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A B S T R A C T

Magnetism assisting the manufacturing process is well known within the energy coupled to matter realm and 
material processing assisting in the magnetic responses has also been in practice. The current research is an 
attempt to combine both approaches together in a multi-magnetic material consolidation process under the 
influence of external magnetic fields. Additive manufacturing by selective laser melting with controlled 
dispersion of multi-material magnetic powders and the application of controlled magnetic fields during material 
melting and consolidation are key features of the methodology. The melt-pool geometries, sub-granular struc
tures, and the crystallographic orientations showed distinct responses with the use of external magnetic fields 
during laser consolidation of NdFeB and FeCo systems and their combinations with and without a third non- 
magnetic material matrix. As per the energy coupled to matter mechanisms and mechanics, the multi- 
magnetic material substrates consolidated by laser melting under external fields demonstrated patterned polar 
formations and predefined magnetic orientations. The directions and intensities of the north and south poles at 
different regions of the printed samples depend on the strengths and orientations of the external fields applied 
during consolidation and magnetisation fields employed after printing.

1. Introduction

Application of external magnetic fields to control material, process, 
structure and property relationships and responses has been in use for a 
while and falls under the aegis of the Energy Coupled to Matter (ECM) 
technological realm. ECM refers to the field assisted processing by 
electric, magnetic, microwave, and other fields [1]. Specifically, the use 
of external magnetic fields could target two specific objectives: either 
magnetic field assisting the manufacturing process to achieve process, 
structure, and property enhancements [1,2,3] or the manufacturing 
process assisting in enhancing the magnetic nature and responses of the 
products [4,5,6]. There have been methods and systems progressed in 
both directions.

Magnetism assisted finishing processes have seen successful imple
mentations in the finishing of the internal surfaces of tubular structures, 
where conventional finishing methods and tools find it difficult to access 
the critical areas [7,8]. Magnetic abrasive media applied to surfaces and 
the abrasive tool and work relative motions achieved through external 
magnetic fields has been in use in surface finishing operations of com
plex re-entrant sections [9,10]. Use of external magnetic fields for the 

effective disposal of debris from the electrode region in electric 
discharge machining (EDM) is well known [11,12]. Higher energy 
densities and lower magnetic fields were shown to give the best material 
removal rates due to better disposal of the highly accumulated debris 
[13]. Higher magnetic field intensities also lower the material removal 
rate as the Lorenz forces affect the trajectory of the ion inflow paths.

Based on the magnetic field assisted ECM methods with high tem
perature processing of metals under external magnetic fields, both me
chanical properties and phase transformations were shown to be 
controlled [14,15]. Gibbs free molar energy and associated improved 
bainitic transformations were demonstrated, while magnetic fields were 
also used to control grain alignment and crystallographic texturing [16]. 
Magnetic anisotropy susceptibilities amplified by doping with rare earth 
gadolinium and ytterbium were shown to enhance the magnetic 
moment localisation and magneto-crystalline anisotropy [1]. Simulta
neous action of centrifugal and magnetic field forces was shown to offer 
additional control over the dispersion of particle chains in the centrif
ugal casting of ceramic slurries [17]. Competing roles between the 
viscous and magnetic forces were utilised in forming uniform and 
biphasic patterns in magnetically aligned freeze cast scaffolds [18]. 
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External magnetic fields are often applied during the slip and freeze 
casting processes to achieve structures and scaffolds of controlled po
rosities to control and orient the ceramic grains in preferred directions. 
As most ceramics are diamagnetic, strong external fields or mixing of 
magnetic elements into the slurry are often used to achieve better 
magnetic susceptibilities [18].

Controlling the magnetic responses of fabricated materials was 
mainly attempted by means of controlling the dispersion of magnetic 
particles in polymer bonded magnets under the action of external 
magnetic fields [19]. Chain- and sheet-like microstructural formations 
were achieved for the magnetic particles dispersed in a preform polymer 
substrate cured under the action of an external magnetic field as the 
dipole moments align themselves along the magnetic easy axis [20]. 
Magnetic susceptibility, saturation and coercivity enhance along the 
field direction apart from process enhancements leading to the possible 
control on the resulting bulk magnetic anisotropy. The current research 
focuses on combining both magnetism-assisted manufacturing and 
manufacturing-assisted magnetism together to evaluate the possibilities 
to achieve controlled magnetic heterogeneity in consolidated parts 
through additive processing of the hard magnetic NdFeB and soft mag
netic FeCo by selective laser melting under external magnetic fields. 
There have been previous studies on the laser melting of both alloys, but 
with no external magnetic fields applied.

Nanocrystalline magnets made by selective laser melting a mixture of 
MQP-B grade NdFeB alloy (in 25 nm and 450 nm states) and 
(Pr0.5Nd0.5)3(Cu0.25Co0.75) eutectic alloy, were reported to exhibit 
Nd2Fe14B along with new phases like α-Fe and (Nd, Pr)2O3, achieving a 
significantly higher coercivity (µ0Hc) of 1.6 T and better temperature 
stability compared to the initial powders possibly due to reduced inter 
grain exchange interactions from the paramagnetic eutectic alloy layer 
[21]. Single-beam laser powder bed fusion (LPBF) of NdFeB magnets 
based on an infrared fibre laser yielded coercivity and magnetic energy 
product values at 264 kA/m and 12.41 kJ/m3 and with optimal pa
rameters in continuous wave mode the same were shown to increase to 
555 kA/m, and 24.91 kJ/m3 respectively. Further evaluation by the 
three-beam method with a two-zone scanning strategy was shown to 
significantly improve the results, with optimal parameters achieving 
521 kA/m, and 33.42 kJ/m3, for the coercivity and maximum energy 
product responses respectively, with a density of 6.95 g/cm3, while 
reducing the scanning time by 38 % [22].

Tosoni et al. evaluated mechanically milled NdFeB flakes with 3.7 wt 
% Dy and 0.96 wt% of copper for selective laser melting and achieved 
magnetic remanence, coercivity and maximum energy product values 
0.62 T, 1790 kA/m, and 65 kJ/m3 respectively further to a magnetic 
heat treatment process [23]. Custom made Nd9.4Pr3.2Dy1.6Fe bal 
(CoCuAlGa)1.7B6.0 powders were evaluated by Caniou et al. for selec
tive laser melting, identifying different melt-pool geometries and pre
cipitation of α-Fe and Nd2Fe17Bx phases with varying process 
conditions and cooling rates [24]. The as-built magnets initially had 
coercivity HcJ 92 ± 2 kA/m, remanence Br 0.39 ± 0.01 T, and energy 
product (BH)max 7.4 ± 0.2 kJ/m^3, which, after an optimum heat 
treatment, improved to HcJ 551 ± 10 kA/m, Br 0.55 ± 0.01 T, and (BH) 
max 38 ± 1 kJ/m^3. Urban et al. investigated the laser beam melting for 
NdFeB alloys, based on MQP-S-11–9 powder based on the Mlab Cusing R 
system with varying process conditions showing that optimal settings at 
40–55 W laser power and 1200–2000 mm/s scanning speed can achieve 
high density and polarisation, particularly with meander exposure pat
terns [25]. While these studies clearly indicate the progress made with 
the evaluation of NdFeB alloys for processing by selective laser melting, 
significant cracking during laser consolidation due to internal stresses 
has been a major hurdle [26]. Optimum process conditions with the best 
combinations of laser power, scan speed and layer thickness, together 
with the appropriate choice of hatch styles, raster schemes, and heated 
build chamber conditions were shown to mitigate the residual stresses 
and associated cracking problems to a large extent, paving ways for the 
production complex hard magnetic components based on selective laser 

melting of NdFeB alloys [27,28,29].
With the best combination of high permeability, low coercivity, and 

high saturation magnetism attributes, the equi-atomic Fe-Co alloys are 
good for soft magnetic applications. However, the ordered intermetallic 
B2 phase reduces the dislocation mobility, rendering them to be brittle 
and difficult to process by conventional means. Considering the 
dependence of the transformation from the parent disordered BCC phase 
to the ordered B2 phase on the rate of cooling in the solid state, the rapid 
cooling rates typical of the additive consolidation methods attracted 
research attention as a possible means of effectively processing FeCo 
alloys on the recent past. It was shown that the rapid melting and so
lidification and associated thermal variations result in high dislocation 
densities and disordered BCC phase in equi-atomic FeCo alloys pro
cessed by selective laser melting [30]. Additive manufacturing of FeCo 
alloys by the direct energy deposition (DED) method was shown to offer 
better magnetostrictive responses compared to the rolled counterparts 
[31]. Selective laser melted FeCo specimens were investigated estab
lishing the structure vs mechanical property relationships and the 
evolving microstructures with varying geometrical and process condi
tions [32]. Experimental evaluation of laser melted FeCo alloy with a 2 
wt% vanadium, the Hiperco® 50A alloy showed a significant loss of 
mechanical and magnetic properties compared to the traditionally made 
magnets mainly due to porosity, but the results could have been the 
outcome of lack of optimisation of critical experimental parameters 
[33]. On the other hand, Kustas et al, showed laser engineered net 
shaping (LENS) process as a promising method for producing bulk forms 
based on FeCo alloys [34].

Evidently, additive processing of NdFeB and FeCo magnetic mate
rials has been in progress for some time and progress made to some 
extent. However, the possible integration of energy coupled to matter 
(ECM) material consolidation is not attempted yet. The current proposal 
is to explore this approach by the integration of external magnetic fields 
into the point-by-point consolidation of NdFeB and FeCo particles by the 
laser powder bed fusion method utilising the innovative solutions 
recently filed for a couple of patents by the authors. This innovation 
allows the use of external magnetic fields in 3D printing, leading to 
enhanced magnetic performance as well as the creation of complex 
shapes and internal cooling channels. The main objective is to explore 
the hypothesis that the point-by-point material consolidation typical of 
additive manufacturing can be effectively utilised to achieve controlled 
magnetic heterogeneity in printed substrates by combining both multi- 
material printing and the use of external magnetic fields together. 
Such attempts were made in the making of bonded magnets in polymer 
matrices by injection moulding initially [35] and through 3D printing of 
polymer composites by fused deposition modelling [36,37,38] and 
stereolithography recently [39,40].

There have been some attempts applying external magnetic fields in 
additive processing of metal powers too. However, these were mainly 
focused on controlling the microstructures and enhancing the mechan
ical properties of printed parts. It was realised that integrating external 
magnetic fields during fabrication allows for precise control over mi
crostructures, leading to improved mechanical performance and the 
development of multifunctional materials. Hu et al. [41] reviewed the 
integration of magnetic, electric, and acoustic fields with AM technol
ogies, highlighting that applying magnetic fields can effectively tailor 
microstructures and enhance mechanical properties. Al et al. [42] re
ported promising results through field-assisted techniques in controlling 
filler orientation and concentration within composites, leading to 
improved surface finish and microstructural properties, thereby 
enhancing the overall quality of the fabricated parts. Zhao et al. [43]
demonstrated that a static magnetic field applied in the laser additive 
manufacturing of Ti6Al4V alloy results in refined microstructures, 
leading to enhanced mechanical properties. Research in similar lines, 
clearly demonstrated that the use of external magnetic fields can lead to 
grain refinement and texture modification, better melt pool solidifica
tion dynamics and phase distribution, and enhanced mechanical 
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properties in powder bed fusion, laser cladding, and wire arc additive 
manufacturing methods applied to different grades of steels or Inconel 
[44–49].

Apparently, external magnetic fields were used in the context of 
additive manufacturing either to achieve controlled particle distribution 
in polymer bonded substrates or microstructural controls in powder bed 
fusion of metals. The current research takes it beyond to the processing 
of multiple magnetic material combinations processed by selective laser 
melting. A multi-material processing approach by selective laser melting 
is attempted simultaneously consolidating two or three different mag
netic materials the hard NdFeB and the soft FeCo alloys with or without 
a non-magnetic material into a common substrate. The experimental 
research aims to prove that the point-by-point consolidation of multi- 
material powder bed arrangement integrated with externally applied 
magnetic fields allows to control the magnetic nature and the orienta
tion of the easy axes from one point to the other programmatically. This 
will pave ways to the complex realm of controlled magnetic heteroge
neity. The outcomes are positive, as multi-material magnetic substrates 
were successfully produced with controlled directions of the magnetic 

easy axes.

2. Materials and methods

Spherical powder particles of relatively homogeneous sizes at around 
30 µm produced by gas atomisation are the most common forms of raw 
materials used for selective laser melting. The spherical and similarly 
sized particle morphologies presumably promote better dispersion of the 
powder on the build platform. However, with hard magnetic material 
options such as NdFeB, gas atomised powder feedstock is very expensive 
due to the presence of the rare earth element. It is observed that if the 
dispersion aspects are reasonably dealt with, the particle shapes do not 
actually affect the powder consolidation in the later stages as the laser 
heating would completely melt and fuse these particles into continuous 
layers. Caniou et. al have shown sufficient powder dispersion qualities 
and subsequent consolidation by laser melting while experimenting with 
irregular particles of NdFeB alloys produced by jet milling strip-cast 
ribbons under nitrogen atmosphere [24]. Considering these aspects, 
custom made irregularly shaped NdFeB particles, produced by 

Fig. 1. SEM images and the elemental mapping based on EDS analysis of the (a) mechanically ground NdFeB powder feedstock with irregular flake-like and (b) 
gas atomised Fe35Co powder feedstock with spherical morphologies.
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mechanical grinding and pulverisation by Luoyang Tongrun Info Tech
nology Ltd, China are employed in all the current trials.

SEM images of the irregular NdFeB powder particles used as the key 
magnetic raw materials are presented in Fig. 1 (a). The irregular flake- 
like particle morphology is typical of the mechanical grinding method 
used to pulverise the raw material castings into the powder form. 
Widespread variation in the particles size is also evident, but if these 
particles can slide easily under the silicone embedded wiper blade 
during the powder dispersion stage, the variation in the particle size 
actually helps in the heating, initiation and spreading of the melt pools 
and the final consolidation into solid layers. The smaller particles will 
pick up the heat first and melt fully, enclosing the rest of the bigger 
flakes, which will then either completely or partially be melted and 
assimilated into the wider melt-pool, depending on the energy densities 
applied during laser consolidation. EDS analysis indicates the compo
sition of the magnetic material to be Nd 11.7 %, Fe 77.16 %, B 8.51 %, P 
1.11 %, Al 0.15 %, Cu0.28 %, Pr 0.83 %, and Si 0.27 % by weight.

Both FeSi and Fe35Co alloys were evaluated as the options for the 
soft magnetic material phase but considering the ease of working and 
the better laser melting responses, finally converged on the Fe35Co 
system. Considering the ready availability as off-the-shelf options, gas 
atomised Fe35Co powders are procured again from Luoyang Tongrun 
Info Technology Ltd, China. SEM images of the Fe35Co powder particles 
are presented in Fig. 1(b) and the EDS elemental mapping ascertains the 
composition to be Fe 64.33 % and Co 35.38 % by weight, with minor 
traces of silicon and sulphur. Before attempting to include both soft and 
hard magnetic material options in a single printed part, it is also 
necessary to first evaluate a magnetic and a non-magnetic material op
tion to go together on a common printed part. This non– magnetic 
material should have a compatibility with the magnetic option to be 
included within its matrix. After a preliminary search and a few laser 
melting trials, the high entropy alloy (HEA) option based on the FeCo 
combination which is totally non-magnetic and proved to be suitable for 
laser additive manufacturing is converged on. Gas atomised powders of 
HEA based on FeCo is procured from the same source with the compo
sition Fe 20.11 %, Co 20.15 %, Cr 18.8 %, Mn 21.99 % and Ni 18.95 % 
by weight and is used as the matrix non-magnetic material with inclu
sion of NdFeB islands under controlled external magnetic fields.

All the selective laser melting trials are conducted based on the 
Renishaw AM400 system at the Additive Manufacturing Research 
Centre of the Auckland University of Technology (AUT). The system is 
equipped with a solid state Nd:YAG laser system with a 1070 µm wave 
length and 70 µm spot size. Cubic samples are produced with parallel 
raster paths aligned in the same direction and perpendicular to the di
rection of spreading the powders by the wiper blade. Generally, 
meander style, with a 670 rotation of the parallel scan lines in alternative 
layers is used for a more uniform consolidation of the powder substrates 
in SLM. However, in this case, considering the focus on the fundamental 
understanding of the influence of external magnetic fields on the 
consolidation mechanics of the magnetic materials, the simplest raster 
scheme is used for establishing the interactions between the process 
conditions and responses of materials consolidated with and without 
external magnetic fields. All the samples are printed directly on the build 
plate without any support structures and then removed from the build 
plate by wire EDM, without causing any thermal or mechanical damages 
to the internal structures. The MAKINO U3 CNC Wire EDM system is 
used for this purpose with a zinc coated brass wire of 0.25 mm diameter 
and deionised water as the di-electric fluid.

Magnetic specimens produced are sectioned also by wire-EDM and 
polished without mounting using polishing papers of increasing grit 
numbers in the order P80, P500, P1200, and P2400, on the polishing 
system METASERV, removing the oxides, scaling and other contami
nants. This is followed by the final polishing step with 6 µm and then 1 
µm diamond paste using the Struers LaboPol-2 setup, before etching by 
3 % Nital, for micro-examinations. For the optical microscopy and im
aging the Olympus BX51 digital optical microscope is used and scanning 

electron microscopy evaluations are done using the Hitachi SU-70 
Schottky field emission system. Samples used for EBSD mapping are 
electropolished using the 590 ml ethanol plus 330 ml butoxyethanol 
plus 78 ml perchloric acid solution as electrolyte using the Struers 
Lectropol-5 system for 90 s at 20 V and 5 0C. EBSD maps are generated 
using an EDAX detector on the SEM operated at 20 kV accelerating 
voltage, 13.5 mm working distance and a step size of 200 nm and 
interpreted by the Thermo Scientific NORAN System 7 (NSS) version 
3.3.113 software. Low angle and high angle grain boundaries are 
defined with misorientation angles between 20-150 highlighted in grey 
colour and more than 150 highlighted in black, respectively.

The printed samples are magnetised in different orientations using a 
high voltage capacitive magnetiser Model DXMM-20C70 with opera
tional voltage range from 0 to 1870 V and maximum magnetic field 
intensity 3.5 T procured from Xiamen Dexing Magnet Tech. Co. Ltd, 
China. Magnetic domain mapping is attempted based on the Magvision 
Kerr System available at the Robinson Institute, Victoria University of 
Wellington though the experiments are not fully successful as the solid 
metallic samples vibrate and move under the applied field even after 
sling to the thinnest possible sections and polished. Alternatively, the 
Bitter Pattern imaging technique is used to capture the magnetic domain 
wall images, where a thin colloidal suspension of nano magnetic parti
cles is painted on polished specimens and the resulting distribution 
patterns are captured by optical microscopy [50]. Heterogeneous mag
netic nature of the printed specimens are captured by the magnetic 
probe measurements using a hand-held Gauss meter model DX-102 
supplied by Dexing Magnet Ltd. The printed specimens removed from 
the build plate are first polished and a grid pattern is drawn on the 
polished surface. The magnetic probe is used to record the magnetic 
intensity levels and polarities at all the grid points. The point cloud data 
thus gathered is used to plot the magnetic intensity contours using a 
linear interpolation scheme coded in MATLAB.

The build plate of the laser melting system is modified to include 
multiple electromagnets placed at different locations as needed and 
controlled from an external circuit based on an invention by the authors, 
the full patent application of which is currently submitted. A detailed 
drawing of one of the several embodiments included in the patent 
application is presented in Fig. 2 (a) as an example. This particular 
design is a schematic representation of a single static electro-magnetic 
element inserted into the build-plate along with a control system to be 
integrated with the selective laser melting scheme. Working models of 
this embodiment with one, two, and four electro-magnetic assemblies 
were fabricated and employed in the overall scheme of the research, but 
in the current context, the arrangement with only two magnets is 
employed. The multi-material test pieces printed are rectangular slabs of 
10 mm X 10 mm X 1 mm dimensions as depicted in the CAD model of 
Fig. 2 (b). The magnetic cage under the build pate has two electro
magnets located at the two ends of the printed slab as shown in Fig. 2 (c). 
it may be noted that the magnetic field direction on the left is North 
upwards, while the one on the right side is North downwards. This 
arrangement is commonly used together with the specially designed 
powder dispensing system to build thin rectangular samples of i) NdFeB 
islands placed non-magnetic high entropy FeCoMnNiCr alloy matrix, ii) 
NdFeB islands placed in soft magnetic FeCo alloy matrix and iii) FeCo 
islands embedded into the NdFeB matrix by selective laser melting 
under external magnetic fields.

It may be noted that the application of the magnetic field will have an 
influence on the dispersion and orientation of the magnetic particles 
over the powder bed. However, in the current case, the magnetic field is 
always perpendicular to the face of the build plate and the powder bed 
surface. This will always align the magnetic particles along the build 
direction, whether the field is north upwards or vice versa. It is also 
pertinent to point out that it is only the magnetic particle phase that is 
aligned with the magnetic field while the non-magnetic counterpart 
particles remain undisturbed within the multi-material powder bed 
substrate. There will be some conglomeration of the magnetic particles 
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around the external magnetic field pattern. However, once the laser 
strikes, the powder layer melts and the magnetic influence will be 
temporarily switched off as the melt pool regions go beyond the Curie 
Temperature. This will eliminate any localised magnetic particle dis
tribution patterns due to the use of external fields during the powder 
dispersion stages.

3. Results

3.1. Initial laser melting trials and best process conditions

Consolidation of NdFeB powders by selective laser melting though 
reported earlier [21,22,23,24,25,26], is challenging as the process 
window is quite narrow. Furthermore, the density of consolidation has 
always been lower, given the precarious nature of point-wise consoli
dation and the final printed parts will end up with significant porosity, 
as was the case in the literature reported earlier, even when using the gas 
atomised spherical powder feedstock [21,22,23,24,25,26]. With the 
flaky irregular particle powder feedstock currently used, identifying the 
process window became even more involving. A series of laser melting 
tests were done in different sets as per the process parameter combi
nations as listed in Table 1. The line energy or the energy density levels 
arising out of these process combinations are also listed in Table 1. Both 

Set I and Set II trials involving the maximum and minimum energy levels 
respectively, failed to achieve sufficient consolidation of the cubic 
samples. Laser melting trials with the parameter combinations listed in 
Set II and IV with lower and upper medium levels of line energy 
respectively gave better consolidation results. The cubic samples built as 
per the conditions of Set II and IV are presented in Fig. 3 (a) and (b) 
respectively, while Fig. 3 (c) is a close-up view at some of the samples 
built as per the conditions in Set IV. It may also be noted that some of the 
trials in Set IV with a laser re-melting at different levels of energy re
ductions from the initial pass did not improve the consolidation and 
finally ended up as failed components. Based on the physical observa
tions of the quality of these cubic samples, the process parameter com
binations with laser power/scan speed at 100 W/300 mm/s, 120 W/400 
mm/s, and 140 W/500 mm/s are identified to be the best for further 
experimental evaluations.

A detailed characterisation of the resulting microstructures is not the 
focus of this current paper but evaluation of the indicative optical mi
croscopy images obtained with the NdFeB samples laser melted with 
different process and raster conditions elucidated the shape and size of 
the melt-pool boundaries to vary significantly, but in accordance with 
the process conditions. Photomicrographs obtained based on the sample 
produced with laser power 140 W and scan speed 500 mm/s taken on 
cross sections along and perpendicular to the laser scan lines are 

Fig. 2. Powder bed fusion under external magnetic field (a) schematic arrangement for the application of external electromagnetic field based on a modified 
build plate accommodating the electromagnetic assembly, (b) CAD model of the specimens printed, and (c) The multi-material consolidation of magnetic powders 
under external fields.

Table 1 
Laser power and scan speed combinations evaluated at different stages, progressing from one set to the other, together with the resulting line energy or energy density 
values.

SET I SET III

Laser Power (W) Scan speed (mm/sec) ​ ​ Laser Power (W) Scan speed (mm/sec)
150 200 250 ​ ​ 400 500 600 700
Line energy (J/mm) ​ ​ Line energy (J/mm)

​ ​ 60 0.150 0.120 0.100 0.086
75 0.500 0.375 0.300 ​ ​ 80 0.200 0.160 0.133 0.114
100 0.667 0.500 0.400 ​ ​ 100 0.250 0.200 0.167 0.143
125 0.833 0.625 0.500 ​ ​ 120 0.300 0.240 0.200 0.171
​

SET II SET IV
Laser Power (W) Scan speed (mm/sec) Laser Power (W) Scan speed (mm/sec)

600 700 800 900 1000 1100 300 400 500
Line energy (J/mm) Line energy (J/mm)

30 0.050 0.043 0.038 0.033 0.030 0.027 100 0.333 0.250 0.200
40 0.067 0.057 0.050 0.044 0.040 0.036 120 0.400 0.300 0.240
50 0.083 0.071 0.063 0.056 0.050 0.045 140 0.467 0.350 0.280
​ ​ ​ ​ ​ ​ ​ 100 2nd100 W 2nd50 W 2nd25 W
​ ​ ​ ​ ​ ​ ​ Remelting layer Failed Failed Failed
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presented in Fig. 4 (i) (a) and (b) respectively for further observations. 
The deeply etched samples show granulated dark zones at the liquid 
pool boundaries with a characteristic directional dendritic growth, the 
extent of which depends on the raster orientations. The molten pool 
geometry is uniform, with half-moon shaped troughs as evident in Fig. 4
(i) (a) and like the results reported with similar alloys and process 
conditions earlier [22]. Porosity is also evident in the sample as dark 
spherical dots spread across the microstructure, but the consolidation in 
this case is far better compared to the continuous grid-like cracks 
observed in laser melted NdFeB alloys earlier by Caniou et al [24]. The 
dark areas all along the melt-pool boundaries represent the dendritic 
growth of the soft magnetic Fe phase, segregating first due to the non- 
equilibrium cooling rates at the far boundaries and growing in a direc
tion opposite to the heat flow. Along with this, columnar growth of 
NdFeB grains are also seen as white patches of varying sizes and extent. 
The central regions of the melt-pool are typically equiaxed grains of 
around 1 µm size of the magnetic phase NdFeB of varying compositions 
depending on the colour reflection, from light grey to white areas [26]. 
Similar observations can be made from Fig. 4 (i) (b) where the strands 
show the layers laid out one over the other.

Unlike the NdFeB powder in the flaky form, the FeCo powders used 
are gas atomised spherical particles of suitable sizes and standard forms 
as evaluated earlier by others and reported in the literature. As a result, 

the process evaluation and parametric optimisation could be completed 
with relative ease and converge on the best possible laser power and 
scan speed as 220 W and 780 mm/s respectively with a layer thickness of 
40 µm and hatch distance 70 µm. Optical microscopy images of laser 
melted FeCo samples parallel and perpendicular to the scan directions 
are presented in Fig. 4. (ii) (a) and (b) respectively, displaying the 
characteristic single-phase ordered α2-FeCo solid solution. The epitaxial 
growth of the long columnar grains is clearly evident in Fig. 4 (ii) (b), 
looking at a cross section perpendicular to the scan direction. Other 
images obtained based on samples made at 450-raster orientation indi
cated a widening of these epitaxial columnar grains growing across 
multiple layers, and the meander option resulted in an intermediate 
grain structure due to the rotating scan directions from one layer to the 
other.

3.2. Selective laser melting under external magnetic fields

It is pertinent now to turn the attention to the role of external 
magnetic fields applied during the laser consolidation of these two al
loys. For this, the experimental setup patented by the authors and the 
schematic representation of which, for one of the embodiments is as 
depicted in Fig. 2 (c) is used. Essentially, electromagnets are placed 
under a modified build platform and controlled to turn the magnetic 

Fig. 3. Photographic images of the cubic samples built as per the process conditions (a) Set III and (b) Set IV listed in Table 1 and with sample numbers 
marked, and (c) close-up view at some of the samples of Set IV.

Fig. 4. Optical microscopy images of the polished and etched specimen produced (i) using NdFeB with laser power 140 W and scan speed 500 mm/s (a) 
perpendicular and (b) parallel to the laser scan direction (ii) using Fe35Co with power 220 W, scan speed 780 mm/s, layer thickness 40 μm, hatch spacing 70 µm (a) 
perpendicular and (b) parallel to the laser scan direction.
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field ‘ON’ and ‘OFF’ as needed during the laser scanning and solidifi
cation process. Optical microscopy images of NdFeB samples produced 
under the same laser power (140 W) and scan speed (500 mm/s) without 
and with the use of external magnetic fields are shown in Fig. 5 (i) (a) 
and (b) respectively for observing the differences in the material 
consolidation mechanics.

For the same magnification, a quick comparison of the two images in 
Fig. 5 (i) elucidates that the half-moon shaped wider and shallow melt- 
pool geometries in the case of the sample produced without any external 
magnetic field as in Fig. 5 (i) (a) has been visibly changed to a deeply 
drawn and narrowed down topology as in Fig. 5 (i) (b), with the 
application of the magnetic field. After dispersing the powder on the bed 
and as the magnets are turned ‘ON’, each powder particle gets magne
tised, assuming the dipole configuration, under the influence of the 
external magnetic field. Before the laser striking the powder bed, the 
polarised magnetic particles are aligned in the direction of flux lines of 
the external magnetic field. A localised particle pattern also results on 
the powder bed in accordance with the external magnetic field disper
sion. Once the laser strikes the powder bed, the thermal conditions 
quickly change and go beyond the Curie temperature. Once this hap
pens, the magnetic field applied will have no influence on the molten 
pool. However, due to the rapid movement of the laser point, these 
changes take place quite rapidly and once the melt pool starts cooling 
down, which is also in a rapid mode, the magnetic field begins to have its 
role on the melt pool again. As already stated in the materials and 
methods section, the external field aligned in the build direction will not 
affect the magnetic particle dispersion in the lateral directions (parallel 
to the build surface). However, there will be some agglomeration of the 
magnetic particles around the external field patterns, along with a ver
tical build up particles in the build direction. Subsequent laser heating 
and melting beyond the Curie temperature will temporarily turn the 
magnetic nature of the powder particles off, relaxing all the preferential 
dispersion patterns due to the external field. This will bring the multi- 
material powder dispersion almost to the normal expected patterns in 
selective laser melting without causing any significant variations in 
layer thickness due to powder movement and aggregation.

Due to the rapid loss of heat to the substrate layers, the lower 
boundaries of the molten pools experience more rapid cooling and will 
quickly go below the Curie temperature. This brings the magnetic nature 
of the material back to life within the thin narrow zones all around the 
melt pool boundaries and more so at the lower limits of the troughs. The 
external magnetic field will try to drag this towards the build plate at 
this stage. These drag forces together with the dynamic nature of the rest 
of the melt pool being still in liquid state results in the deeply drawn 
topologies for the melt pools, which will finally solidify in those shapes. 
A closer look at the microstructures indicate subtle changes between the 

two cases. The Fe-rich dendritic growth at the melt pool boundaries 
noted in the case of the sample normally are reduced drastically in the 
case with external magnetic fields. Also, the NdFeB grains formed within 
the central regions of the melt pools are more refined and uniformly 
dispersed all around.

Similar observations as above can also be noted comparing the two 
micrographs in Fig. 5 (ii) (a) and (b) of laser melted Fe35Co samples 
without and with the use of external magnetic fields. Further, electron 
back scatter diffraction (EBSD) results obtained based on the laser 
melted Fe-Co samples produced without and with the use of external 
magnetic fields are presented in Fig. 6 (a) and (b) respectively. Based on 
the direction of minimum magneto-crystalline anisotropic energy prin
ciple, either < 100 > or < 111 > are the preferred directions for mag
netisation in ferromagnetic materials. The magnetic domain 
configurations will depend on this energy. As seen in Fig. 6 (a), the 
crystal orientation is predominantly in the < 101 > direction when there 
is no external magnetic field influencing the solidification process. For 
the same process conditions, the application of the external magnetic 
field led to a more intricate and fine granular structure as evident in the 
pattern quality image on the left of Fig. 6 (b). Further, the BCC normal 
EBSD image in Fig. 6 (b) indicates a variation of the crystal orientations 
from < 001 > to < 101>, and < 111 > across different grains. The effect 
of the external magnetic field in influencing the solidification process to 
progress in differential crystallographic directions is evident from these 
results.

Magnetic domain mapping of the printed samples was attempted 
using the magneto-optic Kerr effect (MOKE) microscope at the Robinson 
Institute, Victoria University Wellington, New Zealand. MOKE micro
scopy uses polarised light reflecting from the magnetised surface to 
build images of the magnetic domains, based on the changes in the in
tensities of the light passing through the polarisation filter of the ana
lyser. MOKE measurements were done on several test pieces produced 
with varying compositions, process, and raster geometries, with prac
tical difficulties, as the solid (despite being sliced and polished to thin 
sections of 1 mm thickness) samples move when the magnetic field is 
strong enough to change the magnetisation. Experience suggests that 
MOKE microscopy is by far used to mapping magnetic domains in thin 
films, where the force is too low to move the sample. The relatively more 
solid specimens in this case made it difficult to focus properly on the 
samples for measurements with in-plane fields.

With a redesigned and 3D printed rib structure added to the sample 
mounting system allowed some success with the MOKE microscope and 
to establish the structure vs magnetic domain relationships. Typical 
results with the Fe-Co sample produced at the 450-raster orientation 
without and with the use of external magnetic fields are shown in Fig. 6
(c) and (d) respectively. A quick examination of these results clearly 

Fig. 5. Optical microscopy images of the polished and etched specimen produced (i) NdFeB samples laser melted with laser power 140 W, scan speed 500 mm/ 
s and 00 parallel raster plans across all layers (a) without and (b) with the application of external magnetic fields, and (ii) Fe35Co samples laser melted with power 
220 W, scan speed 780 mm/s, layer thickness 40 μm, hatch spacing 70 µm (a) without and (b) with the application of external magnetic fields.
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indicates the magnetic domain structures deviating to a more widely 
spread white areas with thick dark borders in the case of the sample 
produced under the influence of external magnetic fields (Fig. 6 (d)), 
aligning with the microstructural patterns observed in the optical mi
croscopy and the EBSD results based on SEM analysis.

3.3. Controlled magnetic heterogeneity

Once the role of the external magnetic field on the material consol
idation mechanics of laser melted magnetic materials is established, the 
next and more intriguing target of the current research is exploring the 
control magnetic heterogeneity in substrates printed under controlled 
magnetic fields. This means consolidation of functionally graded mag
netic materials based on powder bed fusion through selective laser 
melting. Practically, this has proved to be the most challenging part in 
this work as achieving the controlled dispersion of different magnetic 
materials is quite involving on the build plate, below which, the elec
tromagnetic components are already retrofitted. A novel solution is 
developed and implemented which has led to a provisional patent 
application currently filed by the authors. While the IP protection pro
cess is still in progress, this specially developed device can be retrofitted 
into the build chamber of the selective laser melting system and achieve 
controlled dispersion of different magnetic material powders for laser 
consolidation into multi-polar substrates with controlled magnetic 
variations.

With the controlled dispersion of multiple magnetic powders on the 
build plate achieved, different laser scan parameters as are apt to 
different zones are applied by considering the areas occupied by the 

constituent materials as multiple parts in each layer, consolidated by the 
laser scan scheme. This has allowed easy integration of the multi- 
material powder bed consolidation into the commercial software inter
face which otherwise assumes a single material powder bed. Samples 
produced by selective laser melting hard magnetic NdFeB segregated 
into specific locations in a non-magnetic FeCoMnNiCr material, soft 
magnetic FeCo matrix, and FeCo segregated selectively into the NdFeB 
matrix are shown in Fig. 7 (a), (b), and (c) respectively. Evaluation of the 
controlled magnetic heterogeneity across the domain of a physical 
printed part is based on measuring the macroscopic variation of mag
netic flux values over a large area relative to the ranges of MOKE mi
croscopy or the bulk magnetic hysteresis measurements. As a result, the 
magnetic probe method is used to record the magnetic strength values at 
several pre-selected points on the top face of each of the printed slab. 
Fig. 7 (d) shows the schematic of a grid pattern used to mark a set of 
points on the top face of each of these multi-material and multi-polar 
magnetic substrates for measuring the magnetic field responses and 
plotting the iso-magnetic flux lines.

The data collected by the magnetic probe manually from each grid 
point is transferred into a spread sheet to process in MATLAB and 
construct the iso-magnetic field intensity lines. The first case to be 
examined is the sample produced with the non-magnetic high entropy 
FeCoMnNiCr alloy as the matrix and the hard magnetic NdFeB 
concentrated towards the ends of the rectangular specimen of di
mensions as described in the methods section. The iso-magnetic field 
strength lines generated on this sample when it is still attached to the 
build plate, just after removing from the build plate, after magnetising in 
a 1.4 T field along the preferred easy axis and then magnetising in a 

Fig. 6. EBSD mapping of Fe35Co samples laser melted (a) without and (b) with external magnetic fields. Magnetic domain mapping based on the MOKE mi
croscopy measurements using FeCo specimen laser melted with 220 W power, 780 mm/s scan speed, 70 µm hatch spacing, 40 μm layer thickness and 450 raster 
orientation (c) without the use of external magnetic fields and (d) with the use of external magnetic fields.
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reverse magnetic field of 3.5 T are presented in Fig. 8 (a), (b), (c), and (d) 
respectively.

The magnetic field intensity results probing the top surface of the 
printed part when it is still attached to the build plate as seen in Fig. 8 (a) 
are mild but generally indicative of a north pole towards the right and a 
south pole towards the left for the NdFeB islands created within the non- 
magnetic FeCoMnNiCr high entropy alloy matrix, as imposed by the 
external magnetic fields applied on either end during laser consolida
tion. This response is more clearly indicative in the iso-magnetic field 
contours of Fig. 8 (b) from the printed part after it is removed from the 
build plate. It may also be noted in Fig. 8 (c) that after magnetising this 
samples in an external field along the direction of the inherent magnetic 
easy axis (North upwards) led to the maximum magnetic field intensity 
at the north pole on the right side to reach 30 mT, while at the pre
dominantly south pole towards the left edge, the effect of this external 
field is negligibly small. In fact, there is a slight tendency for the left edge 
to turn towards being a north pole. The central regions made of the non- 
magnetic high entropy alloy are totally non-receptive to any of these 
changes, remaining neutral to the external magnetic fields. These results 
prove two important hypotheses that are the basis for this work: that i) 
the unique point-wise material consolidation mechanics typical of se
lective laser melting can be extended to build multi-material magnetic 
components and ii) the direction and nature of the external magnetic 
fields applied at different locations during consolidation can be used to 

effectively control the directional polarities of different regions of the 
sample. Further, the reverse polarity at the highest level 3.5 T led to a 
change of polarity from North to South on the right edge, but clearly to a 
milder extent, reaching a maximum of 15 mT as in Fig. 8 (d), which is 
further evidence that the specimen produced has a preferred magnetic 
orientation as dictated by the mechanics of materials consolidation 
under the closely controlled external fields.

Similar iso-magnetic field lines obtained examining the specimen 
laser melted embedding hard magnetic NdFeB islands within the soft 
magnetic FeCo matrix are presented in Fig. 9 (a) to (d). This is a more 
complex arrangement of the dual magnetic material dispersion within 
the same block of the printed substrate and as a result, the magnetic field 
responses are also quite mixed. The contours obtained before removing 
the printed slab from the build plate already show the magnetic polar 
distributions as expected, as indicated by the north pole on the right at 2 
mT and the south pole on the left at 2 mT in Fig. 9 (a). Once the test piece 
is removed from the build plate, the magnetic field distribution has 
changed to horizontal orientation, with a north–south dual polar 
arrangement in the two halves of the top surface as seen in Fig. 9 (b). The 
presence of the soft magnetic matrix in the central regions has led to this 
variation in the magnetic field response as the hard magnetic NdFeB 
zones with remnant magnetic field also have magnetised the central 
regions.

Once the sample is magnetised under a 1.4 T north upward field, a 
more dramatic shift in the magnetic field dispersion resulted from the 
distributed dual phase magnetic materials in the specimen. The iso- 
magnetic field contours of Fig. 9 (c) show a south upward and north 
downward split at either ends of the bar with the field lines symmetri
cally dispersed around the central regions. The remanent magnetism at 
either end has reached an equal 50 mT at both the north and south polar 
regions. The central regions show no magnetic nature as the soft mag
netic FeCo phase loses magnetism once the external field is removed. 
The vertical orientation of the magnetic fields of the NdFeB islands at the 
two ends are localised and not spreading into the central zones and so 
the soft FeCo region mostly remained with no remnant magnetism.

With the specimen subjected to a reverse magnetic field at 3.5 T, the 
north and south poles are flipped almost symmetrically, at the two ends 
as evident in Fig. 9 (d). Further, the maximum field strength at both pole 
regions at the two ends has been reduced almost to half of that observed 
in Fig. 9 (c). Even though the strength of the reverse field applied for the 
result in Fig. 9 (d) is more than double the field applied to obtain the 
result in Fig. 9 (c), the lesser magnetic strength attained is due to the 
preferential orientation of the magnetic easy axes along the build di
rection, substantiated by the application of the external magnetic field 
during the multi-material consolidation by laser melting. The Bitter 
pattern image obtained from this sample as presented in Fig. 9 (e) clearly 
elucidates the magnetic domain patterns as per the field contours in 
Fig. 9 (c) and (d), which is physical evidence of the validity of the iso- 
magnetic field contours obtained and the patterned polar responses of 
the substrates.

The magnetic field line responses based on the specimen produced 
with soft-magnetic FeCo islands within NdFeB matrix are presented in 
Fig. 10 at different stages. There is almost negligible magnetic response 
in the as built stage and still attached to the build plate, as reflected in 
Fig. 10 (a). After removal from the build plate, the sample has shown a 
predominantly south pole region in all the central NdFeB portions of the 
top face, while the north pole goes to the other side of the specimen, 
though with a minor magnetic remanence as evident in Fig. 10 (b). Once 
the sample is magnetised in a north upward field of 1.4 T, the south and 
north orientation of the central zones still remains the same, but the 
maximum magnetic remanence has increased to 50 mT and 30 mT in the 
north and south pole regions of the central NdFeB regions as seen in 
Fig. 10 (c). The orientation of these magnetic polar regions and the 
extent to which they spread are all dependent on the dispersion of the 
dual magnetic phases used in consolidating the test piece. When treated 
in the reverse magnetic field at 3.5 T, the specimen broke into pieces as 

Fig. 7. Multi-material consolidation by laser powder bed fusion inte
grated with external magnetic fields to produce components with 
controlled magnetic material dispersion, field responses, and polarities by 
laser melting (a) NdFeB in a non-magnetic FeCoMnNiCr matrix, (b) NdFeB in a 
soft magnetic FeCo matrix, (c) soft magnetic FeCo in hard magnetic NdFeB 
matrix, and (d) the schematic of the grid points used for the Gauss-probe 
measurements of magnetic flux responses.
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shown in Fig. 10 (d), due to excessive magnetostrictive forces between 
the opposing fields in the soft and hard magnetic regions.

4. Discussion

In general, gas atomised powders of spherical morphologies with 
uniform dimensions at around 30 to 40 µm are used for selective laser 
melting, given the powder dispersion and compacting requirements. In 
the current case, the NdFeB raw material used is in the mechanically 
ground flaky form. The dispersion of these flakes was found to be 
reasonable on the powder bed, but the laser consolidation led to un
wanted porosity as the variations in the sizes of the flakes make it 
difficult to apply the best processing conditions out of the already nar
row window of laser melting opportunity with this alloy. Under the best 
possible processing conditions, the finer flakes may receive higher en
ergy densities than needed and release absorbed gases due to over
heating, while the larger flakes may suffer from lack of fusion due to 
insufficient energy input. After establishing the most promising process 
parameter conditions for selective laser melting of mechanically ground 
hard magnetic NdFeB flakes and gas atomised soft magnetic FeCo 
powders, two intriguing aspects were explored in the current research: i) 
controlled dispersion and laser processing of both soft and hard mag
netic materials and non-magnetic materials together into a common 
consolidated part and ii) the application of controlled external magnetic 
fields during the laser consolidation of these multi-material magnetic 
zones.

A careful consideration of the results elucidated both approaches to 

be promising. Considering the role of the external magnetic field on the 
laser melting of the candidate materials individually, both NdFeB and 
FeCo responded to the external field as evident from the microstruc
tures. The melt pool geometries in NdFeB appear to be drawn down
wards probably due to the field force pulling the initial solid phases 
segregating all along the boundaries and cooling down below the Curie 
temperature, where the magnetic nature returns. The rest of the melt 
pool being in the liquid or mushy stage still, the field forces are able to 
stretch the solidifying boundary zones downward. EBSD results based on 
the FeCo system, also revealed that the microstructures turned into a 
more intricate and fine granular structure under the action of external 
magnetic field during melting and solidification. The crystal orientations 
also changed from a predominantly < 101 > to an equal variation from 
< 001 > to < 101 > and then < 111 > in different crystals that are finely 
distributed all around in the central regions of the melt pools. MOKE 
microscopy studies displayed distinctly different magnetic domain im
ages based on samples produced with and without the use of external 
magnetic fields.

The raw magnetic particles dispersed on the powder bed in each 
layer will assume vertical alignment configurations with the application 
of the external magnetic field. However, as the laser strikes the powder 
bed and the temperature of the melting and fusing powder particles goes 
beyond the Curie temperature, the external field effects will be nullified. 
At this stage, the melt pool topology and dynamics are free of the field 
effects. However, the microstructural observations of Figs. 5 and 6
indicate variations specific to the external fields. Evidently, the solidi
fied melt pool geometries and the ensuing structural variations have 

Fig. 8. Iso-magnetic field lines obtained from the Gauss-probe measurements on the top surface of the sample produced with controlled placement of 
NdFeB islands at the two ends within the matrix of a non-magnetic high entropy FeCo alloy under external magnetic fields (a) before the printed part is 
removed from the build plate, (b) after removing from the build plate, (c) after magnetising in a 1.4 T field applied in a North upward direction and (d) after 
magnetising in a reverse field of 3.5 T in a North downward direction.
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been influenced by the field after the substrate returns to the magnetic 
temperature range. It may also be possible that the pre-melting mag
netisation of the individual particles already has an influence on the 
nature of each of these particles which will possibly trigger the structural 
differentiations attributed to the substrates consolidated under the in
fluence of the external fields.

Combined consolidation of NdFeB islands segregated into non- 
magnetic FeCoMnNiCr, soft magnetic FeCo matrices and FeCo islands 
in NdFeB matrix is demonstrated to be achievable to significant density 
levels by multi-material laser melting with controlled variation of pro
cess parameters across each layer and under external magnetic fields. All 
these three cases have shown magnetic field contours as per the polar
ities imposed by the external magnetic fields, though mildly, in the as 
built states on the build plate and immediately after removal from it. 
Magnetisation of the samples removed from the build plate has also 
clearly elucidated the controlled orientation of the magnetic easy axes 
achieved by means of the external magnetic fields applied during laser 
melting and solidification. Magnetisation in alignment with the antici
pated direction of the magnetic easy axes demonstrated high magnetic 
intensities and concentrated polar regions while the results are mild and 

even reversed to some extent when magnetising in the opposing di
rections with varying field strengths. The multi-material magnetic sub
strates produced by laser melting under external magnetic fields 
demonstrated preferred magnetic orientations as per the energy coupled 
to matter mechanisms and mechanics.

The fact that the magnetic substrates consolidated under the influ
ence of the external magnetic field have demonstrated preferred di
rections for the magnetic easy axes adds strength to the earlier argument 
that the external field has an influence on the structure and magnetic 
nature of the laser consolidated substrate. Presumably, the early mag
netisation of the particles and their alignment along the field direction 
before the interaction with the laser induce specific magnetic properties 
and responses, aligning the crystal structures and the ensuing magnetic 
easy axes in preferential directions. Once the laser melting and consol
idation is completed, the influence of the prior magnetic field orienta
tion remains frozen in the solidified substrate and strongly resists 
reorientation even with the application of flipped magnetic fields of 
higher order.

Multiple materials and controlled magnetic heterogeneity also leave 
traces of magnetic exchange coupling effects and patterned magnetic 

Fig. 9. Magnetic field responses of the samples produced with controlled placement of hard magnetic NdFeB islands at the two ends within the matrix of a 
soft magnetic FeCo alloy under external magnetic fields (a) before the printed part is removed from the build plate, (b) after removing from the build plate, (c) 
after magnetising in a 1.4 T field applied in a North upward direction and (d) after magnetising in a reverse field of 3.5 T in a North downward direction and (e) Bitter 
pattern image under a mild magnetic field.
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pole formations. The consolidation of hard and soft magnetic materials 
within non-magnetic matrices showed considerable strength and density 
of consolidation at the multi-material interfaces with the use of 
compatible high entropy alloys such as the FeCoMnNiCr used in this 
case. However, with the hard and soft magnetic materials consolidated 
into different regions, without the buffer zones in between, excessive 
magnetostrictive forces resulting from the patterned polar regions could 
cause brittle fractures propagating along the boundaries between re
gions of opposing polarities. Overall, the laser melting and magnetic 
characterisation results from the current work proved the overarching 
hypothesis of this research that controlled material consolidation with 
the use of external magnetic fields in powder bed fusion technologies 
can lead to components with tailored magnetic responses and prefer
ential directions for the magnetic easy axes. From the literature we came 
across so far, this is the first time such magnetic components with 
controlled variation of materials from soft to hard magnetic in nature are 
produced by laser melting under the influence of external magnetic 
fields.

5. Conclusion

The current research supports the hypothesis that controlled mag
netic heterogeneity is possible in multi-material magnetic substrates 
consolidated by selective laser melting under the influence of external 
magnetic fields. Controlled dispersion of multiple magnetic materials on 
the powder bed and combined consolidation of the same with varying 
laser melting conditions layer-by-layer were demonstrated successfully. 
External magnetic fields were integrated into the selective laser melting 

of multi-material powder beds influencing the magnetic material 
consolidation mechanics. Together, the energy coupled to matter addi
tive manufacturing of multiple magnetic materials led to controlled 
magnetic responses both by the varying material phases and the effects 
of the external fields applied. The interfaces between NdFeB and 
FeCoMnNiCr high entropy alloy and hard magnetic NdFeB and soft 
magnetic FeCo combinations showed sufficient powder consolidation. 
Both structural and magnetic responses were influenced by the material 
and external magnetic field conditions. The findings elucidate that the 
direction of the magnetic easy axes could be controlled by the direction 
of the external fields applied during the laser melting stages. The 
following are some of the quantitative inferences drawn from the 
experimental results: 

• EBSD results indicate that the crystal orientation changes from <
001 > to < 101 > and < 111 > with the use of external magnetic 
fields in laser meted FeCo soft magnetic powders.

• The samples produced with NdFeB islands within the high entropy 
alloy matrix resulted in a maximum north pole field of 0.2 mT, 0.8 
mT, and 30 mT on the top surface while on the build plate, imme
diately after removing from the build plate, and after magnetising in 
a favourable external field at 1.4 T respectively

• The same sample resulted in a zero- northward polarity on the top 
surface once the external magnetic field was flipped at 3.5 T.

• The samples produced with NdFeB islands within the FeCo alloy 
matrix resulted in a maximum north pole field of 2 mT, 2 mT, and 50 
mT on the top surface while on the build plate, immediately after 

Fig. 10. Magnetic field lines on the top surface of the samples produced with controlled placement of soft magnetic FeCo islands at the two ends within 
the matrix of a hard magnetic NdFeB alloy under external magnetic fields (a) before the printed part is removed from the build plate, (b) after removing from 
the build plate, (c) after magnetising in a 1.4 T field applied in a North upward direction and (d) after magnetising in a reverse field of 3.5 T in a North down
ward direction.
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removing from the build plate, and after magnetising in a favourable 
external field at 1.4 T respectively

• The same sample as above resulted in a 15 mT northward polarity on 
the top surface once the external magnetic field was flipped at 3.5 T.

• The samples produced with FeCo islands within the NdFeB alloy 
matrix resulted in a maximum north pole field of 0.6 mT, 1.5 mT, and 
50 mT on the top surface while on the build plate, immediately after 
removing from the build plate, and after magnetising in a favourable 
external field at 1.4 T respectively.
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