Influence of colloidal surface-additivation with low melting point metal nanoparticles on

Nd-Fe-B permanent magnets produced by suction casting

Jianing Liu', Ying Yang?, Franziska Staab3, Carlos Dofiate-Buendia*, René Streubel?, Bilal Gdkce*, Fernando
Macarri!, Philipp Gabriel?, Benjamin Zingsem?®, Detlef Spoddig®, Konstantin Skokov?!, Oliver Gutfleisch?, Michael

Farle®, Stephan Barcikowski?”, Anna Rosa Ziefuss?

! Functional Materials, Institute of Material Science, Technical University of Darmstadt, 64287 Darmstadt,

Germany

2 Technical Chemistry and Center for Nanointegration Duisburg-Essen (CENIDE), University of Duisburg-Essen,

45141 Essen, Germany

3 Physical Metallurgy, Institute of Material Science, Technical University of Darmstadt, 64287 Darmstadt,

Germany

4 Materials Science and Additive Manufacturing, School of Mechanical Engineering and Safety Engineering,

University of Wuppertal, 42119 Wuppertal, Germany

5 Faculty of Physics and Center for Nanointegration Duisburg-Essen (CENIDE), University of Duisburg-Essen,

47048 Duisburg, Germany

* corresponding author: stephan.barcikowski@uni-due.de

Keywords:

Magnetic properties
Hard magnets

Additive Manufacturing
Laser ablation in liquid
Grain boundary diffusion
Microstructure



Abstract

The development of new powder feedstocks using nanoparticles (NPs) has the potential to
enhance the functionality of as-built parts and overcome the limitations of current additive
manufacturing (AM) techniques. This study investigated the impact of NP feedstock
modification on the microstructure and functionality of MQP-S after suction casting. Two
types of NPs, Ag, and ZrB,, were used, and their effects on grain size distribution and dendritic
structure were evaluated. Ag NPs resulted in smaller, more uniform grain sizes and increased
functionality, but only for loadings > 0.5 monolayers. ZrB; resulted in uniformly distributed
grain sizes at much lower mass loadings, with even more compact dendritic arms. However,
no effect on functionality was observed. The results show that feedstock modification with
low melting point metal NPs can improve the microstructure and magnetic properties of
permanent magnets produced by AM and highlight the potential of using NPs to develop new
powder feedstocks for AM. With this, it provides insights for future research on optimizing

AM processes.



Introduction

Lasers in production offer flexibility in shape design, reduced material loss, and the possibility
of industrial-scale production [1][2]. However, although they are becoming increasingly
powerful and brilliant, the materials available are often completely inadequate for the
processing tasks currently required. In laser-based additive manufacturing (AM), the material
variability is limited due to complex sintering and melting mechanisms during processing,
which leads to process instabilities, porosities, and other defects in the as-built parts [3].
Therefore, there is an urgent need to adapt the materials to these widespread production
processes, as AM will dominate important production processes in the long term due to their

throughput and precision.

Powder bed fusion using a laser beam (PBF-LB) is one of the most prominent AM techniques.
Here, a laser beam completely melts the metal feedstocks to obtain fully dense parts after
solidification [4]. However, extremely high solidification rates in the range of 10° K/s [5] of
the molten metal feedstock may lead to micro-cracks, non-equilibrium microstructure with
phase segregation, and columnar grain growth, in most cases, will influence the material
strength [5]. In AlSi10Mg alloys, the fast-cooling rates result in an ultrafine supersaturated Si-
rich network inside each grain which positively influences the corrosion behavior; however,
strong residual stresses and microstructural inhomogeneities negatively affect further
mechanical properties like ductility and fatigue resistance [6][7][8]. Yet, compared with
structural materials (e.g., 316L, AISi10OMg, and Ti6Al4V), functional materials like shape
memory alloys (e.g., Ni-Mn-In or Co-Ni-Ga) or permanent magnets (PM) based on rare earth
elements (e.g., Nd-Fe-B) are rarely produced with AM, and further research is necessary to
correlate the melting-induced microstructures with the functional read-out in as-build parts
[9][10]. The desirable microstructure for high coercivity in, e.g., Nd-Fe-B alloys consists of
Nd.Fe14B grains isolated by a paramagnetic grain boundary phase [11]. However, if high
thermal gradients occur during re-solidification, a dendritic microstructure may form,
negatively affecting magnetic properties [12][13]. Moreover, an uneven distribution of grain
size can also have an adverse effect on coercivity [14]. Thus, further research is necessary to
fully comprehend the microstructure and optimize manufacturing permanent magnets using

advanced techniques.



A fundamental research approach already at the beginning of the process chain, the feedstock
power, is required. In the past decade, research has shown that using nanoparticles (NPs) for
feedstock modification can address processability limitations and improve the properties of
as-built parts [15][16]. Nonetheless, current research on NP-based feedstock modification
focuses on non-functional materials, highlighting the need for comprehensive research on
such mater, including the entire process chain, powder feedstock, processing, microstructure,
and part properties. Here suction casting is an ideal test bench [11], as it requires only a few
grams of feedstocks, allowing the fast processing of different feedstock modifications. The
powder is melted and sucked into a water-cooling mold to simulate the high cooling rate of

PBF-LB, a similar microstructure, and the same existing phases can be achieved.

This study utilized laser-generated Ag and ZrB, NPs to modify a rare-earth-based feedstock
material. Studies have demonstrated that incorporating Ag into Nd-based magnets can
enhance their functional properties after processing with conventional sintering techniques
[15] [16]. Since Ag has a lower melting point than Nd-Fe-B, it can rapidly melt and fill in any
vacant spaces in the loosely packed powder layers of the PBF-LB/M process, resulting in a
higher packing density. This elevated packing density positively influences the final part
density and, consequently, the magnetic performance. ZrB, NPs melt later than the original
feedstock mater and are intended to remain solid during the melting of MQP-S and regulate

grain growth during re-solidification. (mechanism I, Figure 1B)
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Figure 1 Schematic description of the effect of adding nanoparticles on Nd-Fe-B. A) Mechanism I: Ag NPs decorated on the
surface of Nd-Fe-B microparticles will melt and join the Nd-rich phase during solidification, increasing the Nd-rich phase's
volume fraction and potentially assisting in decoupling the grains. B) ZrB, NPs will melt later (or not at all, dependent on
process parameters) and resolidify earlier than the Nd-Fe-B, which enables the nanoparticles to act as additional starting
points for grain growth, potentially leading to finer, equiaxed grains.



Results and Discussion

This study investigates the influence of NPs loading on the as-build part microstructure of
functional material. We will concentrate on MQP-S, which is a commercially available
permanent feedstock for processing [19][20]. However, strong temperature gradients will
strongly reduce the functionality as unsuitable dendritic microstructures appear after AM

processing [13].
Feedstock modification

The production of NPs was done via laser ablation in liquids, enabling the synthesis of
surfactant-free particles [21] without including any cross-effectors on the flowability, but at
the same time providing good absorption probability [22]. Moreover, cross-effectors like
organic residuals or colloidal stabilizers bear the risk of creating gases by laser vaporization.
They may cause unwanted balling effects during processing, as has been shown for laser
direct-writing of stabilizer-containing Ag microparticle inks [23], which should be avoided
during processing. Detailed information on the NPs’ production can be found in the method
part. Although the particle size in both cases shows a monomodal distribution, the Ag NPs
exhibit an average size of 8 nm, while the ZrB, NPs have an average size of 100 nm. (Figure
2A). Note that the differences in particle size are intended concerning the different natures
of the targeted mechanisms. Mechanism 1 aims to investigate the impact of an NP shell, with
greater precision in adjusting the shell diameter achievable when using small Ag NPs. Figure
2B shows the statistical difference between two Nd-Fe-B-based microparticles dependent on
the Ag NPs mass-loading. Note that melting will decrease the packing density of Ag on the

surface, resulting in partly lower values.
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Figure 2: A) Nanoparticle size distribution after laser-based production of Ag NPs (Black) and ZrB2 NPs (grey) curves. B)
Calculated statistical distance of MQP-S powder in dependence on the mass load of Ag NPs. The calculation assumes sphericity
for both NPs and MPs and was done using a mean NPs of 8 nm and a mean MPs size of 43 nm (size distribution of the MQP-
S powder can be found in the Sl).

Mechanism I, however, accounts for larger particles to enable strong nucleation sizes. Here,
we also varied the NPs mass loading on the MPs surface, providing the process with different
nucleation centers. Here a mass loading of 1 wt.% enables roughly 968,000 nucleation

centers.

As the Ag NPs were produced in water, we performed the surface decoration diffusion
controlled by varying the pH value in the presence of the Ag NPs and Nd-Fe-B MPs. Note that
the surface charges are a function of the pH value and that there is a pH range (pH 3-8) where
both reagents show a different sign of the surface charge (zeta potential is negative for Ag
[24] and positive for Nd-Fe-B MPs [25]). However, Nd-Fe-B tends to oxidize in the acidic range
[26], so we carefully adjusted the pH value to 7-8. While lower mass loadings of Ag NPs are
highly homogeneously distributed, larger amounts tend to form islands on the microparticle
surface (see inset Figure 1B). Additionally, we calculated and confirmed via SEM analysis that
supporting 1 wt.% of Ag NPs on the surface of MQP-S results statistically in 0.5 monolayer of
Ag NPs, enabling a statistical distance between two MPs in the range of the NP's diameter.
The ZrB> NPs were produced in ethanol, which disabled a diffusion-controlled absorption.
Here, we evaporated the liquid in the presence of the feedstock, which will increase the

concentration of both agents in time, promoting absorption processes.
Powder processing and characterization of final parts

After successfully modifying the feedstock powder, we processed seven Ag NPs modified
feedstocks (0.1 — 10 wt.%) and four ZrB; modified feedstocks (0.1 — 2 wt.%) via suction casting,
an ideal test bench for PBF-LB with small powder throughput [11]. As introduced, NPs are
known to alter the as-build parts microstructure, which we visualized using EBSD, SEM-BSE,
and SEM-EDX in the following. Note that we performed heat-treatment cycles prior to further
analysis as this causes atomic diffusion and rearrangement of the crystal structure, promoting

magnetic anisotropy and coercivity, resulting in stronger functionality [27].

Exemplary EBSD images of as-build parts, produced via suction casing, for pure MQP-S and
MQP-S, additivated with Ag (0.1, 1, and 7 wt.%) or ZrB; (0.1 and 1 wt.%) NPs, are shown in

Figure 3. As expected, the microstructure of pure MQP-S suffers significantly from the



production conditions (high-temperature gradients and fast cooling rates), resulting in a
clearly in-homogeneous grain-size distribution (spots 1 and 2 in Figure 3A) containing grains
with sizes far larger than 10 um. The same applies to samples containing 0.1 and 1 wt.% of Ag
(Figure 3 B-C). However, both spots show significantly smaller grains than the unmodified as-
build part. The sample containing 7 wt.% of Ag NPs (Figure 3D) and the samples decorated
with ZrB> NPs (Figure 3E-F) showed a more homogeneous microstructure. In all cases, the

grains show a dendritic growth, making it difficult to extract grain size distributions.

In summary, the EBSD results demonstrate a significant impact of NP modification, which
varies for the two types and is affected by the NP's loading. Raising the Ag NPs loading leads
to more uniform grain sizes but at the expense of very small grain sizes. Note that the 7 wt.%
sample possesses an inhomogeneous NP distribution on the feedstock powder prior to
suction casting. We cannot exclude any effect of the support characteristics on the
microstructure of the as-built part, which would be highly interesting to be revealed in future
studies. Conversely, increasing the ZrB; loading with the same mass leads to a generally good
uniformity of grain sizes, with increased size observed with an increased mass load. Note that

there is a correlation between grain size and the functionality of permanent magnets [28].
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Figure 3 EBSD images of annealed suction casting flakes from (A) non-modified (B-F) and modified MQP-S powders.

Generally, the grain size closer to single domain size (~ 200 nm for Nd;Fe14B) lead to the
maximal coercivity and optimal remanence [29]. However, there is a trade-off between grain
size and other mechanical properties of the material, such as strength and toughness.
Therefore, finding the optimal grain size for a given application requires a careful balance of

magnetic and mechanical properties which is beyond the scope of the study.

Thus, we performed SEM-BSE to explore how different types of NPs affect grain size. One can
see from Figure 4 that instead of small grains separated by a non-magnetic grain boundary
phase, the dendritic structure forms in the samples. Dendritic arms are thin, finger-like

projections that form during solidification [20]. It is known that such dendritic structure can



significantly affect the hard magnetic properties of Nd-Fe-B-based alloys [9][10][13][27]. As
shown in Figure 4A, the microstructure of annealed suction-casting flakes from MQP-S
powder is dendritic Nd,Fe14B surrounded by a-iron as a grain boundary. Following [13], the
nanocrystalline structure from the raw powder was destroyed during the remelting in the
suction casting process, and the microstructure is much coarser afterwards. Figure 4B reveals
the dendritic structure for one selected Ag NPs modified as-build part. The dendritic structure
is much finer and more homogeneous, which can also be observed for the ZrB,-modified as-
build parts. Here, we resolved the dendritic structure for parts with increasing ZrB, amount

and found the increasing density of dendritic arms with increasing NP content.
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Figure 4: SEM-BSE images of annealed suction casting flakes from A) unmodified MQP-S feedstock, B) modified feedstock
with 1 wt.% Ag NPs, C) modified feedstock with 0.05 wt.% ZrB; NPs, D) modified feedstock with 0.1 wt.% ZrB; NPs, E) modified
feedstock with 1 wt.% ZrB; NPs.

Exemplary SEM-EDX analysis (Figure 5) was performed to visualize the distribution of NPs in
the suction casted parts before assessing their functionality. The focus was primarily on the
sample containing 1 wt.% Ag NPs and or ZrB, NPs. Despite the strongly homogeneous Ag NPs
distribution resulting after feedstock modification (Figure 2B), the NPs were highly non-

uniform in the as-built part, with silver mostly concentrated on elevated regions, suggesting



the presence of unmolten powder residues. However, the molten areas contained hardly any

Ag or had amounts below the EDX's resolution limit.

Interestingly, areas with Ag had a significantly reduced percentage of Fe. Although it is
unlikely for Ag to enter the Nd,Fe14B matrix, it could potentially form intermetallic phases
with Nd (not detected by EDX) [17], which our study neither confirms nor negates. In
comparison, Zr is wide and more evenly distributed. As shown in Figure 4 D), due to the light
color intensity (compared with Ag), no islands are observed, and it may enter the Nd,Fe14B
matrix, and we cannot exclude that it stabilizes the Nd,Fe17 phase simultaneously, thereby
reducing the functionality. It has to be noted here that since B could not be precisely detected
from EDX, only Zr is tracked. It is insufficient to confirm whether the Zr is from NPs

additivation or the original alloying element in the raw MQP-S powder.
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Figure 4: EDX mapping of annealed suction casting flakes made by the produced powder feedstocks. (A) and (B) show the
mapping of elements Fe and Ag in the sample from Ag NPs decorated MQP-S powder; (C) and (D) show the mapping of

elements Fe and Zr in the sample from ZrB, NPs decorated MQP-S powder.

As the microstructure is a decisive influence factor for the functionality of the MQP-S as build

parts, we measured the magnetic properties using a vibrating sample magnetometer to reveal



hysteresis loops. Figure 5 shows extracted magnetic properties (coercivity and remanence)
for heat treated suction casted samples decorated with Ag NPs (grey) and ZrB, NPs (green) in
different mass-loadings and compared to the respective values of the raw powder after heat
treatment (orange). These despair values are employed to find a dependency of the NPs’ load
on the permanent magnetic properties of the as-built parts. As expected from Literature
[13][20][31], the initial material has totally lost its functionality showing a remanence of 0.29
T and a coercivity of less than 50 KA/m. Although ZrB, shows a more homogeneous grain size
distribution and dense dendritic structure, we do not observe any influence on the
functionality independent of the NPs mass loading. As mentioned above, we cannot exclude
that Zr stabilizes Nd;Fe17, which is harmful to the hard magnetic properties and needs to be
investigated for further studies. However, the Ag NPs > 1 wt.% show a huge impact on the
functionality showing a 150% increase in coercivity and a 100% increase in remanence. Note
that the remanence increases to 0.45 T, which is only 25 % below the physical limit of the
material. There is no statistically significant change in the strength of influence observed for
mass loadings greater than 1 wt.%. A mass loading of 1 wt.% corresponds to a feedstock
decoration of 0.5 monolayers (as explained earlier), which limits the statistical distance

between two micro particles to the size of the NPs.
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Figure 5: Hysteresis curve of the initial Fe-Nd-B feedstock, including data after supporting 1, 4, 10 wt.% Ag NP on the
microparticle surface. Data are collected after the suction casting of the produced powder feedstocks. Remanence (B) and
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treatment.

Summary and Conclusion

In summary, this research explored how modifying NP feedstock affected the microstructure
and functionality of MQP-S after suction casting. Ag and ZrB, were used as two different types
of NPs. Ag NPs were expected to melt earlier, resulting in a more densely packed dendritic
structure, leading to smaller and more uniform grain sizes and increased functionality.
Interestingly, this effect was only observed for loadings > 0.5 monolayers, which limits the
statistical distance between particles to the size of the NPs. In contrast, ZrB, resulted in
uniformly distributed grain sizes at much lower mass loadings with even more compact
dendritic arms. However, no effect on functionality was observed, suggesting that the
nanoparticles may be stabilizing phases that are harmful to hard magnetic functionality. It

should be noted that only 100 nm ZrB, NPs were investigated in this study.



Materials and Methods

This study used a gas-atomized Nd-Fe-B-based spherical powder manufactured by Neo
Magnequench (Tuebingen, Germany). The powder is commercially known as MQP-S-11-9-
20001 (hereafter referred to as MQP-S) with a declared chemical composition of
Nd7.5Pr0.7Zr2.6Ti2.5C02.5Fe75B8.8 at% [33]. The powder size distribution and morphology
were characterized by scanning electron microscopy (SEM, Philips ESEM-XL30 FEG, 20kV)
equipped with an energy-dispersive X-ray detector (EDX) used to evaluate the material
composition and oxidation behavior. The initial powder composition was measured by X-ray
fluorescence (XRF, Bruker's S8 Tiger WD-XRF) under inert gas conditions (He atmosphere).
The true density of the powder was measured using a pycnometer (Borosilicate glass 3.3. DIN

ISO 3507, BRAND 25 ml type Gay-Lussac).

The nano-additivation of the MQP-S powders is performed by adding laser-generated Ag NPs
and ZrB, NPs, respectively, to the surface of the micrometer-sized MQP-S particles. The Ag
NPs were prepared by laser ablation in liquids (LAL) [34], where the laser ablated the surface
of Ag-target (20mm (width) x 80mm (length) x 2mm(thickness)) immersed in water containing
0.1 pg/L NaOH stabilizer. For the laser ablation of the Ag NPs a ps-pulsed laser (500flex,
Amphos, Herzogenrath, Germany) with 150 W average output power was used. The
fundamental wavelength was 1030 nm, with a laser pulse duration of 3 ps and a pulse
repetition rate of 5 MHz. A galvanometer scanner (intelliSCAN-20, Scanlab AG, Purchheim,
Germany) with a scanning speed of 5 m/s and an F-theta lens focusing optics f=254 mm was
employed. The ZrB; NPs were prepared by laser fragmentation in liquids (LFL), using a ps-
pulsed laser (TruMicro, Trumpf) with 30 W average output power on the same target material
for up to 20 times. The wavelength was 515 nm, with a laser pulse duration of 10 ps and a
pulse repetition rate of 100 kHz. Note, that no scanner is required for LFL, but to
homogeneously distribute the NPs in the colloid, a 5-minute ultrasonic bath is required. The
hydrodynamic size of the synthesized NPs was measured by analytical disc centrifugation
(ADC, CPS instruments, INC) at a centrifugation speed of 24,000 rpm with a lower detection

limit of 5 nm.

The MQP-S surface nano-functionalization was performed by directly mixing the powder with
the colloid and post-processing to ensure the nanoparticle deposition, i.e. pH control and

centrifugation. This methodology has been previously employed for the formation of



heterogeneous catalysts [35] and the preparation of nano-functionalized steel powders to
manufacture ODS steels by additive manufacturing techniques [36] The pH of the MQP-S-Ag
colloid mixture was modified to pH 7.0 followed by centrifugation at 4000 rpm and 10° C for
15 minutes. After separating the nano functionalized MQP-S powder and the supernatant,

the powder is finally dried in a vacuum oven at 40 °C.

The prepared powder is processed by suction casting to emulate, with a lower powder
amount, the high cooling rate and microstructure of PBF-LB processed samples. To prepare
the powder for the suction casting system employed (Buehler MAM-1 arc melter), the Ag-
MQP-S powder was pre-pressed into a copper crucible. An electric arc then melted the
material, struck under a protective Ar atmosphere, and sucked into a water-cooled mold into
bulk rectangular plates with a thickness of 0.5 mm. A heat treatment is applied to increase
the coercivity of the manufactured parts. First, the samples are annealed at 1000 °C for 5 h
with subsequent cooling in air. Then, a second annealing at 500 °C for 3 h is applied and the
material is cooled down in the furnace. To determine the magnetic performance of the
developed magnets, isothermal magnetization measurements were performed using a
physical property measurement system (PPMS-VSM, Quantum Design PPMS-14) at room

temperature under an applied magnetic field of upto 3 T.

To obtain grain orientation data, electron backscatter diffraction (EBSD) analyses were
performed using a FEG-SEM (Tescan Mira3), operating at 30 kV with a step size of 0.1 um. For
each sample, three maps with an area of 60 x 140 um? were analyzed. A neighbor pattern
averaging and re-indexing (NPAR®) post-processing routine was applied to improve the

indexing rate using the software OIM Analysis 8.6 (EDAX).
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Supporting information

Section I: Laser ablation in liquids process: The technique of laser ablation in liquid (LAL) was first described by
A. Fojtik and A. Henglein for simple and surfactant-free nanoparticle synthesis [37]. In contrast to wet chemical
methods, laser synthesis does not demand the employment of chemical precursors and organic surfactants. LAL
requires the delivery of a high energy density to the target material in order to overcome the ablation threshold
and promote material removal from the target surface. The removed material is collected in the surrounding
liquid forming a colloidal dispersion of nanoparticles. In order to overcome the ablation threshold while reducing
the laser's interaction with the surrounding liquid, short and ultrashort laser pulses in the range of fs up to ns
are employed instead of continuous wave lasers that suffer from strong heating of the liquid [38]. The LAL
process outcome is determined by various parameters, including material and laser features [39]. Another
advantage of LAL is the reduction of byproducts in the colloids, allowing the direct employment of the generated
nanoparticles without further purification steps. This is particularly appropriate for the Ag nanoparticles
generated in the current work that is added to MQP-S powder by pH-controlled dielectrophoretic deposition.

The process is proven to reduce nanoparticle agglomeration during nanoparticle support.
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Figure S 1 Properties of non-additive MQP-S powder: A) chemical composition; B) half hysteresis loop with the initial
magnetization curve.



Decreasing Ag NP content

Figure S 2 BSE images of Ag NPs modified powder with different mass load.
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Figure S 3 Demagnetization curve of annealed suction casting flakes from: non-modified powder and Ag NPs modified powder
with different mass load.



