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Abstract 

The possibilities of nanoadditivation to achieve finer, more equiaxed grains unlock huge potential for the 

application field of functional materials, e.g. Nd-Fe-B magnets, where the control of the microstructure and the 

composition is of significant importance. The surface modification of hard magnetic microparticles by non-

magnetic nanoparticles (NPs) opens a novel field of research. Here, especially Cu NPs with low amounts of oxides 

are of high relevance as colloidal nano-additive material. To increase the productivity of surfactant-free, laser-

generated Cu NPs, we performed a process parameter study via laser ablation in acetone aiming for the highest 

possible productivity, increasing the throughput of NP additivation on the surface of functional feedstock micro 

powders. By optimizing the process parameters of laser power, laser fluence, repetition rate, volume flow, and 

spot size, a productivity of 0.19 µg/J of Cu NPs in acetone was achieved. Then we investigated how a fine 

microstructure of the magnet powder MQP-S can be retained to some extent along the process chain, 

throughout the melting and resolidification process during suction casting. A loading series of Cu NP 

nanoadditivation on magnet micro powders of 0.1, 0.5, 1.0, and 2.5 wt.% was analyzed regarding magnetic 

properties and microstructure of the as-built part. Using full melting conditions of MQP-S by producing samples 

via suction casting modified with different amounts of Cu NP additions leads to finer grains, but increasing α-Fe 

content. Overall, the results enable higher production rates of Cu NPs in acetone and provide insights into the 

influence of NP-supporting characteristics on the properties of permanent magnet micro powders after full 

melting and resolidification. 



Introduction 

Metal nanoparticles (NPs) have unique properties, which makes them useful for many applications, such as 

catalysis [1, 2], biotechnology [3, 4], and modifying feedstock materials within e.g., powder bed fusion using a laser 

beam (PBF-LB) [5, 6], which enables small series production of fully dense metallic parts with high geometrical 

freedom, good dimensional accuracy, and reasonable surface finish [7]. Here, however, currently, available metal 

powder feedstocks have been developed over the last decades for conventional Powder Metallurgy production 

routes, such as hot compaction, pressing, and sintering or Metal Injection Molding. These feedstocks are not 

designed for PBF-LB, which differs significantly in their complex melting and rapid solidification behavior. This 

material-process mismatch leads to typical defects in the microstructure, like lack of fusion porosity, 

microstructural inhomogeneities, and formation of columnar grains when processing them via PBF-LB.[8, 9] In this 

context, researchers have shown that nanoadditivation can overcome some of these issues and lead to finer, 

more equiaxed grains with improved mechanical properties, as the NPs have an impact on the microstructure 

formation and composition during melting and solidification.[10, 11] 

Nanoadditivation can lead to finer, more equiaxed grains which is especially beneficial for the application field 

of functional materials, e.g., Nd-Fe-B magnets, where the control of the microstructure and chemical 

composition is of significant importance.[12, 13] Here, especially Cu NPs are of high relevance due to I) their low 

melting point and melt solubility leading to a good intermixing with rare earth elements (Nd, Pr) [14, 15], and II) 

their impact on the wettability of grains [16], both leading to an improved microstructure and functional 

properties.[14, 15] The surface modification of hard magnetic microparticles (MPs) by non-magnetic NPs opens a 

novel field of research. While the addition of Cu has been well investigated for Nd-Fe-B samples where the Cu 

has been added via alloying [17], and different types of diffusion processes [15, 18] it is less investigated via the 

addition of NPs on the hard magnetic particle surfaces. 

Although a variety of methods, like wet chemical synthesis, are currently available for the preparation of metal 

NPs, one common drawback is that the produced NPs carry organic stabilizers on their surface.[19] While surface-

bound organic ligands stabilize Cu NPs in a good manner [20] they critically affect their deposition on e.g. 

microparticle feedstocks and affect for example the powder flowability [6], which is fundamentally required for 

the application field of PBF-LB [11]. Moreover, organic stabilizers may degrade during melting (bearing the risk of 

creating gases that locally cause “popcorn” effects) and cause unwanted balling effects, as has been shown in a 

screening study on dispersant agent effects on laser direct-writing of Ag particle inks [21]. In contrast to wet 

chemical methods, the production route via laser ablation in liquids (LAL) does not require chemical precursors 

and allows to produce NPs without organic ligands or steric stabilizers.[22] Here, an ultra-short pulsed laser is 

applied to ablate a solid metal target in liquids, using laser intensities above a certain threshold which promotes 

material removal from the target surface.[22] The removed material is collected in the surrounding liquid forming 

a colloidal dispersion of NPs. Note that LAL is more economical than wet chemical synthesis, but only if gram-

scale production can be achieved and post-treatment steps like centrifugation-cleaning are omitted.[23] The 

productivity of this synthesis route is dependent on a variety of factors like process parameters (ablation time, 

laser parameters) [22, 24], material density [25], and colloidal environment [26]. While dense materials like Pt (21.1 

g/cm³) and Au (19.3 g/cm³) yield laser energy-specific productivity rates in the range of 5.4 [27] – 13.1 [28] µg/J and 



5.2[27] – 5.8[28] µg/J, respectively, the production of lighter materials like Ag (10.5 g/cm³) or Cu (9.0 g/cm3) shows 

an immensely decreased productivity of 2.5 µg/J [27] and 1.8 µg/J [27]. Note that these energy-specific productivity 

values (mass per ablation time and laser power) are used for better comparison between laser systems with 

different output power. The absolute LAL productivity values are in the upper g/h scale, e.g. 8.3 g/h for Pt NPs. 

[28] Taking the final aim of surface-additivated MPs into account, 1 g/h NP productivity would allow a 0.1 wt.% 

nano-additivated micro powder throughput of 1 kg/h.  

These productivities are achieved in aqueous environments, which leads to the rapid formation of oxides on the 

surface of the NPs.[29] But the reduction of Cu-oxides is required for the application in Nd-Fe-B, as oxides decrease 

the functional properties because the hcp Nd-rich phase is replaced by fcc Nd oxide, which does not form the 

required low-temperature eutectic with Cu.[30, 31] However, the number of oxides can be reduced by applying 

organic solvents to suppress this reaction leading to elemental Cu NPs [32], but such solvents are known to reduce 

the ablation rates because of cavitation bubble shielding or viscosity effects [33]. 

To overcome this drawback, in this study, we performed a process parameter study of laser-generated Cu NPs via 

LAL in acetone, aiming for the highest possible energy-specific productivity and enabling the high-throughput 

modification of functional feedstock powders. Therefore, we performed the ablation in a flow-through chamber 

under variation of the laser fluence (by changing the laser pulse energy and spot size), repetition rate, and volume 

flow of the colloid. The surface modification we conducted here is a fundamental study of how a fine 

nanocomposite structure, specifically our feedstock MP material MQP-S, can be preserved to some extent 

throughout a melting and rapid resolidification process. Therefore, we analyzed the influence of a loading series 

of Cu NPs (nanoadditivation of 0.1, 0.5, 1.0, and 2.5 wt.%) on the feedstock magnet MPs and investigated the 

influence on the microstructure and magnetic properties of the as-built part. Suction casting (SC) has been 

selected to produce samples, as it was shown by Schäfer et al. [34] that it leads to phases and grain sizes, which 

are comparable to additively produced samples, making it a powerful technique to pre-screen materials for the 

PBF-LB process.   



Materials and Methods 

In this study, the Cu NPs were prepared by laser ablation in liquids (LAL), where the laser was used to ablate the 

surface of a Cu-target (20mm (width) x 80mm (length) x 2mm (thickness)) with 99.99% purity, immersed in 

commercial acetone (Acetone ≥ 99.8%, VWR Int.) containing no further stabilizers. For LAL a ns-pulsed Nd:YAG 

laser (Innoslab, IS400-1-L, Egdewave GmbH) with 220 W maximum output power was used. The fundamental 

wavelength was 1064 nm, with a laser pulse duration of 8 ns and a maximum pulse repetition rate of 10 kHz. A 

galvanometer scanner (intelliSCAN-20, Scanlab AG) with a scanning speed of 3 m/s and a telecentric F-theta lens 

focusing optics with f = 100 mm and a total transmission at 1030 – 1080 nm of >96% was employed, schematically 

shown in Figure 1. 

 

Figure 1 A) Illustration of the applied ablation setup B) using an Nd:YAG laser directed into a galvanometer scanner with a 
telecentric F-theta lens focusing the laser beam through the window of a safety chamber filled with Nitrogen gas and an 
ablation chamber window entering the liquid layer of the flow-trough chamber filled with acetone, focused onto the Cu target, 
with M1 and M2 being the first and second mirrors and m1 and m2 being the recommended mirror distances of 13 – 17 mm 
and 28 mm, respectively. Note, that though the given values of distances are correct, the size scales are not necessarily 
reflecting real sizes. 

We measured the lateral size of the incident laser spot at the immersed target via a camera setup to be 2.41 mm 

in horizontal direction (X-axis) and 2.76 mm in vertical direction (Y-axis) and calculated the laser spot size SS 

[mm²] via 𝑆𝑠 = 𝜋 ∙ 𝑋𝑖 ∙ 𝑌𝑖  , with 𝑋𝑖 =
(𝑑𝑤,𝑚𝑎𝑥−𝑑𝑤,𝑠𝑒𝑡)

tan𝛽𝑥
 and 𝑌𝑖 =

(𝑑𝑤,𝑚𝑎𝑥−𝑑𝑤,𝑠𝑒𝑡)

tan𝛽𝑦
 with dw,max = 137 mm being the 

maximum working distance for the used ablation setup, dW,set = 112 to 124 mm in steps of 2 mm being the 

investigated working distances and 𝛽𝑥 = tan−1
𝑑𝑤,𝑚𝑎𝑥

2.41
 and 𝛽𝑦 = tan−1

𝑑𝑤,𝑚𝑎𝑥

2.76
. To ensure a stab e ablation 

process during the process parameter studies the laser has been ablating for 5 minutes discarding this run-in-

time colloid after which the ablation process ran until the product collection vessel has been filled with 100 mL 

colloid. Then the resulting colloid has been analyzed via UV-Vis extinction spectroscopy (Evolution 201/220, 

Thermo Fisher Scientific Inc.) with a spectral bandwidth of 2 nm and intensity-calibrated linearity up to ~1 

absorbance, using the pure acetone or water, respectively, as the baseline. The hydrodynamic diameter of the 

synthesized NPs (see Figure S 4 in section 2 of the SI) was measured by analytical disc centrifugation (ADC, CPS 

instruments Inc.) at a centrifugation speed of 24,000 rpm with a lower detection limit of 3 nm. Photographs of 

the LAL setup can be found in the supporting information (SI, Figure S 1).  



A gas-atomized Nd-Fe-B-based spherical powder manufactured by Magnequench (part of Neo Performance 

Materials) was used. The powder is commercially known as MQP-S-11-9-20001 (hereinafter referred to as MQP-

S) with a nominal chemical composition of Nd7.5Pr0.7Zr2.6Ti2.5Co2.5Fe75B8.8 at.% [35] and particle diameter 

distribution in µm of D10 = 19.01, D50 = 38.93 and D90 = 64.94. Characterization of the powder size distribution 

(see Figure S 4 in section 2 of the SI) and morphology was performed by scanning electron microscopy (SEM, 

Philips ESEM-XL30 FEG, 20kV) equipped with an energy dispersive X-ray detector (EDX) used for the evaluation 

of the material composition. 

The nanoadditivation was performed by colloidal deposition of the Cu NPs onto the surface of the MQP-S MPs 

via evaporation of the acetone. First, the 10 mg/l colloid was pre-concentrated to approximately 20 ml using a 

rotary evaporator (Hei-VAP-Core from Heidolph) with the settings of 40°C, 375 hPa, and 100 rotations per minute. 

Then 5 g of the MQP-S powder was added to the concentrated colloid. The mixture was stirred overnight and 

the resulting slurry was dried for 8 h using a vacuum drying cabinet (VD-23, Binder GmbH) at 70°C. By varying 

the NP: MP ratio surface-additivated magnet powder feedstocks with different loadings of Cu NPs (0.1, 0.5, 1.0, 

and 2.5 wt.%) were prepared.  

The prepared powder was processed by suction casting (SC). SC requires 3-4 orders of magnitude lower feedstock 

material mass compared to PBF-LB, allowing resource-efficient pre-screening of melting-resolidification 

behavior. It is known that SC has far higher cooling rates (up to 102 K/s, depending on the apparatus parameters 

like critical section thickness as well as material properties) [36] than conventional casting. But the heat gradients 

and cooling rates of 106-107 K/s [37], as well as the solidification rates (e.g. 0.5 m/s for Ti-6Al-4V [39]) of PBF-LB, 

are different from SC. Still, both processes cause full melting and rapid solidification of the nanoadditivated MP 

feedstock. In that context, it is worth mentioning that SC is able to “emulate” the achieved phases and grain sizes 

of the PBF-LB process to a certain extent.[34]  

To prepare the powder for the suction casting system (MAM-1, Buehler), the Cu NP/MQP-S powder was pre-

pressed into a crucible. The material was then molten by an electric arc struck under a protective Ar atmosphere 

and sucked into a water-cooled mold ending up with bulk rectangular plates with a thickness of 0.5 mm. A two-

step annealing heat treatment, which is a standard process for Nd-Fe-B magnets, 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 up to 3 T. 

The chemical and structural characterization of the obtained powder feedstocks and the bulk SC samples was 

carried out via scanning electron microscopy (SEM, TESCAN Mira3) by backscattered electron (BSE) imaging and 

energy-dispersive X-ray spectroscopy (EDX) point scans using 20 kV acceleration voltage. The cross-sections of 

the bulk SC samples have been investigated in the edge and core areas. Each phase of the microstructure was 

analyzed at two different spots. Chemical characterization on powder feedstock samples of nanoadditivated 



MQP-S has also been performed via wavelength-dispersive X-ray fluorescence spectroscopy (WD-XRF) to support 

the results received by the surface-sensitive EDX with volume-sensitive WD-XRF. 

Results and Discussion 

A negative control ablation was performed using parameters for LAL of Cu NPs in deionized water following 

recent literature [22, 27, 32, 38] using the ablation setup shown in Figure 1, with a spot size SS of 0.188 mm2, repetition 

rate f of 10 kHz, and laser power PL of 206 W. However, as expected, ablation in water results in strong oxidation 

of the Cu NPs (Figure 2, yellow curve), which we aim to avoid for the targeted application of functional materials. 

To overcome this issue, we performed the ablation in acetone, which has been selected as it provides good 

production rates (~0.06 g/h at a fluence ϕ of ~1 J/cm²) for the ketone types, as shown by Kawasaki [39]. In their 

study, Kazakevich et al. [29] utilized laser ablation on a bulk Cu target in acetone and proposed the development 

of significantly thick glassy carbon clouds, which were found to provide long-term stability against oxidation for 

even relatively small Cu NPs of approximately 10 nm. They particularly emphasized the role of solvent 

decomposition products, which are produced primarily at the NP surface heated in the laser beam, and thus 

provide an effective protective shell.[29] Similar findings have been reported by Marzun et al. [32], who suggested 

that the formation of structures with a graphite layer on the Cu NPs’ surfaces is probably due to the pyrolysis of 

the acetone. Recently, Fromme et al. [40] performed LAL with a systematic series of organic solvents and deduced 

selection rules for solvents that influence the formation of carbon shells. 

In our work, changing the liquid from water to acetone and keeping the same setup and parameters for LAL, 

leads to the absorbance spectrum shown by the blue curve in Figure 2. While elemental Cu NPs show surface 

plasmon resonance (SPR) around 585 nm, Cu-oxides and Cu with a protective shell of carbon or graphite absorb 

light in the region of 300-500 nm.[32, 39, 41, 42] Note that changing the solvent from water to acetone decreased the 

overall productivity by a factor of 5.67 from 340 mg/h (0.45 µg/J) to 60 mg/h (0.08 µg/J) although using the same 

settings for the ablation, we succeeded in optimizing the productivity (Figure 2, orange curve) by varying the 

volume flow rate V̇s, the laser fluence ϕ, the spot size SS, the laser power PL, and the repetition rate f. This has 

been done in consecutive steps to avoid interdependencies influencing the results. The optimization procedure 

is described in the following. 



 

Figure 2 The laser-based synthesis optimization based on UV-Vis extinction spectroscopy. The yellow curve shows the 
absorbance of the as-produced Cu NPs ablated in water, and the blue and orange curves show the corresponding Cu NPs 
produced in acetone before (blue) and after (orange) LAL parameter optimization, respectively. Pure Cu NPs absorb light 
around 585 nm, and the different forms of Cu-oxides and carbon-shelled Cu absorb light in the region of 300-500 nm (regions 
marked by sketches; size relations and amount of C atoms in carbon shell are not necessarily correct). 

Influence of volume flow on the absorbance and productivity of the as-produced colloid 

A detailed description of the here applied liquid-flow laser ablation setup with a pump and a vertical flow 

chamber is shown in Figure S 1 of the SI. Note, that for each of the investigated process parameters we focused 

on two target values, I) the absorbance at the SPR of Cu NPs (here 585 nm) as proportional to the amount of 

metallic Cu NPs (the full UV-Vis spectra for all investigated parameters are shown in Figure S 2 of the SI) and II) 

the mass ablation rate (measured by weighting the target before and after LAL). 

At first, the influence of the volume flow rate V̇s of the acetone on the Cu NP productivity has been investigated 

in the range from 25 mL/min up to 100 mL/min, with the findings shown in Figure 3A. Note that we kept all other 

parameters constant at the initially used values (blue curve, Figure 2) for this test (spot size SS of 0.188 mm², 

repetition rate f = 10 kHz, laser power PL = 206 W). We found a clear anti-proportional correlation between the 

absorbance and V̇s. Thus, with increasing V̇s, the absorbance at the SPR decreases significantly, which can be 

explained by a continuous dilution of the colloidal solution.[22, 27] However, we found an increase in productivity 

from 35 to 95 mg/h by varying the V̇s from 25 to 83 mL/min, which is a result of higher flow rates enabling an 

improved transport rate of the NPs away from the ablation zone reducing the “surface blocking” effect of 

consecutive laser pulses by already produced NPs.[22, 27] Higher flow rates of 100 mL/min did not further improve 

the ablation rate. The absorbance values measured at 585 nm decreased with increasing V̇s (see blue curve in 

Figure 3A), but the ablation rate only changed slightly from 94.1 to 95.0 mg/h for the corresponding V̇s of 66 to 

83 mL/min. Consequently, the V̇s that lead to the highest productivity of metallic (plasmon-resonant at 585 nm) 

Cu NPs, which we labeled as production window (hereafter labeled as P.W.). The P.W. volume flow rate has been 

set to 66 mL/min for the following parameter variations, resulting in a productivity of 94.1 mg/h (0.13 µg/J), 

Figure 3A. 



 

Figure 3 Colloid analysis to determine process parameters for laser ablation of Cu in acetone showing the UV-Vis absorbance 
values at 585 nm and the corresponding mass ablation rates of 100 mL test colloids, with the constant parameters shown for 
each parameter test, of A) volume flow V̇s [mL/min], B) spot size SS [mm²], C) laser power PL [W], D) laser pulse repetition rate 
f [kHz]. 

Influence of the laser fluence on the absorbance and productivity of the as-produced colloid 

The laser fluence ϕ can be varied by changing I) the spot size SS (see Figure 3B) as it critically influences the laser 

ablated area and II) the laser power PL (see Figure 3C). In the following, we will first concentrate on the spot size 

SS, which can be influenced in the experimental setup by changing the working distance dw (distance between 

the scanner and the bulk target, see Figure 1), and observe its influence on the absorbance and productivity of 

the as-produced colloid. Here, we fixed the V̇s to the P.W. evaluated above (66 mL/min) and kept PL and repetition 

rate f unchanged (206 W, 10 kHz). The applied ablation setup enabled the change of dw from 112 to 124 mm, 

resulting in a change of SS from 0.696 to 0.188 mm². While the SS of 0.696 mm² (corresponding to a fluence ϕ of 

6.0 J/cm²) leads to only 27 mg/h (0.04 µg/J) ablation rate, the SS of 0.188 mm² (corresponding to ϕ of 22.3 J/cm²) 

leads to 35 mg/h (0.05 µg/J) accompanied by a weaker increase in the SPR peak intensity. The ablation at SS of 

0.589 mm² (ϕ of 7.0 J/cm²) shows a significant increase in the absorbance at the SPR, as well as in the ablation 

rate, which leads to the productivity of Cu NPs of 82 mg/h (0.11 µg/J). The increase in ablation rate is expected 

to result from the laser energy being used most efficiently for the ablation of the bulk Cu target, with smaller 

spot sizes ablating a smaller area and removing less material from the target. Too large spot sizes lead to smaller 

fluence ϕ values because the same energy is projected onto a larger target area (see corresponding fluence 

values above), and the lower laser fluences ϕ of 6.0 J/cm² lead to a lower ablation rate than ϕ of 7.0 J/cm². The 

increase in the absorbance spectra at 585 nm can be explained by the findings of Nath et al. [41], who could show 

that low fluences for the ablation of Cu in water lead to lower pressure at the target surface area, which reduces 

the material covalency at the copper-water interface, limits full oxidation, and reduces intermolecular 

interaction. Furthermore, they discussed that high fluences induce higher pressure at the target surface, enabling 

thermodynamically stable CuO growth. Accordingly, the P.W. has been set at an SS of 0.589 mm². 



Besides, the laser fluence ϕ can be influenced by the laser power PL, which has been investigated by using the 

previously determined P.W.s for V̇s and SS (66 mL/min, 0.589 mm²) and keeping the repetition rate f constant at 

10 kHz. Here, the absorbance at 585 nm increases with increasing PL, reaching its maximum at 206 W (Figure 3C) 

with productivity increasing from 32 to 81 mg/h (178 – 206 W; corresponding fluences ϕ of 6.0 – 7.0 J/cm²). Note 

that we used a PL of 206 W during the previous investigations of the SS as well, and the productivity of 81 mg/h 

(0.11 µg/J) matches the previous results, confirming the previous parameter test results. A further increase of PL 

from 206 W to 220 W (ϕ of 7.5 J/cm²) leads to comparable results of absorbance and productivity. This can be 

explained by the ablation scaling law [27], which defines a saturation of the overall ablation rate for high fluences 

and proposes that the ablation rate for metals can be optimized with a maximum energy-specific ablation rate 

(µg/J) at a theoretical optimum fluence defined by e² ∙ ϕth with e being the Euler constant and ϕth being the 

threshold fluence. The maximum of the specific ablation rate coincides with e2 · ϕth and agrees well with the 

model summarized by Neuenschwander et al. [43] for laser ablation in air and confirmed by Streubel et al. for 

high-speed LAL [27]. According to this model, the ablation process linearly scales with the average laser power, 

while higher fluences lead to reduced efficiency. Accordingly, the P.W. has been set at PL of 206 W. 

Influence of the repetition rate on the absorbance and productivity of the as-produced colloid 

Finally, the laser pulse repetition rate f has been investigated, as the laser power of the applied ablation setup is 

modified via the current in [A] and depends on the applied repetition rate f, see Figure S 3 in section 2 of the SI. 

The determined P.W.s for V̇s and SS (66 mL/min, 0.589 mm²) have been applied and f was varied from 3 to 10 kHz 

with 10 kHz being the upper limit for the used laser device (below 3 kHz no ablation could be measured), shown 

in Figure 3D. Accordingly, the laser power is limited for a repetition rate f of 3 kHz to 117 W, for 5 kHz to 195 W, 

and for 10 kHz the maximum of 220 W is reachable. As the laser power PL of 206 W in combination with f of 10 

kHz has been shown to lead to better results than the 220 W option (see Figure 2C) and is accordingly here used 

as an upper limit. Note that for the repetition rate, the ablation rate has only been investigated at 5 and 10 kHz, 

and consequently, we refrained from inserting a guide to the eye line. Here, the absorbance spectra at 585 nm 

show a linear dependency on f reaching saturation above 5 kHz. Wagener et al. [44], received similar results for 

the ablation of Zn in THF and showed that below 5 kHz, the ablation per pulse is constant. Consequently, the 

productivity is linear to the repetition rate f. At higher repetition rates (>5 kHz), ablation per pulse decays 

monoexponentially, leading to a final productivity saturation.[44] They explained this by the temporal bypassing 

of cavitation bubbles for higher repetition rates. Additionally, this observation can be explained by studies of 

Nolte et al. [45] and Thorstensen et al. [46], who found that as much as a third (for ps pulse length) of the heat 

generated during the ablation process remains in the metal target leading to a decrease of ablation rate by 

roughly 40% when the temperature of the target rises by 300°C. The target-temperature dependence of the 

ablation threshold was attributed to the temperature-dependent linear absorption coefficient, which is the main 

contributor to increased electron density.[45] For ns pulses, as used here, Vogel et al. [47] have investigated the 

energy dissipation of shock waves generated by laser pulses. They showed, for ns pulses, that up to 51% (10 mJ, 

6 ns) of the induced laser energy was transferred into a shock wave and caused high local temperatures within a 

few hundred micrometers around the ablation spot.[47] As the laser power of the applied ablation setup depends 



on the applied repetition rate and the optimal PL can only be achieved when using the highest repetition rate, 

the application of 10 kHz has been set as P.W. 

In summary, combining all parameter optimizations we were able to increase the overall productivity of colloidal, 

plasmon-resonant Cu NPs in acetone from 60 mg/h (0.08 µg/J) to 140 mg/h (0.19 µg/J), which is an increase of 

220% and a good base for producing NP-additivated magnet feedstock micro powders in the multiple-gram scale. 

Supporting efficiency of different mass loadings of Cu NPs on Nd-Fe-B  

After optimizing the laser parameters towards the high productivity of Cu NPs, we produced a sufficient amount 

for testing their applicability on functional powder feedstock. We added the NPs to the MQP-S MPs by 

evaporating the acetone (see details in the method part). Note that the MQP-S MPs show a mass-weighed mean 

diameter of 38 ± 17 µm, which is selected for reaching good performance in further processing (further details 

can be found in the method section). Figure 4 shows the nanoadditivated MPs with increasing Cu NP mass load 

at two different magnifications. 

 

Figure 4 SEM images of the MQP-S microparticles with additions of increasing mass loadings of Cu NPs from left to right (0.1 
– 2.5 wt.%), with a magnification of 500x A) - D). Figures E-H) show corresponding high-resolution SEM images with a 
magnification of 2,500x. 

The sample with a mass load of 0.1 wt.% (Figure 4A and E) shows a homogeneous distribution of Cu NPs on the 

MPs surface. Such homogeneous surface distribution of NPs in MPs is typical for colloidal deposition in the sub-

monolayer loading regime [48]. For the mass loadings ≥ 0.5 wt.%, we found increased levels of inhomogeneities 

in the NPs distribution. With more NPs deposited, they start to agglomerate on the surface of the MPs. As can 

be seen in the example of 0.5 wt.% Cu NPs addition, these islands become up to a few hundred nanometers in 

size, with the islands being fairly homogeneously deposited over the MPs surface, except for some MPs, where 

higher amounts of Cu NPs seem to start forming a full coating, leading to light white areas, shown in Figure 4B 

and F. Note, that it cannot be fully excluded that these white areas are caused by effects of the SEM analysis, like 

reflections of the electron beam or charge effects, but for multiple areas investigated and after repetition of the 

analysis these areas have been found in comparable occurrence. The samples with 1.0 wt.% Cu NPs addition 

shows less to none of the islands anymore. Still, instead, the MPs seem to have a partial or even full coating, 

which can be seen by the MPs’ surface being smoother when compared to the MPs’ surface in the previous 



images, shown in Figure 4C and G, respectively. Further increase of Cu NPs to an addition of 2.5 wt.% increases 

the amount of MPs with complete Cu coatings and also intensifies the coating up to a point where a new layer 

of scattered Cu NPs on top of the coating can be identified, shown in Figure 4D and H. 

The successful Cu NP coating of the MPs has been validated by EDX mappings of the MP surface, shown 

exemplarily for the sample with 1 wt.% Cu NP loading in Figure 5A-D (EDX mapping of 0.5 wt.% is shown in Figure 

S 5 of the SI). Additionally applied XRF measurements of the powder feedstocks reveal a correlation of the 

targeted loading values of Cu NPs on MQP-S MPs with the measured Cu concentration, shown in Figure 5E (see 

detailed results in Table S 1 of the SI). The measured Cu loading matches the target values up to 1.0 wt.%. At 2.5 

wt.% the WD-XRF overestimates the loading, probably as the x-ray penetration depth is affected by the Cu 

coating thickness.  

 

Figure 5 A) – D) EDX mapping of MQP-S MPs decorated with 1.0 wt.% Cu NPs, A) SEM image of the selected area for the 
analysis of the elements, B) showing an even distribution of Cu on the surface, C) and D) showing the distribution of Nd and 
Fe of the Nd-Fe-B based powder. E) comparison of the targeted Cu content with the measured Cu content via WD-XRF. 

Influence of Cu NPs on the microstructure after suction casting 

To investigate how this surface modification enables the preservation of a fine nanocomposite structure (fine-

grained microstructure) after melting and resolidification we applied suction casting (SC) to process the prepared 

powder feedstock. SC simulates the PBF-LB process, as shown by Schäfer et al. [34], by forming similar phases and 

grain sizes. As mentioned above, the PBF-LB process has far higher cooling rates (process parameter-dependent, 

10³-105 K/s)[34] than SC, which at least comes close to this range (102 K/s). Additionally, SC is a convenient 

feedstock pre-screening technique for PBF-LB as only low amounts of material are required. Please refer to the 

method section for a detailed description of the SC manufacturing process and the applied post-processing. 

To get a better understanding of the influence of the Cu NPs on the microstructure and elemental composition, 

a pure MQP-S sample was analyzed via SEM after SC, shown in Figure 6A. For direct comparison, a sample made 

of MQP-S with 1 wt.% Cu NPs has been investigated, shown in Figure 6B. 



 

Figure 6 HR-SEM images at a magnification of 10,000x of horizontal (x-y-plane) cross-sections of suction casted samples of A) 
pure MQP-S without the addition of NPs and B) MQP-S modified with 1 wt.% Cu NP additivation, which both show three main 
phases as marked. 

The SEM analysis shows three different main phases with different distributions, which are marked in Figure 6 

for both samples. The sample without the addition of Cu NPs mainly shows the expected Nd2Fe14B grains (marked 

as phase 1 in Figure 6A) with comparable sizes of 2-7 µm, which is expected for samples produced via suction 

casting.[34] The intergranular phase seems to be composed of two different types, of which the first type can be 

seen as the light grey areas (marked as phase 2 in Figure 6A), which are mainly found at the edges of the Nd2Fe14B 

grains but are not Nd-rich as they would be in samples produced via conventional manufacturing technologies 

[49], which possibly allows more magnetic coupling of the Nd2Fe14B grains and thereby reducing functionality. 

Furthermore, there are black circular areas (marked as phase 3 in Figure 6A) within the intergranular phase, 

which are mainly composed of Fe, Zr, and Ti, and are expected to be enlarged areas of α-Fe, which is soft 

magnetic, having low coercivity and therefore losing the magnetization rapidly, when applying an external 

magnetic field in opposite direction. 

In Figure 6B the sample with the addition of 1 wt.% Cu NPs shows finer grains of sizes ranging from a few hundred 

nanometers to 3 µm, possibly a nano-crystallinity, which has been described in other recent studies to be caused 

by the application of NPs [10, 11] and can be confirmed here for the functional material MQP-S even after full 

melting and rapid resolidification. Again, the BSE-SEM analysis shows three different phases which are marked 

in Figure 6B, but with the Nd-rich (phase 2) and the α-Fe (phase 3) phases being more pronounced. Actually, 

MQP-S is a nanocomposite, meaning a fine mixture of Nd2Fe14B grains and α-Fe nanograins, after suction casting 

these phases are still present and have coarsened significantly. Consequently, the impact of Cu NPs on the 

formation and distribution of microstructural phases needs to be investigated further.  

An EDX analysis has been performed o get a better understanding of the influence of the Cu NPs on the elemental 

composition of an MQP-S sample modified with 1 wt.% Cu NPs. Two EDX measurements of each of the three 

main phases have been performed and the average results of the corresponding elemental compositions are 

shown in Table 1. 

 



Table 1 Elemental composition of the three main phases marked in Figure 6B of the MQP-S sample with 1 wt.% Cu NPs 

Phase [wt.%] Nd Pr Fe Cu Co Ti Zr 

Phase 1 

ferromagnetic 

Nd2Fe14B 

grains 

23.60 2.25 68.15 1.00 3.75 0.35 0.90 

Phase 2 

Nd-rich 

57.45 6.75 29.75 0.15 1.35 0.70 3.85 

Phase 3 

α-Fe. 

3.25 0.30 91.7 0.70 3.35 0.65 0.10 

 

Phase 1 are the ferromagnetic Nd2Fe14B grains, whereas phase 2 corresponds to the Nd-rich intergranular phase, 

and phase 3 is α-Fe. In conventionally produced Nd-Fe-B magnets the thin amorphous Nd-rich layers do not 

contain any significant Fe content and therefore are paramagnetic, thereby enabling good exchange decoupling 

of the Nd2Fe14B grains. [50, 51] If they contain larger amounts of Fe, they would be ferro- or ferrimagnetic, which 

would change the impact of pinning effects on the remagnetization process.[52] But in the samples produced via 

SC, a globular structure can be seen (Figure 6B) and the Nd-rich phase is not surrounding the Nd2Fe14B grains. 

Furthermore, it contains almost 30 wt.% Fe and might not be paramagnetic, but ferro- or ferrimagnetic.  

The Cu can be found in all phases but is primarily found in phases 1 and 3, while only minor amounts are found 

in the Nd-rich phase (see Table 1). In other studies, which added Cu to Nd-Fe-B feedstock, it mainly went into the 

Nd-rich intergranular or the grain boundary phases and could strengthen these thin phases to improve the 

magnetic decoupling of the ferromagnetic Nd2Fe14B grains.[15, 18, 31] Please note that the Fe content may be 

influenced due to the Nd–Fe–Cu ternary eutectic reaction below 600 °C, from which the formation of Nd6Fe13Cu 

is possible [53], which here fits the measured composition of phase 1 better than the expected typical 2-14-1 

composition. 

Furthermore, for this fine microstructure, EDX cannot provide exact values for the composition due to the size 

of the excitation bulb of the electron beam, which partially overlaps into neighboring phases, giving also a signal 

of those in addition to the actual phase which should be investigated. Accordingly, it can be assumed that phase 

3 is pure α-Fe even though only 91.7 wt.% Fe was detected by EDX. Containing such high amounts of the soft 

magnetic α-Fe as can be seen in Figure 6B, low coercivity can be expected (see Figure S 6 in section 3 of the SI). 

This composition has been reported before by other groups [34, 54] using the production technique of SC, who 

managed to dissolve the α-Fe by applying post-process heat treatments (e.g. 5h at 1000°C + 3h at 500°C [34]), but 

they used different compositions of Nd-Fe-B alloy based feedstocks. Even though the same heat treatment after 

SC was applied the α-Fe could not be dissolved in this study, resulting in the following two hypotheses. 

I) The origin of the high amount of α-Fe in the samples could be caused by the initially mentioned carbon shell 

formed around the Cu NPs during ablation in acetone, which is formed by solvent decomposition products. As 

oxygen and carbon would preferably combine with Nd and Fe, they could lead to a thinner Nd-rich phase along 



the grain boundaries and agglomerate into the triple junctions, which leads to more coupled Nd-Fe-B grains and 

lower coercivity.[55] Sasaki et al. [56] confirmed that for sintered Nd-Fe-B samples, carbon caused Nd-carbide 

formation and the reduction in the volume fraction of α-Nd at the triple junctions. Furthermore, the carbon is 

also known to affect the eutectic transformations, which explains the Cu content being detectable in all 

phases.[57] As the carbon shell is preferably combining with the Fe in the Nd-Fe-B powder and increases 

precipitation of α-Fe, the LAL synthesis of Cu NPs in organic solvents like acetone may not be ideal for the 

production of NPs for the application of these types of magnets. On the other hand, it is questionable if the 

carbon amount (i.e. thickness of the carbon shell, or C/Cu ratio, resulting in the effective C doping level of the 

magnet MPs) is enough to influence the bulk magnet properties. It has been reported for Ni NPs made by LAL in 

acetonitrile [58] and modeled by Reichenberger et al. [59] for Ni but also compared to experimental values of LAL 

of Cu in acetone that the carbon shell thickness around LAL-generated NPs is anti-proportional to the NP´s 

specific surface area. With the quite small NPs yielded in our study (4 nm peak diameter, see Fig. S3 in the SI), 

only a single-digit number of carbon layers are expected, resulting in a carbon doping level of the magnets in the 

low ppm range.  

II) Furthermore, there might be possible effects of the inhomogeneous distribution of NPs on the surface of the 

MPs on the microstructure and phase distribution. As mentioned before via SEM, EDX, and XRF analysis, shown 

in Figure 4 and Figure 5, the NPs start to agglomerate on the surface of the MPs for loadings of 1 wt.% and above. 

Hence, it would be worth investigating the magnet´s microstructure and phases at lower doping levels, e.g. 0.1 

or 0.,5 wt.%, in the future. Those low-loading samples also showed better coercivity and remanence values (see 

Fig. S5 in the SI) than the higher-loaded samples.  

Conclusion 

Nanoparticle additivation of micro powders has been shown to positively affect functional properties and the 

microstructure after melting and rapid resolidification, for example in additive manufacturing by laser powder 

bed fusion of steel or aluminium alloys. But far less is known about NP effects during magnet powder melt 

processing. Here, Cu NPs could be an interesting candidate, as Cu is expected to interact with the constituents 

of Nd-based permanent magnets. A process parameter study of the LAL process for the synthesis of Cu NPs in 

acetone has been performed and the combination of the volume flow rate of 66 mL/min, spot size of 0.589 mm², 

laser fluence of 7.0 J/cm,², the repetition rate of 10 kHz and laser power 206 W was identified to lead to the 

productivity of 140 mg/h (0.19 µg/J). Additionally, this study focused on preferably producing Cu NPs with fewer 

Cu-oxides by increasing the amount of elemental Cu received after LAL indicated by their surface plasmon 

resonance intensity. This maximized NP productivity value enables the production of approximately one kilogram 

of 0.1 wt.% nano-additivated magnet micro powder per day (7 hours), and would be further scaleable with higher 

laser power. 

Next, we investigated in a fundamental study how a fine nanocomposite structure, of our feedstock magnet 

powder MQP-S, surface-modified with Cu NPs can be retained to some extent throughout a melting and rapid 

solidification process. Therefore, we analyzed the impact of the surface modification of MQP-S MPs with a Cu 

NPs loading series (0.1, 0.5, 1.0, and 2.5 wt.%) and its effect on the microstructure of samples produced via 

suction casting. To our best knowledge, there is no reference for the influence of NP-supporting characteristics 



on the properties of MQP-S after full melting, requiring an in-depth investigation of the sample properties after 

SC. Here, we found that larger loadings (1 and 2.5 wt.%) of Cu NPs tend to agglomerate on the MPs’ surface, 

leading to an uneven distribution of Cu within the samples produced via SC. 

The surface modification of (here initially) hard magnetic particles by non-magnetic NPs is the novelty here, 

which differs from established grain boundary diffusion processes in the literature. Performing experiments using 

the full melting conditions of this manufacturing process on MQP-S combined with different additions of Cu NPs 

leads to finer grains, but also increases the α-Fe content. The 0.1 and 0.5 wt.% Cu NP loaded Nd-magnet 

microparticles showed better magnetic properties after suction casting compared to the high (inhomogeneously 

coated or “overloaded”) Cu NP additivations.  

As the LAL productivity increase of this study enabled the production of sufficient amounts of nanoadditivated 

Nd-Fe-B alloy-based powder feedstock, the gained knowledge can be transferred to the production method of 

PBF-LB for further tests and to enable the production of larger and also geometrically more sophisticated 

geometries out of such powders. 
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Supporting information  

To the manuscript of Gabriel et al. “Upscaled laser synthesis of copper nanoparticles in acetone to correlate the 

surface modification of Nd-Fe-B feedstock properties with part properties after full melting and rapid 

solidification” 

Section 1: Laser setup and parameter study 

 

Figure S 1 Photographs of the production setup of laser ablation in liquids (LAL). A) production setup showing the Nitrogen-
flooded safety chamber (210 x 260 x 180 mm) around the flow chamber, B) production setup showing the ablation process via 
pulsed laser beam scanning. 

 

Figure S 2 UV-Vis extinction spectra of the process parameter study for LAL of Cu in acetone with the investigated values of A) 
volume flow, B) working distance (corresponding to spot size), C) laser power, and D) repetition rate. 



 

Figure S 3 Dependence of the achievable laser power PL by variation of the current and the repetition rate. 

Section 2: Powder feedstock analysis 

 

Figure S 4 Particles Size Distribution (PSD) analysis of pure MQP-S powder (via SEM image analysis) and Cu NPs (via ADC) 
ablated in acetone before mixing. 

 

Figure S 5 EDX mapping of MQP-S MPs, decorated with 0.5 wt.% Cu NPs, A) SEM image of the exemplary area for the mapping 
of the elements, B) showing an even distribution of Cu on the surface, C) and D) showing the distribution of Nd and Fe of the 
Nd-Fe-B powder. 



Table S 1 XRF analysis of Cu loadings after Cu NP additivation on MQP-S powder 

Elements 

(wt.%) 

Cu NPs loadings on MQP-S MPs 

0.1 0.5 1.0 2.5 

Fe 74.5 73.7 73.87 73.2 

Nd 18.1 18.9 18.1 16.4 

Co 3.0 2.7 2.49 1.9 

Ti 1.9 2.1 1.95 1.9 

Pr 2.0 2.0 1.97 1.8 

Cu 0.3 0.5 1.4 4.6 

 

Section 3: Magnetic performance 

 

Figure S 6 A) Second quadrant of hysteresis curves of pure MQP-S with and without the addition of the loading series of Cu 
NPs after suction casting at room temperature. B) and C) comparison of the resulting magnetic properties depending on the 
addition of Cu NPs. 


