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Abstract 14 

This study aims to investigate the influence of varying hydrogen flow rates on the tribological 15 

properties of graphene-coated piston rings developed via chemical vapor deposition (CVD) 16 

with oil palm fiber as precursor. Graphene was derived from oil palm fiber and polystyrene 17 

with varying Hydrogen (H2) flow rate in the CVD process i.e, 200, 400, 600 and 800 sccm and 18 

deposited on piston rings. The tribological tests were conducted using a high-frequency 19 

reciprocating rig (HFRR) according to ASTM G181 – 11 engineering standards. The load of 20 

10N was kept constant for each test and the test was performed till 300m sliding distance was 21 

attained. Among all four hydrogen flow rates, it was observed that graphene-coated piston ring 22 

developed with 600 sccm and 800 sccm hydrogen flow rates show enhanced tribological 23 

properties when derived from 100 wt% of oil palm fiber and polystyrene respectively. The 24 

coated piston ring results were compared with non-coated commercially used piston rings and 25 

it was found that the coefficient of friction and wear rate of 600 sccm oil palm fiber based 26 

graphene coated piston ring was reduced by 20% and 70% respectively as compared to 27 

uncoated piston ring.   28 

 29 
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1. Introduction: 31 

The quest to improve materials and enhance their properties is driven by the desire to obtain 32 

the most efficient, economical and sustainable solutions. Studies have shown that 33 

approximately 23% of world’s energy consumption is due to wear and friction in machine parts 34 

[1]. In a typical fired engine, mechanical friction consumes approximately 4% to 15% of the 35 

total fuel energy. Friction losses are predominantly concentrated in three components: the 36 

piston-ring-liner interface, the crankshaft, the valvetrain mechanism and the bearing assembly 37 

[2]. Among which the friction loss in piston ring reaches up to 26% of total friction losses[3]. 38 

[3]In an IC engine, there are usually three piston rings, all having their own functionality. 39 

Sealing of the combustion chamber is done by the gas ring, the second is the compression ring 40 

and the sweeping of excess oil from the inner surface of the cylinder liner is done by the scraper 41 

ring [4]. Among the key characteristics of piston rings sealing combustion gases within the 42 

cylinder chamber is important as it restricts the mixing of engine oil with the fuel thus 43 

contributing directly towards carbon dioxide emissions. However, piston rings operate under 44 

harsh conditions due to high thermal loads from the combustion gases. To ensure durability 45 

and reliability, the material of the piston ring must have good sealing properties, high-46 

temperature resistance, wear resistance and a low friction coefficient [5]. 47 

As a result, minimizing wear and controlling friction are critical for conservation of energy and 48 

protection of the environment, and to achieve this objective, significant efforts have been 49 

devoted to developing new materials and technologies [6–8]. One of the primary challenges of 50 

minimizing wear and tear is the development of internal combustion engines, while taking into 51 

account their greenhouse gas emissions, oil depletion, and environmental pollution [9]. This 52 

leads the researchers towards finding a better material for engine components. Numerous 53 

properties of a material are checked and the one with the most desirable properties is selected. 54 

Mostly the material chosen matches the desired criteria for the selected application, but at times 55 

there are some properties that the chosen material does not possess [10].  56 

To overcome this problem, a lot of work has been carried out to enhance the properties of the 57 

material, such as alloying, surface coatings, heat treatment etc. Amongst these techniques, the 58 

development of surface coatings has contributed more towards surface property enhancement 59 

like wear resistance, adhesion, corrosion resistance, hardness, etc.[11]. The coating techniques 60 

are most cost effective, and they consume less material as thickness of coatings vary from 61 

nanometers to micrometers [12]. Due to virtue of coating techniques, self-lubricating coatings 62 
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can be utilized to reduce friction and wear, such coatings are developed by incorporating solid 63 

lubricants to the base matrix, and possess excellent mechanical, physical, and tribological 64 

properties, hence reducing the friction which leads to reduction of temperature on the contacted 65 

surface thereby, reducing the thermal loads for the surfaces [13].  66 

Solid lubricants are the most promising option in complicated zones where liquid lubrication 67 

is not feasible, such as extreme temperature applications and vacuum [14]. In the review of 68 

self-lubricating coating or materials, usually following categories of compounds are 69 

considered: polymer composite, layered materials such as Graphene, hBN etc, oxides like 70 

TiO2, PbO, etc, soft metals [15–18]. Amongst these solid lubricants, graphene is known for 71 

being strong material even if it is the thinnest material known, this is due to its strong carbon 72 

bonds [19]. Hence making it best suitable for piston ring application. Graphene research is 73 

comparatively a new field which has been showing a rapid growth after its first successful 74 

exfoliation, back in 2004 by prof Kostya Novoselov and Prof Andre Geim, from a bulk graphite 75 

at the university of Manchester [20]. Graphene has shown the most remarkable properties 76 

among other sp2 allotropes of carbon.  77 

In terms of tribology, It has proved through simulations by Xu et al. that the frictional force 78 

significantly gets reduced in few-layer graphene, as the number of layers decrease, eventually 79 

reaching zero when only two or three layers remain [21].  Mat Tahir et al. recorded a coefficient 80 

of friction (COF) less than 0.15 for graphene coating synthesized via chemical vapor deposition 81 

(CVD) method [22]. Graphene has also proved to reduce wear and friction if added as an 82 

additive in lubricating oil and has been called as green lubricant additive [23–25].  83 

Some researchers used Direct Chemical Vapor Deposition (CVD) technique to synthesize solid 84 

lubricant like graphene coating on engine piston rings [26]. There results proved that the 85 

graphene coating on piston rings via CVD method has significantly reduced the coefficient of 86 

friction compared to uncoated piston rings. Another study found that applying graphene 87 

directly as coating even with only few layers significantly enhanced the surface durability 88 

under dry sliding conditions. The graphene exhibited consistently lower COF at ambient 89 

conditions, mainting stability over thousands of sliding cycles[27].  90 

 91 

Beyond graphene coatings, several other coating techniques have been investigated to improve 92 

tribological performance of piston rings. Thermal spray coatings, such as High velocity oxygen 93 

flow (HVOF) and plasma spraying have been used lately. HVOF sprayed molybdenum (Mo) 94 
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coatings have recorded that wear loss is mostly impacted by load and primarily through 95 

abrasion [28,29]. Other comparative studies on Cr-Al2o3, CrN and Mo coatings revealed that 96 

CrN coated rings had lower wear depth but slighty higher COF [30].  97 

Researchers have been synthesizing graphene layers using various methods, including 98 

Chemical vapor deposition (CVD) technique [31–35]. Mostly during CVD process, the type of 99 

precursor of carbon used is CH4  [36–38]. Nevertheless the reliance of CVD on gaseous 100 

precursor is considered as its major limitation. Recently, bio-based carbon precursors are being 101 

used for growth of graphene. Salifairus et al. synthesized graphene on nickel sheet from palm 102 

oil through CVD technique and recorded that the graphene deposition showed excellent 103 

characteristics [39].  The flexibility of CVD coating technique allows researchers to explore 104 

and use various carbon precursors, including solid, liquid and gaseous materials. Graphene 105 

layers are developed on the surface of substrate by heating the carbon source to its gas transient 106 

point, and with the help of inert gases like, hydrogen or argon, the resulting carbon vapor is 107 

deposited onto the substrate surface [39–43]. It is due to this versatility of carbon precursors, 108 

that research area on CVD synthesized graphene has expanded. However there  are limited 109 

studies on the use of oil palm fiber (a local waste) as carbon precursor for graphene synthesis 110 

and its tribological properties are yet to be explored. 111 

The aim of this research is to develop a graphene coating on piston ring via CVD method from 112 

oil palm fiber and polystyrene as carbon precursors and investigate their tribological properties 113 

with varying hydrogen flow rates. 114 

2. Experimental Procedure 115 

2.1 Materials 116 

The list of materials used for the tests is given in Table 1. Stainless steel (SS304) samples of 117 

dimensions 15mm X 15mm were used as piston ring Counterbody for the tribological tests. 118 

Polystyrene was used as one of the carbon precursors to derive graphene via the Chemical 119 

Vapor deposition technique. 120 

 121 

Table 1: Material procurement details 122 

S No. Name Specifications Seller/Brand 

1. Oil Palm Fiber Dried Mesocarp fibers Malaysian Palm Oil Berhad, 

Malaysia. 
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2. Piston Rings Diameter: 60mm RIKEN, Riken Corporation, 

Japan. 

3. Motor Oil 0W-20 Shell helix eco fully 

synthetic 

Anglo Oriental Traders Sdn 

Berhad, Malaysia. 

 123 

2.2 Methodology 124 

2.2.1 Piston ring preparation 125 

Prior to coating deposition, piston rings were polished with sandpaper to remove the existing 126 

coating and maintain the roughness of the piston ring surface to achieve mechanical anchoring 127 

of the coating to the substrate. Piston rings were then washed with acetone in an ultrasonic bath 128 

for 5 minutes and left dried. This was done to remove the impurities on piston ring and ensure 129 

no oxide layer is present. Furthermore, hydrogen that is used in synthesis process also played 130 

an important role in removing the oxide layer on the piston ring surface. The chemical reaction 131 

involved in this process is given as: 132 

Fe2O3 + 3H2 → 2Fe + 3H2O 133 

2.2.2 Coating Development 134 

The development of coating has been depicted in Fig. 1. The synthesis process of coated 135 

samples was done using Chemical vapor deposition (CVD) process with parameters given in 136 

Table 2. The CVD chamber at furnace 2 was used for annealing the clean piston ring for 30 137 

minutes at a heating rate of 60C/min and with varying range of hydrogen flow rates from 200 138 

to 800 sccm. Hydrogen was used during the annealing process due to its property of eliminating 139 
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the oxide layer from the metal surface. 140 

 141 

Fig. 1: Schematic Diagram of Chemical Vapor Deposition Process. 142 

 143 

Table 2. CVD Process parameter 144 

Furnace 2 Furnace 1 

• Piston ring 

• Annealing temperature: 1020 degree 

Celsius 

• Time duration 30 mins 

• Heating rate: 60 C 

• Varying Hydrogen flow rate (200-

800) 

• Carbon precursor 

• Heated at 1000 Degree Celsius 

• Under atmospheric pressure 

• Continuous hydrogen flow 

• Growth time 30 mins 

• System was cooled at 80 C/min 

cooling rate. 

 

As a result, it is crucial for cleaning and crystalizing metal substrates. Moreover, molecular 145 

hydrogen plays an important role in the development of graphene on substrate surface, 146 

therefore, varying the hydrogen flow rate in CVD process would impact the quality of graphene 147 

coating. The system was cooled after the annealing process at furnace 2 and the carbon 148 

precursor material; Oil Palm Fiber (OPF)/Polystyrene (PS), was heated in furnace 1 to 1000C 149 

to generate graphene with a continuous hydrogen flow rate at atmospheric pressure. Later the 150 
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system was cooled with a cooling rate of 80C/min. The total growth time was 30 minutes. The 151 

nomenclature of piston ring samples according to the hydrogen flow rate and precursor used 152 

for their development is given by Table 3. 153 

 154 

Table 3. Sample Compositions 155 

Sample H2 Flow [sccm] Precursor 

200 OPF 200  100 wt.% OPF 

200 PS 200  100 wt.% PS 

400 OPF 400  100 wt.% OPF 

400 PS 400  100 wt.% PS 

600 OPF 600  100 wt.% OPF 

600 PS 600  100 wt.% PS 

800 OPF 800  100 wt.% OPF 

800 PS 800  100 wt.% PS 

PR Uncoated piston ring - 

 156 

2.2.3 Tribological Evaluation 157 

High Frequency Reciprocating rig (HFRR) from DuCom, tribometer was used to investigate 158 

tribological properties of the graphene-coated piston rings. The test parameters under which 159 

the test was performed are mentioned in Table 4.  160 

Table 4: High frequency reciprocating rig tribometer test parameters. 161 

Parameter Value 

Load [N] and Contact Pressure (MPa) 10 (1.25 MPa), 20(2.5 MPa), 30(3.75 MPa) 

and 40 N (5 MPa) 

Stroke length [mm] 8 

Time duration [minutes] 30 

Sliding Distance 300 m 

 162 

Estimating and developing a statistical correlation between engine performance parameters and 163 

the tribological characteristics of engine components in actual running conditions is quite 164 

challenging due to high costs associated with engine modifications. To simplify this process, 165 
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tribological characteristics of engine components like piston ring-liner configuration are 166 

evaluated using HFRR tribometer [44–47].  The actual gas pressure in an engine is about 4.5 167 

MPa for a heavy duty diesel engine [28,29]. The contact pressure from the arrangement shown 168 

in Fig. 2 varies from 1.25 MPa to 5 MPa, thus covering the range for an engine running under 169 

low and extreme conditions.  170 

The design of reciprocating rig was modified and developed according to the dimensions of 171 

the piston ring as shown in Fig. 2. The HFRR test was conducted as per ASTM 181-11 172 

standards at room temperature, under boundary lubrication conditions using 0W-20 ( shell helix 173 

eco-fully synthetic motor oil), about 15 ml, with a frequency of 10 Hz. Stainless steel 174 

specimens (15 x 15 x 4 mm) were used as counter bodies for the tests. Before each test the 175 

stainless-steel (counter body) specimens were polished with 80, 150, 400 and 800 grade 176 

sandpaper followed by spraying the polycrystalline dia suspension (5 µm) to get the mirror like 177 

finish. All this was done to reduce the impact of roughness of counter body surface on wear 178 

and friction test and mimic the actual sliding contact between piston ring and cylinder liner in 179 

the piston cylinder assembly.  180 

 181 

Fig. 2: Piston ring configuration on High Frequency Reciprocating Rig (HFRR) Tribometer 182 

Each Tribological test was conducted three times under the same conditions to ensure 183 

repeatability and reduce the experimental variability. 184 

2.2.4 Surface Morphology Analysis 185 

Scanning electron microscopy (SEM, PHENOM-XL Desktop) was used with the combination 186 

of Energy dispersive X-ray (EDS) to check the surface morphology of the samples. The wear 187 

behaviour of the surface piston ring samples and counterbodies was also done by SEM/EDS. 188 

Secondary ion mass spectroscopy (SIMS, HIDEN-Compact SIMS) was used to determine the 189 

concentration of graphene oxides on the counterbody surface. BRUKER 3D-Optical 190 
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Microscopy based on white light interferometry was used to examine the wear scar profile and 191 

to determine the wear rate of counter bodies by calculating volume loss. Raman Spectroscopy 192 

was done using RENISHAW-inVia Raman Microscope, to confirm the presence of graphene 193 

on coated samples. ID/IG values were calculated based on Raman spectroscopy result, to check 194 

the quality of graphene coating.  195 

 196 

3. Results and discussions: 197 

3.1 Surface Morphology  198 

The surface morphology of the coated surface of piston ring is analysed using SEM. Fig. 3 (a, 199 

b) shows the SEM images at 2000x magnification for samples 600 OPF and 800 OPF 200 

respectively.  201 

  

(a) (b) 

Fig. 3: SEM Images of (a) 600 OPF and (b) 800 OPF coated surfaces. 202 

For 600 OPF specimen, Fig. 3 a, the surface appears relatively smooth with a fine, uniform 203 

distribution of the graphene coating. There are few observable microstructural irregularities, 204 

including small defects and minor cracks. However, the overall surface exhibits a relatively 205 

consistent and compact structure with minimal porosity. Some dark region in the image depict 206 

the agglomerations of graphene flakes.  207 

In contrast, 800 OPF sample, Fig. 3 b, shows a noticeable rougher surface morphology with 208 

visible cracks and microvoids. The presence of larger defects and irregularities may be 209 

attributed to higher hydrogen flow rates during CVD process potentially leading to increased 210 

etching effects or non-uniform deposition.  211 

30 μm 30 μm 
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The cross sectional analysis of coated and non-coated piston rings have been conducted using 212 

energy dispersive X-ray spectroscopy and scanning electron microscopy in order to confirm 213 

the presence of coating layer and to determine the thickness of coating layer on substrate. Fig. 214 

4 shows the SEM-EDX mapping of cross section of 600 OPF coated piston ring. 215 

 

Element 

Number 
Element 

Symbol 
Element 

Name 
Atomic 

Conc. 
Weight 

Conc. 
8 O Oxygen 29.90 32.80 
5 B Boron 29.64 21.96 
7 N Nitrogen 18.85 18.10 
6 C Carbon 18.20 14.98 
24 Cr Chromium 3.38 12.04 
26 Fe Iron 0.03 0.12 
     

 

Boron   

 

Oxygen   

 
Carbon   

 

Nitrogen   

 
Chromiu

m   
 

Iron   

 

(a) (b) (c) 

 

Element 

Number 
Element 

Symbol 
Element 

Name 
Atomic 

Conc. 
Weight 

Conc. 

8 O Oxygen 35.57 35.99 
5 B Boron 22.88 15.64 
7 N Nitrogen 20.45 18.11 
6 C Carbon 15.47 11.75 
24 Cr Chromium 5.54 18.20 
26 Fe Iron 0.09 0.31 

     

 

Oxygen  
 

Boron   
 

Nitrogen  
 

Carbon   
 

Chromiu
m    

Iron   
 

(d) (e) (f) 

Fig. 4: (a) SEM and EDX mapping showing the coated layer, (b) Elemental analysis of 216 

coated layer, (c) Elemental distribution based on colour coding of coated layer, (d) SEM-217 

EDX Mapping showing the substrate, (e) Elemental analysis of the substrate, (f) Elemental 218 

distribution based on colour coding of the substrate, coated piston ring – 600 OPF 219 

 220 

It is observed from Fig. 4 that the graphene coating is successfully deposited over the substrate, 221 

with increase in carbon element atomic and weight concentration. Also it can be clearly seen 222 

that the carbon is evenly distributed depicting even distribution of graphene layers. Fig. 5 223 

shows the cross sectional SEM image of non coated and coated samples. It can be observed 224 

from Fig. 5 that the average thickness of graphene coating is around 10m1.  While as the 225 

thickness of chromium on non-graphene coated piston ring is around 200m20.  226 

 227 

30 μm 

50 μm 
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(a) Uncoated piston ring (b) 600 OPF (c) 600 OPF 

Fig. 5: (a) SEM image of cross section of non-graphene coated piston ring, (b, c) SEM image 228 

of cross section of 600 OPF graphene coated piston ring. 229 

 230 

3.2 Coefficient of friction 231 

The friction behaviour of all graphene coated piston rings and non-graphene coated piston 232 

ring against stainless steel counter body at load 10N is shown in Fig. 6.  233 

It is observed from the friction curves that initially the COF fluctuated and reached its 234 

maximum point and gradually came down after some time. After sometime almost for all 235 

curves, except 800 OPF and 600 PS which is discussed in effect of hydrogen flow rate below, 236 

it can be clearly seen that the samples adapted to the testing conditions and showed steady state 237 

thereafter. This could be attributed to the formation of true contact area within contacting 238 

surfaces. The variation in COF of all graphene coating compositions ranged between 0.1 to 239 

0.15. Overall COF reduction was observed in graphene coated piston rings as compared to non-240 

graphene coated piston rings. The reduction in the COF due to graphene coating has also been 241 

reported by other researchers in their work [22]. 242 

 243 

7.51 m 

6.92 m 

7.95 m 10.6 m 10.3 m 

10.7 m 

187 m 

30 μm 30 μm 200 μm 
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(a)  (b) 

Fig. 6: COF curve of (a) OPF & (b) PS coated samples under load 10 N 244 

Amongst all tested samples subjected to load 10 N, it is observed that the piston ring coated 245 

with 600 OPF graphene exhibited the lowest COF and the COF variation with respect to sliding 246 

distance is very less.  247 

3.2.1 Effect of carbon precursors on friction 248 

 249 

Fig. 7: Average COF of all samples under load 10N 250 

Fig. 7 shows the overall average coefficient of friction (COF) of the non-graphene coated piston 251 

ring, Oil palm fiber (OPF) based graphene coated piston rings and the polystyrene based 252 

graphene coated piston rings for load 10 N. The error bars in the graph represent the standard 253 

deviation (SD) of the COF values obtained from three repeated tests. Larger error bars observed 254 
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in certain condition (600 PS at 200m and 800 OPF) suggest variations in tribological behaviour, 255 

which may be due to coating adhesion or wear debris accumulation.  256 

It can be observed that the average coefficient of friction for oil palm fiber-based graphene 257 

coated piston rings have shown least values of COF compared to polystyrene-based graphene 258 

coated piston ring and non-graphene coated piston ring. The superiority of COF result for oil 259 

palm fiber-based graphene coated piston rings could be attributed to the excellent quality of 260 

graphene coating that are produced by this carbon precursor [39]. Furthermore, the reason 261 

behind this is discussed in detail below. 262 

 263 

3.2.2 Effect of hydrogen flow rate on friction 264 

The results shown in Fig. 7 depict that with increase in hydrogen flow rate within oil palm 265 

fiber-based graphene coated piston ring samples, the COF has decreased, with minimum 266 

value for 600 OPF 0.130.001 and increased for 800 OPF and 600 PS.  267 

(a)  (b)  

ID/IG ratio: 0.82742 ID/IG ratio: 1.7217951 

 

(c) 

Fig. 8: Raman Spectroscopy of (a) 600 OPF and (b) 800 OPF piston rings and (c) Raman 268 

Spectroscopy graph for all samples 269 
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To further clarify the reason behind this, Raman spectroscopy was conducted for OPF samples 270 

with varying hydrogen flow rate. Fig. 8 represents the Raman Spectroscopy results. The peaks 271 

in Fig. 8 (a, b) depict the presence of graphene in oxide forms, as for graphene oxide (GO), the 272 

D peak usually appears around 1350-1360 cm-1, and G peak around 1580-1600 cm-1[22,48]. 273 

GO is hydrophilic while as pure graphene is hydrophobic, which adds to the advantage of this 274 

study as GO is best suitable for lubricated test conditions.  Fig. 8 (c) shows the ID/IG ratio of 275 

Raman spectroscopy of these samples. It can be seen that for 600 OPF that the ratio of intensity 276 

of defects to intensity of graphitic or sp2 carbon bonds is less compared to 800 OPF, confirming 277 

that the quality of graphene layer synthesised by  OPF carbon precursor at 600 hydrogen flow 278 

rate is superior. Whereas for Polystyrene (PS) precursor, the ratio is highest for 600 hydrogen 279 

flowrate, depicting the quality of graphene being less relatively. The sudden increase in COF 280 

for sample 600 PS at 200m Sliding distance can be attributed to the quality of graphene coating, 281 

compromising its adhesion to the surface which may have led to peeling of the coating while 282 

tribological test.   283 

Considering the results from Raman and COF, it was concluded that 600 OPF-based graphene 284 

coating is optimum for our application. Further tests were carried for 600 OPF-based graphene 285 

coated piston ring in order to determine the effect of varying loads from 10 N to 40 N.  286 

 287 

3.2.3 Effect of load on friction 288 

Fig. 9 shows the average COF graph of 600 OPF samples with varying loads. It is depicted that 289 

COF of 600 OPF coated piston rings increase with the increase in load till 30 N and therafter 290 

it decreases. The rise in the friction coefficient is attributed to the deep penetration of the hard 291 

aperities under increased loads, which inturn led to adhesion and ploghing. The decrease of 292 

COF from 30N to 40N is attributed to the removal of some graphene oxide layers from the 293 

coated piston ring and formation of graphene oxide layer on Counterbody due to high load. 294 

Increase of graphene oxide layers on counterody surface enhances the tribo characteristic of 295 

the sliding contact hence reducing the frictional force. To confirm the presence and 296 

concentration of GO on the counterbodies, secondary ion mass spectrometry (SIMS) was used 297 

and the results are shown by Fig. 10.  298 
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 299 

Fig. 9: COF graph of sample 600 OPF piston ring under varying loads 300 

From Fig. 10, it was observed that the compound with 27 amu had increased on the 301 

Counterbody with increase in load till 30 N and got decreased for load 40 N. As we know, 302 

atomic mass of graphene (carbon) is 12-14 amu and also for oxygen, it is 16 amu. It can be 303 

concluded that the peak at 27 amu in the results of SIMS is of graphene oxide. At 40 N the 304 

concentration of GO decreased from the intensity of GO at 30 N, hence COF reduction could 305 

be due to decrease in layer of graphene coating, as it was recorded in past literature also, that 306 

graphene with decreasing layer or thickness shows drastic reduction in COF [21].  307 

 

(a) (b) 
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(c) (d) 

Fig. 10: SIMS graph of counterbody subjected to load (a) 10N, (b) 20 N, (c) 30 N and (d) 308 

40N.  309 

 310 

To understand further, Raman spectroscopy of 600 OPF-based graphene coated piston rings 311 

subjected to tribological test was conducted. The Raman spectroscopy graph is given by Fig.11, 312 

where the intensity of GO is observed to be much more in coated piston ring at 40 N than the 313 

samples subjected to loads 30, 20 and 10 N.  314 

 315 

(a)

 

(b)
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(c)

 

(d)

 

Fig. 11: Raman Spectroscopy graphs of sample 600 OPF piston ring at load (a) 10N, (b) 20 316 

N, (c) 30 N and (d) 40N 317 

.  318 

Fig. 12: ID/IG ratio graph for sample 600 OPF piston ring under varying loads 319 

Fig. 12 shows the ratio of the intensity of defects to the intensity of Graphitic or carbon sp2 320 

bonds for the Raman spectroscopy graphs shown in Fig. 11. It is observed from Fig. 12 that the 321 

quality of 600 OPF coating on piston post tribological test for load 20N, was reduced and ID/IG 322 

ratio was increased.  323 

Overall, the CVD graphene coated piston rings showed significant reduction in Coefficient of 324 

friction values compared to past literature[49]. Fig. 13 shows the comparison between the 325 

average COF values of commercially coated piston rings with the present work. 326 
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 327 

Fig. 13: Comparison of COF of piston ring application 328 

 329 

3.3 Wear behaviour 330 

3.3.1 Wear rate  331 

The wear rate of samples is calculated by dividing the volume lost by the sliding distance [50]. 332 

 333 

Wear rate = Volume lost  Sliding Distance 334 

 335 

The volume lost was calculated by subtracting the weight of piston ring after the tribological 336 

test from the weight of piston ring sample before the test. Before weight recording each sample 337 

was ultrasonically cleaned, to ensure minimum wear debris on the sample surface.  338 

The wear rate of the samples against load 10N is shown below in Fig. 14. It is recorded that 339 

the wear rate of non-graphene coated piston ring is relatively higher than that of graphene 340 

coated piston ring the samples overall. Graphene coating synthesized via CVD has significantly 341 

reduced the wear rate by more than 60% in piston rings at load 10 N.  342 
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 343 

Fig. 14: Wear rate of piston rings under load 10 N 344 

 345 

3.3.2 Effect of precursor on wear rate 346 

The wear rate of samples is observed to have an inverse relation with the increase of hydrogen 347 

flow rate in synthesis process till 600 sccm for both carbon precursors. The piston ring has 348 

shown lowest wear rate for 600 OPF-based coating as compared to other samples. This is due 349 

to presence of high quality graphene in 600 OPF-based coating which was earlier confirmed 350 

by Raman spectroscopy results shown in Fig. 8. While as for 800 sccm samples the wear rate 351 

has increased from 600 sccm samples, This could be due to more intensity of defects present 352 

in the coating surface as compare to the 600 sccm sample.  353 

 354 

3.3.3 Effect of load on wear rate 355 

The wear rate of 600 OPF-based graphene coated piston ring subjected to varying loads is given 356 

by Fig. 15. It can be observed that with the increase in load the wear rate increases within same 357 

comp coating surface. It is pertinent to mention here that there is a line contact between counter 358 

face and the specimen, and hence the contact surface is subjected to very high stresses [51]. 359 
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Due to these high contact pressures (upto 5 MPa), material removal rate is subsequently 360 

increased with the slight increment in load.  361 

 362 

Fig. 15: Wear rate of 600 OPF piston ring subjected to varying loads 363 

Moreover, at low loads it is expected that penetration of the asperities is less as compared to 364 

that at high loads. More penetration of asperities result in increased surface contact area, thus 365 

increased wear rate. The results obtained are in line with the Archard’s law, as the wear rate is 366 

directly influenced by applied load [52]. The wear rate from 20N to 30N has shown a steep rise 367 

for 600 OPF-based graphene coated piston ring. At high loads (30N and 40N), there was less 368 

increase in the wear rate of the samples as compared to the wear rate at low loads. It is thus 369 

inferred from the above-mentioned data that the coated samples are subjected to less wear rate 370 

while undergoing transition at high loads.  371 

 372 

3.4 Surface morphology of worn surfaces 373 

The wear mechanism of worn 600 OPF-based graphene coated piston rings subjected to 374 

varying loads have been analysed using SEM imaging and EDX mapping. Fig. 16-19, shows 375 

the SEM images and EDX mapping of 600 OPF-based graphene coated piston ring surfaces 376 

post tribological test subjected to load 10, 20 30 and 40N respectively against stainless steel 377 

counterbody.  378 

 379 
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(a) 

 
(b) 

 
(c) 

Fig. 16: SEM images of wear tracks of 600 OPF piston ring under load 10 N at (a) 600x 380 

magnification, (b) 3000x magnification and (c) 2000x magnification 381 

 382 

  383 
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(d) 

Fig. 17: SEM images (a) 410x magnification (b) Delamination spot, (c) 2000x magnification 384 

and (d) EDS Mapping of delamination spot on wear tracks of 600 OPF piston ring under load 385 

20 N 386 

It can be observed from Fig. 16 (a), that huge adhesion on coated surface has taken place during 387 

the wear test for 600 OPF coating under load 10N. A severe delamination is observed in Fig. 388 

17 (b) at 3000x magnification level which is attributed to presence of some defects in graphene 389 

coating surface. In Fig.16 (c), ploughing can also be observed, which can be due to some 390 

abrasion by  hard elements like chromium present on the surface of stainless steel Counterbody. 391 

Fewer microcracks can be seen in all figures on the surface of coated piston rings.  392 

  393 

 
(b) 

30 μm 
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(a)  

 
(c)  

 
(d) 

Fig. 18: SEM images (a) 410x magnification (b) Delamination spot, (c) 2000x magnification 394 

and (d) EDS Mapping of delamination spot on wear tracks of 600 OPF piston ring under load 395 

30 N 396 

From Fig. 17 (a), it can be observed that the surface of the 600OPF-based graphene coated 397 

piston ring surface has gone under severe delamination at multiple spots during 20N load 398 

tribological test. Fig. 17 (b), shows that some cracks in the coating surface has led to 399 

delamination of coating. EDX mapping was used to determine the elemental analysis of the 400 

delaminated point and is shown in Fig. 17(d).  401 

30 μm 

200 μm 
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It can be observed from EDX mapping Fig.17 (d), that carbon element is prominent in the 402 

delaminated area, thus it can be concluded that the coated layer is removed during the 403 

tribological test but few layers are still left over the piston ring surface. Ploughing can also be 404 

seen in Fig. 17 (c), which could be attributed to abrasive nature of removed coating particles 405 

during the test.  406 

Similarly, from Fig. 18 (a), it can observed that the surface of coating has undergone prominent 407 

adhesion and severe delamination during the tribological test under load 30N. From Fig. 18 408 

(c), we can observe that ploughing is seen to be significant, which is again attributed to the 409 

third body abrasion occurring during the tribological test.  410 

From the Fig. 18 (d), EDX mapping of delaminated and adhesion spot, It is clear that Iron (Fe), 411 

has got onto the surface of piston ring and caused a huge adhesion spot. This iron could be 412 

from the stainless steel counter body which might have got transferred during the tribological 413 

test.  414 

 
(a) 

 
(b) 

 
(c) 

Fig. 19: SEM images of wear tracks of 600 OPF piston ring under load 40 N at (a) 420x 415 

magnification, (b) Delamination spot (c) 2000x magnification 416 

 417 

The SEM images from Fig. 19 (a-c), show that the coating layer got severely delaminated 418 

during the tribo test at 40 N, leaving a mark on coated piston ring surface. But in COF 419 

discussion section, from Fig. 9, we observed that the COF for 600 OPF-based graphene coated 420 

piston ring got reduced, this could be due to transfer of some graphene layers to the counter 421 

30 μm 

200 μm 200 μm 
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body and hence reducing friction. Also from raman spectroscopy result in Fig. 11 it was 422 

observed that the intensity of graphene oxide is much higher in 600 OPF coated sample 423 

subjected to load 40 N. This justifies the trend of COF reduction for load 40 N.  424 

 425 

3.5 Counterbody wear rate 426 

The wear rate for counterbodies was measured by 3D-Optical microscopy using White light 427 

interferometry. The results from white light interferometery are shown in Fig. 20 (a-l).  428 

  429 

Scar Profile Scar Width Scar Length 
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(c) 
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(j) 
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(l) 

Fig. 20: Wear scar profile of counter bodies against 600 OPF piston ring (a) Scar profile for 430 

load 10N, (b) Scar width for load 10N (c) Scar length for load 10N, (d) Scar profile for load 431 

20N, (e) Scar width for load 20N (f) Scar length for load 20N, (g) Scar profile for load 30N, 432 

(h) Scar width for load 30N (i) Scar length for load 30N, (j) Scar profile for load 40N, (k) 433 

Scar width for load 40N (l) Scar length for load 40N respectively 434 



 26 

 435 

From Fig. 20 (h) and Fig. 20 (k), it can be observed that the depth of wear scar has increased 436 

with increase in load for counterbody which could be attributed to third body abrasion from 437 

the coating material that was removed during the tribological test at loads 30 and 40 N.  438 

The wear rate of counter body was calculated using the results from Fig. 20, by calculating the 439 

volume loss. The wear rate for stainless steel counter body against 600 OPF-based graphene 440 

piston ring under varying loads is shown in Fig. 21.  441 

 442 

 443 

Fig. 21: Wear rate of counter bodies subjected to varying loads against 600 OPF-based 444 

graphene coated piston rings. 445 

 446 

From Fig. 21, it is observed that with increase in load the wear rate of stainless steel surface 447 

increases against graphene coated piston rings, which is again in line with Archard’s Law[51].  448 

 449 

4. Conclusion 450 
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Graphene coatings were successfully developed on piston rings using CVD with oil palm fiber 451 

and polystyrene as carbon precursors. The key findings are: 452 

• Oil palm fiber produced a high-quality graphene oxide coating with minimal thickness 453 

(~10 µm) compared to polystyrene. 454 

• A 600 sccm hydrogen flow rate yielded the least defective graphene oxide layer for oil 455 

palm fiber, while 800 sccm was optimal for polystyrene-based coatings. 456 

• Graphene-coated piston rings significantly reduced friction compared to uncoated 457 

samples, with 600 sccm oil palm fiber-based coatings showing the best tribological 458 

performance at 10 N load. 459 

• Raman analysis confirmed the presence of graphene oxide, benefiting lubrication due 460 

to its hydrophilic nature. 461 

• Wear rates of graphene-coated piston rings were lower than those of uncoated samples. 462 

• The variation in COF with hydrogen flow rate highlights the need for further study, 463 

particularly for 600 and 800 sccm polystyrene-based coatings. 464 

• Observed delamination suggests that adhesion characteristics influence the tribological 465 

behavior of the coatings. While no direct adhesion test was conducted, the wear 466 

morphology analysis provides qualitative insights. Future work should incorporate 467 

adhesion testing to better understand coating-substrate interaction. 468 

• Further investigations on the effects of temperature and alternative counterbody 469 

materials like cast iron are recommended to enhance the applicability of graphene 470 

coatings in real-world engine conditions. 471 
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