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Modern automotive designs are needed to increase mechanical and thermal loads that have longer lifespans 

and are lighter. The power transmissions and motors often use low-friction hard coatings to prevent wear and 

reduce friction. The Cr-doped graphite-like carbon method is employed for evaluating coating friction and 

responses to chromium-doped graphite-like carbon (Cr-GLC) under lubrication. Cr-GLC coatings and chromium-

doped diamond-like carbon (Cr-DLC) coatings are arranged using physical vapor deposition (PVD) and plasma-

enhanced chemical vapor deposition (PECVD), respectively. The results have demonstrated in comparison to the 

dry friction coefficient, the friction coefficient under lubrication conditions has been reduced by 40%. Due to its 

excellent frictional physicochemical properties and compact microstructure, Cr-DLC has an optimum tribological 

resistance that is significantly higher than that of Cr-GLC. Viscosity, corrosivity, and coating microstructure are 

used to measure the impact of composite elements. The most ideal characteristics of the Cr-GLC coating are 

attributed to the non-reaction of additives in oil with friction surfaces. 

 

Key words:  engine components; complex coatings; Cr-GLC; Cr-DLC; lubrication. 

 

1. Introduction 

 
Modern engine designs aim to improve fuel efficiency and minimize toxic emissions while 

maintaining more vehicle power. Technologies such as turbocharging and direct gas injection are used [1, 2]. 

Amorphous carbon coatings are used in the aerospace industry in microelectronic devices in several fields 

due to their excellent tribological and mechanical properties [1, 2]. Studies on DLC with ZDDP or other anti-

wear and extreme pressure (AW/EP) additives have been done recently, however, the outcomes are mostly 

inconsistent. Some studies claim that (ZDDPs) create tribofilms on coatings of DLC [11-14], but others deny 

this or claim that there is no tribochemical reaction between the DLC and the additive [7-10]. In order to 

identify the differences between the DLCs, it is crucial to comprehend why such disparate outcomes have 

been discovered [3-6]. Coatings of (GLC) are popular in a number of applications because they are made 

from sp2-bonded carbon, which has a self-lubricating effect. They can serve as a working surface for sea 

water shear components [7-9]. According to Lee et al. [10] potential bearings coated with (DLC, GLC), and 
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CrN with sliding friction under different circumstances, the bearing capacity should be inversely 

proportional to the bearing roughness, coating depth and mechanical characteristics. 

To demonstrate the disadvantages of boundary lubrication, Aboua et al. [11, 12] investigated friction 

using DLC coatings and then found that carbon diffusion is the main factor affecting the properties of 

hydrogenated amorphous carbon coatings. According to Bouchet et al. [13], ZDDP-based tribofilms were 

produced. Despite contradicting information on comparable forms of DLC, our experiments on highly 

hydrogenated DLC with 50% at.% H demonstrates that hydrogen concentration has a sizable impact on the 

film-forming ability of DLC coatings [16]. When adopting the arc plating process, the thick CrN coating has 

demonstrated outstanding load-bearing capability, long-term wear resistance, increased corrosion resistance, 

and better thermal stability [5, 6]. Solid lubricants provide effective anti-friction and wear-resistance 

properties. However, lubricants that are subjected to hovering or heavy loads have a difficult time 

maintaining their quality over an extended period of time. However, the use of liquid lubricants is limited 

due to their volatility and heavy reliance on the environment. Traditional solid and liquid lubricants cannot 

meet the demands of new machinery. Solid-liquid composite lubricating systems can be more effective when 

the advantages of each component are successfully combined while minimizing their disadvantages [7]. 

Because of things like the lack of coating, CrN loses its ability to reduce friction in the presence of 

lubrication or in low/high rotation temperatures [5-8]. Coatings are the most significant and readily available 

lubricant additives, and they are one of many factors that can reduce friction [9-12]. However, comparing the 

impact of both coatings (DLC and GLC) on the properties of the composite under structure lubrication is 

practically impossible [13, 14, 19]. To consciously employ surface and lubricant together to maximize 

performance, however, is challenging. To understand the functioning of the tribofilm in light of surface 

tribochemistry and the compatibility of the GLC surface with oil composition, current work has evaluated 

the potential effect to reduce friction and slow wear due to the presence of Cr-GLC and Cr-DLC coatings. 

For this purpose, two coating samples of both mentioned coatings were evaluated at various lubrication 

conditions. 

 

2. Experimental procedure 

 
2.1. Materials 

 
The coatings of Cr-GLC and Cr-DLC are used for Al-Si alloys. The deposition machine has four 

target positions with a vacuum commanded by mechanical and molecular pumping. A sample of Al-Si 

alloys (φ = 15 mm) is used to test the tribological properties. Al-Si alloys are used as a substrate to study 

the chemical composition of two coatings. Before being re-polished and before spraying, all substrates are 

subjected to ultrasonic centrifugation and alcohol for 15 min. To remove oxides, metal, and silicon wafers 

are cleaned by bombardment with cleaning. A period of 10 minutes and a voltage of 400 V is used when 

testing coatings of (Cr-GLC) and (Cr-DLC), respectively.  

 

Table 1. Characteristics of Cr-GLC and Cr-DLC coatings. 

 

Coating  
Target Cr 

(KW) 

Target C 

(KW) 

Ar 

(sccm) 

C4H10 

(sccm) 

Voltage 

of biase (V) 

Technique 

for 

depositing 

GLC Cr 0.102 0.04 14 – 350 PVD 

 Cr–C 1.24 0.2 14 – 50  

 Cr-GLC 0.101 2.1 14 – 50  

DLC Cr 0.07 – 24 0 350 PECVD 

 Cr–C 1.21 – 24 15 50  

 Cr-DLC 0.11 – 22 25 50  
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The Cr layer is usually used as a buffer layer to improve adhesion. Pure graphite is used as a 

carbon source. Table 1 lists the parameters used. To assess the wettability at the coating surfaces, measure 

the contact angles at room temperature using a directional contact device (OCA20, Data Physics, 

Germany). In this research, Cr-GLC and Cr-DLC had wettability values of 7.12 and 8.11, respectively. 

 

2.2. Structure of investigated coatings 

 

 Scanning electron microscopy (SEM, 7610F, Japan) and its EDS have been used to investigate the 

morphology of the moving region and coverage. The total roughness, Ra along with the centreline of 

coatings is used on the silicon wafer at a distance of 1 μm. The bond form of carbon atoms in the coatings is 

utilized for atomic force microscopy (AFM) (ESCALAB 250Xi, Thermo Scientific XPS, USA), which is 

used to characterize the states of two coatings. Samples were measured five times to guarantee the accuracy 

of the results on a microhardness tester with a nanoindenter (MTS ) and an indentation depth of 250 nm. 

Scratches are commonly used to test the adhesive deformation between substrates and coatings (MFT-4000, 

China, Instrument Technology, ) at a load of 30 N. Three measurements are made for each pattern. 

 

 
Fig.1. SEM images of (a) coating surface (Cr-GLC); (b) (Cr-GLC) cross-section; (c) coating surface (Cr-

DLC); and (d) (Cr-DLC) cross-section. 

 

2.3. Friction testing 

 

 Pin-on-disc (CSM, Switzerland), tribological tests are carried out in spinning mode under dry and 

lubricated sliding conditions. The diameter of the pin, previously made of aluminum-silicon alloy after the 

coating process, is 10 mm. The slip has a length of 1500 m, temperature of 28 °C, 65% relative humidity, 

speed of 200 rpm (~0.06 m/s), and loads of 10, 20, and 30 N were applied. SEM and AFM are used to 

analyse the topography and morphology of the worn surfaces by measuring a 3D profile, a minimum value 

of 67% was achieved with reduced friction. Components can adapt to abnormal friction conditions due to the 

presence of GLC. Figure 7 also exhibits the average values of friction coefficients for two coating samples at 

various lubrication conditions. The GLC film performed well, and the upper GLC film greatly reduced wear. 

On its own, the GLC's self-lubricating nature cannot provide the performance required; In addition, the oil's 

tribochemical reactions also played a role in this process. The chemical composition is indicated via an EDX 

analyzer. The adhesion of the coating is used to evaluate scratch (CSM Reve test) with an acoustic emission 

detector, the radius needle is 0.2 mm with 120 cone perspective, W is the degree of overlap, V is the number 

of overlaps, N is load and S is a total distance. 

1 μm 

500 nm 

6 μm 

6 μm 
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3. Results and discussion  
 

3.1. Structure and morphology 

 

 Possible interfacial interactions between lubricants and coated surfaces have been identified using 

SEM-EDS. Figure 1 depicts the shape and permeability sector of the two coatings. Following tribological 

tests, an SEM is used to look at the shape of the applied tracks. The dense particles are found on the surface 

of each coating, as seen in Figs 1a and c. The buffer layer of Cr, the Cr-C intermediate layer, and the top 

layer of Cr-GLC are among the moving parts of the Cr-GLC coating that can be diagnosed using EDS. The 

buffer layer of Cr is made up entirely of Cr elements. The intermediate layer of Cr-C, which is made up of Cr 

and C with a Cr content, comes after the buffer layer. The top layer with 6.81% Cr and 93.19% C.(Fig.1b) of 

(Cr-GLC). EDS is typically used to determine the levels of Cr and C.  

 The presence of the Cr buffer layer discovered by EDS and the Cr-C columnar layer is confirmed by 

the dense (Cr-DLC) layer, the Cr-C columnar layer, and the (Cr-DLC) direct coating. Columnar Cr-C layers 

made of Cr and Care normally formed as the material composition of a Cr-containing fabric declines from 

inner to outer. The percentage of (Cr-DLC) that is dense is 7.33 and 92.67%, respectively (Fig.1d). To 

accurately assess how structure affects performance, coating thickness must be determined. The thickness of 

the Cr-GLC is 1.93 μm, while the Cr-DLC is 1.94 μm thick. a hierarchical structure was visible in the cross-

section of the surface to the steel substrate. A deep intermediate layer of (Cr-DLC) measuring around 35 μm 

thick made up the coating's total thickness of about 34 µm. This layer arrangement, while coating Cr-GLC 35 

m thick, improved the coating's toughness to handle the higher load and wear as well as strengthened the 

GLC film's adhesion to the steel substrate [28]. 

 

3.2. AFM characterization  

 

 Good topography and tribological properties [20-22] are crucial. So, the coated surfaces are 

examined using AFM. In order to evaluate worn (Cr-DLC) and (Cr-GLC) surfaces, AFM-EDS implies that 

factors O, Fe, P, Zn, S, C, and Ca will be present. Figure 2 depicts the microstructure of the coating and 

surface roughness. The coatings' robust structure and homogeneous particle dispersion make them durable. 

In comparison to the Cr-GLC coating, which has a roughness of 6.667 nm as opposed to 0.806 nm, the Cr-

DLC coating is smoother. A friction and wear tester that technically matched the DIN51834 standard for Pin-

on-disc contact geometry was used to assess the friction and wear properties of the two coating samples. 

Each sliding test was performed three times, with different friction coefficients. Before testing, samples were 

cleaned in acetone for five minutes. Several working circumstances were developed in this study to assess 

the effectiveness of wear and debris marks (see Tab.2). 

 

 
 

Fig.2. AFM coating images for (a) (Cr-GLC) and (b) (Cr-DLC). 
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3.3. Strength of adhesion investigations 

 

 The cohesive pressure between the substrate and the coating will simulate the composition and 

fracture toughness of the coating. It is known that materials with excessive adhesion stress have better 

fracture resistance [40-41]. When a normal load is applied, adhesion and frictional stress, or the largest gap 

between the coating and the substrate, have different effects [42]. The electrical adhesion force of the Cr-

DLC coating is 30 N, while the energy of the Cr-GLC is 28.3 N, as shown in Fig.3. This finding suggests that 

the Cr-DLC coating has a stronger resilience to breaking than the Cr-GLC coating. The frictional pressure 

changes as anticipated under the applied loading, which is consistent with adhesion, which is the separation 

between the coating and the substrate [42, 43]. Utilizing the phonon emission signal's detecting component, 

coating adherence was assessed. It has a diamond needle radius of 0.2 mm and a taper angle of 120°. Scratch 

tests employed a 0-30 N load gauge, 5 mm/min scratch speed, and 5 mm scratch distance. Before each scratch 

test, the coated surface and diamond needle were cleaned with isopropanol. The acoustic emission signal and 

the coefficient of friction are promptly recorded when coatings degrade under critical loads. While it can 

alternatively be the value of the coating's bearing capacity, the critical load in this work was defined as the 

full removal of all coatings from the scratch channel. To determine if the tribofilms show any differences in 

adhesive properties depending on the hydrogen content of the coatings, AFM was used to create shear force 

maps and force-displacement curves[42, 44]. 

 

 
 

Fig.3. Friction coefficient of coating (a) (Cr-GLC); (b) (Cr-DLC). 

 

3.4. Wear rate 

 

 Figure 4 shows two coatings under lubricant conditions. (Cr-DLC) is regarded as being superior to 

(Cr-GLC) due to its higher hardness and higher sp3C binder content. In order to stop cracks from spreading, 

the coating of Cr-DLC also offers better anti-wear qualities and higher (H/E) and (H3/E2) values. The initial 

wear rate of the Cr-DLC is 26.67% less than that of the Cr-GLC coating. The greatest percentage is 58.72% 

for Cr-GLC. The statistics gathered demonstrate that liquid lubricants' anti-wear qualities have greatly 

improved. Additionally, tribochemical reaction films produced by friction might minimize wear [45]. 

Summarising the data, we can say that the physicochemical circumstances, which are superior in terms of 

wear resistance, influence enhance the wear resistance of (Cr-DLC) of use. The relationship between the 

coating friction coefficient curves (Cr-DLC and Cr-GLC) during a scratch test is depicted in Fig.7. The 

frictional properties of coatings of (Cr-DLC) and (Cr-GLC) with full lubrication are shown in Fig.7. 

Depending on the lubrication conditions, the coefficients of friction (CTE) for both coatings changed. The 

(Cr-GLC) contact produces a substantial dry slip friction of roughly 0.7 due to the higher interfacial shear 

strength [6], but the rubs create a low and consistent friction coefficient of 0.25 (see Fig.7c). The self-

lubricating properties of the coating of (Cr-DLC) and the creation of amorphous graphitic carbon that is 

transmitted to the opposing surface are credited with the superior performance [4, 14]. 
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Fig.4. Wear analysis of coating of Cr-DLC and Cr-DLC under dry and lubrication sliding. 

 

3.5. Raman analysis  

 

 The Raman peaks typical of the coating of the DLC insurance scheme give heights of D at 1.350 cm-

1 and G at 1.580 cm-1 while the coating of (GLC) peaks reach D at 1.350 cm-1 and G at 1.560 cm-1 [10, 24]. In 

Fig.5, the approximate Gaussian spectra of the various Raman coatings are shown. The distinguishing peaks 

of the (Cr-GLC) coating are situated at corresponding separations of 1372.9 and 1554.3 cm-1. A specific 

height of 1372.9 and 1554.3 cm-1 is where the coating of (Cr-GLC) peaks are found [15, 16, 25]. But the D 

height and G peak of the Cr-DLC covering are approximately 1310.8 and 1527.2 cm-1 respectively. Within 

this study, this can also be explained by the fact that the mixed layer of carbon (either in its original or 

graphitized form) and the tribofilm on these surfaces had stronger cohesive forces than the original surface. 

However, compared to the combination, the bond strength of most DLC was significantly higher. 

 

 
 

Fig.5. Raman spectra of coating of (a) Cr-GLC; (b) Cr-DLC. 

 

 The G peaks converge towards each other to constrain each layer, in contrast to the common G peaks 

as seen from the edge of each layer that is relatively far apart [17, 25]. While the coating with Cr-DLC has a 

thermal height of 1527.2 cm -1, we notice the height of the coating with (Cr-GLC) is usually 1554.3 cm -1. Since 

the coating of DLC contains a lot of sp2C and sp3C hybrid bonds, the upper half of the G is often wider and has 

fewer waves in the lateral direction than the Cr-GLC coating. We also note that in coatings with low G-vertex 

widths, there is a link between the selective resonance emission of sp2-linked sp2 carbon clusters of different 

sizes and sp3 carbon ratios [18, 26, 27]. The special ratio can be used to determine the tissue abundance of sp3 

C-ligands. The results show that the ratio of (Cr-GLC) to (Cr-DLC) was around 4.81 for Cr-GLC and 0.55 for 



16 Tribological properties of DLC and GLC coating for automotive… 

(Cr-DLC) [41]. When necessary, metal oxides can be chemically broken down to (FePO4) to generate easy 

shearing qualities. The coating compounds bind different grain sizes to the ultrafine phases of the nanocrystals. 

It was advantageous to deflect and stop the growth of large fractures when maximum contact pressure occurred 

because the amount of oxide debris on the nanoscale would maintain a reasonably high hardness at the friction 

interface. Since carbon has lower shear resistance than other materials, it was added to the coating matrix which 

reduced wear, friction, and scuffing due to metal sulfides [19, 23-25]. 

 

3.6. Hardness and elastic modulus investigations 

 

 Solid coatings usually have good tribological properties during practical application [32-34]. To reduce 

the matrix effect, the indentation depth to coating depth ratio is approximately 10% when tested [33-35]. Figure 

6 shows the modulus of elasticity (E) and (H) for two different layers. The modulus of elasticity and toughness 

for the coating of (Cr-GLC) were 12.90 and 146.55 GPa respectively, and 19.50 and 176.44 GPa for the 

coating of Cr-DLC respectively. Although in solution the hardness of all coatings was relatively comparable 

both initially and after 2 hours of friction, as can be shown in Fig.4, the first friction is probably caused by the 

high sp2 content, but it is not retained during subsequent friction in the base oil. The early DLC border friction 

in base oil and solution is compared in Fig.4. For all coatings, the effect of wear quickly lowers interfacial 

friction. This might be because the thin film in DLC blocks the naturally low friction feature of graphite. After 

two hours, the DLC's final coefficient of friction is still lower than the majority of other coatings. Surprisingly, 

DLC displays 2 hours of friction resulting in a substantial reduction in friction. This is most likely because 

friction causes graphite inclusions in the covering to be exposed, which reduces friction [16]. After two hours 

of friction, DLC exhibits a minor reduction in interfacial and semi-dry friction, but its friction of (Cr-GLC) is 

higher than that of Cr-DLC coating. This might be a result of coating wear, as seen in Fig.7, which displays a 

particularly rough surface in comparison to other DLC [36-39]. Py is equal to 0.78 r2 (H3/E2) [7], where r is 

the contact radius. Higher values of (H/E) and (H3/E2) can be found on the coating of Cr-DLC (Fig. 6b), 

indicating an improvement in plastic deformation resistance and fracture toughness. 

 

 
 

Fig.6. (a) The hardness of coatings; (b) Modulus of elasticity for coatings. 

 

Table 2. EDX for wear and debris marks. 

 

(Point) ( C %) (O %) ( Fe %) (Cr %) 

A 66.2 9.36 7.32 7.45 

B 71.62 1.31 12.56 7.78 

C 62.11 3.00 0.36 27.10 

D 61.13 3.31 27.11 0.26 

 

3.7. Friction and imparting 

 

 Figure 7a and b shows the friction coefficient and slip distance for each layer in a dry slip. The two 

phases that make up the Cr-GLC coating's coefficient of friction on Al-Si alloy are described in more depth 
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below. The coefficient of friction of Cr-GLC coating initially rises and then steadily falls as the lubricating and 

sliding film progresses through the phase. The friction of the coating gradually rises and then surprisingly 

reduces as a consequence of the continuous sliding process under lubrication and a result of the friction grooves 

created by the abrasive particles in the Cr-GLC coating The coefficient of friction curve of the Cr-DLC coating 

appears at a specific amount along the sliding track. One crucial element is the significant quantity of sp3 C 

binder, which results in it challenging to create a graphite switching film due to the protracted stabilization step 

of the friction coefficient. In order to prevent the development of C-C bonds and passivation, which lowers the 

coefficient of friction, cross-hydrogen bonds in the Cr-DLC coating must also be removed [44]. Because of the 

coating's significant roughness, Cr-GLC has higher initial friction than Cr-DLC, which seems smoother and 

more coherent. The Cr-DLC showed 30 N after the scratch test, while the Cr-GLC showed 20 N, as shown in 

Fig.7. The two coatings withstood noticeably higher loads under static or dynamic service conditions as they 

were extremely tacky and suitable for the substrate. We were able to determine the type of damage to the 

coating layer system by microscopic examination of scratch marks. Chipping, torsion, spalling, conformal 

cracking, and tensile cracking are some of the well-defined adhesion failures [30]. Figure 7 shows the scratch 

track at the beginning of the process. As is typical for bond failure, transverse cracks in the scratch track started 

as congruent or stress cracks [30]. The Cr-DLC coating degraded with increasing applied load, showing 

noticeable cracks (Fig.7d), chipping (Fig.7c), and extensive chipping of the coating was observed at the scratch 

edges. However, the coating of Cr-DLC was also quite complex. 

 

 
 

Fig.7. (a) AFM image of the Coating (Cr-GLC) as shown in the AFM image after the scratch test. After the 

scratch test, the image of the coating (Cr-DLC) is shown in (b). (c) Friction coefficient of the (Cr-

DLC) during the test; (d) friction coefficient of (Cr-GLC) during the scratch test. 

 

3.8 The coefficient of friction  

 

 The coefficient of friction for the lubrication of the two coatings is illustrated in Fig.7. The friction 

coefficient of lubrication of the layers during the application of both coatings is shown in Fig.7c and d. When 

there is friction in the (Cr-GLC) system, the reactive film overlaps, traversing a complicated process that results 

in oscillations during testing. Additionally, at a certain amount of friction, corrosion, and shear stress cause the 

2 μm 2 μm 
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curve to change because of the friction surface's increased roughness. In contrast, the dense surface structure of 

Cr-DLC results in minimal vibration. In addition to the rising concentration of the bonding substance sp3 C and 

the coating strength of Cr-DLC [36]. The decreased contact angle causes the film to start forming. With a more 

consistent coefficient of friction, the Cr-DLC coating offers optimum absorption. Additionally, the low contact 

angle is the cause of the film that results. Additionally, the boundary lubricant film can be more dependable for 

coating (Cr-DLC) due to the absence of a C-C structure. The coefficient of friction for coatings of (Cr-DLC) is 

significantly lower than for coatings of (Cr-GLC) when compared to coating systems. The coating of the layer 

of Cr-DLC is thicker and more organized as a result of its higher viscosity [15]. The figure displays each 

coating's friction coefficient under various lubricant conditions. The friction coefficient between the two layers 

was around 0.10 after drying. However, compared to the dry state, this coefficient of friction is around 40% 

lower under lubrication. This is because a friction pair can be successfully created by the border lubrication 

coating and extra adsorption. On both dry and lubricated surfaces, (Cr-DLC) has a lower base coefficient of 

friction than (Cr-GLC). This is mostly due to the enhanced adhesion between the coating material's particles, 

which causes the (Cr-DLC) coating to have an inert effect on the surface. 

 

3.9. Wear mechanism  

 

 To clearly describe the applied surface in a dry and oiled test of two coatings, 3D topography, and 

SEM morphology were generated as shown in Fig.8. A comparison of the depth of marks generated from the 

test in both coatings showed that they were less deep when lubricating and deeper under dry test conditions, 

proving that the use of a solid/liquid combined lubrication system when applying coatings can significantly 

improve the application resistance in the tribological system [16]. The applied coating of Cr-GLC contains 

many deep grooves, which show a marked increase in friction and wear rate resulting from the effect of weak 

bonds of the coating material. The mark on the Cr-DLC coating indicates the applied grooves and residues, 

as pointed out in Fig.8b. The applied mark of the Cr-GLC coating has a greater depth and width than the 

coating of Cr-DLC, as clear from in Fig.8c and d, coating. One source for the low hardness of the coating of 

Cr-GLC is due to complex mineral patterns that can form deep grooves under sliding shear when tested.  

 

   
 

Fig.8. 3D. AFM image of coatings after coating tests (a) (Cr-GLC); and (b) (Cr-DLC): (c) dry friction 

coefficient; d) dry and lubrication system. 
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 The development of graphitized switching films can also be promoted by additional sp2C bonds 

[46]. The coating shows less wear in the Cr-DLC. Under the test conditions used, the concentration of 

hydrogen appears to have a significant effect on adhesion, and wear properties but has little to no effect on 

frictional properties. 

 On the other hand, the coating of Cr-DLC appears stiffer and has smoother particle cohesion and 

fewer grooves. Since the applied die has fewer grooves in this coating, it becomes clear that the bonding 

effect between the two coating particles is a major factor in reducing the wear rate. The SEM morphology 

revealed numerous particles and grooves on the surface of the two coatings, with larger particles obtained 

using the coating of Cr-DLC.SEM morphology revealed numerous particles and grooves on the surface of 

the two coatings in general terms but with deeper grooves obtained when a coating of Cr-DLC was used. In 

addition, the presence of small layers surrounded by the used particles was shown on the tracks used for each 

coating. 

An EDS assessment was performed in these areas to confirm the excess oxygenated tissue that is trapped in 

the various tuned areas, as shown in Fig.9a and 9b. The pixel confirms a darker difference in these areas 

compared to the adjusted one. EDS assessment was performed in the regions of the coatings to confirm the 

extra tissue in the different regions, as shown in Fig. 9a and 9b. Pixelation confirms a darker difference in 

these regions of each coating compared to the modified regions. The chemical composition of the scars and 

particles is shown in Table.2. In addition to C and Cr, the coating of Cr-GLC contains a higher concentration 

of Si, which is probably due to the fact that the Si particles were concentrated there. Both coatings contain a 

small amount of O, which may be a result of chemical reactions and friction effects [17]. 

 

 
 

Fig.9. XRD for illustrating the worn surface with small particles scattered, exposed particles in wear track of 

(a) (Cr-GLC) and (b) (Cr-DLC).  

 

3.10. Wear mechanism of coatings tested under conditions of lubrication 

 

 Figure 10 displays the cross-sectional profiles and 3D topography of two internally lubricated 

coatings. The presence of additional wear indicators and significant cracks was confirmed by the coating of 

Cr-DLC. Increased resistance to plastic deformation can decrease shear, and the presence of extra shear-

reducing bonds results in decreased shear prolonging the life of the coatings and reducing wear.  

 The breathtaking grooves and some of the shallow grooves visible in the applied coating of the Cr-

GLC system were validated by the printed mark. A comparison of the depth of marks between the coatings 

used under all dry and lubricated conditions shows that they are shallower when oiled, which indicates that 

lubrication can relieve the friction process and reduce adhesion effectively. The lubrication process used had 

a role in reducing the wear rate of the coatings. corrosion-causing compounds the coating to pass through the 

rugged columnar structure brought on by significant cracking and frictional shear forces.  
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Fig.10. Worn dry surfaces with a wear depth at 30 N and 200 rpm in dry sliding, the three-dimensional 

topography (a) and (c) of the (Cr-GLC), (d) and (b) for (Cr-DLC) coating. 

 

 
 

Fig.11. SEM micrograph and X-ray diffractogram of the (a) and (c) wear trace of (Cr-GLC), (b) and (d) wear 

trace for (Cr-DLC); at 30N and 200 rpm under lubrication. 

 

 Figure 11 SEM micrograph and X-ray diffraction pattern of a wear mark (Cr-GLC) and a wear mark 

(Cr-DLC); at 30 N and 200 rpm with lubrication, confirming the schematic description of corrosion applied 

to (Cr-GLC). The composition is listed in Tab.2, and factors B and E verified the excess Fe concentration, 

which suggests coating degradation. Fe, O and other contents are present, which suggests the occurrence of 

tribochemical reactions during sliding [18]. Shear resistance increases overall anti-wear performance. Over 

10 μm 10 μm 

1 μm 5 μm 
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time, the shear resistance increases during the testing process due to the accumulation of feathers resulting 

from the wear process, and the overall performance of wear resistance increases. In contrast, the absorbent 

film used with lubrication may also interact with the metallic sample and thus may reduce the wear rate. 

 Analysis of the surface morphology is necessary because good surface morphology improves 

tribological behavior [20-22]. Figure 12 depicts the coatings' microstructure and surface roughness. The 

coatings possessed homogeneous particle size distribution and dense morphologies. The coating of Cr-DLC has 

a smoother surface than the coating of Cr-GLC, which can be seen from their respective surface roughness 

measurements of 7.66 nm and 2.76 nm. This conclusion is consistent with the FE-SEM outputs where the Cr-

DLC coating is thinner than the Cr-GLC coating. The applied Cr-GLC marks are wider and have more 

prominent grooves than Cr-DLC, according to a comparison of the two coatings. It is confirmed by the depth of 

marks that Cr-DLC structures have lubricity. Figure 12 validates the Cr-DLC structures' schematic format. 

SEM has demonstrated that Cr-DLC is free of significant spots and practically free of significant fissures. The 

cause is the homogeneity of coating materials and their high resistance to wear and friction [47]. Finally, 

covalent bonds can be created by ions reacting with the bonds at the base of Cr-GLC coating, reducing wear 

[49-54]. On another hand, a dense Cr-DLC layer may successfully withstand the wear impacts, offering 

outstanding tribological performance and pointing to possible directions for future development [54-60].  

 

 
 

Fig.12. 3D. AFM micrograph of (a) for cross- section with depth (Cr-GLC) and (c) section with depth (Cr-DLC) 

at 30N and 200 rpm under lubrication sliding. 3D topographies; (e) cross-section of (Cr-DLC) at 10 N. 
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 The frictional properties of Cr-DLC, which are ostensibly relatively comparable in composition 

within the type for both types, are broadly similar, but their wear characteristics can vary greatly. This shows 

that wear resistance is affected not only by the surface composition. The findings unmistakably show that Cr-

DLC coatings are potentially advantageous coatings for lubricated contacts in terms of friction and wear, 

despite varying wear characteristics. Some Cr-DLC exhibit minimal wear and friction even in the absence of 

standard lubricant, suggesting that they may be suitable for use in lubricants that do not contain the anti-wear 

and friction modifiers commonly considered essential in machine component lubricants. 

 

4. Conclusion 
 

 In this study, the lubricated Cr-DLC and Cr-GLC coatings' mechanical and tribological properties 

were examined. The following findings were reached: 

 

1. The coatings of Cr-GLC and Cr-DLC showed high mechanical properties as well as good 

adhesion to the substrate, and the dense Cr-DLC coating layer assisted in improving these 

properties. 

2. Both coatings have better antifriction and anti-wear benefits. The viscosity and wettability had a direct 

impact on how well they lubricated as well as the synergistic effect of lubricant quality used. 

3. Wear rate had a significant effect on the Cr-GLC system, while it had a limited effect on the Cr-DLC 

system. In the Cr-DLC lubrication system, abrasive wear exists, while, in Cr-GLC systems, both 

abrasive wear and corrosive wear are present. 
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