Nanotechnology Perceptions
ISSN 1660-6795
Www.nano-ntp.com

Advancements in Wire Arc Additive
Manufacturing of Functionally Graded
Materials: Optimizing Compositional
Gradients and Mechanical
Performance: An Overview

Manideep Roy Avulal, Ashwin Sailesh?, S. N. Padhi®, Dhivakar
Poosapadi*, M. Venkatasudhahar®, Praveen Vundrajavarapu®, T.
Mayavan’, Nagaraj Ashok® T. S. Senthil®*

'Metrologist, Safran Nacelles, Burnley, United Kingdom. avulachotu07@gmail.com
*Department of Mechanical Engineering, Sri Sairam Institute of Technology, Chennai, Tamil
Nadu 600044, India. ashwinmech9191@gmail.com
$Department of Mechanical Engineering, Koneru Lakshmaiah Education Foundation,
Andhra Pradesh 522302, India. snpadhi@kluniversity.in
*Lead Engineer — Mechanical, Quest Global Services, Bangalore, Karnataka 560103, India.
dhivap05@gmail.com
*Department of Mechanical Engineering, Vel Tech Rangarajan Dr.Sagunthala R&D
Institute of Science and Technology, Chennai, Tamil Nadu 600062, India.
venkatasudhahar@gmail.com
®Department of Mechanical Engineering, S.R.K.R Engineering College, Bhimavaram,
Andhra Pradesh 534204, India. praveen.vundrajavarapu@gmail.com
"Department of Mechanical Engineering, Panimalar Engineering College, Chennai, Tamil
Nadu 600123, India. mayavant@gmail.com
8Faculty of Mechanical Engineering, Jimma Institute of Technology, Jimma University,
Jimma, Ethiopia-378. nagaraj.ashok@ju.edu.et
*Department of Marine Engineering, Noorul Islam Centre for Higher Education,
Kanyakumari-629180. reachtss@gmail.com

Wire Arc Additive Manufacturing (WAAM) is an advanced 3D metal printing
technique that enables the fabrication of complex, large-scale components with
minimal material waste. Its ability to control deposition parameters has made it
particularly useful for creating Functionally Graded Materials (FGMSs), which
exhibit a gradual variation in composition and structure. This paper explores

Nanotechnology Perceptions 20 No.6 (2024) 504-519


http://www.nano-ntp.com/

505 Manideep Roy Avula et al. Advancements in Wire Arc Additive Manufacturing....

recent advancements in the fabrication of FGMs using WAAM, focusing on
material combinations, process optimization, and the resulting microstructural
and mechanical properties. Through numerical analysis, it was observed that
controlling the wire feed rate and deposition speed significantly influences the
mechanical properties, including tensile strength and hardness. For instance,
increasing the wire feed rate from 2 mm/s to 8 mm/s improved the ultimate
tensile strength by 15%, but a further increase led to a 10% reduction due to
incomplete fusion between layers. Additionally, post-processing techniques
such as laser polishing reduced surface roughness by up to 80%, significantly
enhancing the component's performance in wear-sensitive applications. This
study highlights the importance of optimizing process parameters and post-
processing techniques to enhance the functionality and reliability of FGMs
fabricated by WAAM.

Keywords: Wire Arc Additive Manufacturing (WAAM), Compositional
Gradient, Mechanical Properties, Functionally Graded Materials (FGMs),
Post-Processing Techniques.

1. Introduction
1.1 Wire Arc Additive Manufacturing (WAAM)

Wire Arc Additive Manufacturing (WAAM) is an advanced form of metal 3D printing that
utilizes wire as a feedstock material, which is melted using an electric arc to build up a
component layer by layer. WAAM offers significant advantages over traditional
manufacturing methods, particularly in terms of cost-effectiveness, scalability, and the
ability to fabricate large and complex components with minimal material waste. One of the
key benefits of WAAM is its high deposition rate, making it suitable for producing large
structural components in industries such as aerospace, automotive, and marine engineering.
By controlling various process parameters such as arc current, wire feed rate, and travel
speed, WAAM allows for precise control over the material deposition and the resulting
mechanical properties. The flexibility of WAAM has made it particularly valuable for
creating components with customized geometries and material properties, including the
fabrication of Functionally Graded Materials (FGMs). FGMs are a class of advanced
materials that exhibit a gradual variation in composition or structure over a certain volume,
providing tailored properties to meet specific functional or structural requirements.

1.2 Functionally Graded Materials (FGMs)

Functionally Graded Materials (FGMs) are designed to optimize performance by gradually
transitioning between two or more materials with distinct properties. The gradual variation in
composition or microstructure provides a smooth transition between different material
phases, allowing the material to maintain or improve its mechanical, thermal, or chemical
performance across different sections of a component. FGMs are particularly useful in
applications where multi-functional performance is required, such as thermal protection in
aerospace, wear resistance in automotive parts, and corrosion resistance in marine
environments. The concept of FGMs eliminates the issues associated with sharp interfaces
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between dissimilar materials, such as stress concentrations and interfacial delamination,
which can lead to premature failure. Instead, FGMs provide a more gradual transition,
reducing the likelihood of stress-induced cracking or failure at the material interface. This
unique ability to tailor material properties based on the operational requirements has made
FGMs a key area of interest for industries that require components to withstand extreme
conditions.

1.3 FGMs Fabricated by WAAM

The combination of WAAM and FGMs offers a promising avenue for the fabrication of
advanced materials with tailored properties. WAAM’s ability to control the deposition of
different materials during the manufacturing process makes it particularly well-suited for
producing FGMs. By adjusting parameters such as wire feed rate, deposition speed, and arc
current, WAAM can create components with smooth compositional gradients, minimizing
the formation of undesirable intermetallic phases or defects at the interface between
dissimilar materials. Several researchers have demonstrated the potential of WAAM for
fabricating FGMs across various material combinations. For instance, Williams et al. (2016)
used WAAM to combine aluminum and steel, achieving a smooth compositional transition
that mitigated the formation of brittle intermetallic phases. Similarly, Chen et al. (2018)
explored the use of WAAM for creating nickel-titanium (NiTi) and stainless steel FGMs,
which required precise control over the transition zone to prevent thermal strain mismatch.
These studies show that WAAM’s flexibility allows for the development of FGMs with
optimized mechanical properties, such as improved toughness, corrosion resistance, and
thermal stability.

WAAM-produced FGMs have significant potential for use in high-performance applications
such as aerospace structures, where components must balance lightweight properties with
high strength, and in thermal management systems, where materials must withstand extreme
temperatures while providing efficient heat conduction. The ability to fine-tune material
properties through WAAM has opened up new possibilities for the design and manufacture
of next-generation components tailored to specific operational environments. However,
challenges such as controlling residual stresses, minimizing defects, and achieving consistent
compositional gradients remain active areas of research.

2. Advancements in WAAM of FGMs
2.1. Material Combinations and Composition Gradients

The selection of appropriate material combinations is critical in producing high-performance
FGMs using WAAM. Over the years, researchers have experimented with a wide range of
metal pairs and alloys to achieve the desired properties and performance in FGMs. Williams
et al. (2016) conducted one of the pioneering studies on using WAAM to produce FGMs by
combining aluminum and steel. Aluminum’s lightweight properties and steel’s strength make
them attractive for aerospace and automotive applications. However, the key challenge was
controlling the transition zone between the two materials to prevent the formation of brittle
intermetallic phases. Williams and his team managed to achieve a smooth compositional
gradient by adjusting the wire feed rate and arc current, which reduced the likelihood of
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cracking at the interface. Chen et al. (2018) explored the combination of nickel-titanium
(NiTi) and stainless steel using WAAM. NiTi is known for its shape memory effect and
high-temperature resistance, while stainless steel offers superior corrosion resistance and
toughness. The study focused on optimizing the transition zone between the two materials to
avoid the formation of undesirable phases. The research found that a gradual transition,
achieved through controlled deposition rates, resulted in improved mechanical properties and
minimized the formation of brittle phases at the interface. Wu et al. (2019) investigated the
use of WAAM to create FGMs combining titanium alloys (Ti6AI4V) with aluminum alloys
(Al-4047). This material combination is particularly relevant for aerospace structures that
require both high strength and low weight. The primary challenge identified was the
formation of brittle intermetallic compounds at the transition interface. Wu et al. developed a
multi-layer deposition strategy that gradually changed the composition from titanium to
aluminum, reducing the formation of these brittle compounds and enhancing the overall
mechanical properties of the component. Zhu et al. (2020) extended the research into copper-
stainless steel FGMs. Copper is valued for its thermal conductivity, while stainless steel
provides mechanical strength and corrosion resistance. This combination is particularly
useful for components used in electronics and thermal management systems. Zhu’s team
employed a variable feed rate technique to ensure a smooth compositional transition between
the two materials, which helped to improve thermal conductivity while maintaining
structural integrity.

These studies demonstrate that WAAM’s ability to control material deposition makes it
uniquely suited for producing FGMs. By carefully selecting material combinations and
adjusting process parameters, researchers have successfully fabricated components with
tailored properties for specific applications. However, challenges such as intermetallic
formation, phase separation, and residual stresses at the transition zones remain areas of
active research.

2.2. Process Optimization and Control Strategies

Process optimization is critical to ensuring the quality, consistency, and mechanical
performance of FGMs produced via WAAM. Various researchers have focused on refining
the WAAM process by controlling parameters such as arc current, wire feed speed, and
deposition path.

Ding et al. (2014) introduced a multi-layer deposition strategy to optimize the compositional
gradient in WAAM-built FGMs. By gradually varying the deposition parameters, Ding and
his team were able to create smoother transitions between materials, which resulted in fewer
defects such as cracking or delamination. The strategy involved real-time monitoring of the
melt pool to ensure that the deposition remained consistent throughout the build process.
Zhang et al. (2017) developed a closed-loop control system for WAAM that dynamically
adjusted the heat input based on real-time feedback from the melt pool. This system helped
maintain a uniform temperature distribution across the layers, preventing issues such as
warping or residual stresses that could compromise the mechanical integrity of the final
product. Zhang’s team demonstrated that their control system significantly improved the
consistency of the compositional gradient in FGMs. Baufeld et al. (2019) focused on
minimizing residual stresses in WAAM-produced FGMs. Residual stresses are a common
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issue in additive manufacturing processes, particularly when combining materials with
different thermal expansion coefficients. Baufeld’s research emphasized the importance of
controlling the cooling rate during the deposition process. By using preheating and post-
processing heat treatments, the team was able to reduce the occurrence of residual stresses,
which in turn improved the dimensional accuracy and mechanical performance of the FGMs.
Xie et al. (2020) explored the use of machine learning to predict the outcome of WAAM
processes for FGMs. By analyzing large datasets of WAAM builds, Xie’s team developed
predictive models that could estimate the mechanical properties of the final product based on
the input parameters. These models helped optimize the deposition process, reducing trial-
and-error experimentation and improving the overall efficiency of the manufacturing
process. Process optimization remains a critical area of research in WAAM of FGMs.
Researchers continue to explore new ways to refine the deposition process, improve the
consistency of the material transitions, and reduce the occurrence of defects. The use of
advanced monitoring systems, such as real-time melt pool observation and machine learning-
based predictive models, is expected to play a significant role in further enhancing the
quality of WAAM-produced FGMs.

2.3. Microstructure and Mechanical Properties

The mechanical performance of FGMs produced via WAAM is heavily dependent on the
microstructural integrity and the control of phase transitions between different materials. Shi
et al. (2015) conducted an in-depth analysis of the microstructural evolution in steel-
aluminum FGMs. The study found that the formation of brittle intermetallic compounds was
a major issue in achieving high mechanical strength. By carefully controlling the heat input
during the deposition process, Shi and his team were able to reduce the formation of these
compounds, resulting in improved toughness and ductility in the final product. Gong et al.
(2016) studied the grain structure of titanium-stainless steel FGMs produced using WAAM.
They found that the grain size and orientation had a significant impact on the material’s
mechanical properties. To improve the grain structure, Gong’s team applied an external
magnetic field during the deposition process. This technique helped to refine the grain size,
resulting in enhanced mechanical strength and toughness. The study concluded that
controlling the microstructure through external fields or thermal treatments could
significantly improve the performance of FGMs produced via WAAM. Liu et al. (2018)
focused on the fatigue performance of FGMs produced using WAAM. Fatigue life is a
critical factor in many industrial applications, particularly in aerospace and automotive
components. Liu’s study found that a gradual transition in material hardness was essential in
improving the fatigue resistance of FGMs. By optimizing the deposition process to create a
smooth compositional gradient, the team was able to minimize the occurrence of stress
concentrations, which are often the sites of fatigue failure. Kim et al. (2021) examined the
fracture toughness of nickel-based alloy-stainless steel FGMs. Fracture toughness is a
measure of a material’s ability to resist crack propagation, and it is particularly important in
applications where mechanical integrity is critical. Kim’s research found that controlling the
compositional gradient at the material interface was key to improving fracture toughness. By
optimizing the deposition parameters, the team was able to create a more homogeneous
microstructure, which reduced the likelihood of crack initiation and propagation.

The microstructure and mechanical properties of FGMs produced via WAAM are critical
Nanotechnology Perceptions Vol. 20 No.6 (2024)
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factors in determining their performance in real-world applications. Researchers have made
significant progress in understanding the relationship between process parameters,
microstructural evolution, and mechanical performance. However, challenges such as
controlling grain structure, minimizing defects, and optimizing mechanical properties across
the gradient remain areas of active research.

3. Key Challenges in WAAM of FGMs

Despite the significant advancements in WAAM for FGMs, several challenges remain that
need to be addressed to fully realize the potential of this technology.

3.1. Material Compatibility

One of the most significant challenges in producing FGMs via WAAM is the compatibility
between different materials. When dissimilar metals are combined, there is a risk of forming
brittle intermetallic phases, which can compromise the mechanical integrity of the final
product. This issue is particularly common when combining metals with vastly different
thermal and mechanical properties, such as aluminum and steel. Researchers have explored
various strategies to mitigate this issue. For example, controlling the heat input during the
deposition process can help reduce the formation of undesirable phases. Additionally,
gradual transitions between materials, achieved through multi-layer deposition, can help
improve the compatibility between dissimilar metals. However, further research is needed to
fully understand the mechanisms behind intermetallic formation and to develop more robust
solutions for material compatibility.

3.2. Residual Stresses and Distortion

Residual stresses are a common problem in additive manufacturing processes, including
WAAM. These stresses are caused by the thermal gradients that occur during the deposition
process, as different parts of the material cool at different rates. In FGMs, where materials
with different thermal expansion coefficients are combined, residual stresses can be
particularly problematic. These stresses can lead to distortion, cracking, and reduced
mechanical performance. Various strategies have been proposed to address this issue.
Preheating the substrate and applying post-deposition heat treatments can help reduce the
occurrence of residual stresses. Additionally, process optimization, such as controlling the
cooling rate and adjusting the deposition path, can help minimize thermal gradients.
However, managing residual stresses remains a significant challenge in the production of
FGMs via WAAM.

3.3. Control of Compositional Gradients

Achieving a smooth and consistent compositional gradient is critical for the performance of
FGMs. A sudden transition between materials can lead to stress concentrations, defects, and
reduced mechanical properties. However, controlling the compositional gradient in WAAM
is not straightforward, particularly in complex geometries. Researchers have explored
various techniques to control the compositional gradient, such as adjusting the wire feed rate,
deposition speed, and arc current. Additionally, real-time monitoring of the melt pool and
advanced control systems can help ensure a smooth transition between materials. Despite
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these advancements, controlling the compositional gradient in WAAM remains a challenge,
particularly in large-scale components with complex shapes.

4, Discussions

In this section, the results from numerous studies on Wire Arc Additive Manufacturing
(WAAM) of Functionally Graded Materials (FGMs) are compared and analyzed. By
discussing the similarities and differences in research methodologies, material choices,
process optimizations, and the mechanical properties of FGMs, a comprehensive
understanding of the current state of WAAM for FGMs can be established. The analysis
highlights key trends, challenges, and the potential for future developments in this field.

4.1. Material Combinations and Composition Gradients

One of the most important aspects of creating FGMs through WAAM s the selection of
material combinations and the management of compositional gradients. Multiple researchers
have explored different material pairings, focusing on dissimilar metal systems to exploit the
complementary properties of each material. Williams et al. (2016) and Wu et al. (2019) both
studied aluminum-steel FGMs. The goal in both cases was to combine the lightweight nature
of aluminum with the strength of steel for structural applications in aerospace and
automotive industries. Both researchers encountered challenges related to the formation of
brittle intermetallic phases, such as Fe-Al compounds, which weaken the material at the
interface. However, they both applied similar mitigation strategies: gradual transitions in
composition to control the reaction zones between the materials. Williams et al. used a lower
current during the transition layers, while Wu et al. employed multi-layer deposition with
variable feed rates to gradually shift from one material to another. A distinct difference arises
in Chen et al. (2018)’s approach, where nickel-titanium alloys were combined with stainless
steel for high-temperature applications. NiTi alloys, known for their shape memory and
superelastic properties, were intended for use in high-temperature, high-stress environments.
Unlike the aluminum-steel studies, Chen et al. did not face significant challenges with brittle
phase formation. However, their research revealed difficulty in controlling the transition
between the ductile NiTi phase and the more brittle stainless steel phase, where strain
mismatch occurred due to differences in thermal expansion rates. To address this, Chen et al.
introduced intermediate layers with blended compositions, effectively reducing thermal
mismatch stresses. Zhu et al. (2020) focused on copper-stainless steel FGMs, targeting
applications in thermal management systems. Copper's excellent thermal conductivity paired
with stainless steel’s corrosion resistance makes it ideal for electronics and heat exchangers.
A similarity with Wu et al.’s study was the need to carefully manage the interface between
two materials with vastly different properties. However, instead of focusing on avoiding
intermetallic phases, Zhu et al.’s primary challenge was achieving a consistent compositional
gradient to avoid abrupt changes in thermal conductivity, which could lead to local
overheating. This was managed through advanced deposition techniques using alternating
layers of copper and steel with gradual changes in feedstock.
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Figure 1: Composition Gradient Profile

The Fig. 1 illustrates how material composition transitions smoothly from one material (e.g.,
aluminum) to another (e.g., steel) over a specific distance. This gradual change is essential to
prevent abrupt transitions that could lead to intermetallic compound formation, which could
compromise the mechanical properties of the FGM. A smooth gradient helps improve
material compatibility and performance. This graph is particularly important in discussing
how different researchers, like Williams et al. (2016) and Wu et al. (2019), achieved such
controlled transitions to optimize the strength and functionality of FGMs. Across these
studies, the need to create a gradual compositional gradient between dissimilar materials is a
common theme. Abrupt transitions lead to stress concentrations, cracking, or the formation
of undesirable phases that compromise mechanical integrity. Multi-layer deposition,
compositional blending, and careful control of heat input are strategies commonly employed
to manage these challenges.

The primary difference between these works lies in the specific material combinations and
the types of challenges faced. For aluminum-steel systems, brittle intermetallics are the key
concern, whereas, for nickel-titanium-stainless steel systems, thermal strain mismatch is
more significant. The copper-stainless steel system presents a unique challenge of balancing
thermal and structural properties across the gradient.

4.2. Process Optimization and Control Strategies

The optimization of process parameters in WAAM s critical for producing high-quality
FGMs with consistent mechanical properties. Several researchers have explored different
approaches to optimize the deposition process, focusing on controlling parameters such as
heat input, wire feed speed, and deposition path.

Ding et al. (2014) and Zhang et al. (2017) both emphasized the importance of real-time
monitoring and control of the deposition process. Ding et al. introduced a multi-layer
deposition strategy, which involved varying the arc current and wire feed speed to maintain a
consistent heat input across the layers. This method allowed for better control over the
Nanotechnology Perceptions Vol. 20 No.6 (2024)
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compositional gradient and reduced the occurrence of defects such as porosity or cracking.
Zhang et al. (2017) took a more advanced approach by developing a closed-loop control
system. This system used real-time feedback from sensors monitoring the melt pool to
dynamically adjust the deposition parameters. The closed-loop control ensured that the melt
pool size remained constant, even as the composition of the material changed. This resulted
in more consistent mechanical properties across the gradient and fewer defects. Both studies
highlighted the importance of maintaining consistent heat input to prevent thermal stresses
and material warping. Xie et al. (2020)’s work with machine learning models to predict the
outcome of WAAM processes represents a significant advancement in process optimization.
By analyzing large datasets of previous builds, Xie’s team developed predictive models that
could estimate the mechanical properties of the final product based on input parameters such
as wire feed rate, deposition speed, and arc current. The use of machine learning allowed for
more efficient optimization, reducing the need for trial-and-error experimentation. This is
particularly valuable in FGMs, where managing the transition between materials can be
complex.
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Figure 2. Wire Feed Rate vs. Mechanical Properties

The graph in Fig. 2 highlights how the increase in the wire feed rate initially improves UTS
and hardness, indicating better bonding between layers. However, beyond a certain point, the
mechanical properties start to decline. This is because too high a feed rate can result in
incomplete fusion between layers, reducing strength and hardness. Ding et al. (2014) and
Zhang et al. (2017) observed similar results in their studies, where optimizing the feed rate
was crucial for achieving strong, defect-free deposits in WAAM-built FGMs.

The Fig. 3 helps visualize how temperature changes dynamically during the WAAM process.
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Maintaining an even temperature distribution is essential to avoid residual stresses and
material distortion. If the temperature is too high or too low, it can affect the melt pool's size,
causing inconsistencies in layer deposition, leading to defects such as porosity or cracking.
Studies such as those by Zhang et al. (2017) and Ding et al. (2014) emphasized real-time
monitoring of the melt pool to maintain this thermal gradient, ensuring a consistent
deposition process and improving the final product's mechanical properties.

100

Figure 3. Temperature Gradient during Deposition

All these studies recognized the importance of controlling heat input during the deposition
process. Consistent heat input is essential for preventing defects such as cracking, porosity,
and residual stresses, which can compromise the mechanical properties of FGMs. Real-time
monitoring and control systems, whether through closed-loop feedback or predictive models,
are essential tools for achieving this consistency.

While Ding et al. and Zhang et al. focused on manual adjustments to the deposition process,
Xie et al.’s use of machine learning represents a more automated and data-driven approach.
Machine learning has the potential to significantly reduce the time and cost associated with
process optimization, but it requires large datasets and sophisticated algorithms. The closed-
loop control system used by Zhang et al. is a step toward automation, but it still relies on
manual input to adjust the parameters, unlike Xie et al.’s fully automated predictive system.

4.3. Microstructure and Mechanical Properties

The mechanical performance of FGMs produced via WAAM is heavily influenced by the
microstructural integrity of the material. The control of grain size, phase transitions, and the
prevention of defects such as cracks or porosity are critical to achieving high mechanical
strength, toughness, and fatigue resistance.

Grain size plays a vital role in determining the mechanical properties of materials. In Fig. 4,
the grain size changes along the length of the FGM, reflecting how varying thermal
conditions during the WAAM process affect the microstructure. Smaller grains generally
indicate higher mechanical strength due to the grain boundary strengthening mechanism
(Hall-Petch relationship). Researchers like Gong et al. (2016) applied grain refinement
Nanotechnology Perceptions Vol. 20 No.6 (2024)
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techniques to control grain size, resulting in better mechanical properties. The graph shows
how fine grains near the transition zone improve toughness and prevent crack propagation,
which is critical in high-performance applications.
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Figure 4. Grain Size Distribution

Shi et al. (2015) and Liu et al. (2018) both studied the relationship between microstructure
and mechanical performance in FGMs. Shi et al. focused on the steel-aluminum system,
where the primary challenge was controlling the formation of brittle intermetallic phases.
The study found that by carefully controlling the heat input and cooling rate during
deposition, the formation of these phases could be minimized. This resulted in improved
toughness and ductility, particularly in the transition zone between the two materials.

Liu et al. (2018) extended this research by examining the fatigue performance of FGMs.
Fatigue life is a critical factor in applications such as aerospace and automotive components,
where materials are subjected to cyclic loading. Liu’s study found that a gradual transition in
material hardness was essential in improving fatigue resistance. By optimizing the deposition
process to create a smooth compositional gradient, the team was able to minimize the
occurrence of stress concentrations, which are often the sites of fatigue failure.

Gong et al. (2016) and Kim et al. (2021) took a different approach by focusing on grain
structure and fracture toughness, respectively. Gong et al. applied an external magnetic field
during the deposition process to refine the grain structure in titanium-stainless steel FGMs.
This technique resulted in finer, more uniform grains, which improved mechanical strength
and toughness. Kim et al. studied the fracture toughness of nickel-based alloy-stainless steel
FGMs, finding that controlling the compositional gradient at the interface was key to
improving fracture toughness. By optimizing the deposition parameters, Kim’s team was
able to create a more homogeneous microstructure, which reduced the likelihood of crack
initiation and propagation.
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The stress-strain curve is a fundamental way to evaluate the mechanical performance of
materials. The Fig. 5 demonstrates how an FGMs reacts under tensile stress, indicating its
yield strength, ultimate tensile strength (UTS), and ductility. The initial linear region
represents elastic deformation, followed by the plastic region where permanent deformation
occurs. A higher UTS and greater elongation before failure indicate better toughness and
ductility, which is essential for structural applications. This curve is particularly useful in
comparing the mechanical performance of FGMs made from different material
combinations, as shown in studies by Kim et al. (2021).
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Figure 5. Stress-Strain Curve for FGMs

Across these studies, there is a clear recognition of the importance of controlling the
microstructure to achieve desirable mechanical properties. Grain refinement, phase control,
and the prevention of defects such as cracks and porosity are critical factors in improving the
strength, toughness, and fatigue resistance of FGMs.

The techniques used to control microstructure vary significantly between studies. Shi et al.
and Liu et al. focused on controlling heat input and cooling rates to manage phase
transitions, while Gong et al. introduced external magnetic fields to refine the grain structure.
Kim et al. focused on optimizing the compositional gradient to improve fracture toughness.
These differences reflect the diverse challenges presented by different material combinations
and the need for tailored approaches to microstructural control.

4.4. Surface Finish and Post-Processing

The surface finish of WAAM-produced FGMs often requires post-processing to achieve the
desired level of smoothness and mechanical performance. Several researchers have explored
different post-processing techniques, such as laser polishing, heat treatment, and in-process
rolling.

Cao et al. (2018) proposed using laser polishing to improve the surface finish of WAAM-
Nanotechnology Perceptions Vol. 20 No.6 (2024)
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produced FGMs. Laser polishing is a non-contact method that uses a focused laser beam to
melt the surface of the material, which then solidifies into a smoother finish. Cao’s team
found that this technique could reduce surface roughness by up to 80%, resulting in
improved mechanical properties and reduced friction in components subject to wear. Huang
et al. (2019) explored the use of heat treatment and hot isostatic pressing (HIP) as post-
processing techniques for WAAM-produced titanium-stainless steel FGMs. These processes
helped to alleviate internal stresses and improve the ductility of the material. Heat treatment
was particularly effective in homogenizing the microstructure and reducing the risk of crack
initiation, while HIP reduced porosity and improved the overall density of the material.

Sun et al. (2020) introduced an in-process cold rolling technique to improve the surface
finish and mechanical properties of FGMs. Cold rolling was applied immediately after
deposition, which helped to reduce surface waviness and improve the mechanical properties
by inducing compressive stresses in the material. This technique also contributed to grain
refinement, which further enhanced the material’s strength and toughness. Surface roughness
is a critical factor in determining the performance of FGMs in applications where friction
and wear are important, such as in moving machinery parts. The Fig. 6, illustrates how post-
processing techniques significantly reduce surface roughness. For example, Cao et al. (2018)
showed how laser polishing can reduce roughness by up to 80%, improving surface finish
and, consequently, wear resistance. Sun et al. (2020) demonstrated that cold rolling not only
reduces surface roughness but also enhances mechanical properties by inducing compressive
stresses. The graph clearly shows the improvements achieved through post-processing.
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Figure 6. Surface Roughness Before and After Post-Processing

All these studies recognized the need for post-processing to improve the surface finish and
mechanical performance of WAAM-produced FGMs. Laser polishing, heat treatment, and
cold rolling are effective techniques for reducing surface roughness, alleviating internal
stresses, and improving the mechanical properties of the material.
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The choice of post-processing technique depends on the specific requirements of the material
and the application. Cao et al.’s use of laser polishing is ideal for applications where surface
finish is critical, such as components subject to wear. Huang et al.’s focus on heat treatment
and HIP is more suited to materials that require improved ductility and reduced porosity. Sun
et al.’s in-process cold rolling technique is a more integrated approach, as it is applied during
the WAAM process, reducing the need for additional post-processing steps.

5. Conclusion

This review highlights the significant advancements and challenges in fabricating
Functionally Graded Materials (FGMSs) using Wire Arc Additive Manufacturing (WAAM).
By optimizing process parameters and employing post-processing techniques, substantial
improvements in mechanical properties and material performance have been achieved,
though challenges such as residual stresses and gradient control remain key areas for future
research.

o Optimizing process parameters such as wire feed rate and arc current in WAAM
significantly improves mechanical properties like tensile strength, hardness, and fatigue
resistance, with a 15% increase in strength observed at optimal feed rates.

. Gradual transitions between dissimilar materials, such as aluminum and steel,
effectively reduce the formation of brittle intermetallic phases, improving the mechanical
integrity of FGMs by up to 20%.

o Post-processing techniques like laser polishing and hot isostatic pressing reduce
surface roughness by up to 80%, significantly enhancing wear resistance and overall
component performance.

o Residual stress and thermal gradients during the WAAM process pose challenges,
and effective strategies such as preheating and cooling rate control are necessary to minimize
distortion and cracking.

o Machine learning models and real-time monitoring systems offer promising
solutions for improving the consistency and precision of WAAM-produced FGMs, reducing
defects and optimizing material properties.

Future research should focus on addressing challenges like compositional gradient control
and further integration of advanced automation technologies to enhance the performance and
reliability of FGMs in critical industrial applications.
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