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Abstract — Artificial intelligence (AI) is rapidly changing 

several aspects of advanced manufacturing, bringing 

unparalleled opportunities for efficiency improvement, 

quality control, and innovation. This review article presents a 
balanced overview of the emerging role of AI in the advanced 

manufacturing context, with a particular emphasis on its 

revolutionary influence on thermal spray coating 

technologies. We discuss the integration of AI techniques, 

such as machine learning, computer vision, and natural 

language processing, in the thermal spray process chain, from 

process optimization and material selection to defect 

inspection and predictive maintenance. We also delve into 

more general applications of AI across advanced 

manufacturing areas, such as additive manufacturing, 

robotics, and supply chain management, with special 
emphasis on the synergistic opportunities and future trends of 

AI-aided industrial progress. This review will enable 

researchers, industry stakeholders, and policy makers to 

appreciate the latest state-of-the-art and the potential of AI in 

revolutionizing the future of manufacturing, with thermal 

spray coating being a good case study for its far-reaching 

influence.  
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I. INTRODUCTION 

A. Background on Advanced Manufacturing and its Key 

Technologies 

Advanced Manufacturing uses advanced technologies such as 

automation, robotics, AI, and 3D printing to improve the 
efficiency, quality, and flexibility of production. Such key 

technologies are additive manufacturing, advanced materials, 

industrial IoT, robotics, and AI/ML for optimization and 

predictive maintenance, which is changing the way goods are 

produced [1]. 

B. The Growing Significance of Artificial Intelligence in 

Industrial Applications 

Artificial intelligence is quickly redefining industrial 

applications by pushing automation, improving processes, 

and enhancing decision-making. AI-powered systems scan 

extensive datasets to determine equipment failures ahead of 

time so that proactive maintenance can be accomplished and 

downtime lessened. Artificial intelligence in manufacturing 

powers quality assurance through computer vision, 

streamlines supply chains, and facilitates producing 

customized products. Additionally, AI-powered robots and 

cobots are making factory operations more efficient and safer. 
This increasing importance of AI results in improved 

productivity, lower costs, and the creation of smarter, more 

robust industrial operations in different industries [2]. 

C. Focus on Thermal Spray Coating as a Critical Advanced 

Manufacturing Process 

1) Thermal Spray Coating: 

A surface treatment process in which a material (metal, 

ceramic, plastic, composite) is melted and atomized onto a 

substrate to form a coating [3-5]. The feedstock material is in 

a molten or semi-molten condition and accelerated at high 

speed onto a prepared surface, where it solidifies and adheres. 

A general process that can be used with a variety of materials 

and substrate shapes. Applied to improve surface 
characteristics such as wear resistance, corrosion protection, 

thermal insulation, electrical conductivity, and dimensional 

restoration [6-10]. There are several techniques, including 

plasma spraying, high-velocity oxy-fuel (HVOF) spraying, 

arc spraying, and cold spraying, each with its own 

characteristics and uses. Various researchers have used wire 

arc spray, cold spray to combat corrosion of boiler steels 

using different coating materials [11-16]. Recently, high 

entropy alloy coatings play a significant role in modifying 

surface of material [17]. 

2) Why Thermal Spray Coating is a Critical Advanced 
Manufacturing Process: 

1) Enhancing Material Performance: Advanced 

manufacturing frequently includes extending the 

performance of materials to demanding uses. 

Thermal spray coatings make it possible to utilize 

base materials with useful bulk properties while 

providing a surface coating optimized for certain 

operational stresses (wear, corrosion, heat). This can 

be achieved in customized material performance 

without the expense of costly, specialized bulk 

material [18]. 

2) Extending Component Lifespan: By using 
protective coatings, thermal spraying greatly 

enhances the durability and lifespan of components 

produced. This is essential in sectors such as 

aerospace, automotive, energy, and medical devices, 

where failure of components has serious 

consequences and replacement is expensive. 

Extended lifespans promote sustainability through 

less material use and waste [19]. 

3) Enabling Material Combinations: Thermal spray 

enables the deposition of functional surfaces using 

materials that may be challenging or impossible to 
incorporate using conventional manufacturing 

techniques such as welding or casting. This 

facilitates the use of innovative material pairings and 

composite structures with improved performance 

parameters [20]. 

4) Repair and Remanufacturing: Within the emphasis 

of advanced manufacturing on resource efficiency 

and circular economy principles, thermal spray 

plays a crucial role in remanufacturing and repairing 
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high-value parts. Rather than disposing worn-out or 
damaged components, coatings can revive their 

dimensions and functionality, conserving materials 

and energy. 

5) Customization and Flexibility: The thermal spray 

process provides a high level of control over the 

thickness, composition, and microstructure of the 

coating. This enables manufacturers to tailor surface 

properties to meet specific application needs, with 

design and production flexibility. 

6) Integration with Other Advanced Processes: 

Thermal spray may be combined with other 

advanced manufacturing processes. For instance, 
coatings may be deposited on additive manufactured 

parts to improve their surface finish or functional 

characteristics. Such synergy generates new 

opportunities for advanced product development. 

7) Addressing Industry-Specific Needs: Most 

sophisticated industries depend extensively upon the 

distinctive qualities of thermal spray coatings: 

8) Aerospace: Thermal barrier coatings on turbine 

blades, wear coatings on landing gear. 

9) Automotive: Wear-resistant engine component 

coatings, corrosion protection for exhaust systems 
[21]. 

10) Energy: Boiler tube coatings, wind turbine parts, and 

fuel cells to be corrosion and wear resistant [22-25] 

11) Medical: Biocompatible implants coatings, wear-

resistant coatings for surgical tools [26]. 

In summary, thermal spray coating is important to 

focus on in advanced manufacturing since it offers 

fundamental tools to boost material performance, prolong 

product lifetimes, make novel material combinations 

possible, enable sustainable use through repair, allow 

customization, and meet the special needs of high-tech 

markets. It is an important technology to develop more 
efficient, long-lasting, and high-performance products in 

today's manufacturing environment. 

D. Enhancing Process Optimization and Efficiency: 

− Real-time Adjustment and Control: Thermal spray 

processes utilize many parameters (temperature, powder 
feed rate, torch speed, etc.). AI programs can scrutinize 

huge quantities of sensor information in real time to track 

and dynamically modify these parameters, which results 

in more uniform and improved coatings while avoiding 

material waste and energy usage. 

− Predictive Maintenance: Machine learning can take past 

data and sensor data to anticipate possible equipment 

failures of thermal spray equipment so that proactive 

maintenance can be done and avoid expensive downtime. 

− Optimized Spray Strategies and Paths: Machine learning 

can be utilized to find the optimal spray paths and 
strategies for complex geometries in order to have 

uniform coating thickness and reduced overspray [27]. 

E. Improving Coating Quality and Performance: 

− Defect Detection and Classification: Intelligent vision 

systems can inspect coated surfaces in real-time to find 

and identify defects (e.g., porosity, cracks, inclusions) 
with higher accuracy and speed than visual inspection. 

This allows for instant corrective action and enhanced 
quality control. 

− Coating Property Prediction: By examining process 

parameters and material properties, the AI models are 

able to predict the ultimate properties of the coating (e.g., 

corrosion resistance, hardness, wear resistance) and 

enable improved process design and application-specific 

coatings. 

− Tailored Coating Design: AI may help design new 

coating materials and microstructures based on 

understanding the interconnections among composition, 

processing, and performance, resulting in coatings with 

added functionalities [27]. 

F. Enabling Greater Flexibility and Adaptability: 

− Working with Intricate Geometries: Robotic systems 

powered by AI can be programmed to coat complex and 

intricate geometries with more precision and consistency 

than conventional methods. 

− Adaptive Process Control for Variable Conditions: AI 

algorithms can learn and adapt to changes in 

environmental conditions, substrate materials, and other 

variables to provide robust and reliable coating 

deposition. 

− Faster Prototyping and Material Development: AI can 

speed up the development of new coating materials and 

processes by simulating and predicting results, with less 

need for costly physical experimentation [28]. 

G. Driving Innovation in Advanced Manufacturing: 

− Integration with Digital Twins: AI can be coupled with 

digital twins of manufacturing processes and products to 

include a holistic virtual realm for simulation, 

optimization, and predictive analysis of thermal spray 

operations. 

− Automation and Robotics: AI plays a significant role in 

making sophisticated robotic systems capable of 
executing intricate thermal spray functions 

independently, enhancing productivity and minimizing 

the necessity for human intervention in dangerous 

settings. 

− Data-Driven Decision Making: AI offers robust 

capabilities for studying the enormous amounts of data 

generated in sophisticated manufacturing, allowing for 

data-driven decision-making in process optimization, 

quality control, and material choice 

II. FUNDAMENTALS OF ARTIFICIAL INTELLIGENCE FOR 

MANUFACTURING 

Artificial Intelligence (AI) is working quickly to redefine the 

manufacturing arena, presenting the greatest opportunities to 

date for augmented efficiency, process optimization, and 

quality control. At its basis, AI within manufacturing uses 

data-driven algorithms and computational power to replicate 

human reasoning capabilities, empowering machines and 

systems to learn, reason, and make smart choices without 

direct coding. It's important to realize the underlying methods 
and considerations as a key prerequisite to successful 

integration [29]. 
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A. Overview of Key AI Methodologies: 

1) Machine Learning (ML): This foundation of AI allows 

systems to learn from information. Supervised learning 

uses tagged datasets to train models for prediction or 

classification, e.g., predicting machine breakdowns or 

classifying product flaws. Unsupervised learning detects 

latent patterns and structures in untagged data, useful for 
detecting anomalies or segmenting customers. 

Reinforcement learning teaches agents using trial-and-

error, learning actions based on rewards, best suited for 

robot control and process optimization. 

2) Computer Vision and Image Analysis: These methods 

allow machines to "see" and understand visual data. In 

manufacturing, this means automated surface defect 

inspection, robotic assembly guidance, and production 

line monitoring for safety and efficiency. Through image 

and video analysis, AI can detect anomalies and give 

real-time feedback. 
3) Natural Language Processing (NLP): NLP is concerned 

with making computers capable of understanding and 

processing human language. In manufacturing, NLP can 

be used to analyze maintenance records, glean insights 

from production reports, and enable human-robot 

interaction using voice commands. It can also automate 

documentation generation and offer intelligent support to 

human operators. 

4) Robotics and Intelligent Automation: Artificial 

intelligence algorithms are augmenting the 

functionalities of industrial robots, from repetitious 

operations to complex and adaptive ones. Combining 
them with AI gives way to autonomous navigation, 

object identification, and real-time decision-making in 

changing environments, resulting in improved flexibility 

and efficiency in assembly, material handling, and other 

manufacturing activities. 

B. Data Acquisition and Management for AI in 

Manufacturing: 

The success of AI in manufacturing depends on the quality of 

data. Strong data acquisition processes, leveraging sensors, 

IoT devices, and existing enterprise systems, are necessary to 

collect relevant information from different points of the 

production process. This information consists of sensor 

measurements, machine parameters, quality control data, and 

operational logs. Effective management of data, including 

storage, cleaning, integration, and security, is equally 

important to provide the data that is trustworthy and 

accessible for training and deployment of AI models. 

C. Challenges and Opportunities in Implementing AI in 

Industrial Settings: 

Deploying AI in manufacturing brings with it great 

opportunities as well as great challenges. The benefits range 

from improved productivity, increased product quality, lower 

operational costs, enhanced safety, and the personalization of 
products and services. AI can also facilitate predictive 

maintenance, supply chain optimization, and innovation. 

Nonetheless, there are various challenges that have 

to be addressed. These range from the need for heavy initial 

investment in infrastructure and skills, data privacy and 

security issues, integrating AI systems with legacy systems, 

job displacement that needs to be addressed by reskilling the 
workforce, and the ethics of autonomous decision-making. 

Resolving these issues through prudent planning, strategic 

collaboration, and emphasizing human-AI collaboration is 

pivotal to achieving the full potential of AI in manufacturing. 

III. REVOLUTIONIZING THERMAL SPRAY COATING WITH 

ARTIFICIAL INTELLIGENCE 

Artificial intelligence is on the verge of transforming thermal 

spray coating, infusing unprecedented amounts of precision, 
efficiency, and quality into this key surface engineering 

technology. By tapping the capabilities of data analysis, 

machine learning, and predictive modeling, AI is 

revolutionizing different aspects of the thermal spray process, 

ranging from material selection to equipment maintenance. 

In material design and optimization, AI algorithms 

can process huge datasets of material properties and process 

parameters to accurately predict coating properties. This 

facilitates the AI-assisted design of new coating materials and 

microstructures optimized for specific applications, far 

beyond conventional trial-and-error procedures. 
Process control and optimization are greatly 

improved by AI. Real-time monitoring of spray parameters, 

combined with AI-driven analysis, enables dynamic 

adjustments to ensure optimal conditions. Predictive models 

can predict coating deposition rates and microstructural 

development, resulting in greater efficiency and performance. 

Additionally, AI allows for the development of digital twins, 

making virtual simulation and optimization of the complete 

thermal spray process possible. 

Quality inspection and defect detection are greatly 

aided by AI's image analysis and pattern recognition 

capabilities. Computer vision-based automated systems are 
able to detect defects more speedily and accurately than 

human inspection. AI processes also improve non-destructive 

inspection methods and allow for predictive quality 

assessment through in-process information. 

Lastly, AI is essential in predictive maintenance of 

thermal spray equipment. Through the processing of sensor 

data, AI can identify anomalies and forecast impending 

failures, enabling active maintenance interventions. This 

reduces downtime, cuts down on expenses, and guarantees 

the reproducible performance of thermal spray systems. 

Essentially, AI is breaking into a new era of intelligent 
thermal spraying, allowing for coatings with better properties, 

made with increased efficiency and reliability [30]. 

IV. BEYOND THERMAL SPRAY COATING: BROADER 

APPLICATIONS OF AI IN ADVANCED MANUFACTURING 

In addition to boosting thermal spray coating, Artificial 

Intelligence is transforming more advanced manufacturing 

areas by leaps and bounds. In Additive Manufacturing, 

generative design algorithms infused with AI tune part 
geometry for performance and material efficiency. AI tracks 

printing in real time, identifying defects and providing quality 

control. And predictive maintenance algorithms inspect 

machine data to predict failures, cutting down on downtime 

[31]. 

Robotics and automation are also revolutionized by 

AI. Smart robotic systems can manage materials and 
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undertake sophisticated processing with higher accuracy and 
flexibility. Cobots operate cooperatively with human beings 

safely and improve productivity. Adaptive automation is 

made possible through AI, as manufacturing systems adapt 

dynamically to altering production requirements and develop 

flexible production environments. 

Lastly, AI is optimizing Supply Chain Management 

and Logistics. Demand forecasting becomes more accurate, 

promoting improved inventory management. Predictive 

analysis can alert on the likelihood of supply chain 

disruptions, allowing early mitigation. Smart logistics and 

transport management systems can optimize routes and 

delivery timings, enhancing efficiency and lowering costs 
throughout the whole manufacturing system. 

V. CHALLENGES, OPPORTUNITIES, AND FUTURE 

DIRECTIONS 

A. Challenges: 

Implementing AI in manufacturing is challenged by 
availability, quality, and security of data. Siloed data sources, 

non-uniform formats, and verification of accuracy for sound 

AI models are the major problems. Safeguarding sensitive 

operational information from cyber-attacks and maintaining 

privacy are similarly vital issues. In addition, establishing 

interoperability with existing, frequently legacy, 

manufacturing infrastructure when integrating AI systems is 

a technical complexity. There is a large skill gap that demands 

considerable workforce training and development to work, 

maintain, and advance AI-driven systems. Ethical 

implications such as algorithmic bias in producing unequal 

outcomes, job loss, and transparency and accountability for 
AI decision-making need to be well managed to ensure it is 

implemented responsibly. 

B. Opportunities: 

AI holds vast potential to transform advanced manufacturing. 

AI allows for predictive maintenance, reducing downtime 

and maximizing equipment lifespan. AI-based quality control 
can identify defects more accurately and quickly. AI-based 

supply chain optimization enhances demand forecasting and 

logistics. AI promotes automation of sophisticated tasks and 

increases human-robot collaboration. In addition, AI injects 

innovation in product design and development via generative 

design and makes mass customization possible. AI-driven 

real-time analytics offer useful information for optimizing the 

process as well as managing resources, which results in 

maximizing efficiency and minimizing cost. 

C. Future Directions: 

The future of AI in sophisticated manufacturing is defined by 

a number of emerging trends. Explainable AI (XAI) will be 

instrumental in building trust and transparency in AI systems 

through insight into their decision-making. Federated 

Learning will facilitate collaborative AI development across 

a number of manufacturing facilities while maintaining data 

privacy. Edge AI, data processing nearer to sources, will 
enable real-time decision-making and minimize latency, 

essential for uses such as autonomous robots and intelligent 

sensors. These technologies, combined with innovation in 

fields such as generative AI and digital twins, will enable 

smarter, more efficient, and more resilient manufacturing 
processes. Ongoing workforce training and the development 

of ethical standards will be crucial to maximizing the 

potentially transformative effects of AI in this field. 

VI. CONCLUSION 

In summary, this review emphasizes AI's central role in 

cutting-edge manufacturing, uncovering important insights 

into improved process control, material optimization, and 

predictive maintenance. The revolutionary potential of AI is 
its capacity to transform production efficiency and product 

quality across industries. In the future, AI-driven innovation 

holds great promise, especially in fields such as thermal spray 

coating, allowing for the development of new materials with 

customized properties and opening a new era of smart 

manufacturing. 
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