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ABSTRACT: This study explores, through a full factorial design of experiment, the effects of graph- 8 
ite concentration and spray flow rate on the morphology, thickness, and tribological performance 9 
of graphite coatings for potential tribological applications. Coatings were applied to rough sub- 10 
strates using varying concentrations and flow rates, followed by analysis of their morphological 11 
characteristics, roughness, thickness, coefficient of friction (COF), and wear behavior. The results 12 
revealed distinct differences in the coating morphology based on flow rate, with low flow rate coat- 13 
ings exhibiting a porous structure and higher roughness, while high flow rate coatings displayed 14 
denser structures with lower roughness. Friction as low as 0.09 was achieved which represented an 15 
86% reduction compared to uncoated steel. COF and wear track measurements showed that thick- 16 
ness was influential in determining friction and extent of wear. Flow rate dictated the coating struc- 17 
ture, quantity of transfer film on the ball, and the extent of graphite compaction in the wear track to 18 
provide a protective layer. SEM and elemental analysis further revealed that graphite coatings pro- 19 
vided effective protection against wear, with graphite remaining embedded in the innermost crev- 20 
ices of the wear track. Low flow rates may be preferable for applications requiring higher roughness 21 
and porosity, while high flow rates offer advantages in achieving denser coatings and better wear 22 
resistance. Overall, this study highlights the importance of optimizing graphite concentration and 23 
spray flow rate to tailor coating morphology, thickness, and tribological performance for practical 24 
applications. 25 

Keywords: Graphite; spray coating; tribology; design of experiment; solid lubricant; coefficient of 26 
friction 27 
 28 

1. INTRODUCTION 29 
Graphite, an allotrope of carbon, possesses a layered structure where each carbon 30 

atom bonds covalently with three others, forming a honeycombed hexagonal lattice. The 31 
bonding between the layers is characterized by weak Van der Waals forces, facilitating 32 
easy slipping when subjected to shear forces parallel to the lamellar direction. The self- 33 
lubricating properties of graphite are useful for various applications, such as release coat- 34 
ings in foundries, additives in lubricating oils, and components of polymer based anti- 35 
friction coatings and metal matrix composites [1]–[6]. Graphite is popular as a filler con- 36 
tributing to reduced friction in oils, metal, polymer, and ceramic composites. Despite its 37 
effectiveness in these roles, there has been a relative scarcity of tribological research on 38 
graphite used as a standalone coating [7]–[10]. This research gap presents an opportunity 39 
to explore the tribological performance of spray-coated graphite coating, particularly its 40 
potential benefits in reducing friction and wear. 41 

Spray coating is a versatile method for depositing coatings, offering rapid and scala- 42 
ble deposition on various substrates. Understanding the relationship between the result- 43 
ant coating and the parameters chosen for spraying is crucial across applications [11]–[16]. 44 
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The design of experiment approach is often chosen due to the complex interaction be- 45 
tween several spraying input parameters that influence the output spray and resultant 46 
coating [12], [17]. Parameters such as nozzle pressure, air speed, drying temperature, vis- 47 
cosity, distance to substrate, and feed/flow rate directly influence spray dynamics [11], 48 
[17]–[21]. Notably, flow rate has been found to significantly affect resultant coating thick- 49 
ness and uniformity [7], [11], [12]. Atomization, the process of breaking a liquid stream 50 
into droplets can be expedited using air-assisted atomization. An air atomizing nozzle, 51 
which shapes the liquid into a sheet called a fan-spray and then applies air to facilitate 52 
atomization, is particularly effective in producing small drop sizes. This method produces 53 
smaller droplets compared to no air usage, thus enhancing droplet dispersion for uniform 54 
sprays [22]. Researchers have found that the concentration of particle-loaded fluids plays 55 
a crucial role in spray dispersion and quality and thus should be carefully chosen [21], 56 
[23]–[25]. The relationship between graphite concentration in the spraying solution and 57 
coating quality warrants further investigation. Additionally, the effects of flow rate on 58 
graphite coatings and their tribological properties remain underexplored. 59 

In this study, we aim to bridge these knowledge gaps by systematically examining 60 
the influence of graphite concentration and flow rate on the morphology and tribological 61 
behavior of spray-coated graphite coatings. In tribology, coating morphology character- 62 
ized by roughness and thickness has been shown to influence friction and wear perfor- 63 
mance [26], [27]. Another important factor is the initial substrate roughness which can 64 
impact properties like coating adhesion and lubricant retention [28]. While previous re- 65 
search on graphite coatings has primarily focused on smooth substrates like glass, Si wa- 66 
fer, or polished steel, our study expands this range by using the rough surface finish of 67 
rolled steel commonly found in industrial applications, such as conveyor manufacturing, 68 
automotive components, and agricultural machinery [15], [16], [29].  69 

Recent work by Morstein et al. demonstrated that graphite coatings on rougher sub- 70 
strates (average roughness, Sa = 0.07 µm) outperformed those on smoother surfaces (Sa = 71 
0.01 µm), highlighting the benefits of higher substrate roughness [26] . Furthermore, while 72 
the 0.2 µm coatings showed lower friction, they also demonstrated quicker wear com- 73 
pared to the 17 µm coatings, suggesting the potential benefits of investigating coatings 74 
with thicknesses beyond these for improved durability [26]. In our study, we investigate 75 
the use of substrates with significantly higher average roughness (Sa = 3.5 µm) and coat- 76 
ings with increased thickness outside the previously explored ranges, to further improve 77 
performance [30]. 78 

Our study investigates the morphology and thickness of sprayed graphite coatings 79 
through a full factorial design of experiment, varying graphite concentration and air-as- 80 
sisted spray flow rate. We assess the tribological performance of the resultant coatings to 81 
uncover wear mechanisms. This research provides insights into the optimal process pa- 82 
rameters required to achieve uniform and effective graphite coatings on rough steel sur- 83 
faces.  84 

2. MATERIALS AND METHODS 85 
2.1. Fabrication 86 

Hot-rolled mild steel (MS) sheets (ASTM 1011 Commercial Steel, CS Type B) in their 87 
original finishing were provided by Hytrol Conveyor Company. The MS was laser cut 88 
from 12-gauge stock into 38.1 mm diameter round substrates. The substrates were cleaned 89 
in an ultrasonic bath for an hour by immersion in acetone and dried with nitrogen gas. 90 
The average roughness of the MS substrates is 3.55 ± 0.25 µm, measured using a laser 91 
scanning confocal microscope (Keyence VK-X260). 92 

Aqueous graphite dispersion (AMLube 1127), donated by AML industries, which 93 
contains 25% graphite solids was used. The graphite was diluted from 25% to 20%, 10% 94 
and 5% vol. solids concentrations using deionized water. The various concentrations were 95 
then placed in a shaker mill/ high-energy ball mill (SPEX TM 8000D-115 Mixer/Mill) for 96 
an hour with SPEX ball set (two 12.7 mm and four 6.35 mm hardened 440C stainless steel 97 
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balls). The dispersions were then passed through a 40-micron nylon mesh filter and 98 
sprayed onto the cleaned MS substrates.  99 

A custom spray coater booth was utilized for the spray coating process. A Lumina® 100 
ST-5 spray nozzle featuring a 1 mm diameter opening was used, configured to a fan spray 101 
pattern. The nozzle was positioned 20 cm above the surface and traveled over a distance 102 
of 50 cm to ensure even distribution of the spray volume. Air pressures for the air actuated 103 
spray were 0.35 ± 0.026 MPa. The total volume of graphite dispersion sprayed for all sam- 104 
ple types was 10 mL. Flow rate was controlled by revolving the nozzle knob, adjusting the 105 
volume of liquid uptake into the nozzle chamber for spraying onto the samples. The num- 106 
ber of revolutions was used to determine low, medium, and high levels of flow rate. The 107 
nozzle flow rate range is 0 - 210 mL/min. Measurement of the flow rate with water at 0.35 108 
MPa revealed that 15, 51, and 60 mL/min corresponded to the low, medium, and high 109 
levels. 110 

A full factorial design of experiment was employed which varied the graphite con- 111 
centrations and flow rate factors as seen in Table 1. Three samples of graphite coating were 112 
made for each experimental run. Coatings of 5%, 10%, 20%, and 25% vol. graphite disper- 113 
sion were created from the 25% as received concentration and sprayed at low, medium, 114 
and high flow rates. Sprayed coatings were then heated on a hot plate at 120°C for 2 115 
minutes followed by heating in a furnace at 200°C for 4 minutes. The samples were taken 116 
out of the furnace and allowed to cool down on a ceramic plate.  117 

Table 1. Full factorial design of experiment to examine the effects of flow rate and graphite concen- 118 
tration on the sprayed graphite coatings. 119 

Full Factorial Design 
Run Flow Rate Graphite Concentration  

1 low flow rate 5% 
2 low flow rate 10% 
3 low flow rate 20% 
4 low flow rate 25% 
5 medium flow rate 5% 
6 medium flow rate 10% 
7 medium flow rate 20% 
8 medium flow rate 25% 
9 high flow rate 5% 

10 high flow rate 10% 
11 high flow rate 20% 
12 high flow rate 25% 

2.2. Sample characterization  120 
Thickness and roughness measurements of the resultant coatings were carried out on 121 

a laser scanning confocal microscope (VK-X260, Keyence Corporation). A step height 122 
measurement was used to determine the coating thickness by comparing the average 123 
height inside and outside an area where the coating had been scratched off. Area-based 124 
observation was preferred over profile measurements due to its higher point density, en- 125 
hancing accuracy. A scanning electron microscope, VEGA3 SEM (TESCAN OSRAY 126 
HOLDING, a.s.) was used to observe the various graphite coating surfaces at different 127 
magnifications. For accurate comparison, the view fields were kept consistent across all 128 
samples. The SEM images were captured using a 10 kV accelerating voltage, a scan speed 129 
of 32 µs/pixel, and a working distance of 16 mm. 130 

2.3. Tribology  131 
Wear tests were performed using a tribometer (UMT-3, Bruker, Inc.) in a ball-on-disk 132 

configuration. The 5% and 25% graphite coatings sprayed at low and high flow rates were 133 
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selected because coatings deposited at medium flow rate are very similar to the coatings 134 
deposited at high flow rate. Tests were repeated for a total of 3 tests per group. Chrome 135 
steel balls of 6.35 mm diameter were used in linear reciprocating tests performed at a 136 
stroke length of 5 mm, a normal load of 5 N (corresponding to 1.12 GPa Hertzian contact 137 
pressure without considering the coating), and at 1 mm/s (0.1 Hz) speed. The ball coun- 138 
terface was thoroughly cleaned with acetone prior to wear testing and imaged using the 139 
laser scanning confocal microscope before and after wear testing. The normal and friction 140 
forces were measured during the experiment at a sampling rate of 100 Hz. For reference, 141 
the same experiment was conducted on mild steel substrates without coating.  142 

2.4. Wear Analysis 143 
The resulting wear tracks and counterface balls were imaged using the laser scanning 144 

confocal microscope. Wear analysis was performed by measuring the volume of the wear 145 
track using the microscope’s Multifile Analysis software. The average depth and width of 146 
the wear track were also analyzed. SEM micrographs were captured at different surface 147 
locations on the samples to study the microscale topography of the coated surface and the 148 
wear tracks. Further elemental analysis of the coatings and wear tracks was performed 149 
using an SEM (FEI Nova 600 Nanolab) with Energy Dispersive X-Ray Spectroscopy (EDS). 150 
The EDS was used to examine the elemental composition of the wear track and the graph- 151 
ite coating and to confirm the presence of graphite in the wear track after the rubbing 152 
interaction. 153 

3. RESULTS AND DISCUSSION 154 
3.1. Coating Morphology, Thickness, and Roughness  155 

Figure 1a presents the graphite coatings obtained at various combinations of graphite 156 
concentrations and spray coating flow rates. Visual inspection discerned notable dispari- 157 
ties in graphite morphology across the sample groups. The appearance of graphite flakes 158 
in the deposited coatings varied throughout the design of experiment range. Coatings 159 
produced at low flow rates exhibit porous aggregates of graphite particles arranged hier- 160 
archically, while those at medium and high flow rates display flatter topographies. Ar- 161 
rows in Figure 1a indicate areas of uneven coating coverage at a 5% concentration and 162 
high flow rate. This likely stemmed from high spray flow rate coupled with the low graph- 163 
ite concentration in the dispersion which corresponded to a dispersion with a high aque- 164 
ous to solid ratio. In this scenario, the dispensing nozzle causes the graphite dispersion to 165 
form large droplets which pool on the surface. Consequently, during the drying process, 166 
liquid is drawn away from the droplet edges resulting in uncoated gaps in the coated 167 
surface, indicated by arrows on the figure. Conversely, when the 5% concentration dis- 168 
persion was sprayed using the low flow rate, the gradual release during each spray facil- 169 
itated the evaporation of some water from the atomized droplets. Consequently, mostly 170 
graphite flakes reached the surface in small aggregates, with the graphite flakes orienting 171 
themselves randomly within the aggregates, resulting in bulbous arrangements on the 172 
surface. The increase in concentration amounted to larger aggregates in the atomized 173 
droplets, thereby forming larger structures on the surface. 174 

Figures 1b and 1c illustrate the averaged roughness and thickness of graphite coat- 175 
ings, respectively, sprayed at different flow rates and concentrations with 10 mL graphite 176 
dispersion. Notably, in the low flow rate group, roughness increases with concentration, 177 
ranging widely from 8 to 37 µm. On the other hand, in the medium and high flow rate 178 
groups, roughness is similar, typically below 4 µm, as evidenced by the flatter nature of 179 
the coatings in Figure 1a. Medium and high flow rates facilitated greater deposition of the 180 
graphite dispersion during each application, resulting in a wetter substrate surface. In this 181 
liquid state, prior to drying, flakes align parallel to the substrate under surface tension, 182 
forming uniform films that transition into flat coatings upon drying. 183 
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 184 
Figure 1. Sprayed graphite coatings on as-received mild steel substrates created at various concen- 185 
trations and flow rates. (a) Scanning electron microscope (SEM) images of coating surfaces at 250 186 
µm view field. Scalebar = 50 µm (b) Coating roughness and (c) thickness. 187 

At medium and high flow rates, the uneven coverage observed at 5% concentration 188 
is different from the uniform coatings observed at higher concentrations, attributable to 189 
increased solids concentration. Spray coating, being a rapid deposition method, readily 190 
allows for thickness augmentation. As depicted in Figure 1c, thickness increases with ris- 191 
ing graphite concentration. The higher solids content at elevated concentrations leaves a 192 
greater graphite portion on the surface post-drying compared with lower concentrations, 193 
thereby augmenting coating thickness. Due to the random orientation of graphite in low 194 
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flow rate coatings, thicknesses tend to be higher than the medium and high flow rate coat- 195 
ings because of increased porosity. 196 

The contour plots in Figure 2a and 2b depict variations in roughness and thickness 197 
map, respectively, as a function of graphite concentration and spray flow rate. These fig- 198 
ures offer a visual representation of the data presented in Figures 1b and 1c, with the Y 199 
axis scaling reflecting the measured flow rates. However, it's important to note that ad- 200 
justing the nozzle knob changes the chamber size nonlinearly. One, two, and three revo- 201 
lutions corresponded to flow rates of 15, 51, and 60 mL/min for low, medium, and high 202 
levels, respectively. Consequently, the medium and high flow rates are relatively closer 203 
in value compared to the medium to low flow rate, which explains the similar surface 204 
roughness of the coatings deposited at medium and high flow rate.  205 

Two-way analysis of variance (ANOVA) with replication was conducted on our full 206 
factorial design to assess the impact of graphite concentration and spray flow rate on both 207 
roughness and thickness responses. Replication refers to having multiple measurements 208 
for each combination of factor levels. ANOVA calculates F-values to test the significance 209 
of each factor and their interactions. To determine whether the observed F-value is statis- 210 
tically significant, we compared it to a critical value from the F-distribution. This critical 211 
value depends on the number of levels in each factor as well as the level of significance (α 212 
= 0.05). If the calculated F-value exceeds the critical F-value, it suggests that the observed 213 
differences between group means are statistically significant. Flow rate, graphite concen- 214 
tration and their interaction had critical F-values of 3.4, 3.0, and 2.5, respectively. A low p- 215 
value (below the chosen significance level of 0.05) suggests that the observed differences 216 
between group means are unlikely to be due to random chance, leading to rejection of the 217 
null hypothesis. P-values provide a simple indication of significance and are used in con- 218 
junction with F-values to assess the statistical significance of the observed results.  219 

 220 
Figure 2. Contour plots showing the change in roughness and thickness at various graphite concen- 221 
trations and spray flow rates. (a) roughness and (b) thickness. 222 

For the roughness response, simple main effects analysis demonstrated that both 223 
flow rate (F = 1352, p = 2.14 × 10-25) and graphite concentration (F = 276, p = 1.01 × 10-18) had 224 
statistically significant effects on roughness. Also, analysis revealed a statistically signifi- 225 
cant interaction between the effects of graphite concentration and spray flow rate (F = 275, 226 
p = 6.70 × 10-21). Similarly, examining the thickness response, the two-way ANOVA iden- 227 
tified statistically significant simple main effects of both flow rate (F = 61, p = 3.45 × 10-10) 228 
and graphite concentration (F = 159, p = 5.79 × 10-16). Furthermore, the interaction between 229 
the effects of graphite concentration and spray flow rate on thickness was also significant 230 
(F = 22, p = 8.82 × 10-9). The statistically significant interactions observed in the ANOVA 231 
analyses for both roughness and thickness underscore the significance of the interplay 232 
between graphite concentration and spray flow rate factors in determining the final mor- 233 
phology and thickness of graphite coatings. 234 
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Table 2: Analysis of variance on the influence of concentration and flow rate spray factors on the 235 
roughness and thickness response of the resultant graphite coatings.  236 

Roughness 
Source of Variation SS df MS F P-value F crit 

Flow Rate 1678.75 2 839.37 1352.27 2.14 × 10-25 3.40 

Concentration 513.10 3 171.03 275.54 1.01 × 10-18 3.01 

Interaction 1023.95 6 170.66 274.94 6.70 × 10-21 2.51 

Within 14.90 24 0.62       

             
Total 3230.69 35         

Thickness  
Source of Variation SS df MS F P-value F crit 

Flow Rate 6605.27 2 3302.63 61.73  3.45 × 10-10 3.40 

Concentration 25505.37 3 8501.79 158.92 5.79 × 10-16 3.01 

Interaction 7271.27 6 1211.88 22.65 8.82 × 10-9 2.51 

Within 1283.95 24 53.50       

            
Total 40665.85 35         

 237 

3.2. Friction 238 
Figure 3 illustrates the coefficient of friction (COF) averaged over the test duration 239 

for each group. The measured COF for the mild steel substrate is 0.65 due to steel-on-steel 240 
interaction, consistent with values reported in literature [26]. Samples coated with graph- 241 
ite have significantly lower COF of 0.09 to 0.19, which is 71% to 86% smaller than that of 242 
uncoated samples. In existing literature, friction of graphite ranges widely from 0.1 to 0.9, 243 
dependent on factors such as environment and testing conditions but COF of 0.17 in hu- 244 
mid air is widely referenced [31], [32]. Specifically, the 5% concentration coatings exhib- 245 
ited average COF values of approximately 0.1, while the 25% graphite coatings displayed 246 
average COF values ranging from 0.15 to 0.19 (Fig. 3).  247 

 248 
Figure 3. Average coefficient of friction (COF) of mild steel and various graphite coatings tested in 249 
linear reciprocating motion against chrome steel counterface balls under a 5 N load at a speed of 1 250 
mm/s. 251 
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Figure 4 depicts the COF during each test for all sample groups. The relative differ- 252 
ences among all samples are easily seen. Initially, the mild steel substrate exhibits an in- 253 
creasing trend, reaching a COF of about 0.7 at the conclusion of the test. In contrast, the 254 
low concentration graphite coatings display a brief run-in period within the first 100 sec- 255 
onds, followed by a reduction to a stable COF of about 0.1, which is maintained through- 256 
out the test duration.  257 

  258 
Figure 4. COF measured during linear reciprocating tests against chrome steel counterface balls 259 
under 5 N normal load at 1 mm/s speed for all sample groups. 260 

Research shows that graphite exhibits the lowest friction during perfectly aligned 261 
relative motion [8], [33].  However, the high concentration coatings exhibit a different 262 
trend from the low concentration coatings. During the run-in period, friction rises to about 263 
0.3, persisting for a longer duration compared to the low concentration coatings. After 264 
reaching 0.3, the COF for the high concentration coatings continues to decrease, approach- 265 
ing a COF above 0.1 at the end of the test. This can be attributed to the higher quantity of 266 
graphite flakes in the 25% concentration coatings, requiring additional time for compres- 267 
sion and formation of a uniform layer compared to the 5% concentration coatings. Fur- 268 
thermore, the coating on the low flow rate samples have high porosity which weakened 269 
the coating shear strength, resulting in slightly lower friction than the high flow rate coat- 270 
ing. Additionally, transfer film develops on the counterface as the test progresses, contrib- 271 
uting to lower COF. 272 

3.3. Wear  273 
Figure 5a presents top-down SEM images of the coatings before and after dry sliding 274 

wear test. On the left (Figs. 5a i-v) images, the mild steel substrate and pristine coatings 275 
are depicted, while the right (Figs. 5a vi - x) images reveal the wear tracks resulting from 276 
testing. For the mild steel substrate, the oxide layer is worn to expose the steel underneath, 277 
with a significant amount of wear debris deposited on the side of the wear track. In the 278 
post-wear 5% graphite low flow rate sample (Fig. 5a vii), darker compression areas indi- 279 
cate evidence of compacted graphite that was agitated during testing and displaced to 280 
different locations. The boxed area and arrow in Figure 5a vii show where compressed 281 
coating material has been removed and redeposited, respectively. Similarly, in Figure 5a 282 
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viii, the 5% graphite high flow rate sample exhibits compacted light and darker grey areas 283 
within the wear track. In the case of the 25% graphite samples, their thickness leads to a 284 
wider wear track, resulting in sidewalls of the wear track containing compacted smooth 285 
graphite in most areas. The center of the wear track, where the tip of the ball applies the 286 
highest pressure, displays uneven coloration because this area has the greatest potential 287 
for wear and transfer of coating material to the counterface. However, the 25% high flow 288 
rate sample (Fig. 5a x) demonstrates a narrower wear track compared to the 25% low flow 289 
rate sample (Fig. 5a ix), because the higher flow rate resulted in a denser coating.  290 

 291 

Figure 5. Surface topography before and after wear test. (a) SEM images showing before (left col- 292 
umn) and after (middle column) wear tests for mild steel substrate and various graphite coatings. 293 
Scalebar = 500 µm. (b) Representative 3D images of wear tracks from Keyence laser scanning confo- 294 
cal microscope showing the z-range and topography difference between samples. 295 
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In Figure 5b, representative 3D images of wear tracks for mild steel, 5% graphite and 296 
25% graphite coatings at low and high flow rates are presented, accompanied by their 297 
corresponding scale bars. These images showcase the topography of the wear scar and 298 
surrounding areas. Notably, the roughness is distinguishable between the uncoated mild 299 
steel (Fig. 5b i) and the coated low (Figs. 5b ii and iv) and high (Figs. 5b iii and v) flow rate 300 
groups. While the effect of surface roughness on wear performance of graphite coatings 301 
has not typically been studied, our observations reveal that apparent lower roughness of 302 
the high flow rate samples contribute to narrower wear tracks at both 5% and 25% graph- 303 
ite concentrations due to the compact nature of the graphite coatings helping to resist de- 304 
formation. This trend is further elucidated in Figure 6. 305 

Figure 6 shows the average wear track volume (a), width (b), and depth (c) of coatings 306 
made at low and high flow rates with 5% and 25% graphite concentrations. In Figure 6d, 307 
wear track volume, width, and depth are presented relative to coating thickness. Wear 308 
track dimensions (volume, width, and depth) in Figures 6 a-c are smaller at high flow rate 309 
compared to those at low flow rate. Also, the 5% graphite coatings consistently exhibit 310 
smaller wear metrics compared to the 25% counterparts, due to their thinner coatings. For 311 
all wear track metrics, there is an increasing trend with increasing coating thickness (Fig. 312 
6d). Wear depth increases with the initial coating thickness. The depth of the wear track 313 
resulted from both coating compression and material removal. Morphology influences the 314 
wear behavior of graphite coatings. The loosely packed low flow rate coatings could facil- 315 
itate transfer film formation, holding promise in applications requiring easy transfer of 316 
graphite. Conversely, the more densely packed, high flow rate coatings exhibit reduced 317 
wear (Fig. 6a), possibly due to the enhanced consolidation of graphite particles and the 318 
consequent reinforcement of the coating structure after rubbing. 319 

 320 
Figure 6. Wear track measurements of 5% and 25% graphite coatings created at low and high flow 321 
rates. Average measurements of wear track (a) volume, (b) width, and (c) depth. (d) Comparison of 322 
wear track measurements against coating thickness. 323 

Figure 7 illustrates the wear track SEM images and corresponding laser scanning con- 324 
focal microscope images of balls. Figures 7a and 7b present the wear track and counterface 325 
ball on the same scale. The figures are aligned to demonstrate the relative position of the 326 
ball during the sliding test. Figures 7c and 7d show higher magnification images of the 327 
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ball. In Figure 7a i, the uncoated substrate shows mild steel debris pushed away from the 328 
wear track and deposited outside, along with evidence of abrasion within the wear track. 329 
The ball rubbed against the mild steel substrate (Fig. 7b i) experienced significant wear, 330 
surpassing anything observed on the balls run against the graphite coatings. In contrast, 331 
graphite coatings are compressed (Fig. 7a ii-v) during testing and prevent wear on the 332 
counterface through the formation of protective films (Fig. 7b ii-v). In the SEM micro- 333 
graphs (Fig. 7a), the compressed graphite coatings exhibit a darker appearance. The area 334 
of the ball in contact with the graphite coatings is larger for the thicker 25% coatings com- 335 
pared to the thinner 5% coatings. This is observed by the dark areas on the sides of the 336 
ball where it rubbed against the sidewalls of thick coatings (shown with white arrows in 337 
Figs. 7c iv and v). 338 

 339 
Figure 7. Aligned wear track and ball images after wear tests against mild steel substrates and 340 
graphite coatings sprayed at different flow rates and concentrations. (a) Representative SEM images, 341 
scalebar = 200 µm aligned with (b) corresponding laser scanning confocal microscope images of 342 
counterface ball at 10x, and (c) 20x magnifications. (d) Representative 3D images of balls. 343 

The amount of graphite transferred to each ball varies. In subfigures ii and iv of Fig- 344 
ures 7b - d, the low flow rate coatings left substantial wear debris on the ball after rubbing 345 
against both 5% and 25% concentration coatings. This is attributed to the porous structure 346 
and mobility of graphite flakes of the low flow rate coatings. The high roughness of these 347 
coatings also encouraged transfer film formation. In subfigures iii and v of Figures 7b-d, 348 
the high flow rate coatings exhibited some transfer films protecting the rubbing interface. 349 

SEM images of the wear tracks from representative tests are presented in Figure 8, 350 
where the boxed regions of interest are depicted at progressively higher magnifications in 351 
each row. The middle of the wear track represents the highest contact pressure area in the 352 
rubbing direction, providing insights into the most severe wear experienced by the coat- 353 
ings. In subfigure i of Figure 8 a-c, the uncoated mild steel shows abrasion lines, debris 354 
particles, and uneven surfaces in the wear scar. On the other hand, in subfigures ii-v of 355 
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Figure 8 a-c of the coated samples, graphite flakes are compressed to form protective lay- 356 
ers on the surface. However, these compressed layers depicted in Figure 8 may experience 357 
dislodgement, as indicated by the connected dots in subfigures a ii, a iv, b iv, and c iv. The 358 
dots are positioned on the side to indicate the original and current locations of dislodged 359 
compressed graphite flakes, identifiable by matching the shapes of the flake edge/perim- 360 
eter. The low flow rate coatings show evidence of compressed flake displacement. In the 361 
circled areas in Figures 8a and 8b, the edges of the smoothened plates of darker com- 362 
pressed graphite terminate with smaller graphite particles. Figures 8a and 8c depict the 363 
extent of compressed graphite coverage in the area subjected to the highest contact pres- 364 
sure, in contrast to other regions within the wear track. The variation of light and dark 365 
areas in subfigures ii - v of Figure 8 indicate that compression is not uniform throughout 366 
the wear track. In general, the 25% graphite coatings (subfigures iv and v) provide a more 367 
uniform protective layer of compacted graphite compared to the thinner 5% coatings (sub- 368 
figures ii and iii). Arrows in Figure 8c show wear lines on top of the graphite surface (sub- 369 
figures ii-v) and on the severely worn mild steel (subfigure i). The compressed graphite 370 
separates the counterface ball from the substrate as shown by the wear lines (arrows in 371 
Fig 8c). This protective layer is crucial as it serves as a lubricant reservoir, and over time, 372 
the alignment of graphite particles facilitates low friction, as observed in Figure 4.  373 

 374 
Figure 8. Representative SEM images zooming into the interior portion of the wear tracks. (a) 1000 375 
µm viewfield, Scalebar = 200 µm, (b) 400 µm viewfield, Scalebar = 100 µm, and (c) 250 µm viewfield, 376 
Scalebar = 50 µm. 377 

In the innermost portion of the wear track (Fig. 8c), light gray areas sometimes reveal 378 
the pebble-like morphology of the underlying mild steel substrate (boxed regions in Fig- 379 
ures 8c i, iii and iv). It is unclear if graphite is still present in these small regions. Therefore, 380 
elemental analysis of the light areas of the wear track and outside the wear track was 381 
carried out at higher magnification and presented in Figures 9 and 10. 382 

3.4. Elemental Analysis  383 
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Figure 9a and 9b present SEM images of graphite coatings and the corresponding 384 
EDS spectra of these areas. The colors of each group are kept consistent across both Fig- 385 
ures 9 and 10. Figure 9a shows the differences in coating morphology between the rough 386 
low flow rate coatings (subfigures ii and iv) and the smoother high flow rate coatings 387 
(subfigures iii and v). In graphite coatings, carbon (C) is the primary element of interest. 388 
Although carbon is also present in mild steel substrates, it constitutes a much smaller per- 389 
centage, typically less than 0.3%, with iron (Fe) dominating the substrate’s spectra. Addi- 390 
tionally, manganese (Mn) may be present in mild steel to a lesser extent, and oxygen (O) 391 
signals can indicate the presence of ferrous oxides or passivation of dangling bonds in 392 
carbon. 393 

 394 
Figure 9. Graphite coating with corresponding EDS spectra (a) SEM images showing graphite coat- 395 
ing region (85 µm width at 1500x magnification) Scalebar = 30 µm. (b) EDS spectra of the shown 396 
regions. 397 

In Figure 9b, the EDS spectra demonstrates that the 25% low flow rate coatings ex- 398 
hibit the lowest C signal among all coatings. This can be attributed to the high porosity of 399 
the region, resulting in fewer graphite flakes penetrated by electrons. Conversely, the 25% 400 
high flow rate coating exhibits the strongest C signal for graphite due to its thick and 401 
dense coating. As expected, all coatings cover the substrate up to the penetration depth of 402 
the electrons, resulting in no Fe signal measured in the graphite coatings, while the mild 403 
steel substrate displays high Fe spectra. The mild steel exhibits a high oxygen-to-iron ratio, 404 
likely due to the presence of ferrous oxides such as Fe2O3 and Fe3O4 on the surface. 405 

Figures 10a and 10b present SEM images of the inner portion of the wear track (width 406 
of 250 µm, like Figure 8c) and the magnified boxed area, respectively. Their EDS spectra 407 
are displayed in Figures 10c and 10d, respectively. In Figure 10a, arrows point to areas of 408 
compacted graphite. In Figure 10a and 10c, the analyzed regions show that the 25% low 409 
flow rate coating exhibits the highest C signal, which may be influenced by the non-uni- 410 
form nature of the wear track at this magnification. Nonetheless, the low flow rate samples 411 
display significant C counts, indicating good graphite coverage in part of the areas. This 412 
suggests that the porous graphite aggregates of the low flow rate coatings are compacted 413 
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in the wear track and protect part of the substrate. The mild steel substrate exhibits only 414 
low C content, reflecting the minimal carbon contribution of <0.3% in its composition. Im- 415 
portantly, the Fe signal is lower than the respective C signal in all the coatings, indicating 416 
sufficient graphite coverage in the wear track.  417 

 418 
Figure 10. Locations inside wear tracks and their corresponding EDS spectra. (a) SEM images show- 419 
ing wear track inner region (250 µm width at 500x magnification) Scalebar = 100 µm (b) Higher 420 
magnification of wear track (50 µm width at 2500x magnification) Scalebar = 20 µm from boxed 421 
regions in (a). (c) and (d) EDS spectra corresponding to the interior wear track locations shown in 422 
(a) and (b), respectively. 423 

Figure 10b, the zoomed-in grey areas of Figure 10a, show the pebble-like structure of 424 
the mild steel and darker grey areas of compressed graphite. EDS spectra in Figure 10d 425 
indicate much higher C signals in all coatings than the mild steel, indicating the presence 426 
of carbon coating on all coated surfaces. Elemental analysis demonstrates that in the in- 427 
nermost regions of the most worn areas of the wear track, graphite remains embedded in 428 
the crevices of the mild steel substrate, contributing to surface protection and low friction. 429 

4. CONCLUSIONS 430 
The surface morphology, coating thickness, and tribological performance of graphite 431 

coatings on MS substrates are significantly influenced by both the concentration of graph- 432 
ite dispersion and the spray flow rate. Low flow rate coatings exhibit a porous structure 433 
with higher roughness and thicker coating, leading to increased wear track width, depth, 434 
and volume. Conversely, high flow rate coatings display a denser structure with lower 435 
roughness and thinner coating thickness, resulting in narrower and shallower wear tracks 436 



Coatings 2024, 14, x FOR PEER REVIEW 15 of 17 

15 
 

and reduced wear volume. Both the COF and wear volume of the graphite coatings are 437 
mainly affected by the coating thickness, with both increasing with coating thickness. 438 
Coating morphology also has some effect on the COF and wear. Rougher and more porous 439 
low flow rate coatings require longer time to compact and are easier to shear or remove, 440 
resulting in slightly lower COF, more transfer to the ball, and higher wear volume. SEM 441 
and EDS analyses reveal that graphite flakes remain embedded in the innermost crevices 442 
of the wear track. Despite variations in coating thickness and porosity, all coatings exhibit 443 
sufficient coverage in the wear track, contributing to surface protection and low friction. 444 
Overall, these findings underscore the importance of optimizing graphite concentration 445 
and spray flow rate to tailor coating morphology, thickness, and tribological performance 446 
for practical applications. Low flow rates may be preferable for applications requiring 447 
higher roughness and porosity, while high flow rates offer advantages in achieving denser 448 
coatings with lower roughness and better wear resistance. 449 
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