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[bookmark: _Hlk71472634][bookmark: _Hlk73714230][bookmark: _Hlk73714130]Abstract: The equiatomic Fe-Co alloy is an ideal soft magnetic material due to the combination of high saturation magnetization, permeability and low coercivity it offers. The ordered B2 phase in it, however, makes it highly brittle and hence unsuitable for industrial-scale manufacturing of bulk soft magnets. In this work, we employ the laser powder bed fusion (LPBF) technique—a widely used one for additive manufacturing of metallic parts—to fabricate bulk equiatomic Fe-Co blocks with a microstructure that almost-exclusively contains the disordered body centered cubic (BCC) phase. It plus the high dislocation density (an inherent attribute of the LPBF technique) impart considerable ductility to the as printed alloy, which will make it highly amenable for post-processing mechanical operations such as machining. Subsequent annealing heat treatment (HT) will facilitate disordered BCC to ordered B2 phase transformation and reduction in dislocation density and residual stresses, all of which will maximize the soft magnetic properties. This study demonstrates a viable method to manufacture equiatomic Fe-Co parts with desired geometry and magnetic properties. 
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1. Introduction
Soft magnetic materials, which can be magnetized and demagnetized easily during cycling of an external field, are critical for the development of electromagnetic devices such as power generators, transformers, transducers, and magnetic shields [1-3]. The key performance metrics for a good soft magnetic material are high permeability, low coercivity, and high saturation magnetization [1-3]. Amongst all the available candidate magnetic materials, the Fe-Co alloys—the equiatomic alloy in the ordered state in particular—exhibit the best combination of those properties [4-9]. However, the proverbial Achilles’ heel that prevents widespread industrial application of them is their extremely poor ductility, which makes it difficult (if not impossible) to manufacture bulk components using conventional manufacturing (CM) techniques such as casting and forging [8-11]. The brittleness of Fe-Co alloys is a result of the ordered intermetallic B2 phase present in them [8-11]. It is widely known that the dislocation mobility in such intermetallic phases is rather limited, as dislocations have to move in pairs [11-14].
[bookmark: OLE_LINK9][bookmark: _Hlk71473147]Several studies and Fe-Co phase diagram show that the solid-state phase transformation from the parent disordered body centered cubic (BCC) phase to ordered B2 phase occurs during the cooling of cast ingots from temperature above the critical ordering temperature (Tc) after solidification [15-17]. Since this transformation occurs at relatively high temperatures (Tc is about 730 °C for equiatomic Fe-Co alloy), the mobility of the constituent atoms is high and hence it occurs rather rapidly. The transformation can be circumvented such that the high temperature BCC phase is retained at room temperature by adopting an ultrahigh cooling rate at the level of 103 °C/s. Since such high rates, however, are not achievable in the conventional processing routes used for materials in bulk, suppression of the transformation is generally not possible [17-19].
[bookmark: OLE_LINK7][bookmark: OLE_LINK8][bookmark: OLE_LINK49]One strategy for improving the ductility of Fe-Co alloys is to obtain fully disordered BCC structure through a post-processing heat treatment (HT) [17,19-21]. Clegg et al reported that BCC to B2 phase transformation could be suppressed completely in the equiatomic Fe-Co alloy via quenching in iced brine after holding the alloy at 810 °C for 30 min [17]. However, the critical cooling rate required to maintain fully disordered BCC phase (established to be about 3000 °C/s) corresponds to a maximum of only about 0.7 mm for the sample thickness for obtaining a fully disordered BCC phase in the microstructure [17]. Such a low critical thickness poses a serious impediment for most industrial-scale manufacturing of Fe-Co alloy soft magnetic components. Alternatively, compositional modification through the introduction of additional alloying elements, which transforms the initial binary Fe-Co alloy into ternary Fe-Co-X alloy (X can be Cr, Nb, W, Cu, Ni, V, etc.) have been explored [15,22-30]. A typical example that follows this approach is the Fe-Co-V alloy system. Fe-Co-2V(wt.%) alloy, commercialized as Hiperco, is amendable to cold rolling after appropriate HT as its ductility is superior [26-30]. However, the ductility enhancement comes at the expense of magnetic properties such as lower saturation magnetization and higher coercivity [8,9,30].
Recent rapid advancement in additive manufacturing (AM) technologies provides new pathways for manufacturing net shaped parts of bulk Fe-Co alloy with complex geometries in one step. In addition, both the mechanical and function properties of AM alloy can be varied by changing the processing parameters [31,32]. In this study, we fabricated dense equiatomic Fe-Co blocks via laser powder bed fusion (LPBF) technique, which is a widely used and extensively researched method for metal AM [31-33]. Our results show that the bulk as-fabricated Fe-Co (AF Fe-Co) alloy blocks consist of almost fully disordered BCC phase and exhibits considerable ductility. Optimized magnetic performance comparable to that of CM Fe-Co is achieved through post-LPBF annealing. Our work demonstrates a new strategy to circumvent the ‘extreme brittleness’ roadblock that prevents the extensive deployment of equiatomic Fe-Co alloy for soft magnetic industrial applications.

2. Material and methods
[bookmark: _Hlk80350573][bookmark: _Hlk80482667][bookmark: _Hlk80643991]Pre-alloyed equiatomic Fe-Co powders were utilized as the feedstock material to manufacture the Fe-Co blocks using the LPBF system. (The alloy is simply referred as Fe-Co hereafter). These powders were spherical in shape with the nominal size ranging from 15 to 53 µm (See Fig. S1a of the supplementary information (SI)). They were processed using the nitrogen gas atomization and were procured (Sandvik, Stockholm, Sweden). The composition of the as-received powders was ascertained using X-ray fluorescence spectroscopy (XFS) as well as elemental analyzer and listed in Table S1. Before being loaded into the LPBF machine, the powders were dried at 60 °C for 12 h in an oven operated under vacuum to remove any absorbed moisture. The LPBF system used in this study is the Truprint 1000 model from Trumpf, which is equipped with a 200 W YLR-Faser-Laser with spot size of 30 µm. Powders were deposited onto a steel substrate (austenitic stainless steel 316L) with a diameter of 100 mm. The substrate was not preheated, which ensured untrahigh cooling rates and therefore the formation of full BCC phase in the AF Fe-Co blocks. Argon gas (purity: 99.9995%) was employed to prevent oxidation and the O2 content in the chamber was reduced down to ~100 ppm. Gas pressure within the chamber was kept at 5 bar during printing. After several trails, the following optimum processing parameters, which yielded coupons with minimum porosity (with a relative density of 99.840.05%) and cracks, were identified: laser power = 120 W, scan speed = 300 mm/s, hatch spacing = 120 µm, and layer thickness = 20 µm, corresponding to a volumetric energy density of about 167 J/mm3. Chessboard scanning strategy with an island size of 4×4 mm2 with 67˚ rotation of the laser scanning direction between successive layers was employed to fabricate blocks with dimension of 40 mm (Length)×10 mm (Width) ×10 mm (Height) (Bar-shaped blocks). 24 bar-shaped blocks were manufactured in this work and a representative image of these blocks is shown in Fig. S1b.
[bookmark: OLE_LINK3][bookmark: OLE_LINK4][bookmark: _Hlk80644064]The AF Fe-Co alloy is characterized by high residual stress, a distinct feature inherent to the LPBF process, and high-density of stored dislocations (as shown later). Both these features exert detrimental effects on the permeability as well as the coercivity of the alloy, mandating a post-machining HT for improving the magnetic properties [8,9]. For enhancing the magnetic properties, two different HTs employing different annealing temperature- holding time combinations were performed on the AF Fe-Co blocks in this work. In HT1, the samples were annealed at 820 °C for 6 h and then furnace-cooled (at a rate of 5 °C/s) to room temperature (RT). HT2 consisted of pre-annealing at 700 °C for 1 h, followed by further annealing at 950 °C for 10 h and furnace-cooling (5 °C/s) to RT. The cooling rate employed is low enough to enhance disorder-to-order phase transformation in the Fe-Co alloy [17]. While HT1 was employed to transform the BCC phase present in the AF alloy into B2 phase without altering the grain structure, HT2 was designed to render the phase transformation together with recrystallization [17, 19-21].
[bookmark: OLE_LINK1]Microstructural characterization and mechanical testing of the alloy were performed in both AF and HT conditions. Samples for the microstructural characterization were prepared using the standard metallurgical methods. Grain structures were examined using a JEOL 7800F field emission scanning electron microscope (FESEM) operated at 12 kV. Electron backscatter scanning diffraction (EBSD) measurements were conducted with a step size of 0.5 µm using the Oxford Instruments Symmetry EBSD detector available on FESEM. Inverse pole figure (IPF) images of selected sections were utilized to assess microstructural features such as the grain size, grain orientation, and potential texture. The XRD measurements were performed with 2 ranging between 30° and 80° and a step size of 0.04° using the Co source at the Singapore Synchrotron Light Source. Samples for transmission electron microscopy (TEM) analyses were prepared using either the focused ion beam (FIB, FEI Helios NanoLab 450S) lift-out method or ion milling on thin foils using precision ion polishing system (PIPS, Gatan 691). Specimens prepared using FIB were thinned to about 100 nm with a final operating voltage of 30 kV and current of 80 pA. An Ar ion plasma with an energy of 5 kV was employed for the final cleaning of the sample surfaces to remove any FIB-induced damage. In the second method, thin foils are first ground to about 70 μm, then dimpled using dimpling grinder (Gatan 656) and finally thinned to about 50 nm using PIPS operated at the final voltage of 2 kV and beam angle of 2°. TEM analyses were conducted on either a JEOL 2100F TEM or a FEI Titan 300 microscope equipped with DigiSTAR Precession electron diffraction system and Nanomegas ASTAR phase and orientation mapping system. The phase and crystallographic orientation mapping were performed by scanning the area of interest in the nano-beam diffraction (NBD) mode with a step size of 10 nm. Dislocation densities were determined using a line-intercept method proposed by Norfleet et al [36]. Five lines with random, different angular orientations are drawn cross the entire TEM images. The number N of interactions of random lines and dislocations is counted and dislocation density is determined as N divided by product of total line length and the TEM specimen thickness.
For the uniaxial tensile testing, the Fe-Co blocks are machined into cylindrical dog-bone test coupons (3.5 mm in diameter and 16.3 mm in gauge length) with the tensile axis perpendicular to the build direction according to ASTM standard E8/E8M-13a. Room temperature tensile tests were carried out at a nominal displacement rate of 1 mm min-1 in a MTS Bionix Tabletop Test Systems (model 370.02) equipped with a load cell of 25 kN. The displacements during testing were measured using a non-contact laser extensometer. At least four samples were tested for each condition. 
[bookmark: _Hlk80367894][bookmark: _Hlk80629352][bookmark: _Hlk80615690]Direct current (DC) magnetic measurements were carried out on toroid ring samples with inner diameter of 32 mm, outer diameter of 40 mm and thickness of 8 mm (See Fig. S1c), according to ASTM A773 using a MATS-2010SD soft magnetic tester. Prior to the magnetic measurements, all the three ring-shaped samples (AF, HT1 and HT2 Fe-Co) were demagnetized strictly following the standard ASTM A773. The magnetic measurements were conducted with primary winding of 200 turns, secondary winding of 30 turns, maximum primary winding current of 10 A, temperature of 20 oC and relative humidity of 55%. The magnetic flux is set to be perpendicular to the build direction during magnetic measurements for all samples.

3. Results and Discussion
3.1.  Microstructure and tensile properties of the AF alloy
[bookmark: OLE_LINK21]Macroscopic crack-free Fe-Co blocks with high relative density (determined to be about 99.8% using the Archimedes principle) are fabricated after processing parameter optimization for subsequent microstructural characterization and property measurements. Figs. 1a and b show grain morphology and orientation distribution of side-view plane with build direction (BD) indicated by while arrow in the AF Fe-Co alloy. The backscattered electron (BSE) image in Fig. 1a shows a unique hybrid microstructure consisting of both fine equiaxed grains and columnar grains, instead of columnar-grain-dominant microstructure that is commonly reported in the LPBF alloys [37,38]. EBSD characterization covering a larger area also confirms a homogeneous microstructure with fine grains with near-random orientations. Grain size distribution determined using EBSD mapping is displayed in Fig. S2. It shows that the AF LPBF Fe-Co alloy contains mainly fine grains with an average size of 7.204.31 μm. The relatively fine grain size is a consequence of the high cooling rate inherent to the LPBF process [39]. Dispersed silica particles with diameter of 50-80 nm were identified (Fig. S3) using energy dispersive X-ray spectroscopy (EDS) mapping in TEM. The EDS mapping on region containing both grain interior and grain boundary reveals that elements distribute homogeneously without any segregation.
[bookmark: OLE_LINK43]Representative uniaxial tensile stress-strain response obtained on specimens that were extracted from an AF Fe-Co block is displayed Fig. 1c. Following the onset of plastic deformation (with a yield strength, sy, of 625.935.9 MPa), considerable strain hardening of the alloy occurs, reaching an ultimate tensile strength (su) of 741.928.3 MPa before breaking at a total strain (ef) of 13.4±1.8 % (with a uniform elongation of about 5.5%). Both the stress-strain responses and the morphologies of the tested samples (representative one shown in the inset of Fig. 1c), indicate to a typical ductile deformation behavior characterized by considerable plastic strain and localization of plastic flow through necking beyond su. This is in striking contrast to the brittle deformation response without any noticeable plastic deformation reported for the Fe-Co alloys that are manufactured through the CM route of melting and casting [10]. Lüders band formation, which is characterized by the appearance of upper and lower yield points, commonly seen in CM Fe-Co alloy, is also absent in the LPBF alloy [9,10], which could be due to the appearance of high-density, uniform (macro-scale) and mobile dislocations that can be activated upon loading in the AF Fe-Co (as shown later). Postmortem EBSD analysis on the necked region of a broken tensile specimen shows elongation of the grains along the loading direction indicating extensive plastic deformation in them (Fig. S4a). Kernel average misorientation (KAM) map of the same region (Fig. S4b) shows plastic strain across the whole tensile sample, which is in accordance with the ductile response seen in Fig. 1c. 
[image: 图形用户界面, 应用程序

描述已自动生成]
[bookmark: _Hlk71450565][bookmark: _Hlk74906337]Fig. 1. Grain features and mechanical properties of AB Fe-Co. (a) Representative BSE image of AF Fe-Co along BD. Melt pool boundaries are indicated using white dashed curves. (b) EBSD mapping indicate that AB Fe-Co consists of fine equiaxed grains and elongated grains without strong texture. (c) Ductile tensile stress-strain response of AF Fe-Co with obvious necking. (d) Mechanical properties of AF Fe-Co in comparison with CM Fe-Co in both disordered and ordered states.
The tensile properties of the LPBF and CM Fe-Co alloys (taken from literature [10]) are compared in Fig. 1d in terms of a sy versus ef plot. The extreme brittleness of CM Fe-Co alloy with ordered B2 phase is reflected in near-zero ef [10]. (In fact, the alloy is so brittle that valid tests could only be conducted in compression; the data presented is from such compression tests.) Such an intrinsic brittle nature of the B2 phase renders it impractical to machine CM Fe-Co directly into magnetic parts without subsequent HT. For the disordered CM Fe-Co alloy, with a fully disordered BCC phase that is obtained through a solutionizing and quenching treatment, ef is ~4% as reported in a prior study [10]. While an improvement from that of the fully ordered alloy’s ef, this ductility is somewhat limited still. In comparison, simultaneous and significant enhancements in both ef and sy is achieved in LPBF Fe-Co alloy of the present study.
The unique advantage of the AM techniques is that they facilitate the production of complex and net shaped parts in only one processing step. Post-processing steps, if required, are often minor and involve cutting of the printed parts from the substrate, subsequent polishing to reduce surface roughness, and annealing treatments (as necessary) to relieve residual stresses. In this context, the measured ductility should be more than sufficient for any post-processing machining. In contrast, obtaining the desired part geometry through CM would often require extensive thermo-mechanical treatments (such as high temperature forging, extrusion or rolling) followed by machining. These operations cannot be performed with ease if the ductility and toughness of the alloy is low. That is the reason behind solutionizing and quenching the cast Fe-Co alloy, so as to obtain a fully disordered BCC structure and, in the process, impart some ductility to it. However, the limitation on the thickness required for achieving such as a structure through quenching, narrows the application potential of Fe-Co down to sheet/strip form [17]. In contrast, we demonstrate here that bulk Fe-Co alloy blocks with centimeter (or more) dimensions, which possess full BCC phase and enhanced ductility, can be readily fabricated through LPBF.
3.2.  Effect of heat treatment
Microstructural characterization of HT specimens confirms that the annealing temperature of HT1 is insufficient to cause any discernable changes in the grain size and morphology (Figs. 2a, b and S5). In contrast, HT2 induces recrystallization that results in a bimodal microstructure with both fine and coarse grains (Figs. 2c and d). It appears that the bimodal microstructure is a result of the grain boundary pinning by silica particles; abnormal grain growth in some regions occurs due to non-pinning effects relative to texture, grain orientation and misorientation across adjacent grains [40,41]. Both the average grain size (10.857.69 μm) and the volume fraction of coarse grains (with the sizes larger than 20 μm) increase (Fig. S6) due to HT2. As expected, both the HTs lead to embrittlement of the LPBF Fe-Co alloy; tensile stress-strain responses (representative responses are displayed in Fig. S7) indicate completely brittle failure without any perceptible plastic deformation due to the B2 phase in them [10]. EBSD and KAM mapping on fractured region in HT1 Fe-Co shows no perceptible feature of plastic deformation (Fig. S7).
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描述已自动生成]
[bookmark: _Hlk74906360]Fig. 2. Grain morphology and orientation distribution in HT1 and HT2 Fe-Co alloys. (a) BSE image and (b) EBSD mapping of HT1 Fe-Co, showing that HT1 results in no discernable grain evolution in Fe-Co alloy. (c) BSE image and (d) EBSD mapping of HT2 Fe-Co, indicating that recrystallization happens upon HT2 and results in large and bimodal grain structure in Fe-Co alloy.
Fig. 3a shows a TEM image of the AF Fe-Co which consists of several grains. Selected area diffraction patterns (SADP) collected in grains with different orientations (zone axes) all show exclusive patterns of disordered BCC phase and the inset provides a representative pattern taken along [100] zone axis. From the phase map displayed in Fig. 3b, it appears that it almost entirely consists of the BCC phase (99.8% in volume fraction) with negligible B2 phase. Such high-volume fraction of BCC phase in the AF Fe-Co is much higher than those achieved in prior studies (less than 50%) wherein laser engineered net shaping (LENS) was employed [42,43]. The higher cooling rate inherent to the LPBF process is one possible reason for this. 
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描述已自动生成]
[bookmark: _Hlk74906383]Fig. 3. Phase compositions of AF and HT1 Fe-Co alloys. (a) TEM characterization of AF Fe-Co. The inserted SADP and (b) phase mapping of the same area demonstrate that AF Fe-Co roughly consists of fully disordered BCC phase. (c) TEM characterization of HT1 Fe-Co. Corresponding SADP and (d) phase mapping reveal that HT1 Fe-Co is dominated by B2 phase with volume fraction of 92.1%.
Quantitative phase map of the alloy subjected to HT1 shows that the microstructure consists 92.1% B2 phase, in which dispersed retained BCC phase is embedded, confirming BCC to B2 transformation during HT. The typical SADP, displayed in Fig. 3c, which corresponds to B2, provides further evidence. The FIB lift-out method was employed to prepare TEM samples for phase composition measurements, which has negligible effect on volume fraction of B2 phase due to the fact that ordering can get activated only at high temperatures [44]. XRD patterns, which contain (100) peak of the B2 phase, also attest to this (Fig. S8).
[bookmark: _Hlk80368574][bookmark: _Hlk80368725][bookmark: _Hlk80550431]The superior ductility of AF LPBF Fe-Co alloy to that of the CM alloy, even though both alloys comprise fully (or nearly-fully) disordered BCC phase, is possibly a result of distinct microstructural features in it. Such features develop as a result of the complex thermal cycles that fused alloy experiences during the LPBF process. Fig. 4 shows TEM images obtained from the AF and HT1 Fe-Co alloys both before and after tensile testing. The AF alloy contains a high density (r) of dislocations, which appear tangled (Fig. 4a). Dislocation cells are also observed, but only occasionally, with dislocation networks along the cell boundaries while the cell interiors also contain dislocations. The initial r was estimated to be ~2.33×1014 m-2, which is comparable to that of reported in other LPBF alloys of different compositions [45,46]. Neither solidification cellular structures (Fig. 1) nor the elemental micro-segregation associated with it (Fig. S3) could be observed in the AF Fe-Co alloy. The formation of high-density dislocations could be attributed to plastic deformation induced by thermal expansion/shrinkage due to thermal gradients and thermal cycles experienced during the LB-PBF process [47]. Detailed EBSD analysis reveals the prevalence of slightly localized misorientation because of the stored dislocations in the grains (Fig. S9a). After tensile testing, r increases to about 5.92×1014 m-2 (Fig. 4b). Majority of the observed dislocations are now untangled, which implies the activation of mobile dislocations during plastic deformation [48]. The higher sy in AF Fe-Co, compared to its CM counterpart, could be due to dislocation strengthening caused by a high-density of them in the microstructure. 
An order of magnitude reduction in r (to 2.71×1013 m-2) upon HT1 is noted (Scanning transmission electron microscopy (STEM) image in Fig. 4c), which makes dislocations much sparser in the microstructure; this agrees with the EBSD results that shows less localized misorientation within the grains (Fig. S9b). Since the microstructure now consists of an ordered phase, ‘super’ dislocations, which are pairs of dislocations that are separated by an anti-phase boundary (APB), are formed (Fig. 4d) [10, 49]. It is well known that such ‘super’ dislocations mobility, in terms of both glide and cross-slip, is rather poor (as they need to move in pairs necessarily), which leads to the observed loss of ductility upon HT [49].
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描述已自动生成] 
[bookmark: _Hlk74906406][bookmark: _Hlk80627077]Fig. 4. Representative TEM and STEM images of AF Fe-Co and HT1 Fe-Co before and after tensile test (with loading direction perpendicular to TEM lamella). (a) Dense and tangled dislocations in AF Fe-Co before tensile test. Note the occasional appearance of dislocation cell. (b) Some dislocations stay untangled in AF Fe-Co after tensile test. (c) Relatively sparse dislocations in HT1 Fe-Co before tensile test. (d) Short paired dislocations in HT1 Fe-Co observed after tensile testing. No discernable difference between dislocation structures can be identified due to zero plastic strain. 
The nature of dislocations in the AF LPBF Fe-Co alloy is distinct from those of dislocation networks and solidification cell structures (with certain elemental segregation to the cell walls) typically observed in other LPBF-processed alloys [45,46]. Importantly, such networks and cells are considerably stable both under plastic deformation and annealing treatments [50,51]. While the initial dislocation configuration in the AF LPBF Fe-Co alloy is unstable (in response to both annealing and plastic deformation), the enhancement in r during tensile straining does not lead to the formation of dislocation cells, which are typical features in metallic samples that have undergone extensive plastic straining. One possible reason is that the total tensile strain experienced by the alloy prior to commencement of necking (about 5.5% uniform strain as shown in Fig.1c) is not substantial, i.e., r is not high enough to initiate strong dislocation interactions and formation of dislocation cells.

3.3.  Magnetic properties
[bookmark: _Hlk80395901]Magnetic properties of the LPBF Fe-Co were measured in AB, HT1 and HT2 conditions by applying external electromagnetic field. Typical hysteresis loops and permeability curves are shown in Fig. 5a and b. Properties such as the saturation magnetization (Bs) and permeability (μ) with lower coercivity (Hc) estimated from such plots are listed in Table 1, along with those reported for CM Fe-Co alloy, Fe-Co-2V alloy manufactured using LPBF as well as CM routes, Fe-Co-1.5V alloy manufactured using LENS, for comparison purposes [9,42,52,53]. The values of Bs in LPBF Fe-Co alloy in AF, HT1 and HT2 conditions are about 2.09, 2.38 and 2.37 T, respectively. The latter two values are only ~1% smaller than Bs of 2.40 T reported for CM Fe-Co [9]. Marked narrowing of the central part of the hysteresis loops (displayed as inset in Fig. 5a) after HTs can be noted. This shows a significant reduction in Hc due both to the relief of residual stresses and ordering in Fe-Co alloy upon HT. μ, which is the most attractive feature of the equiatomic Fe-Co alloy for the soft-magnetic applications, instead of alloys with lower Co content, also exhibits considerable improvement after HT as shown in Fig. 5b. The maximum permeabilities (μmax) in HT1 and HT2 Fe-Co are 4789 and 5008, respectively. 
Table 1 Magnetic properties of Fe-Co and Fe-Co-V alloys fabricated via different methods.
	Materials
	Fabrication
method
	Condition
	Major phase
	Bs (T)
	μmax 
	Hc (A/m)
	Ref. 

	Fe-Co 
	LPBF
	AF
	BCC
	2.09
	503
	1417
	This work

	
	
	HT1
	B2
	2.38
	4789
	702
	

	
	
	HT2
	B2
	2.37
	5008
	450
	

	Fe-Co 
	CM
	Annealed
	B2
	2.40
	5000-8000
	150
	[9]

	Fe-Co-2V 
	CM
	As-cast
	B2
	2.18
	1811
	104
	[52]

	
	
	Annealed
	B2
	2.23
	12000
	40
	

	Fe-Co-2V 
	LPBF
	AF
	-
	1.57
	1754
	1287
	

	
	
	Annealed
	B2
	2.18
	125
	493
	

	
	
	Annealed a 
	B2
	2.23
	60
	47
	

	
	
	Annealed b 
	B2
	2.16
	99
	144
	

	Fe-Co-2V
	LPBF
	AF
	-
	1.82
	-
	-
	[53]

	
	
	Annealed c
	-
	1.41
	-
	-
	

	
	
	Annealed d
	B2
	2.17
	-
	673
	

	
	
	Annealed e
	B2
	2.16
	-
	736
	

	Fe-Co-1.5V 
	LENS
	AF
	BCC+B2
	2.23
	518
	995
	[42]

	
	
	Annealed
	B2
	2.30
	1639
	383
	


a With pre-annealing; b With pre-normalizing; c Quenching HT; d Ordering for 2 h; e Ordering for 4 h.
[bookmark: _Hlk80366350]The above results demonstrate that HT leads to superior Bs, μ, with lower Hc, as expected. This indicates that magnetic properties of LPBF-processed Fe-Co alloy can be readily tuned and improved through post-machining annealing HT procedures that are well developed for CM Fe-Co alloys [4,17,30]. Fig. 5c plots Bs versus μmax of HT1 and HT2 Fe-Co in comparison with magnetic properties in other Fe-Co and Fe-Co-V systems manufactured through either conventional methods or AM techniques, which illustrates the favorable combination of Bs and μmax that can be achieved in the equiatomic Fe-Co alloy through the LPBF + HT route [9,42,52,53]. Note here that the magnetic properties of AF Fe-Co are not plotted for comparison as only Fe-Co alloys after HT containing ordered B2 phase are suitable for magnetic applications [8,9]. The slight inferiority of the alloys fabricated in this work, as compared to that of the CM Fe-Co alloy, is more than compensated by the ease of fabricating net shaped parts using the proposed methodology. Compared to the binary Fe-Co alloy, the ternary Fe-Co-V is characterized by lower Bs, irrespective of the manufacturing method employed and annealing HT, accompanied by large scatter in μmax. It is important to note here that an unbiased comparison of Hc among the above alloys is not possible, as this property is particularly sensitive to grain size [9,10,30]. An equation in Hall-Patch relation form was proposed to describe linear dependency of Hc on grain size [9,10,30].
[image: ]
[bookmark: _Hlk74906429]Fig. 5. Magnetic properties of Fe-Co alloy in AF, HT1 and HT2 conditions. (a-b) Typical hysteresis loops and permeability curves of AF, HT1 and HT2 Fe-Co alloys. HTs significantly improve overall magnetic properties of Fe-Co alloy. (c) Bs versus μmax of HT1 and HT2 LPBF Fe-Co alloys in comparison with that of other Fe-Co and Fe-Co-V alloys fabricated through both CM and AM. HT1 and HT2 Fe-Co exhibit combination of Bs and μmax comparable to that of CM Fe-Co.
[bookmark: _Hlk80560193][bookmark: _Hlk80350685][bookmark: _Hlk80559983][bookmark: _Hlk80560141][bookmark: _Hlk73388930][bookmark: _Hlk80366883]Possible factors that contributed to the observed substantial improvement in magnetic properties of Fe-Co alloy upon HT should be the relief of high residual stresses, annihilation of stored dislocations built up during LPBF process, and the disordered-to-ordered phase transformation. Note that such HTs, post-machining, are always essential even in CM, for relieving machining-induced residual stress and minimization of dislocations, before application, especially for these parts fabricated using thermo-mechanical processing steps [8,9]. Although Bs in Fe-Co alloy is not sensitive to the grain size, both μmax and Hc can be further optimized through the coarsening of the grain structure, which can be achieved by annealing at higher temperatures, as grain boundaries are known to resist movement and alignment of magnetic domains [9,52]. Better μmax and Hc in the HT2 alloy, as compared to those of HT1, confirm this possibility. However, a strict control on the oxygen uptake and therefore secondary phase formation (such as silica particles observed in this study) is essential during printing and any such HTs. Here, it is worth noting that a small amount of Si is intentionally added to the bulk Fe-Co (before its atomization to produce powders) to decrease the melting point and increase the melt flowability, both of which facilitate better gas atomization for powder manufacturing subsequently. As Si addition is currently indispensable, control on oxygen content during printing and HT is vital.
[bookmark: _Hlk80563077][bookmark: _Hlk80621185][bookmark: _Hlk80563273]Prior efforts have been made to manufacture Fe-Co blocks using AM techniques [42,43,52-55]. However, a practical strategy that incorporates AM for manufacturing bulk Fe-Co blocks suitable for magnetic applications is not developed yet. The microstructures in AF blocks manufactured via LENS are reported to be dominated by B2 phase, which results in limited workability [42,43]. Some other studies, however, focused mainly on improving the ductility at the cost of magnetic properties [54,55]. In light of this, the processing methodology utilized in the present study appear advantageous over conventional methods for the following reasons. i) Large-scale magnetic parts with fully disordered BCC phase can be manufactured directly. The current dimensional limitation of hundreds of millimeters, which is two orders of magnitude higher than that of CM ductile counterpart [17], will surely be further extended with the advances occurring in LPBF technique. ii) Due to their ductility, the AF blocks can be machined (and/or subjected to additional minor mechanical operations) without the need for additional annealing and quenching treatment that is imperative for improving the workability of CM blocks, providing a simplified and lead-time-shortened manufacturing method. iii) One issue in using Fe-Co alloys lies in its high cost due to addition of Co. From the feedstock-saving perspective, LPBF processing minimizes feedstock waste via manufacturing parts directly true to their design and recycling Fe-Co powders for printing, while conventional methods result in inevitable waste on expensive raw materials due to machining.
4. Conclusions
[bookmark: _Hlk73715353]A strategy to manufacture equiatomic Fe-Co parts with favorable ductility and magnetic properties using LPBF and post-processing annealing HT is demonstrated. The inherent attributes of LPBF, namely rapid melting and subsequent solidification of the small volumes of alloy at any given instance and thermal excursions that result in a high dislocation density, facilitate the fabrication of bulk Fe-Co alloy parts containing fully disordered BCC phase. These parts exhibit considerable ductility with ef of about 13.4% in the AF state, which enables subsequent mechanical operations that are necessary for obtaining a finished product. The magnetic properties can then be optimized through post-LPBF annealing HT, achieving magnetic properties comparable (or slightly inferior) to that of CM counterpart. The newly developed strategy paves the way for manufacturing Fe-Co parts for high performance soft magnetic application in a more convenient, efficient and low-cost manner.
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