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A B S T R A C T   

Graphene oxide (GO) underwent a single and double-side modification with octadecylamine (ODA) to MGO1 and 
MGO2 respectively. MGO1 and MGO2 were incorporated into the O/W base emulsion respectively to change the 
composition of the boundary layer and the oil phase. It was found that the tribological properties of MGO1- 
emulsion were better than that of MGO2-emulsion. Chemical composition analysis of the worn surfaces sug-
gests that MGO1 nanosheets might adsorb more easily onto the surface and react better with the bearing steel to 
produce C–N–O–Fe-containing compounds than do MGO2 nanosheets, and that MGO1 nanosheets were more 
actively involved in the shear process that occurs in the contact area. SEM and nanoindentation indicated that 
there was a non-uniform softer MGO1-tribofilm on metal substrate.   

1. Introduction 

For a century, the ideal viscosity and shear strength of oil-based lu-
bricants have made them popular in the rolling industry [1]. However, 
in the high-speed cold rolling process, the interface temperature can 
easily rise above 200 ◦C [2], and the high forming pressure can easily 
break the oil film, which seriously affects the use of oil-based lubricants. 
Therefore, oil-in-water (O/W) emulsions are commonly used as lubri-
cants in metal processing such as rolling, forging and drawing because of 
their low-pollution, non-flammable, cooling and economic benefits. In 
the past few decades, the lubrication mechanism of O/W emulsions and 
the way emulsions respond to surfaces of metals had been extensively 
investigated [3,4]. Several theoretical analyses have been proposed 
attempting to explain the film formation mechanism of O/W emulsions 
on metal surfaces during the friction process [5]. At a low speed, a 
common explanation for the film formation is the “plate-out” theory [6], 
which suggests that the oil droplets spread onto the surface, forming an 
oil film at the inlet region to provide for the lubrication in the contact 
area, the evolution diagram of “plate out” process over time can be 

depicted in Fig. 1. In addition to oil molecules, the oil film will likely also 
contain emulsifiers and various oil-soluble additive-molecules. Addi-
tives play a key role in the boundary lubrication performance of lubri-
cating oils [7]. 

It is assumed in this work that the additives in the oil droplets are the 
decisive factor in the boundary lubricating properties of the O/W 
emulsion as well. Experimental studies show that oil-soluble additives in 
the droplets can form boundary lubrication films on the metal surface, 
and thus play a role in friction and wear reduction [8]. For instance, Yan 
et al. [9] improved the tribological properties of the O/W emulsion by 
adding oil-soluble phosphorous and boron compounds. It was found that 
the additives can form a different boundary lubricating film on the metal 
surface, and the different performance of the additives was related to the 
active elements and molecular structure of the additives. The current 
research, which is focused on improving the tribological properties of 
O/W emulsions, therefore concentrates mostly on the additives. 

Nanoparticles have started to play a significant role as lubricant 
additives in deciding the properties of lubricant for the specific condi-
tions. They are easily penetrated into the asperities of the surface due to 
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the characteristic dimension i.e. less than 100 nm and provide a pro-
tective coating against wear [10]. Graphene is a 2D soft material that has 
been explored extensively as a novel lubricant additive to further 
improve the properties of lubricating oil [11,12]. It has excellent me-
chanical and thermal properties as well as good physical and chemical 
stability. Graphene derivatives have also attracted considerable atten-
tion in the field of emulsion technology [13,14] and tribology [15]. For 
the application in emulsions, the graphene derivative can be used as an 
emulsifier to prepare a Pickering emulsion. For the application in 
tribology, evidence was presented for improving the tribological prop-
erties of lubricating oils through oil-soluble graphene derivatives [16, 
17]. It is generally assumed that the tribological effect of graphene de-
rivatives is based mainly on lower shear strength and higher Young’s 
modulus of the graphene basal plane. Our previous work [18] investi-
gated the emulsifying properties and tribological properties of graphene 
derivatives, and found that single-sided alkylation of graphene oxide 
enhanced the stability and the tribological properties of O/W base 
emulsion. So far, few studies have investigated the tribological behavior 
of graphene derivatives in relation to the degree of oxidation. 

Cambiella et al. [19] reported that for “plate-out” process, the for-
mation of the oil film depends strongly on the type and the concentra-
tion of emulsifier, which means the lubricity of the emulsion might be 
greatly affected by the emulsifier. In combination with our previous 
research [18] that the lubricity of the base emulsion can be improved 
effectively when using modified graphene oxide as the emulsifier. 
Among them, there are several issues that made us very confused. For 
example, would graphene derivatives improve the boundary lubrication 
performance of O/W emulsion more effectively if the graphene deriva-
tive is used as an oil soluble additive, similar to general friction modi-
fiers and anti-wear additives, or as emulsifier? What is the relationship 
between the oxygen functional groups of graphene derivatives and their 
tribological properties in emulsion? 

For that, two kinds of graphene-based material, single and double- 
sided graphene oxide modified with octadecylamine (ODA), were pre-
pared and used respectively as an emulsifier and an additive in O/W 
emulsion. ODA-GO was formulated carrying long alkyl chains, ODA 
chains were coupled to the carboxylic acid groups of GO sheets through 
an amide linkage using thionyl chloride as a reaction coupler. Func-
tionalized graphene oxide was designed to enhance the lipophilic 
property due to the alkyl chains on the surface of GO. Single-sided 
modified graphene oxide was expected to be located at the O/W inter-
face and double-sided modified graphene oxide was expected to be 
present in the oil phase, as shown in Fig. 2. Moreover, in order to avoid 
the influence of oil polarity on the emulsifiers [20], a non-polar mineral 
oil was selected as the dispersed phase, and the oil droplets were 
designed to contain no active ingredients such as S and P to minimize the 
effect of the tribochemical reaction [21]. 

In the present work, the tribological properties of the three designed 
graphene-based nanoparticle candidates in the base emulsion will be 
tested on a ball-on-disk tribometer. The objective of this study is to 

explore and analyze the tribological behavior of graphene derivatives in 
relation to the degree of oxidation, and reveal the lubrication 
mechanisms. 

2. Experimental part 

2.1. Synthesis 

Graphite powder (8000 mesh) and octadecylamine 
(CH3(CH2)16CH2NH2, ODA) were purchased from Aladdin. Paraffin wax 
and other used reagents were purchased from Sinopharm Chemical 
Reagent Co., Ltd. All raw materials were used directly without addi-
tional treatment. 

Graphene oxide (GO) was prepared through the improved Hummer’s 
method [22]. Specifically, graphene oxides were produced by natural 
graphite flaking after intercalating, washing, drying, and ultrasonic 
dispersion. They were expected to possess not only the properties of 
natural graphite but other properties including good softness, great 
dispersion stability in water. 

The preparation pathway of single-sided modified graphene oxide 
(coded as MGO1) and double-sided modified graphene oxide (coded as 
MGO2) are shown in Fig. 3. The long chain alkyl group endows 
graphene-based nanosheet better oil solubility and compression 
resilience. 

The detail steps for MGO1 synthesization were as follows. First, clean 
GO-coated microspheres were prepared according to the procedure in 
previous work [18]. Then, 50 g GO-coated microspheres were added in 
200 mL thionyl chloride and reacted for 24 h with the existence of 2 mL 
dimethylformamide to generate GO-COCl coated microspheres. After 
purification, the obtained microspheres were dispersed in ethanol con-
taining 0.5 g ODA, and the suspension was sonicated for 2 h to obtain 
MGO1-coated microspheres. Subsequently, excess ODA was removed by 
washing with ethanol and the wax was removed according to the pro-
cedure in Ref. [18] to obtain MGO1. 

The preparation of MGO2 was relatively simple [23], using 1 g GO 
powder instead of GO-coated microspheres. The other steps were similar 
to the preparation of MGO1, except that the use of ODA doubled. 

2.2. Test methods 

2.2.1. Material characterization 
The micro-structure of graphite, GO, MGO1 and MGO2 was inves-

tigated by a S-2150 scanning electron microscope (SEM, Hitachi High- 
Technologies Corp., Japan) and a Nanosurf C3000 atomic force micro-
scope (AFM, Nanosurf AG, Switzerland). The FT-IR spectra of GO, MGO1 
and MGO2 were analyzed by using a Paragon 1000 FT-IR spectrometer 
(PerkinElmer, Inc., USA). The thermogravimetric analysis (TGA) of GO, 
MGO1 and MGO2 was performed in N2 atmosphere using a thermog-
ravimetric analyzer (PerkinElmer, Inc., USA) at a heating rate of 10 ◦C/ 
min and a flow rate of 60 mL/min, in a temperature range of 40–700 ◦C. 

Fig. 1. Evolution diagram of “plate out” process over time.  
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2.2.2. Emulsions preparation and evaluation 
A mineral oil HVI WH150 supplied by PetroChina Lanzhou Lubri-

cating Oil R&D Institute in Lanzhou, China was chosen for our research 
and indicated as the dispersed phase (O). It was a non-polar hydrocar-
bon solvent which mainly contained alkanes. The continuous aqueous 
phase was deionized water and indicated as the water phase (W). The 
non-ionic surfactant, Tween 80 (Aldrich), was used as an emulsifier to 
prepare the base emulsion. 

The O/W emulsions were formulated at laboratory scale in a 500 mL 
laboratory vessel by mixing oil phase (O), emulsifier and water phase 
(W). First, the emulsifier Tween 80 was dissolved in the aqueous phase 
and used as a premix. Next, the oil phase was added progressively to the 
premix and stirred for 30 min with a stirrer (800 rpm). Then, the ho-
mogenization of the emulsion was carried out on a homogenizer (Ultra 
Turrax T25) for 10 min at 2000 rpm. Base emulsion with 6.0 wt% oil 
phase and 3.0 wt% emulsifier was prepared for comparison. The GO- 
emulsion, MGO1-emulsion and MGO2-emulsion were prepared by the 
same steps, using mineral oil (6.0 wt%), Tween 80 (3.0 wt%), GO, MGO1 
or MGO2 nanosheets (0.5 wt%) and water. The droplet size distributions 
(1–1000 nm) over time were determined by laser diffraction gran-
ulometry with a NANO-flex®-180◦ DLS particle analyzer at 20 ◦C. The 

data were analyzed to obtain the droplet size and the size distribution of 
each emulsion. The viscosities of emulsions were investigated with a 
Brookfield DV-I digital viscometer. 

2.2.3. Friction test 
A ball-on-ring tribometer manufactured by CSM-instruments was 

chosen to study the frictional performance of the emulsions. Friction 
force and the corresponding coefficient of friction (COF) were recorded 
automatically. The balls and rings were purchased from SKF and cleaned 
as follows before the tests. First, they were ultrasonically cleaned in 
acetone, isopropanol and water for 5 min each, and then stored in a 
desiccator until the start of the test. The detailed test parameters are 
listed in Table 1, in which the contact pressure was calculated according 
to the Hertzian equation of point contact. The surface roughness were 
obtained by a Keyence VK 9700 laser scanning microscope, and the 
hardness information was provided by the supplier. The test conditions 
with respect to the normal force and sliding velocity were selected based 
on the theory outlined in Ref. [24] in order to be able to create initial 
boundary lubrication conditions. 

Fig. 2. The modification of droplets in O/W emulsion by graphene derivatives and the main research question in this paper.  

Fig. 3. Possible preparation pathways of (a) MGO1 and (b) MGO2.  
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2.2.4. Worn surface analysis 
After the friction test, the samples used for the surface analysis were 

ultrasonically cleaned with acetone. The morphology of the wear scar 
was characterized by a Bruker 3D Optical Microscope. The wear volume 
V of the ball can be calculated by using formula V = 1/3(πh2 (3R﹣h)) as in 
literature [18], with h being the wear depth and R being the radius of the 
ball. With the formula k = V/(FN × l), the specific wear rate (k, 
mm3⋅N− 1⋅m− 1) can be calculated, where V is typically expressed in 
mm3, l is the total sliding distance (m), FN is the applied normal load (N). 

An energy dispersive X-ray spectrometer (EDS, Phenom ProX) 
equipped with SEM was used for semi-quantitative component analysis 
of the wear scars. The worn surfaces and tribofilms were observed by 
SEM and 3D Optical Microscopy (Bruker). The qualitative compositional 
analysis in the wear scars was investigated using X-ray photoelectron 
spectroscopy (XPS, The PHI Quantera A type) and X-ray absorption near- 
edge structure (XANES) spectroscopy. In the XPS test, the Mg Kα 
monochromatic radiation was used as the excitation source with pass 
energy of 29.35. The binding energy of C1s (284.6 eV) was used as the 

reference standard. XANES spectroscopy was performed at the soft X-ray 
spectroscopy station in Beijing synchrotron radiation facility (BSRF). All 
carbon K-edge XANES spectra were recorded in total electron yield 
(TEY) mode with an experimental resolution of 0.2 eV. 

Nanoindentation measurements of the tribofilm were conducted 
with the Nanosurf FlexAFM using a modified ACLA cantilever (App-
Nano). The cantilever was adapted with a cube corner diamond (Micro 
Star Technologies Inc.). Deflection calibration was conducted on a SiN 
sample. The indentation forces applied on the worn track were in the 
range of 50–6500 nN. 

3. Characterization of materials 

3.1. Micro-structure of GO, MGO1 and MGO2 

Fig. 4 shows the AFM image of GO (a) and SEM images of MGO1 (b) 
and MGO2 (c). From the AFM image and the corresponding height curve 
of GO, it can be seen that the thickness of GO without folding is about 1 
nm (line 1), which was confirmed by line 2, as the thickness of the two 
laminated GO sheets was about 2 nm. Based on the report of Stankovich 
et al. [25] that the thickness of monolayer GO was estimated at around 
1.0 nm, it can be inferred that the as-prepared GO in this work was about 
one layer. The highly exfoliated graphene exhibits much lower van der 
Waals force between layers due to the larger interlayer spacing, which 
not only improves the flexibility and adaptability of the friction inter-
face, but also promotes its lubrication by reducing the energy barrier of 
the intermediate layer. 

SEM images indicate that MGO1 and MGO2 both show a soft film 
structure with wrinkles. The prepared nanosheets are thin and soft 
enough to easily enter the contact area of the rubbing surfaces to play 
the role of friction reduction and anti-wear properties. 

Table 1 
Parameters of the friction test.  

Parameter Friction test 

CSM Tribometer ball-on-ring type 
Contacting materials AISI-52100 bearing steel 
Tribosystem rotating, bath lubricated, 20 mL emulsion 
Ball 10 mm diameter, 30 ± 10 nm Ra1, 8–9 GPa hardness 
Flat ring 46.8 mm diameter, 100 ± 50 nm Ra2, 8–9 GPa hardness 
Temperature room temperature 
Applied load - pressure 1 N, ~310 MPa initial Hertz pressure 

5 N, ~540 MPa initial Hertz pressure 
Velocity 5, 10, 20, 30, 50, 100, 120, 150, 180, 200 mm/s 
Sliding distance 100 m  

Fig. 4. AFM image (a) and height profile of GO, SEM images of MGO1 (b) and MGO2 (c).  
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3.2. FT-IR analysis 

Fig. 5 displays the IR spectra of GO, MGO1 and MGO2, while Table 2 
lists the corresponding absorption peaks. It can be seen that the main 
absorption peaks of GO, MGO1 and MGO2 are all collected in the IR 
spectra. In addition to the basic skeleton of graphene (C––C) [26], GO 
mainly contains oxygen-containing functional groups (-OH, –COOH, 
–COC–). For MGO2, the peaks corresponding to the oxygen-functional 
groups disappeared, instead characteristic peaks of alkyl groups (-CH3, 
–CH2-) and nitrogen-containing bonds (-C–NH–, –CONH–) appeared. 
This supports the presence of long ODA chains. In contrast to GO and 
MGO2, the IR spectrum of MGO1 not only shows the obvious absorption 
peaks corresponding to –COO– and –COC–, but also contains the peaks 
of alkyl groups and nitrogen-containing bonds. This could be attributed 
to its single-sided modification. 

3.3. TGA 

Fig. 6 shows the thermogravimetric analysis (TGA) of GO, MGO1 and 
MGO2. Nitrogen was used as the protective gas. When the temperature 
reached 100 ◦C, the weight loss of GO and MGO1 were 12.5% and 1.5%, 
respectively, while the weight of MGO2 remained almost unchanged. 
This can be explained as follows, water molecules can be easily adsorbed 
onto GO nanosheets due to the oxygen containing groups, and thus the 
weight loss below 100 ◦C is likely to be due mainly to water evaporation. 
It can be seen from the TG curve that the higher the degree of alkylation, 
the lower the mass loss within 100 ◦C. 

It can be seen from Fig. 6 that at temperatures above 260 ◦C the mass 
of GO varies little, and when the temperature exceeds about 540 ◦C the 
weight loss of MGO1 and MGO2 is very small, indicating that 260 ◦C is 
the critical point for the loss of oxygen-containing functional groups and 
that 540 ◦C is the critical point for the loss of alkyl chain. Therefore, it 
can be deduced that the weight loss between 100 ◦C and 260 ◦C was 
caused mainly by the decomposition of oxygen-containing groups or 
partially unstable alkyl chains, while the weight loss between 260 ◦C 
and 540 ◦C might be ascribed to the loss of almost all alkyl chains. 
Therefore, it can be concluded that the alkyl chain is more stable than 
the oxygen-containing functional groups. 

When the temperature reached 700 ◦C, the remaining qualities of 
GO, MGO1 and MGO2 were 41.8%, 24% and 19.4%, respectively, which 
should be attributed to the weight of graphene basal plane. Among the 
three substances, the alkyl chain on MGO2 is the most, and thus the 
corresponding graphene basal plane has the smallest proportion. TG 
analysis shows that the stability of the alkyl chain on the graphene basal 
plane is higher than that of the oxygen-containing functional group. 

Based on the above AFM, SEM, FT-IR and TG analysis, it can be 
concluded that GO, MGO1 and MGO2 have been successfully prepared. 

4. Tribological properties of emulsions 

4.1. Friction characteristics 

Table 3 lists the viscosity (η) of the emulsions and the base oil 
measured at standardized non-contact conditions, as well as the mean 
particle size of droplets. It can be seen from Table 3 that the viscosity of 
the MGO1-emulsion is the largest, which may be related to the hydrogen 
bonding network forming between water and oxygen containing func-
tional groups on MGO1. The viscosity of the GO-emulsion is only inferior 
to that of MGO1- emulsion, which further confirms that the change of 
viscosity may be related to hydrogen bond. However, the viscosity of 
MGO2- emulsion is almost the same as that of base emulsion. Table 3 
shows that the viscosity of the emulsion is related to its particle size, that 
is, as the particle size decreases, the viscosity gradually increases. 
MGO1-emulsion exhibits the smallest particle size, indicating the best 
emulsification performance of MGO1 nanosheets. This means that 
MGO1 nanosheets can be stably adsorbed on the oil-water interface and 
protected oil droplets from aggregating together. 

Frictional behavior in lubricated systems can be analyzed with the 

Fig. 5. FT-IR spectra of GO, MGO1 and MGO2.  

Table 2 
The main absorption peaks of GO, MGO1 and MGO2.  

Absorption peaks GO (cm− 1) MGO1 (cm− 1) MGO2 (cm− 1) 

-C-OH 1106 1053 1057 
-COC- 1106, 1200 1053, 1159  
-COO- 1388 1323, 1574  
C=O in COOH 1744   
C=C 1633 719, 1652 1622, 721, 910, 970 
O–H 3431 3331 3018, 3400 
-CH3, –CH2-  2851, 2925 2852, 2924 
-C–NH–  1470 1465 
-CONH-  1491, 3331 1487, 3400  

Fig. 6. TG curves of GO, MGO1 and MGO2.  

Table 3 
The viscosities of the emulsions and the mean particle size of the droplets.   

Emulsion Base oil  

Base GO- MGO1- MGO2-  

Viscosity (10− 3 Pa s) 1.55 1.71 1.79 1.58 75 
Mean particle size of droplets 

(nm) 
412 265 127 408 –  
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Stribeck curve [27], which describes the friction coefficient (COF) as a 
function of selected variables of the tribosystem, i.e. the sliding velocity 
(v), the average contact pressure (P), the dynamic viscosity (η) and the 
composite roughness of the surfaces (Ra). Yet, as the both the roughness 
and contact pressure changes during the test and, most importantly, the 
effective viscosity in the contact is unknown, it was decided to plot the 
results on a lg v scale (v in m/s). As such, a Stribeck type of curve is 
created as well, see Fig. 7. The average COFs of the four lubricants under 
the experimental conditions are shown in Table 4. 

The result from Fig. 7 shows that the operational conditions were 
well chosen and representative of the boundary lubrication (BL) regime. 
Some of the results are in the mixed lubrication regime, yet the hydro-
dynamic regime, which is outside the scope of the work, is excluded 
from the experimental results. The results clearly show the different 
effect of MGO1 and MGO2 on the friction force in the BL regime. 
Compared with the base emulsion, some effects in the BL regime are 
visible as well, although less pronounced in the case of MGO2. It can be 
seen from Fig. 7 that at boundary lubrication conditions MGO1- 
emulsion creates the lowest frictional response among the four emul-
sions. After applying MGO1-emulsion, the average friction coefficient 
decreases by 12–20% comparing with that of base emulsion. 

From the results in Fig. 7, it also can be seen that if the velocity in-
creases, the COFs for all emulsions decrease, confirming the increase of 
the hydrodynamic component of the lubrication. The transition from 
boundary lubrication to mixed lubrication also changes, in other words, 
it occurs at a slightly lower sliding velocity. More research on the effect 
of changes in inlet viscosity, changes in roughness and changes in con-
tact pressure are needed to confirm whether or not this shift is connected 
to the boundary lubricating film or to the other system components. The 
inlet velocity is the driving force for oil droplets entering into the contact 
zone. At high speeds, the oil droplets with high kinetic energy possess 
strong ability to spread on the metal surface and penetrate into the 
contact zone, helping to increase the oil-to-water ratio at the inlet zone 
and to form a thicker oil film between the contact surfaces. In summary, 
the decrease in COF at high speeds may be due to the formation of the 
more efficient lubricating films, and a gradual transition to the mixed 
lubrication regime, although the exact contribution cannot be deter-
mined based on the presented results. The results indicate, however, that 
graphene-based emulsifier can improve the lubricity of O/W emulsion 
more effectively than graphene-based oil soluble additive. 

During the friction test, the applied load influences the contact area 
of the friction pair, the release of oil in emulsion droplets and the state of 
tribofilm on the friction interface. In order to make a clearer comparison 
of the friction properties of different emulsions under different loads, 

experiments were carried out under applied loads of 1 N and 5 N 
respectively. The corresponding COFs are compared in Fig. 8. 

The low-shearing tribofilm of graphene contributed to low COF 
under low load. From Fig. 8, it can be seen that the average COF of 
samples increases with the increase of the load. This can be attributed to 
two reasons: (1) Increasing load results in closer contact of the surfaces 
during the test, this means more asperities pierced to the counterparts 
and were sheared off, which led to three-body abrasion and increased 
tribosuface’s roughness. Hence, destroying the boundary tribofilm and 
causing deteriorated lubrication. (2) With increasing the load, the heat 
generated by friction increases, this caused the mobility of the lubri-
cating oil film formed on friction surface increased. At the same time, the 
lubricant oil film was easy to become thin and even disappeared. This 
may change the lubrication regime from mixed lubrication to boundary 
lubrication. Therefore, an increment in the load resulted in the increase 
of the COF. It is generally assumed that the COF in the boundary 
lubrication regime is influenced mainly by the material of the contacting 
surfaces and boundary lubrication film in between [28]. Since the 
contacting material is the same in this work, it is assumed that the 
change in the COF is caused mainly by changes of the boundary lubri-
cation film. Figs. 7 and 8 show that MGO1-emulsion results in the 
smallest COF among the four emulsions, and GO-emulsion followed. 
This means the MGO1-emulsion formed the most effective lubrication 
films on the contacting surfaces. The results also show that the COFs 
corresponding to MGO2-emulsion are slightly lower than those for base 
emulsion. 

Fig. 9 indicates the variations of the friction coefficient versus the 
sliding distance with 100 m in the applied load of 1 N for the four 
emulsion samples. Also, average COF values for each sample were 
calculated. The base emulsion results the maximum COF average value 
(0.120), and the lowest value was obtained for MGO1-emulsion (0.099). 
The COF is related to the lubrication state and contact area, as well as the 
role of additives. Regarding Fig. 9, it can be seen that increasing sliding 
distance, the COF values corresponding to base emulsion and MGO2- 
emulsion samples increase and also COF variation range of them 
extend. The increase in COF with the sliding distance can be attributed 
to the accumulating of hard wear debris particles on the rubbing surface, 
the increased contact area and possible local welding. In addition, 
Tween 80 molecules cannot form a durable lubricating film and the non- 
polar oil molecules can only be attached to the bare steel by weak van 
der Waals bonding. When the lubricating film is non-existence or very 
weak, increase of friction is expected since there is no molecular barrier 
to separate the rubbing surfaces, increasing the metal-to-metal contact. 

Nevertheless, the COF of MGO1-emulsion shows a decreasing trend 

Fig. 7. The friction coefficient as a function of lg v of different emulsions (load 
= 1 N, sliding distance = 100 m). 

Fig. 8. Friction coefficients under different loads (velocity = 100 mm/s, sliding 
distance = 100 m). 
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which may due to the following three reasons: (1) An effective tribofilm 
was formed. MGO1 nanosheets accumulate in asperities on the rubbing 
surface and act as a solid lubricant, and a relatively stable and compact 
tribofilm for reducing adhesion was formed on the rubbing surfaces. (2) 
The surface roughness was lowered. MGO1 nanosheets could be easily 
brought into the small grooves, filled in the micro-pits, and strongly 
adsorbed on the contact surfaces. As the deposition and running-in 
process continued, the average surface roughness was reduced [29] 
and consequently the COF was reduced [30]. (3) Partial rolling lubri-
cation was achieved. Dong et al. [31] stated that smaller particle size not 
only makes emulsion droplets faster and more uniform to disperse but 
also easier to form rolling friction rather than sliding friction. Based on 
the mean particle size of the droplets in Table 3, the small droplets in 
MGO1 emulsion may also play a role of rolling lubrication. Moreover, 
Savenko and Karagioz [32] described that the plastic crumbling of the 
surface roughness can cause the rolling friction. Kong et al. [33] sug-
gested that the movement of wear debris in the wear scar may form an 
isolation layer, which partially transforms the sliding into rolling fric-
tion. In our case, MGO1 nanosheets may adsorb on some spherical wear 

debris and associate with them to convert the sliding friction into a 
combination of rolling friction and sliding friction, hence resulting in 
reduced friction coefficient. 

It is generally accepted in literature that the effectiveness of additives 
in reducing friction in boundary/mixed lubrication regime depends 
highly on their ability to form adsorbed molecular layers that separate 
the rubbing surfaces from each other [34]. The analyses in Figs. 7–9 
show that for steel/steel friction pairs, the COF of MGO1-emulsion can 
maintain its superiority at all testing conditions. This indicates that the 
MGO1 nanosheets were firmly adsorbed on the rubbing interface of the 
steel/steel friction pair to form a tribofilm, and well separated the as-
perities on the interface. Compared with the nonionic surfactant Tween 
80, the oxygen-containing functional groups on the surface of MGO1 
have a strong adsorption force onto the metal surface, because the 
oxygen-containing functional groups on the graphene base plane can act 
as the active adsorption centers and form coordination bonds with the 
empty orbital in the iron atoms. Therefore, the difference in the COF 
among the base, GO-, MGO1- and MGO2-emulsions can be explained as 
follows. (1) The adsorption tendency of MGO1 and GO onto the metal 

Fig. 9. The variations of friction coefficient as a function of sliding distance (velocity = 100 mm/s, load = 1 N).  

Table 4 
Average COF values and standard deviations for the different used emulsions (load = 1 N).  

Velocity (mm/s) Base emulsion GO-emulsion MGO1-emulsion MGO2-emulsion 

5 0.132 ± 0.002 0.123 ± 0.003 0.111 ± 0.003 0.128 ± 0.003 
10 0.128 ± 0.003 0.119 ± 0.003 0.109 ± 0.002 0.125 ± 0.002 
20 0.125 ± 0.003 0.117 ± 0.002 0.107 ± 0.002 0.121 ± 0.001 
30 0.121 ± 0.002 0.115 ± 0.003 0.106 ± 0.002 0.119 ± 0.003 
50 0.119 ± 0.003 0.113 ± 0.003 0.101 ± 0.002 0.117 ± 0.004 
100 0.117 ± 0.003 0.111 ± 0.003 0.096 ± 0.003 0.115 ± 0.003 
120 0.113 ± 0.003 0.105 ± 0.003 0.091 ± 0.002 0.111 ± 0.003 
150 0.111 ± 0.003 0.102 ± 0.003 0.088 ± 0.001 0.109 ± 0.002 
180 0.108 ± 0.003 0.099 ± 0.002 0.086 ± 0.003 0.106 ± 0.002 
200 0.105 ± 0.003 0.097 ± 0.003 0.083 ± 0.002 0.103 ± 0.002 

*The average COF was calculated by a simple average of three repetitions. 
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surface is stronger. This could be explained by the high surface area of 
nanosheets and the formation of C–O–Fe bonds through a donation of 
electron density from the oxygen atom (via its lone pair electrons) to the 
iron atom. These features also enhanced their reactivity with rubbed 
surfaces and facilitated the formation of the tribofilm. The adsorption 
and chemical reaction of MGO1 and GO nanosheets could be one of the 
reason for the enhanced tribological performance. (2) Compared with 
GO, MGO1 has long alkyl chains which are more conducive to the for-
mation of a thick boundary lubricating film. Yao et al. [35] reported that 
ionic liquids bearing long alkyl side chains have excellent 
friction-reducing and anti-wear properties resulting from the formation 
of high-quality boundary films during friction. (3) Alkyl chains on 
MGO2 nanosheets can be considered inert groups [36], which result in 
the poor adsorption ability of MGO2 nanosheets onto the metal surface. 
Though MGO2 nanosheets can be synchronously brought to the metal 
surface by the plate-out process, they were unable firmly attached at the 
rubbing interface of the friction pair. As the friction progressed, the 
amount of MGO2 nanosheets plated-out on the friction surfaces 
increased. MGO2 could aggregate for their high surface area and the 
resulting clusters might be too large to enter to the friction interfaces, 
hence lost their tribological benefits. This explains the relatively higher 
COF of MGO2-emulsion when comparing with that of MGO1- and 
GO-emulsions. 

4.2. Wear characteristics 

Based on the wear scar diameter (WSD) of the balls, the wear rates 
were calculated. The wear rates as responses were measured from three 
replicas in each condition, and average values are reported in Table 5 
and Fig. 10. It can be seen that the wear rate increases with an increase 
in the normal applied load. This might occur because with increasing 
applied loads, the two friction surfaces contacted closer, as a conse-
quence mechanical interlocking between roughness peaks was 
enhanced, causing deeper scratches. Additionally, intensive mechanical 
loads resulted in the rise of temperature, causing abrasive wear by 
welding the wear debris and adhesive wear by peeling off the substance 
on the friction surfaces. However, compared with base emulsion lubri-
cation, the increase in wear rate along with load caused by the other 
three emulsions is relatively small. This is mainly associated with the 
positive effect of the graphene based tribofilm. Under high loads, gra-
phene based nanosheets might be trapped and compacted on asperities, 
hence interlocking between roughness peaks was lowered, and direct 
metal-metal contact was prevented. 

From Table 5 and Fig. 10, it can be seen that the anti-wear properties 
of these four emulsions can be ranked as MGO1-emulsion > GO-emul-
sion > MGO2-emulsion > base emulsion. MGO1-emulsion resulted 
relatively low wear rates as compared with the other three kinds. This 
confirms that the lubricating effect of MGO1 nanosheets is superior to 
GO and MGO2 nanosheets. Compared with MGO2-emulsion lubrication, 
the improvement in wear resistance of the GO-emulsion was attributed 
to the more robust lubricating film formed by the GO nanosheets, since 
oxygen-containing functional groups possess the stronger adsorption 
ability onto metal surfaces. 

5. Surface analysis 

5.1. Topographies and the EDS analysis 

Fig. 11 shows the 3D topographies and SEM images of the wear scars 
on the ball and the corresponding EDS analysis after lubricating with the 
as-prepared emulsions at a velocity of 100 mm/s. From micro- 
morphology, it can be seen that the surfaces obtained with base emul-
sion and MGO2-emulsion show a typical characteristic of abrasive wear. 
Whereas the surface quality of the sample was greatly improved after 
using MGO1-emulsion, showing that the worn surface is smaller and 
smoother, the surface defects are reduced, and the furrows on the worn 
surface are no longer obvious. This probably owing to the excellent 
adsorbing and lubricating effect of the MGO1 nanosheets on the rubbing 
surface, so as a stable and smooth tribofilm with high bonding strength 
or an effective isolation layer with excellent sliding ability was formed 
during the friction process to greatly increase the anti-wear ability. In 
addition, its smooth worn surface also explains small COF and wear rate 
during the friction test, because roughness features increase the risk of 
surface failures, such as excessive wear, pitting, scuffing etc. [37]. 

Table 6 gives a list of the element contents for each EDS test. Fe and 
Cr elements are the basic elements of the bearing steel balls used, while 
the elements of C, O and N originate mainly from the additives. Since the 
wear scars were cleaned after the friction test, the effect of contaminants 
is negligible. According to the supplier’s information, the used bearing 
steel contained 98.5 wt% iron and 1.5 wt% chromium. Changes in the 
atomic percentages should be attributed to the different adsorption films 
or reaction films on the worn surface. 

It was found that the content of Fe in the detection layer decreased 
when GO, MGO1 or MGO2 was incorporated in base emulsion, whereas 
the contents of C, O and N elements show a reverse trend. Since the 
depth of inspection in the EDS measurement was about 1 μm, the thick 
surface coverage will lead to a decreased measurable thickness of the 
underlying material. Therefore, it can be deduced that after the friction 
test with GO-, MGO1- or MGO2-emulsion, the worn surface was covered 
with a protective film, which should be attributed to the graphene de-
rivative. EDS analysis indicates that some graphene based nanosheets 
has deposited and attached to the furrow. They are beneficial to form 
and maintain the tribofilm, thus effectively improving the abrasion 
resistance of the contact area. 

Because of the weak adsorption ability of non-polar oil and the 
applied cleaning process, it can be considered that the mineral oil has 
little effect on the EDS results. Table 6 shows that after base emulsion 
lubrication 11.5% C was detected on the worn surface, indicating that 

Table 5 
Wear rates of the ball under different load conditions (velocity = 100 mm/s, 
sliding distance = 100 m).  

Lubricants Wear rate (mm3 N− 1 m− 1) 

1 N 5 N 

Base emulsion 2.8 × 10− 6 1.1 × 10− 5 

GO-emulsion 1.2 × 10− 6 3.1 × 10− 6 

MGO1-emulsion 4.5 × 10− 7 1.2 × 10− 6 

MGO2-emulsion 1.6 × 10− 6 4.0 × 10− 6  

Fig. 10. Wear rates of the ball under different loads (velocity = 100 mm/s, 
sliding distance = 100 m). 
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Tween 80 had been adsorbed onto the metal surface. The 12.9% O 
means that the ball surface had oxidized. Compared with the base 
emulsion lubrication, MGO1-emulsion led to the highest carbon per-
centage of 33.4% on the worn surface. This implies that MGO1 nano-
sheets had deposited on the worn surface during the friction test. The 
MGO1 lubricating film was the carbon-rich phase, according to the 
analysis of EDS (see Fig. 11-C3). Graphite phase carbon is beneficial to 
decrease the friction coefficient. The soft MGO1 nanosheets adsorbed on 
the worn track under the friction effect of tribo-couple, and behaved as 
“protection pads” to efficiently avoid the formation of scars on the 

Fig. 11. Analysis of the worn surface lubricated by (a1-a3) base emulsion, (b1-b3) GO-, (c1-c3) MGO1- and (d1-d3) MGO2-emulsion (velocity = 100 mm/s, sliding 
distance = 100 m, load = 1 N). 

Table 6 
Atomic percentages of the typical elements on the worn surfaces.  

Lubricants Fe% Cr% C% O% N% 

Base emulsion 74.5 1.2 11.5 12.9 – 
GO-emulsion 66.5 1.1 18.6 13.8 – 
MGO1-emulsion 39.6 1.1 33.4 18.0 8.0 
MGO2-emulsion 64.9 0.9 16.2 12.2 5.7  
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metal-to-metal contact surfaces. 
The EDS data for MGO2-emulsion lubrication shows a lower carbon 

content of 16.2%. This may be due to the poor adsorption capacity of 
MGO2 nanosheets onto the metal surface, which can also be confirmed 
by larger agglomerates at the edges of the worn scar image obtained by 
the MGO2 emulsion lubrication. The rougher wear scar obtained by 
MGO2 emulsion is probably associated with the dragging of agglomer-
ated and compressed nanoparticles as well as wear debris at the 
interface. 

Based on Fig. 11 and Table 6, it can be concluded that after the four 
types of emulsion lubrication, the worn surface lubricated with MGO1- 
emulsion possessed the highest carbon content, indicating that the 
MGO1 nanosheets located at the interface of emulsion droplets are 
easier to deposit on the metal surface than MGO2 nanosheets inside the 
emulsion droplets. It also can be noticed that the carbon content on the 
worn surface after MGO1-emulsion lubrication is higher than that of the 
GO-emulsion lubrication, which should be ascribed to the alkyl chain in 
MGO1. 

Based on the above analysis, it can be deduced that for graphene- 
base emulsion lubrication, when the graphene derivative does not 
contain readily reactive active elements such as S and P, the method of 
employing the graphene derivative as an emulsifier is more effective 
than the method of using the graphene derivative as an additive in a 
non-polar oil phase to improve the lubrication performance of base 
emulsion. It is also shown that not all graphene derivatives effectively 
improve the lubricity of base emulsions to the same extent. 

5.2. XPS analysis 

XPS is one of the most powerful methods for the analysis and char-
acterization of the valence distribution of Cls in carbon materials and is 
often used to analyze the change of Cls valence of graphene derivatives. 
Fig. 12 shows the full spectrum scan, Cls and N1s spectra of the worn 
surfaces after lubricating with different emulsions. The summarized 
results for comparison are shown in Table 7. The binding energies of 
standard compounds were obtained from the NIST XPS Database [38]. 

It can be found in Fig. 12(a) that a significant peak is shown at about 
285 eV, which should correspond to Cls. Besides, a strong peak appears 
at about 532 eV, which belongs to Ols. Another obvious peak at about 

710 eV should be attributed to Fe2p. This indicates the presence of iron 
oxides in the lubricating film. Moreover, there is an additional weak 
peak showing up at about 400 eV, which should be ascribed to the 
binding energy of Nls. This suggests that grafting modification of GO 
nanosheets through ODA does introduce the N element into GO nano-
sheets, confirming the success of the modification. 

Fig. 12(b) and (c) show the Cls spectra of the worn surface after 
lubrication with MGO1- and MGO2-emulsion respectively. Nls spectra 
are displayed in Figs. 12(d) and 10(e). Table 7 lists the chemical bonding 
that corresponded to each binding energy after the peak fitting. Based on 
the data in Table 7, it can be concluded that after MGO1- and MGO2- 
emulsion lubrication, the main forms of carbon on the worn surfaces 
are graphite C, nitrogen-containing chemical bonds (C–N and –CONH–) 
and carbon oxides, whereby graphite C should be attributed to the basal 
panel of MGO1/MGO2. The carbon oxide is mainly in the form of –OC 
(O)-, –COC– and C–OH. C1s spectra not only confirm the success of the 
alkylamine modification of graphene oxide, but also demonstrate that 
the worn surfaces contain graphene derivatives. 

From the spectra of N1s, some differences can be noticed. After 
MGO2-emulsion lubrication, the nitrogen element on the worn surface is 
presented predominantly in the form of C–N and –CONH–. This is 
consistent with the structural characteristics of MGO2. In addition, the 
N–O band and Fe–C–N–O compounds are detected on the worn surface 
when using MGO1-emulsion, indicating that, MGO1 nanosheets were 
more susceptible to oxidation than MGO2 nanosheets, and were more 
likely to react with the steel ball surface. 

5.3. XANES analysis 

As a localized probe, X-ray absorption near edge structure (XANES) is 
an element spectroscopic technique involving the excitation of electrons 
from a core level to empty states. It is particularly powerful for char-
acterizing carbon related materials by providing information about the 
degree of bond hybridization in mixed sp2/sp3 bonded carbon, the 
specific bonding configurations of foreign atoms and the degree of 
alignment of graphitic crystal structures [39]. In the present work, 
C-XANES was employed to probe the electronic structures of graphite, 
GO, MGO1 and MGO2, as well as to detect the surface chemistry of the 
worn surfaces. Fig. 13 shows the carbon K-edge XANES results of base 

Fig. 12. XPS spectra of worn surfaces after lubricated with MGO1- and MGO2-emulsions (velocity = 100 mm/s, sliding distance = 100 m, load = 1 N).  
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materials and tribofilms. Their peak positions and the corresponding 
chemical bonds are listed in Table 8. 

The spectrum of graphite is in good agreement with the results in 
Ref. [40]. The feature at ~285.7 eV (A) is attributed to the π* resonances 
of C–C bonds. The feature around ~292.5 eV (D and E) is ascribed to the 
σ* resonances of C–C bonds, while the features between π* and σ* res-
onances can be assigned to the transition from sp2 state to sp3 hybridized 
states [41]. Fig. 13 shows that all samples contained characteristic peaks 
at ~285.7 eV and ~292.5 eV, indicating that the sp2-like hexagonal 
structures exist in all the samples. The spectrum of GO nanosheets shows 
a decrease in peak A, with a new characteristic peak C appearing at 
~288.8 eV. According to the literatures [42], the feature C can be 
attributed to the π* states of C––O bonds in carboxyl groups. 

In the spectrum of MGO1, a new shoulder B emerges at ~287.7 eV 
with the reduction of peak C, while MGO2 yielded a pronounced feature 
B with the disappearance of peak C, indicating that the absorption peak 

of epoxy groups may coincide with that of C––O around ~287.7 eV. The 
new characteristic peak B occurring at ~288.7 eV after modification 
treatment should be ascribed to the contribution of C–N bond [43], 
which exist both in MGO1 and MGO2 nanosheets. Compared with the 
spectrum of MGO1, the increase of peak B in the spectrum of MGO2 
implies that more C–N bonds were generated. This is consistent with the 
structural features of MGO2 with double-sided modification. 

From the MGO1-tribofilm it can be seen that the most obvious 
change in the spectrum of the MGO1 nanosheets before and after the 
friction test is the weakening of the peak B, which means that the C–N 
bonds are reduced substantially after the friction test. However, in the 
spectra of MGO2-tribofilm, a weakened B peak and a newly appeared C 
peak can be observed when compared with MGO2 nanosheets, indi-
cating that after the friction test the number of C–N bonds on the MGO2 
nanosheets may be relatively reduced, and some carbon atoms may be 
oxidized to carboxyl groups. The structural changes of MGO1 and MGO2 
before and after the friction test indicate that the friction process may be 
more destructive to the structure of MGO1 nanosheets, which might 
suggest that they are more actively involved in the shear process that 
occurs in the contact area. 

5.4. Appearance and hardness of the tribofilm 

After friction tests of 100 m under load 1 N and velocity 100 mm/s, 
the cross sections of the worn surfaces were examined by SEM to 
distinctly observe the morphology of the formed tribofilms, the micro-
hardness of the tribofilm was measured by AFM to better explore the 
tribological mechanism of MGO1/MGO2 nanosheets. 

The cross section of the worn surface provides detailed information 
about the interface after friction and wear tests. The visual view of the 
tribofilm, surface roughness and metal matrix provides a direct basis for 
judging the friction process and tribological mechanism. AFM nano-
indentation provides a useful tool to estimate the mechanical properties 
of boundary lubrication films. In the present work, the indentation 
forces applied on the worn track were in the range of 50–6500 nN. 
Before each test, a flat part of the worn surface was located for inden-
tation to decrease the influence of valleys or ridges on indentation. The 
indentations were fitted using the Oliver Pharr method [44]. The SEM 
images of the cross-sections and the hardness of the tribofilms are shown 
in Fig. 14. 

Obviously, a tribofilm with a thickness of about 1 μm was formed on 
the metal matrix after rubbing with MGO1-emulsion. However, under 
the same friction condition, the thickness of MGO2-tribofilm is about 
200–500 nm, which means that MGO1-tribofilm is thicker and more 
uniform than MGO2-tribofilm. In addition, the cross section of MGO2- 
tribofilm is rougher compared to that of MGO1-tribofilm. According to 
the results of EDS, XPS and XANES spectra, it can be reasonably inferred 
that the MGO1- and MGO2-tribofilms were composed of graphene 
derivatives. 

Since the indentation modulus depends on the location of indenta-
tion and the composition and thickness of the tribofilm under the 
indenter, the obtained hardness value varied in the range of 0.03–5.5 
GPa for MGO1-tribofilm and 0.4–7.2 GPa for MGO2-tribofilm. It can be 
seen that the hardness values of the tribofilms are lower than that of the 

Fig. 13. Carbon K-edge (TEY) XANES spectra of graphite, GO, MGO1, MGO2 
and worn surfaces lubricated with MGO1- and MGO2-emulsions (velocity =
100 mm/s, sliding distance = 100 m, load = 1 N). 

Table 8 
Peak positions of C K-edge (TEY) spectra and the corresponding chemical bonds.  

Samples Photon energy (eV)  

A (π*, C––C) B (σ*, C–N) C (π*, C––O) D, E (σ*, C–C) 

Graphite 285.7   292, 292.9 
GO 285.7  288.8 293.4 
MGO1 285.7 287.8 289 292.6 
MGO2 285.7 287.7  293.1 
MGO1-tribofilm 285.8  288.9 292.2, 293.5 
MGO2-tribofilm 285.8 287.7 288.9 293.1  

Table 7 
Comparison of the composition of the tribofilms based on the binding energy 
and the corresponding chemical bonding measured with XPS [38].  

Element Binding energy (eV) and corresponding chemical bonding 

MGO1-tribofilm MGO2-tribofilm 

C1s 288.4 (–CONH–, –OC(O)-, –COC–, 
–C6H4N-) 

288.3 (–CONH–, C–N, –OC 
(O)-)  

286.0 (C–N, C–OH, –OC(O)-, COC, 
–CONH–) 

286.1 (–CONH–, C–N, C–OH)  

284.8 (C–N, graphite C, C–OH, –OC 
(O)-, 

284.8 (C–N, C–OH, –CONH–,  

-COC-, –CONH–) graphite C) 
N1s 402.7 (C–N, N–O, [Fe(CN)3(NO)]2-) 405.9 (C–N, –C6H4N-)  

400.4 (–NH–, –C6H4NH-, –CONH–) 399.9 (–CONH–, –C6H4NH-, 
–NH–)  
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bearing steel ball (8–9 GPa), and the average hardness of MGO1- 
tribofilm is lower than that of MGO2-tribofilm. In addition, the hard-
ness value increases gradually with the increase of the indentation load 
(pressing depth). The low hardness values obtained at low indentation 
loads might well be attributed to the outermost tribofilm. The high 
hardness values could be due to the influence of the underlying material. 
The higher hardness indicated that the tribofilm was thinner in some 
spots and therefore measurements were influenced by the underlying 
material. Since the tribofilm was continuously worn off and reproduced 
during the friction process, a non-homogeneous thickness of the tribo-
film is reasonable. This may explain why low hardness values were still 
obtained by using 6.5 μN indentation force, because the tribofilm was 
thick enough in some spots. From the hardness results in Fig. 14, it can 
be inferred that there is a very thin soft tribofilm on the worn surface. 
Based on the structural characteristics of MGO1 and MGO2, the low 
hardness of the tribofilms should be ascribed to their soft structure and 
the alkyl chains on the graphene plane. Hardness information can also 
deduce that the tribofilm of MGO1 is thicker than that of MGO2, which 
can be confirmed from the cross-sectional view of the tribofilm on the 
left images. Fig. 14 also explains the lower friction coefficient of MGO1- 
emulsion than that of MGO2-emulsion. 

6. Tribological mechanism 

At the boundary lubrication conditions, a boundary lubricant film 
composed of an adsorption film and/or a tribochemical reaction film 
could be formed between the two contact surfaces; the polar groups in 
the molecule are chemically active and can be strongly adsorbed onto 
the metal surface by means of van der Waal’s forces or chemical bonds to 

form a stratified oriented mono-molecular or multi-molecular layer, 
which is referred to as the adsorption film. At the appropriate temper-
ature the components of the lubricant react with the metal surface to 
form a tribochemical reaction film. In the whole sliding process, the 
boundary lubrication film is continuously worn off and generated. 
Therefore the lubricating effect of the lubricant mainly depends on the 
dynamic balance of the two processes. If the boundary lubrication film 
cannot be generated in time after the damage, the lubricating effect of 
the lubricant will be reduced or lost. 

Based on the obtained experimental results and analysis, combined 
with the plate-out effect of O/W emulsion, the tribological mechanism of 
base emulsion, GO-, MGO1- and MGO2-emulsions are depicted sche-
matically in Fig. 15. The oil film in the schematic diagram is speculated, 
according to the composition of the droplet and the principle of polarity 
compatibility. 

Since the mineral oil does not contain polar groups, only a small 
number of unsaturated hydrocarbons have certain adsorbability onto 
the metal surface, it can be considered that in this experiment it is 
mainly Tween 80 and graphene derivatives that can be adsorbed onto 
metal surface. Secondly, it might be suggested that the polar molecules 
in the adsorbed film are parallel to each other and are perpendicular to 
the frictional surface. This arrangement can meet the maximum number 
of molecules to be adsorbed and minimize the free energy of the metal 
surface [45]. When sliding, the adsorbed molecules will tilt and bend 
under the action of frictional force to reduce the resistance, so that direct 
contact of the two friction surfaces is effectively prevented and the 
friction coefficient is lowered. 

For base emulsion lubrication, the polar part of Tween 80 molecules 
is capable of adsorbing onto the metal surface, while due to their similar 

Fig. 14. (left) SEM images of cross sections of tribofilms, (right) Hardness of the tribofilm measured by AFM.  
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polarities the non-polar parts may be attached to mineral oil molecules 
and together form a lubricating oil film. However, as the frictional heat 
increases, Tween 80 tends to desorb from the metal surface, resulting in 
a relatively high COF and wear rate. 

It is generally known that graphene derivatives possess high specific 
surface areas with high surface energy, which makes them easy to 
adsorb on the metal surface. Meanwhile, carboxylic group (-COOH) has 
trend to adsorb on the metal surface, hydroxyl group (-OH) and epoxy 
group (C–O–C) are also favorable for molecules to be adsorbed to the 
metal surface. Due to this physical and chemical adsorption, GO and 
MGO1 nanosheets can be well adhered to the tribo surface. The presence 
of the adsorption film could be served as a protective layer between the 
frictional pairs, reducing the friction and wear. In addition, GO and 
MGO1 are easy to react with the steel ball to form a robust tribofilm 
owing to the high polarity of their oxygen containing functional groups, 
which can further reduce friction and wear. 

The molecular structure of MGO1 is not only beneficial for the 
adsorption ability onto the metal surface, but also conducive to the 
orderly arrangement of the molecules on the metal surface. It can be 
seen from the thermogravimetric analysis that the alkyl chain of MGO1 
possesses a good thermal stability, so the alkyl chains on MGO1 surface 
may not be easily worn off. In addition, because of the similar structure 
and the similar polarity, alkyl chains have a good affinity for mineral oil 
molecules, thereby resulting in a thicker oil film with greater steric 
hindrance between the two rubbing surfaces. During the friction pro-
cess, polar functional groups endow the high adsorption ability of MGO1 
nanosheets on the metal surfaces, leaving the alkyl non-polar tail facing 
the opposite surface, this will create a thick molecular barrier with high 
capability of adsorbing and holding a significant quantity of the oil 
between the rubbing surfaces. Moreover, after flowing into the interface 
of friction pair, the MGO1 nanosheets are easy to adsorb to the contact 
surfaces, to repair some local pits and furrows, which can be regarded as 
a self-repairing function and to reduce the surface roughness. During the 
friction process, oxygen-containing functional groups in MGO1 could 
stimulate the oxidation of iron atoms in the steel substrate, therefore, the 
firmness and strength of the adsorption film were increased, and a lower 
COF and a lower wear rate were obtained. 

According to the structural characteristics, MGO2 nanosheets can be 
well dispersed in mineral oil. However, the above analysis suggests that 
most MGO2 nanosheets only formed a physical adsorption film on the 
tribo surface. MGO2-tribofilm was unstable because MGO2 nanosheets 
hardly firmly adhered on the rubbing interface, and the formed MGO2- 
tribofilm can be easily removed. As the friction progressed, MGO2 could 
aggregate for their high surface area and the generated aggregates may 
be too big to enter to the friction interfaces. Thus, MGO2 nanosheets 
cannot form an effective isolation layer to separate the asperities, and 
this led to the relatively higher friction coefficient and wear rate when 

comparing with those of MGO1-emulsion. The severe shedding and 
aggregation of MGO2 nanosheets during friction could be the main 
reason for their lubrication failure. 

Based on the above analysis, it can be deduced that the adsorption 
ability caused by polar groups and the oil film formed by non-polar 
groups both have a great influence on tribological properties of gra-
phene based O/W emulsions. In this work, in addition to the graphene 
basal plane, MGO1 nanosheet not only has a polar surface that can 
helpfully adsorb or even react with the metal surface, but also contains a 
non-polar surface that has high affinity with mineral oil molecules. The 
strongly adsorbed layer of the MGO1 nanosheets that formed on the 
metal surfaces is responsible for the durability of the tribofilm. The alkyl 
chains on the graphene framework change the thickness of the boundary 
lubrication film and consequently affect the tribological performance. 
Therefore, the MGO1-emulsion can form an effective boundary lubri-
cation film at the frictional interface, resulting in a lower friction coef-
ficient and wear rate. 

7. Conclusions 

In the present work, graphene oxide (GO) surface was chemically 
modified asymmetrically and symmetrically with C18H37–NH2 (ODA) to 
investigate the influence of oxygen-containing functional groups on the 
tribological properties of emulsions. The single-sided modified graphene 
oxide was coded as MGO1 and the double-sided modified graphene 
oxide was coded as MGO2. The introduction of long alkyl chains (ODA) 
on the GO surface facilitated their compatibility with non-polar hydro-
carbon lube oils. MGO1 and MGO2 were used as lubricant additives in 
an O/W emulsion; single-sided modified graphene oxide was expected to 
be located at the O/W interface and double-sided modified graphene 
oxide was expected to be present in the oil phase. The tribological 
performances of GO-, MGO1- and MGO2-emulsion were studied. The 
chemical composition, appearance and hardness of the tribofilms were 
investigated. Based on the results and analysis, the following conclu-
sions can be drawn.  

(1) AFM, SEM, FT-IR and TG results indicate that GO, MGO1 and 
MGO2 have been successfully prepared.  

(2) MGO1-emulsion shows the better friction-reducing and anti-wear 
performances than GO- and MGO2-emulsion under the steel/steel 
friction. It can be deduced that coexistence of the polar functional 
groups and non-polar alkyl chains benefits the formation of 
effective graphitised tribofilm, hence achieving better tribolog-
ical properties.  

(3) The EDS results imply the MGO1 nanosheets are more likely to 
retain on the wear surface than MGO2 nanosheets, probably 

Fig. 15. Possible friction mechanisms of different emulsions during the friction process.  
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because MGO1 nanosheets are more adsorbable onto metal 
surfaces.  

(4) XPS and XANES analysis reveal that graphite C was present on the 
worn surfaces lubricated with MGO1- and MGO2-emulsions. The 
difference is that more C–N–O–Fe compounds, but fewer C–N 
bonds, were found on the worn surface corresponding to MGO1- 
emulsion. This means that the friction process may be more 
destructive to the structure of MGO1 nanosheets, which might 
suggest that they are more actively involved in the shear process 
that occurs in the contact area.  

(5) The SEM images of cross sections of tribofilms reveal that MGO1- 
tribofilm is thicker and more uniform than MGO2-tribofilm. 
Nanoindentation results indicate that there is a very thin un-
evenly distributed softer layer on the worn surface, and the 
average hardness of MGO1-tribofilm is lower than that of MGO2- 
tribofilm. TG analysis indicates that the alkyl chain of MGO1 
possesses a good thermal stability, so the alkyl chain on the 
MGO1 basal plane may not be easily worn away. In combination 
with the friction test results, it can be deduced that the longer 
alkyl chain might also contribute to the enhanced tribological 
performance. This might be due to the attraction between the 
alkyl chain and non-polar oil molecules, which would helpful to 
form dense and thick oil films in the inlet zone between the 
rubbing surfaces.  

(6) The polarity of the metal surface makes it possible to correctly 
direct the droplets or molecules. Not all graphene derivatives are 
effective in improving the boundary film performance of O/W 
emulsion, graphene-based derivatives need to have a higher 
adsorption capacity on the metal surface in order to exert better 
tribological properties. In the design of graphene derivatives, it is 
necessary to consider the adsorb centers, such as oxygen- 
containing functional groups in this paper, which will 
contribute to the lubrication performance of graphene de-
rivatives. It is presumed that the polarity of graphene derivatives 
drives their interaction with metal surfaces and lubricates them. 
The graphene derivatives actively adsorbed onto the metal sur-
face have better tribological properties than those entrained in 
the contact region by the rubbing process. In this work, owing to 
the existence of oxygen-containing polar groups, the GO/MGO1 
nanosheets can be easily adsorbed on the metal surface, and then 
reacted with the active metal molecules on the rubbing surface 
during the friction process, subsequently leading to the formation 
of a stable tribofilm on the rubbing surface so as to physically 
separate two interfacess and to reduce the friction and wear.  

(7) The influence of oxygen-containing functional groups on the 
tribological properties of graphene derivatives was explored, an 
optimized graphene structure with good tribological perfor-
mances was proposed. The MGO1 nanosheets in this research 
possess a special structure, the two sides of graphene skeleton 
were surrounded by two kinds of functional groups respectively, 
that is active oxygen-containing functional groups (-OH, –COOH, 
–COC–) and inert groups (ODA alkyl chains). Therefore, MGO1 
nanosheets not only can be easily attached to the ball surface to 
form robust tribofilm through the active groups, but also can 
provide an effective isolation layer through the long ODA alkyl 
chains. The isolation layer possesses an excellent ability to retain 
mineral oil on graphene nanosheets. The synergistic effect of 
active oxygen-containing functional groups and inert alkyl 
chains, combined with graphene basal planes, which possess an 
inherent softness and lubricating nature, the outstanding tribo-
logical properties of MGO1 nanosheets can be explained. 
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