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Abstract: Soft magnetic Fe-Al alloys have been a subject of research in the past. However, they
never saw the same reception in technical applications as the Fe-Si or Fe-Ni alloys, which is, to
some extent, due to a low ductility level and difficulties in manufacturing. Additive manufacturing
(AM) technology could be a way to avoid issues in conventional manufacturing and produce soft
magnetic components from these alloys, as has already been shown with similarly brittle Fe-Si
alloys. While AM has already been applied to certain Fe-Al alloys, no magnetic properties of AM
Fe-Al alloys have been reported in the literature so far. Therefore, in this work, a Fe-12Al alloy was
additively manufactured through laser powder bed fusion (L-PBF) and characterized regarding its
microstructure and magnetic properties. A comparison was made with the materials produced by
casting and rolling, prepared from melts with an identical chemical composition. In order to improve
the magnetic properties, a heat treatment at a higher temperature (1300 ◦C) than typically applied for
conventionally manufactured materials (850–1150 ◦C) is proposed for the AM material. The specially
heat-treated AM material reached values (HC: 11.3 A/m; µmax: 13.1 × 103) that were close to the
heat-treated cast material (HC: 12.4 A/m; µmax: 20.3 × 103). While the DC magnetic values of hot-
and cold-rolled materials (HC: 3.2 to 4.1 A/m; µmax: 36.6 to 40.4 × 103) were not met, the AM material
actually showed fewer losses than the rolled material under AC conditions. One explanation for this
effect can be domain refinement effects. This study shows that it is possible to additively manufacture
Fe-Al alloys with good soft magnetic behavior. With optimized manufacturing and post-processing,
further improvements of the magnetic properties of AM L-PBF Fe-12Al may still be possible.

Keywords: additive manufacturing; selective laser melting (SLM); laser powder bed fusion (L-PBF);
soft magnets; iron–aluminum alloys; Fe-12Al; magnetic properties; microstructure

1. Introduction

In times of climate change and energy crises, a more efficient usage of energy becomes
increasingly important. To achieve higher efficiency in electric devices or machines, it is
necessary to select suitable hard and soft magnetic materials. An alternative may be the
iron–aluminum alloys consisting of mostly abundantly available, generally considered
non-toxic elements and providing their own unique set of material properties.

In the past, the Fe-Al alloying system has already been subjected to intensive research
regarding its soft magnetic properties. However, while being discovered at around the
same time as the iron–silicon alloys, the iron–aluminum alloys never saw a similar reception
in technical applications. This might have been due to the higher price of Al compared
to Si in the early times after its discovery, a more difficult processing of the melt, or the
affinity of Al to form oxides. While it was sometimes predicted that with more modern
fabrication technology a production of these alloys might eventually become feasible [1,2],
this has not been the case as of yet.
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Ferromagnetic Fe-Al alloys are found at the iron-rich side up to about 17 wt% Al [3].
In this type of alloy, also known as iron aluminides, three phases can occur: 1. bcc α-Fe (A2)
solid solution; 2. bcc B2-ordered phase FeAl; and 3. bcc D03-ordered phase Fe3Al [4]. Their
magnetostriction is relatively large (λ100: 74–82; λ111: 7–25 [5]) at 12 wt% and approaches
zero at around 16 wt% [5–7]. The resulting low magnetoelastic anisotropy in combination
with a low K1 value leads to high initial and maximum permeability levels as well as low
coercivity of the Fe-16Al alloy (e.g., Vacodur 16 (16 wt% Al): µi: 8 × 103; µmax: 40 × 103; and
HC: 4 A/m [3]). Also, regarding the Fe-12Al alloy, exceptionally soft magnetic properties
(e.g., hypermal (12 wt% Al): µi: 4 × 103; µmax: 30 × 103; and HC: 8 A/m [3]) have been
reported. One key benefit of Fe-Al alloys is a high specific electrical resistivity (up to
167 µΩcm for 17 wt% Al [3]), which can make them beneficial for AC applications. The
specific electrical resistivity, ρ, rises with increasing Al content and is affected by ordering
reactions in the vicinity of the intermetallic Fe3Al phase (~13.9 wt% Al) [2]. For 12 wt%,
ρ ranges from 100 to 115 µΩcm, with the higher values being reached after fast cooling
or quenching [3]. This is more than twice as high as that of commercial Fe-Si electric
sheet materials (~40 µΩcm [8]) and higher than Fe-6.5Si (82 µΩcm [2]). However, the high
magnetostriction makes the 12 wt% alloy rather unsuitable for AC applications. Another
downside is that the saturation magnetization, BS, also decreases with increasing Al content,
which results in values of 0.9 T for Fe-16Al and 1.4 T for the 12 wt% alloy [3]. Also, similar
to the Fe-Si alloys, the ductility of the Fe-Al alloys is affected negatively by an increasing Al
content. However, Fe-Al alloys, in general, are more ductile than their Fe-Si counterparts [5].
The production of sheet materials through hot and cold rolling is, therefore, possible, but
it is difficult and not very economical due to their possible crack formation. Since with
additive manufacturing (AM), e.g., laser powder bed fusion (L-PBF), parts ideally can be
created without deformation or machining, a production route via additive manufacturing
seems to be promising to produce parts from these still rather brittle alloys.

There have already been several studies regarding the additive manufacturing of Fe-Al
(and Fe-Al-Ti) alloys through laser powder-bed fusion (L-PBF) [9–14] and direct energy
deposition (DED) processes like LENS [15,16] or 3D laser cladding [17]. However, these
studies focused on applications such as (high temperature) structural materials, and no
magnetic properties have been reported in these works. For an Fe-Al alloy with approx.
16 wt% prepared through L-PBF, crack formation has been reported, and the application
of a build platform heating (BPH) temperature of >200 ◦C was found to be necessary [13].
Goll et al. [18,19] used an Fe-16Al alloy in combination with bulk Fe-6.7Si to produce multi-
material L-PBF parts with reduced eddy current losses. However, no magnetic properties
of bulk AM Fe-Al alloys were reported in these works.

The aim of this work was to synthesize Fe-Al alloys through L-PBF and measure their
magnetic properties to determine their suitability for producing soft magnetic components
from them. This was carried out on the example of an alloy with 12 wt% Al. The alloy with
12 wt% was chosen instead of the 16 wt% alloy because of its higher BS and better ductility,
possibly allowing for its processing without a BPH system. Fe-12Al melts were prepared
at Vacuumschmelze GmbH & Co. KG, Hanau, Germany, and served as the basis for all
the materials examined here. Samples of the same alloy were also produced by casting
and a combination of hot and cold rolling. These materials were heat treated and their
microstructure was investigated, with a focus on the AM material. The magnetic properties
of AM Fe-12Al were compared to those of the cast material and rolled specimens.

2. Materials and Methods

The samples in this study were produced by casting, rolling, and the L-PBF process.
An overview of the processing steps for toroid sample production through each type of
production method is shown in Figure 1.
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Figure 1. Processing steps for the toroid samples used for the magnetic characterization of the casting,
rolling, and L-PBF production processes (HT1: 1100 ◦C, 4 h + 950 ◦C, 1 h, cooling rate −50 K/h; HT2:
1300 ◦C, 6 h, cooling rate −50 K/h).

The investigated toroid samples (C1, R1, R2, AM1, AM2, AM3, and AM4) for magnetic
testing and their respective processing routes are listed in Table 1.

Table 1. Production process, dimensions, density, and magnetic properties of the Fe-12Al toroid
samples investigated in this study.

Process Sample
Targeted
thickness

t (mm)

Heat
treatment Atmosphere

Cast C1 massive HT1 dry H2

Rolled
R1 1.0 HT1 dry H2
R2 2.0 HT1 dry H2

L-PBF

AM1 1.0 HT2 Ar + 5% H2
AM2 2.0 HT2 Ar + 5% H2
AM3 3.0 HT2 Ar + 5% H2
AM4 4.0 HT1 Ar + 5% H2

HT1: 1100 ◦C, 4 h + 950 ◦C, 1 h, cooling rate −50 K/h; HT2: 1300 ◦C, 6 h, cooling rate −50 K/h.

The production processes and methods for characterization are described in further
detail in the following subsections.

2.1. Melting and Reference Materials

The Fe-12Al alloy used in this study was cast by Vacuumschmelze GmbH & Co.
KG through vacuum induction melting in experimental small-scale melts. The target
composition of the Fe-12Al alloy was 12 wt% Al with additions of 0.2 wt% Mn and 0.1 wt%
Nb. Toroidal samples with ø 28.5 × 20.0 mm were stamped from hot- and cold-rolled strips
with a thickness of both t = 1 mm and t = 2 mm. Cast material rings were lathed with the
same diameters from round ingots.

2.2. Powder Production

For powder production, three round ingots were first exposed to hydrogen annealing
to reduce the oxygen and impurity contents. Subsequently, they were lathed into rods with
a diameter of 50 mm, a length of 300 mm, and a point angle of 90◦. The gas atomization
procedure of the rods was carried out in a crucible-free process using argon as an atomizing
media. The particle size range was specified as +25/−75 µm, which resulted in a flowable
powder and a production yield of about 40%.
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2.3. Additive Manufacturing

Additive manufacturing was carried out on a Trumpf TruPrint 1000 multi-laser L-PBF
machine (Trumpf, Ditzingen, Germany) with twin 200 W fiber lasers (λ = 1.070 nm; max.
175 W usable laser power) using an Ar atmosphere. A chessboard scanning strategy based
on the 316L steel recipe provided by Trumpf was used with a hatch distance h of 90 µm
and a layer thickness d of 20 µm. The build process was carried out on an unheated build
platform. Cuboid samples with dimensions of 10 × 10 × 5 mm3 were produced for the
density and metallographic analyses. Toroidal ring samples with ø 28.5 × 20.0 × 5 mm3

were printed for magnetic characterization. To determine the suitable laser parameters,
25 cuboid samples were manufactured with varying laser parameters (laser powers, PL:
100, 120, 140, 160, and 175 W; scanning speeds, vS: 300, 400, 500, 600, and 700 mm/s) and
analyzed regarding their density. The parameter set of PL = 160 W and vs = 500 mm/s was
selected for the production of the AM ring samples in this study.

2.4. Heat Treatment

The heat treatment of the cast and rolled materials was carried out using a dry hy-
drogen atmosphere. The AM samples were heat-treated under argon with an addition
of 5% hydrogen. Two different heat treatments (Figure 2) were applied to the samples:
(1) a two-step heat treatment derived from the reference materials (HT1) consisting of 4 h
at 1100 ◦C, with cooling in the oven and 1 h at 950 ◦C, with slow cooling in the oven at
−50 K/h until reaching room temperature; (2) an adjusted heat treatment (HT2) for the
AM samples consisting of 6 h at 1300 ◦C with slow cooling in the oven at −50 K/h until
reaching room temperature.
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Figure 2. Temperature profiles of the heat treatments HT1 and HT2 (HT1: 1100 ◦C, 4 h + 950 ◦C, 1 h,
cooling rate −50 K/h; and HT2: 1300 ◦C, 6 h, cooling rate −50 K/h).

2.5. Characterization

Scanning electron microscopy (SEM) was conducted on a Zeiss SIGMA 300 VP (Carl
Zeiss, Oberkochen, Germany) using a backscattered electron detector at 5.00 kV for the
investigations of powder morphology and 25 kV for the imaging of the embedded L-PBF
specimens. For chemical analysis, energy-dispersive X-ray spectroscopy (EDS) measure-
ments were carried out. An EDAX Octane Plus detector (EDAX, Mahwah, NJ, USA) with an
accelerator voltage of 25 kV was used to determine the chemical composition. Additional
EDS measurements to detect the light elements in the precipitates were carried out using a
Zeiss Crossbeam 540 (Carl Zeiss, Oberkochen, Germany) equipped with an Oxford Instru-
ments Ultim Extreme detector at 1.50 kV. Optical microscopy (OM) was carried out using
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a Zeiss Imager.Z2 Vario (Carl Zeiss, Oberkochen, Germany) in the brightfield (BF) mode.
Overview images were acquired using tile imaging. Grain size analysis was conducted
using Zeiss ZEN Core based on DIN ISO 643 using the intercept method with a combined
pattern (circles and lines). For difference Kerr microscopy, a Zeiss Axio Imager Vario
equipped with an electromagnet (flux density up to 1300 mT) and an illumination device
from Evico magnetics GmbH was used [20]. The particle size distribution was determined
using a Microtrac S3500 laser diffraction analyzer (Microtrac Inc., Montgomeryville, PA,
USA). The powder flow rate and apparent density were determined using a flowmeter
funnel with Carney geometry and an opening 5-mm diameter. The density of the AM
samples was determined using the Archimedes method using a Shimadzu AUW220D
precision scale and ethanol as the immersion media. Magnetic measurements were per-
formed on the toroidal ring samples using a Brockhaus MPG 200 D measuring system. DC
measurements were performed at a maximum field strength of 10 kA/m (AM material)
and 16 kA/m (cast and rolled material). For AC measurements of the AM material, a
range of frequencies from 30 to 200 Hz at polarizations from 0.1 to 1.0 T was applied. XRD
measurements were carried out on the embedded and polished L-PBF specimens using
a GE “Seifert Analytic XRD Sun” X-ray diffractometer equipped with a Co-tube (50 kV,
35 mA, and 1.78896 Å) in the range 2θ = [20◦, 130◦] at a step width of 0.013◦ and a step
time of t = 500 s. A Phoenix v-tome-x s 240 D µ-CT system was used to reveal cracked,
defective sections within the L-PBF ring samples. Crack-free ring sections were isolated
using a Struers Secotom-10 precision cutting machine and sanded down with sanding
paper (#500 SiC) to the desired thickness with a tolerance of about ±0.1 mm to serve for
magnetic measurements. Specific electrical resistivities were determined using the 4-wire
measuring method on cold-rolled strips of 0.55 mm thickness and bars with a rectangular
cross-section (AM and cast materials).

3. Results
3.1. Atomized Powder

SEM images of the powder (+25/−75 µm) in Figure 3 show that the particles are mostly
spherical in their morphology (Figure 3a). However, some particles with an irregular shape,
having satellites and other attachments of material, can be found as well (Figure 3b). A flow
rate of 3.9 s/50 g and an apparent density of 3.4 g/cm3 were measured through Carney
flow testing.
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Figure 3. Gas-atomized Fe-12Al powder with a predominantly spherical morphology (a). Some
non-spherical particles with satellites and melt splatter adhering to them can be found as well (b).

The measured particle size distribution (PSD) in Figure 4 reveals a median diameter
of d50 = 46.9 µm.
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Figure 4. Volume-specific particle size distribution of gas-atomized Fe-12Al powder determined by
laser diffraction. A median value d50 of 46.9 µm was measured.

3.2. AM Laser Parameter Selection and Porosity

To avoid excessive porosity in the ring samples, a parameter study varying the laser
power, PL and laser scanning speed, vs, was carried out with 10 × 10 × 5 mm3 cuboid
samples. From the results of the Archimedes density measurements, a relative density
based on the density of the rolled material (6.77 g/cm3) was calculated. The results of this
study are displayed in Figure 5 as a function of laser power, PL, and scanning speed, vS.
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It was found that a large processing window exists, in which the relative densities are
above 99%. The highest density (6.73 g/cm3) was achieved with the parameter set with a
PL of 175 W and a vs of 400 mm/s, which resulted in a 99.4% relative density. However,
in order to achieve a higher build rate and to not run the AM machine at its maximum
power, the parameter set of PL: 160 W and vS: 500 mm/s was selected for the ring samples,
resulting in a 6.72 g/cm3 or 99.3% relative density.

A micrograph of the as-built state resulting from the above parameter combination
in an unetched condition can be seen in Figure 6. The material did not show a significant
level of porosity and was free of cracks.
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Figure 6. An unetched overview image (OM, BF, 100×) of an Fe-12Al cuboid sample with a low level
of porosity and no cracks in its as-built state (PL = 160 W, vs = 500 mm/s, h = 90 µm, and d = 20 µm).

The cast material in its final heat-treated state (6.77 g/cm3) showed a similar density
as the rolled material. The AM ring samples in their as-built state reached (99.3 ± 0.1)% of
the density of the rolled material. After the heat treatment, the relative density increased to
about 99.6% with HT1 and, on average, (99.8 ± 0.1)% with HT2.

3.3. Crack Formation

The Fe-12Al alloy exhibits some brittleness due to its high Al content. During subse-
quent cold rolling, transverse cracks were formed, and only a small amount of the strip
was usable for magnetic characterization. A commercial application was therefore deemed
not feasible, which also gave the initial idea to apply 3D-printing technology to this alloy.
During the L-PBF building process, in this study, it was found that smaller parts, like the
cuboid samples, were printable free of cracks without a BPH system. However, some crack
formations were observed in the larger parts (e.g., toroidal samples). The observed cracks
propagated in a transcrystalline manner and were typically oriented perpendicular to the
build direction (BD) or, in some cases, parallel to it. A subsequent CT analysis of the first
ring sample (AM4) used for HT1 revealed several cracks (Figure 7a). The ring sample
material used for the adjusted heat treatment (HT2) was therefore checked via CT for cracks
beforehand and was then sectioned, as described, in the experimental section to achieve
crack-free ring sections (as shown in Figure 7b). This resulted in the samples AM1, AM2,
and AM3.
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Figure 7. Three-dimensional renders of CT data of the additively manufactured AM4 HT1 ring
sample (PL = 160 W, vs = 500 mm/s, h = 90 µm, and d = 20 µm) with applied copper windings for
magnetic testing showing several cracks in the core material. Cracks appeared both parallel and
perpendicular to the horizontal cutting plane. (a) Three-dimensional render with a virtual cut in the
middle of the ring sample revealing cracks. (b) Three-dimensional render with a virtual cut near the
bottom of the ring sample revealing a crack-free section with a height of about t = 1 mm.

3.4. Microstructure

The cast material ingot (Figure 8a), after hydrogen annealing prior to atomization,
displays a very coarse microstructure (mean grain size: 1380 µm), with its grains elongated
in the radial direction of the round ingot. The annealed rolled material displays an equiaxed
grain structure with a relatively large mean grain size of 480 µm (Figure 8b).

The additively manufactured material in its as-built state (Figure 8c,d) displays a
distinctive columnar grain structure with its grains elongated parallel to the BD and a mean
grain size of 24 µm. However, individual columnar grains expand over several hundred
µm along the BD.

After annealing the material with HT1 (see Section 2.4), some changes can be seen
(Figure 8e–g). The grains in the region near the surface have grown and display a more
equiaxed shape, similar to the rolled material. The region in the core of the sample retains
its columnar structure, originating from the AM process, with a larger mean grain size of
33 µm (increase of 38%).

The application of a higher temperature as well as a longer holding time with HT2
resulted in grain growth over the whole cross-section of the sample (Figure 8h,i). The
grown grains still have a square-like shape and are slightly elongated along the BD. The
mean grain size is significantly increased (591 µm) compared to the as-built state. Some
small areas, however, still have a similar grain structure as the as-built state and appear to
not have experienced a significant level of grain growth. The extent of these areas is greater
in the direction perpendicular to the BD than parallel to the BD. By excluding these areas, a
mean grain size of 751 µm was measured.

The EDS analysis revealed, following the HT1 and HT2 treatments, that precipitates
containing an increased Nb and C content were formed predominantly on the grain bound-
aries as well as, to some degree, within the grains (Figure 9a–c). The as-built state appeared
to be free of these precipitates. Apart from the Nb carbide precipitations, no other sec-
ondary phases were observed. The EDS area scans showed that the chemical composition
(comprising Fe, Al, and Mn) was not changed during both heat treatments compared to
the as-built state (Table 2). Additional EDS measurements of a HT1 sample in the core
and the region near the surface also showed no changes in the chemical composition. The
differences between the Al and Mn contents to the target composition were deemed to be
due to the nature of the measuring method.
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Figure 8. The microstructure (OM, BF, and v2a etchant) of the Fe-12Al alloy after the different
manufacturing routes and heat treatment states (AM cuboid samples: PL = 160 W, vs = 500 mm/s,
h = 90 µm, and d = 20 µm): (a) cross-section of the cast material ingot prior to heat treatment;
100×; overview image); (b) rolled material after heat treatment (HT1); ND—normal direction; 100×;
detail; (c) the AM material in the as-built state; 100×; overview image; (d) the AM material in the
as-built state; 100×; detail; (e) the AM material after the first step of heat treatment HT1 with an
inhomogeneous grain size; 100×; overview image; (f) the AM material after the completion of HT1,
showing no further changes in its grain size; 100×; overview image; (g) the AM material after heat
treatment (first step of HT1): border between coarse grown grains and columnar grains; 100×; detail;
(h) the AM material after heat treatment HT2; 100×; overview image; (i) the AM material after HT2:
area with the remaining columnar grains; 100×; detail.
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Figure 9. SEM images of the precipitates in the L-PBF Fe-12Al cuboid samples (a) after the HT1 heat
treatment; 1000×; 25 kV; (b) after the HT2 heat treatment; 500×; 25 kV; and (c) an image of a Nb
carbide precipitate on the grain boundary in L-PBF Fe-12Al after HT2; 5000×; 5 kV.

Table 2. Chemical composition measured using the EDS area scans before and after the heat treatment.

Element As-Built HT1
(Core Region)

HT1
(Surface Region) HT2

Al (wt%) 11.5 11.4 11.4 11.3
Mn (wt%) 0.7 0.6 0.6 0.6
Fe (wt%) 87.8 88.0 88.0 88.1

The XRD patterns (Figure 10a) of L-PBF Fe-12Al indicate the formation of the ordered
Fe3Al (D03) phase as the main phase under the as-built and heat-treated (HT1) conditions.
Since the peaks of the ordered FeAl (B2) phase have a large overlap with Fe3Al (D03), the
presence of a small amount of the B2 phase can neither be confirmed nor ruled out. The
intensity distribution of the D03 peaks is different than expected due to a strong degree
of texturing in the samples caused by the columnar grain structure formed parallel to the
L-PBF build direction. This resulted in some peaks of Fe3Al (D03) only being visible either
very faintly or not at all. A sharpening of the peaks can be seen with each step of the
HT1 heat treatment (Figure 10b), which indicates lattice relaxation effects (e.g., healing of
residual stresses or crystal defects). In the amplified view, peak splitting is visible due to
the two K-alpha spectral lines (i.e., non-monochromatic radiation). The HT2 specimen was
not able to be analyzed due to its very large grain size, resulting in insufficient statistics of
its measurements.
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Figure 10. XRD patterns of the L-PBF Fe-12Al cuboid samples in its as-built condition after HT1
heat treatment step 1 (1100 ◦C, 4 h) and HT1 step 2 (step 1 + 950 ◦C, 1 h, cooling rate −50 K/h); the
expected peak positions of the ordered Fe3Al (D03) phase are indicated with black symbols; (a) the
complete spectrums show the best fit with Fe3Al (D03); due to texturing, the peak distribution is
different than expected, and some peaks are visible only faintly or not at all; (b) the amplified region
shows peak thinning caused by lattice relaxation during the course of the heat treatment and peak
splitting due to the two K-alpha spectral lines.
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3.5. Specific Electrical Resistivity

The specific electrical resistivity of the AM material in the as-built state was mea-
sured multiple times to be about 111 ± 1 µΩcm. After HT2, the resistivity decreased
to 105 ± 1 µΩcm. A sample cut from the hydrogen-annealed cast material displayed a
resistivity of 101 ± 1 µΩcm and did not change measurably following its subjection to HT2.
The rolled material was measured on annealed strips (t = 0.55 mm, HT1) and exhibited a
resistivity of 106 µΩcm.

3.6. Magnetic Properties

The measured magnetic properties of the AM material samples and the reference sam-
ples produced by casting and rolling are displayed in Figure 11. The measured properties
of all the toroidal samples investigated in this study and their sample designations (C1,
R1–2, and AM1–4) are listed in Table 3.
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(HT1, sample AM4), an improvement in magnetic softness can be seen. The coercivity is 
lowered by almost an order of magnitude after the first step of HT1 to 36.7 A/m. It 
increases again slightly after the final step to about double the value (61.4 A/m) but is still 
significantly lower than the as-built state. The polarization values, J100, of the AM material 
(1.41 T) increase to a similar level of the reference material but are slightly lower. The 
maximum permeability is increased slightly by HT1 in both steps (2000 and 2700) but is 
about an order of magnitude lower than the cast material. 

The AM ring samples annealed according to HT2 (AM1, AM2, and AM3) showed 
significantly larger improvements than the HT1 sample (AM4). This can be seen in a 
further reduction in HC and an increase in µmax. 

Figure 11. Magnetic properties of representative Fe-12Al samples originating from different man-
ufacturing routes (AM: PL = 160 W, vs = 500 mm/s, h = 90 µm, and d = 20 µm; HT1: sample AM4;
HT2: sample AM1; casting sample C1; and rolled sample R1) and heat treatments (HT1: 1100 ◦C,
4 h + 950 ◦C, 1 h, cooling rate −50 K/h; HT2: 1300 ◦C, 6 h, cooling rate −50 K/h). (a) Hysteresis
loops. (b) Polarization curves. (c) Permeability curves. (d) AC measurements (total losses) of samples
with identical dimensions (t = 1 mm).



Metals 2024, 14, 117 12 of 18

Table 3. Production process, dimensions, density, and magnetic properties of the Fe-12Al toroidal
samples investigated in this study.

Process Sample Heat
Treatment

Thickness
t (mm)

Density
(g/cm3)

Relative Density
(%)

HC
(A/m)

J100
(T)

µmax
(×103)

PS
(W/kg)

Cast C1
HT1, step 1 massive 6.77 100.0 15.9 1.43 24.4 -
HT1, step 2 massive 6.77 100.0 12.4 1.43 20.3 -

Rolled
R1

HT1, step 1 1.0 6.77 100.0 4.5 1.47 26.6 -
HT1, step 2 1.0 6.77 100.0 3.2 1.47 36.6 3.5

R2
HT1, step 1 2.1 6.77 100.0 5.8 1.45 26.7 -
HT1, step 2 2.1 6.77 100.0 4.1 1.45 40.4 -

L-PBF

AM1
As-built 1.1 6.71 99.2 278 1.29 0.76 8.9

HT2 1.1 6.76 99.8 11.3 1.41 12.7 1.3

AM2
As-built 2.1 6.73 99.4 313 1.25 0.53 10.6

HT2 2.1 6.75 99.7 18.8 1.42 13.1 3.2

AM3
As-built 3.0 6.72 99.3 333 1.23 0.45 11.8

HT2 3.0 6.76 99.8 14.1 1.42 10.2 5.9

AM4
As-built 4.1 6.71 99.2 301 1.20 0.50 12.7

HT1, step 1 4.1 6.75 99.6 36.7 1.39 2.0 4.5
HT1, step 2 4.0 6.74 99.6 61.4 1.41 2.7 5.3

J100: J at H = 10 kA/m; PS measured at J = 1 T and f = 50 Hz.

The AM material in its as-built state (samples AM1–AM4) is characterized by a rather
high coercivity HC (approx. 278 to 333 A/m), a low maximum permeability µmax (approx.
500 to 700), and low polarization J100 at 10 kA/m (ranging from 1.20 to 1.29 T). The annealed
cast (sample C1) and rolled material (samples R1 and R2) both display a significantly
softer magnetic behavior with lower HC, higher µmax, and higher J100 values (cast: HC:
12.4–15.9 A/m, µmax: 20.3–24.4 × 103, and J100: 1.43 T; rolled: HC: 3.2–5.8 A/m, µmax:
26.6–40.4 × 103, and J100: 1.45–1.47 T).

When the AM material is heat-treated in a similar way as the cast and rolled materials
(HT1, sample AM4), an improvement in magnetic softness can be seen. The coercivity
is lowered by almost an order of magnitude after the first step of HT1 to 36.7 A/m. It
increases again slightly after the final step to about double the value (61.4 A/m) but is
still significantly lower than the as-built state. The polarization values, J100, of the AM
material (1.41 T) increase to a similar level of the reference material but are slightly lower.
The maximum permeability is increased slightly by HT1 in both steps (2000 and 2700) but
is about an order of magnitude lower than the cast material.

The AM ring samples annealed according to HT2 (AM1, AM2, and AM3) showed
significantly larger improvements than the HT1 sample (AM4). This can be seen in a further
reduction in HC and an increase in µmax.

The best values that were achieved with the AM material were HC: 11.3 A/m and
µmax: 13.1 × 103 (on different ring samples). The ring sample with the lowest HC in the
as-built state (AM1) also achieved the lowest HC after annealing. The polarization, J100,
was not increased significantly compared to HT1 (1.42 T). While the coercivities of the AM
samples after HT2 were on a similar level as the cast material, µmax was still only about half
of it.

A comparison between the AC properties of an AM HT2 sample (AM1) and a rolled
sample (R1, HT1), both with t = 1 mm, is shown in Figure 11d. The rolled sample displayed
lower losses than the as-built AM sample at frequencies below 100 Hz, but higher losses
at 200 Hz. The AM1 sample annealed with HT2 showed the lowest losses during all the
tested frequencies.

4. Discussion
4.1. AM Laser Parameter Selection and Porosity

With the parameter study, a large processing window was found where the relative
densities are higher than 99%, which indicates that the Fe-12Al alloy has a good process-
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ability through L-PBF. The relative densities of 99.3% for the as-built and 99.8% after the
heat treatment achieved with the selected parameter set (PL = 160 W; vs = 500 mm/s), are
comparable to other works with this kind of L-PBF machine, where for pure iron, a 99.5%
relative density was achieved [21].

4.2. Crack Formation

During L-PBF, thermally induced stresses may occur [22]. If the stresses during the
build process locally exceed the fracture strength of the material, cracks can occur. The crack
formation is favored by the rather low ductility of the Fe-12Al alloy. Several strategies to
avoid crack formation in L-PBF have been investigated in the literature comprising variation
in the laser parameters, laser scanning strategies, double laser exposure, or pre-heating
solutions of the build platform or powder bed [22,23]. In the current investigation, no
correlations between variations in the laser power or scanning speed and crack formation
could be observed. The applied successive chessboard scanning strategy already leads to
rather low residual stresses according to the literature [23]. To reduce the residual stresses
even further and avoid crack formation, the application of a build platform heating system
seems advisable. The application of BPH systems has already been investigated by Rolink
et al. for L-PBF of a 28.3 at% Fe-Al alloy (approx. 16 wt% Al), and a temperature of
200 ◦C was found to be insufficient [13]. Investigations on brittle Fe-Si alloys indicate that
a suitable temperature may be found at around 400–700 ◦C [18,24].

4.3. Microstructure in the as-Built and Heat-Treated Condition

The columnar microstructure of the AM material in the as-built condition
(Figures 8c,d and 12a) is the result of the epitaxial growth of crystallites through sev-
eral build layers and melt pools. This behavior is known for many AM alloys and is
affected by the chemical composition, phase transformations during cooling, or the choice
of laser parameters and scanning strategy [25–27].
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Figure 12. Grain structures near the edges of an AM Fe-12Al sample (PL = 160 W, vs = 500 mm/s,
h = 90 µm, and d = 20 µm) under different material states (OM, BF, 100×). (a) As-built state; (b) after
HT1 (1100 ◦C, 4 h + 950 ◦C, 1 h, cooling rate −50 K/h); and (c) after HT2 (1300 ◦C, 6 h, cooling rate
−50 K/h).

The mechanisms behind the development of the inhomogeneous grain structure
consisting of columnar and equiaxed grains formed during HT1 (Figure 12b) cannot be
explained fully at this point. It may be caused, to some degree, by the occurrence of



Metals 2024, 14, 117 14 of 18

non-metallic inclusions, inhibiting grain growth in the core of the sample. The present
alloying (Al, Mn, and Nb) and impurity elements (O, N, C, and S) measured through
wet chemical analysis, in theory, can form compounds (e.g., AlN, MnS, or Nb(C,N)) that
are also used as grain growth inhibitors in electrical steel production [28–31]. The EDS
analysis revealed the formation of precipitates with an increased Nb and C content, which
indicates that Nb carbides are formed during the heat treatment. These precipitates were
not found in the as-built state, which means that the Nb and C traces are in solution. If these
precipitates form during heating and holding time, they could be effective at inhibiting
grain growth. Regarding L-PBF parts, the effect of a small addition of 0.0033 wt% Nb to
Fe-Co alloys was recently investigated by Riipinen et al., where grain growth was found
to be effectively suppressed during annealing, and some precipitates were too small to
be analyzed through EDS [32]. We therefore conclude that during HT1, grain growth is
inhibited by finely dispersed Nb carbides and only becomes possible in the outer regions
of the samples. We propose the following reasons for a different reaction in the outer
regions: (1) a different grain structure or texture due to the contour/infill laser scanning
strategy [27]; (2) differences in the magnitude of residual stresses; or (3) an influence of the
oven atmosphere (Ar + 5% H2) on the grain growth-inhibiting phases. However, further
investigations are still required to prove or disprove these proposed relationships.

After the adjusted heat treatment HT2 at 1300 ◦C, the grain growth is more uniform
and also affects the core region of the sample (Figure 12c). The difference in microstructure
compared to HT1 can be explained by the higher temperature, enabling faster grain growth
and a more effective removal of impurities by diffusion. Further, the previously mentioned
grain growth-inhibiting non-metallic inclusions are able to go into solution at temperatures
ranging from 1250 to 1350 ◦C [29–31]. Therefore, their inhibiting influences on grain growth
are circumvented with HT2. During slow cooling, Nb carbides are able to precipitate again
and grow preferably on the grain boundaries and other nucleation sites. Precipitates of
Nb carbides were also frequently observed near the remaining columnar areas (Figure 9b).
However, further investigations are necessary to clarify the relationship between the Nb
carbides and the grain growth-inhibiting effect in these remaining areas.

4.4. Specific Electrical Resistivity

The resistivity of the AM as-built state is increased due to the high cooling rates during
the AM process and residual stresses in the material. In theory, the high cooling rates
during the L-PBF process should favor the formation of a disordered state with a higher
level of resistivity [3]; however, the XRD measurements indicate that an ordered state
appears to already be prevalent under the as-built condition. The relaxation of stresses and
healing of defects during annealing therefore appear to be the main factors lowering the
level of resistivity.

4.5. DC Magnetic Properties in the as-Built and Heat-Treated Condition

The columnar microstructure parallel to the BD (Figure 8c,d) contributes to the rather
unfavorable soft magnetic performance of the ring samples in the as-built condition. The
ring samples were built oriented with their symmetry axis parallel to the BD, so the
magnetic flux following the rings’ circumference will be subjected to many grain boundaries;
therefore, HC and µmax will be increased. Another factor that can affect soft magnetic
properties are residual stresses in the material. Given the fact that the stresses in the
material during the build process, in some cases, were able to surpass the fracture strength
of the material and form cracks, it seems plausible that the residual stresses in the as-built
condition are still rather high. This will further impair HC and µmax.

The magnetic properties of the first AM sample (AM4) after HT1 have been improved
in comparison to the as-built state. The HT1 samples’ magnetic properties, however, are
still influenced by a multitude of factors. The beneficial factors in this case are the reduction
in residual stresses due to annealing, the homogenization of alloying elements, and an
increased grain size in the outer region of the sample. Negative influences still persisting



Metals 2024, 14, 117 15 of 18

after HT1 are cracks (Figure 7) and the remaining columnar structure in the core region of
the sample (Figures 8e–g and 12b). Cracks act as air gaps in the magnetic circuit, leading
to the shearing of the hysteresis loop. This generally results in lower permeability values
and a lower remanence [8]. The remaining columnar structure (Figure 8e–g) effectively
still presents a large amount of grain boundaries in the magnetic flux direction, which
lowers HC.

During the second step of HT1, an increase in HC was observed. This is different to
the behaviors of the cast and rolled materials, which both benefit with regard to the HC of
the slow cooling from 950 ◦C. During the last step of HT1, an additional precipitation of
Nb carbides may have occurred, which act as pinning sites for domain wall movement.
Differences in terms of cold deformation and impurity contents may make this precipitation
occur in a different, less favorable form in the AM material than in the rolled or cast
materials. Since no indications for a change in the phase structure regarding ordered phases
was found through the EDS and XRD measurements in the annealed samples, it appears
that the changes in the magnetic properties measured after annealing are not a result of the
evolution of ordered phases in the samples.

To remove the remaining negative influences, the HT2 ring samples (AM1, AM2, and
AM3) were assured to be crack free, and the heat treatment was adjusted to dissolve any
present secondary phases, inhibiting the grain growth and inducing a higher level of grain
growth. The resulting large grain size significantly contributes to the decrease in HC and
increase in µmax. During the period of slow cooling, precipitations of Nb carbide are formed
again, which may again lead to a slight pinning of domain wall movement and affect Hc
and µmax. Apart from the differences in the crystallographic textures and grain sizes, this
can be one reason for the difference in magnetic properties between AM and conventional
manufacturing. Since the cooling rate during HT2 was the same as during HT1, and EDS
did not indicate significant changes in chemical composition, an influence of phase ordering
reactions on the changes in the magnetic properties appears unlikely in the case of HT2
as well.

4.6. Iron Losses and Magnetic Domain Structure

By annealing the samples, the hysteresis loss portion is mainly reduced through an
increased magnetic softness of the material (e.g., lower HC). The eddy current loss portion
will either remain similar or be slightly increased through the reduction in the electrical
resistivity from stress relief or loss of Al. The comparison between rolled sample R1 and
AM1 is more difficult to explain, and showed that the annealed AM material actually
generated lower total losses.

In this case, based on the DC measurements, the coercivity of the AM1–HT2 sample
was slightly higher than that of R1, which should result in higher hysteresis losses for
AM1–HT2 and counteract the observed behavior. Therefore, other loss components must
be responsible for this effect.

The specific electrical resistivity of the AM–HT2 material was also similar to the rolled
material, which means that the influence of resistivity on eddy current losses should not be
the deciding factor in this case. This effect must therefore originate from the differences
in the macrostructure and microstructure or the magnetic domain wall structure. One
further possibility could have been the presence of cracks, reducing the eddy currents by
dividing the sample volume into smaller sections and increasing the effective resistivity [33].
However, no cracks were detected in the finished AM ring sample used for magnetic
characterization. The grain size of the AM material also was larger than that of the rolled
material, which, in turn, should lead to lower hysteresis and higher anomalous losses in
the former. However, the AM material has a higher coercivity than the rolled material,
which indicates higher hysteresis losses. The theory therefore proposed here is that the AM
material must have a higher degree of other defects (e.g., porosity or precipitates), leading
to a refinement of the magnetic domain size and domain wall spacing. To investigate
this, the magnetic domain structures of both materials were investigated using difference
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Kerr microscopy, where changes in the magnetic domain structure caused by a varying
external field are visualized in the form of difference images. These difference images are
created with regard to a reference image of a magnetized state, where no more domain
movement occurs. The sample is then subjected to a complete magnetic hysteresis cycle
and imaged stepwise during this process. Based on this imaging method, it was shown
that the AM material exhibits a finer, more irregular domain structure than the rolled
material throughout the whole magnetization process. In Figure 13, representative domain
structures of both materials are shown at a magnetic field strength of H = 0 A/m. Through
such a domain wall refinement, the anomalous loss portion of the total losses can be reduced,
resulting in lower overall losses [8]. However, the effect of anomalous losses is limited
and generally only comes into play at higher frequencies. Furthermore, the influence of
the microstructure on the domain wall movement and the magnetization behavior has not
yet been completely explored. In order to better understand these relationships, further
experiments are required.
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5. Conclusions

Soft magnetic Fe-12Al samples have been successfully fabricated through additive
manufacturing. Cuboid and ring samples with a relative density of 99.3% (as-built com-
pared to rolled material) could be produced.

The best magnetic properties achieved so far with the AM of Fe-12Al under DC
conditions (Hmax = 10 kA/m) are: HC: 11.3 A/m and µmax: 13.1 × 103. The DC magnetic
properties of AM Fe-12Al, so far, closely resemble those of the cast Fe-12Al material. In AC
conditions, the AM material showed lower levels of losses than a rolled material sample.
One explanation for this effect can be domain wall refinement effects. To achieve a similar
level of DC magnetic properties as the rolled material, further improvements are needed.
Of note, the maximum permeability of the AM material has to be increased while the
coercivity needs to be further lowered. To achieve this goal, the microstructure (e.g., grain
size and crystallographic texture) needs to be optimized and the number of defects (e.g.,
pores, residual stresses, cracks, and non-metallic inclusions) needs to be further decreased.
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