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Abstract This paper presents an investigation of nanodi-

amond additives (ND) in combination with copper oxide

(CuO) and hexagonal boron nitride (h-BN) particles mixed

in PAO (poly-alpha-olefin) oil. The experimentation was

performed for a ball on disc configuration using steel/steel

contacts in the boundary lubrication regime. The loads

were varied from 20 to 100 N and sliding velocity was kept

constant at 0.58 m/s. The wear behavior was evaluated

using SEM images of the worn-out disc surfaces. EDS

analysis of the samples was performed to find out the

chemical content of the worn surfaces. Results obtained

therein demonstrated that oil containing CuO/ND and

h-BN/ND exhibited better frictional and wear characteris-

tics. For CuO/ND containing lubricant, the maximum

decrease in friction coefficient is 15.45% in comparison to

the CuO oil, whereas for h-BN/ND containing additives the

overall decrease is 25.45%. It was observed that the com-

bined effect of CuO/ND and h-BN/ND due to their intrinsic

characteristics led to the overall improvement in lubrica-

tion properties of the base oil.

Keywords Boundary lubrication � Wear � Friction �
Nanodiamond � Scuffing

Introduction

Over the past few decades, the uses of nanoparticles as

lubricant additives have remained an active area of

research. The use of nanoparticles in lubricating oils has

significantly improved the tribological properties one or the

other way. This is certainly due to antifriction, antiwear

and extreme pressure capabilities of different nanoparti-

cles. Various studies in this context reveal that the per-

formance of a lubricant mainly depends on the number of

factors which includes: concentration, nanoparticles size,

normal load, sliding velocity, surface roughness and most

importantly the sliding pairs.

Alves et al. (2016) revealed that tiny particles have large

potential to reduce the friction and wear particularly at low

concentrations. In the same context, Reeves et al. (2013)

observed that an appropriate size of nanoparticles and

composite surface roughness are also important parameters

for better friction and wear characteristics. Thottackkad

et al. (2014) studied the effect of CuO nanoparticles in

SAE 20W40 engine oil at different concentrations and

revealed that 0.53 wt% is the optimum concentration for

better tribological properties. Chou and Lee (2010) repor-

ted that the wear mechanism for steel/aluminum alloy

contacts is entirely different from steel/steel contacts.

However, in most of the cases, the improvement in tribo-

logical properties is due to the ball bearing effect (Wu et al.

2007), mending effect (Liu et al. 2004; Çelik et al. 2013),

polishing effect (Nunn et al. 2015) and protective film

formation capabilities (Battez et al. 2007; Alves et al.

2016) of different nanoparticles.

In the recent past, the use of nanodiamond as a lubricant

additive has gained much attention of researchers due to

their significant physical and chemical properties. These

include their octagonal shape (almost spherical shape),
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high thermal conductivity, high hardness value and above

all their environment friendliness. Literature offers us a

number of studies pertaining to the use of diamond

nanoparticles for steel/steel contacts under different lubri-

cating conditions, which have been summarized in Table 1.

Most of the studies in this context reveal that low con-

centration is sufficient to improve the tribological proper-

ties of different oils. However, the underlying mechanisms

for these improvements are somewhat different. Novak

et al. (2014) and Kim et al. (2013) observed that the rolling

action of diamond nanoparticles is the main reason for

reduction in frictional coefficients. However, Elomaa et al.

(2013) and Chou and Lee (2010) proposed that the

formation of the tribolayer containing diamond nanoparti-

cles is responsible for reduced coefficient of friction.

Moreover, the use of diamond additives also prevents the

metal to metal contact due to their high hardness value

(Peng et al. 2009a, b). Apart from these, the heat carrying

capacity of diamond nano additives enables their use as

antiscuffing agents. Different investigations illustrate that

the scuffing life of lubricating oils containing nanodia-

monds may increase by manifold (Elomaa et al. 2013; Kim

et al. 2016, Chu et al. 2010). This is essentially due to the

retention of oil films even at high loads.

The use of nanodiamond in combination with other

additives further enhanced the tribological properties of

Table 1 Different investigations using nanodiamond as lubricant additive

S.

no.

Lubricating oil Contact

type/material

Nanoparticle

size (nm)

Concentration Observations/results

1 Commercial marine

engine oils (Kim et al.

2016)

Ball on disk/steel–

steel

32.6 0.1, 0.3, 0.5,

1.0 wt%

Minimum wear at 0.3 wt%

Beyond 0.3 wt%, wear increases due to abrasive action

of nanoparticles

Scuffing life increases with increase in conc. and is

maximum at 1 wt%

2 Paraffin liquid (Kim et al.

2013)

Ball on disk/steel–

steel

5–10 0.05, 0.5 wt% High hardness of nanoparticles minimizes metal to

metal contact

High heat dissipation capability enhances the scuffing

load capacity

Minimum COF with 0.5 wt%

3 Ethylene glycol (Elomaa

et al. 2013)

Ball on disk/steel–

steel

15 0.55, 1.1, 2.2,

3.7 wt%

Wear rate minimum at 0.55 and 2.2 wt%

COF minimum at 1.1 wt%

4 CPC R68 Commercial

oil (Chu et al. 2010)

Circular block on

block/steel–steel

4.37 1, 2, 3 vol% COF minimum at 2 and 3 vol%

Number of surface failures attributed to scuffing were

reduced

5 Paraffin (Peng et al.

2009a, b)

Ball on ring/steel–

steel

110 0.025, 0.05, 0.1,

0.2, 0.5, 1, 2,

5 wt%

Wear scar diameter minimum for 0.2–0.5 wt%

Load-carrying capacity maximum at 0.2 wt%

COF minimum at 0.2 wt%

6 Mineral oil (Marko et al.

2015)

Four ball tester/

steel–steel

55.7 0.00125, 0.0025,

0.005, 0.01 wt%

COF and wear decreases as nanoparticle conc.

increases and is minimum at 0.01 wt%

Since the study up to 0.01 wt% conc. is carried out, it

is difficult to predict the behavior beyond 0.01 wt%

7 Paraffin oil (Novak et al.

2014)

Ball on disk/steel–

steel

3–10 0.5, 1.0, 2.0 wt% Minimum COF at 1.0 wt%

Reduction in COF is higher for low sliding speeds and

smooth surfaces

Minimum wear for rough surfaces when subjected to

high sliding speeds

8 Commercial oil (Chou

and Lee 2010)

Ball on disk/steel–

steel/steel–Al

alloy

20 0.05, 0.1, 0.15 g/l For carbon steel, wear is minimum at a conc. of

0.05 g/l

For aluminum alloy, wear is minimum at conc. of

0.1 g/l

9 Liquid Paraffin (Peng

et al. 2009a, b)

Ball on ring/steel–

steel

110, 232, 347 0.0125, 0.025,

0.05, 0.1, 0.2,

0.5, 1 wt%

Wear scar diameter and COF minimum for 110

particles at a conc. of 0.2 wt%

Abrasive action of large-sized nanoparticles enhances

wear
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different lubricants. Investigations made by Ivanov et al.

(2010), Michail et al. (2009), Ivanov et al. (2012) and

Shenderova et al. (2014) reveal that addition of Cu, PTFE,

Mo and MoDDP in the presence of nanodiamond resulted

in excellent lubrication properties when compared with

individual nanoparticles. However, the underlying mecha-

nism for the effectiveness of these nanoparticles could not

be established due to the presence of different additives in

commercial oil. Subsequent investigation was performed to

explore the synergy of nanodiamonds with MoDDP in the

presence of PAO (poly-alpha-olefin) base oil (Nunn et al.

2015). Results obtained therein demonstrate that the pol-

ishing effect of nanodiamonds along with the film forma-

tion capability of MoDDP was the main reason for the

improved frictional characteristics.

Studies exploring the synergetic effects are very

encouraging and demand the use of diamond nanoparticles

in the presence of other important additives. The present

study is aimed to evaluate the effect of CuO and h-BN

nanoparticles in the presence of nanodiamond. A 0.5 wt%

of CuO and h-BN and 0.2 wt% of ND was used in the base

oil. The concentration of both the nanoparticles was

finalized on the basis of optimum results obtained in the

previous studies (Thottackkad et al. 2014; Peng et al.

2009a, b). The experimentation was carried out using PAO

base oil for ball on disc configuration. The results were

obtained for steel/steel contacts in the boundary lubrication

regime.

Experimental details

Materials and lubricants

The study was performed using the nanoparticles of cop-

per oxide (CuO), boron nitride (h-BN) and nanodiamond

(ND) as received from M/s Sigma-Aldrich. The diameter of

nanoparticles was typically in the range of 60–90 nm.

Experiments were performed using synthetic PAO 4 base

oil, as it finds a variety of applications including in gear

oils, compressor oils, engine oils, hydraulic fluids and other

functional fluids. Table 2 gives the information about the

different properties of the base oil. A total of six lubricants

were used in the study: PAO base oil, PAO ?0.5% CuO,

PAO ?0.2% ND, PAO ?0.5% CuO ?0.2% ND, PAO

?0.5% h-BN and PAO ?0.5% h-BN ?0.2% ND. Lubri-

cant samples were prepared by the ultrasonication of

nanoparticles in base oil for 30 min using probe-type

sonicator (Qsonica Sonicators, USA).

The balls used in the experiments were made of AISI

52100 100 Cr6 steel having 10 mm diameter and hardness

value of 63–66 HRC. The Ra value of the ball was

0:020� 0:005 lm. The discs were made from EN-31 steel

having 40 mm diameter and 8 mm thickness. The steel

discs were first made smooth by using emery papers of

different grades. Then, diamond polishing was carried out

to obtain a mirror-like finish. A 3-D profilometer was used

to quantify the surface roughness of the polished samples.

The Ra value of steel discs was in the range of

0.022–0.024 lm. Different constituent elements of both the

materials used in the study are given in Table 3.

Tribological tests

Tribological studies were carried out on a unidirectional

ball on disc tribometer (DUCOM), in accordance with

ASTM G-99 standards. The friction force was recorded by

a load cell, inbuilt in the machine, and the friction coeffi-

cient was obtained after normalizing the friction force by

normal load. Experiments were performed in the boundary

lubrication regime at different loads of 20, 40, 60, 80 and

100 N, corresponding to Hertzian contact stress of 0.846,

1.061, 1.220, 1.343 and 1.447 GPa, respectively. The

sliding velocity was kept at 0.58 m/s and each test was run

for a sliding distance of 500 m. The minimum lubricant

film thickness was calculated using Hamrock and Dowson

formula (1978) given in Eq. 1:

hmin ¼ 7:43R 1� 0:85 e�0:31k
� �

gu=E�Rð Þ0:65 L=E�R2
� ��0:21

;

ð1Þ

where k is the ellipticity parameter, R the composite radius

(m), g the absolute viscosity (Pa s), u the sliding velocity

(m/s), E* the composite elasticity modulus (Pa) and L the

load (N).

The thickness of the oil film for a load of 100 N is

5.073 nm, the detailed calculation for which is shown in

‘‘Appendix’’. Similarly, on the basis of Eq. 1, the film

Table 2 Rheological properties of base oil

Base oil Density (g/ml. @23 C) Dynamic viscosity

(cP)

Kinematic viscosity

(cSt)

Viscosity index Specific gravity (15.6 �C) Appearance

40 �C 100 �C 40 �C 100 �C

PAO-4 0.80 14 3 16.8 3.9 111 0.8190 Clear and bright
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thickness of 5.315, 5.647, 6.149 and 7.113 nm was

obtained corresponding to a load of 80, 60, 40 and 20 N,

respectively. Based on the minimum film thickness (hmin)

and composite surface roughness (r*), the k-ratio (hmin/r
*)

was obtained. For all the conditions considered in this

study, k was less than 1, which conformed with the

boundary lubrication regime. Lubrication at the interface

was provided in a dropwise manner at the start of the

experiment. Samples were cleaned ultrasonically before the

start and after the end of every experiment. To ensure the

repeatability, all the tests were performed three times.

Surface analysis

The wear is evaluated according to wear scar diameter on

the surfaces of the steel ball and by finding out the wear

volume. The diameters of wear spots were measured using

an optical microscope. Each reported wear volume is the

average of all the three repeated tests. Surface analysis of

the wear tracks to identify the wear behavior of lubricants

on the disc surfaces was done by scanning electron

microscopy. The chemical content of the selected wear

tracks on the disc was obtained by energy dispersive X-ray

spectroscopy (EDS) to ensure the presence of the corre-

sponding elements.

Results and discussions

Few studies pertaining to the synergetic effect of nanodi-

amonds have been reported earlier (Nunn et al. 2015). To

explore the synergism of diamond nanoparticles with other

nano additives, this study has been carried out. Investiga-

tions performed herein have been divided into two sections

which include PAO base oil containing CuO and CuO/ND

additives and h-BN and h-BN/ND additives.

CuO and CuO/ND additives in base oil

Tribological studies

Initially, the performance of CuO and diamond nanopar-

ticles in PAO base oil was evaluated; thereafter similar

tests were performed with CuO/ND as nano additives. The

results were compared with the base oil results obtained

under the same testing conditions. Experiments were per-

formed for five different loads. Figures 1 and 2 gives the

variation of coefficient of friction with the number of

cycles for low loading (20 N) and high loading conditions

(100 N), respectively.

For pure PAO oil, the coefficient of friction at low loads

shows substantially large variations with time; it first

increases and then tends to decrease with a maximum value

close to *0.14. This increase in friction coefficient may be

attributed to the interaction of asperities during the running

in period. The onset of steady state is indicated by the

increase in stability after 500 cycles. For higher loads, this

variation in COF is not much; instead, a sharp peak was

observed after 700 cycles. This is certainly due to the

enhanced metal to metal contact which is essentially due to

the failure of lubricant film. Initially, the coefficient of

friction also increases with the addition of CuO in the base

oil at low loads, but its average value is comparatively less

*0.11. Moreover, it takes more time to attain a steady

state in comparison to the pure base oil. This may be

attributed to the delay in onset of the steady-state condition

due to interaction of sharp asperities and delay in the film

formation by the CuO nanoparticles. Once the sharp

asperities gets smoothened and a protective layer is formed,

the coefficient of friction tends to attain stability. For

higher loads, it attains steady state comparatively in less

time. The COF for the oil containing ND is slightly less

than PAO and PAO ? CuO oil, for both the loading con-

ditions. At a load of 20 N, the mean COF is *0.10 and the

Table 3 Major constituent elements of ball and disc material (wt%)

Fe Cr C Mn Si P S V Ni

EN-31 steel (disc) 96.8 1.191 0.951 0.66 0.283 0.014 0.018 0.015 0.007

AISI 52100 (ball) 95.5 1.3 0.95 0.25 0.15 0.03 0.025 0.01 0.025

Fig. 1 Frictional behavior of different lubricants at 20 N load
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time for attaining steady state is also more. But for the load

of 100 N, the steady state was obtained after 250 cycles,

and thereafter a stable value of friction coefficient was

obtained. The behavior of lubricant containing CuO/ND is

different from the above two lubricants and tends to attain

stability more quickly. For lower loads, the coefficient of

friction is nearly 0.09. This is due to the combined effect of

both the nanoparticles. The nanodiamond being hard in

nature has the capability to smoothen the sharp asperities in

less time, due to which the running time gets reduced and

stability in the friction coefficient can be attained. For

higher loads, the coefficient of friction is *0.135 and the

variation of COF with respect to the number of cycles is

also somewhat similar to lower loads. Thus, it is evident

that the friction coefficient of CuO/ND oil is considerably

less in comparison to base oil, CuO oil and ND oil.

The values of the friction coefficient obtained at dif-

ferent loads are shown in Fig. 3. It can be observed that the

coefficient of friction increases with increase in load. For a

lubricant containing CuO, previous studies reveal that only

a thin layer of lubricant can be maintained in the boundary

lubrication regime and the direct contact between asperities

plays a dominant role (Jatti and Singh 2015). The increase

in the coefficient of friction with increase in load is

therefore due to the increased interaction between the

asperities of two sliding surfaces. However, on addition of

nanodiamonds, restriction in free rolling of hard diamond

nanoparticles with the increase in load may be the possible

reason behind increased coefficient of friction (Novak et al.

2014).

When the lubricant containing CuO nanoparticles is

used, the coefficient of friction is less at all the loads in

comparison to the case when there are no additives in the

oil. At 20 N load, the decrease in friction coefficient is

5.98%, whereas at 100 N load the decrease is 4.76%.

Similarly, on the addition of ND in PAO base oil, there is

an improvement in COF in comparison to the PAO base

oil. However, for the lubricant blended with CuO/ND, a

substantial reduction can be observed. The friction coeffi-

cient is decreased by 15.45% corresponding to a load of

20 N in comparison to oil containing CuO nanoparticles

alone. Similar kinds of results were obtained for other

higher loads also. The decrease in the friction coefficient at

a load of 100 N is 8.64%. The reason for the decrease in

the friction coefficient for the first and second case is

attributed to the rolling effect caused by the CuO and

diamond nanoparticles (Peña-Parás et al. 2014). But for the

third case, the reduction in friction coefficient is certainly

due to the combined effect of CuO and diamond

nanoparticles. Earlier studies have reported that these

particles provide a ball bearing effect, which leads to the

decrease in the friction coefficient (Kim et al. 2016; Marko

et al. 2015). Apart from this, some researchers report that

diamond nanoparticles being hard in nature also provide

the polishing effect (Shenderova et al. 2014). Due to this,

there is a decrease in the asperity heights, which further

reduces the chances of metal to metal contact (Mochalin

et al. 2012). The smoothness and layer formation observed

in Fig. 7a confirms the same.

Wear was evaluated by calculating the wear volume for

each experiment as shown in Fig. 4. The worn-out surfaces

of the steel balls are shown in Fig. 5. For the case, when

there is no additive in the lubricant, the increase in wear

with the increase in load is due to wear caused by the

adhesion of asperities (Peng et al. 2009a, b). On the

increase in the load, asperity to asperity contact increases,

thereby increasing the damage at the surface and can be

observed in Fig. 6b. The surface of the disk samples has

been delaminated, thereby showing the signs of adhesive

wear. However, the use of CuO nano additives in the

lubricant increases wear resistance at all considered loads.

In Fig. 7a, the surface damage is comparatively less than in

Fig. 6a and the wear in this case may also be attributed to

the adhesive action of the asperities. Previous studies have

reported the protective film formation capability of the

Fig. 2 Frictional behavior of different lubricants at 100 N load
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CuO nanoparticles. The decrease in wear volume in this

case also is due to the deposition of nanoparticles on the

worn surfaces (Peña-Parás et al. 2015; Thottackkad et al.

2014). For the oil containing diamond nanoparticles only,

there is also a reduction in wear volume. This reduction is,

however, more at the low loads in comparison to the higher

loads. This may be attributed to restriction in the free

rolling of the hard nanoparticles at the increased loads. The

use of lubricating oil blended with CuO and diamond

nanoparticles further reduced the wear volume. At 20 N

load, the wear volume is 67.71% less in comparison to the

lubricating oil blended with CuO nanoparticles alone,

whereas for 100 N load the same is reduced by 57.03%.

The decrease in wear volume is due to the polishing effect

of the diamond nanoparticles and subsequent protective

film formation capability of the CuO nanoparticles (Nunn

et al. 2015; Shenderova et al. 2014). The same can be

observed in Fig. 8a, which shows an overall improvement

in the surface properties. The continuous delamination is

absent and only fine grooves are visible, indicating the

abrasive action of diamond nanoparticles, whereas in

Fig. 8b some patches can also be observed suggesting the

surface damage due to adhesion. The wear in this case is

due to both adhesion and abrasion.

Surface analysis

Figure 6a shows the SEM images of the worn-out surface

of the disc samples for PAO base oil at 100 N load. It can

be observed that the surface is comparatively rough, sug-

gesting plastic deformation at some places. Figure 6b gives

the enlarged version of Fig. 6a, wherein delamination wear

can also be observed which is caused due to the removal of

a thin layer from the metal surface. EDS spectra (Fig. 6c)

of the worn-out surfaces indicate the presence of similar

elements in almost the same percentage, thereby suggesting

that no other element is present on the surface other than

the constituent elements of the ball and disc materials. For

the oil blended with CuO nanoparticles, surface damage is

comparatively different (Fig. 7a). The wear in this case

may be attributed to the scuffing damage caused by the

adhesive action of the asperities due to the stick and slip

behavior of the interacting surfaces (Mordukhovich et al.

2013). However, a thin layer in this case can also be

observed suggesting the film formation capability of CuO

nanoparticles (Padgurskas et al. 2013). Figure 7b indicates

the enlarged version of the surface damage and layer for-

mation on the worn surfaces. The EDS spectra (Fig. 7c) of

the worn-out surfaces shows a peak of Cu element, thereby

confirming the presence of CuO on the worn-out surfaces.

However, for the lubricant containing both CuO and ND,

some fine grooves can be observed on the wear track

suggesting the rolling action of hard diamond nanoparticles

(Fig. 8a). Moreover, the wear behavior in this case is

entirely different from the previous one. The wear in this

case may be attributed to ploughing with layer formation.

Some particles have come out at certain places, but layer

formation is predominant. This is entirely due to the anti-

scuffing properties of the diamond nanoparticles. The

daubed corners (Fig. 8b) also confirm the film formation

capability of the CuO nanoparticles. The EDS spectra

shown in Fig. 8c confirm the presence of CuO and ND on

the worn-out surfaces of the disc samples.

Figure 9 shows the SEM image of the worn-out surface

corresponding to low loading condition (20 N) for a sample

lubricated with PAO base oil. It can be observed that there

Fig. 4 Wear scar on the steel balls at a load of 100 N for a PAO base oil, b PAO ? CuO oil, c PAO ? ND oil and d PAO ? CuO ? ND oil

20 40 60 80 100
0.000

0.002

0.004

0.008

0.010

0.012

W
ea

r 
V

ol
um

e 
(m

m
3 )

Load (N)

 PAO
 PAO+CuO
 PAO+ND
 PAO+CuO+ND

Fig. 5 Wear volume corresponding to different loads

376 Appl Nanosci (2017) 7:371–388

123



Fig. 6 a SEM image of wear

track lubricated with PAO base

oil corresponding to a load of

100 N, b magnified image

(95000) of a and c EDS of

figure (a)
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Fig. 7 a SEM image of wear

track lubricated with

PAO ? CuO oil corresponding

to a load of 100 N, b magnified

image (95000) of a and c EDS

of figure (a)
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Fig. 8 a SEM image of wear

track lubricated with

PAO ? CuO ? ND oil

corresponding to a load of

100 N, b magnified image

(95000) of a and c EDS of

figure (a)
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is a substantial amount of wear on the surface. This damage

may be attributed to the delamination of layers from the

steel surface, which is due to the adhesion of asperities that

ultimately leads to the removal of layers. In contrast to this

(Fig. 10), there is less delamination of layers, with the use

of CuO nanoparticles in the base oil. The improvement in

the wear may be attributed to the effect of CuO nanopar-

ticles. The film formation capability as discussed previ-

ously is the possible reason for the reduced wear. The SEM

image of the worn-out surface lubricated with oil con-

taining CuO/ND nanoparticles is shown in Fig. 11. It can

be observed that severe delamination has been reduced and

only few scars are present on the surface. Also, it can be

observed that there are some parallel grooves on the sur-

face in the sliding direction. These grooves on the surface

are due to the inclusion of ND particles in the oil which

have caused some abrasion owing to their hard nature. It

can be observed that the combination of CuO and ND has

reduced the delamination of surfaces, but there is an

increase in the abrasive wear. The combined effect of this

is that there is an overall improvement in the wear

characteristics.

h-BN and h-BN/ND additives in base oil

Tribological studies

Figures 12 and 13 give the variation in coefficient of

friction corresponding to the number of cycles for low

loading (20 N) and high loading conditions (100 N),

respectively. On addition of h-BN in base oil, the coeffi-

cient of friction increases initially for both the loading

conditions. For lower loads (20 N), the coefficient of

friction tends to decrease after an initial increase, thus

indicating a smaller running period. The decrease in the

COF may be attributed to the intrinsic characteristics of the

h-BN nanoparticles. Owing to the lamellar structure, the

Fig. 9 SEM image for wear track lubricated with PAO base oil

corresponding to a load of 20 N

Fig. 10 SEM image for wear track lubricated with PAO ? CuO oil

corresponding to a load of 20 N

Fig. 11 SEM image for wear track lubricated with PAO ?

CuO ? ND oil corresponding to a load of 20 N

Fig. 12 Frictional behavior of different lubricants at 20 N load
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layers of h-BN get easily deformed, thus reducing the

frictional resistance between the two sliding surfaces. The

increase in COF at the start is more for high loads, but after

180 cycles it tends to decrease. This is due to the film

formation capability of the h-BN nanoparticles, which

prevents the metal to metal contact. The oil containing ND

particles also showed an improvement in COF, but less in

comparison to the oil containing h-BN nanoparticles. Also,

the running in time is comparatively more. The behavior of

lubricant containing h-BN/ND is even better than the

lubricant containing h-BN nanoparticles alone. The aver-

age frictional coefficient at 20 N load is *0.08, which is

much lower than h-BN containing lubricant. After 100

cycles, the coefficient of friction starts decreasing and tends

to obtain a steady state condition. The combined effect of

both the nanoparticles is the major cause for the better

lubrication properties (Fig. 14).

Figure 11 gives the friction coefficient corresponding to

different loads. The coefficient of friction increases with

increase in the load for all the lubricants. The increase in

the coefficient of friction with increase in the load for pure

base oil is due to increased metal to metal contact that leads

to the adhesion of micro asperities. For a lubricant con-

taining h-BN nanoparticles, the friction coefficient is

comparatively less at the corresponding loads. This is due

to the stable film formation capability of the boron element

present in the boron nitride nanoparticles (Abdullah et al.

2016), which is also shown in Fig. 17b. Apart from this, the

layered structure and softness of h-BN provide better

lubrication properties (Çelik et al. 2013). The decrease in

the friction coefficient is 5.98% at 20 N, whereas for 100 N

load the decrease is 5.35%. For the ND oil, the COF is also

less in comparison to the PAO base oil. This is due to the

rolling effect of diamond nanoparticles. But for the lubri-

cant blended with h-BN/ND there is a substantial decrease

in the friction coefficient. A maximum decrease of 25.45%

in friction coefficient is obtained for a load of 20 N in

comparison to PAO ? h-BN oil. Similar kinds of results

were obtained for the other higher loads considered in the

study. The reduction in friction coefficient is due to the

combined effect of h-BN and diamond nanoparticles. The

entrapment of ND particles in the asperities and the

lubricating effect of h-BN lead to the decrease in the

friction coefficient (Kim et al. 2016). Apart from this, the

smoothening effect of diamond nanoparticles due to their

hard nature is one of the possible reasons for decrease in

the friction coefficient (Shenderova et al. 2014). This is

possible due to the decrease in the asperity heights, which

further reduces the chances of metal to metal adhesion

(Mochalin et al. 2012) and can be seen in Fig. 18a.

The wear volumes of worn-out surfaces of the steel ball

corresponding to variable loads are shown in Fig. 15,

whereas the optical images of the wear scar corresponding

to a load of 100 N are shown in Fig. 16. For pure base oil,

as described previously, the increase in wear with the

increase in load is due to the wear caused by the adhesion

of asperities. However, the use of h-BN nano additives in

the base oil reduces the wear at all the loads. The reduction

Fig. 13 Frictional behavior of different lubricants at 100 N load
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in wear volume is 67.73% for 20 N load, whereas for

100 N it is 44.68%. The decrease in wear volume is due to

the increase in the real area of contact by the inclusion of

h-BN nanoparticles. Owing to the lamellar structure, h-BN

nanoparticles get easily sheared into layers due to weak van

der Waals forces. In Fig. 17a also, the surface damage is

comparatively less than in Fig. 6a. Also in Fig. 17b, in can

be seen that a layer has been formed which prevents metal

to metal contact (Çelik et al. 2013). The surface damage in

this case may be attributed to adhesive wear. Similar kind

of results were also obtained for the oil containing diamond

nanoparticles, but it was observed that improvement in the

wear volume was less at higher loads as discussed in the

previous section, whereas the use of lubricating oil con-

taining h-BN/ND further reduced the wear volume. At

20 N load, the wear volume is 69.3% less in comparison to

the h-BN lubricant, whereas at 100 N the same is reduced

by 57.16%. The improvement in wear properties is due to

the combined effect of the diamond nanoparticles and

h-BN layers formed therein (Shenderova et al. 2014;

Pawlak et al. 2009). In Fig. 18a also, less surface damage is

visible in comparison to that in Fig. 17a. The adhesive

wear is almost absent, whereas some grooves caused by the

ploughing action of the diamond nanoparticles are visible.

The surface damage in this case may be attributed to

abrasive wear.

Surface analysis

Figure 17a shows the SEM images of the worn-out sur-

faces of the disc samples corresponding to a load of 100 N

for a lubricant containing h-BN nanoparticles. It can be

observed that a protective film has been formed due to the

layered structure and softness of the h-BN nanoparticles

(Çelik et al. 2013). The wear in this case may be attributed

to the delamination of the film formed therein. Figure 17b

gives the presence of h-BN particles on the damaged sur-

faces. Moreover, the peaks (Fig. 17c) of B and N on the

EDS spectra also confirm the presence of h-BN on the

worn surfaces. For the oil containing a mixture of h-BN

and ND, the surface damage is much less as shown in

Fig. 18a. The high load-carrying capacity of the diamond

nanoparticles seems to prevent the discontinuities in the

lubricant film (Vadiraj et al. 2012), and delamination of the

surfaces can be reduced to the maximum possible extent

(Fig. 18b). The EDS spectra of the worn-out surface also

showed the presence of B and N elements.

Figure 19 shows the SEM image of the worn-out surface

when lubricated with h-BN oil at low loading conditions

(20 N). It can be observed that surface damage is mainly

due to adhesive wear. Severe delamination, which was

observed in Fig. 9, is minimum in this case. The

improvement in wear may be attributed to the action of

h-BN nanoparticles that gets easily sheared on the appli-

cation of even small loads. The performance of the oil

containing h-BN/ND oil is much better than the oil con-

taining h-BN nanoparticles alone. The surface damage as

can be seen from Fig. 20 is very much less in comparison

to the previous case. The wear spots in the bulk are also

absent and only few marks are visible. The wear in this

case may be attributed to the adhesion of asperities. The

improvement in wear is due to the combined effect of h-BN

and ND particles.

Climbing load performance

For CuO/CuO ? ND oil

The climbing load tests were also performed to evaluate the

extreme pressure properties of nanodiamonds. The loads

were increased in a stepwise manner from 20 to 100 N.

Figure 21 gives the frictional characteristics of the lubri-

cants containing CuO and CuO/ND oil with respect to the

pure base oil. It can be observed that, at lower loads (20

and 40 N), friction force is mostly stable and is minimum

for CuO/ND. But at higher loads, there are sharp peaks for

Fig. 16 Wear scar on the steel

balls at a load of 100 N for

a PAO ? h-BN oil,

b PAO ? h-BN ? ND oil
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Fig. 17 a SEM image of wear

track lubricated with PAO ? h-

BN oil corresponding to a load

of 100 N, b magnified image

(910,000) of a and c EDS of

figure (a)

Appl Nanosci (2017) 7:371–388 383

123



Fig. 18 a SEM image of wear

track lubricated with PAO ? h-

BN ? ND oil corresponding to

a load of 100 N, b magnified

image (95000) of a and c EDS

of figure (a)
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both base oil and CuO oil. This is due the rupture of

lubricant film at the enhanced loads, which leads to the

increase in the real area of contact (Vadiraj et al. 2012).

However, for CuO/ND oil, the frictional force is much

stable and no sharp peak was observed. This is due to the

extreme pressure capability of the diamond nanoparticles.

Moreover, higher thermal conductivity of the diamond

nanoparticles enables the lubricant to retain the film even at

enhanced loads (Kim et al. 2016). The optical microscope

images (as shown in Fig. 22) of the wear scars also reveal

that the climbing load characteristics of the lubricant

containing CuO/ND are much better than those of the base

oil itself.

For h-BN/h-BN ? ND oil

Figure 23 gives the frictional characteristics of the

lubricants containing h-BN and h-BN/ND additives. At

lower loads (20 and 40 N), the frictional force here also

is stable and is minimum for h-BN/ND. At higher loads,

there are sharp peaks for both PAO base oil and h-BN

oil. This is due to the failure of the lubricant film at

enhanced loads (Vadiraj et al. 2012). For the lubricant

containing h-BN/ND, frictional force here also is much

stable and no sharp peak is evident. This is due to the

different properties of the diamond nanoparticles, which

enables the oil to retain a thin film of the lubricant even

at higher loading conditions (Chu et al. 2010) that is also

evident in Fig. 22a, b. Optical microscope images of the

wear scars for pure base oil, h-BN oil and h-BN/ND oil

are shown in Fig. 24. The wear scar is reduced by 11.82

and 17.58% in comparison to h-BN oil and base oil,

respectively.

Based on the above discussions, the improvement in

friction with the use of ND may be attributed to the rolling

action, due to which the COF reduces by a considerable

amount. However, the improvement in wear is due to the

polishing effect caused by hard diamond nanoparticles. The

rolling of hard diamond nanoparticles smoothens the sharp

asperities, which leads to the decrease in wear volume. The

action of diamond nanoparticles can also be seen in

Fig. 7a, wherein fine grooves indicating the rolling of these

nanoparticles are visible. The wear in this case is mainly

due to the ploughing action of hard ND particles, which

indicates that abrasion is the dominant wear mechanism.

The studies carried out reveal that the addition of dia-

mond nanoparticles provides better synergism with CuO

and h-BN nanoparticles. Apart from improving the fric-

tional characteristics, it also serves as a potential candidate

under extreme pressure conditions.

Fig. 19 SEM image for wear track lubricated with PAO ? h-BN oil

corresponding to a load of 20 N

Fig. 20 SEM image for wear track lubricated with PAO ? h-

BN ? ND oil corresponding to a load of 20 N

Fig. 21 Frictional force characteristics at different loads increased in

a stepwise manner from 20 N to 100 N
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Conclusion

Experiments were performed to evaluate the lubricating

effect of diamond nanoparticles with CuO and h-BN

additives in the PAO base oil. From the investigations

performed, the following conclusions can be drawn:

1. The frictional characteristics of the CuO/ND oil are

much better than the oil containing CuO and diamond

nanoparticles alone. A maximum of 15.45% decrease

in the friction coefficient was observed with the use of

CuO/ND oil in comparison to the CuO oil. The wear

characteristics also showed a significant improvement

in wear properties. A decrease of 67.71% in wear

volume was observed with the use of CuO/ND

corresponding to a load of 100 N. In the micrographs

obtained from SEM, some fine grooves can be

observed on the wear track suggesting the rolling

action of hard diamond nanoparticles. Although wear

in this case is also evident, layer formation is

predominant. Moreover, the corners visible on the

SEM image (Fig. 7a) confirm the film formation

capability of the CuO nanoparticles.

2. Results obtained for the second case also revealed the

better performance of h-BN/ND oils in comparison to

the h-BN and ND oil alone. A maximum of 25.45 and

69.3% decrease in the friction coefficient and wear

volume was observed with the use of h-BN/ND oils,

when compared with h-BN oil at a load of 100 N.

SEM images obtained therein reveal that surface

damage because the delamination wear is substantially

less. This is due to the polishing effect caused by

diamond nanoparticles which leads to the decrease in

wear volume.

3. Experiments performed to evaluate the climbing load

characteristics of CuO/ND and h-BN/ND oil also

demonstrated superior properties. The retention of oil

Fig. 22 Optical microscope images of steel balls. a PAO oil, b CuO oil, c CuO/ND oil

Fig. 23 Frictional force characteristics at different loads increased in

a stepwise manner from 20 to 100 N

Fig. 24 Optical microscope images of steel balls. a PAO oil, b h-BN oil, c h-BN/ND oil
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film at high loads and the decrease in the wear confirm

the high load-carrying capacities of the diamond

nanoparticles.

Therefore, the above results indicate that the film for-

mation capabilities of CuO and h-BN nanoparticles and the

polishing effect of diamond nanoparticles lead to the

improvement in wear behavior of different lubricating oils.

The investigations performed herein indicate that the

nanodiamond, owing to its intrinsic characteristics, can

serve as a potential candidate in the field of industrial

lubrication.

Open Access This article is distributed under the terms of the

Creative Commons Attribution 4.0 International License (http://

creativecommons.org/licenses/by/4.0/), which permits unrestricted

use, distribution, and reproduction in any medium, provided you give

appropriate credit to the original author(s) and the source, provide a

link to the Creative Commons license, and indicate if changes were
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Appendix

Minimum film thickness is given by:

hmin ¼ 7:43 � R
� 1� 0:85 e�0:31k
� �

gu=E�Rð Þ0:65 L=E�R2
� ��0:21

;

radius of ball Rað Þ ¼ 5 mm, radius of Flat disc ðRbÞ ¼
Infinite, ellipticity parameter ðkÞ ¼ 1; viscosity ðgÞ ¼
0:014Pa s, mean velocity ðuÞ ¼ uaþub

2
¼ 0:29m/s, Poison’s

ratio of steel ball ðmaÞ ¼ 0:3; Poison’s ratio of steel disk

ðmbÞ ¼ 0:3; elasticitymodulus of ball Eað Þ ¼ 210 GPa;

elasticitymodulus of disk Ebð Þ¼200GPa; normal loadðLÞ¼
100N; ra¼0:020lm; rb¼0:024lm,

1

R
¼ 1

Ra

þ 1

Rb

;

1

E� ¼
2

1�m2a
Ea

þ 1�m2
b

Eb

;

r� ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2a þ r2b
� �q

;

where

hmin ¼ 7:43 � 5 � 10�3 � 1� 0:85 e�0:31ð1Þ
� �

0:014 � 0:29
225:22 � 109 � 5 � 10�3

� �0:65
100

225:22 � 109 � 25 � 10�6

� ��0:21

;

hmin ¼ 7:43 � 5 � 10�3 � 0:3765ð Þ � 3:647 � 10�8
� �

� ð9:945Þ;
hmin ¼ 507:311 � 10�11m,

hmin ¼ 5:073nm:
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