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Unexpected Coercivity Enhancement >1T for Nd-Fe-B
Permanent Magnets With 20 wt% Nd Produced
by Laser Powder Bed Fusion
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The impact of laser powder bed fusion (LPBF) on coercivity of Nd-lean commercial MQP™.-S powder is investigated. It is
found that different processing parameters, such as laser power, scan velocity, and hatch spacing, have a remarkable impact on
the magnetic performance of LPBF-processed Nd-Fe-B permanent magnets. The increase of energy input during manufacturing
will also increase coercivity and a maximum value of 920 kA/m (uoH, = 1.15 T) was achieved without any further post-processing.
Among other parameters, hatch spacing was identified as the major contribution to coercivity and its role is discussed on basis of
the several re-melting events if hatch spacing becomes increasingly smaller than the laser focus diameter. The maximum coercivity

is obtained, for hatch spacing of 35 um and laser focus diameter of 110 wm, which led to a threefold re-melting of the sample.

Index Terms— Additive manufacturing (AM), coercivity, laser powder bed fusion (LPBF), Nd-Fe-B, permanent magnets.

I. INTRODUCTION

DDITIVE manufacturing (AM) also called 3-D printing

of metallic components by means of laser powder bed
fusion (LPBF) is becoming an established processing technol-
ogy for new complex-shaped products and small series. The
benefit of this technology is the high degree of geometrical
freedom and short time-to-market. LPBF is currently limited
to structural metals and alloys, but also functional materials,
such as shape memory alloys or magnetic materials, receive
more interest [1]-[3].

The first feasibility studies on LPBF of permanent magnets
were published by Kolb er al. [4] and Ja¢imovi¢ et al. [5].
The latter obtained bulk magnets from the Nd-lean commer-
cial powder MQP!-S [6] with coercivity, H., of 695 kA/m,
remanence, B,, of 0.59 T and a maximum energy product,
(BH)max, of 45 kJ/m3. Recently, the benchmark for magnetic
performance of additively manufactured Nd—Fe-B magnets
was enhanced to (BH)pax = 63 kJ/m? [7]. The compo-
sition of the MQP-S powder belongs to the group of
Nd,Fe4B/a-Fe nanophase composites [5], [8]. Such materi-
als show a lower coercivity due to the appearance of soft-
magnetic a-Fe [8]. However, the achieved coercivity for
LPBF-processed Nd-Fe—B magnets using the same premater-
ial can lie between 886 [7] and 519 kA/m [9]. The aim of this
study is to clarify how the LPBF process has to be designed
to obtain maximum coercivity without any further post-
processing and what are the contributions of different process
parameters to it.
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II. EXPERIMENTAL PART
A. AM by LPBF

LPBF is a layer-by-layer AM technique, which utilizes
lasers to selectively melt metal powder and then fuse during
solidification.

An LPBF machine is composed of a laser and scanner
system, a powder stock, a coater, and a built platform. In the
beginning of the process, a thin layer of powder is provided
from the powder stock and placed on the built platform by the
coater. The laser is moved across the platform by the scanner
system to selectively melt the powder. Afterward, the built
platform is lowered by a defined value called layer thickness
and a new layer of powder is applied by the coater. This
process is continued until the complete part is generated.

For this study, we have prepared cylindrical samples (diam-
eter 5 mm and height 5 mm) using a commercial M2 LPBF
machine from Concept Laser GmbH, which is equipped with
a 400 W diode-pumped fiber laser (wavelength 1070 nm)
with a laser spot size of 110 um. To prevent oxidation,
LPBF was performed under Ar atmosphere with an O, content
below 0.5%. The samples were built on a steel substrate.

To study the impact of the LPBF process on coercivity
of additively manufactured Nd-Fe-B permanent magnets, the
main process parameters, laser power P, scan velocity vscan,
and hatch spacing h,, were varied, whereas the layer thickness
z was kept constant at 30 um. The basic parameter field for
the successful fabrication of Nd—Fe—B permanent magnets by
LPBF has been discussed elsewhere [7].

The energy impact of the principle process parameters can
be quantified by the line energy E; and volume energy Ey as
follows [10]:

EL = PL/Dscan (1)
EV = EL/(hy Z) (2)

Within this study, Ey was varied between 18 and 79 J/mm?.
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B. Materials and Characterization

Spherical Nd-Fe-B powder (MQP-S from
Magnequench [6]) was used in this study. The MQP-S
powder is called hereafter powder. It was originally designed
for the fabrication of polymer-bonded magnets by extrusion
and shows a particle size distribution between 10 and 115 gm.
The LPBF process requires a powder with a particle size
between 10 and 45 um. For this reason, the material was
sieved prior to the LPBF process to the desired fraction.

The density of the LPBF-processed magnets was estimated
by measuring the size and mass of the magnets after the LPBF
process. We observed a low density of 4.65 g/cm® (62.5% of
the theoretical density) for Ey of 18 J/mm?3, which increases to
6.77 glcm?® (91%) for Ey = 44 J/mm?® and reaches an almost
constant value of 6.6 g/cm3 (89%) for Ey > 44 J/mm?>.

The magnetic properties were measured in a closed mag-
netic circuit using a permeagraph (Magnetphysik GmbH) with
a maximum applied field of 1800 kA/m at room temperature.

III. RESULTS AND DISCUSSION

The magnetic performance of Nd-Fe—B magnets, which
were fabricated by LPBF, depends strongly on the adjusted
processing parameter. Fig. 1(a) shows the demagnetization
branch of the hysteresis curve for magnets, which were fabri-
cated by increasing volume energy Ey from 18 to 79 J/mm?>.

If the volume energy was too low, e.g., lower than 50 J/mm3,
the demagnetization curve shows some soft magnetic behavior
at low reversal fields, which is visible as a step in the
demagnetization curve. This behavior is not observed for larger
Ey values.

Starting from the lowest Ey value (18 J/mm3) remanence
and coercivity increase remarkably, if Ey is raised. However,
for remanence, this effect is limited and an increase above
0.63 T seems not possible. In contrast to this, coercivity is
continuously increasing over the full studied range of Ey
values. Once the critical Ey of 50 J/mm? is exceeded, the
demagnetization curve of the LPBF-produced magnets shows
the typical appearance of an isotropic permanent magnet
without a step at low reversal fields in the demagnetization
curve.

The demagnetization curve of the initial powder is added
in Fig. 1(a) for comparison. The powder has an apparent
remanence of 0.71 T and a coercivity of 710 kA/m. Apparent
means that for the unconsolidated powder, a density of 100%
is assumed. However, for the fabrication of polymer-bonded
magnets from this material, the maximum volume fraction
of magnetic material is limited to typically 50%—-60% for
injection molding (IM) and 70% for compression molding.
The reduction of volume fraction for magnetic material will
then cause an equivalent decrease in remanence.

Obviously, the coercivity of LPBF-produced magnets can
overcome the value of the powder remarkably and the highest
observed value within our study is 920 kA/m (uoH. = 1.15T).

This enhancement of 30% was not expected, as the initial
powder has a rare Earth lean composition of (Nd + Pr) &~ 8
at.% [5], [7].
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Fig. 1. (a) Demagnetization curves for magnets, which were manufactured

by LPBF with volume energies between 18 and 79 J/m?, and (b) impact of
volume energy Ey during LPBF on coercivity H.,.

Fig. 1(b) shows the impact of volume energy on coerciv-
ity for LPBF of Nd-Fe-B permanent magnets. Coercivity
increases with increasing volume energy between 18 and
64 J/mm? almost linear from 486 to 880 kA/m. An increase
to Ey = 79 J/mm? causes only a slight further enhancement
of coercivity to 920 kA/m. The reason for this flattening at
higher Ey value is the general processability of this material
by LPBF as discussed elsewhere [7]: processing with even
higher energy input is not possible due to the appearance of
extensive cracking and delamination.

According to (2), volume energy depends on different
process parameters that were varied within this study except
for the layer thickness. Thereby, laser power was adjusted
between 50 and 150 W, scan velocity was between 1000 and
2500 mm/s, and hatch distance was 35, 75, and 100 um.
Fig. 2 shows the impact of laser power and scan velocity on
coercivity for hatch spacing of 35 um [Fig. 2(a)] and 75 um
[Fig. 2(b)]. The propagation of coercivity between the exper-
imentally validated parameter combinations is interpolated.
An increase of laser power or a reduction of scan velocity
or hatch spacing leads to an enhancement of coercivity.

Fig. 3 shows the influence of line energy, i.e., ratio between
laser power and scan velocity, on coercivity for different hatch
spacing. From the data, a linear relationship between line
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Fig. 3. Impact of line energy E; on corcivity for different hatch spacings.

energy and coercivity for the applied hatch spacings can be
derived. For increasing line energy, coercivity increases too.
However, the slope itself depends on hatch spacing. It becomes
larger as the hatch spacing decreases. In other words, the
enhancement of coercivity is more pronounced for reduced
hatch spacing. Furthermore, reduced hatch spacing will always
cause a higher coercivity, if line energy is kept constant.
The effect of enhancing coercivity by increasing line energy
or reducing hatch spacing is limited. In both cases, volume
energy will raise. The maximum allowed volume energy for
LPBF of Nd-Fe-B permanent magnets is limited for the
used combination of laser beam melting machine and RE-lean
powder to approximately 80 J/m3. Exceeding this value will
lead to extensive crack formation or delamination [7].

The penetration of a focused laser beam will heat the
powder until it melts. The interaction volume, which is called
melt pool, has a shape of a spheroid. Distraction of the laser
beam by the scanner unit creates a single melt track and
leads to the fusion of the powder. If the hatch spacing, i.e.,
the distance between neighboring tracks, is smaller than the
melt track width w,,, two tracks are overlapping. Overlapping
means that at least a part of the previously melted and
solidified track will be re-heated and re-melted again. This
situation is schematically shown in Fig. 4. The fraction of
volume, which is re-melted, is given by the ratio of w;,/h,.
If the ratio is <1 no overlapping of melt tracks will appear and
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h, =75 um

Fig. 4. Schematic illustration of the effect of reduced hatch spacing %, and
melt track width w;, on overlapping of melt pools and re-melting.

TABLE I
COMPARISON OF RESULTS FOR COERCIVITY OF Nd—Fe—-B PERMANENT
MAGNETS MADE FROM MQP-S POWDER OR SIMILAR RE-LEAN
COMPOSITION (IM: INJECTION MOLDING
AND MS: MELT SPINNING)

Reference Material Processing | Coercivity,
H.

This study MQP™-S LPBF 920 kA/m

Magnequench | MQP™-S powder 710 kA/m

[6]

Magnequench | MQP™-S ™M 671 kA/m

[6]

Jacimovic et | MQP™-S LPBF 695 kA/m

al. [5]

Huber et al. MQP™.S LPBF 519 kA/m

[9]

Urban et al. MQP™.S LPBF 825 kA/m

[11]

Wang et al. NdoFegsaZrBs | MS 630 kA/m

[12]

the lack of fusion will create remaining porosity in the final
part. On the other hand, for w,./h, > 2 the whole volume of
the part will be melted at least two times.

w,, can be approximated by the spot diameter of the focused
laser beam, which is 110 gm in the present case. For a hatch
spacing of 75 um, the ratio w;./h, is 1.46. In other words,
50% of the volume is melted twice during LPBF. The ratio
increases to 3.1, if the hatch spacing is reduced to 35 um.
In this case, the whole volume is melted three times during
LPBE.

The different hatch spacings shown in Fig. 3 will
lead to almost no overlapping and re-melting for h, =
100 #m, moderate re-melting at the melt track boundaries for
hy =75 pm, and several re-melting of the whole volume for
hy =35 pum.

Table I summarizes the coercivities of Nd-lean MQP-S
powder, which were obtained by various conventional and
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AM techniques as well as by our present study. As mentioned
above, the powder was originally designed for the fabrication
of polymer-bonded magnets by compression molding or IM.

LPBF is characterized by local melting of the powder. This
is associated with rapid cooling, whereby cooling rates can
be in the order of 10*~10° K/s depending on the adjusted
manufacturing parameters [13], [14].

Very different results of coercivity have been reported for
different LPBF studies so far. It should be mentioned that the
highest value of coercivity for the respective study is given in
Table I, which was obtained each by an optimized procedure.

Coercivity of permanent magnets depends on intrin-
sic magnetic properties, such as anisotropy constant K,
and saturation magnetization M, and on microstructure,
which includes grain size [15]-[17], defects [18], and other
phases [19]. K, and M, are predefined by the magnetic
phase and its composition, while microstructure is affected by
processing.

For this reason, we believe that the microstructure
of Nd-Fe-B permanent magnets is largely influenced by
the adjusted processing parameter. A modification of the
manufacturing process will vary the microstructure and
result in different magnetic properties, especially for the
microstructure-sensitive coercivity. The microstructural devel-
opment will be determined by the thermal history of the
material. Therefore, melt pool size, cooling rate, and the
number of re-meltings are important variables.

Melt spinning is an established rapid cooling technique
for the preparation of Nd—Fe-B. Microstructure and resulting
coercivity depend in this case primarily on the cooling rate
[20], [21]: a low cooling rate, also called under-quenched state,
creates a heterogeneous microstructure with a pronounced
step in the demagnetization curve. For optimal cooling,
the melt spun ribbon consists of a uniform nanocrystalline
microstructure and a further increase in cooling rate—also
called overquenched state—deteriorates the magnetic proper-
ties through increasing amorphization.

For LPBF, an increase in energy input will reduce the
cooling rate [14]. The best performance in coercivity was
obtained for maximum volume energy in our present study.
Therefore, we believe that LPBF with high volume energys, i.e.,
>60 J/mm?, is in analogy to melt spinning equivalent to the
optimum quenched state. A reduction of volume energy will
increase the cooling rate [14] and leads to an overquenched
condition. This assumption is supported by recent microstruc-
tural investigations of LPBF prepared Nd-Fe-B permanent
magnets, which proved a fine microstructure with grain
size <1 um [22]-[24]. Thereby, notable differences in the
microstructure for processing with low and high energy inputs
were observed [22].

Melt spinning of Nd,Fe4B/a-Fe nanocomposites with com-
parable rare Earth content results typically in coercivities
below 700 kA/m [12], [25]. This value is largely exceeded by
the LPBF technique, which emphasizes that there may exist
some similarities between melt spinning and LPBF, but further
factors LPBF-specific factors, e.g., re-melting by reduced
hatch spacing, contribute to high coercivity in this kind of
magnets. The clarification of the underlying mechanisms in
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microstructural development and resulting magnetic properties
is object of our further investigations.

IV. CONCLUSION

Nd-Fe-B permanent magnets with very different magnetic
characteristics have been prepared by the AM technology
LPBF. Thereby, the volume energy input during manufac-
turing was varied between 18 and 79 J/mm?. It was found
that the coercivity of LPBF-processed Nd-Fe-B permanent
magnets depends strongly on the processing parameter and
an unexpectedly high value of 920 kA/m was achieved for a
Nd-lean material with only 20 wt% Nd. This value exceeds
the one of the initial powder material by 30% and represents
the highest value, which was obtained by this material inde-
pendently of the preparation technique. Our results show that
novel manufacturing approaches, such as LPBF, can lead to
a substantial improvement in the magnetic performance of
Nd-Fe-B permanent magnets.

The complex interplay between local melting by a focused
laser beam, rapid cooling, and several re-heating and re-
melting is responsible for this improvement and the adjustment
of the main process parameters affects the microstructure and
resulting magnetic properties.
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