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A B S T R A C T   

Annealing of laser powder bed fusion (LPBF) processed Fe-49Co-2 V (Hiperco) samples at 865 ◦C for 4 h leads to 
a substantial improvement in its soft magnetic properties. While the as built LPBF samples exhibited relatively 
higher coercivities (Hc) ranging from 25.8 – 26.5 Oe, the annealed LPBF samples showed significantly lower 
coercivities (Hc) of 6.9 – 10.8 Oe. These lower Hc values can not only be attributed to the 15–20 times larger 
grain sizes, but also the higher degree of B2 ordering in the annealed condition. The enhanced degree of B2 
ordering also increases the saturation magnetization (Ms), from 213 to 228 emu/g, in samples processed with a 
laser fluence (energy/density) of 3.4 J/mm2. These results reveal the underlying mechanisms leading to an 
enhancement of soft magnetic properties in LPBF processed Hiperco via annealing-induced microstructural 
control.   

Introduction 

In the last decade, electric vehicle adoption has experienced an 
exponential increase. The maximum efficiency of electric motor tech
nology is achieved by minimizing the losses in the motor stators and 
rotors. Fe-Co alloys are being utilized as stators and rotors in high per
formance electrical machines due to their high saturation magnetization 
(Ms), Curie temperature (Tc), permeability (µ) and low coercivity (Hc) 
characteristics, which reduce energy losses [1–6]. In general, the mag
netic properties of bulk Fe-Co alloys are greatly influenced by their 
microstructure and structural ordering [7,8]. The shape of the magnetic 
hysteresis loop, coercivity, and relative permeability are influenced by 
microstructural parameters such as grain size, crystal defects, and 
crystallographic texture. Especially, structural ordering is known to 
affect the lattice constant, the average magnetic moment per atom, and 
the spatial arrangement of atoms [9–11]. 

According to the Grain Size Dependence of Coercivity and Perme
ability (GSDCP) theory, the lattice parameter, magneto-crystalline 
anisotropy, and average grain size (D) of soft magnetic materials influ
ence the coercivity and initial permeability [12–18]. Defect-free large 

equiaxed grains and higher lattice constant are thus essential for 
achieving soft (lower Hc) magnetic behavior in Fe-Co alloy [13,14]. 
Nevertheless, the equiatomic Fe-Co alloys exhibit brittle mechanical 
behavior, which makes it challenging to fabricate bulk electromagnetic 
components using conventional manufacturing techniques like rolling, 
forging, and casting [19–21] . The formation of the ordered B2 phase has 
been determined as the cause of the brittleness observed in equiatomic 
Fe-Co alloys [22]. 

To enhance ductility of Fe-Co alloys while maintaining good mag
netic properties, vanadium is added as an alloying element in small 
amounts (<3 wt%) [23]. The Fe-49Co-2 V (Hiperco) alloys can be 
manufactured by mechanical alloying and powder rolling, however, 
post-processing is challenging due to evolution of the ordered B2 phase 
during low cooling rates [9,10,22,24]. Laser-based additive 
manufacturing (AM) techniques inherently associated with high cooling 
rates (>103 K/s) can avoid formation of the undesirable ordered B2 
phase [1,25]. Such high cooling rates can alter the ordering in various 
AM processes. The optimum microstructure and magnetic properties can 
be achieved by a selecting suitable AM manufacturing technique, opti
mized AM process parameters, and applying appropriate post AM 
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process heat treatments [25–27] 
Recent studies have shown that LPBF and Direct Energy Deposition 

(DED) are promising AM techniques to print Fe-49Co-2 V alloys [3–5, 
28–31]. Nartu et.al [33]successfully fabricated a Fe-49Co-2 V alloy 
using the DED technique. They observed an improved soft magnetic 
performance after a two-step annealing heat treatment. The improved 
soft magnetic performance was attributed to larger grain sizes and the 
extent of ordering of the B2 phase. The soft magnetic properties of 
Fe-Co-2 V prepared by DED were comparable to those of wrought 
Fe-Co-2 V alloys [30]. In the interest of process parameter optimization, 
Everhart et.al[29] used the LPBF technique to fabricate Fe-49Co-2 V 
samples, followed by various heat treatment procedures. Although the 
heat-treated LPBF Fe-49Co-2 V exhibited significant improvement in the 
saturation magnetization, the coercivity failed to follow the expected 
trend with the changes in grain size. Tuomas et.al [31] investigated the 
effect of various heat treatment procedures on the magnetic properties 
of LPBF deposited Fe-49Co-2 V alloy. They reported improved magnetic 
properties after heat treatment. However, the influence of laser pa
rameters on the microstructure was not explored in detail. 

In the present work, initially the LPBF Fe-49Co-2 V was built using 
optimized laser process parameters. The post LPBF heat treatment was 
performed as per the ASTM standard A801 (865 ◦C, 4 hrs). Typically, 
LPBF processed Fe-49Co-2 V exhibits higher Hc than wrought Fe-49Co-2 
V. However, the previous reports [2,25,29–33] states than annealing can 
substantially reduce Hc. This paper specifically focuses on underlying 
mechanisms during annealing that lead to enhanced soft magnetic 
properties like Hc and Ms of LPBF processed Fe-49Co-2 V. 

Materials and methods 

The LPBF Trumpf TruPrint 1000 system was utilized to print the 
three-dimensional builds in the current work. Pre-alloyed Hiperco 
powders from Carpenter were procured. These spherical powders 
exhibit D10, D50 and D90 values of 17, 26 and 51 µm, respectively. A SS 
316 L steel seed substrate with 99 mm diameter was used to print these 
builds. Fe-49Co-2 V cubes of dimensions 10 × 10 × 10 mm3 were 
printed using a Trumpf fiber laser source of a wavelength of 1.070 µm. 
Input parameters such as a laser beam spot diameter of 0.055 mm, a 
hatch spacing of 0.06 mm, a layer thickness of 0.05 mm, a laser power of 
150 W and three different scan speeds (400 mm/s, 600 mm/s, and 800 
mm/s) were used to fabricate these cubes. A bi-directional scan strategy 
with a 90◦ rotation between each subsequent layer was employed. The 
oxygen level inside the chamber was maintained below 100 ppm to 
avoid oxidation of the samples. The LPBF processed conditions are 
categorized based on their laser fluences (energy per unit area), as 
summarized in Table. S1. The relative density values of samples pro
cessed using laser fluences of 6.8 J/mm2, 4.5 J/mm2 and 3.4 J/mm2, are 
98.5 %, 97.5 %, and 97 % respectively. 

Subsequently, the substrates containing the builds were removed 
from the chambers, and the builds were then separated from the sub
strate across the build direction using a KENT USA (WSI-200) wire 
electric discharge machine (EDM). Following this step, the samples were 
prepared for characterization and magnetic measurements. X-ray 
diffraction (XRD) measurements were carried out at a speed of 1◦/min 
and a step size of 0.025◦ on all samples using a Rigaku Ultima III XRD 

Fig. 1. SEM images on YZ plane of LPBF (a) 6.8 J/mm2, (b) 4.5 J/mm2, (c) 3.4 J/mm2 as-built (AB) conditions and (d) 6.8 J/mm2, (e) 4.5 J/mm2, (f) 3.4 J/mm2 

annealed/Heat-treated (HT) conditions. 
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machine. The MDI Jade software was employed for XRD analysis. A 
Nova Nano SEM equipped with an electron backscattered diffraction 
(EBSD) detector was used to investigate the microstructure. The EBSD 
data were processed using the TSL OIM™ software to produce texture 
plots and Inverse Pole Figures (IPF). The magnetic properties at room 
temperature were measured with a Lakeshore 8600 Series Vibrating 
Scanning Magnetometer (VSM) with a magnetic field of 15kOe. The 
magnetic field step utilized in the hysteresis loop is 1 Oe, with an 
averaging time and resolution of 10 s and 1 mOe respectively. Initially, 
the VSM system was calibrated with a nickel sphere, which detects a 
magnetic moment of 6.92 emu at an applied magnetic field of 5 kOe. For 
transmission electron microscopy (TEM), foils were prepared using a 
dual-beam focused ion beam milling equipment (FEI Nova 200 Nanolab 
FIB/SEM). The detailed TEM analysis for these foils were performed 
using an EDS detector-equipped FEI Tecnai G2 F20 ST TEM, which 
operates in both scanning and transmission modes. 

Results and discussion 

The backscatter SEM image of the Fe-49Co-2 V pre-alloyed powders 
used for the LPBF technique is presented in supplementary Fig. S1 (a). 
The XRD analysis of the powders and the as built LPBF samples (on the 
XY plane as shown in the Fig. S1 (c)) exhibited peaks corresponding to a 
single BCC phase with a random texture, as shown in supplementary 
Fig. S1 (b). The SEM micrographs of both as built and annealed condi
tions of these LPBF samples, viewed along the X-axis (YZ plane) reveal a 
single-phase BCC microstructure as shown in Fig. 1. In the as built 
condition, the backscatter SEM images demonstrate a uniform 

distribution of columnar and equiaxed grains, for 6.8 J/mm2, 4.5 J/mm2 

and 3.4 J/mm2 laser fluences, as shown in Figs. 1(a), (c), and (e). The 
corresponding backscatter images after annealing exhibited a distribu
tion of largely recrystallized grains with a small fraction of non- 
recrystallized grains, as shown in Figs. 1(b), 1(d), and 1(f). 

EBSD analysis was performed on both the as built and annealed 
conditions. The grain sizes from the inverse pole figure (IPF) maps 
(Figs. 2(a), (d), and (g)) appeared to be very fine, with no significant 
crystallographic texture. The average grain sizes in the built conditions 
are ~3 µm, as shown in the grain size-area fraction plots (Figs. 2(c), (f) 
and (i)). The kernel average misorientation (KAM) maps in Figs. 2(b), (e) 
and (h) correspond to a point-to-point average misorientation between 
0◦ to 5◦ within the grains represented in the map. This average point-to- 
point misorientation appears to increase with greater laser scan speed or 
decreasing laser fluence, possibly due to the increasingly rapid thermo- 
kinetics associated with increasing scanning speed, which leads to 
increasingly reduced laser-material interaction times, and hence 
increasingly shorter time for the grains to evolve with reduced 
misorientations. 

Since the cooling rates are directly proportional to the scanning 
speeds (dT/dt ∝ V) [30,34], the average misorientations/dislocation 
densities are higher for larger scanning speed/lower laser fluence con
ditions, e.g.., in the case of the laser fluence of 3.4 J/mm2 as compared to 
6.8 J/mm2. While KAM maps don’t directly reflect the residual stresses, 
they have often been discussed as a qualitative indication of residual 
stresses [35–39]. Therefore, it is possible that the residual stresses are 
higher in the sample processed using a laser fluence of 3.4 J/mm2 as 
compared to the one processed using 6.8 J/mm2. Furthermore, EBSD 

Fig. 2. IPF maps on YZ plane of LPBF processed FeCoV (a) 6.8 J/mm2, (d) 4.5 J/mm2 and (g) 3.4 J/mm2 as-built (AB) conditions. KAM maps of LPBF (b) 6.8 J/mm2, 
(e) 4.5 J/mm2 and (h) 3.4 J/mm2 as-built conditions. 
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analysis was performed on the annealed conditions to analyze average 
point-to-point misorientations and the grain sizes. 

The inverse pole figure maps in Fig. 3(a), (d), and (g), acquired from 
the same set of LPBF samples after annealing, show a majority fraction of 
recrystallized grains with a small fraction of non-recrystallized grains. 
The average grain size of the non-recrystallized grains and the recrys
tallized grains range from 2 to 3 µm and 50–60 µm, respectively (Figs. 3 
(c), (f), and (i)). After the annealing step, the variation in the average 
misorientations within the recrystallized grains is substantially lower, as 
revealed by the KAM maps shown in Figs. 3(b), (e) and (h). While the 
area fraction of the non-recrystallized grains varied from 4 % - 11 % 
depending on the sample and the region scanned, overall, this fraction 
was very low as compared to the fraction of recrystallized grains. 

VSM measurements were carried out on the LPBF as built and 
annealed conditions to measure the magnetic properties. The magneti
zation M(emu/g) versus applied magnetic field H(Oe) hysteresis curves 
are presented in Fig.4. The saturation magnetization (MS) and coercivity 
(Hc) values of the as built conditions range between 213 and 217 emu/g, 
and 25.8–26.5 Oe, respectively. The annealed conditions showed Ms and 
Hc values ranging between 228 and 231 emu/g and 6.8–10.8 Oe, 
respectively. 

These magnetic properties are summarized in Table 1. The coercivity 
values appear to be similar for all the as built conditions. This can be 
attributed to the similar grain sizes in the case of samples processed 
using the three different laser fluences. Herzer [12]established that Hc is 
proportional to D − 1, where D is a grain diameter, for grain sizes greater 
than 600 nm. As the average grain size of all three as built conditions is 
~ 3 µm, the coercivities are similar. Firdosy et al. [30]. and Nartu et al. 
[32] showed a similar trend of Hc proportionate to the D − 1 in the case of 
DED processed Fe-49Co-2 V alloys. 

A substantial reduction in coercivity was observed for all three 
samples after annealing. The coercivities of samples built with fluences 
of 6.8 J/mm2, 4.5 J/mm2, and 3.4 J/mm2 reduced from 25.8 Oe, 26 Oe, 
and 26.5 Oe to 6.9 Oe, 8.8 Oe, and 10.8 Oe, respectively. This substantial 
decrease in coercivity can be largely attributed to the increase in the 
average grain size from 3 µm to 55 µm. Although there is a substantial 
reduction in coercivity, the values remain relatively higher than those of 
commercially wrought processed Fe-49Co-2 V (Hc ~ 1.3 Oe) [9] . The 
lower coercivity values in case of conventionally processed Fe-49Co-2 V 
can be attributed to their larger grains sizes 75–100 µm [5], substantially 
larger than ~55 μm observed in case of the annealed LPBF samples. 
Additionally, the small fraction of the non-recrystallized grains retained 
in the annealed conditions of the LPBF samples, could also lead to an 
increase in the Hc as compared to conventionally processed Hiperco. 

There is only a marginal difference between the saturation magne
tization (Ms) values for all three as built conditions. However, post 
annealing, the Ms increased substantially for samples processed with all 
three laser fluences. For example, the Ms increases from 213 emu/g to 
228 emu/g in the case of the sample processed using a laser fluence of 
3.4 J/mm2. The underlying rationale for such a substantial increase in 
Ms via annealing was investigated by characterizing the state of B2 
ordering in this alloy. TEM diffraction analysis has been performed on 
the sample processed using a fluence of 3.4 J/mm2, for both as built and 
annealed conditions. Figs. 5(a), and (c) show the selected area electron 
diffraction (SAED) patterns corresponding to the [001] BCC zone axis 
(ZA) obtained for the as built, and annealed conditions, respectively. In 
the case of the as-built sample, there appeared to be very weak (low 
intensity) {010} type superlattice reflections, one of which has been 
marked with the circle in the diffraction pattern shown in Fig. 5(a). Such 
{010} type superlattice reflections can be attributed to B2 ordering 

Fig. 3. IPF maps on YZ plane of post heat treated LPBF processed FeCoV (a) 6.8 J/mm2, (c) 4.5 J/mm2 and (e) 3.4 J/mm2 annealed/Heat-treated (HT) conditions. 
KAM maps of LPBF (b) 6.8 J/mm2, (d) 4.5 J/mm2 and (f) 3.4 J/mm2 Heat-treated (HT) conditions. 
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within the parent BCC phase. In contrast, after annealing there appeared 
strong intense {010} superlattice reflections, marked with a circle in 
Fig. 5(c). This clearly indicates a higher degree of B2 ordering after 
annealing. The weak B2 ordering observed in the as built condition is a 
result of rapid cooling associated with the LPBF processing. The higher 
degree of B2 ordering in the annealed condition can be attributed to the 
slower furnace cooling after the 865 ◦C, 4 h annealing treatment. 
Furnace cooling resulted in a longer duration for the disordered BCC to 
ordered B2 transformation to occur at ~500 ◦C, leading to a higher 
degree of ordering. Dark-field TEM imaging of the B2 domains was 
carried out in the case of both the as built and annealed conditions. 
Figs. 5(b) and (d) display the dark-field (DF) TEM images for the as built 
and annealed conditions. While the annealed condition (Fig. 5(d)) 
showed significantly larger scale ordered B2 domains, separated by anti- 
phase domain (APD) boundaries, in case of the as built condition (Fig. 5 
(b)) it is very difficult to discern the domain structure inside the BCC 
matrix, presumably due to the very early stages of B2 ordering resulting 
in very fine scale B2 domains. Overall, the Ms values of the annealed 
conditions range from 228 to 231 emu/g, suggesting the presence of 
well-developed coarse ordered B2 domains in all the annealed LPBF 
samples. 

Summary and conclusions  

• The average grain size in LPBF processed Hiperco did not show any 
significant change with the progressive increase in laser scanning 
speed from 400 mm/s (fluence 6.8 J/mm2) 600 mm/s (fluence 4.5 J/ 
mm2) to 800 mm/s (fluence 3.4 J/mm2). However, the higher 
cooling rates resulting from the increase in laser scanning speed, 
resulted in a systematic increase in-grain misorientations, as 
revealed by EBSD - Kernel Average Misorientation maps, though 
without any substantial change in the overall average grain size.  

• There is a substantial reduction in Hc in the annealed LPBF Fe-49Co-2 
V samples as compared to the as-built conditions. On annealing, the 
Hc of samples built with fluences of 6.4 J/mm2, 4.5 J/mm2, and 3.4 
J/mm2 reduced from 25.8 Oe, 26 Oe, and 26.5 Oe to 6.9 Oe, 8.8 Oe, 
and 10.8 Oe, respectively. The substantial reduction in Hc can be 
attributed to the high fraction of coarse recrystallized grains (~55 
mm) coupled with an increase in the degree of B2 ordering in the 
annealed samples. 

• Annealing also results an increase in the Ms values for samples pro
cessed using the three laser fluences. For example, the samples pro
cessed using a laser fluence of 3.4 J/mm2 exhibited an increase in Ms 
from 213 emu/g to 228 emu/g due to annealing. This increase can be 
attributed to a higher degree of B2 ordering after annealing (865 ◦C/ 
4 hrs followed by furnace cooling) as compared to the as built 
sample. While the as-built condition exhibits a very early stage of B2 
ordering, based on the electron diffraction results, annealing fol
lowed by slow-cooling results in a well ordered B2 phase with coarse 
ordered domains, as revealed by dark-field TEM images. 

CRediT authorship contribution statement 

S.M. Varahabhatla: Writing – review & editing, Investigation, 
Formal analysis. V. Chaudhary: Writing – review & editing, Investiga
tion, Formal analysis. Abhishek Sharma: Investigation, Formal anal
ysis. S.A. Mantri: Investigation, Formal analysis. S.S. Joshi: 
Investigation, Formal analysis. R.V. Ramanujan: Writing – review & 
editing, Investigation, Formal analysis. Narendra B. Dahotre: Writing – 
review & editing, Investigation, Formal analysis. R. Banerjee: Writing – 
review & editing, Supervision, Resources, Funding acquisition. 
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(HT) conditions. 

Table 1 
Magnetic properties of LPBF processed and post heat treated LPBF processed Fe- 
Co-2 V alloys.  

Condition Laser 
Fluence 
(F) 
(J/mm2) 

Average 
grain size 
(µm) 

Saturation 
Magnetization 
(Ms) 
(emu/g) 

Coercivity 
(Hc) 
(Oe) 

150 W, 400 mm/s 
(AB) 

6.8 3 217 ± 5 25.8 ±
0.7 

150 W, 600 mm/s 
(AB) 

4.5 3 216 ± 3 26 ± 0.5 

150 W, 800 mm/s 
(AB) 

3.4 2 213 ± 5 26.5 ± 1 

150 W, 400 mm/s 
(AB) 
+870C,4 hrs 
(95 %Ar + 5 % 
H2) 

6.8 60 228 ± 3 6.9 ± 0.8 

150 W, 600 mm/s 
(AB) +870C,4 
hrs 
(95 %Ar + 5 % 
H2) 

4.5 60 231 ± 3 8.8 ± 1.2 

150 W, 800 mm/s 
(AB) +870C,4 
hrs 
(95 %Ar + 5 % 
H2) 

3.4 60 228 ± 5 10.8 ±
0.8  
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A. Di Schino, Recent advances in additive manufacturing of soft magnetic 
materials: a review, Materials. (Basel) 16 (2023), https://doi.org/10.3390/ 
ma16165610. 

[28] A.B. Kustas, D.F. Susan, K.L. Johnson, S.R. Whetten, M.A. Rodriguez, D.J. Dagel, J. 
R. Michael, D.M. Keicher, N. Argibay, Characterization of the Fe-Co-1.5V soft 
ferromagnetic alloy processed by Laser Engineered Net Shaping (LENS), Addit. 
Manuf. 21 (2018) 41–52, https://doi.org/10.1016/j.addma.2018.02.006. 

[29] W. Everhart, J. Newkirk, Grain size effects in selective laser melted Fe-Co-2V,, 
Appl. Sci. (Switzerland) 9 (2019), https://doi.org/10.3390/app9183701. 

[30] S. Firdosy, N. Ury, J.P. Borgonia, B. McEnerney, R. Conversano, R. Hofer, 
A. Hermann, H. Ucar, V.A. Ravi, R.P. Dillon, Processing–microstructure–property 
relationships in a laser-deposited Fe-Co-V alloy, Adv. Eng. Mater. 24 (2022), 
https://doi.org/10.1002/adem.202100931. 
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