Segregation-induced microstructural refinement in a FeMnAlC-TiB metal matrix composite by laser powder bed fusion
Abstract
Microstructural control is crucial in laser powder bed fusion (LPBF) technique. The columnar-to-equiaxed transition is an effective approach to reduce anisotropy and improve mechanical properties of additively manufactured materials. Recent studies have shown that grain refinement can be induced through heterogeneous nucleation ahead of the epitaxially growing solid-liquid (S/L) interface. This paper investigated the solidification process of a metal matrix composite (FeMnAlC-TiB) produced by LPBF, which resulted in a texture-free nanoequiaxed δ-Fe matrix, reinforced by nanoprecipitates and an M2B-type network structure. The analysis of Electron Backscatter Diffraction (EBSD), Transmission Electron Microscopy- Automatic Crystal Orientation and Phase Mapping (TEM-ASTAR), and Three-dimensional Atom Probe (3DAP) indicated that boron (B) segregation plays a major role in terms of microstructure refinement by generating a thermal undercooling zone ahead of the S/L interface. As a result of the microstructural refinement and the presence of reinforced particles, the LPBF-processed material exhibited hardness 150% higher than the base steel and achieved remarkable levels of strength as compared with the as-cast counterparts.
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1. Introduction
Introducing titanium (Ti) and boron (B) into ferrous systems, resulting in a metal matrix composite (MMC), has emerged as a strategy for enhancing mechanical performance [1,2]. In the specific case of the Fe-Mn-Al-C system (lightweight steels), the incorporation of these elements increases stiffness and further reduces density, thereby enhancing its potential for structural applications [3,4]. Since the reinforced particles are formed in-situ, the solidification process must be carefully controlled. Slow solidification kinetics associated with conventional casting techniques results in sizes and morphologies of particles that potentially affect negatively the mechanical properties [1,2].
Additive manufacturing, particularly the laser powder bed fusion (LPBF) technique, offers new avenues for composite design by enabling refined microstructure through rapid solidification [2]. This technique consists of building components layer by layer, enabling the fabrication of complex geometries with tailored properties. Due to its versatility, it has been widely applied in the aerospace, automotive, and biomedical industries.  LPBF is characterized by large thermal gradients and high cooling rates, and due to the complex thermal conditions, the microstructure achieves unique characteristics, which are affected by the experimental conditions and chemical composition [5]. Typical solidification begins at the melt pool boundaries, by heterogeneous nucleation, and is directed towards the center of the pool [6]. Due to the thermal conditions involved in the LPBF process, there is a strong tendency for epitaxial growth from the partially remelted grains of the previously solidified layer, forming columnar grains structures and pronounced anisotropy in FeMnAlC alloys [7].
Grain refinement is an effective approach to reducing anisotropy, improving the mechanical properties of LPBF manufactured alloy [8,9]. The optimization of processing parameters can reduce the epitaxial growth, leading to the columnar-to-equiaxial transition and, as a consequence, grain refinement [10,11]. However, the exploration of other approaches to ease the transition from columnar-to-equiaxial, such as solute segregation-driven heterogenous nucleation, would further open the possibility of increasing the degree of freedom in the design of high-quality, i.e. highly dense components with finer microstructure. Recent studies [8,12] have highlighted the significant role of alloying elements and their segregation behavior in controlling the solidification process during LPBF processing. However, a deeper understanding of how solute effects influence grain refinement in LPBF-processed composites remains essential for advancing this field.
Despite recent advances in additive manufacturing of steels and composites, the role of solute in grain refinement during LBPF solidification remains not well established. Understanding this phenomenon is essential for tailoring microstructure and mechanical properties. Therefore, the present paper processed a FeMnAlC-TiB composite by LPBF and investigated the segregation phenomenon and solidification process through transmission electron microscopy (TEM) and Three-Dimensional Atom Probe (3DAP). Furthermore, the microstructure and mechanical properties of the LBPF-processed composite were compared with those obtained by arc-melting and spray-forming. 
2. Materials and methods
Based on previous studies [3,4], in which FeMnAlC-TiB composites were processed by arc-melting and spray-forming, the Fe-15Mn-3Al-0.1C-1.67Ti-0.75B (wt.%) composite was selected for the present work. According to the thermodynamic calculation [4], the metal matrix would be reinforced by 5 vol% of TiB2 at equilibrium condition. The powder was produced using a close-coupled atomizer and a fraction size between 20 and 63 μm was used for the LPBF process. The particle size distribution was measured by laser diffraction technique using the Malvern Mastersizer 2000® equipment. The morphology of the particles was evaluated using a Malvern G3 optical measurement system. The powder characterization is presented in the supplementary material section.
The LPBF was carried out on an Aconity MINI machine (Aconity GmbH, Germany) equipped with an ytterbium fiber laser beam spot diameter of 80 μm. It was used a bi-directional scanning strategy with a 67° rotation between layers, layer thickness of 30 μm and the combination of laser power, scanning speed and hatching space of 158 W, 600 mm/s, 90 μm, respectively, resulted in a bulk material with no cracks and density of 99.7% (Archimedes’ principle). The LPBF process was conducted with oxygen levels below 50 ppm. Cylindrical compression specimens with a diameter of 3 mm and a length of 7 mm were printed.
Electron Backscattered Diffraction (EBSD) technique was used to investigate the texture and grain morphology. A Scanning Electron Microscope (SEM) MIRA – TESCAN coupled with a Bruker XFlash 6/30 detector was used. The EBSD analysis was conducted on the plane parallel to the building direction. Samples preparation involved conventional grinding, followed by final polishing with a vibratory system utilizing a 40 nm colloidal silica suspension. Transmission Electron Microscopy (TEM) analyses were performed to investigate the LPBF-microstructure on a nanometric scale. For these investigations, a thin foil (lamella) specimen was prepared by focused-ion beam (FIB) lift-out method, using a dual-beam FIB-SEM (FEI Helios G4 UX). TEM and Energy Dispersive X-ray Spectroscopy (EDX) analysis of the thin lamella was performed using FEI Titan G2 80-200, coupled with a Thermo-Fisher Super-X detector, operating at 200 kV. A NanoMEGAS ASTAR system was used to obtain the phase mapping on the TEM.
To understand the local atomic distribution of elements and the solidification mechanism during LPBF process, Three-Dimensional Atom Probe (3DAP) analysis was performed. Needle-shaped specimens were prepared using standard FIB-based lift out procedure from mechanically polished specimen using Helios 5 UX. 3DAP analysis was performed using a local electrode atom probe (LEAP 5000XS, CAMECA Inc. U.S.A.) in laser mode with a pulse energy of 30 pJ at 50 K and a detection rate of 0.5%.
The effects of the LPBF processing on the mechanical properties were evaluated by Vickers microhardness and compression tests. Cylindrical compression specimens with a diameter of 3 mm and a length of 7 mm were carried out with a strain rate of 10-3 s-1, using an Instron 5900R machine equipped with an Instron Advanced Video Extensometer. The tests were performed in the direction parallel to the building direction.

3. Results and discussion
As shown in Fig. 1a-b, L-PBF processing produced a nanostructured material formed by equiaxed grains of δ-ferritic (δ-Fe) with no preferential texture (Fig 1c), contrary to that usually reported [7,13]. The convection zones created by the laser movement led to different refinement levels. The marked area in yellow (Fig. 1a) has an average grain size of 578 ± 12 nm, while the red square indicates a reduced average grain size of 341 ± 8 nm. The substantial microstructural refinement achieved through LPBF processing becomes more evident when compared to the same composite produced by arc-melting (Fig. 1d) and spray-forming (Fig. 1e). In both cases, the microstructure consists of a coarse duplex matrix (α-ferrite + austenite) reinforced by predominantly micrometric-sized TiB2 particles, with a minor amount of TiC. 
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Figure 1 – a) EBSD inverse pole figure maps of the section parallel to the building direction of the LPBF processed composite, shown at magnification of (a) 5Kx and (b) 15 Kx; (c) corresponding pole figures for the region analyzed in (a); and microstructures of the same composite processed via d) arc-melting and e) spray-forming routes. 

High-Angle Annular Dark-Field (HAADF) image, Fig 2a, reveals that, beyond the nanometric equiaxed grains, the LPBF-processed material also features nanoprecipitates (orange arrows) and a continuous phase (red arrows) along the grain boundaries (GB). Fig 2b and Fig2c highlight that the precipitates are located both within the δ-Fe grains and at GB. The Nanobeam Electron Diffraction (NBED) from the intergranular continuous phase region (Fig. 2d), marked by the white arrow in Fig. 2b, indicates that this phase corresponds to a M2B-type boride. The ASTAR map phase, Fig.2g, points out the M2B-boride forming a network structure between the δ-Fe grains. Unexpectedly, the microbeam electron diffraction (MBED) pattern acquired from the cuboidal intragranular nanoprecipitates (black arrow in Fig. 2b), shown in Fig 2e, indicates that this nanoprecipitate corresponds to the TiC2 (β) carbide with an orientation relationship (OR) with δ-Fe described as  and . This carbide, with a space group of Pm-3m and a = 4.327 Å, is metastable in the FeMnAlC-TiB system, as its formation is not thermodynamically predicted [4].The intergranular precipitate at GB triple junctions, shown in Fig. 2c, is identified as TiC (γ) in Fig. 2f. Apparently, there is no specific OR between intergranular TiC precipitates and the δ-ferrite. EDX elemental maps shown in Fig. 2h (acquired from the region in Fig 2b) reveal that Fe and Al are relatively depleted in the intergranular continuous phase compared to the matrix, while Mn and Ti are enriched, indicating the last two elements were segregated during solidification process. Additionally, no oxides were identified in the analyses, suggesting that atmospheric control during both the atomization process and the part fabrication was effective.
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Fig. 2 – (a) STEM-HAADF from LPBF-processed alloy; (b) TEM-BF of cuboidal intragranular precipitate present within a δ-Fe grain and intergranular phase; (c) HAADF of precipitates present at GB; NBED patterns obtained from d) intergranular phase; e) intragranular precipitate and f) triple-junction precipitate; (g) TEM-ASTAR phase mapping; (h)STEM-EDX maps acquired from the region shown in (b).

Fig. 3a shows the 3DAP maps corresponding to Fe, Mn, Al, Ti, C and B, including δ-Fe matrix and intergranular phase. The interface between δ-Fe and intergranular phase is indicated by red arrow in Al map in Fig. 3a. In addition to the enrichment of Mn e Ti previously identified by the STEM-EDS analysis, the 3DAP maps and the 1D concentration profile indicated by #1 area (Fig. 3b) indicate that the intergranular continuous phase is also enriched in C and B. It can be noted that the 1D concentration profile was analyzed along the longitudinal direction of a cuboidal region of interest (ROI) with dimensions: nm3. The chemical composition of the intergranular phase is estimated as Fe-16.46Mn-0.10Al-5.55Ti-0.28C-16.76B (at.%) from the volume enclosed within the aforementioned cuboidal ROI, based on the methodology highlighted in [14]. This results suggested that the M2B-type corresponds to the (Fe,Mn)2B with Ti possibly in solid solution.
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Fig. 3 – a-c) Three-dimensional atom maps showing the interface between ferrite and intergranular phase and (b-d) 1D concentration profiles across the interface marked as #1 and #2. 

In addition to the intergranular phase, 3DAP maps in Fig. 3a also includes an intragranular nano-sized precipitate (highlighted by the dashed rectangle in C map) formed within δ-ferrite but close to the interface at the intergranular region. As shown in the enlarged 3DAP map (Fig. 3c) obtained from the selected volume enclosed within dashed rectangle, the precipitate (demarcated using a white-dotted curve) has an inhomogeneous composition profile. The concentration profile, Fig. 3d, across the above interface (marked as #2 in Fig. 3c) clearly elucidates the aforementioned distribution of B and C in the precipitate. It can be noted that only the side of the precipitate facing the δ-Fe matrix shows B enrichment, as is evident from the enlarged 3DAP map (Fig. 3c). Nevertheless, composition at the core of this precipitate is estimated as Fe-4.10Mn-0.38Al-32.54Ti-23.56B-24.91C (at.%). Combining STEM-based EDS and NBED results with 3DAP observations, nano-sized precipitate may be expected to have a stoichiometry corresponding to Ti(B,C)2. Considering the similarity of the atomic radii of B and C, it seems reasonable to assume that B occupies some of the C sites in the TiC2 unit cell.
The microstructural refinement and the absence of columnar grains, as shown in Fig. 1, indicated that a intensively nucleation occurred ahead of the epitaxially growing S/L interface, as also reported in [8,15]. It is recently reported that the addition of inoculant agents allowed the development of fine and equiaxed grain structure by LPBF [5,16]. In special, Ti is commonly applied as an inoculant agent for steels to promote equiaxed grains [17]. Through in-situ and ex-situ reactions, nano-sized particles of TiN, TiO and TiC can act as nucleation sites for δ-Fe, reducing or preventing the columnar grain growth [5]. In the present work, the presence of the metastable TiC2 within the δ-Fe suggests that they may act as an inoculant particle. TiC carbide does not appear to act as an inoculant agent, as (i) it is not a primary phase [4], and (ii) the majority of it was found at grain boundaries (Fig. 3), a distribution that does not align with the characteristics of effective inoculant particles, as discussed in [5].
The microstructural refinement can also be ascribed to the presence of solutes [8,9,18]. Besides Mn, Ti and C, the 3DAP showed that B was also segregated during the solidification process. Previous studies indicated that the Mn and C segregation has no significant influence on grain refinement [7,19]. In contrast, B exhibits a high growth restriction factor (Q) in iron systems. The low solubility of B in Fe results in its segregation in the liquid ahead of the S/L interface, inducing the formation of a constitutional undercooling (∆TCS) zone in conventional casting processes, thereby promoting grain refinement. [9]. However, unlike conventional casting, ∆TCS zone is significantly restrict in the LPBF process due to the intrinsic ultra-high thermal gradients (~105 K/m), which severely suppress the partitioning of solute elements [8]. 
On the other hand, B segregation can lead to the formation of thermal undercooling (∆Tt) zone. The liquid enriched by B is responsible for reducing the interfacial velocity of S/L interface, generating a restriction of the primary δ-Fe growth, as shown in [8]. Consequently, a thermal ∆Tt ahead of the S/L interface is generated and it achieves values over the critical nucleation undercooling, as shown in Fig. 4. Hence, the formation of the columnar grains was suppressed by the high nucleation rate of δ-Fe.
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Fig 4. – Schematic representation of the solidification process.

Soon after the massive δ-Fe nucleation, the remaining B-rich liquid thermally undercooled may have reached the M2B-boride stability temperature (below 1100 °C [4]), forming the network structure at grain boundaries, and suppressing the TiB2 formation. In addition, the high cooling rate did not allow enough time for the boron to be completely rejected from δ-Fe matrix during solidification. The reheating process associated with the melting of subsequent powder layers facilitates the diffusion of saturated boron from the matrix to the grain boundary regions and/or the surface of the carbides contained within the grain. This effect explains the compositional gradient observed in carbide shown in Fig 3c-d.
The microstructural refinement combined with the reinforced particles resulted in outstanding strengthening of the material, as shown in Table 1. The achieved hardness of 426 ± 10 HV represents a substantial increase of approximately 150% compared to the base steel (without Ti and B additions) [4]. Furthermore, the hardness was enhanced by 103% and 30% compared to the composites with the same composition but processed by arc-melting [4] and spray-forming [3], respectively (microstructures showed in Fig. 1b-c). 


Table 1 – Mechanical properties of the studied composite produced by LPBF, arc-melting and spray-forming.
	Route
	YS
(MPa)
	UCS/UTS
(MPa)
	Elongation
(%)
	Microhardness
(HV)

	LPBF
	915 ± 15
	1385 ± 64
	13 ± 1
	426 ± 10

	Arc-melting [4]
	314
	733
	30
	210

	Spray-forming [3]
	277
	960
	45
	330



The LBPF-composite showed a yield strength (YS), ultimate compressive stress (UCS) and final elongation of 915 MPa, 1.4 GPa and 13%, respectively. This substantial strengthening compared to composites produced by other routes, shown in Fig. 5, can be attributed to the carbide nanoprecipitates and the boride network structure. On the other hand, ductility was significantly reduced, which can be explained by the brittle nature of the M2B network structure, as previously reported [4,20,21].
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Fig. 5 – Engineering stress-strain curve of the LBPF-processed composite obtained from the compression tests. The tensile curves and hardness of the same composite but processed by arc-melting and spray-forming are also included.




4. Conclusions
In summary, this study produced a metal matrix composite via LPBF, featuring a δ-Fe matrix with a texture-free nanometric equiaxed grains, and reinforced from carbides nanoprecipitates and a boride-structured network. 3DAP based near-atomic scale analysis clearly showed B segregation during solidification. B rejection from matrix resulted in a sluggish growth of S/L interface, generating a thermal undercooling ahead to the S/L interface that activated the heterogeneous nucleation of new δ-Fe grains. Thus, the high heterogeneous nucleation rate caused by thermal undercooling, combined with the presence of potential nucleating agent, was responsible for the columnar-to-equiaxed transition and, consequently, microstructural refinement. The combined effects of grain refinement and nanoparticle reinforcement resulted in significant enhancement of mechanical strength compared to conventionally processed counterparts. However, the presence of a boride network at grain boundaries contributed to a reduction in ductility. These findings highlight the potential of LPBF for tailoring microstructures and optimizing the mechanical performance of advanced metal matrix composites.
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