XRD spectrum of h-BN NPs and GNP respectivly. 



Bharat Kumar author et al., Tribology in Industry Vol. 45, No. 3 (2023) 375-386 
 

 378 

 
(a) 

 
(b) 

Fig. 3. XRD spectrum of: (a) GNP; and (b) h-BN NPs. 
 

The XRD spectrum of GNP (Fig. 3a) shows the 
major peak at 2θ=26.5o and a minor peak at 
2θ=54.6o corresponding to the miller indeces 002 
and 004 respectively. Siburian et al. [32] and Park 
et. al [33] also reported the similar XRD spectrum 
for graphite powder.The XRD spectrum of h-BN 
(Fig. 3b) shows the major peak at 2θ=26.6o 
corresponding to miller indeces 002. Some minor 
peaks are also present at 2θ= 41.5o, 43.6 o, 55.1 o, 
75.8 o and 82.12 o corresponding to the miller 
indeces 100, 101, 004, 110 and 112. Turkez et. al. 
[34] and Matovic et. al [35] also reported the 
similar spectrum of XRD for h-BN nanoparticles.  
 

2.2 Nanolubricants preparation 
 
The h-BN and GNP NPs were dispersed in PAO4 
oil to prepare the nanolubricants. The 
suspensions were prepared by treating the 
solution ultrasonically using a prob sonicator. 

Different concentrations (weight %) of GNP and 
h-BN NPs (i.e., 0.05, 0.1, 0.15 and 0.20) were 
dispersed in PAO4. To ensure the uniform mixing 
of the NPs in the oil, each suspension was 
sonicated for 3 hr 30 min.  
 
2.3 Rheological measurements 
 

The rheological properties of prepared samples 
were measured using rheometer (Anton Paar, 
MCR-102) using cone and plate geometry (CP-
40) at 0.1 mm gap, as shown in Fig. 4. 
Controlled shear rate mode (CSR) was used to 
determine the viscosity and shear stress 
properties of the prepared nanolubricants 
following DIN 53019/ISO 3219 Standard. 
Moreover, rheological experiments were 
conducted on the base lubricant and NP-based 
lubricant (i.e., PAO4 & PAO4 with 0.1 % GNP 
and h-BN) at 25 °C and 40 °C. 

 
Fig. 4. Photographic and schematic representation of 
rheometer. 

 
2.4 Tribological testing 
 
A universal tribometer (R. tech Instruments, 
USA) was used to perform the tribological tests, 
and the schematic diagram is shown in Fig. 5. A 
fixed amplitude of 50 µm was used to simulate 
the fretting tests. Load tests were conducted at; 
50 N, 75 N, 100 N, 125 N and 150 N. All tests 
were performed for a fixed duration of 2.5 
hours. Lubricated tests were conducted 
keeping the samples submerged under 75 ml 
lubricant. Samples were cleaned using an 
ultrasonic bath for 30 minutes with ethanol 
before and after the experiments. After 
cleaning, samples were dried in an oven for 15 
minutes at 50 oC. The wear scar on the ball and 
disc was measured using an optical microscope 
to calculate the wear volume. Worn surfaces 
were analyzed using scanning electron 
microscopy (SEM) to determine the wear 
mechanism involved. 
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Fig. 5. Schematic representation of universal tribometer. 

 
Tests were performed under boundary 
lubrication as per the given Equation (1) [36]: 

hmin = 7.43R (10.85𝑒−0.31𝑘)(
𝜂𝑢

𝐸′𝑅⁄ )
0.65

(𝐿
𝑅2𝐸∗⁄ )

−0.21

 (1) 

where: 
u is sliding velocity (m/s),  
k is parameter of ellipticity, 
R is radius (composite) (m), 
η is absolute viscosity (Pa s), 
E’ is elastic modulus (composite) (Pa), 
L is Normal load (N) and 
hmin= Minimum film thickness 

1

𝑅
=

1

𝑅𝑎
+

1

𝑅𝑏
    (3) 

𝜆 =  
ℎ𝑚𝑖𝑛

𝜎∗      (4) 

𝜎∗ = √(𝜎𝑎
2 + 𝜎𝑏

2)   (5) 

Where: 

Rb is radius of the disc (infinite),  

Ra is ball’s radius, 

𝜎∗ is the composite surface roughness, 

𝜎𝑎 is the surface roughness of ball, 

𝜎𝑏 is the surface roughness of disk, 

𝑣𝑎 is Poisson’s ratio for ball material, 

 𝑣𝑏 is Poisson’s ratio for disk material, 

Eb is modulus of elasticity for disk material and 

Ea is modulus of elasticity for ball material. 
 
2.5 Calculation of wear volume 
 
Equation (6) gives the wear volume [37]: 

Vt =  L [r2sin−1 (
w

2r
) −

w

2
(r2 −

w2

4
)

1/2

] +

π

3
⌊2r3 − 2r2 (r2 −

w2

4
)

1/2

−
w2

4
(r2 −

w2

4
)

1/2

⌋    (6) 

Where:  

W is width of wear scar,  

Vt is total wear volume and 

r is the radius of the ball.  
 
 

3. RESULTS AND DISCUSSION 
 

3.1 Shear stress behaviour with respect to 
shear rate 

 

Rheological properties of nano-lubricants were 
studied at 25 oC and 40 oC on PAO4 with 0.1 % 
GNP and h-BN NPs and the shear rate was varied 
from 0 to 1000 s-1. The results are shown in Fig. 6 
(a and b). Shear rate and shear stress for 
lubricants with and without NPs show a linear 
relationship, proving that the lubricant remains 
Newtonian after adding GNP and h-BN NPs. 
Lower shear stress values were obtained at 40 oC 
for PAO4 with 0.1 % GNP and 0.1 % h-BN NPs as 
compared to shear stress values obtained at 25 oC 
temperature as depicted in Fig. 6 (a and b). 
Similar behavior is reported by Kumar et al. [38]. 
 

 
(a) 

 
(b) 

Fig. 6. Shear stress vs. shear rate of PAO4 with: (a) 
GNP, (b) h-BN NPs. 
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3.2 Viscosity behaviour with respect to 
shear rate 

 
Fig. 7 (a and b), shows the viscosity variation 
versus shear rate of PAO4 and nano-additives-
based PAO4 lubricant. Fig. 7 (a and b) clearly 
shows that the viscosity nearly remais constant 
as the shear rate changes. There is no 
significant effect of nanoparticle addition on 
viscosity at both temperatures (i.e., 25 oC and 
40 oC). This proves that the oil remains 
Newtonian before and after adding NPs. 
However, viscosity at 40 oC temperature is 
lower than that at 25 oC for both the nano-
lubricants (i.e., PAO4 with GNP and h-BN NPs). 
Similar behavior is reported by Kumar et al. 
[38].  
 

 
(a) 

 
(b) 

Fig. 7. Viscosity vs. shear rate for (a) PAO4 base oil and 
PAO4 with GNP, (b) PAO4 base oil and PAO4 with h-
BN NPs. 

 

3.3 Tribological behaviour  
 

(a) Effect of concentration of the 
nanoparticles on COF 

 

COF decreases as the concentration of NPs in the 
lubricant increases up to 0.1 weight %, followed by 
an increase in COF in both cases as shown in Fig. 8. 
In both cases, the minimum COF was attained at 0.1 
weight percent nanoparticle concentration. The 
NPs' ball-bearing function is thought to cause this, 
which roll between the mating surfaces and thereby 
causes a reduction in the COF [15,39,40]. Also, the 
reduction in COF up to an optimum concentration 
may be attributed to the filling of asperities by 
nanoparticles causing a reduction in surface 
roughness [41]. Beyond 0.1 % concentration, COF 
increases to a value of 0.070 and 0.085 for GNP and 
h-BN NPs, respectively. This increasing COF is 
attributed to the fact that NPs start agglomerating, 
which fills not only the asperities but also creates 
some new asperities made of these large 
agglomerates, which can cause a reduction in the 
rolling phenomenon of NPs between contact 
surfaces [42]. Therefore, it is concluded that 0.1 
weight % is the optimal nanoparticle concentration 
for effective reduction in COF for both cases. The 
lower COF observed in the case of PAO4 + 0.1 % GNP 
demonstrates the exceptional lubricating property 
of GNP, which has been attributed to weak 
interaction and smooth sliding between the layers 
of GNP [43]. The COF was reduced by 76 % after 
adding 0.1 % GNP in PAO4. Tolumoye et al. [44] also 
reported a maximum reduction in COF by about 67 
% after adding 2 % GNP. Omrani et. al [45] also 
reported a maximum improvement in the COF by 10 
% after adding 0.7 % of nano graphite in canola oil.  
 

 
Fig. 8. COF vs. concentration of NPs of graphite and h-
BN in PAO4 lubricant. 
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(b) Effect of concentration of the 
nanoparticles on wear volume 

 
Fig. 9 shows the variation of wear volume w.r.t the 
concentration of NPs. The wear volume decreases 
with increasing the concentration of NPs in the oil 

up to a concentration of 0.1 weight %. However, 
beyond 0.1 weight % the increasing concentration 
of the NPs causes an increase in wear volume in 
both cases. It is also evident from Fig. 9 that at 0.1 
weight %, the wear volume is the least in both 
cases. This also proves that 0.1 weight % of GNP 
and h-BN NPs is the optimal concentration for 
achieving lower COF and wear volume. The 
mechanism responsible for lower wear, increasing 
nanoparticle concentration up to optimal 
concentration, is because of rolling, mending and a 
protective layer forming between the mating 
surfaces [28]. As the concentration of NPs 
increases in the base oil, up to the optimal 
concentration, they act as nano-bearings between 
the two surfaces and roll between them, thus 
preventing direct metal-to-metal contact, which 
reduces wear. Due to the mending effect, the NPs 
fill the valleys of the surface (and or micro 
asperities on the surface), resulting in a smoother 
surface compared to that without adding NPs [46]. 
Another reason for wear reduction is the formation 
of physical deposition film on the sliding surface 
which prevents direct contact between the metals 
and consequently reduces wear [47].  
 

 
Fig. 9. Wear volume vs. concentration of NPs in PAO4 
lubricant. 

 
Beyond the optimal concentration of NPs, wear 
increases. This may be because the 
agglomeration of NPs starts after an optimal 
concentration, which can cause the increment in 

the size and distortion in the shape of NPs, after 
which NPs act as a third body between the mating 
surfaces and the irregular shape of NPs causes 
abrasion. Another reason is that, beyond the 
optimal concentration of NPs in the lubricant, the 
NPs between the contact surfaces may get 
agglomerated and create other asperities due to 
the deposition of these large agglomerated 
particles in the valleys on the surfaces, which may 
cause the increase in wear [42]. Wear is reduced 
by the protective boron-rich tribo-film formed by 
h-BN NPs on the tibo-surface [18]. GNP form a 
carbon protective film, reducing COF and wear 
[24]. At all concentrations, wear volumes 
attained are quite low for GNP. The lower wear 
volume in case of lubricant with GNP than that 
with h-BN NPs may be due to the exceptional GNP 
lubricating property resulting in the smooth 
sliding between the layers of GNP [43]. The wear 
volume decreased by 28 % after adding 0.1 % 
GNP in PAO4 oil. Su et. al. [47] also reported a 
maximum reduction in the wear volume by 11.44 
% after adding GNP in vegitable oil.  
 
(c) Effect of load on COF 
 

All load tests were conducted at 0.1 weight % 
GNP and h-BN NPs (optimal concentration of 
nanoparticle). The load was applied in the range 
of 50 N to 150 N in steps of 25 N. The graph of COF 
vs. load for PAO4 + 0.1 weight % GNP and PAO4 + 
0.1 weight % h-BN NPs is illustrated in Fig. 10.  
 

 
Fig. 10. COF vs. load for PAO4 with 0.1 % GNP and 
PAO4 with 0.1% h-BN NPs. 

 
It is evident from Fig. 10 that COF increases with 
increasing the normal load, and this may be due to 
the increasing contact pressure causing the 
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formation of more asperity junctions. COF for GNP 
is lower than h-BN NPs, up to a load of 100N. 
Beyond this load, higher COF was observed for GNP 
compared to h-BN NPs. At the highest load of 150 N, 
the maximum value of COF (0.09) was obtained. Fig. 
10 shows that at higher loads, a stable COF was 
observed for h-BN NPs. So, h-BN NPs perform 
better at higher loads than GNP. Charoo and Wani 
[12] and Su et. al, [36] reported similar results.. The 
lower shear strength of GNP, as compared to that of 
h-BN NPs, causes the GNP to get distorted and 
results in increasing contact area between the 
asperities at higher loads, resulting in a higher COF 
[18]. Another possible reason for the increase of 
COF at high loads, in the case of GNP is because of 
plastic deformation and fracture of NPs. It causes 
the irregular shape of the NPs, causing the 
transition of the rolling motion of NPs to a sliding 
motion, leading to an increase in COF [47]. On the 
other hand, h-BN NPs can bear a higher load than 
GNP, providing better frictional performance.  
 
(d) Effect of load on wear volume 
 
Fig. 11 shows the variation of wear volume w.r.t. 
the normal load for PAO4 + 0.1 weight % GNP and 
PAO4 + 0.1 weight % h-BN NPs. Fig. 11 clearly 
shows that wear volume increases with load for 
both cases; however, for normal loads of 50 N-
100 N, the increase in wear volume is negligible 
for PAO4 + 0.1 weight % h-BN NPs. Under a load 
of 150N (i.e., the highest load), wear volume is 
nearly equal for both cases. The wear behavior of 
AZ91 under PAO4 + 0.1 weight % GNP and PAO4 
+ 0.1 weight % h-BN NPs is in line with the 
behavior of COF, as indicated in Fig. 11. 
 

 
Fig. 11. Wear volume vs. load for PAO4 with 0.1% and 

PAO4 with 0.1% h-BN NPs. 

(e) Worn surface analysis 
 
Worn surfaces were analyzed with an optical 
microscope, SEM and EDS. The SEM image (Fig. 
12b) shows the presence of some delamination 
and deposition of the material at the worn 
surface, indicating the dominance of the adhesive 
wear mechanism under the dry condition, as 
shown in Fig. 12 (b). The presence of adhesive 
wear mechanism is due to the direct metalto-
metal contact causing the formation of asperity 
junction under the application of normal load. 
 

 
(a) 

 
(b) 

Fig. 12. Microscopic images of the wear scar generated 
on the disc under dry condition: (a) Optical microscopic 

image, (b) SEM image. 

 
Optical and SEM image of worn surface of AZ91 disc 
under 0.1 weight % GNP based lubricant were 
obtained after the test, as shown in Fig. 13 (a) and 
(b). SEM image shows that some layers were 
removed from the surface (indicated by the 
rectangular block), which proves the occurrence of 
delamination. It can also be seen in the EDS analysis 
in Fig. 13 (c) that carbon is present on the wear 
surface in a significant amount, which proves the 
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presence of a protective film of Graphite. The SEM 
images reveal a smoother worn surface under 
lubricated conditions than under dry conditions, 
indicating that the presence of a lubricant layer at 
the contact interface reduces adhesive wear. 
 

 
(a) 

 
(b) 

 
(c) 

Fig. 13. Worn surface analysis under the lubricated 
condition (PAO4 with 0.1% GNP) (a) Optical 
microscopic image of the wear scar generated on the 
disc, (b) SEM image of the wear scar generated on the 
disc, (c) EDS elemental graph. 

 
Optical and SEM images of the worn surface of AZ91 
disc with 0.1 weight % h-BN NP-based lubricant are 
shown in Fig. 14 (a) and (b). According to the SEM 
image, the worn surface is smoother than that 

obtained under dry fretting conditions, 
demonstrating how the presence of a lubricant film 
at the contact interface has reduced adhesive wear. 
Some wear debris are also present on the surface 
(indicated by the left-headed arrow) that may be 
generated by the wear of ball and/or disc material, 
which the presence of Fe can observe (for ball 
material) and Al, Mn, and Mg (disc material) in EDS 
analysis Fig. 14 (c).  
 

 
(a) 

 
(b) 

 
(c) 

Fig. 14. Worn surface analysis under the lubricated 
condition (PAO4 with 0.1% h-BN NPs); (a) Optical 
image of the wear scar generated on the disc, (b) SEM 
image of the wear scar generated on the disc, (c) EDS 
elemental graph. 
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4. CONCLUSION  
 
A study of the influence of nano-lubrication 
(PAO4 modified with GNP and h-BN NPs) on the 
tribological response of AZ91 under fretting 
conditions has been carried out. The major 
conclusions of this research study are: 
 
- Oil shows the linear relationship between the 

shear stress and shear rate with and without 
adding the nanoparticles indicating the 
Newtonian behavior of the oil after adding the 
nanoparticles. 

- Further, the oil shows constant viscosity with 
increasing shear rate with and without adding 
the nanoparticles indicating the Newtonian 
behavior of the oil after adding the 
nanoparticles.  

- PAO4 modified with 0.1 weight % GNP 
exhibited the lowest COF (0.0101), while for 
PAO4 modified with 0.1 weight % h-BN NPs, 
the COF was found to be 0.0303. 

- Wear volume was also minimum for PAO4 with 
0.1 weight % GNP, whereas for PAO4 with 0.1 
weight % h-BN NPs, wear volume was more.  

- COF and wear volume were reduced by 76% 
and 28%, respectively, using GNP and by 28% 
and 20%, respectively, using h-BN NPs. 

- h-BN NPs resulted in lower COF at higherssss 
loads; however, the difference between the 
wear volume at high loads in both cases was 
negligible. 

 
Hence, GNP gives a better overall performance 
compared to the base lubricant at lower loads. It 
can be concluded that GNP can be a very effective 
lubricant additive in various tribological conditions 
to improve the lubricating properties of the 
contacting surface under fretting conditions. 
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