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Abstract: The most crucial aspect of the tribology interfaces of Industry 5.0 is the intelligent coating with
the ability to sense mechanical degradation and automatically repair microstructural damage. The paper
introduces a swirl-enhanced High-Velocity Oxy-Fuel (HVOF) procedure to produce reduced graphene
oxide-metal-organic framework (rGO-MOF) reinforced ceramic finishes, which have real-time damage
detection and Joule-induced micro-healing. Particle rotation through swirl enhances splat layering and
decreases porosity, as well as increases continuity of reinforcement at long-range. The conductive
rGOMOF network is used as a localized heat generator and a self-sensing route to heal a crack site. It has
been shown to decrease wear-rate by 33 to 40 percent, exhibit a linear resistance-based sensing response,
and close cracks with up to 68 percent efficiency after electrical stimulation. Swirl and splat densification
hybrid reinforcement and swirl enhancement Hardness and elastic modulus are enhanced by 1822
percent. These findings validate that the proposed coating is a self-aware, adaptive tribological coating
that has a strong aerospace, manufacturing, robotics, and precision machinery systems potential.

Keywords: Tribology, High-Velocity Oxy-Fuel, reduced graphene oxide-metal-organic framework, self-
sensing.

Introduction

Materials used in tribological systems are getting more and more under pressure to be not only wear-
resistant but also to be able to detect their own wear and tear along with automatically responding to
micro-damage. Traditional ceramic finishes are hard and resistant to oxidation but do not identify internal
flaws or seal micro-cracks. The limitation is a major problem in aerospace bearings, turbine shafts, high-
speed machining tools and robotic actuators, where frictional heating and cyclic loading give rise to micro-
fractures which grow without any audible emission until a disastrous break.

Reduced graphene oxide (rGO) is an electrical conductor material with crack bridging and load transfer
high capabilities. Metal-organic frameworks (MOFs) provide nanoporous architecture, coordinative
versatility and catalytic centers which allow stress-assisted bond reorganization. rGO—-MOF hybrids are
multifunctional enough to act as both a self-sensing layer (by monitoring resistance change) and a self-
healing activator (by localized Joule heating).

The most common example of dense ceramic coating is High-Velocity Oxy-Fuel (HVOF) spraying, although
conventional HVOF does not have the capability to reinforce the alighment since the trajectories of the
particles are linear. The incorporation of a swirl flow field causes rotation of the particles, enhancing the
coating density, continuity of reinforcement and integrity. In this paper, rGO-MOF hybrid nanostructure

SGS Initiative, VOL. 1 NO .1 (2026): LGPR


mailto:pdf.Somasundaram@lincoln.edu.my

is combined with swirl-assisted HVOF to develop wear-sensing and crack-formation-sensing and self-
healing microstructural defects coatings.

Methodology

The rGO-MOF precursor was prepared by solvothermal bonding of MOF nodes on the graphene oxide
sheets, which was reduced to rGO. The hybrid was mixed with a ceramic powder (alumina -zirconia) to
form a homogenous feedstock. A HVOF nozzle with a swirl provided tangential momentum to the
combustion stream to enhance splat spreading and long-range reinforcement connectivity. Before
deposition, the SS304 substrates were grit blasted.

To assess self-sensing performance, resistance ratio (R/R -0) changes during the cyclic loading had to be
measured. Vickers indentation was used to introduce microcracks and Joule heating (46 V) was used
across the coating to induce local heat-activated self-healing. The wear tests were performed with 20N-
40N loads. Nanoindentation was used to measure hardness and modulus. At the right places,
microstructural, electrical, and mechanical results are displayed using figures and tables.
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Figure 1. Wear Rate Reduction Across Loads

Table 1. Wear Rate Comparison Across Loads

Load (N) | Baseline Wear (x10~°* mm3/Nm) | rGO-MOF Wear (x10~° mm3/Nm) | Reduction (%)
20 4.2 2.8 33.3%
30 5.1 3.3 35.3%
40 6.3 3.9 38.1%

This table demonstrates a consistent improvement in wear resistance due to the swirl-induced
densification and the rGO—MOF reinforcement.
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Figure 2. Self-Sensing Response of rGO—MOF Coating (Resistance Ratio vs Load)

Table 2. Self-Sensing Sensitivity Values (R/Ro)

Load (N) | R/Ro
0 1.00
5 1.09
10 1.17
15 1.22
20 1.28
25 1.35
30 1.45
35 1.53
40 1.62

The coating shows a near-linear trend, confirming its capability to monitor deformation and wear in real
time.
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Figure 3. Healing Efficiency Before and After Joule Activation
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Table 3. Healing Performance After Joule Heating

Condition Crack Closure (%)
Before Healing | O
After Healing | 68

The rGO-MOF network produces localized heat to reactivate MOF coordination locations and ceramic
diffusion and reach up to 68 percent healing.
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Figure 4. Mechanical Property Enhancement (Hardness & Elastic Modulus)

Hardness is improved between 820 HV and 1010 HV, as well as the elastic modulus is improved between
110Gpa to 134Gpa, which confirms swirl enhanced splat quality and reinforcement synergy.

Results and Discussion

Swirl-HVOF process increased the microstructural density a lot and the porosity was low, and the rGO-
MOF structures aligned along the edges of the splats. A wear rate improvement of reduced by 33-40 % is
obtained (as shown in Figure 1 and Table 1) as toughness and crack deflection are improved. The
reinforcement network widely distributes the stress and postpones the crack propagation and tribological
stability.

Measurements of self-sensing (Figure 2, Table 2) demonstrate that the ratio of resistance versus applied
load is very linear, which proves that the coating is indeed a continuous strain-sensitive system. It allows
the prompt identification of the degradation of the material and the possibility to monitor tribological
conditions in real time.

The effect of the Joule-activated micro-healing (Figure 3, Table 3) proves that the rGO-MOF
reinforcement is not only structural but also functional. And the hybrid network produces local
temperatures that are high enough to drive ceramic diffusion and MOF bond re-coordination causing
significant crack closure up to 68%.
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Figure 4 shows mechanical properties that increased as a result of splat densification and network
strengthening caused by swirls. Modulus and hardness improvements improve load carrying capacity and
lifespan. These findings, all in all, verify the fact that swirl-HVOF rGO-MOF coatings are self-sensing, self-
healing and mechanically enhanced adaptive surfaces, which are best suited in the intelligent tribological
systems.

Conclusion

The work illustrates an innovative swirl enhanced HVOF methodology of producing rGO-MOF adaptive
ceramic coating with self-healing and self-sensing characteristics. The wear progression is monitored by
the conductive rGO MOF network which autonomously heals microcracks by Joule heating. Swirl flow
enhances density of coating, mechanical integrity and continuity in reinforcement. The performance
assessments verify the lower wear, good sensing linearity, high crack closure efficiency, and enhanced
hardness/modulus. These generalized coatings are optimal in Industry 5.0 disciplines where machinery
parts must possess inbuilt smartness, performance, and durability.
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