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A B S T R A C T   

This study is focused on the preparation of a self-lubricating coating via thermal spraying. This coating was 
designed to control friction and lubrication in both boundary lubrication (BL) and mixed lubrication (ML) re-
gimes. We aimed to compare the tribological behaviour of nanostructured Al2O3/3 % TiO2 and modified 
nanostructured Al2O3/3 % TiO2 incorporating 3 % GNPs coatings deposited by Oxygen-Fuel (OF). The critical 
conditions for the transition from BL to ML were experimentally studied using a fundamental tribological concept 
known as the Stribeck curve. A lubricating film consisting of detached GNPs, Al2O3 nanoparticle debris, and a 
conventional lubricant effectively covers the surface material and improves the mechanochemical interactions 
between the surface material and lubricating oil, thereby enhancing the tribological performance. The intro-
duction of GNPs is found to play an effective role in the lubrication regime, leading to an increase in micro-
hardness, a decrease in the friction coefficient and wear volume of the Al2O3/3 % TiO2 coating, and the steel 
counterpart disc. It noticeably improved the critical load-carrying capacity at different speeds during the tran-
sition from BL to ML regimes. The tribo-layer formed on the worn surfaces controls the tribological properties of 
the Al2O3/3 % TiO2 + 3 % GNPs coatings.   

1. Introduction 

Nanostructured ceramic coatings have attracted increasing attention 
in modern industrial sectors such as machinery (moving mechanical 
assemblies), chemical engineering, and metallurgy because of their 
chemical inertness, resistance to wear, galvanic and high-temperature 
oxidation and corrosion, exceptional hardness, and strength, which 
extend the sustainability of mechanical design and manufacturing 
processes. 

Among the various kinds of metal oxides, aluminum oxide (Al2O3) is 
the foremost broadly considered lattice for graphene-ceramic compos-
ites. Al2O3 has amazing properties including compression strength, 
hardness, wear resistance, thermal and electrical insulation, mechanical 
resistance and corrosion resistance indeed at tall temperatures [1,2]. In 
the recent years, enhanced mechanical properties in coating with 
nanoscale microstructure have been reported, leading to a growing in-
terest in the study and analysis of this type of ceramic materials [3–6]. 
Nanostructured Al2O3/TiO2 coatings have been developed to satisfy the 
requirements of extreme and demanding tribological applications 

[7–10]. Compared with conventional coatings, thermally sprayed 
nanostructured Al2O3/TiO2 coatings have distinctive and superior 
properties, such as high hardness, good wear resistance, and excellent 
thermal shock resistance, owing to the held (remainder) nanostructure, 
particularly with partial melting of the nanostructured powders [11]. 

In order to improve the tribological properties, the microstructure, 
composition, hardness, and lubrication conditions are typically modi-
fied by doping or adding nanofibers, nanowhiskers and graphene 
platelets. Incorporating graphene into ceramic coatings results in 
excellent mechanical, thermal, and electrical conductivities. The 
chemical properties of graphene have attracted widespread interest in 
the field of tribology. Graphene is a two-dimensional nanolayered 
structure of ultrathin carbon atoms with mechanical properties that are 
superior to those of other carbon allotropes. Graphene exhibits high 
lubricity, considerably wear resistance and enhance the tribological 
properties of materials [12–16]. With the aggregation of graphene, wear 
was significantly reduced owing to the sliding wear properties of the 
coatings. Qin et al. [17] studied the preparation of Al2O3 coatings using 
a mixture of 0.2 wt% graphene and 0.2 wt% carbon nanotubes as the 

* Corresponding author. 
E-mail address: razzaq@esid.uji.es (K.A. Habib).  

Contents lists available at ScienceDirect 

Wear 

journal homepage: www.elsevier.com/locate/wear 

https://doi.org/10.1016/j.wear.2024.205381 
Received 30 January 2024; Received in revised form 2 April 2024; Accepted 17 April 2024   

mailto:razzaq@esid.uji.es
www.sciencedirect.com/science/journal/00431648
https://www.elsevier.com/locate/wear
https://doi.org/10.1016/j.wear.2024.205381
https://doi.org/10.1016/j.wear.2024.205381
https://doi.org/10.1016/j.wear.2024.205381
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/


Wear 548–549 (2024) 205381

2

reinforcement. This strategy has been extensively employed to manu-
facture new materials based on graphene because it can improve the 
toughness and wear resistance of bulk ceramic coatings [1,18,19]. The 
inclusion of graphene in different proportions to ceramics such as ZrO2, 
CaSiO3, and Y2O3–Al2O3–SiO2 improves the tribological properties of 
ceramic coatings and reduces the steady-state friction coefficient and 
wear volume [17,20,21]. Bian et al. [22] added graphene to chemically 
bonded phosphate ceramic coatings and investigated the role of gra-
phene dispersion in enhancing wear resistance. Additionally, the gra-
phene combined with alumina has attracted application such as a 
self-lubricant coating within kinematic joints which contributes to 
substantially enhance the tribology performance and longevity by 
forming a tribofilm layer [23,24]. 

These coatings are usually deposited employing the plasma sprayed 
(PS) technique, because the high temperature of this process is necessary 
to melt the ceramic feedstock powder particles, whereas a lower per-
centage of melt particles is often found when the high velocity oxygen- 
fuel (HVOF) process is used [25]. 

Oxygen-fuel (OF) process was used to deposit nanostructured Al2O3/ 
TiO2 and Al2O3/TiO2 + 3 % graphene because it is easy to handle, 
economical, can deposit different material types (metallic, ceramic, and 
polymer), and is more adaptable to critical technologies used in various 
industries to deposit wear-resistant oxide coatings [26]. In the OF spray 
process, the mean particle temperature and velocity are approximately 
300 m/s and 3200 ◦C, respectively. 

In this study, we aimed to elucidate the effect of the addition of 
graphene-modified nanostructured Al2O3/3 % TiO2 coatings under 
different lubrication conditions on the lubrication regimes and load- 
carrying capacity of frictional parts. Therefore, we used the Stribeck 
curve, which combines operational conditions such as applied load, 
velocity, and fluid viscosity as a function of the friction coefficient. The 
friction regimes for sliding lubricated surfaces are broadly classified into 
(I) solid/boundary lubrication (BL), (II) mixed (ML), and (III) hydro-
dynamic (HL) [27]. 

Accordingly, we attempted to develop a thermal-spray graphene- 
modified nanostructured ceramic coating, which was deposited using 
the OF technique. The objective of this study was to investigate the 
potential application of graphene platelet-modified nanostructured 
Al2O3/3 % TiO2 coatings under optimised working conditions to ulti-
mately develop a thermally sprayed nanostructured ceramic coating 
with excellent mechanical and tribological properties. We particularly 
focused on the friction reduction mechanisms, lubrication regime pa-
rameters, and load-carrying capacity using the Stribeck curve. Initially, 
we prepared a feedstock powder by incorporating 3 % graphene into the 
nanostructured Al2O3/3 % TiO2 coatings. Subsequently, the micro-
structures, porosities, and tribological properties of the coatings were 
evaluated. The wear scar depth and surface roughness of the modified 
coating were considerably lower than those of the unmodified Al2O3/ 
TiO2 coating. This experimental investigation provides a theoretical 
reference for the development and application of graphene in ceramic 
coatings such as nanostructured Al2O3/3 % TiO2 to improve the tribo-
logical properties and microstructures of thermally sprayed ceramic 
coatings. The incorporation of graphene is considered to enhance the 
ability of the oil lubricant to produce continuous oil surface layers, 
resulting in a lower friction coefficient, higher load-carrying capacity, 
and improved critical conditions (higher load and lower speed) for the 
transition from BL to ML. 

2. Experimental 

2.1. Materials and feedstock powder 

Stainless steel 304 was selected as the base metal because of its 
excellent mechanical properties and resistance to high-temperature 
oxidation. The test samples consisted of a rod with a diameter of 8 
mm and length of 18 mm. The chemical composition (in wt%) of the 

base metal substrate was 17.5–19.5 % Cr, 8–10 % Ni, 2 % Mn, 1 % Si, 
0.11 % N, 0.07 % C, 0.05 % P, and 0.03 % S; the rest was Fe. Two types of 
feedstock powder were deposited onto one end of the AISI 304 pins. The 
first type was Rototec 51,000, a commercial powder supplied by Cas-
tolin Eutectic, with 88.1 % Ni, 6.04 % Al, 5.25 % Mo, 0.36 % Fe and 0.22 
% Cr by weight and a grain size of 40–13 μm; this powder served as a 
coupling layer between the base metal substrate and ceramic top layer. 
The second type of powder used in these experiments included a 
nanostructured ceramic (Al2O3/3 % TiO2) finishing layer, referenced as 
Nanox S2603S, and modified nanostructured Al2O3/3 % TiO2 reinforced 
with 3 % graphene feedstocks. These ceramic powders were purchased 
from Inframat Advanced Materials (USA). The initial powder nano-
particles with an average size ranging from 30 to 60 nm were prepared 
in suspension. These were then spray-dried, resulting in granules with a 
particle size distribution between 5 and 30 μm and a spherical 
morphology. 

Graphene composed of 2–6 layers of carbon atoms arranged in 
hexagons in a honeycomb structure, with Brunauer–Emmett–Teller area 
>250 m2/g, >98 % purity, average particle size of 10–30 μm and a flack 
thickness of 0.8–2 nm was used in this study. The scanning electron 
microscopy (SEM) images in Fig. 1a and b depict the nanoparticle 
morphology of the ceramic top coating layers of nanostructured Al2O3/ 
3 % TiO2 and modified Al2O3/3 % TiO2 + 3 % graphene. Graphene was 
dispersed in the nanoparticles of the Al2O3/3 % TiO2 feedstock powder 
(Fig. 1c). Magnified details of the graphene morphology and energy- 
dispersive X-ray (EDX) microanalysis are depicted in Fig. 1d and e, 
respectively. The graphene and nanostructured Al2O3/3 % TiO2 pow-
ders were mixed uniformly, and the particle size was in accordance with 
the requirements for OF spraying. 

To control the uniformity of the powder mixture and ensure homo-
geneity, the modified feedstock powder mixtures (3 wt% graphene and 
97 wt% nanostructured Al2O3/3 % TiO2 powders) were prepared using a 
Turbula rotative mixer for 5 h at 300 rpm. A HORIBA Jobin. 

2.2. Thermal spraying procedure 

The flame spraying of the bonding layers and nanostructured 
ceramic samples Al2O3/3 % TiO2 and Al2O3/3 % TiO2 + 3 % graphene 
was performed using an OF torch with a neutral oxyacetylene flame 
(CDS-8000, Castolin Eutectic). The parameters of the thermal deposition 
process for both coatings are listed in Table 1. Before the thermal 
spraying operation in order to eliminate grease and oxide surface 
contamination, and to improve the adherence between the coating and 
the substrate, the surfaces of the specimens were degreased with acetone 
and alcohol and grit-blasted with corundum particles (99.6 % purity and 
36-mesh grit size) for 1 min at 0.2 m and an incident angle of approxi-
mately 45◦, under an air pressure of 6 kg/cm2. The objective of this step 
was to obtain a surface with a mean roughness of approximately Ra ≈ 6.1 
± 0.5 μm as measured using an optical surface profiler (Sensofar PLu 
2300). This activation (roughening) operation enabled mechanical 
bonding (adhesion) between the coupling layer and the base metal 
substrate. 

2.3. Microstructure 

The coated samples were cut using a precision diamond blade saw 
and cold-mounted onto a polyester resin. Subsequently, the ceramic 
finish layer surface (Al2O3/3 % wt% TiO2 and Al2O3/3 % wt% TiO2 + 3 
(wt% GNPs) cross sections were ground and polished using standard 
metallographic techniques. The diamond slurry polishing was per-
formed in three sequential steps, using grain sizes of 6, 3, and 1 μm; 
finally, the specimens were lapped with Al2O3 paste and ultrasonically 
cleaned with acetone for 15 min. 

Cross-sectional metallographic samples were prepared to quantita-
tively evaluate the porosity of the produced deposits. Optical micro-
scopy images of the cross sections were studied. The coated specimens 
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were sectioned perpendicular to the ceramic top coating surface using 
the diamond cutting disc technique. The samples were prepared ac-
cording to ASTM E1920. The microstructures of the ceramic-deposited 
coatings, in terms of polished surfaces and cross sections, were ana-
lysed using optical microscopy, SEM (JOEL 7001 F EDX-WDX Oxford) 
and energy dispersive spectroscopy (EDX) on the cross-section of a 
sample hot-mounted in epoxy resin. The phase identification of the 
feedstock powder and deposited coatings was conducted using a 
Siemens D5000 type X-ray diffractometer (XRD) with monochromatic 
nickel filtered Cu-Kα radiation at 20 mA and 35 kV. The scanning speed 
and goniometer range were chosen 2◦/min and 2–70◦, respectively. For 
the deposited coatings, the volume fractions of each phase were calcu-
lated using the Pearson VII function in the Origin software (OriginLab 
Company, Northampton, MA, USA) according to the integrated areas of 
each phase on the corresponding XRD patterns. The equation used is as 
follows: 

Vf ,i =
Ai

∑
Ai

(1) 

HORIBA Jobin Yvon Raman spectrometer configured at 514.5 nm 
emission was used to characterize some coated sample cross-sections. 

The localization of the analysis spot of the argon-ion laser was driven 
by an optical microscope (Nikon LV-100) under dark field illumination. 

2.4. Microhardness and tribology characteristics 

Vickers microhardness indentation measurements were performed 
along the cross section of the nanostructured ceramic Al2O3/3 % TiO2 
and Al2O3/3 % TiO2 + 3 % graphene platelet coatings using an HMV 
Shimadzu Microhardness tester according to ISO 6507. The micro-
hardness profile across the cross section of the nanostructured ceramic 
coatings was obtained in accordance with the standard test method 
ASTM E384 by applying a 100 g load for 15 s. Six measurements were 
performed at each distance, and the average values were computed in 
this study. The counterpart disc sample composed of quenched and 
tempered F-5220 steel (average hardness = 930 H V, mean surface 
roughness = 0.25 μm and density of 7850 kg/m3) was used to perform 
the tribological tests. 

The tribological performance of the top-deposited nanostructured 
ceramic coatings was evaluated using a TE79/P pin-on-disc multi-axis 
tribometer (Plint and Partners) for unidirectional sliding under labora-
tory conditions. Ten drops per minute of the mineral oil, CUT-MAX 110 
(viscosity = 100 ± 0.1 cSt at 40 ◦C and density = 0.880 g/cm3 at 15 ◦C), 
were applied to the contact area. The friction coefficients and tribo-
logical test parameters are listed in Table 2. 

The wear test parameters are summarized in Table 2. The tests were 
interrupted at each 60 m test run in order to determine the variation in 
mass loss over a total sliding distance of 180 m. The wear loss of the pins 
or disc was determined gravimetrically by using a microbalance, and 
ultrasonic cleaning was carried out for each of them (pins and disc). The 
weight variation of the specimens after the test completion was 
measured as a decrease in the weight of pins and disc in grams. Volume 

Fig. 1. a) SEM images of both types of ceramic feedstock powder: a) unmodified nanostructured Al2O3/3 % TiO2 and b) modified nanostructured Al2O3/3 % TiO2 +

3 % GNPs; c) details of GNPs distribution, d) magnified view of graphene morphology, and e) EDX microanalysis of graphene. 

Table 1 
Thermal spray parameters.  

Torch 
velocity 
(m/s) 

Sprayed 
alloy 

Preheating 
stroke Nº 

Spray 
stroke 
Nº 

Spraying 
distance 
(mm) 

Compressed 
air pressure 
(bar) 

67.5 Rototec 
51,000 

1 1 150 1.5 

67.5 97/3 0 6 85 3  
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loss (mm3) of the samples was calculated by dividing weight loss by 
density of the coating. The coating density was calculated using Archi-
medes principle, (in accordance with the ISO 21714:2018). The density 
of unmodified and modified coatings was found to be 1990 kg/m3 and 
2480 kg/m3, respectively. 

Wear rates were calculated using the mean measurement value of 
ceramic coatings and steel disc in terms of the volume of the coating 
material removed per unit load and sliding distance, in unit of mm3⋅N− 1 

m− 1. At least three wear tests were performed for each type of ceramic 
coating and their results were reproducible within 5 %. 

3. Results and discussion 

3.1. Cross-sectional observation 

Cross-sectional SEM images of the OF-sprayed nanostructured 
Al2O3/3 % TiO2 coating and that modified with 3 % graphene are shown 
in Fig. 2a and b respectively. The effective bonding with the substrate 
and the absence of delamination indicate that the processing parameters 
selected in this study facilitated the deposition of high-quality coatings 
via the OF technique. As can be seen, both ceramic coatings exceeded 
510 μm in thickness and a typical mechanical bonded form between the 
ceramic coating/bonding layer/substrate base metal, and the interface is 
quite uneven. The deposited coatings exhibited typical microstructures 
that are commonly observed in thermal spray coatings. 

Typical defects of OF-deposited coatings (pores and microcracks) 
were observed in the studied coatings. The unmodified Al2O3/3 % TiO2 
coating had inherent pores, voids, and cracks (Fig. 3a). Pores and ver-
tical cracks were easily observed. Vertical microcracks emerged in the 
coatings because of the deformation mismatch between the cold splats 
deposited in the initial stages during the build-up of the coating and the 
hot splats deposited in the subsequent stages [28]. The main cause of 

defects in OF-sprayed ceramic coatings has been identified as residual 
thermal stress, resulting in cracks and relatively low-impact kinetic 
energy of unmolten or semi-molten particles, which are responsible for 
the appearance of pores [29]. A cross-sectional view of the modified 
Al2O3/3 % TiO2 coating (Fig. 3b) reveals that the initial pores were filled 
with a substantial amount of the powder material. The enlarged image in 
Fig. 3d indicates that the morphology of the composite powders 
deposited inside the PM zones (partially melted) is similar to that of the 
feedstock powders generated outside the coating under the same con-
ditions. These zones are surrounded by a fully melted (FM) matrix. 

Fig. 3c and e presents the qualitative chemical microanalysis based 
on EDX patterns for various zones in the unmodified nanostructured 
Al2O3/3 % TiO2 and modified coatings, respectively. The areas domi-
nated by (G, H, and I) confirm the presence of graphene (wt%) in the 
modified coating (Fig. 3e and f). 

3.2. Porosity evaluation 

The formation and development of porosity during the thermal 
spraying of coatings is primarily attributed to improper fusion between 
the spray feedstock particles or the generation of gaseous expansion. As 
all spray parameters were steadily maintained for both ceramic coatings, 
the determination of the porosity and its distribution was crucial to 
observe the effect of graphene aggregation and the suitability of the 
coating for its intended purpose. Both samples were cold mounted in 
epoxy, roughened and polished (see section 2.3). SEM images were used 
for microstructural observation and porosity evaluation. The cross sec-
tions of the coatings were analysed using Image-Pro Plus software to 
calculate the porosities of both coatings. The coating porosity was 
measured based on the optical images obtained from different locations 
(Fig. 4a–and b). The reported values indicate the average porosities. The 
measured porosity of the unmodified ceramic coating was approxi-
mately 25.1 %; after adding graphene, the porosity of the coating 
decreased to approximately 6.6 %. 

The porosity of OF-deposited coatings is strongly related to the 
spreading behaviour of molten droplets of Al2O3/3 % TiO2. Thermally 
sprayed coatings are formed by the deposition of completely melted 
and/or semi-melted droplets. Most of the pores on the surface of the 
(ceramic) coating consist of unmelted particles, primarily because the 
alumina (Al2O3/3 % TiO2) particles approach the nanometre size 
(feedstock powder size). Moreover, the porosity of the agglomerated 
powder limits the heat transfer to the centre during the heating and 
flight of the droplet, resulting in external melting and some unmelted 
alumina powder inside the agglomerated powder. When the droplet 
strikes the substrate, the unmelted alumina powder bounces and adheres 

Table 2 
Friction coefficients and tribological test parameters.  

Parameters Values Friction and wear 
test 

Stribeck curve test 

Load (N) 20 3, 6, 9, 12, 15, 18 and 21 
Slip radius (mm) 35 35 
Sliding velocity (m/ 

s) 
0.07 0.04, 0.07, 0.11, 0.14, 0.18 and 

0.21 
Sliding time (s) 3800 660 
Distance (m) 271 600 
Temperature (◦C) 20 20 
Relative humidity 

(%) 
52 52  

Fig. 2. Typical SEM cross-sectional micrographs of cross section showing the thickness of coatings deposited via the OF technique; a) Al2O3/3 % TiO2 and b) Al2O3/ 
3 % TiO2 + 3 % graphene. 
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to the lamellar surface. The unmelted ceramic particles markedly affect 
the deposition of the subsequent droplets, resulting in coatings with 
higher porosity. Combined with the low thermal conductivity of 
alumina, the gaps in the collision area are partially filled by the 
outwardly diffusing liquid, thus forming pores. Additionally, the incor-
poration of graphene with high thermal conductivity (5000 W/m K) and 
specific surface area to ceramic coatings with low thermal conductivity 
(36 W/m K) provides additional surface-active sites to improve the 
bonding strength between graphene and the other materials [30]. 
Owing to its exceptionally high thermal conductivity and heat dissipa-
tion, graphene facilitates the movement of gases in the nanostructured 
ceramic (Al2O3/3 % TiO2 + 3 % graphene) coating during thermal 
deposition and reduces the porosity [31]. 

Furthermore, the effect of GNPs addition on the value of surface 

parameters (Rk, Rpk, Rvk, Mr1, Mr2) of both coatings was studied. The 
functional parameters were determined using Abbott-Firestone curve. 
The three functional parameters, Rpk (the first region of contact), Rk 
(the working region of contact or the core height) and Rvk (the lubricant 
retention region or the valley depth), selected for evaluating the 
topography of unmodified and modified coatings are presented in 
Fig. 5a and b, respectively, as they are extracted from the coatings curve 
for a 2D profile. The using of Abbott-Firestone curve is considered 
necessary method to represent the distribution of the height of peaks and 
valleys in the roughness profile, and it is important to introduce specific 
characteristics related to surface integrity and functional requirements 
for certain application. 

The highest values of Rpk and Rk were obtained with the unmodified 
(with higher porosity contain) coating. The Rpk parameter decreased 

Fig. 3. SEM cross-sectional microstructure of Al2O3/3 % TiO2 coatings deposited by OF: a) unmodified and b) modified with 3 % graphene platelets; c) EDX 
elemental distribution of different zones; d) high-magnification image of the modified coating; e) EDX of graphene; f) detail of graphene localization. 
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with the modified coating from 0.52 to 0.3 and the Rk from 1.98 to 1.22. 
Relatively similar values of the Rvk (1.32 and 1.34 for unmodified and 
modified coatings respectively) parameters are obtained with both 
coatings. This can be explained by the fact that the profiles of both 
surface coatings are characterized by the similar sharp depressions, 
which is probably favorable for the obtained dependencies. While, Mr1 
and (100-Mr2) represent the portions of the surface covered by peaks 
and valleys, respectively, and define the two black regions. Rpk and Rvk 
represent the height of the triangles having the same area of those re-
gions. In tribology, Mr2 represents the load-bearing surface. 

3.3. X-ray diffraction analysis 

The main crystalline phases that occurred during the change from 
the spray feedstock powder to the deposited state were analysed using 
the X-ray diffraction (XRD) patterns of nanostructured Al2O3/3 % TiO2 
and Al2O3/3 % TiO2 + 3 % graphene. As shown in Fig. 6a and b, the XRD 
results of the initial nanostructured powder Al2O3/3 % TiO2 and as- 
sprayed coatings were in good agreement with previously reported 
findings, as the typical peaks predominantly consisted of stable rhom-
bohedral (a = 4.759; c = 12.991 Å) α-Al2O3. The rutile phase of TiO2 and 
metastable Al2TiO5 phase with a pseudobrookite structure were 

observed in the nanostructured powder and deposited coating. The low 
intensity of the TiO2 peak is probably because most of the Ti ions dis-
solved in the Al2O3 crystal lattice or defects [32]. However, Al2TiO5 in 
the initial powder is considered to have formed during crushing and 
fusing. The partial transformation of α-Al2O3 to cubic γ-Al2O3 (a = 7.9 Å) 
and tetragonal or orthorhombic δ-Al2O3 in the deposited coating can be 
attributed to the thermal spraying parameters and heat conditions 
during cooling process. Vreeling et al. [33] reported that a cooling rate 
of 400 K/s (400 ◦C/s) is sufficiently high to form the metastable γ-Al2O3 
phase. Moreover, the amount of γ-Al2O3 is primarily determined by the 
actual cooling rate between 1200 K (926.85 ◦C) and 800 K (526.85 ◦C), 
wherein γ-Al2O3 is formed. Because of rapid cooling, the atoms cannot 
be arranged to form stable α-Al2O3; consequently, the disordered 
γ-Al2O3 phase is formed. Above approximately 1200 K (926.85 ◦C) 
α-Al2O3 is formed [33]. At temperatures exceeding 800 K (526.85 ◦C), 
γ-Al2O3 is topotactically transformed into tetragonal δ-Al2O3 [34,35]. 
Generally, δ-Al2O3 is considered to require less thermal activation and is 
the preferred type of phase to form at the lower range of 
high-temperature treatment [36]. The XRD patterns of the 3 % graphene 
feedstock and coatings are shown in Fig. 6b. A peak attributed to gra-
phene was detected in the powder and the modified deposited coating. 
The diffraction peak intensity and width of the graphene were higher in 

Fig. 4. Optical microscopy images of the cross sections of the deposited coatings; a) nanostructured Al2O3/3 % TiO2 and b) Al2O3/3 % TiO2 + 3 % graphene coatings.  

Fig. 5. Abbott-Firestone curves, the set of functional parameters Rpk, Rk and Rvk of; a) unmodified nanostructured Al2O3/3 % TiO2 and b) modified coating 
nanostructured Al2O3/3 % TiO2+3 % GNPs. 
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the powder than in the deposited coating. Compared to the unmodified 
and modified powders and coatings, no appreciable phase modifications 
were detected after the addition of graphene. 

Based on the XRD pattern of the deposited coatings, the volume 
fractions of the phases were calculated considering the integrated peak 
areas of each phase on the corresponding XRD patterns [37,38]. Prac-
tically no changes were observed in the volume fractions of the different 
phases in both ceramic coatings (Table 3). Additionally, the ratio of the 
three Al2O3 phases in the coating is due to the heat conditions during the 
cooling process of the deposited coating [39–42]. 

The weak intensity peak of graphene in the XRD pattern indicates 
that product purity nature and less amount of graphene was 

incorporated in the Al2O3 crystal framework. Fig. 7a and b, show the 
graphene platelet dispersed in the Al2O3 coating matrix. Fig. 7c, shows 
the observed Raman spectra for the modified coating. Spectra for gra-
phene exhibit sharp peaks at the wave numbers of 1350, 1554 and 2750 
cm− 1 representing D, G, and 2D bands respectively. 

3.4. Microhardness investigation 

The evolution of the microhardness profile of the ceramic coating 
surface towards the bonding layer and base metal substrate for both the 
unmodified nanostructured Al2O3/3 % TiO2 coating and that modified 
with 3 % graphene is shown in Fig. 8a. Microhardness measurements 
were performed five times at each point. Features such as porosities and 
their orientation and the unmelted and/or semi-molten content were 
found to affect the microhardness of the deposited coatings produced via 
thermal spraying [43]. The difference between the hardness of the 
coatings and that of the substrate was evident. The fluctuation in the 
microhardness along the cross section is associated with structural 
changes in the cross section of the coatings [44]. After adding 3 % 
graphene to the nanostructured Al2O3/3 % TiO2, the microhardness of 
the coatings was approximately 1471 ± 52 H V, which was 

Fig. 6. XRD patterns of nanostructured Al2O3/3 % TiO2: a) unmodified and b) modified with 3 % graphene, feedstock spraying powder, and deposited coatings.  

Table 3 
Volume fraction (vol%) of each phase of the deposited coatings calculated using 
integral areas from the XRD patterns.  

Coating α-Al2O3 δ-Al2O3 γ-Al2O3 TiO2 Al2TO5 Graphene 

Al2O3/3%TiO2 62.9 3.2 25.1 5.9 3.0 0.0 
Al2O3/3%TiO2 

+ 3%Gr 
60.1 2.4 27.6 7.5 2.0 0.3  
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approximately 1.15 times higher than that of the unmodified coatings 
(1284 ± 72 H V) (Fig. 8b). The coating containing 3 % graphene 
exhibited the highest microhardness. This is because graphene-modified 
nanostructured Al2O3/3 % TiO2 coatings are denser (lower porosity) 
[45] and have a higher ability to resist plastic deformation by 

indentation, which in turn results in higher microhardness values for the 
Al2O3/3 % TiO2 + 3 % graphene coatings. 

Fig. 7. a) SEM micrographs of GNPs embedded in the Al2O3 matrix of Al2O3/3%TiO2 + 3 % coating. b) detail of graphene localization and c) Raman spectra of pure 
graphene (D, G and 2D bands) acquired on the Al2O3/3 % TiO2/3 % graphene coating. Analysis was performed on the cross-section of the polished samples. 

Fig. 8. Microhardness profiles of the deposited ceramic coatings; a) microhardness distribution over the cross section and b) histogram of the average micro-
hardness values. 
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3.5. Tribological analysis 

3.5.1. Friction and wear behaviour 
The friction coefficient due to a hard ceramic material sliding on a 

steel surface with lower hardness is determined based on the deforma-
tion during the mutual mechanical interaction between the asperities of 
the hard ceramic coating surface with the soft steel surface. Because the 
ceramic sample surface is harder than the steel disc surface, when the 
ceramic pin is pressed into the steel disc, the asperities of the ceramic pin 
coating surface may penetrate and plough the steel disc surface and 
produce grooves at the sliding contact interface if the shear strength is 
exceeded. 

Fig. 9 shows the friction coefficient evolution of the nanostructured 
Al2O3/3 % TiO2 and Al2O3/3 % TiO2 + 3 % graphene nanoplatelet- 
deposited coatings against conventional hardened and tempered F- 
5220 steel discs. Both coatings exhibit the same trend: initially, the 
friction coefficient reaches a peak value, then suddenly declines, fluc-
tuates, and subsequently stabilises at a certain value. The initial friction 
coefficients of the unmodified and modified coatings were higher than 
0.123 and 0.112, respectively. After a rapid increase (running-in 
period), the friction coefficient increased to 0.124 for Al2O3/3 % TiO2 +

3 % graphene and to 0.145 for Al2O3 + 3 % TiO2 (secondary stage). For 
the coating containing 3 % graphene, the friction coefficient curve 
rapidly reached a stable state after a short run-in period (78 s). The 
friction coefficient of the unmodified coating reached a steady state at 
approximately 117 s, which is an increase of over 48 % compared with 
that of the modified coating. After 3800 s, scratches were observed on 
the steel disc as a series of grooves parallel to the sliding direction. The 
increase in the friction coefficient in the first stage could be attributed to 
the shear deformation of the contact point between the nanostructured 
Al2O3/3 % TiO2 and the steel disc and/or friction from scraping a trench 
on the surface. Furthermore, the addition of 3 % graphene to Al2O3/3 % 
TiO2 drastically reduced the friction coefficient between the friction 
pairs. This reduction possibly occurs because of the low shear and highly 
protective nature of graphene. Additionally, the synergistic effect be-
tween graphene and the liquid lubricant used in this study could 
improve the rheological characteristics and wettability of the lubrica-
tion layer, which may enhance the interfacial separation between the 
ceramic coating and steel counterfaces [46]. Many other advantages are 
derived from the high thermal conductivity, chemical reactivity, excel-
lent mechanical strength, low surface energy, atomic smooth surface, 
and load transfer of graphene; consequently, the microstructure and 
properties of nanostructured Al2O3/3 % TiO2-based friction materials 

are substantially improved [47]. Additionally, the dispersion of gra-
phene in the alumina matrix improves the bonding strength with the 
lubricating oil, which can considerably affect the tribological properties 
of the friction pairs. Furthermore, during the friction process, graphene 
nanoplatelets can be attached to asperities and friction-induced defects 
to repair worn surfaces and improve the tribological properties. More-
over, the elevated pressure and temperature in the interface during the 
friction process cause graphene to break into small fragments, which 
facilitate the mending of grooves and local pits, thereby promoting the 
repair effect [48]. 

As shown in Fig. 9, the energy dissipation (tribocontact friction 
losses) should exhibit an inversely proportional relationship with gra-
phene addition. According to Chen et al. [49], the energy dissipation 
during the friction test can be evaluated as follows: 

E=Fn • v
∫

μ v dt  

where Fn is the applied friction load (20 N), v is the linear velocity (0.07 
m/s), and μ is the average kinetic friction coefficient during a travel time 
of 3800 s. As shown in Fig. 7, the energy consumed by the unmodified 
coating was 771 J; after adding 3 % graphene, the energy consumed was 
reduced to approximately 662 J. 

Regarding the wear behavior, Fig. 10a and b displays the wear rate as 
a function of sliding distance. It can be observed that the addition of 3 % 
of GNPs to nanostructured Al2O3/3 % TiO2 lowered the average wear 
rate of the ceramic pin by about ~46 % (changing from 3.49 E− 04 ± 8. 
47 E− 05 to 1.90 E− 04 ±4.32 E− 05 mm3/Nm), and the counterpart steel 
disc by approximately 18 % (changing from 3.57 E− 03 ± 6.84 E− 04 to 
2.93 E− 02 ± 5.55 E− 04 mm3/Nm). This result shows that the modified 
coating possesses the most excellent anti-wear performance compared to 
the non-modified coating. That is because the thin graphene sheets allow 
good adsorption on the rubbing surfaces, greatly improving friction 
reduction and anti-wear abilities. These results evidence that the tri-
bosystem evolved from severe (nonmodified coating) to mild (modified) 
wear by introducing just 3 wt% of GNPs fillers into nanostructured 
Al2O3/TiO2 ceramic matrices [24]. 

The surface morphologies, characterized by SEM and optical mi-
croscopy (OM), of wear tracks of ceramic coatings and the steel disc are 
shown in Fig. 10 c and d, respectively. It can be observed that the wear 
track width has been reduced with the addition of 3 % GNPs. The worn 
surfaces of nanostructured Al2O3/3 % TiO2 coating and the counterpart 
steel disc acquired denser wear scars and grooves, dominated by an 
three-body abrasive wear mechanisms, while the worn surface of 

Fig. 9. Friction coefficient evolution of Al2O3/3 % TiO2 and Al2O3/3 % TiO2 + 3 % graphene coatings deposited against F-5220 hardened and tempered steel under 
lubrication conditions and energy dissipation during friction tests. 
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nanostructured Al2O3/3 % TiO2 + 3 % GNPs appears smaller and has a 
smoother wear scar. The surface damage of the steel disc may be 
attributed to the particles (debris size) generated in the friction process, 
showing scratches consistent with the sliding direction. The wear 
mechanism dominated by abrasive wear provides greater friction 
resistance of modified coating, thus decreasing the friction coefficient 
and wear rate. 

3.5.2. Investigation of lubrication regimes using the stribeck curve 
The Stribeck curve plays a fundamental role in identifying the 

transition between different lubrication regimes: boundary, mixed, 
elastohydrodynamic, and hydrodynamic. This curve plots the friction 

coefficient, and μ is expressed as a function of the non-dimensional 
Hersey number (Hs), which only includes the operating parameters; 
(Hs = η. v/Pa), where η, v, and Pa denote the dynamic viscosity, speed, 
and apparent stress, respectively. 

The results of the friction experiments are shown in Fig. 11. This test 
was used to evaluate the tribological performances of nanostructured 
Al2O3/3 % TiO2 and Al2O3/3 % TiO2 + 3 % graphene under different 
conditions. Both coatings demonstrated a decrease in the friction coef-
ficient with Hs, revealing fluid film entrainment and the formation of a 
partial hydrodynamic film until the friction coefficient reached a mini-
mum value. The coatings clearly showed the minimum value of the 
friction coefficient, indicating the transition between full fluid-film 

Fig. 10. Average wear rate variation of a) nanostructured Al2O3/3 % TiO2 and b) Counterpart steel discs, c) SEM micrographs of Al2O3/3 % TiO2 composite without 
and with 3 % GNPs reinforcement coatings and d) optical micrographs of discs wear track. 

Fig. 11. Stribeck curves of OF-deposited Al2O3/3 % TiO2 and Al2O3/3 % TiO2 + 3 % graphene with transitions from BL to ML regimes.  
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lubrication and some solid asperity interactions (ML regime). BL con-
ditions corresponded to low values of Hs, whereas full film lubrication 
conditions occurred at high Hs values (EHL); the intermediate values 
corresponded to ML. Transitions between the lubrication regimes of the 
unmodified coating (nanostructured Al2O3/3 % TiO2) occurred at Hs =

3.09 × 10− 6 for BL–ML under 12 N load at 0.21 m/s with a friction 
coefficient of 0.1. The maximum value of Hs was 1.24 × 10− 5 under 3 N 
load at 0.21 m/s with a friction coefficient of 0.006, whereas the tran-
sition from BL to ML for (nanostructured Al2O3/3 % TiO2 + 3 % gra-
phene) occurred at Hs = 7.86 × 10− 7 under 9 N load at 0.04 m/s with a 
friction coefficient of 0.1. The maximum value of Hs was 1.24 × 10− 5 

under 3 N load at 0.21 m/s with a friction coefficient of 0.005. 
Both Stribeck curves have a typical shape with three lubrication re-

gimes can be identified and a well-developed minimum friction coeffi-
cient value that is consider to divide the elastohydrodynamic (EHL) from 
the mixed (ML) and boundary lubrication (BL) regimes. The position of 
the minimum in each curve is similar within the experimental error and 
shows that the presence of graphene in Al2O3/3 % TiO2 does not in-
fluence the transition positions on the Hs axis. The optimal results in 
terms of the friction coefficient reduction are obtained for samples of 
nanostructured Al2O3/3 % TiO2 + 3 % graphene. The friction coefficient 
values are affected by the detachment of graphene nanoplatelets from 
the ceramic coating to the oil lubricant, which can lead to the formation 
of a continuous lubrication layer that can separate the contact surfaces; 
furthermore, a tribofilm is formed owing to the interaction between the 

graphene molecules and the contact surfaces [50]. 
Based on the above analyses, the nanostructured Al2O3/3 % TiO2 +

3 % graphene coating exhibits excellent tribological characteristics 
owing to the presence of a well-covered lubricating layer and graphene 
transfer films on the surface of the friction pairs (ceramic pin and 
metallic disc). The formation of the lubricating layer and graphene 
transfer films during sliding may proceed as follows:  

a) During the initial stages of sliding, a linearly decreasing slope 
(negative) is observed between the friction coefficient and Hs in the 
BL zone (Fig. 12a); the surface asperities of the Al2O3/3 % TiO2 and 
Al2O3/3 % TiO2 + 3 % graphene coatings rapidly separate under an 
extremely high initial contact pressure and low speed, resulting in 
the formation of wear debris particles. In the subsequent sliding 
cycles, most of the wear particles are accumulated in the pores of the 
coating, and the pull-out graphene (modified coating) in the smaller 
pores and grain boundaries is released at the friction interface. 
Meanwhile, a portion of the GNPs is transferred to the frictional pin 
ceramic and metallic disc surfaces. For the modified coating with a 
lower pore size distribution, a fraction of the detached graphene is 
distributed over the contact surfaces, forming a tribofilm, and the 
remaining fraction is dispersed in the lubricating oil because of the 
synergistic effect of the graphene nanoplatelets. Consequently, the 
modified coating exhibits an enhanced tribological performance. 

Fig. 12. Detail of the Stribeck curve: a) BL zone (negative linear slope) and b) ML zone (exponential trendline).  
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b) The higher Hs value in the BL zone corresponding to the unmodified 
coating indicates the effect of the wear debris size on abrasive wear. 
When the wear debris size is larger than the roughness of the sliding 
surface, abrasive wear occurs owing to the wear debris and an 
insufficient lubrication effect, thereby increasing the friction force. 
However, when the wear debris size is smaller than the roughness of 
the sliding surface, as observed in the modified coating, rolling of 
wear debris occurs because the wear debris with the graphene film is 
not attached to the two contact surfaces, thereby decreasing the 
friction coefficient [51,52], reducing the Hs number, and increasing 
the negative slope of the linear function in this zone. The interlam-
inar (interface) shear slip (shear stress τ) is considered more likely to 
occur in graphene platelet, consequently improving the friction 
reduction and reducing the Hs value. Detected graphene with a 
smaller particle size is less prone to structural defects and wrinkles 
and is more easily adsorbed on the sliding surface to form a lubri-
cating film [53] and also on wear debris particles, providing 
enhanced wear (surface roughness) and frictional performance.  

c) The high hardness (high resistance to plastic deformation) of the 
modified nanostructured ceramic coating reduces the probability of 
producing cracks or other debris after the detachment of asperities 
and GNPs, which is significant for generating and improving lubri-
cating films.  

d) Through repeated sliding conditions and friction-induced localized 
heat at the interface (flash temperature), the large wear debris is 
reduced to the nanoscale and enters the lubricating film together 
with the GNPs. This can appreciably enhance the strength of the film 
and enable the formation of a converging gap between the two 
contacting surfaces into which the lubricant oil is drawn. Conse-
quently, a pressure field can be created to support the applied load 
and separate the friction pairs, resulting in a sudden decline (expo-
nential trendline) in the friction coefficient (ML zone) (Fig. 12b). 
Additionally, the detached graphene platelets that adhere to the 
Al2O3/3 % TiO2 pin and metallic disc surfaces are continuously 
graphitised, thus providing excellent solid lubrication. 

Fig. 13. Behaviour of the friction coefficient as a function of the applied load at various sliding speeds and the critical condition for the transition from BL to ML for 
Al2O3/3 % TiO2 and Al2O3/3 % TiO2 + 3 % graphene. 
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3.5.3. Critical condition for the transition from BL to ML 
Based on a previous study [54], we considered that the transition 

from BL to ML regimes occurs at a definite value of the friction coeffi-
cient (0.1). The parameters that were measured to assess the tribological 
performance of the nanostructured Al2O3/3 % TiO2 coating and the 
modified coating containing nanographene included the friction coef-
ficient and the critical load at a fixed speed of the transition from BL to 
ML regimes for the ceramic coatings. To study the effects of the load and 
speed on the tribological parameters at the pin/disc interface, the load 
was varied from 3 to 21 N to clarify the lubrication regimes. 

The variations in the friction coefficient (μ) and lubrication regime, 
as functions of the applied load at each speed, are plotted in Fig. 13, 
which depicts the change in the lubrication regime as the load increases 
under a constant speed. To clarify the effect of graphene addition to 
Al2O3/3 % TiO2 on the transition between lubrication regimes, the 
average friction coefficient was calculated by calculating the average 
value of all instantaneous friction coefficients when the friction was 
relatively stable. The lubrication regimes that graphene could provide 
for contact friction pairs of nanostructured Al2O3/3 % TiO2 and Al2O3/3 
% TiO2 + 3 % graphene versus hardened and tempered F-5220 discs 
were observed. 

The friction coefficients versus applied loads at a sliding speed of 
0.04 m/s are shown in Fig. 13a. At higher loads (12, 15, 18, and 21 N), 
both coatings can only enter the BL regimes with approximately similar 
friction coefficient values, and the critical load for the transition from BL 
to ML is approximately 9 N, because the friction coefficient decreases 
gradually when the applied load is lower than this value. This is because 
the contact stress of the frictional pairs is exceedingly high under high 
loads, and a partial fluid film cannot be easily formed owing to the 
inadequate viscosity of the oil lubricant. In the ML regime, the lubri-
cation properties of the modified coating (Al2O3/3 % TiO2 + 3 % gra-
phene) are slightly higher than those of the unmodified coating (Al2O3/ 
3 % TiO2), indicating a lower friction coefficient. This is because the 
incorporation of detached graphene and nano alumina debris particles 
can be increases the viscosity of the lubricant oil film in the interface 
between the friction pairs [55,56], thereby decreasing the friction co-
efficient and improving the tribological performance of lubricants oil. 

As shown in Fig. 13b, upon increasing the sliding speed to 0.07 m/s, 
the unmodified coating nearly maintains its friction values in the BL 
zone under loads of 12, 15, 18, and 21 N, although the critical load for 
the transition from BL to ML is approximately 9.5 N. However, the 
friction coefficient of the graphene-modified coating decreases in the BL 
zone under loads of 15, 18, and 21 N, and the critical load for the 
transition from BL to ML is approximately 13.5 N. The remaining loads 
and resulting friction values correspond to the ML regime. 

As shown in Fig. 13c and d, the critical loads for the transition from 
BL to ML for the unmodified coating, within the sliding speed range of 
the tests (0.11 and 0.14 m/s), are approximately 10 and 11 N, respec-
tively. In contrast, for the modified coating, the friction pairs can enter 
the ML regime under critical loads of 19 and 20.5 N. 

Under sliding speeds of 0.18 and 0.21 m/s, the critical load for the 
transition is approximately 12.5 N for the unmodified coating. However, 
the modified coating demonstrates that the friction coefficient decreases 
as the sliding speed increases, and the lubrication regime gradually 
changes from BL to ML under all applied loads, (Fig. 13e and f). This is 
because the incorporation of graphene into the oil lubricant substan-
tially improves the lubrication performance of the friction pairs owing to 
its ability to form a boundary film [57], thus reducing the friction co-
efficient, enhancing heat dissipation, and optimising load distribution. 
Furthermore, the microscopic interactions between graphene and liquid 
lubricating oil molecules markedly affect the rheological and tribolog-
ical properties of the solid–liquid lubricating system [58]. Graphene can 
be stably adsorbed (or can interact with a smooth surface) on rubbing 
surfaces lubricated by a base oil, which confirms that graphene can form 
a physical deposition film on rubbing surfaces [59]. 

In addition to the lower friction coefficient obtained with the 

graphene-containing nanostructured Al2O3/TiO2 compared with that of 
the unmodified nanostructured Al2O3/TiO2 coating under all the tested 
conditions, a major difference is the formation of a lubricant layer with 
improved stability and continuity; moreover, the applied load is 
completely supported by the thin lubricant layer, where the bulk 
property of the lubricant and entrainment velocity of the tribo-pairs 
determine the film thickness and friction coefficient. The enhancement 
of the dispersity and stability of the lubricant layer is crucial for its 
tribological performance and unique functionality, thus improving the 
longevity and energy conservation of industrial components. The testing 
results (Fig. 13a–f) indicate that, with the modified ceramic coating, a 
continuous lubricant film with a higher load-carrying capacity is only 
formed under severe test conditions (higher loads and lower velocities). 

To better understand the difference in the tribological behaviour, we 
studied the surface roughness evolution of the worn surfaces of the 
deposited coatings after a distance of 600 m (Table 4). The addition of 
graphene nanoplatelets to the nanostructured Al2O3/3 % TiO2 reduces 
the material removal of the friction pairs and the root mean square of the 
surface roughness of the contacting surfaces. This is because the addition 
of 3 % graphene to Al2O3/3 % TiO2 results in the lowest surface 
roughness of both the ceramic pin and metallic disc, indicating that the 
addition of graphene improves the wear resistance of the coating. A 
previous study [60] demonstrated that cracks could scarcely penetrate 
graphene because of its strength. When the graphene is adequately 
separated in the coating, some cracks are blocked by GNPs or the 
pathway is changed. This prevents the coating from prematurely spal-
ling. The decrease in debris size results in a low surface roughness of the 
friction pairs. The higher scratching (surface roughness) observed in the 
friction pair of the unmodified nanoceramic coating/metallic steel disc 
can be attributed to the low motion of debris particles [61,62]. The ef-
fect of debris on the tribological behaviour depends on the size variation 
and wear debris distribution [63]. 

In order to explain the mechanisms that take place during the 
tribological process, as well as the role played by the addition of gra-
phene in the friction coefficient, the worn surfaces were analysed by 
EDX techniques. In terms of friction, there is a general consensus that 
relates the better friction performance of ceramic/graphene composites 
with the formation of a lubricant carbon-rich tribofilm. In the present 
work, the presence of this tribolayer was also confirmed, by SEM mi-
croscopy. Fig. 14a and b, shows that under high applied loads and 
localized heat (flash temperature) during friction test, graphene sheets 
from nanoplatelets are pulled under shear (exfoliation) and become 
interacted with overlapping friction surfacing to form an ultrathin gra-
phene tribofilm (spot 1). The composition of this layer was fundamen-
tally based on carbon. Likewise, it also contained ceramic elements 
(from the Al2O3 matrix (spot 2 and the steel debris counterbody (spot 3), 
Fig. 14c, since, during the sliding process, the carbonaceous and ceramic 
debris mix and compact to form tribofilm, which serves both as a solid 
lubricant and as a protecting film and reduces the friction coefficient. 
These results are in quite good agreement with the previously reported 
mechanism for the tribofilm formation during friction process [64–67]. 

Raman spectroscopy was used to confirm that this excellent tribo-
logical behavior of the modified coating is attributed to the presence of 
graphene and alumina debris particles in the lubricant oil Fig. 15a, 
confirming the combination of alumina and graphene within the lubri-
cated oil. Al2O3 shows peaks ranging from 200 to 1200 cm− 1. Peaks at 
360, 502, 899, 1094 and 1118 are identical to the established data, 

Table 4 
Final surface roughness of ceramic pins and disc after tribology tests.  

Coatings Pin final Ra 

(nm) 
Disc final Ra 

(nm) 
Final σ 
(Ra_pin

2 +Ra_disc
2 )1/2 

Al2O3/3%TiO2 875 683 1110 
Al2O3/3% 

TiO2+3%Gr 
622 516 808.2  
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which confirms that the material is Al2O3. The bands that appeared 
between 240 and 500 cm− 1 is associated with Al–O vibration stretching 
and the high intensity bands above 500 cm− 1 arise from the stretching of 
hydroxyl groups. Moderate and low-intensity bands appear in the same 
range indicating deformation of hydroxyl groups [68]. Graphene is 
represented by the bands at 1351, 1579, and 2712 cm− 1, Fig. 15b. The 
characteristic peaks at D-band and G-band, are the main features of sp2 

crystalline graphitic structures and confirm their presence in modified 
composites. While the D peak second order changes in shape, width, and 
position for an increasing number of layers, reflecting the change in the 
electron bands via a double resonant Raman process. 

4. Conclusions  

1. The tribological advantages of Al2O3/3 % TiO2 + 3 % graphene 
nanoplatelets were clearly demonstrated through various tribology 
tests, such as Stribeck curve analysis, friction testing at constant 
sliding speeds and applied loads, energy dissipation measurements 
during friction tests, and determination of the critical load-carrying 
capacity for the transition from BL to ML at various sliding speeds. 
The experimental results revealed a 3.8 time reduction in porosity 
contain, an approximately 15 % increase in the average microhard-
ness of the modified ceramic top layer and a decrease of 16.5 % in the 
steady-state. The significant reduction in friction coefficient suggests 

Fig. 14. SEM analysis of the tribofilm formed on the Al2O3/TiO2 + 3 % graphene composite. SEM micrographs of: a) Tribofilm formed in different zones of wear 
track; b) magnified view of tribofilm and c) EDS spectra taken in various positions. 

Fig. 15. Characterization results of nanomaterials used, Raman spectra, for; a) Al2O3/3%TiO2/G and b) graphene containing oil suspension.  
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the great potential of adding graphene nanoplatelets as an energy- 
saving approach.  

2. Although the phase volume ratio is practically the same between 
both coatings, the graphene modified nanostructured Al2O3/3 % 
TiO2 coatings exhibited higher hardness due to their lower porosity 
content. 

3. The dispersion stability and tribological enhancement of the modi-
fied coating could be attributed to several factors, including the use 
of nanosized alumina particles, the inclusion of pristine detached 
graphene as an additive in oil-based lubricants, and the synergistic 
interaction between alumina and graphene nanoplatelets in combi-
nation with lubricating oil. The incorporation of graphene decreased 
the Hs number by up to 61 %, whereas it increased the critical load 
capacity for the transition from BL to ML regimes by enhancing the 
composition and strength of the lubricant film. These improvements 
are crucial for satisfying the industrial requirements for higher loads, 
lower sliding speeds, and enhanced performance expectations in 
various engineering applications that emphasise sustainability and 
energy savings.  

4. The wear properties of the nanostructured Al2O3/TiO2 coating can 
be significantly improved through the addition of 3 % GNPs. The 
comparison of non-modified and modified ceramic-based coatings 
reveals that the modified coating reduces wear rates by forming a 
tribo-film and absorbing stress. The interaction between GNPs with 
the friction pairs and its synergistic role with the oil lubricant 
significantly reduces wear rates in modified coatings.  

5. Further investigation is necessary to examine the critical load- 
carrying capacity for the transition from BL to ML and the in-
teractions between the graphene nanoplatelets, lubricant film, and/ 
or lubricant additives. This comprehensive exploration can facilitate 
the formulation of new lubricants and the design of robust tribo-
logical components to effectively integrate lubricant and ceramic 
coating technologies. This integration is essential for achieving 
optimal performance in specific industrial applications. Conse-
quently, the properties of new materials can be optimally designed 
and controlled. 
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