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ABSTRACT  

Assessment of Adhesion and Tribology Characteristics of 

Chromium-Based Diamond Coating for Piston Ring 

  Vu Nga Linh 

School of Mechanical Engineering 

The Graduate School 

University of Ulsan 

Recently, the use of chromium-based diamond coating on the piston ring's running 

surface has remarkable attention due to its sound friction reduction and wear resistance 

to improve the lifetime of the piston ring. The piston ring's adhesion and tribology 

characteristics with chromium-based diamond coating on grey cast iron and ductile cast 

iron as a base material were investigated using scratch test and pin-on-reciprocating test 

in this work.  The chromium steel ball was used as counterpart sliding against piston ring 

specimens in the wear test. The results showed that the work of adhesion, friction 

coefficient, and wear rate of piston ring with base material of ductile cast iron was better 

than of grey cast iron. Compared with grey cast iron, the work of adhesion of ductile cast 

iron and coating increased by 66%. The friction coefficient in the case of ductile cast iron 

was slightly smaller than that of grey cast iron. The wear rate of the piston ring with 

ductile cast iron was reduced by up to 36% at 40 N of normal force compared to grey 

cast iron. The outcomes of this work showed the promising applications of chromium-

based diamond coating on ductile cast iron of piston ring in the field condition. 

Keywords: piston ring, coating, work of adhesion, friction coefficient, wear rate. 
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1. INTRODUCTION 

1.1 Background and motivation 

A piston ring is a critical component of an internal combustion engine, which is 

appended to the grooves on the outer surface. The piston ring has the following functions: 

sealing the distance between the piston and the cylinder liner to minimize the loss of 

compression pressure to the crankcase, ensuring the amount of lubricant to smooth the 

up and down motion, and dissipating the accumulated heat inside the piston to the 

cylinder wall to avoid the engine damage [1]. Therefore, the piston rings' tribological 

behavior is an essential factor affecting the internal combustion engine's performance in 

terms of power loss, fuel consumption, and emissions [2]. The largest part of friction 

losses in the engine was at piston assembly from the literature survey, responsible for 45-

55% of the energy loss from the engine friction [3]. Reducing fuel consumption and 

emission by improving engine efficiency is always a challenge to internal combustion 

engine designers and manufacturers. Several methods have been proposed to reduce the 

friction loss of the piston ring-cylinder liner pair, such as lubrication improvement, 

mechanical design, and surface modification [4]. Coatings are among the most common 

surface treatments for tribological applications to provide lower friction and wear 

resistance for sliding tribo-pair. 

Nowadays, various coating techniques have been applied to the running surface of 

the piston ring. Among all, chromium-based coatings are good candidates for research 

and development. They can increase sliding components' lives due to their outstanding 

low friction characteristics and good wear resistance [5]. Numerous studies to evaluate 
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the properties and performance of chromium-based coating for piston rings have been 

conducted, such as chromium-plated (Cr) [6], CrN [7], Cr-Al2O3 [8]. A representative 

of chromium-based coating developed by Federal-Mogul Powertrain LLC is GDC-

Goetze diamond coating (Cr-diamond), which gives consistent performance against too 

high stresses in the engine [9]. Cr-diamond coating is chromium coating reinforced with 

micro-diamond particles embedded in the extremely fine crack network coated on the 

piston rings' outer surface by the electrochemical deposition method, whose structure is 

shown in Fig. 1. Li et al. compared the friction and wear capabilities of piston ring 

coatings: Cr, PVD, PCVD, and GDC. The results indicate that the GDC coating shows a 

minimum wear rate and the lowest friction coefficient, while the Cr coating shows the 

least resistance to friction and wear. The wear rate of the GDC ring is only 15% of the 

chromium ring [10]. Wan et al.'s research also indicated that a Cr-diamond ring has better 

advantages over Cr and Cr- Al2O3 rings. Performance is related to hardness enough to 

withstand extreme pressure and phase transition from diamond to graphite types to deal 

with poor lubrication conditions [11].  

However, the current studies only focus on the friction reduction and wear 

resistance of Cr-diamond coating without analyzing the bond between Cr-diamond 

coating and substrates. The fracture strength and the coating's adhesion properties are 

considered critical intrinsic parameters were determining the coating-substrate system's 

performance and reliability [12]. Several techniques are used to measure coating 

adhesion, such as pull-off test, body-force methods, acoustic imaging, laser techniques, 

indentation, and scratch tests [13]. Among all, the scratch test is a widely used, fast, and 

effective method to obtain critical loads related to the adhesion properties of coating [5, 
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12-17]. The raw materials to manufacture piston rings are commonly cast iron or steel 

[18]. Cast iron has proven its suitability as a piston ring material for marine diesel engines 

due to its relatively high mechanical strength, good heat resistance properties, and 

thermal conductivity [19]. Grey cast iron has a dark grey fracture color due to a graphitic 

microstructure, which is the most common form of cast iron. Ductile cast iron is defined 

by the presence of graphite in the form of spherical nodules. In this work, the base 

material considerations are grey cast iron and ductile cast iron.  

The types of failure observed in the scratch test depend critically on the properties 

of both substrate and coating. Suppose the coating is very soft compared to the substrate. 

In this case, considerable plastic deformation will occur within it, and the scratch test 

critical load may be defined as the load at which the coating is scraped off, exposing the 

substrate. However, it is not always easy to determine when this has occurred, and 

quantifying the failure mode is challenging. For a hard coating on a softer substrate, 

spallation and buckling failure modes resulting from interfacial detachment and a range 

of other cracks and deformed regions can be observed. Both the spallation and buckling 

failure modes are amenable to quantification. This case is suitable for the coating-

substrate system in this work. For hard coatings on hard substrates, the failure is 

occasionally observed to coincide with the coating-substrate interface, but this is not 

always the case, making the test results difficult to interpret. Thus, if scratch testing is to 

be used for adhesion assessment, only the spallation and buckling failure modes are 

beneficial. It generally limits the scratch test to the assessment of hard coatings on softer 

substrates. However, there is a tendency for the diamond stylus to wear during the test in 

cases where both substrate and coating are hard, so the test has been most widely applied 
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to hard coating-soft substrate systems. Fig. 2 shows some failure types of adhesion-

related failures are observed in the scratch test [14]: 

• Buckle spallation: coating buckles ahead of the stylus tip, irregularly wide arc-

shaped patches missing, opening away from the scratch direction. 

• Wedge spallation: caused by a delaminated region wedging ahead to separate the 

coating, regularly spaced annular-circular that extends beyond the edge of the 

groove. 

• Recovery spallation: regions of detached coating along one or both sides of the 

grove, produced by elastic recovery behind the stylus and plastic deformation in the 

substrate.  

• Gross spallation: large detached regions, common in coating with low adhesion 

strength. 

 

 

 

 

 

 

 

 



5 

 

 

 

Figure 1. Structure of Cr-diamond coating (www.federalmogul.com) 

 

 

 

 

 

 

 

Figure 2. Some failure modes in the scratch test (www.federalmogul.com) 

http://www.federalmogul.com/
http://www.federalmogul.com/
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1.2 Objective of thesis 

This study aims at investigating the adhesion and tribology characteristics of Cr-

diamond coating. The adhesion properties were examined by using a scratch adhesion 

test. The friction and wear behavior were evaluated using a pin-on-reciprocating tribo-

tester under oil boundary lubrication to simulate the piston ring's actual movement in the 

cylinder. From the results obtained, the quantitative assessment of the work of adhesion, 

friction reduction, and wear resistance of Cr-diamond coating was provided. This work's 

outcomes provide information to help understand the properties of Cr-diamond, therefore 

providing a useful method to choose the best substrate material and conditions for 

operation. 

1.3 Organization of thesis 

The overall structure of this thesis combines four sections. The motivation and 

objectives of this work have been explained in section 1.  

In section 2, the specimen preparation process and experimental setup were 

described.  The adhesion and tribology characteristics of Cr-diamond coated piston ring 

was investigated by scratch adhesion test and pin-on-reciprocating test. 

In section 3, adhesion, friction, and wear behavior obtained from the scratch test, 

and tribo-test were presented and analyzed.   

Finally, the main conclusions of this research are summarized in section 4. 
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2. MATERIALS AND METHODS 

2.1 Materials 

Specimens were prepared from two commercial top rings in the four-stroke large-

bore ship engines, provided by Federal-Mogul Powertrain LLC, Michigan, USA. The 

piston rings' dimension has an outer diameter of 330 mm, a width of 8 mm, and a radial 

wall thickness of 10.5 mm. The piston ring specimens' structure was characterized using 

a laser scanning confocal microscope (VK-X200, Keyence, Osaka, Japan). Fig. 3(a) and 

(b) show the images of the cross-sectional structure of specimens A and B. It can be seen 

from the figure the structure of piston ring specimens is similar. A chromium coating 

reinforced with micro-diamond particles embedded in the extremely fine crack network 

was coated on the piston rings' outer surface by the electrochemical deposition method. 

The thickness of coating layers of specimens A and B are 160 – 200 µm and 145 – 200 

µm, respectively. The base materials of specimens A and B are grey cast iron and ductile 

cast iron, respectively. The cross-sectional structure performs an asymmetrical-curved 

barreled running surface to secure a good oil film between the piston ring and cylinder. 

Fig. 3(c) and (d) are the scanning electron microscopy images of the interface between 

the coatings and the substrates. It can be seen from figures that there are holes or porosity 

in the interface area. The hardness of coating materials and base materials of specimens 

are shown in Fig. 3(e). The hardness of coating layers and base materials was measured 

using a microhardness tester (MMT-7 Micro Vickers Hardness Tester, Matsuzawa, 

Kawabe, Japan). Hardness indentation was performed on randomly selected five different 

locations on one cross-section specimen of each specimen at 0.1 kgf with a dwell time of 

20 s. The results were determined by using the laser scanning confocal microscope. The 
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average hardness of the coating layer of specimens A and B is 923 ± 35 HV and 981 ± 

14 HV, respectively (mean ± 1 standard deviation). The results show that the hardness of 

the coating layer on specimens is similar. The values determined from this work agree 

with the hardness of the Cr-diamond coating from the literature [10, 11]. The average 

hardness of grey cast iron and ductile cast iron is 348 ± 23 HV and 527 ± 12 HV, 

respectively (mean ± 1 standard deviation). The hardness of grey cast iron of specimen 

A is smaller than the hardness of ductile cast iron of specimen B. The elastic modulus of 

Cr-diamond coating was performed using the nano-indentation method on the coating 

surface using a Berkovich tip. The maximum indentation force of 3 mN, the loading and 

unloading rate of 3 mN/min, was applied with the Poisson's ratio of 0.3. More than eight 

indentations were made on each specimen. The results were calculated using the Oliver 

Pharr method [19]. The average elastic modulus of Cr-diamond coating of specimens A 

and B was 256 ± 45 GPa and 269 ± 26 GPa, respectively (mean ± 1 standard deviation). 

The ultimate tensile strength, elastic modulus, and Brinell hardness of grey cast iron and 

ductile cast iron are 320 – 440 MPa and 670 – 790 MPa, 110 – 140 GPa and 150 – 180 

GPa, 210 – 250 HBN and 240 – 280 HBN, respectively [20]. Therefore, it can be 

concluded that ductile cast iron's mechanical properties are better than grey cast iron. Fig. 

3(f) shows an example of the load-displacement curve resulting from the nano-

indentation test of two specimens, which have a similar shape. It was found that the 

elastic modulus of Cr-diamond coating on specimens is similar. The coating porosity was 

evaluated by analyzing the laser scanning confocal microscopy data, as shown in Fig. 

3(g). As expected, there is a typical high density of microcracks. The coating's porosity 

is easily calculated based on the percentage of pores and micro-cracks as the black area 
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and solid material as the white area. The average porosity was evaluated form five 

different locations on the cross-section with a scan size of 150 × 150 µm × µm for each 

specimen. The average porosity of the coating of specimens A and B was 7.19 ± 0.57 % 

and 7.18 × 0.70 %, respectively. It was found that the porosity of the coating of the two 

specimens was similar. Overall, all results indicated no difference in the coating layers' 

mechanical properties in the two specimens. 

Figure 3(h) and (i) show the image of the surface of the Cr-diamond coating of 

specimens A and B, along with their cross-sectional profiles by using a laser scanning 

confocal microscope. As shown in Figs. 3(h) and (i), the surface texturing of coating 

specimens A and B were modified differently. Crosshatch pattern is honing trace made 

to retain oil or grease to ensure proper lubrication and ring seal of pistons in cylinders. 

The crosshatch pattern area on the surface of specimen B is broader than that of specimen 

A. Fig. 3(j) shows the three-dimensional image of the crosshatch pattern area of the Cr-

diamond coating of specimens A and B. The arithmetic average surface roughness of this 

area of Cr-diamond coating of specimens A and B obtained from laser scanning confocal 

microscopy data at three locations of five specimens at scan size 1408 × 1056 µm × µm 

were determined about 1.37 ± 0.08 µm and 1.17 ± 0.08 µm, respectively (mean ± 1 

standard deviation). The results indicate that the surface roughness of the crosshatch 

pattern area of the Cr-diamond coating of specimens A is slightly higher, about 15 %, 

than specimen B. 
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Figure 3. Cross-sectional images of specimens (a) A and (b) B, SEM images of interface 

of specimens (c) A and (d) B, (e) hardness, (f) load-displacement curve of coating, (g) 

porosity of coating, images of surface of specimens (h) A and (i) B corresponding with 

cross-sectional profile, (j) three-dimensional images of specimens A and B. 
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Figure 4. Cross-sectional images of specimens (a) A and (b) B, SEM images of interface 

of specimens (c) A and (d) B, (e) hardness, (f) load-displacement curve of coating, (g) 

porosity of coating, images of surface of specimens (h) A and (i) B corresponding with 

cross-sectional profile, (j) three-dimensional images of specimens A and B. 
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Figure 3. Cross-sectional images of specimens (a) A and (b) B, SEM images of interface 

of specimens (c) A and (d) B, (e) hardness, (f) load-displacement curve of coating, (g) 

porosity of coating, images of surface of specimens (h) A and (i) B corresponding with 

cross-sectional profile, (j) three-dimensional images of specimens A and B. 
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2.2 Methods 

2.2.1 Scratch adhesion test 

In this work, the adhesion between Cr-diamond coating and base materials of 

specimens A and B was measured using a scratch adhesion test. The scratch adhesion 

test model is used in this work developed by Bull and Rickerby [16]. The work of 

adhesion or interfacial fracture energy is calculated by determining the critical force 

where the coating is separated from the substrate, which means adhesion failure. The 

relationship between the work of adhesion and the critical force can be obtained from the 

equation (Eq): 

𝐿𝐶 =
𝜋𝑑2

8
(
2𝐸𝑊

𝑡
)
1/2

 
(1) 

 

 
Lc is the critical force, d is the scratch width, E is the elastic modulus of coating, W is the 

work of adhesion, and t is the coating thickness. Also, the coating thickness should be 

less than 50 µm for applicability of the scratch model [15]. 

Figure 4(a) shows the scratch specimen used in this work. The piston ring specimens 

for the scratch adhesion test were cut into small pieces with the dimension of 8 × 3 × 10.5 

mm (width × length × height) by using a cutting machine (IsoMet® 1000 Precision 

Cutter, Buehler, Illinois, USA). The cut piston ring pieces were mounted in compression 

mounting powder (Red Phenolic Mounting Powder, Allied, California, USA) by using a 

compress hot mounting machine (SimpliMet® 1000 Automatic Mounting Press, 

Buehler, Illinois, USA) and exposed the cross-section to measure the thickness of the 

coating layer during the polishing process. Then, the mounted specimens were polished 
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by using a polishing machine (DualPrep 3™ Grinder/Polisher, Allied, California, USA) 

and abrasive papers (Silicon Carbide Plain Back Disc-08ꞌꞌ, Allied, California, USA) with 

the 320, 600, 800, 1200, 2000 of grit sizes in order from small grit size to large grit size 

until the thickness of Cr-diamond coating layer is reduced to about 50 µm. The polishing 

process was done after polishing with suspensions (Dialube Diamond Suspensions, 

Allied, California, USA) with the progression of grit size was 3 µm and 1 µm. The 

thickness of the coating layers after the polishing process was not uniform because of the 

interface's curvature between the coating and the substrate. Therefore, after polishing, the 

average thickness of the coating layer was determined at randomly selected five different 

locations on the cross-section of five specimens. The average thickness of the Cr-

diamond coating layer of specimens A and B is 45.15 ± 5.60 µm and 44.59 ± 9.76 µm, 

respectively (mean ± 1 standard deviation). The arithmetic average surface roughness of 

the Cr-diamond coating of specimens A and B obtained from laser scanning confocal 

microscopy data at three locations of five specimens at scan size 1408 × 1056 µm were 

determined about 0.39 ± 0.10 µm and 0.38 ± 0.13 µm, respectively (mean ± 1 standard 

deviation). 

The indenter used in this work is a diamond indenter (Rockwell C Diamond 

Indenter, Eisen, Shiga, Japan) with a spherical tip with a radius of 200 µm, elastic 

modulus of 1140 GPa, the hardness of 80 GPa, and ideally surface roughness. Fig. 4(a) 

shows the photograph of the indenter along with an example of three-dimensional laser 

scanning microscope images. The experimental setup photographs for the scratch tester 

used in this work was shown in Fig. 4(a). The diamond indenter moves under a 

progressive load, which increases continuously from 90 to 430 N with the constant speed 
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at 0.24 mm/s to make 5 mm of scratch length. As the diamond indenter scratches on the 

specimens, the friction force signal was monitored by a sensor. The indenter penetrates 

through the coating layer and presses down the substrate, which leads to the change of 

friction coefficient. The critical force is the normal force where the failure occurs. The 

average work of adhesion obtained from scratches on five specimens of each piston ring 

specimen following the above test parameters. The obtained results are applied to Eq. (1) 

to determine the work of adhesion. 

In this work, different techniques for the determination of the critical force have 

been implemented [14,17]: 

• Laser scanning confocal microscope image: Microscopic observation allows the 

determination of critical force and adhesion quality by examining the nature of 

failure mode and the extent of damage. 

• Residual depth of scratch track: The depth of scratch track during scratch process is 

shown in the cross-sectional profile of the scratch track. At the failure point, the 

depth of scratch track is equivalent to the average thickness of the coating layer. 

• Change the friction coefficient: The friction coefficient of the indenter-coating pair 

and indenter-substrate pair are quite different. Therefore, there is a change in friction 

coefficient when the substrate is uncovered. 

2.2.2 Pin-on-reciprocating test 

The friction and wear behavior of the Cr-diamond coated piston ring under oil 

lubrication was investigated using a pin-on-reciprocating tribo-tester. The photograph of 

the plate specimen used in this work is shown in Fig. 4(b). The piston ring specimens for 
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the pin-on-reciprocating test were cut from piston rings A and B into pieces with the 

dimension of 8 × 10 × 10.5 mm (width × length × height). Chromium steel balls (Cr steel 

balls) were used as counterparts for sliding against piston ring specimens. Cr steel ball 

with a radius of 1 mm was used because of high hardness and wear resistance; therefore, 

the ball's wear was expected to be small. The cross-sectional profile of ball specimens 

was measured using a laser scanning confocal microscope before the experiment. The 

average radius of the balls was determined from the surface profile of the balls obtained 

from the laser scanning confocal microscopy data to be 1.08 ± 0.001 mm (mean ± 1 

standard deviation). The arithmetic average surface roughness of the balls was obtained 

from five locations with a scan size of 344 × 258 µm, was about 0.11 ± 0.004 µm (mean 

± 1 standard deviation). Fig. 4(b) shows the photograph of the ball glued on the holder, 

along with an example of three-dimensional laser scanning confocal microscopy images. 

After the ball was polished to make a flat surface, the ball's hardness was determined 

using the micro Vickers hardness tester. Hardness indentation was performed on 

randomly selected five different locations at 0.1 kgf with a dwell time 20 s. The results 

were determined by using the confocal microscope. The average hardness of the ball was 

calculated to be 921 ± 6 HV (mean ± 1 standard deviation).  

The photograph of the experimental setup of the pin-on-reciprocating tester in this 

work is shown in Fig. 4(b). The tests were performed with 3 mm of the stroke of the 

reciprocating motion at a constant rotating speed of 120 rpm, and sliding speed was 

calculated to be 0.012 m/s. A sensor recorded the number of cycles. All experiments were 

performed for 20,000 cycles; therefore, the sliding distance was calculated at about 120m. 

The normal force is applied by dead weight, the varied normal force (10 N, 20 N, 30 N 
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and 40 N) which corresponded to a contact pressure of 2.05 to 3.26 GPa for specimen A-

Cr steel ball contact and 2.08 to 3.30 GPa for specimen B-Cr steel ball contact, were 

calculated by the sphere on plane Hertzian contact model. The friction force data was 

picked up using a load cell. The oil lubricant was used in this work is a commercial 

marine diesel engine oil (GulfSea Power MDO 4012, Kukdong, Kyoungsangnam-do, 

Korea). The viscous index of this oil was 100. The viscosity was 144.8 cSt at 40 °C and 

14.68 cSt at 100 °C, respectively. The lubricant was delivered to the contact area at one 

time before the experiment, just enough for boundary lubrication. The experiments were 

repeated at least three times for each condition; therefore, the results of the friction 

coefficient, wear volume and wear rate were the average values. Before the experiments, 

the balls and plates were cleaned by Isopropyl Alcohol (IPA) and ultrasonication in 1h 

to remove impurities. All experiments were performed in ambient conditions (25 °C, 40% 

relative humidity). After the tests, the balls' wear volume was calculated by comparing 

the cross-sectional profile obtained from laser scanning confocal microscope images 

before and after the test. The wear volume of wear tracks formed on the plates was 

carefully observed using a laser scanning confocal microscope. The average cross-

sectional height profiles were taken in all areas of the wear track. The wear volume was 

calculated by multiplying the cross-sectional area of the wear track and the length of the 

wear track. The wear rate of the plate was calculated by the wear volume divided by 

normal force-multiplying with the sliding distance. The degree of wear of the balls and 

disks were quantitatively determined based on Archard's wear law. 
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Figure 5. Photograph of (a) scratch adhesion tester, scratch specimen, indenter, and 

three-dimensional image of indenter, (b) pin-on-reciprocating tribo-tester, plate 

specimen, pin specimen and three-dimensional of the Cr steel ball. 
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3. RESULTS AND DISCUSSION 

3.1 Adhesion characteristics 

Figures 5(a) and (b) show the scratch track image along with the cross-sectional 

profile, normal force, lateral force, and friction coefficient profile of specimens A and B. 

The average thickness of the coating of specimens A and B shown in the figure is 47.95 

± 3.91 µm and 33.16 ± 7.49 µm, respectively. The profile of the friction coefficient of 

both specimens shows a clear change. It results from the change of materials, which 

means that the indenter had penetrated the coating layer and moved down the substrate. 

It can be seen that there is a difference in the tendency of friction coefficient before and 

after the penetration of the coating layer. Besides, the friction coefficient and lateral force 

were unstable. It results from the continuous change of the normal force, the continuous 

fracture of materials during the scratch test, and the uneven thickness of the coating layer. 

A similar tendency of the friction force is also shown in Mouche's study for CrN coated 

on SiC [21]. Based on the change of friction coefficient, the critical force of the adhesion 

failure of specimens A and B were determined to be 220.5 N and 181.5 N of normal load, 

respectively. A combination of the profile of the friction coefficient to the profile of the 

scratch track shows that the height of the scratch track at the critical force of specimens 

A and B is 47.51 µm and 26.74 µm, respectively. The thickness of the coating after 

polishing is not uniform, so it is difficult to accurately determine the coating layer's 

thickness at the failure point. Therefore, the height of the wear track at the failure point 

may be equivalent to the coating thickness there. The scratch width at the failure point of 

specimens A and B was carefully measured to be 363.6 µm and 250.0 µm.  
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Figure 5(c) summarizes the coating's failure modes during the scratching process of 

specimen B shown in Fig. 5(b). The failure modes on two specimens were also observed 

on the optical images, which is the spallation by the brittle fracture of the coating material 

separates in front of the moving indenter. It followed a more typical brittle spallation 

failure mode from the research of Bull [14]. The predominant failure mechanism for Cr-

diamond coating is the crack propagation to cause buckling/delamination over a large 

part and finally to spalling. Before the failure point, the failure mode is buckling. As the 

force increases, the spallation leads to the cracking on the edge of the scratch track, as 

shown in the optical images of both specimens, and the failure mode became the buckle 

spallation. Due to the great pressure in front of the indenter, when the indenter moves 

down, it causes the upper coating to break and splatter on the sides of the scratch track, 

which can be the plowing effect in front of the moving indenter. Then, the buckle 

spallation becomes more serious when the force increases, resulting from gross 

spallation. The gross spallation is seen at the end area of the scratch track. The same 

failure mode is also shown in Mouche's study for Cr coated on SiC [21]. 

The average work of adhesion of the coating layers of specimens A and B after 

calculating were shown in Fig. 5(d). The average work of adhesion of specimens A and 

B was calculated to equal to 1718.6 ± 238.5 J.m-2 and 2852.0 ± 263.0 J.m-2, respectively. 

It is found that the work of adhesion of specimen B is larger 66% than specimen A, which 

means the adhesion characteristic of Cr-diamond coating on ductile cast iron is better 

than grey cast iron. The reason could be the mechanical properties of ductile cast iron is 

better than grey cast iron. The hardness of ductile cast iron is greater about 51% than grey 

cast iron. Due to the higher hardness of the substrate, the pressure must be greater to 
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break the adhesion between the coating and the substrate. The research of Hainsworth for 

TiN coating also showed the effect of plastic deformation of the substrate layer on scratch 

performance [22]. Comparison to the results of other ceramic coatings, a very thin Cr 

plate coated on 25Cr3Mo3NiNb barrel steel substrate using an electroplating method, 

which has the interfacial fracture energy in the range of 756 J.m-2 to 1514 J.m-2 [23]. The 

SUS304 stainless steel coupons were coated with TiN by arc evaporation. It was reported 

that the interfacial fracture energy is 2578 J.m-2 [15]. 

The results of this study are still relative due to some limitations. The original 

thickness of the coating layer is much larger than the limit thickness in the model of Bull 

and Rickerby. The interface between the coating layer and substrate is curvature, resulting 

in an uneven thickness after polishing. Therefore, in the future, studies with specimens 

whose interface of coating layer and substrate is flat, and the thickness of the coating 

layer is within the limitation of the model should be done. 
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Figure 6. Optical images corresponding with cross-sectional profile of scratch track 

formed on specimens and friction profile of (a) specimen A and (b) specimen B, (c) 

failure modes, (d) work of adhesion. 
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3.2 Tribology characteristics 

Figures 6(a) and (b) display the friction coefficient with respect to the number of 

cycles with variations of the normal force. At all normal force conditions, during the first 

3000 cycles, the friction coefficient decreases gradually and then stabilizes until the end 

of the experiments. The reason may be that the initial roughness from the crosshatch 

pattern of the surface is worn off and then after 3000 cycles leaving the smoother surface. 

A similar trend in friction coefficient has been observed in the Cr piston ring [6] and CrN 

coating [7]. Fig. 6(c) shows the average friction coefficient under different normal forces 

of two specimens A and B. The average friction coefficient of specimen A under normal 

forces of 10 N, 20 N, 30 N and 40 N were 0.109 ± 0.001, 0.098 ± 0.001, 0.099 ± 0.001 

and 0.098 ± 0.001, respectively. Also, in case of specimen B the results were 0.108 ± 

0.001, 0.096 ± 0.001, 0.096 ± 0.002 and 0.097 ± 0.001, respectively. The average friction 

coefficient under the normal force of 10 N is higher about 10% than that of other normal 

force conditions, while the results at 20 N, 30 N, and 40 N are approximately the same. 

Due to the contact pressure at 10 N, it is small and not enough to wear down the initial 

asperities on the surface lead to maintaining the large friction. The results also indicate 

that the average friction coefficient of specimen A is slightly higher than that of specimen 

B in all normal forces; however, this difference is very small just about 1 to 3%.  

 

 

 



24 

 

 

 

 

 

Figure 7. The friction coefficient with respect to number of cycles of different normal 

force of two specimens (a) A, (b) B and (c) at an average value of different normal forces. 
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Figure 7(a) shows optical images corresponding with cross-sectional height profiles 

of the Cr steel balls before and after the experiments. It was observed that the balls were 

flattened due to the wear. The average wear volumes and average wear rate of balls are 

summarized in Figs. 7 (b) and (c), respectively. The average wear volume of the balls 

sliding against specimen A under the normal force varies in range from 10 to 40 N were 

(2.91 ± 0.07) × 10-4 mm3, (1.19 ± 0.04) × 10-4 mm3, (0.94 ± 0.02) × 10-4 mm3 and (1.03 

± 0.03) × 10-4 mm3, respectively. For the balls sliding against specimen B, the results 

were (2.38 ± 0.06) × 10-4 mm3, (1.06 ± 0.02) × 10-4 mm3, (0.85 ± 0.03) × 10-4 mm3 and 

(0.93 ± 0.01) × 10-4 mm3, respectively. Therefore, the wear rate of the balls sliding against 

specimen A at different normal force from 10 N to 40 N after calculating from (24.26 ± 

0.58) × 10-8 mm3/(N·m) to (2.60 ± 0.27) × 10-8 mm3/(N·m). For the balls sliding against 

specimen B, the results were from (19.86 ± 0.46) × 10-8 mm3/(N·m) to (1.95 ± 0.03) × 

10-8 mm3/(N·m). Comparing the wear rate of the ball sliding against specimen B to 

specimen A, when the normal forces were 10 N, 20 N, 30 N and 40 N, the reduction of 

wear rate was 22%, 12%, 10%, and 33%, respectively. As shown in Figs. 7(b) and (c), 

the increasing of normal force leads to decreasing the wear volume and wear rate of the 

ball. The wear volume and wear rate at 10 N normal force is higher than those of other 

normal forces. In this case, the reason is the same as in the friction coefficient. The 

contact pressure at 10 N is not enough to wear the initial asperities of coating, which 

plays in the role the hard particles make the ball worn significantly during the sliding 

process. For other normal force conditions with high contact pressure, the initial 

asperities were removed after 3000 cycles, so ball wear is less than 10 N. In general, the 

wear of balls sliding against specimen A is slightly higher than that of specimen B.  
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Figure 8. (a) Optical images corresponding with cross-sectional profile of wear formed 

on the Cr steel balls before and after test with different normal force, (b) wear volume, 

(c) wear rate of balls respect to normal force. 
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Figure 8(a) shows the optical images corresponding with cross-sectional and height 

profiles of wear tracks formed on specimens A and B after cleaning with different normal 

forces. The cross-sectional profiles of the wear tracks are also shown for comparison. 

According to the figure, the height of the wear track of specimens A was measured to be 

0.60 µm, 1.83 µm, 1.52 µm, and 1.51 µm, while the width of the wear tracks was 

measured to be about 305.8 µm, 243.7 µm, 263.7 µm, and 261.2 µm as the normal force 

were 10 N, 20 N, 30 N and 40 N, respectively. In the experiment of specimen B 

performed under 10 N, the wear volume was not clear to measure, and the width of the 

wear scar was measured to be 306.9 µm. The height of the wear track of specimens B 

was 1.11 µm, 1.20 µm, and 1.27 µm, while the width of the wear tracks was 256.7 µm, 

267.2 µm, and 274.0 µm as the normal force were 20 N, 30 N, and 40 N, respectively. It 

was observed that the width of the wear tracks of two specimens was not much different 

with the increasing normal force. The height of wear tracks of specimen A was slightly 

higher than that of specimen B. Fig. 8(b) summarizes the wear volume of plate specimens 

under different normal forces. The average wear volume of specimen A ranged from 

(0.77 ± 0.14) × 10-4 mm3 to (8.44 ± 0.36) × 10-4 mm3) as the normal force increasing from 

10 N to 40 N. Also, the average wear volume of the specimen B with normal force from 

20 N to 40 N ranged from (3.78 ± 0.15) × 10-4 mm3 to (6.21 ± 0.25) × 10-4 mm3). The 

effect of normal force on wear volume in this work follows Archard's wear law. As the 

normal force increases, the wear volume also increases.  The average wear rate of plate 

specimens under different normal forces ranged from 10 N to 40 N is shown in Fig. 8(c). 

The average wear rate of specimen A were (6.40 ± 1.21) × 10-4 mm3, (21.06 ± 1.67) × 

10-4 mm3), (20.05 ± 0.99) × 10-4 mm3), and (17.59 ± 0.75) × 10-4 mm3) as the normal 
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force increasing from 10 N to 40 N. The average wear rate of the specimen B was (15.77 

± 0.64) × 10-4 mm3), (16.34 ± 0.87) × 10-4 mm3) and (12.94 ± 0.53) × 10-4 mm3) as the 

normal force increasing from 20 N to 40 N. Under the normal force of 10 N, the wear 

volume of the specimens is negligible, so the wear rate is also very low compared to other 

normal forces. For each specimen, the normal force ranged from 20 N to 40 N, the wear 

rate relatively evenly. The reason may be that the wear rate is proportional to the wear 

volume and inversely proportional to the normal force. Also, the normal force increases, 

and wear volume increases, so the wear rate will not be much different. It also agrees 

with the tendency of the wear volume of specimens in this work. Comparing the wear 

rate of specimen B to specimen A, when the normal forces were 20 N, 30 N, and 40 N, 

the reduction of wear rate was 34%, 23%, and 36%, respectively. Generally, the results 

show that the wear of specimen B is slightly better than that of specimen A. 
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Figure 9. (a) Optical images corresponding with cross-sectional profile of wear tracks 

formed on the plates with different normal force, (b) wear volume, (c) wear rate of plates 

respect to normal force. 
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Figure 9(a) shows an image of the wear track formed on the specimen B under the 

normal force of 30 N. As shown in Fig. 9(a), the crosshatch pattern inside the wear track 

was almost disappeared after the experiment. The average surface roughness at five 

different locations with scan size 100 µm × 100 µm inside the wear track in Fig. 9(a) was 

0.17 ± 0.01 µm. With the same determination, the average surface roughness outside the 

wear track was 0.29 ± 0.03 µm. It indicates that after the experiment, the surface of the 

specimen was smoothened. It also means that the predominant wear mechanism of piston 

ring specimens in this work is smooth wear or burnishing wear. The burnishing wear is 

a process of single-molecule removal from the peaks of the asperities so that eventually, 

a perfectly smooth surface remains. Oil burn marks were also detected when the wear 

track was carefully observed. The reason may be that friction between the ball and 

specimen produces heat and the test time is relatively long enough to cause the oil and 

additive in the lubricant to be burned, leaving scorched oil stains on the surface of the 

ball and plates. Similar wear mechanisms have been observed in another study. In the 

research of Wenping Li and Yun Lu, the initial honing traces can be seen on the worn 

surface of the GDC (Cr-diamond) piston ring. The wear furrows are evenly shallower 

than the honing trace. The wear mechanisms of piston ring and cylinder bore are abrasive 

wear [10]. In the research of Shanhong Wan, the worn surface Cr–diamond piston ring 

is mildly damaged with shallow grooves [11]. Compared to other chromium-based 

coatings, in the high-speed reciprocating wear test of Cr-Al2O3 coated on cast-iron, the 

primary wear mechanism is the smooth wear, possibly by a micro-abrasion wear process 

[8]. Fig. 9(b) shows the high-resolution image of the worn surface of the Cr steel ball 

under the normal force of 30 N. The worn surface of the ball has many brown spots and 
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lines parallel to the sliding direction. The brown spots may be the oil burn marks, and the 

worn material of ball and plate specimens still have not been washed after the cleaning 

process still on the worn surface, and the brown lines may be the scratches. It indicates 

that the wear mechanism of balls in this work is adhesion wear.  

The effect of the different base materials on tribological properties of coating is not 

clear because the thickness of the coating is much larger than the height of the wear track. 

All results show that friction reduction and wear resistance of specimen B is slightly 

better than specimen A, which may be due to the influence of the difference of surface 

roughness of coating. However, the data can be affected by factors such as environment 

and experimental conditions, so the results cannot be represented for all types of Cr-

diamond coating for piston rings. Experimental conditions in this work are not the same 

as the actual operating conditions of the piston ring. The experiment time in this work is 

very short compared to the actual working time of the piston ring; therefore, the long-

term test should be performed in the future to verify the results in this work. Overall, 

there is currently very little research on tribology characteristics of Cr-diamond coating 

on piston ring, so this work is expected to provide useful information for Cr-diamond 

studies in the future. 

 

 

 

 

 



32 

 

 

 

 

 

 

 

 

Figure 10. (a) Optical image wear tracks formed on the specimen B under 30 N of normal 

force, (b) high-resolution optical image of worn surface of the ball sliding against 

specimen B under 30 N of normal force. 
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4. CONCLUSIONS 

In this work, the work of adhesion of Cr-diamond coating on two types of base 

materials, grey cast iron and ductile cast iron, was examined using a scratch test. The 

friction and wear behavior of Cr-diamond coating sliding against Cr steel ball under oil 

boundary lubrication was investigated using a pin-on-reciprocating test. The 

experimental results have shown the following conclusions: 

1. There is no effect of base materials on the mechanical properties of the coating 

layers in two specimens. The hardness and elastic modulus of Cr-diamond coating 

on grey cast iron and ductile cast iron is similar. The surface roughness of the Cr-

diamond coating on ductile cast iron was modified to be smaller 15% than grey cast 

iron.  

2. The adhesion characteristics of Cr-diamond coating on ductile cast iron is better 

than grey cast iron. When ductile cast iron used as a base material, the work of 

adhesion increased 66 % in comparison to grey cast iron. The reason is that the 

mechanical properties of ductile cast iron are better than grey cast iron. The 

predominant failure mechanism for Cr-diamond coating is the crack propagation to 

cause buckling/delamination over a large part and finally to spalling. During the 

scratching process, the failure mode was spallation due to the high pressure in front 

of the indenter. This work's outcome shows the potential for using ductile cast iron 

as a base material for the Cr-diamond coating of a piston ring in the field condition. 

3. The effect of the different base materials on friction and wear behavior of Cr-

diamond coating is not clear because the coating thickness is much larger than the 

height of the wear track. The friction coefficient and wear rate of Cr-diamond 
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coating on ductile cast iron are slightly better than grey cast iron. The friction and 

wear rate results are not affected by the difference between the mechanical 

properties of coatings because hardness and elastic modulus results of coatings on 

two types of cast iron have been measured, which showing similarities. The reason 

may be surface roughness of the Cr-diamond coating on ductile cast iron was 

modified to be smaller 15% than grey cast iron. The best reduction of the wear rate 

of Cr-diamond coating on ductile cast iron compared to grey cast iron was 36% at 

normal force 40 N. In this work, the burnishing wear is the wear mechanism of the 

coating. This work's outcome may help a better understanding of the effect of 

surface treatment on the friction reduction and wear resistance of Cr-diamond 

coating, therefore providing a fundamental basis for the design of coating for 

enhancing the lifetimes of the piston ring.  
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