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Abstract

This review traces the evolution of low-density steels (LDS) and highlights the key mechanisms that link processing routes to microstructural evolution and performance. Beyond fabrication methods, the article emphasizes the fundamental insights that have emerged, particularly the roles of metal carbide/intermetallic network control, segregation mitigation, and grain refinement that govern the unique behavior of LDS across processing routes in achieving superior mechanical behavior. A key insight from the literature is the exceptional potential of mechanical alloying combined with spark plasma sintering to produce ultrafine and highly homogeneous LDS microstructures that are unattainable through traditional melting routes. The review also identifies the emerging role of near-net-shape casting and additive manufacturing as transformative technologies capable of overcoming longstanding challenges related to defects, compositional inhomogeneity, and geometric limitations. Overall, the review emphasizes that optimized processing strategies and parameter control will be crucial to enhance efficiency, unlocking superior mechanical properties and realizing the full lightweight potential of LDS in advanced engineering applications.
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1 Introduction
Low-density steels (LDS) are lightweight Fe-Mn-Al-C-based alloys that have received considerable attention over the years due to their significant potential as structural materials for various applications. These include applications in advanced transportation manufacturing such as automotive, aerospace, naval vessels, and modern high-safety-standard trains [1–4]. In addition to these areas, there have been reports suggesting potential multifunctional applications in the storage and transport of liquid gases, such as in cryogenic systems [5–7], high-temperature oxidative environments, and non-critical or selective corrosive environments where highly corrosion-resistant Fe-Cr-Ni-based stainless steel (SS) alloys are not required [2,8]. Additionally, various studies have shown that Fe-Mn-Al-C-based alloys possess outstanding mechanical properties, such as excellent ductility, toughness and strength, low density, and a low elastic modulus [9–11]. The basic raw materials are cost-effective elements that are more readily available than those used in producing conventional stainless steels, titanium-based alloys, and cobalt-based alloys [12,13]. With such a wide range of properties and advantages over other alloys, LDSs are becoming increasingly appealing for various industrial applications. Researchers have also shown that LDS can be used as a functional material for biomedical implant applications due to its superior mechanical properties, dependable corrosion resistance, low cost, and low toxicity in comparison to high-density implants such as traditional stainless steel [14–16]. Notably, this alloy has been reported to exhibit a lower elastic modulus than 316L stainless steel and cobalt-based alloys [9–11]. This property also makes it a promising candidate for biomedical applications if thoroughly investigated.
From a historical perspective, the development of Fe−Mn−Al−C-based steels dates back to 1882, when it was first developed as Fe–Mn–C steel by Robert Hadfield [17–19]. However, this alloy remained relatively unknown as lightweight steel until the 1930s when Korter and Ton proposed a low-density steel concept by adding Al to a Hadfield steel (Fe−Mn−C) to form quaternary Fe-Mn-Al-C steel for the first time [4,18,20]. Following the high cost of chromium and nickel in producing stainless steel, Ham and Carin in the early 1950s proposed substituting lighter and cheaper Al and Mn [21] in place of high-price Cr and Ni in Fe−Cr−Ni-based stainless steels for energy savings, environmental protection, and economic reasons in automobile structural applications. However, despite successfully replacing Cr and Ni with Al and Mn in Fe−Cr−Ni-based conventional stainless steels, the results did not practically reflect the influence of Cr and Ni as in the case of Fe−Cr−Ni-based stainless steels due to low elastic modulus (low stiffness and poor crash performance) and poor corrosion resistance, particularly in chloride and sulphate bearing media [22–25]. As a result, the application of LDS has been largely limited for their intended design purposes i.e. automobile application. Researchers have shown little interest in developing lightweight Fe-Mn-Al-C-based steel for structural lightweight transportation systems. This means that to harness Fe-Mn-Al-C-based alloys for their intended design purpose while maintaining lightweight properties, it’s necessary to enhance the stiffness of LDS. This can be achieved by decreasing the thickness of the material. However, this approach is not sustainable for strengthening LDS. Reducing weight through gauge reduction leads to a significant loss in stiffness, lowers overall material quality, and compromises user safety, making it unsuitable for lightweight applications that require impact resistance, such as automobiles [26]. The second approach is to partially incorporate small quantities of elements such as Ni, Cr, or Mo to LDS to enhance the elastic modulus and corrosion resistance. Some researchers have successfully addressed this issue by adding a low concentration or small amount of highly passivated elements such as Cr, Mo, and Ni into LDS in an amount not more than 6 wt% without sacrificing both the lightweight and good mechanical properties [8,27–32]. It was found that the corrosion resistance surpassed that of ferritic stainless steel (409L,430) and was comparable to 304 and 316L austenitic stainless steel when tested in 3.5 wt% NaCl solution. This suggests that this alloy can be used instead of ferritic and austenitic stainless steel in certain applications. However, adding Cr or Mo above the stated thresholds promotes the formation of intermetallic compounds such as M3C, M7C3, and M23C6 which are detrimental to corrosion resistance. Tang et al [25] investigated the role of Cr and Mo in Fe−Mn−Al−C steel in a solution containing 3.5 wt% NaCl and 1 wt% NaHSO3. The authors found that adding Cr and Mo enhances the hardness and toughness of Fe−Mn−Al−C-based steel.
Opiela et al. [24] and Aperador et al. [33] suggested that electro-galvanising techniques and coatings could effectively mitigate the low corrosion resistance of Fe-Mn-Al-C-based steel and still retain the lightweight characteristic. Moreover, other authors have also recommended that surface modification such as gas and plasma nitriding enhance the low corrosion resistance that has restricted the industrial use of LDS alloys [25,34,35]. This remarkable breakthrough in achieving high corrosion resistance in LDS marks a significant advancement toward replacing expensive alloys such as titanium alloys, cobalt-based alloys, and Fe-Cr-Ni-based stainless steels, which are widely used in corrosion-resistant structural systems. This is especially relevant for demanding applications, such as those in the automotive, aerospace, and biomedical industries [15]. Therefore, it is envisaged that LDS, with its excellent biocompatibility, outstanding corrosion resistance, and excellent mechanical properties, can be repurposed for clinical applications beyond transportation systems.
Over the past decades, several LDS steels have been explored for lightweight industrial applications and recently, for potential clinical applications. However, despite having excellent mechanical properties, achieving the optimal mechanical properties tailored for specific industrial applications has remained challenging. These challenges arise during the production and processing of LDS due to excessively low or high alloy concentrations and the improper selection of production processes and techniques tailored specifically for LDS [36]. Consequently, the formation of precipitates, including intermetallic compounds and carbides, can promote crack formation during processing, which ultimately affects the material’s final mechanical properties [37]. As a result, material scientists and engineers are often compelled to redesign components and production processes to eliminate metallurgical defects to achieve optimal performance. Hence, the mechanical properties of LDS, which depend on the concentration of the alloying elements and production processes, must be carefully controlled to achieve the desired optimal properties [38–41].
Among the various production methods for LDS alloys, casting is the most frequently reported production method for LDS alloys at the laboratory scale. A few studies also document the use of additive manufacturing (AM) [42–48], as well as mechanical alloying (MA) [49] and spark plasma sintering (SPS) [50,51] or a combination of both processes [52,53]. However, near-net-shape casting and metal additive manufacturing (also known as metal 3D printing) have been proposed as alternatives to conventional casting and other powder metallurgy methods. These manufacturing technologies have simplified the fabrication of various metal components, increasing efficiency, enhancing material properties, reducing downtime and material waste, boosting productivity, and improving overall quality [45,54]. This innovation has emerged as the most intriguing research focus in lightweight industrial manufacturing, where weight reduction is crucial, particularly for high-cost applications such as automotive, aerospace, and biomedical engineering [27,55,56].
Additionally, it has broadened the range of production processes available for LDS, supporting the development of LDS with exceptional mechanical properties for many applications. Thus, selecting or upgrading existing manufacturing processes and techniques is crucial for improving efficiency and enhancing mechanical performance to suit the targeted applications.
Therefore, this review aims to enhance understanding of the impact of production techniques on the microstructure and mechanical properties of LDS. It examines the limitations of various production methods to optimize the mechanical properties of LDS. A detailed investigation of how different production techniques affect the microstructure and mechanical properties will be discussed in subsequent sections.
2 Production of LDS for lightweight structural applications
This section provides an overview of various processing techniques typically employed for LDS production, emphasizing their benefits, limitations, and their influence on microstructure and mechanical properties. It focuses on casting, mechanical alloying, and additive manufacturing processes. Although none of these manufacturing techniques are without challenges, some show promising developments, particularly in achieving desirable microstructure and mechanical properties. Several processing routes can be used to develop LDS. The most common production techniques widely reported in the literature for the fabrication of LDS are through the casting process. This may be attributed to the easy accessibility of equipment for fabricating simple geometries, whether at small-scale laboratory research, semi-industrial production levels, or large-scale operations where the geometries are less complex. The following sections provide a concise overview of each processing route and its influence on the microstructure and mechanical properties. While not intended as a comprehensive review, this section emphasizes the most effective approaches for fabricating LDS. It outlines strategies for optimizing processing routes to achieve the desired microstructure and mechanical performance. In addition, it also addresses the challenges and opportunities associated with different techniques, with particular focus on potential limitations and their possible solutions during manufacturing.
2.1 Production of LDS using casting
Casting is a traditional manufacturing process extensively used for fabricating metals and alloys, including LDS. Of the different casting routes, vacuum arc melting (VAM) [57–59] and vacuum induction melting (VIM) [28,54,60–62] have emerged as the most widely adopted techniques for the processing of LDS alloys. Their popularity stems from their ability to ensure chemical homogeneity, minimize contamination, and provide superior control over solidification.
VAM and VIM techniques involve melting a charge in an argon-protected atmosphere and casting it into a water-cooled copper mold. This is typically followed by secondary melting (remelting) and solidification processes to ensure the chemical homogeneity of the alloys [63]. They are considered the most widely employed techniques to fabricate metal and other alloys, particularly for small-scale laboratory research and semi-industrial-scale production [10,64,65]. This is because it is comparatively simpler to operate and provides additional scope for further improvement of properties through heat treatment. Additionally, it was found that casting using VIM or VAM is the most cost-effective process [66]. The equipment is less expensive, particularly for small businesses and individual users, compared to additive manufacturing machines, and it allows for a high degree of control over the microstructure [67]. However, He et al. [26] argue it is inefficient due to the high energy requirements for heating and cooling. Furthermore, alloys developed through conventional manufacturing methods, such as casting, require more time and further processing, such as machining, deformation, forging, or rolling, especially when producing complex components to attain a uniform microstructure and desired mechanical properties [68]. A typical example of the post-casting process is shown schematically in Figure 1.
Several challenges associated with Fe-Mn-Al-C-based alloy fabricated through conventional casting have been reported in the literature. Defects such as elemental segregation, inhomogeneities in the as-cast microstructure, microporosity, and excessive grain growth contribute to poor mechanical properties, which adversely affect the durability and performance of LDS [26,69–72]. Rott et al. [70] and Mahlami & Pan [73] reported the formation of B2-ordered FeAl-type or DO3-ordered Fe3 Al intermetallic and carbide phases (MxCy) in LDS fabricated by conventional casting. These undesired metal carbides, such as M3 C, M7 C3, and M23 C6, can act as preferential sites for pitting corrosion and crack initiation. As a result, they degrade mechanical properties and overall performance, which can lead to premature component failure or reduced material reliability. Shin et al. [74] reported defect formation in low-density steels produced by casting when high Al and Mn contents are used, which leads to the precipitation of a brittle intermetallic phase along grain boundaries during aging at temperatures above 550°C. Liu et al. [75] reported similar findings in austenite-based LDS produced by conventional continuous casting with high Al and Mn contents, where the formation of undesirable brittle intermetallic phases was observed. These phases were identified as the primary cause of reduced ductility and an increased tendency for cracking in LDS [76]. Several studies have documented the occurrence of cracks in the as-cast structure during hot and cold rolling, which have been primarily attributed to high aluminum and manganese contents [26,65,77–79]. Details on how these metal carbides (MxCy) affect the service life of LDS after casting, arising from the addition of passivated alloying elements such as Cr/Mo beyond the required threshold, have already been explained in the introduction of this manuscript, along with the recommended solution. A typical example of a defect arising from brittle intermetallic and metal-carbides formation when high amounts of passive alloying elements such as Cr and Mo are used during the casting of LDS is shown in Figure 2. Further processing with appropriate heat treatments, such as annealing and hot deformation, can be employed to eliminate or suppress intermetallic compounds and carbide phases, thereby enhancing the mechanical properties of LDS [26, 68–70, 72, 80]. Our findings have shown that specific annealing parameters could dissolve the carbides to achieve the desired microstructure and mechanical properties. Mahlami & Pan [73] recommend a solution heat treatment between 1000°C and 1100°C to eliminate unwanted carbides or intermetallic compounds such as M3 C, M7 C3, and M23 C6. Similarly, Astudillo et al. [17] suggest that homogenization treatments at or above 1050 °C, followed by water quenching, are typically recommended to dissolve metal carbides and create a uniform microstructure. These also align well with the conclusions of Mohammadnezhad et al. [81], who investigated ferroalloy materials, i.e., medium manganese austenitic steels containing manganese, silicon, molybdenum, and carbon. The authors cautioned that exceeding this temperature range during solution treatment should be avoided, as carbon segregation can lead to incipient melting, scaling, and decarburization.
Several solutions have been proposed in the literature to control or eliminate porosity during casting. However, before making a recommendation, it is essential to understand the underlying causes and origins of porosity. Porosity can arise from trapped air and gases, solidification shrinkage, or the formation of non-metallic compounds, which occur while the metal is in its liquid state [76, 84–87]. However, combining hot extrusion and hot forging can help significantly reduce porosity and promote a more homogeneous microstructure [41]. Prasad et al. [67] recommended that alloy melting should always be carried out under an argon atmosphere to minimize the risk of hydrogen pick-up and, consequently, gas porosity. They further advised that moisture must be completely avoided during melting, and any gas generated from the reaction of alloy elements should be evacuated during the melting process to prevent the formation of porosity that arises from gas.
Furthermore, cracks have been observed in the as-cast structure during hot or cold rolling, attributed to high aluminum and manganese content [26,65,77–79]. A similar defect was also observed by Liu et al. [75] when producing austenite-based low-density steels with high Mn and Al contents through conventional continuous casting. The authors noted that severe edge cracks may develop in the slab during hot rolling due to the steel’s relatively low thermal conductivity and high deformation tendency. However, these defects can be minimize by optimizing the aluminum and manganese concentrations. Xia et al. [79] and Alhamdi et al. [54] also reported cracking associated with Fe−Mn−Al−Ni-based LDS during water quenching. To mitigate this, they recommended raising the quenching temperature while slowing the quenching rate, both of which were found to be effective in significantly minimizing cracking.
To address the aforementioned defects, many scientists have begun re-investigating existing fabrication techniques for LDS. This effort has become essential to effectively addressing the challenges associated with conventional manufacturing processes, such as VIM and VAM, while also advancing the development of new methods that involve innovative approaches. Near-net shape (NNS) casting technologies have also been recommended as a novel, simple, and competitive alternative method for fabricating LDS with fewer to no defects compared to traditional ingot methods [65,75,88,89]. These casting methods enable near-net-shape fabrication of components that are otherwise challenging to produce by conventional routes, such as VIM and VAM. It minimizes downstream processing steps, requiring little to no additional post-processing, reduces labor and raw material consumption typically associated with these steps, lowers energy usage, and enables the creation of metastable alloys with unique properties [65,88,90–92]. Other advantages of using NNS casting have also been reported, which would be particularly beneficial for low-density steels. The high cooling rates (>50 °C/s) help refine the grain structure [89], thereby enhancing mechanical properties such as ductility, strength, and fatigue resistance compared to conventional casting methods like VIM and VAM [93]. In addition, the NNS casting processing route minimizes or eliminates the stresses imparted on the steel during casting, thereby reducing the likelihood of hot tearing/cracks, inclusions, blowholes, and shrinkage porosity, which are particularly severe in LDS with high Al and Mn content [26,65,77–79, 89,93]. Table 1 presents a consolidated process-microstructure-property map comparing traditional and advanced fabrication routes for low-density steels. Table 2 provides a more detailed comparison, highlighting the advantages of NNS casting and other advanced processing techniques over conventional manufacturing methods. In a study by He et al. [26], the microstructure and mechanical performance of as-cast Fe−12Mn−9Al−1.2 C steel produced through centrifugal casting using a near-net-shape rapid solidification method were investigated. The results showed that the as-cast steel produced through near-net-shape rapid solidification exhibited excellent mechanical properties, achieving a yield strength of 1012 MPa and an ultimate tensile strength of 1182 MPa. With further aging, the mechanical properties improved significantly. At 400 °C, the alloy reached a yield strength of 1124 MPa and an ultimate tensile strength of 1266 MPa. When aged at 600 °C, the strengths increased even further, reaching 1316 MPa and 1393 MPa, respectively. For comparison, the same alloy composition produced by a conventional ingot-based manufacturing route showed much lower values of a yield strength of 670 MPa and an ultimate tensile strength of 920 MPa. A similar study by Liu et al. [75] also reported notable improvements in mechanical properties when the alloy was fabricated using NNS under near-rapid solidification conditions. At 400 °C, the alloy exhibited a yield strength of 607 MPa, an ultimate tensile strength of 965 MPa, and a microhardness of 275 HV. At 600 °C, these values increased to 846 MPa, 1003 MPa, and 375.7 HV, respectively. At 800 °C, the corresponding values were 662 MPa, 1008 MPa, and 314.6 HV. When compared to an alloy of similar composition produced through traditional fabrication methods, it shows a yield strength of 593 MPa, an ultimate tensile strength of 951 MPa, and a microhardness of 275 HV. The NNS-processed alloy demonstrated superior performance across all tested temperatures. Table 3 presents comparative data highlighting the key mechanical properties of LDS fabricated via NNS relative to other processing techniques. According to the available data (Tab. 3), most alloys produced using NNS demonstrate excellent mechanical properties, often surpassing those achieved through other processing routes. Therefore, this finding indicates that near-net-shape casting under rapid solidification conditions provides a cost-effective processing route for Fe−Mn−Al−C steels. It minimizes material waste and reduces the formation of defects. In addition, this approach can produce components with mechanical properties that are comparable to, or even superior to, those obtained through VIM and VAM.
It is worth noting that NNS fabrication has been widely employed to produce high-performance components for critical applications, particularly in the automotive and other industrial sectors [94–96]. However, its primary limitation lies in the limited scalability for producing large components, thereby underscoring the need for further investigation. This technology is rapidly evolving as an alternative manufacturing process capable of producing a wide range of components and parts. When exceptional mechanical properties are required, particularly those associated with significant grain refinement to sub-micrometer or even nanocrystalline structures, it becomes essential to explore alternative manufacturing methods beyond conventional casting. Conventional ingot production techniques, such as arc melting, often result in large grain sizes or significant grain growth, which adversely affect the mechanical performance of LDS [97]. To address this limitation, an alternative processing route that promotes grain refinement should be considered. In this context, mechanical alloying combined with spark plasma sintering presents a promising approach for fabricating alloys with refined microstructures. This process will be discussed in detail in the next section.
To sum up, when designing LDS through casting, it is essential to apply suitable production techniques and heat treatments to overcome the limitations of traditional techniques, such as VIM or VAM, to achieve the desired microstructure and mechanical properties. A near-net shape-casting technology involving rapid solidification is recommended for LDS. This method produces the desired ultrafine-grained microstructure with metastable phases while minimizing elemental segregation and reducing microstructural defects. As a result, it enhances mechanical properties that are significantly better than those obtained using VIM or VAM. The introduction of near-net shape casting as a production process for manufacturing components reduces the need for downstream processing steps, often requiring little to no additional post-processing. This results in lower energy consumption, reduced material waste, and shorter machining times.
	[image: Thumbnail: Fig. 1 Refer to the following caption and surrounding text.]	Fig. 1 Schematic representation of a typical conventional thermomechanical processing route for low-density steels.



	[image: Thumbnail: Fig. 2 Refer to the following caption and surrounding text.]	Fig. 2 SEM micrographs showing the evolution of secondary phases in Fe−Mn−Al−C low-density steel when Cr(e and f) and Mo content were added beyond the recommended threshold [82,83].



Table 1 
Summary of process–microstructure–property map between traditional and advanced fabrication methods for LDS.

Table 2 
Summary of comparative analysis of manufacturing techniques between traditional and advanced fabrication methods for LDS.

Table 3 
Summary of microstructure-related mechanical properties of LDS fabricated by different processing techniques.

2.2 Production of LDS using mechanical alloying and spark plasma sintering
Mechanical alloying (MA) technology is a powder metallurgy (PM) technique for fabricating a variety of alloys of advanced engineering materials using a high-energy ball mill [66,110]. The MA technology can be employed to create alloys and compounds that are challenging or impossible to achieve through traditional melting and casting methods [110]. During MA, fine elemental and compound powders are mixed in a ball mill at room temperature to achieve a homogeneous chemical composition [111]. This is followed by repeated cold welding, fracture, and re-welding to form larger particles. Once the particles become too large, the milling process breaks them into smaller particles to create a single uniform composition [66]. These processes continue until alloying takes place. Mechanical alloying offers numerous advantages over other fabrication techniques for alloy production. For example, Pilarczyk et al. [112] reported that MA eliminates chemical segregation and large grain boundaries while enhancing solid solubility. Additionally, Krifa et al. [113] highlighted that MA provides a simpler method for producing materials with a broader range of compositions. Furthermore, Fair & Wood [114] stated that, in addition to being a solid-state technique, MA typically bypasses the oxidation of low-melting-point alloying elements, which can occur due to significant differences in melting points during melting and casting. In addition, MA in combination with SPS produces highly refined microstructures (submicron or nanocrystalline) with tailored properties by adjusting milling and sintering parameters. Although MA is susceptible to contamination from the milling media or the surrounding atmosphere, especially during prolonged milling [115]. However, despite this drawback, its advantages generally outweigh these limitations, making it a valuable technique for alloy fabrication. Gao et al. [116] reported an effective way to minimize alloy contamination in MA. The authors recommend selecting suitable milling media (process control agents, ball, and vial composition) and performing the milling in a high-purity inert gas or vacuum. In contrast, Liu et al. [117] reported that some researchers prefer to exclude milling media or PCA (e.g., ethanol, methanol, stearic acid, and toluene) to minimize carbon contamination. However, PCA has its unique function during MA as it helps to prevent or minimize cold welding, reduce excessive heat generation, and minimize powder agglomeration on the milling balls and container walls during milling [118–120].
Extensive research has been conducted on the processing of various alloy systems through mechanical alloying, emphasizing its versatility and effectiveness as a fabrication technique. However, no literature has been found reporting on the preparation of Fe−Al− Mn−C-based alloys through MA. The limited reports available primarily focus on the related family of Fe−Al−Mn−C-based alloys, specifically binary iron-aluminum intermetallic alloy systems (FeAl and Fe3 Al) or iron-aluminum alloys containing any other third alloying element, which are typically fabricated under various milling conditions [49,112,113]. These milling conditions include the type of mills (e.g., high- or low-energy), the material of the milling tools (stainless steel, hardened steel, tungsten carbide, or ceramics), the milling media used (balls or rods, with or without lubricants), the milling atmosphere (inert gas, nitrogen, or air), the milling environment (wet or dry), the media-to-powder weight ratio, as well as the milling temperature and duration [110,121]. All these factors are crucial in alloy fabrication. Notably, some studies have reported the fabrication of LDS using a MA followed by consolidation via SPS [36,52,53,108]. Pilarczyk et al. [112] produced a ternary Fe8 Al67 Ti25 alloy after 100 h of dry milling in an argon atmosphere with a ball-to-powder ratio of 8:1. Contrary to expectations, given the extended milling duration, the results indicated a change in the microstructure from laminar to a uniform homogeneous microstructure with the desired composition, free from impurities and unwanted phases in the milled powder samples. Hence, the primary purpose of prolonged milling is to decrease the size of the milling power to achieve the desired microstructure and targeted physical and mechanical properties, as noted by [122–126]. Chihuaque et al. [36] examined the microstructural evolution of Fe3 Al−X(X=Li, Ni, or C) intermetallic powders produced via mechanical alloying. These alloys were formed via sintering after 7 h of milling, with methanol used as the PCA to prevent the powder from sticking to the milling balls and container walls. The microstructure of the sintered Fe3 Al−X alloys after MA is shown in Figure 3.
It was observed that the alloy microstructure containing Li and Ni elements exhibited a finer grain size, with smaller grains (3−4 μm) interspersed among larger grains (greater than 10 μm). Figure 3 shows that the optimal sintering conditions were achieved in samples alloyed with Ni and Li, followed by those with C, and finally in Fe3 Al without a third alloying element. This improvement is likely due to the smaller particle size achieved through mechanical milling before the sintering process. Haušild et al. [127] and Nováka et al. [128] have also recommended that developing an alloy within a short processing time, typically around 4 h via mechanical milling and an extremely high ball-to-powder ratio (50-70:1) should be applied, along with a high rotational velocity (400−600 rpm). This recommendation aligns with the findings of Nová et al. [129], that successfully prepared Fe20 Al20 Si steel in 4 h using a milling rotational speed of 400 rpm.
Similarly, Novák et al. [125] investigated short-time ultra-high energy milling of the Fe10 Al60 Cu30 alloy using a ball-to-powder ratio of 70:1 operating at a constant rotational velocity of 400 rpm. After 60 min of MA, a small amount of a stable CuA12 phase was formed. Extending the milling time to 90 min resulted in a completely different phase composition, with the ordered FeAl phase dominating and coexisting with the Fe10 Al60 Cu30 icosahedral quasicrystalline phase. Further milling for 120 min produced a powder consisting of the Fe10 Al60 Cu30 quasicrystalline phase along with stable FeAl and FeA17 Cu2 phases, as shown in Figure 4.
However, different studies vary the ball-to-power ratio (BPR) or charge ratio (CR), but 10: 1 is commonly and widely used, which is highly effective during the milling process in most cases, as can be seen in Table 4 [128]. Apart from the ball-to-powder ratio (BPR), the milling duration can also vary depending on the type of mill, the material of the bowl and balls, the initial powder size, and the milling temperature. Haghighi et al. [122] investigated the structural evolution of a Fe-50Al alloy using a BPR of 50: 1 with hardened steel balls operating at 300 rpm under different milling times. The results obtained from scanning electron microscope in Figure 5 show that milling for 80 h produces a much finer microstructure compared to milling for 15 min or 1 h. This indicates that the powder structure is refined at 80 h of milling compared to a lower milling time under the same conditions. Therefore, it can be concluded that the milling parameters and milling media play a significant role in determining the final microstructure and mechanical properties of the fabricated alloy.
Krifa et al. [113] investigated the phase transformations Fe-30Al-20Cu during mechanical milling in an argon atmosphere using a ball-to-powder weight ratio of 12:1 and a rotation speed of 700 Ω disc and milled for 50 h. Before milling, the elemental powder particles of Fe, Al, and Cu appear separately with irregular shapes, as shown in Figure 6a. After 6 h of milling, the microstructure revealed that the initial shapes of the powders had transformed into a composite structure, as illustrated in Figure 6b. An increase in particle size is observed, indicating the primary welding of tiny particles to the surface of larger particles during the subsequent milling, with the particle size ranging from 10 to 50 μm. As the milling time increases to 30 h (Fig. 6c), the powders tend to agglomerate due to cold welding, forming larger particles of approximately 70 μm. Further milling for 42 h results in roughly spherical agglomerated particles, with a size distribution ranging from 15 to 50 μm.
This suggests that MA can be employed as an alternative technique to produce desirable ultrafine or nanocrystalline microstructure through a solid-state processing route, particularly when it is practically impossible to produce them through conventional means such as casting or hot rolling. However, it is important to note that none of these fabrication processes are entirely free from defects if the appropriate parameters are not properly controlled during fabrication. Sinha et al [141] produced Fe-4Mn-9Al-0.3C alloy in a Retsch planetary ball mill using a ball-to-powder ratio of 10: 1 at 300 rpm and milled for 50 h, and subsequently consolidated by SPS machine at 60 MPa. Scanning electron microscopy revealed the presence of pores in the fabricated alloy after sintering at 1000 °C, as shown in Figure 7. This observation was consistent with the findings of Xie et al. [142], who investigated a Fe-Mn-Al-C alloy subjected to mechanical milling followed by SPS consolidation. A similar phenomenon was observed when Zhuang et al. [126] investigated high-Mn and high-Al steel using MA and followed by sintering at a high temperature of 1200 °C. The authors observed that the pores formed when the material was sintered at 1200 °C were more predominant and significantly larger than those formed when sintered at 640 °C. This may be attributed to the sublimation of Mn when sintered at high temperatures. This implies that when LDSs are sintered at high temperatures above 1000 °C, pores are formed due to the sublimation of Mn. The morphology, size distribution, and connectivity of the pores further indicate incomplete densification at this temperature. Therefore, to minimize defects in alloys fabricated using MA and SPS, it is essential to select the optimum milling conditions, such as time and type of mill, milling atmosphere, ball to powder weight ratio, grinding medium, as well as the type of PCA for a specific alloy and the optimum parameters for the SPS process.
In summary, mechanical alloying is an important technique for fabricating alloys, including LDS, when conventional processes are not feasible. However, for LDS, this method has predominantly been applied to fabricate binary or ternary alloys within the LDS family, and there are no documented reports in the literature on the production of Fe−Mn−Al−C− based alloys containing multiple alloying elements (i.e., quaternary or quinary LDS alloys). It is believed that MA could provide new opportunities for fabricating alloys, particularly LDS, which has been characterized by defects arising from conventional fabrication processes. To establish MA as one of the most widely adopted techniques for producing a variety of LDS alloys with superior properties compared to traditional casting methods, further research into the fabrication of LDS alloys with multiple alloying elements is essential.
	[image: Thumbnail: Fig. 3 Refer to the following caption and surrounding text.]	Fig. 3 SEM micrographs showing the influence of solid-state sintering on the resulting microstructure of mechanically alloyed Fe3 Al-based alloys with different alloying elements [36].



	[image: Thumbnail: Fig. 4 Refer to the following caption and surrounding text.]	Fig. 4 Microstructure of the Fe10 Al10 Cu30 alloy powder prepared by mechanical alloying (a) for 90 min, and (b) for 120 min [125].



	[image: Thumbnail: Fig. 5 Refer to the following caption and surrounding text.]	Fig. 5 SEM micrographs of compacted and polished powder samples illustrating the effect of milling duration on particle morphology and surface characteristics after (a) 15 min, (b) 1 h, and (c) 80 h of milling [122].



Table 4 
Shows process parameters and media used for the fabrication of LDS using mechanical milling.

Table 5 
Shows some of the process parameters used for the fabrication of LDS using Selective laser sintering.

	[image: Thumbnail: Fig. 6 Refer to the following caption and surrounding text.]	Fig. 6 Microstructure of the powder mixture of Fe, Al, and Cu milled for (a) 0 h, (b) 6 h, (c) 30 h, and (d) 42 h [113].



	[image: Thumbnail: Fig. 7 Refer to the following caption and surrounding text.]	Fig. 7 SEM micrograph showing residual pores formed during the solid-state sintering of the alloy sample at 1000° C[141].



2.3 Production of LDS using additive manufacturing
Additive manufacturing (AM) is a process that has the advantage of producing complex geometries of 3D structures in a layer-by-layer fashion to form a desired shape based on computer-aided design (CAD) models, which cannot be achieved through conventional manufacturing processes [68,143]. In additive manufacturing, localized high-energy heating sources, such as laser, electron beam, electric arc, or plasma arc, are commonly used to melt and fuse powder, wire, or sheet-fed materials, depending on the type of AM employed [144–146].
In the past, the fabrication of LDS and other alloys was typically best achieved through casting [48,54]. However, it is practically impossible to produce an intricate structure, a ready-to-use structure, through methods such as casting, sintering, or mechanical alloying. AM offers a promising solution. The precision of design, mass production capabilities, and product uniformity achievable with AM are difficult to replicate using conventional manufacturing techniques. Consequently, AM technologies have gained significant traction due to their numerous advantages, including design flexibility, cost savings, faster production times, rapid prototyping, efficient part and assembly iteration, reduced waste, and lower energy consumption [45,54,147]. These benefits have driven the recent surge in AM applications, particularly as the demand for more complex components in high-performance applications increases.
Although only a limited number of research papers have been published on LDS fabricated using AM [42–48,148]. Several factors may be responsible for this. One possible reason is the difficulty in determining the appropriate range of process parameters for LDS that can yield defect-free or minimally defective parts with the desired microstructure and mechanical properties for their intended applications. Another possible reason might be the high complexity of the AM process and the fact that it is a relatively new technology for fabricating alloys. Also, the high procurement cost of AM machines, combined with expensive maintenance and a shortage of technical experts for repairs, may be among the reasons researchers avoid using AM for fabricating components and parts. Furthermore, accurately mastering the concentration of each element may pose a challenge in achieving the desirable mechanical performance for the intended applications [148]. Pollock et al. [149] also concluded that most currently available LDS powder alloys may not be specifically designed for the AM process. These alloy powders that are currently available were generally designed for specific thermomechanical processing, which typically aligns with traditional manufacturing processes.
Hence, the compatibility of the alloy powder must be guaranteed throughout all processing routes, which could prevent the potential of LDS from being fully exploited in AM. One exception to lightweight alloys that are specifically developed for AM, which are relatively easy to fabricate is Scalmalloy (scandium, aluminium, and magnesium) [45,150,151]. Other lightweight alloys, such as titanium, aluminum, and magnesium have also been successfully fabricated using AM [64,152,153].
Therefore, when developing new materials using AM technologies, it is essential to ensure that alloy powders are compatible with these technologies and can be fabricated with acceptable levels of defects, which inevitably arise during material processing and fabrication and can ultimately limit the material’s properties. This consideration can serve as a potential guideline for alloy design in additive manufacturing, enabling the production of high-performance products with exceptional mechanical properties.
Additive manufacturing seems to overcome some of the limitations of traditional methods, making it an increasingly popular choice for modern production and the future of manufacturing. This is because alloys fabricated through AM can achieve the desired structure without the need for additional mechanical tooling, unlike conventionally manufactured parts, such as those produced by casting, which require further machining or post-processing to attain the desired structure [64,143].
However, significant challenges in local defects such as micro-cracks, uncontrolled pores, and residual stress during solidification continue to hinder the attainment of expected quality and requisite properties in AM manufacturing parts. These defects can significantly impact an AM-fabricated part’s performance, especially under extreme conditions. However, controlled pores can be advantageous in some applications, such as biomedical implants, by promoting bone cell ingrowth, reducing the steel’s elastic modulus, and consequently minimizing stress shielding in load-bearing applications [154–158]. Beyond these advantages, a porous structure, for example, supports the proliferation and differentiation of bone cells within the pores, facilitating biological fixation between the implant and surrounding bone [159]. Additionally, it enables the transport of bodily fluids and nutrients through the porous implant, promoting bone tissue regeneration and reconstruction while accelerating the healing process. Uncontrolled pores can compromise the properties of the implants, as shown in previous studies, such as for Ti-6Al-4V [160]. These uncontrolled pores can act as crack initiators, potentially leading to component failure. As a result, most additive manufacturing processes face challenges in achieving the consistent quality observed in traditional manufacturing methods. Additionally, the limited post-processing options available in AM, compared to the more extensive post-processing options used in conventional manufacturing methods, further exacerbate the challenges of producing materials through AM [144].
Yan et al. [48] investigated the microstructure and properties of Fe-16.4Mn-10Al-5Ni-1.5C alloys fabricated using selective laser melting. A laser scanning speed of 0.5, 0.4, and 0.28 m/s was applied to each alloy with the same composition, using a laser power of 100 W, a layer thickness of 30 μm, a hatch distance of 80 μm, and a laser beam focus of 100 μm. The results indicated that the microstructures comprised equiaxed grains, columnar dendrites, and pores at various surfaces of each sample. Although, these pores were intentionally introduced for specific purposes, such as reducing Young’s modulus, which is beneficial for biomedical implants. Several researchers who fabricated different alloys using AM have also confirmed that most of the fabricated alloys suffer from anisotropic mechanical properties (possess different properties in different directions) due to equiaxed grain growth along certain directions of the alloy [143,161,162], as shown in Figure 8. However, the authors further stated that selective laser melting AM techniques can reduce or eliminate the anisotropic effect for alloy fabrication. Zhang et al. [163] investigated the effect of scanning strategies 0 °, 90 °, 67 ° hatch angle, and a chessboard with 67 ° hatch angle strategy (CB+67 °) on the mechanical properties of SLM fabrication alloy. The authors revealed that the yield strength of the alloy fabricated at 0 ° and CB+67 ° specimens differs from that of the same alloy fabricated at 90 ° and 67 °, regardless of the tensile direction. Wan et al. [164] employed a bidirectional scanning strategy in SLM-fabricated alloys, both without and with a 90 ° rotation between layers. The results revealed that the alloys fabricated without the 90 ° rotation exhibited superior tensile and fatigue strength compared to those produced at 90 ° rotation. Song et al. [165] investigated the effect of scanning strategies on the microstructure and mechanical behavior of 316L stainless steel fabricated by selective laser melting. Different scanning rotation angles, 0 °, 90 °, and 47 °, were employed using both rectangular and hexagonal scanning patterns. The authors noted that the alloy fabricated using a rectangular scanning pattern with a 47 ° rotational angle exhibited the highest tensile strength of approximately 640 MPa, followed by the alloy produced with a hexagonal scanning pattern and 0 ° rotation, which achieved a tensile strength of 600 MPa. The authors further observed that applying a scanning strategy with a rotational angle between successive layers disrupts columnar grain growth, promoting the formation of fine equiaxed grains and resulting in improved mechanical properties of SLM-built samples. This highlights the significant influence of scanning strategy on the microstructure and the resulting mechanical properties of AM-fabricated parts. Therefore, proper selection of a scanning strategy can result in either sharp single-component textures or more uniformly distributed crystallographic orientations and hence results to better mechanical properties.
Seede et al. [46] also highlighted that AM methods, such as laser powder bed fusion, have demonstrated the ability to refine microstructural features, which could potentially reduce mechanical anisotropy in Fe−30Mn−9Al−1Si−0.5Mo−0.9C by using parameters in their previous studies (Pmin, Pmax=29,260 W) and (vmin, vmax=50,2500 mm/s) [105]. In contrast, Yan et al. [48] challenged this claim by successfully producing an equiaxed grain microstructure in LDS alloys fabricated at varying scanning speeds. The authors show that the sample processed with a laser scanning speed of 0.5 m/s exhibited a larger grain size than those with scanning speeds of 0.4 m/s and 0.28 m/s, as shown in Figure 8. Further investigation revealed that as the laser scanning speed decreased from 0.5 m/s to 0.4 m/s and 0.28 m/s, the microhardness increased to 472.3 HV, 523.4 HV, and 540 HV, respectively. Alhamdi et al. [54] reached the same conclusion regarding the microhardness of Fe-Mn-Al-Ni LDS shape memory alloys produced via laser powder bed fusion. This indicates that processing parameters, such as energy density (E), defined as the ratio of laser power (P) to scanning velocity (v), hatch spacing (h), and layer thickness (l), could significantly influence the quality and properties of additively manufactured materials [157,166].
[image: Mathematical equation](1)
Some of the processing parameters employed to fabricate LDS by SLM technology are summarized in Table 5.
Similar metallurgical localized defects were noted by Rott et al. [70] in their study of Al-based low-density steel fabricated through in-situ direct energy deposition. The findings revealed that the alloy exhibited delamination, solidification cracking, and porosity defects in the microstructure, as shown in Figure 9. As a result of these defects and the absence of thermomechanical processing, most AM process materials cannot achieve the consistent quality of alloys produced through traditional manufacturing methods.
Several approaches have been proposed to reduce defects, especially porosity, which can be generated from a range of sources, such as laser power (P), scanning velocity (v), hatch spacing (h), and layer thickness (l) [166]. Stewart and Aboulkhair [171] and Liu et al. [103] noted that the easiest way to reduce porosity (process-induced) that occurs from powder particles that have high melting points is to increase the laser power to ensure that the metallic powdered feedstock melts completely and to account for the material’s higher reflectivity and lower absorptivity. On the other hand, if the keyholes (pores with irregular shapes) are due to vapourarization of low melting point elements or entrapment of gases, laser power and scanning speed can reduce or minimize the chances of keyhole formation [172,173]. However, the authors further noted that it is not always convenient at all times, due to limitations on the machine’s capability, and the need to minimize energy consumption, especially when high laser power is used. Using low laser power, in cases where higher power is required, can result in insufficient melting of the powder particle [102,171]. At the same time, if a high scan speed is used, it may lead to even larger spacing between each line and its neighbor [171]. In both cases, you end up with parts that have pores and are of poor quality, making them unsuitable for structural or load-bearing applications. To mitigate these defects, the scanning strategy can be modified by scanning each layer twice instead of once, using different laser powers for each pass. The authors noted that the second scan helps correct defects introduced during the first scan, leading to improved layer consolidation and reduced porosity. This observation is also consistent with the findings of Haase et al. [102], who reported that using a scan strategy involving bidirectional laser beam movement within each layer is highly effective in reducing defects in AM. A review by Sinha and Mukherjee [174] has also extensively summarized how porosity can be effectively mitigated in additive manufacturing components by varying key process variables such as laser power (P), scanning velocity (v), hatch spacing (h), and layer thickness (l) during fabrication. However, the authors acknowledged that experimental trial and error to optimize the process parameters may be costly and time-consuming. The author advocates for the use of post-processing techniques such as heat treatments and hot isostatic pressing (HIPing) for AM manufacturing parts before being put into service [175]. In addition, the integration of modeling and simulation techniques can be valuable to minimize trial-and-error experiments when optimizing process parameters or conditions, thereby minimizing the reliance on trial-and-error experimental procedures.
Therefore, further innovations and optimization of process parameters are anticipated to enhance the overall quality and efficiency of components fabricated using AM with an acceptable defect level [46]. It is crucial to ensure that the design of the material feedstock is compatible with AM technologies. This compatibility is critical for producing components with desirable microstructures and mechanical properties while minimizing defects that cannot be addressed through traditional manufacturing methods. Therefore, if these proposed adjustments are successfully implemented, they could further revolutionize production processes in metal AM, positioning it as a leading alternative manufacturing technology that could potentially replace ingot manufacturing processes, especially for producing high-value components with superior properties.
	[image: Thumbnail: Fig. 8 Refer to the following caption and surrounding text.]	Fig. 8 Microstructural features of Fe−16.4Mn−10Al−5Ni−1.5C low-density steel fabricated by laser-based additive manufacturing at different scanning speeds. Panels (a-c) show the XY-plane microstructures of samples processed at scanning speeds of V0.5, V0.4, and V0.28 m/s, panels (d-f) provide enlarged views of the corresponding XY regions and panels (g-i) depict the YZ-plane microstructures for the same scanning speeds (V0.5, V0.4, and V0.28 m/s) [48].



	[image: Thumbnail: Fig. 9. Refer to the following caption and surrounding text.]	Fig. 9. Representative defects observed in low-density steel components fabricated using direct energy deposition additive manufacturing: (a) Delamination, (b) Solidification cracking, and (c) Process-induced lack of fusion porosity and entrapped gas porosity [70].



3 Concluding remarks and future outlook
Fe−Mn−Al−C low-density steels remain a highly promising alternative to conventional Fe−Cr−Ni stainless steels, offering notable advantages for automotive, aerospace, and biomedical applications. However, their widespread adoption depends on solving persistent processing challenges, especially those inherent to conventional ingot casting.
Future progress will rely on advancing beyond traditional melting routes. Priority research areas include:

	Alloy design tailored for AM compatibility, addressing issues such as Mn/Al evaporation, metal carbide/intermetalics stability, and solidification cracking.


	Process optimization in AM to minimize defects such as lack of fusion, porosity, undesirable carbides/intermetallics and unlock superior mechanical and corrosion performance.


	Hybrid MA-SPS frameworks capable of producing ultrafine or nanostructured LDS microstructures unattainable by casting.


	Near-net-shape casting innovations to reduce segregation, improve homogeneity, and enable complex geometries with minimal post-processing.



Advancing these areas will accelerate the transition from conventional waste-intensive, defect-prone manufacturing to high-efficiency, high-performance processing pathways. The future of LDS will depend on integrating these advanced techniques with informed alloy design strategies, enabling the production of next-generation lightweight steels with enhanced structural and functional capabilities.
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        Schematic representation of a typical conventional thermomechanical processing route for low-density steels.

      

    

  
    
      Fig. 2 
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        SEM micrographs showing the evolution of secondary phases in Fe−Mn−Al−C low-density steel when Cr(e and f) and Mo content were added beyond the recommended threshold [82,83].

      

    

  
    
      Table 1 

      Summary of process–microstructure–property map between traditional and advanced fabrication methods for LDS.

      
        


	Process route
	Purity/In clusion control
	Segregatio n in LDS
	Grain structure
	Porosity
	Relevant microstru ctural features
	Resulting properties
	Advantages
	Drawbacks
	Suitability for LowDensity Steel
	Reference





	VIM
	Low oxygen, sulfur, and nitrogen content
	Moderate segregation; Mn/Al segregation possible
	Coarse columna ?/dendrit ic; fine-tomedium after working
	Low
	Good κ carbide control; duplex ferriteaustenite, but dendritic
	Lower fatigue resistance (inclusiondriven), moderate strength; corrosion susceptibility when carbides/incl usions form
	Good purity, suitable for lab-scale LDS; effective for highmelting alloys
	Energyintensive; coarse dendrites; requires forging/rolling; sensitive to carbide networks (M.C, MzCc); inclusion risk; limited complex shapes
	Suitable for small/medi um batches; good for alloy developme nt
	[26,67,69, 72,78]



	VAM
	Extremel y low impuritie 5; very clean melt
	Very low segregation
	Fine, uniform dendriti c grains
	Very low
	Excellent k-carbide uniformit y; suppresse d unwanted carbides
	Very high fatigue strength, hardness, creep resistance
	Highest purity: multiple remelts; very homogeneo us LDS
	Very high cost; small ingot size; limited complex shapes; carbide risks remain if chemistry is poor
	Excellent for highend LDS research and medicalgrade alloy developme nt
	[26,67,69, 72,78]



	NNS
	Higher inclusion s; oxide
	Strong macro/micr
	Coarse, inhomo geneous
	High
	k-carbides heavily segregate
	Lowmoderate strength; carbide-rich
	Low cost; large complex shapes;
	High risk of porosity; retained inclusions;
	Good for complex shapes but not ideal
	[65, 88, 90–93]



	films possible
	9segresatio n.
	columna I grains
	
	; poor ferrite/au stenite distributi on
	zones pit easily
	minimal machining
	poor microstructure control; may need heat treatment
	for highperformanc e LDS
	



	MA+ SPS
	Very low impuritie s if the powders are clean
	Minimal segregation (solid-state alloying)
	Ultrafin enamo equiaxe d grains
	Very low; near-full density
	Uniform, refined nonequilibriu m phases (k, B 2); stable duplex structure
	Extremely high strength and hardness; moderate ductility; improved corrosion due to refined carbides
	Very high strength/tou ghness; low porosity; excellent microstructu re control
	Limited component size; milling contamination risk; requires tooling; MA step adds complexity
	Excellent for advanced LDS microstruct ures biomedical property tuning
	[53,98,101]



	AM
	Powder contamin ation possible; moderate inclusion risk
	Fine cellular segregation; element yaporisatio. n (Al)
	Very fine grains; strong texture & anisotro py
	Moderate; lack of fusion + gas porosity
	Cellular solidifica tion refines k carbides; high dislocatio n density
	Very high strength (grain refinement; anisotropic ductility; moderate corrosion
	Complex geometries; lightweight designs; tunable microstructu re; in-situ alloying
	Anisotropy; residual stresses; powder cost; porosity; surface roughness; Al evaporation
	Excellent for complex LDS biomedical component 5
	[46,48,102,105]





      

      

VIM: Vacuum induction melting, VAM: Vacuum arc melting, NNS: Near Net Shape, MA: Mechanical alloying, SPS: Spark plasma sintering, AM: Additive manufacturing.





    

  
    
      Table 2 

      Summary of comparative analysis of manufacturing techniques between traditional and advanced fabrication methods for LDS.

      
        


	Method
	Advantages
	Limitations
	Resulting properties and benefits
	References





	Traditional Methods (VIM, VAM)
	Established and widely used techniques
Relatively low cost and scalable for bulk production.
Good compositional control (especially in VIM/VAM).
Suitable for large ingot production
	Coarse-grain structures due to slow cooling.
High defect susceptibility to cracks, shrinkage porosity, blowholes, hot tearing, and inclusions.
Requires extensive secondary processing such as rolling, forging, and machining.
Limited microstructural refinement. Limited ability to produce complex geometries
	Exhibit lower ductility, toughness, and fatigue resistance due to large/ coarse grain sizes and residual defects
Mechanical properties may be inferior to those achieved by advanced methods without postheat treatment
	[26,67,69–72]



	Advanced Methods (NNS)
	High cooling rates (>50°C/s) enable the formation of refined or nanecrystalline microstructures. Lower defect tendency (shrinkage, porosity, cracks, and hot tearing) compared to conventional casting. Near-net shape reduces material waste and the number of machining steps. Faster processing time.
	Limited to smaller/medium component sizes.
Requires specialized equipment.
Process optimization is still needed for complex alloys.
	Finer grains and improved homogeneity.
Enhanced strength, ductility, and fatigue resistance.
Better performance compared to traditional casting routes.
	[65,88,90–93]



	Advanced Methods (MA + SPS)
	MA+SPS eliminates casting-related defects.
Produces highly refined microstructures (submicron or nanecrystalline).
Ability to synthesize non-equilibrium or metastable phases.
Rapid densification with minimal grain growth (SPS).
Tailored properties by adjusting milling and sintering parameters
	High equipment and operational costs.
Limited scalability to very large parts.
Potential contamination from milling media.
Requires precise control of process parameters.
	Exceptional grain refinement (submicron to nanocrystalline alloys), which enhanced strength, ductility, hardness, and fatigue resistance.
Improved property-to-weight ratio.
Potential for enhanced performance in structural and high-performance applications.
	[53,98–101]



	Advanced Methods (AM)
	High cooling rates and rapid solidification result in refined, equiaxed or even nanocrazalline microstructures.
Produce intricate near-net shape structures for immediate use.
Allows complex geometries & design flexibility.
Reduce material waste and machining.
Allows property tailoring through scanning strategies and process parameters.
	High equipment and operational costs.
Limited scalability for very large components.
Sensitive to process parameters (risk of porosity, residual stresses).
Process optimization is needed to achieve optimum mechanical properties.
Requires advanced technical expertise and quality control.
	Fine or equiaxed grains.
Enhanced strength-to-weight ratio.
Enhance strength, ductility, fatigue resistance, and mechanical performance compared to traditional methods.
	[46,48,102–105]





      

      

VAM: Vacuum arc melting, VIM: Vacuum induction melting, NNS: Near Net Shape, MA: Mechanical alloying, SPS: Spark plasma sintering, AM: Additive manufacturing.





    

  
    
      Table 3 

      Summary of microstructure-related mechanical properties of LDS fabricated by different processing techniques.

      
        


	Alloy composition
	Processing techniques
	Processing condition
	Yield strengt h YS (MPa)
	Ultimate tensile strength UTS (MPa)
	Elongat ion (%)
	Hardness (HV)
	References





	Fe−0.9C−29Mn−8Al
	VAM
	Annealed
	454
	769
	89
	NA
	[74]



	
	
	Age
	850
	1027
	27
	NA
	



	Fe−7Al
	VIM
	Hot−rolled
	360
	445
	20
	188
	[67]



	Fe−9Al
	VIM
	Hot−rolled
	517
	568
	9
	250
	[67]



	Fe−20Mn−9Al−3Cr−xC
	NNS rapid
	As−cast 0.8C
	480
	908
	46
	325
	[106]



	where X=0, 3 and 6
	solidification
	1C Annealed
	809
	977
	38
	350
	



	
	centrifugal
	1.2C As−cast
	919
	1037
	33
	368
	



	
	casting
	Annealed 1.4C
	992
	1047
	33
	420
	



	Fe−20Mn−9Al−1.2C−
	NNS rapid
	As−cast 0Cr
	836
	972
	35
	NA
	[107]



	xCr where X=0, 3 and
	solidification
	Annealed 0Cr
	967
	1016
	30
	NA
	



	6
	centrifugal
	As−cast 3Cr
	642
	943
	38
	NA
	



	
	
	Annealed 3Cr
	919
	1033
	33
	NA
	



	
	
	As−cast 6Cr
	718
	1001
	38
	NA
	



	
	
	Annealed 6Cr
	859
	1028
	32
	NA
	



	Fe−12Mn−9Al−1.2C
	NNS rapid solidification
	NA
	1012
	1182
	28
	NA
	[26]



	
	centrifugal casting
	
	
	
	
	
	



	Al−20Si−16Fe
	MA+SPS
	Milled for 8 hrs, 300 rpm
	NA
	NA
	NA
	411
	[53]



	Al−10Si−21Fe
	MA+SPS
	Milled for 8 hrs, 300 rpm
	NA
	NA
	NA
	384
	[53]



	FeAl20Si20
	MA+SPS
	8 hrs, 400 rpm
	NA
	NA
	NA
	Hardness increases from 25°C to 400°C and decreases from 600°C to 700°C
	[108]



	Al03 Fe3 Ti2 Cr2
	MA
	Milled from 3 to 16 hrs.
	NA
	NA
	NA
	Hardness increases as milling time increases
	[109]



	Fe−16Mn−10Al−1.5C
	SLM
	0.28 m/s
	NA
	NA
	NA
	540
	[48]



	
	
	0.4 m/s
	NA
	NA
	NA
	553
	



	
	
	0.5 m/s
	NA
	NA
	NA
	472
	



	Fe−17Mn−5Si−10Cr−4Ni−1(V, C)
	WAAM
	N/A
	472
	
	26
	N/A
	[43]



	Fe−30Mn−9AI−C−3Ni
	SLM
	110W
	887
	1077
	40.8
	294
	[103]



	Fe−20.6Mn−0.014Al−
	SLM
	0° rotation
	416
	1085
	27.4
	NA
	[102]



	0.27C-3Ni-0.05Si
	
	45° rotation
	302
	966
	23.8
	NA
	



	
	
	90° rotation
	329
	906
	31.2
	NA
	





      

      

VAM: Vacuum arc melting, VIM: Vacuum induction melting, NNS: Near Net Shape, MA: Mechanical alloying, SPS: Spark plasma sintering, WAAM: Wire arc additive manufacturing, SLM: Selective laser melting, NA: Not available.





    

  
    
      Fig. 3 
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        SEM micrographs showing the influence of solid-state sintering on the resulting microstructure of mechanically alloyed Fe3 Al-based alloys with different alloying elements [36].

      

    

  
    
      Fig. 4 
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        Microstructure of the Fe10 Al10 Cu30 alloy powder prepared by mechanical alloying (a) for 90 min, and (b) for 120 min [125].

      

    

  
    
      Fig. 5 
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        SEM micrographs of compacted and polished powder samples illustrating the effect of milling duration on particle morphology and surface characteristics after (a) 15 min, (b) 1 h, and (c) 80 h of milling [122].

      

    

  
    
      Table 4 

      Shows process parameters and media used for the fabrication of LDS using mechanical milling.

      
        


	Alloy composition
	Milling time (hr)
	Ball-topowder weight ratio
	Rotation speed (rpm)
	Process control agent
	Milling atmosphere
	Materials of grinding ball and vials
	Reference





	Fe_2−Zn_3−Al 5 (x=1, 3, 5, y = 7, 10, 13, 21)
	8
	N/A
	N/A
	N/A
	Argon gas
	Stainless steel
	[130]



	Fe e100−x Alc x= 50, 10, 20, 30, 40, 50, and 60
	36
	4:1
	N/A
	N/A
	Argon gas
	Tungsten carbide
	[131]



	Fe−Ti−Al
	100
	10:1
	150
	None
	Argon gas
	304 stainless steel
	[132]



	Al33 Fe3 Ti2 Cr2
	1−16
	5:1
	N/A
	None
	Argon gas
	Stainless steel
	[109]



	Fe−28Al
	25
	10:1
	700
	
	Argon gas
	Hardened steel
	[133]



	45Fe−45Al5Ti−5C, 35Fe−35Al−15Ti−15C
	N/A
	15:1
	N/A
	5% ethanol
	Argon gas
	N/A
	[100]



	Fe−50Al
	1, 3, 5, 10, 20, 30 and 50
	8:1
	300
	N/A
	Nitrogen
	Stainless steel
	[101]



	Fe−5Al
	0.25−100
	50:1
	300
	N/A
	Argon gas
	Hardened steel
	[122]



	Fe−40Al−5Cr
	5−80
	10:1
	700
	None
	Argon gas
	Hardened steel
	[117]



	Fe3 Al/TiC
	1−20
	30:1
	300
	
	Argon gas
	Hardened chromium steel
	[134]



	Al13 Fe4/Al
	8
	N/A
	300
	4% ethanol
	Argon gas
	Hardened steel
	[99]



	Fe−Al coated on lowcarbon steel
	1, 2, 4, 6, 8, and 10
	10:1
	200
	None
	Argon gas
	Tungsten carbide
	[98]



	Fe−20Al
	1, 2, 3, 10, and 20 with a stay of 10
	30:1
	
	N/A
	Argon gas
	Stainless steel
	[124]



	
	mins for every 30 mins milling interval
	
	
	
	
	
	



	Fe−25Al0.2B
	40
	12:1
	700
	N/A
	Argon gas
	Hardened steel
	[135]



	Fe−40Al
	20
	10:1
	300
	Toluene
	Argon gas
	Stainless steel
	[12]



	Al−10Si21Fe and Al20Si−16Fe
	8
	30:1
	300
	N/A
	Argon gas
	AISI 420 stainless steel
	[53]



	Fe−10Al
	10, 30, 70, 100 and 150
	10:1
	120
	1 wt.% stearic acid
	Argon gas
	N/A
	[119]



	Fe75Al25
	40
	10:1
	300
	Toluene
	Argon gas
	Hardened chrome steel
	[136]



	x Bx(x=0, 5, 9, 12)



	Fe-20 Al-20 Si
	0.5 to 24 h
	60:1for 5 g and 1: 15 for 20 g
	400
	None
	Argon gas
	AISI 420 stainless steel
	[138]



	Fe-20 Al-20 Si
	1, 2, 4, 6 and 8
	60:1
	400
	
	Argon gas
	AISI 420 stainless steel
	[138]



	Fe20 Al20 Si
	4
	70:1
	400
	
	Argon gas
	N/A
	[108]



	Fe20 Al5 Si
	10
	15:1
	400
	
	Argon gas
	N/A
	[139]



	Fe60 Al40
	1, 2, 4, 6 and 8
	10:1
	195
	2.5% stearic acid
	Argon gas
	Hardened steel
	[140]



	Fe-4Mn-9Al0.3C
	50
	10:1
	300
	Toluene
	Argon gas
	Stainless steel
	[141]





      

      

Note: N/A = Not available.





    

  
    
      Table 5 

      Shows some of the process parameters used for the fabrication of LDS using Selective laser sintering.

      
        


	Alloy
	Energy source
	Deposition parameters
	Scanning strategy
	References





	
	Laser power (W)
	Wavelength
	Spot diameter (mm)
	Hatching distance (mm)
	Layer thickness(m m)
	Scanning speed (mm/s)
	
	



	Fe-xMn-0.3C-yAl-0.1Cr-0.1Ni (x=18, 19, 21), (y=1, 2, 3, 4, 5)
	120
	108 4
	0.080
	0.07
	0.03
	750
	Bidirectional with 33° clockwise rotation
	[167]



	Fe-23Mn-0.3C-yAl(y=0.01−1.7)
	120
	106 4
	0.080
	0.07
	0.03
	700
	Bidirectional with 33° clockwise rotation
	[45]



	Fe−10Mn−1.6Al−0.4C−0.7V
	320
	N/A
	N/A
	0.01
	0.03
	600
	Bidirectional with 67° clockwise rotation
	[168]



	Fe−xMn−0.3C−Al−(0.04−0.16)Cr (x=19, 21, 22)
	120
	106 4
	0.082
	0.07
	0.03
	700
	Bidirectional with 33° clockwise rotation
	[169]



	Fe−30Mn−9Al−C−3Ni
	70, 90, 110, 130, and 150. Best mechanical properties were obtained at 110
	N/A
	0.1
	0.08
	0.02
	750
	Bidirectional with 67° clockwise rotation
	[103]



	Fe−34Mn−14Al7.5Ni
	183
	N/A
	N/A
	0.12
	0.03
	788
	N/A
	[170]



	Fe−20Mn−0.014Al-0, 2C
	180
	N/A
	60
	N/A
	0.03
	N/A
	Bidirectional laser beam rotation of 90°
	[102]



	Al-12Si-1.4Fe1.4 Ni
	200
	106 4
	N/A
	N/A
	0.03
	400
	N/A
	[104]





      

      

Note: N/A = No assessment.





    

  
    
      Fig. 6 
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        Microstructure of the powder mixture of Fe, Al, and Cu milled for (a) 0 h, (b) 6 h, (c) 30 h, and (d) 42 h [113].

      

    

  
    
      Fig. 7 
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        SEM micrograph showing residual pores formed during the solid-state sintering of the alloy sample at 1000° C[141].

      

    

  
    
      Fig. 8 
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        Microstructural features of Fe−16.4Mn−10Al−5Ni−1.5C low-density steel fabricated by laser-based additive manufacturing at different scanning speeds. Panels (a-c) show the XY-plane microstructures of samples processed at scanning speeds of V0.5, V0.4, and V0.28 m/s, panels (d-f) provide enlarged views of the corresponding XY regions and panels (g-i) depict the YZ-plane microstructures for the same scanning speeds (V0.5, V0.4, and V0.28 m/s) [48].

      

    

  
    
      Fig. 9. 
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        Representative defects observed in low-density steel components fabricated using direct energy deposition additive manufacturing: (a) Delamination, (b) Solidification cracking, and (c) Process-induced lack of fusion porosity and entrapped gas porosity [70].
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