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bed fusion (LPBF), directed energy deposition (DED), and 
fused deposition modelling (FDM) [1, 2]. Among these, 
LPBF has attracted particular interest for metal processing 
due to its high dimensional accuracy and low surface rough-
ness [3]. Consequently, a wide range of alloys, especially 
steels, have been extensively studied using this method. 
Despite its advantages, LPBF is limited by its relatively 
low production rates compared to traditional manufacturing 
techniques [4].

One approach to enhance the efficiency and economic 
viability of LPBF is in-situ alloying, wherein elemental or 
partially pre-mixed powders are used instead of fully pre-
alloyed powders. This strategy can reduce costs and enable 
flexible compositional tuning during the manufacturing 
process [5]. Numerous studies have explored in-situ alloy-
ing of Al and Ti with Si in LPBF manufacturing. Examples 
include the elemental blending of Al12Si and mixing pre-
alloyed and elemental powder together in Al18Si alloys [6, 
7], and Ti6Al4V(2–4)Fe in comparison to pre-alloyed pow-
ders [8]. In-situ alloying has also been applied to enhance 
manufacturability and improve mechanical properties, as 

1  Introduction

 Additive manufacturing (AM), a family of production 
processes based on layer-by-layer material deposition, has 
undergone significant developments in recent decades. 
Since its inception with stereolithography in the 1980s, AM 
has expanded into various methods, including laser powder 
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Abstract
Additive manufacturing via laser powder bed fusion (LPBF) enables fabrication of complex high-silicon soft magnetic 
steels that are otherwise difficult to process. This study investigates the use of in-situ alloying of FeSi6.5 as a cost-effective 
alternative to pre-alloyed powder. As-built samples produced with commercial powder and as-blended samples using in-
situ alloying were characterized for relative density, microstructure, and magnetic properties. The study showed that the 
commercial powder samples achieved higher densities (94.2–97.7%) than the as-blended samples (84.7–95.1%), while 
the as-blended specimens exhibited keyhole-type melt pools and finer, strongly < 001>-textured grains. Saturation magne-
tizations of blended and commercial samples were comparable (up to ~ 1.88 T), while as-blended specimens consistently 
showed lower coercivity (1159–2 245 A/m) versus commercial counterparts (1468–2 414 A/m). Heat treatment at 1100 °C 
for 1  h reduced coercivity below 1000 A/m in all cases. Optimal magnetic-microstructural performance in as-blended 
samples was achieved at 90 μm pulse point distance and 150 µs exposure time, and at 90 μm pulse point distance and 
100 µs exposure time for commercial powder. The results demonstrate that in-situ alloying produces FeSi6.5 components 
with competitive density, uniform Si distribution, favourable texture, and low coercivity after heat treatment, highlighting 
its potential for flexible, cost-effective LPBF of soft magnetic steels.
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seen in Si additions to Al7075 to mitigate hot cracking [9], 
and grain refinement in Ti alloys through Cu, Ni, and Ta 
additions [10, 11].

While in-situ alloying has significant potential, it also 
presents some important challenges, including the inho-
mogeneous distribution of powders, the evaporation of ele-
ments with low boiling points (which leads to changes in 
the chemical composition) and partial melting [12]. Blend-
ing, the pre-step of in-situ alloying has become much more 
important due to the need to ensure homogeneous distribu-
tion in the blends not only at macro but also micro level. 
Using powders with a smaller particle size for one element 
to satellite larger particles of other elements has the poten-
tial to solve this problem [8]. Significant differences in the 
thermal properties of the elements used can complicate 
parameter optimisation especially if elements with a high 
melting point such as Ta [13] are used, or changes in the 
chemical composition and evaporation if elements with a 
lower boiling point like Al and Mg are used [14].

Beyond structural applications, additive manufactur-
ing has shown promise in functional materials such as soft 
magnetic alloys, which are vital in electrical and electro-
mechanical devices. Soft magnetic alloys are defined by 
their low coercivity (typically below 1000 A/m), which 
relates to their ability to resist changes in magnetic orienta-
tion or, in other words, how easily their magnetic poles can 
be reversed. This soft magnetic behaviour is essential in a 
range of applications including electric motors, generators, 
transformers, magnetic shielding, etc., where soft magnetic 
alloys are used to offer a preferential path for magnetic flux 
[15].

Silicon steels tend to dominate the soft magnetic mate-
rials market having a balance of relatively high magnetic 
saturation, high relative permeability and low loss at an 
acceptable price point. Common grades such as those 
used in automotive traction motors have a silicon content 
of approximately 3%. Increasing the Si content causes a 
decrease in magnetic saturation (1.8–2.0 T to 1.6–1.7 T). 
However, it also increases electrical resistivity (reducing 
power loss as a result of limiting eddy current generation) 
and decreases magnetostriction (the property of magnetic 
materials which causes them to vibrate under alternating 
magnetisation and, in a coupled effect, change key magnetic 
properties when subjected to stress), which reaches near 
zero at 6.5% Si. These aspects are very important in many 
industrial applications [15–17].

According to the Fe–Si binary phase diagram, solidifica-
tion begins in the disordered body-centered cubic (bcc) A2 
phase and transforms into the B2 phase upon cooling. At 
lower temperatures, the remaining A2 and B2 phases further 
transform into B2 and D03 ordered phases [18, 19]. In the 
B2 phase, the presence of Si atoms at the centre of each bcc 

unit cell, and in the D03 phase, Si atoms occupying every 
third bcc cell centre, cause distortions in the slip planes, 
thereby increasing brittleness [20, 21]. Rapid solidifica-
tion can suppress the formation of the D03 phase; however, 
suppression of the B2 phase is more complex and cannot 
be completely achieved [22]. High-silicon steels (> 3 wt% 
Si) offer superior magnetic properties, but are difficult to 
process via conventional techniques due to their brittleness 
which is caused by the formation of ordered intermetallic 
phases, specifically the B2 (FeSi) and D03 (Fe3Si) ordered 
structures [23]. LPBF presents a compelling alternative, as 
it allows for the fabrication of complex geometries and brit-
tle compositions that are otherwise unworkable.

Pioneering studies by Garibaldi et al. [24, 25] demon-
strated the feasibility of producing Fe-6.9Si alloys via 
LPBF, establishing the foundation for exploring texture 
control and magnetic property optimization. Subsequent 
research has addressed the effects of processing param-
eters, heat treatment, and alloy composition on the micro-
structure and performance [26–28]. For example, Goll et al. 
[16] emphasized the importance of electrical insulation and 
topology-induced eddy current suppression in soft magnetic 
applications. Other studies have addressed the production of 
FeSi alloys across a range of compositions (2.4–10 wt% Si) 
and compared LPBF to DED, showing that LPBF typically 
yields finer grains and lower coercivity [29].

Despite these advances, defects such as porosity, cracks, 
and residual stresses remain critical challenges in the LPBF 
of soft magnetic materials. These defects stem from subop-
timal energy densities—low densities cause lack-of-fusion 
pores, while high densities induce keyholing and cracking 
[17, 30]. Achieving dense, defect-free microstructures with 
desirable crystallographic texture requires precise control of 
a range of LPBF parameters, including laser power, scan-
ning speed, and scanning strategy. Specifically, producing 
Goss or <001> textures—ideal for magnetic performance—
necessitates conditions that promote columnar dendritic 
growth and keyhole melt pool morphology [31, 32].

Studies show that scanning strategy, energy input, and 
build direction influence texture development and magnetic 
performance [33–35]. Changing from a single scan to a dou-
ble scan strategy on LPBF of the FeSi3 alloy, decrease hys-
teresis loss coefficient by around 0.02 J/kg [35]. Also a study 
on LPBF of FeSi6.9 shows that remanence values decrease 
from 0.8 to around 0.6 T and coercivity values decrease 
from 54 A/m to 50 A/m with increasing laser energy input 
up to 400 J/m [25]. Heat treatments further optimize mag-
netic properties by promoting grain growth, reducing dislo-
cations, and eliminating Si micro-segregation [36, 37].

Application-driven research has validated the perfor-
mance of LPBF-fabricated soft magnetic components. 
Transformer cores and electric motor components made 
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from FeSi alloys have shown competitive performance with 
commercial non-oriented electrical M15 steel [34]. Nota-
bly, A stator core produced by FeSi6.5 material with LPBF 
method demonstrated 1.68 T magnetic saturation and 34.6 
A/m coercivity, making it a strong candidate for high-effi-
ciency motors and transformers [38].

The potential of in-situ alloying to simplify feedstock 
preparation and enable material innovation has not been 
explored in soft magnetic alloys. This study focuses on the 
in-situ alloying of FeSi6.5, a high-silicon soft magnetic 
alloy, using the LPBF technology. It aims to investigate the 
effects of in-situ alloying on the microstructure and mag-
netic properties in comparison with samples produced from 
commercial pre-alloyed powder. This investigation high-
lights the potential of in-situ alloying not only as a cost-
effective alternative but also as a route to microstructural 
control and performance enhancement in soft magnetic 
materials fabricated by additive manufacturing.

2  Materials and methodology

Commercial FeSi6.5 powders (Fushel brand), with less 
than 0.1% impurity as shown in Table 1, were used as the 
base material. Elemental iron (Fe) and silicon (Si) powders, 
supplied by GoodFellow and Alfa Aesar respectively, were 

employed for in-situ alloying. The purities of Fe and Si 
powders were 99% and 99.5%, respectively.

A blended FeSi6.5 powder was prepared by mixing the 
elemental powders in a Turbula T2C mixer at 64  rpm for 
2 h.

Particle size distribution measurements were conducted 
using a Malvern Mastersizer 3000. Phase analysis was 
performed via X-ray diffraction (XRD) using a PANalyti-
cal X’Pert Pro diffractometer with Ni-filtered Cu tube at an 
operating voltage of 40 kV and current of 40 mA.

The experimental samples were produced on a Renishaw 
AM-250 machine, using the reduced build volume (RBV) 
kit shown in Fig. 1, which uses a powder table system to 
provide the powder source. The machine is equipped with a 
pulsed ytterbium fibre laser (λ = 1071 nm), featuring a laser 
spot diameter of 75 μm. Unlike most LPBF systems that 
utilize continuous lasers, this setup employs a pulsed laser 
with a 10 µs delay between successive pulses. With the help 
of pre-trials, hatch distance was set to 75 μm, equal to the 
laser spot size. A stripe scanning strategy with a 67° rotation 
between layers was chosen [34]. The layer thickness was 
chosen as 30 μm, and laser power was set to 200 W. Figure 
1 clearly shows the short feed typical for the experimental 
set-up employed for this experiment. A short feed is a build 
failure, where an insufficient amount of powder is depos-
ited, resulting in reduced porosity and structural integrity 
of the samples produced. This is caused by the design of 
the powder table, which lets only a fixed amount of powder 
spread onto the build table.

Figure 2 shows the layout of the samples on the build 
plate, their dimensions and the scanning strategy employed. 
The process parameters employed were selected as follows: 
pulse point distances of 60 μm, 75 μm, and 90 μm, exposure 
times of 75 µs (~ 1 m/s scanning speed), 150 µs (~ 0.5 m/s), 
and 300 µs (~ 0.25 m/s) based on a 75 μm pulse point dis-
tance. An intermediate exposure time of 100 µs was also 
included to assess its potential suitability. Samples with 
10 mm diameter and height were produced with the speci-
fied parameters. To mitigate the possible short feed effect, 
only the first two rows of samples were used, and others 
were reprinted again until all samples were acquired.

Samples produced using commercial pre-alloyed powder 
are marked as C, whereas those fabricated with as-blended 
powders are denoted as AB. For each parameter set, one 
sample was produced for each powder type and total 24 
samples were produced.

Table 1  Chemical composition provided by the supplier of the commercial powder used
Element Fe Si C S O P
Content, % Balance 6.55 0.005 0.004 0.061 0.006

Fig. 1  Renishaw AM250 machine with reduced build volume kit, 
showing the short feed; photo taken before the samples produced with 
as blended powders were removed from the build table
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comparable measure of the energy input conditions for 
the two powders compared, which have different thermal 
properties.

The normalized -dimensionless – (E*) volume energy 
density was calculated by using the normalized laser power 
(Pn), layer thickness (ln), hatch space (hn) and scanning 
speed (vn) values in the formula, respectively [41].

E∗ = Pn

lnhnvn
, where

Pn = AP

rbλ∆T

A, P, rb, λ, ∆T  values are the surface absorptivity, laser 
power, beam radius, thermal conductivity and the difference 
between the melting temperature and the initial substrate 
temperature, respectively.

vn = vrb/α

Scanning speed v is calculated by dividing the pulse point 
distance (dp) value by the sum of the exposure time (te) and 
delay time (td). The thermal diffusivity α is calculated by 
dividing thermal conductivity to multiplication density and 
specific heat (cp).

v = dp/(te + td)

α = λ/ρcp

Dimensionless hatch space hn and layer thickness ln are cal-
culated using the following formulas, respectively.

Density measurements were conducted using the Archi-
medes’ method. Isopropyl alcohol was used as a medium 
instead of pure water to minimize the effect of oxidation.

The samples were ground and polished, then etched 
with 2% NITAL solution. Microstructural characterization 
of the LPBF-fabricated samples was performed using a 
Leica optical microscope. Electron backscatter diffraction 
(EBSD) and energy-dispersive X-ray spectroscopy (EDS) 
analyses were performed using a Zeiss scanning electron 
microscope (SEM) equipped with a Nordlys detector from 
Oxford Instruments. EBSD scanning was conducted with a 
step size of 2 μm and a sample tilt angle of 70°. EBSD data 
were processed with the MTEX toolbox in MATLAB [39] 
to generate grain orientation maps and average grain size.

Magnetic characterization of the powders was conducted 
using a vibrating sample magnetometer (VSM) from Quan-
tum Design. For bulk samples produced via LPBF, magnetic 
measurements were performed using a custom-built Direct 
Current (DC) magnetic characterization system [40].

To enable the comparison between commercial powder 
and in-situ alloying, this study uses a normalized, dimen-
sionless volume energy density (E*) to provide a more 
universal indicator of the melting conditions than the tra-
ditional volumetric energy density (VED). Normalised 
energy density is a non-dimensional parameter that relates 
the laser processing parameters to material properties. The 
use of normalised energy density is suitable in the context 
of this study because it provides a material-independent, 

Table 2  Material properties of iron and silicon
Iron Silicon References

Melting temperature (°C) 1538 1414  [42]
Thermal conductivity (W/m K) 80.4 149  [42]
Specific heat (J/kg°C) 450 710  [42]

Fig. 2  Chosen laser scan parameters and sample dimensions
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period, the furnace was turned off, and the samples were 
allowed to cool naturally to room temperature within the 
furnace.

3  Results and discussion

3.1  Powders characterisation

Figure 4 shows the particle size distribution obtained from 
Mastersizer 3000, and the corresponding SEM images and 
XRD. Both the silicon and iron powders used during the 
study have irregular shapes. The measured Dv90 values for 
Fe, Si, as-blended and commercial powder are 65.7, 238, 
51.5 and 61.5  μm respectively. The dimensional analysis 
showed experimental results of over 200 μm, while the com-
pany data of the commercial silicon powder is below 44 μm 
(325 mesh) due to the pure water used as solvent medium 
which was not able to disperse the agglomerated silicon par-
ticles. During the mixing process, iron particles broke down 
these large, agglomerated silicon powders because they 
were harder and acted like a milling ball. For this reason, no 
large particles were found in the as-blended powder analy-
sis. Again, as a result of the mixing process, very small sili-
con powders adhered to the iron powders, as seen especially 
in the SEM image (Fig. 4). It is thought that this property 
increases homogeneity. Finally, in the XRD analysis, peaks 
specific to both iron and silicon are clearly seen in the as-
blended alloy. This shows that although the iron particles 
behave like balls in mechanical alloying during blending, 
no mechanical alloying occurs. The commercial powder has 
the same peaks as the blended powder but without the small 
peaks of silicon powders which is expected because of the 
alloying. Also, it is important to note that the particles have 
spherical shapes which could have a potential impact on the 
LPBF process.

3.2  Evaluation of the LPBF process

As shown in Fig. 5, the relative density of the samples pro-
duced using commercial powder ranged narrowly between 
94.2% and 97.7%, whereas those fabricated with the as-
blended powders exhibited a broader range from 84.7% to 
95.1%. Even though the chosen parameters are consistent 
with literature, the acquired relative densities are lower than 
expected. The short-feed effect seen in Fig. 1 was exacer-
bated with as blended powders’ irregular morphology and 
low flowability, which hinder uniform powder distribution 
and result in localized regions with insufficient material 
for complete melting. The commercial powders’ spherical 
morphology improves flowability, and the powders spread 
more uniformly, which results with higher relative densities. 

hn = h/rb

ln = l/ (2rb)

The mixture formula was used according to molar ratios 
(mi) to calculate the characteristic properties (Pi) of the 
blended powder.

Pab = PF e × mF e+P Si × mSi

The dimensionless energy density calculated in this study 
using values from [42], generally ranged from 2 to 16 which 
is consistent with findings reported in the literature [25, 27, 
38, 43]. Despite the use of a relatively low dimensionless 
hatch spacing, certain samples achieved a relative density 
exceeding 90%. This observation is also in agreement with 
previous studies. As reported in [41], higher energy densi-
ties resulted in the formation of cracks, likely due to thermal 
stresses, while lower energy densities led to porosity caused 
by insufficient melting (see Fig. 3).

  
  
Finally, in accordance with previous studies, heat treat-

ment was applied to improve the magnetic properties [17, 
36]. Heat treatment was conducted in an argon atmosphere 
to prevent oxidation during the thermal process. The sam-
ples were heated at a controlled rate of 5 °C/min until reach-
ing the target temperature of 1100 °C. Upon reaching this 
temperature, they were held isothermally for one hour to 
ensure uniform thermal exposure. Following the holding 

Fig. 3  Standardized process diagram of Fe-Si alloys based on Salazar 
et al. [41]
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Fig. 6, an inter-layer crack extending through the layers is 
clearly visible in the sample produced with the 75 µs–75 μm 
parameters using commercial powder, leading us to con-
clude that the pulse point distance has a stronger influence 
on thermal stress than the exposure time.

3.2.1  Magnetic properties

Table 3 shows the magnetic properties of both commercial 
and as blended samples obtained from the hysteresis curves. 
The measured saturation magnetization values were found 
to be close to the theoretical value of 1.8 T for the FeSi6.5 
alloy [46]. Overall, samples processed with a 90 μm pulse 
point distance tended to exhibit higher saturation magneti-
zation values; however, no consistent or statistically signifi-
cant correlation was established. With respect to exposure 
time, a slight increase in magnetization was observed in the 
60 μm and 90 μm pulse point distance samples as expo-
sure time increased, followed by a subsequent decline. 
One expected effect is that a higher relative density will 
give higher saturation magnetisation. However, in samples 
produced with commercial powders, a 3% change in rela-
tive density did not give correlated results with saturation 
magnetisation. Also, in samples produced with as blended 
powders, while lower relative densities caused lower sat-
uration magnetisation, the effect was more limited than 
expected. Also, different samples with very similar relative 

While the chosen parameter set improved relative densities, 
it was not enough to fully mitigate the effect of short feed.

Figure 6 shows the cross sections of etched samples 
obtained from optical microscope images. Microscopic 
examination revealed that, even at a lower energy input, 
the as-blended samples exhibited a keyhole-type melt pool 
morphology, while the commercial powder samples showed 
a conduction-type melt pool. This difference is attributed to 
the varying absorptivity of the powder types, with the as-
blended powders likely absorbing more energy. The angular 
morphology of water-atomized powder particles results in 
a higher surface area-to-volume ratio, which enhances their 
capacity to absorb laser energy, potentially improving the 
sintering response [44].

In the commercial powder samples, lack-of-fusion type 
of porosity was only observed in the sample processed with 
the lowest energy density (75 µs–90 μm). In contrast, sam-
ples produced with as-blended powders had keyhole type 
porosity under the parameters which can be seen in Fig. 6.

Crack formation was observed in both powder types 
when processed with an exposure time of 300 µs, likely due 
to the high thermal stresses induced by excessive heat input 
[45].

Another notable observation is the presence of cracks in 
samples processed at 100 µs–75 μm. Although the cracks 
were finer in the commercial powder sample, they were 
present in both cases (Fig.  5). Furthermore, as shown in 

Fig. 4  Powder size analysis (left), SEM images (middle) and XRD pattern (right) of iron, silicon, as-blended and commercial FeSi6.5 powder
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which is expected. This also helps to explain the compara-
tively lower magnetic performance of samples produced 
with a 75 μm pulse point distance.

An additional notable observation is that the influence 
of exposure time was less pronounced in samples produced 
with a 60 μm pulse point distance, whereas those fabricated 
with larger pulse point distances were more sensitive to 
exposure time variations. This behaviour is likely due to 
partial remelting effects.

In the case of as-blended powder samples, although the 
overall densities were lower than those of the commercial 
powder samples, the saturation magnetization values were 

densities had different values of coercivity, which cannot be 
explained by porosity. So, these variations in magnetic per-
formance cannot be attributed only to porosity but are also 
affected by factors such as residual stress and grain size. 
Grain size and thermal stress have an effect on magnetic 
performance. Several studies on FeSi alloys show that heat 
treatment, which causes stress relief and grain growth, leads 
to improved magnetic performance and a decrease in coer-
civity [33, 47]. Samples produced with a different parameter 
set have different thermal process histories, which lead to 
different residual stresses. Even if they have the same rela-
tive density this will lead them to have different coercivities 

Fig. 5  SEM images (top view) and relative densities of samples manufactured using commercial power (left image) and as-blended powder (right 
image), using different pulse point distance and exposure time
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generally comparable. A key point is that the magnetization 
values in the as-blended samples spanned a broader range. 
The influence of pulse point distance on magnetic perfor-
mance varied with exposure time, but, consistent with the 
commercial samples, those produced with a 75  μm pulse 
point distance generally demonstrated lower saturation 
magnetization.

The measured coercivity values at zero point for both 
commercial and as-blended samples were in the range 
761.3–1755.9 A/m, higher than those typically expected for 
soft magnetic materials (< 1000 A/m) [48]. This increase 
is attributed primarily to the relatively fine grain structures 
and the presence of residual thermal stresses. In general, the 
as-blended samples generally exhibited lower coercivity 
(784.9–1357.6 A/m) compared to the commercial samples 
(761.3–1755.9 A/m). This difference is likely to be due 
to the coarser grain structure observed in the as-blended 
samples.

For the samples produced using commercial powder, 
remanence values range from 0.04 to 0.21 T. In contrast, 
the samples produced using as-blended powder show a 
narrower remanence range of 0.08–0.15 T, exhibiting less 
sensitivity to processing parameters. The relatively stable 
remanence across different energy densities in AB samples 
indicate that lower coercivity values promote a more uni-
form magnetic response, even though overall magnetisation 
remains slightly lower due to residual porosity and micro-
structural inhomogeneities.

3.3  Evaluation of microstructure and phases

Figure 6 clearly shows the columnar grains extending across 
multiple layers in the samples. In the as-blended powder 
specimen, smaller equiaxed grains are also observed at the 
centre of the melt pool; nevertheless, EBSD analysis using 
Matlab-based grain size quantification reveals that the com-
mercial sample exhibits an overall coarser grain structure 

Table 3  Magnetic properties of commercial (C) and as-blended (AB) samples
Pulse point distance (µm) Exposure time (µs) Coercivity (A/m) Saturation magnetisation (T) Remanence (T)

C Samples AB Samples C Samples AB Samples C Samples AB Samples
60 75 1287.3 916.3 1.67 1.38 0.10 0.13
60 100 1556.4 1018.4 1.69 1.39 0.21 0.08
60 150 1502.9 1355.4 1.65 1.72 0.20 0.14
60 300 1755.9 871.6 1.33 1.57 0.04 0.15
75 75 1213.8 921.5 1.67 1.55 0.13 0.15
75 100 1126.3 868.8 1.50 1.58 0.08 0.08
75 150 1120.0 784.9 1.65 1.28 0.08 0.11
75 300 761.3 1192.7 1.48 1.47 0.06 0.13
90 75 812.3 1162.3 1.52 1.67 0.04 0.13
90 100 1111.2 1020.3 1.88 1.47 0.17 0.11
90 150 1271.9 952.7 1.71 1.72 0.14 0.13
90 300 1049.0 1357.6 1.63 1.71 0.11 0.10

Fig. 6  Microscope image of etched cross-section of a commercial 
powder used sample produced with 75 μm pulse point distance − 75 µs 
exposure time (top) and as-blended powder used sample with of 75 μm 
pulse point distance of 75 μm–75 µs exposure time
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(see Table 1, samples fabricated with 90 μm – 150 µs param-
eters). Although the grain size in the commercial sample is 
larger than in the as-blended sample—an aspect that would 
typically favour lower coercivity in the commercial sam-
ple—the higher degree of grain orientation observed in the 
as-blended sample may have had a stronger influence on 
coercivity.

The XRD scans in Fig. 8e, f show that the only acquired 
phase is α-FeSi for both powder types. At around 20°, 
there is a broad peak, which can come from oxides and/or 
other phases. However, for these a suitable match couldn’t 
be found in the Crystallography Open Database. Also, 
in Fig.  8e, there are several smaller peaks with a partial 
match to the DO3 phase which requires higher Si content 
(at.%Si > 12). While this is possible, since the as-blended 
powder can have micro inhomogeneities with higher Si con-
tent, this still needs further investigation.

3.4  Results of heat treatment

Following the heat treatment applied to the selected sam-
ples, a significant reduction in coercivity was observed 
across all specimens (Fig. 7). Notably, coercivity decreased 
by up to an order of magnitude—approximately 10-fold in 
the commercial samples and up to 8-fold in the as-blended 
samples. Both residual stresses and grain boundaries act as 
effective pinning sites that impede magnetic domain wall 
motion [50]. With heat treatment, the residual stresses intro-
duced during the LPBF process are largely relieved and 
grain coarsening occurs, thereby facilitating domain wall 
movement and decreasing coercivity. As all coercivity val-
ues dropped below 1000 A/m, the samples can be classified 
as exhibiting soft magnetic behaviour.

Post heat treatment, the variation in coercivity among 
samples with different exposure times was notably reduced, 
indicating a homogenizing effect on magnetic properties. 

under the same parameter conditions. Even though we 
believe a higher absorbed energy during LPBF processing 
of the as-blended powder will increase grain coarsening 
through an extended melt-pool lifetime and slower solidifi-
cation rates, the higher presence of impurities acts as nucle-
ation sites in the melt pool and causes more grain formation 
in total.

One of the primary challenges in in-situ alloying is com-
positional inhomogeneity. In this context, the EDS images 
presented in Fig. 7 clearly show homogeneous Si distribu-
tion in the as-blended sample. The absence of any observ-
able segregation is attributed to both effective mixing and 
the adherence of fine Si particles to Fe particles, resulting 
in a uniform distribution. Furthermore, it is considered that 
the melt pool conditions were sufficient to ensure complete 
mixing of liquid Fe and Si during processing. Although the 
interaction time may appear short, it is believed that the 
forces acting within the melt pool are adequate to facilitate 
the required mixing efficiency.

Figure 8 displays the EBSD results obtained from cross-
sections of samples produced with commercial and as-
blended powders. To improve comparability, we examined 
samples that were produced using the same parameters, 
exhibited high relative density, and showed the same satura-
tion magnetisation. The as-blended sample shows a smaller 
grain size in the evaluated area compared to the commercial 
sample. In terms of texture, the as-blended sample exhibits 
a higher degree of texture, with the (001) planes mainly ori-
ented in the building direction (BD), while the commercial 
sample shows a lower preferential orientation. According to 
Cong, in BCC samples, the magnetic properties are maxi-
mized when the grains are oriented in the [001] direction 
[49]. This implies that a single grain evaluated magnetically 
in the [001] direction should reach magnetic saturation more 
quickly than in other directions. In this study, the as-blended 
sample shows lower coercivity than the commercial sample 

Fig. 7  EDS images of as-blended powder used samples produced with pulse point distance of 90 μm and exposure time of 150 µs
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Fig. 8  EBSD result obtained from the cross-section of samples pro-
duced with 90 μm–150 µs parameters (a) commercial, (b) as-blended 
sample. IPF map and the polar figure for the (001) plane for (c) com-

mercial, (d) as-blended sample. XRD patterns of the samples produced 
with 90 μm–150 µs parameters (e) commercial, (f) as-blended sample
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The as-blended samples exhibited lower relative density 
values, primarily due to poor flowability resulting from the 
irregular shape of the powder particles. However, the satel-
lite distribution of the Si powder contributed positively to 
the compositional homogeneity, and no evidence of segre-
gation was observed. In both types of samples, it was not 
possible to achieve relative density above 99% due to the 
micro voids caused by the short feed of the powder feed 
system.

The melt pool morphology differed significantly between 
the two powder types, driven by variations in absorptivity. 
The as-blended samples tended to form keyhole-type melt 
pools, whereas conduction-mode melt pools were observed 
in the commercial powder samples.

The magnetic properties in the samples using as-blended 
powder were distributed within a narrower range (1.28–
1.72 T Bs, 784–1357 A/m, 0.08–0.15 T Br), while a broader 
variation was observed in the samples using commercial 
powder (1.33–1.88 T Bs, 761–1755 A/m, 0.04–0.21 T Br). 
In terms of magnetic performance, the as-blended samples 
exhibited superior coercivity and relative permeability val-
ues, whereas the commercial samples demonstrated higher 
saturation magnetization. These differences are attributed to 
the coarser grain structure in the as-blended samples and the 
lower impurity content in the commercial powder.

The heat treatment led to grain growth and decrease in 
the coercivity of all samples produced using both commer-
cial and as-blended powders. The extent of its effect on the 
microstructure varied depending on the pulse point distance 
parameters.

However, samples produced with higher pulse point dis-
tances retained relatively higher coercivity values in both 
powder types. This can be attributed to differences in grain 
growth behaviour: in samples with lower pulse point dis-
tances, the grains at intersection regions already possessed 
excess energy due to overlapping melt tracks. This pre-
existing energy likely accelerated grain growth during heat 
treatment, thereby reducing coercivity more effectively 
in these samples. Figure  9 showed a keyhole melt type 
while commercial sample had a conduction type for same 
parameters, which is an indirect indication of as-blended 
samples absorbed more energy in LPBF process. Because 
the as-blended samples have more pre-existing energy in 
same process conditions, the reduction in coercivity follow-
ing heat treatment was more significant in the as-blended 
samples.

4  Conclusion

In this study, the in-situ alloying approach was successfully 
integrated into the Laser Powder Bed Fusion (LPBF) pro-
cess to fabricate FeSi6.5 soft magnetic material.

Among the as-blended samples, the most optimal mag-
netic and microstructural properties were achieved using the 
processing parameters of 90  μm pulse point distance and 
150 µs exposure time. For the commercial powder samples, 
the most favourable results were obtained with the param-
eters 90 μm–100 µs.

Fig. 9  Comparison of coercivity 
values of as produced and heat-
treated samples, (C in sample 
id indicates commercial powder 
and AB is used for as-blended 
powder)
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