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| ABSTRACT

Additive manufacturing (AM) is no longer just a prototyping technique but has become a serious technology for the
production of very complex industrial components with high performance properties, which is still in the process of
reaching lightweight construction standards. Additive manufacturing (AM) is now no longer only a prototyping
technique, but has become a serious manufacturing technique, which is still being developed to reach lightweight
construction standards, in order to produce very complex components with high performance properties. This
review summarizes the latest advances of AM processes, in process monitoring, in thermal applications, materials
characterisation and in industrial implementation. Significant progress in powder bed fusion, directed energy
deposition and associated deposition technologies have facilitated the processing of complex architectures, high
melting point materials, multi material structures, and functionally graded architectures. Specific focus is on thermal
management by conformal cooling channels, optimized heat exchangers and integrated thermal structures in
aerospace, turbine, automotive, medical and energy industry. Machine learning and predictive modelling, in
combination with the digital twin and closed loop control, are demonstrated to be opportunities for adaptive
parameter optimisation and increased process certainty. Thermal analysis, X ray diffraction, electron backscatter
diffraction, metallography and porosity assessment are also deemed as essential tools for establishing links
between processing conditions, microstructure, thermal behaviour, and final component performance. Although
great strides have been made, there are still limitations in the form of residual stress, porosity, thermal distortion,
processing variability, high equipment costs, post processing requirements, scalability, data accessibility and
certification.
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1. Introduction

In recent years, there has been a tremendous progress in additive manufacturing (AM) including major process
technology advances, process monitoring and post processing, thermal management, characterization of materials,
and quality control for advanced industrial parts. The field has expanded into creating reliable, high performance
and increasingly more complex parts for the aerospace, automotive, energy, medical and other industrial markets,
as well as for rapid prototyping [Karunakaran, 2010]. Such change has been facilitated by the ability of AM to
reduce manufacturing material waste, shorten manufacturing time, reduce some of the post processing

Copyright: © 2024 The Author(s). This open access article is distributed under the terms and conditions of the Creative Commons Attribution-NonCommercial-
ShareAlike 4.0 International (CC- BY-NC-SA) License (https://creativecommons.org/licenses/by-nc-sa/4.0/), published by Bluemark Publishers.

Page | 107


https://doi.org/10.61424/ijans.v2i2.1061
https://bluemarkpublishers.com/index.php/IJANS
https://creativecommons.org/licenses/by-nc-sa/4.0/
https://doi.org/10.61424/ijans.v2i2.1061

Recent Advances in Additive Manufacturing Processes, Monitoring, and Thermal Applications for Advanced Industrial Components

requirements, and produce geometries, tailored microstructures and integrated functional features that are difficult
or impossible to achieve through conventional manufacturing processes. Manufacturing engineering, materials
science, digital manufacturing, computational modelling, sensing technologies and artificial intelligence have thus
brought AM into the focus as an important part of next generation manufacturing [Saxena, 2018]. The metal AM
processes of powder bed fusion (PBF), directed energy deposition (DED), and arc based deposition processes are
important technological foundations of this development. PBF processes, such as electron beam melting, selective
laser melting, and direct metal laser sintering, enable the fabrication of intricate components and offer high
geometric freedom and feedstock efficiency for metallic materials. However, performance is highly dependent on
process parameters and powder, as well as thermal and environmental conditions [Hossain, 2024]. Defects such as
porosity, cracking, lack of fusion, balling, distortion and excessive surface roughness can be encountered if the laser
or electron beam power, scanning speed, hatch spacing, layer thickness and scanning strategy are improperly
combined. The on-going research consequently is shifting towards understanding the process physics and setting
up process window with process consistency for the consistent part quality for various materials and manufacturing
systems [Pragana, 2021]. DED has also been gaining significant interest for its ability to process large parts, repair
processes, material deposition on existing products and functionally graded or multi material architectures.
Compared to PBF, DED has the potential to manufacture larger components, facilitate the addition of material, and
enable material composition to be changed during manufacturing. These properties have a significant impact on
the application of DED, especially in the aerospace industry, energy, tooling, and repair [Lauwers, 2014]. The
relatively high deposition rate and the ability to use conventional welding techniques make Arc based AM
approaches promising routes for large scale deposition of metals. However, these issues of dimensional accuracy,
thermal distortion, residual stresses, surface quality and process stability are still not well understood. Thermal
monitoring is especially crucial, since AM is essentially governed by very localized and rapidly changing heat
transfer phenomena [Sebbe, 2022]. The thermal gradient and the cooling histories are steep and complex,
respectively, and they affect the formation of the microstructure, residual stress, distortion, phase transformation
and mechanical properties when repeated melting and solidification occur. The size and temperature profile of melt
pool can therefore be used as good indirect indicators of process stability and defect formation. Thermal imaging
and infrared measurements can detect abnormal heat accumulation, inadequate melting, overheating and
differences in cooling [Krimpenis, 2023]. This type of data can then be incorporated into models of the processes to
better predict the thermal history and microstructural evolution.

Significance: This review examines advances integrating AM, thermal management, monitoring, characterization,
and intelligent control for reliable high performance industrial components.

2. Additive Manufacturing Process Advances, Monitoring, and In-Process Quality Assurance

The recent developments in additive manufacturing (AM) have been aimed at increasing the processes capabilities
and quality of the manufactured components, new material systems, and increasingly more complex architectures
[Merklein, 2016]. The advantage of AM is the ability to selectively deposit materials in a layer by layer or particle by
particle fashion in line with digital models, with no need for traditional moulds and significant freedom of
component design. It is possible to develop a complex component with a high degree of freedom in geometry,
using computer aided design, process simulation, slicing, deposition, and post processing software to support the
entire manufacturing process [Chattopadhyay, 2024]. It is this ability that allows the creation of complex external
and internal forms, light structures, functional-integrated elements, and parts that offer a better strength to weight
ratio. Many AM processes include the features of high energy input and fast cooling rates that can also affect the
material's solidification structure and phase transformations, offering opportunities for the customization of
material properties during AM processes [Praveena, 2022]. Powder bed fusion is an emerging technique for
manufacturing high performance metallic parts, especially for complex shapes and challenging materials, which is
known as laser based powder bed fusion. The processing of tungsten and other high melting point materials has
stimulated a great deal of development due to the requirement to overcome several difficulties related to the high
melting temperature, thermal conductivity, brittleness and thermal gradient sensitivity of these materials [Jakimiuk,
2024]. In AM, the rapid melting of the tungsten powder occurs in a small melt pool and it then nucleates and
solidifies into grains. The control of heat input has now emerged as a key issue in the development of the process,
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as it directly influences the melt pool size, flow, solidification pattern, defects, and surface quality [Chénier, 2023].
Depending on the energy density and processing conditions, the melt pool can be in conduction mode or switch
into keyhole mode. The conduction mode typically results in a stable melt pool with the heat transferred mainly by
conduction in the surrounding material.

3. Thermal Applications and Thermal Management of Advanced Industrial Components

The additive manufacturing (AM) has opened up novel options for thermal management in high performance
industrial components by making it possible to manufacture complex geometries that are difficult to obtain
through classical manufacturing methods [Hossain, 2023]. The capability to create components layer-by-layer,
based on digital models, makes it possible to embed internal structures, complex channels, lattice structures,
optimized heat transfer surfaces directly within a component. These are very useful for heat exchange, temperature
control, light-weight and miniaturized components such as turbine parts, combustion components, energy
equipments and so on. One of the most important thermal applications of AM is the development of advanced heat
exchangers (Figure 1) [Marques, 2023]. In the conventional manufacturing industry, the complexity of the internal
passage is limited by the simple geometry of the internal structure, which can be machined or cast, or connected
through welding or drilling. Many of these geometric limitations are eliminated with AM, allowing for the creation
of interconnected channels, curved passes, lattices, and topology-optimized heat transfer surfaces (Table 1). The
design flexibility allows for higher heat transfer surface, better fluid mixing, smaller volume of components and
possibly higher overall thermal efficiency. Another significant application for AM is conformal cooling [Jayawardane,
2023]. Cooling channels are typically simple in conventional manufacturing, and must keep a proper distance from
the external surface due to machining and tooling constraints. AM enables the cooling paths to more closely follow
complex component geometry. These conformal channels can help to achieve a more even temperature
distribution and minimize localized thermal concentrations. This is especially important for turbine blades and other
high-temperature parts where the thermal stresses, fatigue life, oxidation, and reliability of the part can be strongly
influenced by the temperature gradients [Mechete, 2023]. Additionally, AM allows for integrating thermal
management into the design of a part. Cooling channels and heat transfer features can be fabricated as part of the
actual building structure rather than manufacturing a separate cooling system, and then installing it. But, if it is to
be implemented reliably, the input of energy, the thermal history, the condition of the material, the surface
characteristics, the residual stress and post processing have to be carefully controlled. Embracing these
developments, the future of AM is likely to see even greater integration with computational thermal modelling,
advanced monitoring and intelligent process control, leading to a greater capability to design and produce parts
with precisely controlled thermal attributes, enhanced durability, reduced weight, and greater energy efficiency
[Jung, 2023].
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Figure 1. Additive Manufacturing Applications in Mission-Critical Operations [Joghan, 2023]
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Table 1. Additive Manufacturing Processes and Their Industrial Applications

AM process Main characteristics Major advantages Industrial applications | Reference
Powder Bed | Layerwise melting of | High geometric  freedom, | Aerospace, (31, [4]
Fusion (PBF) powder using laser or | efficient material use, ability to | automotive, energy,
electron beam fabricate intricate components | medical applications
Laser Based PBF | Selective  melting  of | Suitable for complex shapes | High performance | [11], [12]
metallic powder using a | and challenging materials metallic components
laser
Directed Energy | Material is deposited and | Suitable for large components, | Aerospace, energy, | [5]
Deposition melted simultaneously repair, material addition, and | tooling, repair
(DED) composition changes
Arc Based AM Metal deposition using | High deposition rate and | Large industrial metal | [5]
arc based/welding | suitability for large scale | components
approaches deposition
Electron Beam | Powder is melted using | Enables fabrication of complex | High performance | [3]
Melting an electron beam metallic structures industrial components

4. Materials and Microstructure Characterization, and Emerging Technologies

The basic character of materials, their phase constitution, microstructure and defect structure plays a fundamental
role in understanding the thermal behavior and long term stability of parts manufactured by AM. The thermal
response of the component will depend on the processing parameters, as well as on the intrinsic properties of the
feedstock material and the microstructure produced by the very fast melting and solidification of the powder during
the LPBF process [Prasad, 2024]. These relationships between powder properties, processing parameters,
microstructural development, thermal behavior and final part function, can, therefore, only be attained by extensive
characterization. These relationships are especially critical when the industrial component is subjected to repeated
thermal cycling, high temperature or tough mechanical stresses. The understanding of the behavior of AM materials
during processing and service requires the use of thermal characterization techniques [Du, 2016]. Important thermal
properties like melting behaviour, phase transformation temperatures and specific heat capacity can be determined
by the use of a differential scanning calorimeter (DSC). The results from these measurements can be used during
thermal simulations and to optimize processes. Another method of measuring thermal diffusivity and thermal
conductivity is laser flash analysis (LFA). The combination of DSC and LFA gives complementary information which
can be utilized to determine the effect of powder properties on the heat transfer in AM components, or the effect of
processing conditions [Loyda, 2023]. Standardized measurement procedures are especially useful because it gives
an ability to more reliably compare thermal properties of different materials, powder batches, and manufacturing
systems.

5. Industrial Applications and Case Studies of Additive Manufacturing

Additive Manufacturing (AM) is gaining traction in the industry due to the growing need for dependable
production, efficient material usage, online process control and intelligent control. AM is no longer just a
prototyping technology, but has matured into a manufacturing technology to create functional parts for
challenging industrial applications [Hossain, 2023]. Supporting this transition, the growing integration of in situ
sensing, process analytics, automated parameter adjustment, and advanced computational modeling offers
increased process consistency, while minimizing risks related to manufacturing defects. In current industrial AM
systems, continuous monitoring is being explored as a key process for ensuring production quality. Process
variables such as temperature, melt pool characteristics, radiation intensity, deposition geometry and others can be
measured using sensors during the fabrication process [Soe, 2024]. They can be compared against pre-defined
process limits or expected operating conditions to detect abnormals. If there are deviations, corrective measures
could be taken by tuning parameters like laser power, scanning speed, deposition rate, or material flow. These
systems can help to detect failures early in the manufacturing process, before the components are finished, which
can save material waste and increase production efficiency [Zhu, 2013]. One of the most important areas of

industrial AM applications is the aerospace industry, where significant benefits can be found in weight reduction,
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geometric complexity, and thermal management. Mechanical components of aircraft and propulsion systems have
to sustain high mechanical integrity under severe thermal and aerodynamic environment. Traditional manufacturing
processes often has significant restrictions in terms of internal geometry, especially for cooling systems and light
weight structures [Flynn, 2016]. However, these limitations are overcome with AM by providing complex internal
passages, lattice structures, topology optimized geometries and integrated cooling architectures are possible to be
created directly within components.
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Figure 2. The International Journal of Advanced Manufacturing Technology [Hollister, 2004]

6. Limitations and Future Outlook of Additive Manufacturing

Though the additive manufacturing sector is growing fast, there are still several technical, economic, operational
and regulatory hurdles that slow the sector down for large scale industrial adoption of AM. As AM systems grow
more complex, they require greater control over thermal behaviour, defect formation, microstructural evolution,
data interpretation, and process reproducibility [Lalegani, 2022]. While significant advances are being made,
improvements are needed throughout the manufacturing process to bring the transition from demonstrating on
laboratory scale to reliable, industrial production. The accurate characterization of the melt pool and thermal
conditions during fabrication is one of the major challenges (Table 2). While x ray imaging can give useful
information on melt pool boundaries and the internal phenomena, more thermal information, such as cooling rates,
temperature gradients, and heat distribution is required to give a full picture of melt pool dynamics [Jiménez, 2021].
A multimodal approach, e.g., high-speed infrared imaging and X-ray imaging, could provide a more complete view
of the AM process. Information on surface and subsurface phenomena may be complemented by using different
sensing methods, which could enable to better describe melt pool dynamics and defect formation with higher
spatial and temporal resolution. But multimodal monitoring adds complexity to the system [Nau, 2011]. Information
from multiple platforms may not be easily synchronized due to variations in calibration, data acquisition, spatial
resolution, coordinate systems and data processing methods. Standardization of multimodal measurement
approaches is therefore important to obtain reliable datasets that can be compared between machines and research
environments. One other drawback is the complexity in establishing a relationship between the process parameters
and the end part properties in a universal manner [Schuh, 2009]. Laser power, scanning speed and hatch spacing,
layer thickness, preheating conditions, and deposition rate will all have a significant impact on the thermal input,
and thus on melt pool dimensions, interface movement, cooling rate, microstructure, residual stress, and defect
formation. Looking forward, however, the combined development of the various technologies of AM will rely on the
resolution of the interrelated challenges. The capabilities to sense accurately, to have reliable thermal models, to
have transferable machine learning algorithms, to have standardized data, to have automated control, to have
scalable equipment, to have efficient post processing and to have clear certification pathways must all develop in
parallel [Williams, 2016].
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Table 2. Thermal Management, Challenges and Future Directions

Area Technology Role or importance Main benefit Reference
Process Thermal imaging and | Monitors temperature | Detection of overheating, | [6], [7]
monitoring infrared distribution and cooling | abnormal heat
measurement behaviour accumulation and
inadequate melting
In process | Melt pool monitoring | Evaluates melt pool size, | Early identification of | [22], [23]
monitoring temperature and stability defects and process
abnormalities
Thermal Conformal  cooling | Cooling paths follow | More uniform temperature | [15], [16]
management channels complex component | distribution and reduced
geometries thermal concentration
Heat exchangers | Internal channels, | Enhances heat transfer and | Potentially higher thermal | [14]
lattices and | fluid mixing efficiency and  reduced
optimized surfaces component volume
Thermal Differential scanning | Determines melting | Supports thermal modelling | [19], [20]
characterization calorimetry (DSC) behaviour, phase | and process optimization
transformations and specific
heat

7. Discussion

Additive Manufacturing (AM) has progressed over the last few years from a technology that was mainly used to
prototype to a fully-fledged manufacturing platform for high performance industry parts. The material innovations
of the reviewed AM processes, process monitoring, thermal applications, material characterisation, industrial
implementation and the intelligent control of the material's state will influence the future development of AM
[Kapil, 2022]. Instead of material deposition, quality assessment, thermal management, and component design
being done separately, there is ongoing research that seeks to link the processes together, with each process
informing the remaining ones. This change is critical for aerospace, automotive, medical, energy, and turbine
applications where reliability, dimensional accuracy, thermal stability and repeatability are critical. One of the most
important results is the key role of process innovation in the enhancement of AM capability [Hossain, 2022].
Advances in powder bed fusion, directed energy deposition and related technologies have broadened the materials
and geometries that can be produced. Laser based powder bed fusion is especially significant for the production of
complex internal structures and intricate metal components, while directed energy deposition offers benefits for
repair operations, large components and functionally graded materials [Nagamatsu, 2020]. Examples of the growing
ability of AM to process high melting point materials like tungsten are shown. The thermal history during rapid
melting, repeated melting and solidification of the material results in a unique thermal history which can be used to
influence grain formation and microstructure. But there are some difficulties related to keyhole formation, porosity,
cracking, residual stress and thermal distortion that come with these advantages [Yue, 2021]. The discussion also
shows that heat-input is one of the most influential factors affecting the quality of AM. Melt pool stability and
thermal history are determined as a function of laser or electron beam power, scanning speed, hatch spacing, layer
thickness and scanning strategy. If too much energy is put into the process, keyhole behavior, vaporization,
turbulence and porosity can occur while too little energy can lead to incomplete fusion and weak bonding between
the layers. Hence, optimizing the process cannot be achieved based on one parameter only. An appropriate window
of processing parameters should be defined while taking into account the interplay of energy input, material
properties, geometry, and thermal processing conditions [Sun, 2019]. This is especially important in complex
industrial components where the amount of heat that may be generated locally can change significantly throughout
the manufacturing process. Another key problem related to the process conditions to the component performance
is the residual stress. Thermal gradients that are created by repeated heating and rapid cooling can result in internal
stresses, distortion, warpage and cracking. They can be minimized by preheating, optimized scanning strategies,
creation of support structures, and control of the energy input in the build and post build heat treatment, but are

not easily eliminated [Xu, 2020]. The evidence therefore indicates that residual stress should be managed in a multi-
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mitigation approach that includes process optimization, thermal management, process modelling and/or post
processing. Thermal applications are one of the most compelling benefits of AM as it enables thermal properties to
be integrated into the geometry of the components. AM can create conformal, branching, lattice channels, and
topology optimised heat transfer surfaces, which is not always possible in conventional manufacturing. These
properties are particularly useful in turbine blades, heat exchangers, aerospace parts and energy systems. Cooling
channels can be configured to be more complex in shape to match external surfaces, to achieve better temperature
uniformity and to possibly increase the thermal efficiency [Baufeld, 2023]. This is a paradigm shift in design thinking
since thermal management is not necessary to be designed as an added system to the component, but can be built
into it from the start. However, the effectiveness of these thermal designs rely heavily on material and micro
structure generated in the process of manufacture. The heat transfer is affected by the thermal conductivity, phase
composition, grain structure, precipitate distribution, porosity and surface morphology [Mertkan, 2022]. Therefore,
characterization methods like differential scanning calorimetry, laser flash analysis, X ray diffraction, metallography
and electron backscatter diffraction are important to help to correlate processing conditions with thermal behavior.
Their simultaneous application is especially useful as no single technique can completely characterize the complex
microstructures that can be produced by rapid AM processing. One of the specific features that need to be
considered is the porosity, which can also be reducing the mechanical strength and affect the thermal transport
[Hossain, 2021]. Optical microscopy can give some useful information regarding pore distribution and morphology,
and density-based techniques can give further information on open and closed pores. Examples of differences
between measurement techniques show that it is important to carefully characterise the porosity when developing
thermal models or quality standards. This highlights the need for multi modal characterization of critical elements in
industry. Scalable multi laser systems, intelligent monitoring, digital twins, predictive thermal modeling, adaptive
control and standardizing data infrastructures are thus anticipated to be key avenues for research in the future [Liu,
2017]. Digital twins could combine the process parameters, sensor data, simulation results and inspection
information into an ongoing digital representation of the component. This may allow for process behaviour
deviations between what is predicted and what is learned during fabrication and will aid in predictive quality
assurance and lifecycle management.

8. Conclusion

Additive manufacturing is rapidly evolving from a prototyping technology into an advanced manufacturing platform
for high performance industrial components. Progress in powder bed fusion, directed energy deposition, thermal
management, in process monitoring, and microstructure characterization has improved design flexibility, material
efficiency, and component performance. The integration of artificial intelligence, digital twins, predictive modeling,
and closed loop control offers further opportunities for real time quality assurance and process optimization.
However, residual stress, defects, scalability, post processing, cost, data accessibility, and certification remain
important barriers. Continued interdisciplinary research and standardization will be essential for achieving reliable,
sustainable, and economically viable industrial AM.
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