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Abstract 

This study evaluated the structural, thermal, and tribological performance of nano-

scale ZnO coatings synthesized via a sol–gel method and deposited on FC-25 grey 

cast iron substrates using dip-coating followed by annealing at 400 °C. Three 

precursor molarities (0.1 M, 0.2 M, and 0.4 M) and two dipping cycles (1× and 2× dip) 

were investigated. Structural characterization confirmed the formation of crystalline 

hexagonal wurtzite ZnO after annealing. Thermogravimetric analysis indicated a 

4.48% mass loss in non-furnaced samples due to organic precursor decomposition, 

whereas annealed samples exhibited a stable relative mass change (+4.68%). 

Scanning electron microscopy revealed post-annealing microcracks resulting from 

volumetric shrinkage and thermal expansion mismatch. Tribological testing under 

ASTM G99 conditions demonstrated that the coated specimens did not outperform 

the untreated cast iron substrate (friction force: 0.89±0.22" N" ; CoF: 0.18±0.05; wear 

depth: 6.6±2.1 μ"m" ). Among the coated conditions, performance was strongly 

governed by process parameters: double-dipping at low molarity (2× Dip, 0.1 M) 

produced the highest wear and friction (friction force: 4.91±1.55" N" ; CoF: 1.00±0.32; 

wear depth: 131.4±69.3 μ"m" ), whereas increasing precursor molarity (2× Dip, 0.4 

M) substantially mitigated wear degradation (friction force: 1.63±0.57" N" ; CoF: 

0.33±0.10; wear depth: 41.5±14.8 μ"m" ). Two-way ANOVA confirmed that precursor 

molarity exerts a primary statistically significant effect (p<0.05) alongside a 

significant interaction with dipping cycle (p<0.05). These results demonstrate that 
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coating structural integrity and stress management play a more critical role than 

bulk crystallinity in dictating tribological performance. 

Keywords: ZnO coating, grey cast iron, piston ring, sol–gel method, dip-coating, 

tribological performance, wear, pin-on-disk. 

 
1. Introduction 

The piston ring is a key component of internal combustion engines, 

functioning to maintain the seal between piston and cylinder wall, regulate oil 

distribution, and prevent gas leakage during engine operation. Continuous sliding 

contact between the ring and cylinder wall leads to friction and wear, which can 

reduce engine efficiency, increase fuel consumption, and elevate emissions. 

 To address frictional losses and wear, various coating strategies have been 

implemented. Conventional coatings such as hard chrome plating and diamond-like 

carbon (DLC) have demonstrated excellent tribological properties [1], [2]. However, 

these established methods often involve high production costs, require advanced 

equipment, and raise environmental concerns, particularly from toxic chromium 

waste [3]. As a result, ongoing research seeks alternative coating materials that are 

cost-effective, environmentally friendly, and suitable for industrial-scale production 

[4], [5], [6], [7]. 

 Zinc oxide (ZnO) is a semiconductor material with favorable thermal stability, 

abrasion resistance, and low environmental impact [8]. In nanostructured form, ZnO 

has the potential to enhance surface hardness and wear resistance, making it an 

attractive candidate for tribological coatings [9], [10]. Previous studies have reported 

promising effects of nano-ZnO coatings synthesized by sol-gel methods, but direct 

application to piston rings—particularly through accessible and economical dip-

coating processes—remains relatively unexplored [11], [12]. 

 This research investigates the preparation and tribological evaluation of sol-

gel synthesized nano-ZnO coatings applied to cast iron piston rings via dip-coating 

and subsequent thermal treatment. The aim is to assess the coating’s morphology 

and tribological behavior, providing a critical performance on the effectiveness and 

practical potential of nano-ZnO coatings for engine components. The findings 

contribute valuable data for future optimization strategies and the broader 

exploration of sustainable tribological materials in automotive applications. 

 
2. Materials and Methods 

Grey cast iron (FC-25), commonly used in piston ring applications due to its 

favorable mechanical and tribological properties, was selected as the substrate 

material [13], [14]. Disc specimens were prepared according to ASTM G99 standards 

with a diameter of 58 mm and a thickness of 8 mm [15]. Prior to coating, the substrate 
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surfaces were progressively ground using silicon carbide (SiC) abrasive papers with 

grit sizes ranging from 80 to 2000 to obtain a uniform surface finish. The samples 

were then dried in an oven at 160 °C to eliminate residual moisture. 

 The ZnO sol–gel precursor solution was synthesized using zinc acetate 

dihydrate as the zinc source and ethanol as the solvent. Monoethanolamine (MEA) 

was added as a stabilizing agent at a molar ratio of Zn²⁺ to MEA of 1:1 to promote 

solution stability and controlled hydrolysis. The mixture was magnetically stirred at 

50–60 °C for 1 hour until a clear and homogeneous sol was obtained. Subsequently, 

the solution was aged at room temperature for 24 hours to allow sufficient 

hydrolysis and condensation reactions. Three precursor concentrations were 

prepared, namely 0.1 M, 0.2 M, and 0.4 M, each in a total volume of 200 mL [16]. 

 Coating deposition was carried out using a dip-coating technique. Each 

substrate was vertically immersed into the aged sol at a controlled rate of 

approximately 2 mm/s and maintained in the solution for 10 seconds before being 

withdrawn at a constant speed. After withdrawal, the samples were air-dried for 10 

minutes and subsequently oven-dried at 100 °C for 10 minutes to facilitate solvent 

evaporation. An additional air-drying period of 10–15 minutes was applied before 

subsequent dipping when required. Two coating conditions were investigated: 

single-layer deposition (1× dip) and double-layer deposition (2× dip). After 

completion of the final dipping number, the coated samples were dried at 100 °C for 

60 minutes to ensure adequate removal of residual solvents. 

 Thermal treatment was performed to convert the gel layer into crystalline 

ZnO and to eliminate organic residues from the precursor. The coated samples were 

placed in a furnace and heated gradually to 400 °C with incremental holding at each 

100 °C interval to minimize thermal shock. A final dwell time of 30 minutes at 400 

°C was applied to promote crystallization and densification of the ZnO layer [17]. 

After completion of the heating cycle, the furnace was switched off and allowed to 

cool naturally to below 100 °C before unloading the samples. Both non-annealed (as-

dried) and annealed (annealed) samples were evaluated to investigate the influence 

of thermal treatment on structural and tribological properties. 

 Thermogravimetric analysis (TGA) was conducted to examine the thermal 

decomposition behavior and mass loss characteristics of the sol–gel-derived coatings 

[16]. Both non-annealed and annealed samples were analyzed to identify solvent 

evaporation stages, organic precursor decomposition, and the thermal stability of 

the ZnO phase. The measurements were performed under controlled heating 

conditions from room temperature to elevated temperatures, allowing assessment 

of the effectiveness of the 400 °C annealing process in removing residual organic 

components and stabilizing the oxide structure. 
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 Phase identification and crystallinity analysis were carried out using X-ray 

diffraction (XRD). Coated samples prepared with precursor concentrations of 0.1 M, 

0.2 M, and 0.4 M were examined over an appropriate 2θ range to detect characteristic 

diffraction peaks corresponding to crystalline ZnO. The obtained diffraction 

patterns were compared with standard reference data to confirm phase formation 

and to evaluate the influence of precursor molarity on crystallinity and structural 

ordering. 

 Surface morphology and coating integrity were analyzed using Scanning 

Electron Microscopy (SEM). Observations were performed at various magnifications 

to assess surface uniformity, crack formation, and coating thickness distribution. 

Energy Dispersive Spectroscopy (EDS) was employed to determine elemental 

composition and to confirm the presence and distribution of Zn and O within the 

coating layer. 

Tribological performance was evaluated using a pin-on-disk tribometer in 

accordance with ASTM G99 standards under dry sliding conditions at ambient 

temperature (25±2" °C" ) and relative humidity (50±5%). A high-hardness alumina (

〖"Al" 〗_2 "O" _3) spherical pin with a diameter of 6" mm"  was used as the 

counterface material. Tests were conducted under a constant normal load of 2" N"  

and a rotational speed of 50" RPM"  for a total duration of 10" min"  (600" s" ). The 

wear track radius was fixed at 10" mm" , yielding a linear sliding velocity of 

approximately 0.052" m/s"  and a total sliding distance of 31.4" m" . Prior to testing, 

all cast iron substrates were ground and polished to a baseline surface roughness 

(R_a) of approximately 0.1" " μ"m"  and thoroughly cleaned with ethanol in an 

ultrasonic bath. Friction force, coefficient of friction (CoF), and wear depth were 

recorded continuously during testing. All tribological tests were performed in 

triplicate (n=3) for each sample condition to ensure statistical reproducibility. 

 Statistical analysis was performed using a two-way Analysis of Variance 

(ANOVA) to evaluate the effects of precursor molarity and dipping number, as well 

as their interaction, on friction force, coefficient of friction, and wear depth. 

Statistical significance was determined at a confidence level of 95% (p < 0.05), 

enabling quantitative assessment of the influence of processing parameters on 

tribological performance. 

 
3.Results and Discussion 

This section presents the structural, thermal, morphological, and tribological 

characterization of ZnO sol–gel coatings deposited on FC-25 cast iron substrates, 

together with statistical evaluation of processing parameters. The results are 

discussed in a systematic manner to establish the relationship between precursor 

molarity, coating thickness, thermal conversion behavior, and tribological 
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performance. By integrating macroscopic surface observations, X-ray diffraction 

(XRD), thermogravimetric analysis (TGA), scanning electron microscopy (SEM), and 

two-way ANOVA, a comprehensive understanding of the mechanisms governing 

coating integrity and wear resistance is developed. Particular emphasis is placed on 

the interplay between crystallinity, shrinkage-induced stress, interfacial adhesion, 

and their combined influence on coating durability. 

 Figure 1 presents the as-deposited ZnO sol–gel coatings prior to furnace 

treatment. The coatings appear macroscopically uniform and continuous across the 

substrate surface, indicating successful deposition and spreading of the precursor 

solution. No visible macroscopic cracking is observed at this stage, suggesting that 

the gel films remain structurally intact before thermal conversion. 

 
Figure 1. Samples coated with nano-ZnO using dip-coating before annealing 

 

Slight variations in surface reflectivity are observed among samples, which 

may be attributed to differences in precursor molarity and coating thickness. In 

particular, localized surface contrast variations suggest non-uniform solvent 

evaporation or minor wetting differences during dip-coating. These variations 

become important when considering subsequent densification behavior during 

annealing. 

3.1 Tribological Findings 

The table of tribological data (Table 1) shows that ZnO-coated samples present 

higher friction force, coefficient of friction (CoF), and wear depth compared to the 

untreated control sample. For instance, the untreated control exhibits the lowest 

mean friction force (−0.89±0.22N), CoF (−0.18±0.05), and minimal wear depth 

(−6.6±763.9 μm). In contrast, coated samples—especially those prepared with higher 

dipping numbers and lower molarity (e.g., 2× Dip, 0.1 M)—demonstrate an increase 

in friction force (−4.91±1.55 N), CoF (−1.00±0.32), and wear depth (−131.4±69.3 μm). 

The tendency for increased wear and friction in coated samples suggests that the 
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ZnO sol-gel layer, under the tested conditions, did not impart the expected 

improvements in tribological behavior [18]. 

Table 1. Tribological Test Result of nano-ZnO Coated Cast Iron 

No Dip Coating & 

Concentration 

Friction Force 

(N) Mean ± SD 

Coefficient of Friction 

(CoF) Mean ± SD 

Wear Depth (μm) 

Mean ± SD 

1 1x Dip, 0.1 M 3.38 ± 1.52 0.68 ± 0.30 97.2 ± 55.1 

2 1x Dip, 0.2 M 1.66 ± 0.42 0.33 ± 0.08 23.1 ± 21.8 

3 1x Dip, 0.4 M 2.32 ± 0.76 0.46 ± 0.15 31.2 ± 28.2 

4 2x Dip, 0.1 M 4.91 ± 1.55 1.00 ± 0.32 131.4 ± 69.3 

5 2x Dip, 0.2 M 3.25 ± 0.90 0.66 ± 0.17 93.3 ± 21.8 

6 2x Dip, 0.4 M 1.63 ± 0.57 0.33 ± 0.10 41.5 ± 14.8 

7 Untreated Control 

(No Coating) 

0.89 ± 0.22 0.18 ± 0.05 6.6 ± 2.1* 

*Note: An electronic measurement signal artifact (X>50,000 μ"m"  at t=405" s" ) was removed prior to 

calculating the final wear depth mean and standard deviation. 

 

Interestingly, samples with higher molarity ZnO precursor and increased 

dipping numbers (e.g., 2× Dip, 0.4 M) show somewhat reduced wear depth 

(−41.5±14.8 μm) and friction force (−1.63±0.57 N) compared to samples with lower 

molarity or dipping number, though performance is still inferior to the untreated 

control. This pattern indicates that both sol-gel molarity and dipping numbers 

influence layer morphology and, ultimately, tribological results—a trend 

quantitatively supported by the ANOVA findings.  

3.2 SEM Observations 

The surface morphology of the ZnO coating was observed using Scanning 

Electron Microscopy (SEM) at several magnifications, as shown in Figure 2. All 

samples exhibited visible cracks distributed throughout the coating surface, 

although the overall layer still appeared to cover the substrate uniformly. The 

presence of cracks indicates that while the sol-gel synthesis and coating processes 

were successful in depositing ZnO films, certain process parameters need 

optimization to improve coating integrity. The absence of visible cracking in the pre-

annealed condition indicates that defect formation is primarily induced during 

thermal treatment rather than during deposition. This observation supports the 

thermogravimetric findings later on, which demonstrate significant mass loss (~4–

5%) associated with organic decomposition. The resulting volumetric shrinkage 

during annealing likely generates tensile stress responsible for crack formation 

observed in post-annealed coatings. 
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(a)       (b) 

  
(c)      (d) 

Figure 2. SEM results of ZnO Sol-Gel Coated Grey Cast Iron with (a) ×30K, (b) 

×500, (c) ×1000, and (d) ×3K 

 

The formation of cracks in sol-gel derived coatings is a well-known 

phenomenon and can be attributed to thermal stress, solvent evaporation, and 

shrinkage during the drying and calcination stages [19]. During the drying process, 

rapid solvent loss from the gel network produces tensile stresses on the surface, 

while the underlying layer remains wet, causing differential contraction. Subsequent 

heat treatment (calcination at 400–500 °C) further amplifies these stresses as organic 

residues burn out and the ZnO layer densifies. When the stress exceeds the film’s 

cohesive strength, cracks form to relieve the stress. Additionally, the mismatch in 

thermal expansion coefficients between the ZnO coating and the metallic substrate 

(cast iron) may promote crack propagation during heating and cooling cycles. 

EDS analysis, summarized in Table 2, confirms the presence of Zn and O as the 

primary elements within the coating layer, with zinc concentrations generally 

reaching up to ~50 wt.%, alongside ~24 wt.% oxygen and residual carbon from 

unreacted organic precursors. Table 2 details the elemental composition acquired 

across four representative regions of the sol–gel coating, all of which confirm the 

formation of ZnO nanoparticles. Spectrum 1 is dominated by Zn (49.73 wt.%) and O 

(24.02 wt.%), with carbon residues indicating incomplete removal of organic 
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precursors. Spectrum 2 reveals higher Fe (8.89 wt.%), suggesting a thinner or cracked 

region that allowed electron beam penetration into the underlying substrate. 

Spectrum 3 exhibits the highest Zn content (64.38 wt.%), indicating a localized region 

with a thicker or more compact ZnO deposit. Spectrum 4 contains substantial Fe 

(20.17 wt.%) and trace Si (1.72 wt.%), further confirming non-uniform coating 

thickness and surface defects. 

Table 2. EDS Test Results of nano-ZnO Coated Cast Iron 

Spectrum Zn (%) O (%) C (%) Fe (%) Cu (%) Si (%) Notes 

1 49.73 24.02 24.53 1.72 – – 

ZnO detected with carbon 

contamination, minor Fe 

from substrate. 

2 40.80 29.06 21.26 8.89 – – 

Higher Fe indicates thinner 

coating or beam penetration 

into metal substrate. 

3 64.38 14.94 19.13 1.55 – – 

Highest Zn content—

indicates thickest or densest 

ZnO region. 

4 45.85 18.46 13.80 20.17 – 1.72 

Very high Fe → coating thin 

or cracked; Si trace from 

substrate contamination. 

 

 Although cracks are present, the coating still displays good ZnO coverage and 

a fine-grained nanostructure, as observed at higher magnifications (10 µm scale). 

This indicates that the sol-gel method effectively produced a nanostructured ZnO 

layer, but further optimization of drying and thermal parameters is necessary to 

achieve a fully dense, crack-free coating suitable for tribological applications. 

3.3 XRD Analysis and Structural Implications 

The X-ray diffraction patterns of ZnO coatings prepared with precursor 

concentrations of 0.1 M, 0.2 M, and 0.4 M are presented in Figure 3. All diffraction 

patterns exhibit characteristic peaks corresponding to the hexagonal wurtzite ZnO 

structure, observed at approximately 2θ ≈ 31.7∘ (100), 34.4∘ (002), and 36.2∘ (101), 

confirming successful crystallization of ZnO after annealing at 400 °C [20]. No 

additional secondary phases were detected, indicating that the sol–gel synthesis and 

subsequent thermal treatment effectively converted the precursor into crystalline 

ZnO [21]. 



Fabrobi Ridha, Nurul Hidayana, Haidzar Nurdiansyah, Zaid Sulaiman 

Energy: Jurnal Ilmiah Ilmu-ilmu Teknik, Vol. 16 No. 2 (2026) 509 

 

 
Figure 3. XRD patterns of 0.1 M, 0.2 M and 0.4 M variations of sol-gel on substrate 

 

However, noticeable differences in peak intensity and sharpness were 

observed among the three molarity variations. The 0.1 M sample exhibits relatively 

lower peak intensity and broader diffraction peaks compared to higher molarity 

samples, as shown in Figure 3. The peak broadening observed at lower precursor 

concentrations suggests potential differences in crystallite size and degree of 

structural ordering. This behavior may be attributed to lower nucleation density and 

limited grain growth during annealing [22], [23]. 

In contrast, the 0.2 M and 0.4 M samples display sharper and more intense 

diffraction peaks, suggesting enhanced structural ordering and potentially larger 

domain sizes. The increase in precursor concentration likely enhances 〖"Zn" 〗^(2+) 

availability in the sol, promoting more extensive condensation reactions and denser 

ZnO network formation during thermal treatment. Among the three variations, the 

0.4 M sample demonstrates the highest relative peak intensity. 

Despite improved crystallinity at higher molarity, SEM observations revealed 

increased crack formation in thicker coatings. This indicates that although structural 

ordering improves with concentration, the accompanying increase in film thickness 

may lead to higher internal stresses during drying and annealing. The mismatch in 

thermal expansion between ZnO and the cast iron substrate, combined with 

volumetric shrinkage during gel-to-oxide transformation, likely contributes to crack 

propagation [24], [25]. 

 The structural evolution observed from XRD correlates with the tribological 

findings. While higher molarity coatings exhibit better crystalline ZnO formation, 

their tribological performance did not consistently improve compared to the 

untreated control. This suggests that crystallinity alone is insufficient to guarantee 

Counts 

Position [°2θ] (Copper) 
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enhanced tribological behavior. Instead, coating integrity, adhesion strength, and 

crack density appear to play a more dominant role in determining friction and wear 

characteristics after annealing at 400 °C. No additional secondary phases were 

detected, indicating that the sol–gel synthesis and subsequent thermal treatment 

effectively converted the precursor into crystalline ZnO. 

3.4 Thermogravimetric Analysis (TGA) 

Thermogravimetric analysis was conducted to compare the thermal behavior 

of non-annealed (as-dried) and annealed ZnO sol–gel coatings. The non-annealed 

sample exhibited a total relative mass loss of approximately 4.48% upon heating, 

indicating the presence of residual solvents and organic precursor species that 

decompose during thermal exposure. This mass reduction is attributed to 

evaporation of physically adsorbed solvent at lower temperatures and 

decomposition of monoethanolamine and acetate groups at intermediate 

temperatures, consistent with the gel-to-oxide transformation process typical of sol–

gel systems [26], [27]. 

 In contrast, the furnaced (annealed) sample displayed a final relative mass 

change of approximately +4.68% over the heating range. In thermogravimetric 

analysis, relative mass change is defined as Δm/m_0×100%, where a positive value 

denotes a slight mass gain rather than a mass loss. This slight increase in mass is 

attributed to minor surface oxidation of the metallic FC-25 substrate under high-

temperature atmosphere exposure, alongside baseline buoyancy shifts. Crucially, 

the absence of any continuous mass decrease (mass loss) in the thermogram verifies 

that residual organic solvents, monoethanolamine, and acetate precursors were 

completely decomposed during the preliminary 400 "°C” furnace treatment. 

Consequently, the coating achieves high thermal stability with no further organic 

degradation occurring upon subsequent reheating. 

These findings validate the effectiveness of the selected annealing protocol in 

achieving thermally stable ZnO coatings. However, despite successful organic 

removal and oxide stabilization, SEM analysis revealed crack formation within the 

coating. This suggests that while thermal decomposition is complete, volumetric 

shrinkage and densification during annealing generate internal stresses that may 

compromise coating integrity and adversely affect tribological performance [28], 

[29]. 

3.5 Statistical Analysis 

Two-way Analysis of Variance (ANOVA) was conducted to evaluate the 

individual and combined effects of precursor molarity (0.1 M, 0.2 M, 0.4 M) and 

dipping cycles (1× Dip vs. 2× Dip) on the tribological response parameters: friction 

force, coefficient of friction (CoF), and wear depth. 
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(a) 

 
(b) 

Figure 4. TGA results of sample (a) before annealing and (b) annealed  

  

 The statistical results confirm that precursor molarity exerts a statistically 

significant primary effect on friction and wear performance (p < 0.05), whereas the 

dipping cycle demonstrates a secondary influence. Furthermore, a statistically 

significant interaction between precursor molarity and dipping cycles was 

identified, demonstrating that precursor concentration and film thickness jointly 

govern coating stability and stress evolution under sliding conditions. As illustrated 

in the interaction plots (Figure 5), optimal performance among the coated specimens 

was obtained at intermediate-to-high molarity (0.4 M) under double dipping rather 
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than at extreme thickness or low molarities, confirming that managing coating 

integrity and defect density is critical to performance. 

 

 

(a)        (b)         (c) 

Figure 5. Interaction plot of (a) Friction force, (b) Coefficient of Friction and (c) 

Wear depth using ANOVA 

 

 The tribological results and two-way ANOVA statistically confirmed that 

molarity is a dominant factor influencing friction and wear, with a significant 

interaction between molarity and dipping number. This interaction reflects the 

coupled effect of precursor concentration and coating thickness on stress evolution. 

Optimal tribological performance was not achieved at the highest molarity, but 

rather under intermediate processing conditions where sufficient crystallinity was 

obtained without excessive crack formation. Therefore, the governing parameter for 

performance is not crystallinity alone, but the balance between oxide phase 

development and structural integrity. These findings establish that controlled 

precursor concentration and thickness are critical to minimizing shrinkage-induced 

defects and achieving mechanically stable ZnO sol–gel coatings. 

3.6 Critical Considerations for Future ZnO-Based Coating Studies 

The tribological and protective performance of ZnO nanoparticle coatings is 

governed primarily by interfacial phenomena rather than bulk crystallinity alone. 

Previous investigations have demonstrated that ZnO coatings can significantly 

reduce friction and wear when uniformly distributed and strongly adhered to the 

substrate surface [11], [30], [31]. However, improvements in crystallinity or phase 

purity, as evidenced by XRD, do not automatically translate to enhanced functional 

performance. Instead, coating efficiency depends critically on surface chemistry, 

wettability, and interfacial bonding mechanisms [32]. 

 Surface roughness and surface energy are consistently reported as dominant 

parameters influencing coating adhesion. Moderate micro- or nano-scale roughness 

enhances mechanical interlocking and increases effective contact area, thereby 

improving coating stability [33]. Conversely, excessive polishing leading to near-
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mirror finishes may reduce surface energy and decrease hydroxyl group density, 

limiting nucleation and anchoring sites for ZnO nanoparticles [34]. This 

phenomenon aligns with the present study, where improved surface smoothness 

resulted in inferior wettability prior to furnacing. Literature further indicates that 

controlled surface activation—through plasma treatment, chemical etching, or silane 

coupling—can substantially enhance adhesion by increasing surface polarity and 

functional group density [35], [36], [37], [38], [39], [40], [41]. 

 Thermal treatment also plays a dual role. Furnacing improves crystallinity 

and removes volatile organic residues, consistent with TGA-observed mass 

stabilization behavior [42]. However, excessive thermal exposure may induce 

densification or reduce reactive surface groups necessary for chemical bonding, 

thereby compromising adhesion [43], [44]. Thus, thermal processing must be 

optimized to balance crystallinity enhancement with interfacial stability. 

Collectively, both prior studies and the present findings demonstrate that ZnO 

coating performance is fundamentally an interfacial engineering challenge. Future 

researchers should prioritize: (i) controlled surface activation to increase surface 

energy and functional group availability; (ii) optimized roughness for mechanical 

interlocking; (iii) uniform nanoparticle dispersion to prevent agglomeration; and (iv) 

carefully optimized thermal treatment to preserve adhesion while improving 

structural stability. Integrating contact angle measurements, adhesion testing, and 

surface energy characterization alongside XRD and TGA analysis is strongly 

recommended for a comprehensive evaluation of coating effectiveness. 

 
4. Conclusion 

Nano-scale ZnO coatings were successfully synthesized via the sol–gel method 

and deposited onto FC-25 grey cast iron piston ring substrates using dip-coating 

followed by thermal annealing at 400 °C. Structural characterization confirmed the 

formation of crystalline hexagonal wurtzite ZnO, with higher precursor molarity (0.4 

M) promoting enhanced crystallinity. Thermogravimetric analysis verified effective 

precursor decomposition, showing a 4.48% mass loss in unannealed samples and 

relative mass stability (+4.68%) after furnace treatment. However, SEM observations 

revealed microcrack formation across all annealed coatings due to volumetric 

shrinkage and thermal expansion mismatch. 

 Tribological evaluations under ASTM G99 sliding conditions demonstrated 

that the coated specimens did not outperform the untreated substrate control 

(friction force: 0.89±0.22" N" ; CoF: 0.18±0.05; wear depth: 6.6±2.1 μ"m" ). Tribological 

performance was strongly governed by precursor molarity and dipping cycles: low-

molarity double-dipped samples (2× Dip, 0.1 M) exhibited severe wear degradation 

(friction force: 4.91±1.55" N" ; CoF: 1.00±0.32; wear depth: 131.4±69.3 μ"m" ), whereas 
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increasing precursor concentration (2× Dip, 0.4 M) significantly mitigated friction 

and wear (friction force: 1.63±0.57" N" ; CoF: 0.33±0.10; wear depth: 41.5±14.8 μ"m" ). 

Two-way ANOVA confirmed that precursor molarity exerts a statistically significant 

primary effect (p<0.05) alongside a significant interaction with dipping cycle (p<0.05) 

on tribological parameters. 

 Overall, these findings demonstrate that bulk crystallinity alone is insufficient 

to guarantee tribological enhancement. Instead, coating structural integrity, 

interfacial bonding, and thermal stress management are the primary factors 

governing functional performance. Future work should focus on interfacial 

engineering, optimized heating schedules, and binder additives to eliminate defect 

propagation in sol–gel coatings for engine applications. 
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