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Abstract  

 

The development of additive manufacturing (AM) of permanent magnets is rapidly intensifying due to their competitive advantages. 

Indeed, AM of complex shape magnets could revolutionize the design of electrical machines potentially allowing for higher 

performance. Unfortunately, magnetic performance of AM permanent magnets is often limited due to the use of isotropic powders. In 

this study, Al-NdFeB composite permanent magnets were fabricated by cold spray AM using anisotropic NdFeB powders. 

Anisotropic powder can improve magnets’ remanence and energy product via particle alignment and subsequent magnetic anisotropy. 

The effect of gas temperature on deposition rate and magnet performance was evaluated. Magnetic measurements were performed 

along three orthogonal directions to quantify the level of anisotropy. It is demonstrated that anisotropic powders partially align 

themself during the cold spray process in the absence of external magnetic field. This could pave the way for a simple and efficient 

way of fabricating anisotropic magnets.  
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Introduction 

 

Permanent magnets are essential functional components used in a wide variety of applications such as transportation (electric 

motors), computers (hard drives), communications (speakers), medical (magnetic resonance) and power generation (generators). The 

use of permanent magnets is in expansion as devices are gaining complexity and are expected to provide broader functionalities. In 

the last few years, many research groups have identified additive manufacturing (AM) as an avenue for the production of complex 

shaped permanent magnets offering new design possibilities.1-2 Contrary to traditional manufacturing, AM allows for the production 

of near-net shape components directly from CAD files. Very complex geometries can be realized without additional costs. 

Furthermore, AM is also associated to reductions of material waste, energy consumption and tooling cost.3 Even though research on 

the fabrication of permanent magnets by AM is still at a relatively early stage of development, different techniques are being 

developed such as extrusion,4-5 cold spray AM6-7 and selective laser melting.8-10  

While magnets can readily be fabricated using AM, their magnetic properties (e.g. remanence and BHmax) are still lower than 

those obtained for high grade industrial sintered magnets. This lower performance can mostly be explained by two factors: 1) the 

requirement for a non-magnetic binder in some AM techniques is reducing the magnetic phase content4-7 and 2) the use of isotropic 

powders with lower remanence since no simple methods are readily available to align anisotropic powders. NdFeB volume fraction is 

typically optimized for different AM techniques by a careful selection of process parameters as highlighted for example by Li et al. 

and by Lamarre et al.5-6 At this point, it is expected that further volume fraction optimization will only yield minor incremental gains. 

Consequently, research focus is now put on the use of higher performance anisotropic powders.  

Anisotropic magnets possess a preferred magnetization direction due to their microstructure and are thus typically exhibiting 

stronger magnetization than isotropic magnets.11 Techniques were developed in polymer-based AM to magnetically align anisotropic 

powders during or after the AM process to enhance the magnetic properties in the preferred direction.12-15 For example, it is possible 

to align anisotropic powder particles after printing via the AM extrusion using a combination of heat and a high magnetic field. 

Gandha et al. showed that the magnet remanence can be increased more than twofold while maintaining coercivity using 

post-printing alignment at 550 K under a magnetic field of 0.75 T reaching values of Br =1.0 T and BHmax = 158.35 kJ/m3.13 In situ 

alignment during AM fused filament fabrication was reported by Gandha et al. in 2018 for NdFeB and SmFeN and by Sonnleitner et 

al. 2020 for SrFeO and SmFeN.14-15  

Contrary to magnets printed by polymer-based techniques, cold spray AM printed magnets possess very high mechanical 

properties with UTS exceeding 200 MPa which is possible due to the presence of an aluminum binder.6 However, the isotropic 

magnet fabricated with an aluminum binder yielded a modest remanence of 0.5 T.6 In an attempt to further improve magnetic 

properties, the focus of this work is to evaluate the cold spray deposition of anisotropic NdFeB particles in order to obtain magnetic 

anisotropy. The experimental work is focused on the effect of the cold spray process temperature, the evaluation of the magnetic 

anisotropy via hysteresis measurements along three different orthogonal directions and a detailed microstructural analysis. 

*corresponding author, E-mail: fabrice.bernier@cnrc-nrc.gc.ca 

 



 

Experimental Procedures 

 

A. Materials and Process 

 

Magnet samples were prepared with cold spray additive manufacturing using a mix of 90 wt.% of MQA-38-14 NdFeB powder 

from Magnequench and 10 wt.% of H5 aluminum powder from Valimet. The 90%-10% composition ratio was chosen based on 

previous work where this composition was shown to maximize NdFeB volume fraction and magnetic properties.6 The MQA-38-14 

powder possess a remanence (Br) of 1.28 T, an intrinsic coercivity (Hci) of 1084 kA/m and an energy product (BHmax) of 286 kJ/m3 

based on the powder manufacturer datasheet.16 As-received MQA-38-14 and aluminum H5 powder particle size distributions are 

shown in figure 1. The MQA-38-14 powder size distribution (⁓15-50 µm) was selected according to the typical cold spray powder 

size requirements which allow for constant and reliable feeding as well as sufficient deformation. It is worth noting that the use of a 

finer particle size distribution for the aluminum maximizes the magnetic properties.6 NdFeB-Al powder mixes were sprayed using a 

Plasma Giken PCS800 system at 400°C and 600°C with a constant gas pressure of 4.9 MPa, a stand-off distance of 80 mm, a robot 

scanning speed of 100 mm/s and a 1 mm step size. More details on the magnet fabrication procedure as well as on their magnetic 

properties can be found in Lamarre et al.6 After deposition, samples were machined to the following dimensions for magnetic 

characterization: 7 mm x 6 mm x 5 mm. Sample geometry is shown in figure 2. Sample main directions and dimensions are identified 

as follows: Par (parallel to spray direction, 5 mm), pA (perpendicular to spray direction and parallel to gun movement, 7 mm) and pB 

(perpendicular to spray direction and gun movement, 6 mm). Sample dimensions were chosen to be different in each direction to 

facilitate samples identification after machining. 

Fig. 1 NdFeB (MQA 36-18) and Al (H5) powders cumulative and differential particle size distributions. 

 

Fig. 2 Left: cross-section view of the deposited coating with spray direction. Right: Schematic sample geometry and notation for 

anisotropic magnetic measurements. Measurement direction nomenclature: Par: parallel to spray direction, pA: perpendicular to 

spray direction and parallel to gun movement, pB: perpendicular to spray direction and gun movement. 

 

B. Samples Characterization  

 

Samples magnetic remanence (Br) and coercivity (Hci) and maximum energy product BHmax were obtained using a 

hysteresisgraph Permagraph L equipment from Magnet Physik (Fishers, Indiana, USA). Measurements were performed with samples 

positioned along the previously defined 3 main directions (Par, pA and pB). In order to magnetize samples up to saturation, a 

magnetic field of 2000 kA/m was used. The density of the samples was obtained by measuring the dimension and weight of the 

samples. The volume fraction of the NdFeB in the Al matrix was calculated using the density of the composite and by assuming no 

porosity. Energy dispersive spectroscopy elemental mapping was done using a SEM. The alignment of the c-axis of the NdFeB phase 



 

was also investigated by XRD measurement in all 3 directions of the produced magnet. The BL8S1 beamline equipment at Aichi 

Synchrotron Radiation Center was used at a current of 14,37 keV and a wavelength of 0.0867. Finally, transmission Kikuchi 

diffraction images were also obtained to verify the grain orientation in two different areas.   

 

Results and discussion  

 

NdFeB and aluminium powder mix (90 wt% MQA-38-14 with 10 wt.% of H5) was sprayed at a gas temperature of 400°C and 

600°C to evaluate the effect of the gas temperature on the deposited materials density, the deposition rate and the magnetic properties. 

Both gas temperature allowed to deposit thick coating with very low porosity (less than 1%). The density of the coating and the 

deposition rate in terms of coating layer thickness per spray pass are presented in Table 1 for both gas temperatures. The volume 

fraction of the NdFeB particles in the aluminum matrix is also presented in Table 1 and was calculated using equation 1 assuming 

negligible porosity. 

Fv NdFeB = (ρcoating – ρAl)/(ρNdFeB – ρAl)              (1) 

 

where, ρcoating, ρAl and ρNdFeB are the densities of the coating, of pure aluminum (2.7 g/cm3) and of MQA 38-14 (7.34 g/cm3), 

respectively. 

The main effect of the gas temperature was on the deposition rate of the powder mix. Increasing the gas temperature from 400°C 

to 600°C doubled the quantity of material that was deposited per pass. This is a well-known cold spray behavior as increasing the gas 

temperature leads to a larger fraction of the impinging particles possessing sufficient speed and energy to undergo deformation to 

bond to the substrate or previous layer. This also explain that increasing the gas temperature decrease the density of the coating and 

the volume fraction of NdFeB particles in the coating by 5%. Indeed, NdFeB being very brittle, it does not deform even at very high 

velocities. It follows that its deposition mostly relies on the presence of soft aluminum onto the substrate as a NdFeB particle 

impinging on a deposited NdFeB particle will not result into build up. NdFeB particle deposition is therefore for the most part 

independent of temperature but will depend on the amount of deposited aluminium. On the other hand, aluminum is subject to the 

previously described mechanism: higher temperatures lead to higher deposition efficiency for that material. That leads to the 

conclusion that aluminum is depositing preferentially at higher temperatures. 

 

Table 1: Influence of the gas temperature on the density and volume fraction of the NdFeB magnetic phase. 

Composition Gas Temperature (°C) Density (g/cm3) Calculated NdFeB vol. % Deposition rate (µm/pass) 

90% MQA 38-14 + 10% H5 400 5.47 59.7 53 

600 5.34 56.9 111 

 

Cold spray sample magnetic anisotropy was evaluated from hysteresis graph measurements along the previously defined 

orthogonal directions (Par, pA and pB). Figure 3 shows the second quadrant hysteresis results for the samples sprayed at 400°C (fig. 

3 a)) and 600°C (fig. 3 b)) in the 3 measured directions. As it can be readily observed, the remanence is almost 1.5 times stronger in 

the Par direction (which is parallel to the spray direction) compared to that obtained in the other two directions perpendicular to the 

spray direction. Measurement in pA and pB direction are the same. It is worth remembering that these results were obtained for 

samples sprayed in the absence of a magnetic field. It is therefore clear that the anisotropic powder is, at least partially, aligning 

naturally during the deposition. 

 

Fig. 3 Second quadrant hysteresis curves for magnets sprayed at a gas temperature of a) 400°C and b) 600°C   

 

Figure 4 compares the magnetic performance of the produced magnet at both gas temperatures. The remanence and coercivity 

are higher for the magnet produced at a gas temperature of 400°C. The higher remanence obtained at 400°C can be partially 

explained by the higher volume fraction of NdFeB particles in the coating. However, the coercivity (Hci) is independent of the 

volume fraction and is still higher for the magnet sprayed at 400°C. Figure 4, also present the hysteresis curves that were normalized 
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for the Vf. First, it is clear that the magnetic performance of the magnet is still far from what should be expected from the powder 

datasheet. The remanence is about 40% lower and the coercivity is less than a third than the powder’s expected performance. 

Secondly, the magnetic performance is still higher at 400°C even after Vf normalization. These two observations could be explained 

by a partial alignment of the anisotropic powder combined with the detrimental effect of the cold spray process temperature on the 

magnetic characteristic of the NdFeB powder.        

Fig. 4 The effect of cold spray gas temperature on the second quadrant hysteresis curves of the magnets in the Par direction. Raw 

data are presented by a full line while the normalized results by the volume fraction are shown by the dashed line.      

 

Figure 5 shows the EDX elemental mapping of the built magnets. It can be seen that oxygen rich region can be mostly observed 

surrounding the NdFeB particles. In some regions, oxygen is also associated to Nd-rich regions. This could indicate the presence of 

NdO which would be detrimental to magnetic performance. The high gas temperature could have participated to the oxidation 

process which could explains part of the lower magnetic performance of the magnet produced at 600°C compared to 400°C. Spraying 

magnet at different gas temperatures combined with high resolution microstructural characterization could offer a clearer 

understanding of the process’s parameter effect on oxygen content and the impact on magnetic performance.      

  

Fig. 5 Metallography and EDX elemental mapping of the Al-NdFeB magnets. 

 

Different approaches were used to characterize in-depth the degree of alignment of the anisotropic NdFeB particles in the cold 

sprayed magnets. The alignment degree of the NdFeB particles in the aluminum matrix was calculated using the magnetic properties 

according to equation (1) based on the Fernengel function adapted by Quispe et al. and Schäfer et al.:17-18 

 

cosθ = cos[arctan(1.7263r)]            (2) 

 

where r is the remanent polarization ratio between the remanence in the hard and easy magnetization directions, in our case pA/Par 

ratio in table 2. A value of 1 is expected for fully aligned material.  

The calculated alignment degree (cos θ) for the different gas temperatures is between 0.65 and 0.66 which is relatively low. It is 

also lower to in-situ alignment of 0.73 obtain by Schäfer et al. using laser powder fusion of bonded NdFeB.18        
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Table 2: Influence of the gas temperature on the density and volume fraction of the NdFeB magnetic phase. 

Gas Temperature Directions Br (mT) Hci (kA/m) BHmax (kJ/m3) 

400°C  Par 473 305 26 

 pA 315 342 13 

 pB 314 343 13 

 pA/Par (ratio) 0.667   

600°C Par 428 288 20 

 pA 291 298 10 

 pB 289 293 10 

 pA/Par (ratio) 0.680   
 

To further analyze the natural alignment of MQA-38-14 particles in cold sprayed magnets, the X-ray powder diffraction (XRD) 

patterns of the magnets were obtained in all three directions and compared to the Nd2Fe14B reference (see fig. 6). The XRD pattern 

are very similar for the pA and pB directions (black and red line). The Par direction XRD pattern (blue line) is closer to the reference 

as all the main peaks are present. The main difference between the pattern in the Par direction compared to pA and pB is the higher 

relative intensity at 21.1° (105) and 24.4° (006) which indicates a texture formation along the c-axis. Quantification of the relative 

intensity of these peaks is however difficult as they are both convoluted with the Al peaks.    

Fig. 6 XRD patterns for the cold sprayed magnet in the three orthogonal directions compared with the reference Nd2Fe14B pattern. 

The green line is the Par direction, and the black and red lines are the pA and pB directions respectively.  

 

Magnetic anisotropy and XRD are a consequence of the particle alignment that can be measured at a macroscopic level. A more 

localized microstructural approach was also used. Figure 7 presents the transmission Kikuchi diffraction (TKD) images obtained for 

two different areas in the magnet. The observations were made parallel to the spray direction (Par). It should be noted that since 

NdFeB has very poor crystallinity, the full width at half maximum (FWHM) of the XRD peak is large and the Kikuchi pattern is not 

as clear as it could be. In the first observed area, the grains are mostly randomly oriented. The second area shows that the grains are 

relatively well-oriented. This tends to indicate that the alignment is not homogeneous throughout the magnet at a microstructural 

level which could explain the lower macroscopic alignment measurement. A better understanding of this results and the effect of the 

process parameters on the NdFeB particles alignment is required to benefits more clearly of the in-situ alignment of anisotropic 

MQA-38-14 in the Al matrix during cold spray deposition.   

 

 

 

 

 

 

 

 

 



 

 

 

Fig. 7 Transmission Kikuchi diffraction images of the cold sprayed magnet observed in the Par direction.  

 

 

Conclusion 

 

This work has demonstrated the feasibility of aligning anisotropic NdFeB particles during the cold spray process leading to 

anisotropic magnetic properties. The influence of gas temperature on the deposition rate, magnetic volume fraction, anisotropy and 

overall magnetic performance was evaluated. It was shown that anisotropic powder is, at least partially, self-aligned during the cold 

spray even in the absence of a magnetic field. The magnetic performance was however lower than performance obtained by cold 

spray using isotropic powder. The lower results, particularly the low coercivity, could be attributed to the detrimental effect of the 

cold spray process temperature on the magnetic properties of the anisotropic powder. The alignment degree of the particles was 

calculated to be 0.66 which is low and is affecting the performance. Advanced microstructural characterization showed that the c-axis 

is aligned parallel to the spray direction. Although the obtained remanence in the aligned direction is limited, improvements could 

potentially be achieved via different avenues: 1) use of higher concentration powder pre-mixes such as 90% NdFeB-10% Al, 2) 

further optimization of spray parameters, 3) specifically tailored feedstocks and 4) the use of in-situ magnetic field.  

 

Reference 

 

1) H. Wang, T.N. Lamichhane, M.P. Paranthaman, Review of additive manufacturing of permanent magnets for electrical machines: 

A prospective on wind turbine, Materials Today Physics. 24 (2022) 100675. 

2) R. Wrobel, B. Mecrow, A Comprehensive Review of Additive Manufacturing in Construction of Electrical Machines 

(2020) IEEE Transactions on Energy Conversion, 35 (2), art. no. 8952785, pp. 1054 - 1064 

3) J. Edgar, S. Tint, “Additive Manufacturing Technologies: 3D Printing, Rapid Prototyping, and Direct Digital Manufacturing”, 2nd 

Edition, Johnson Matthey Technol Rev. 59 (2015) 193–198.  

4) L. Li, A. Tirado, I.C. Nlebedim, O. Rios, B. Post, V. Kunc, R.R. Lowden, E. Lara-Curzio, R. Fredette, J. Ormerod, T.A. Lograsso, 

M.P. Paranthaman, Big Area Additive Manufacturing of High Performance Bonded NdFeB Magnets, Sci Rep. 6 (2016) 36212.  

5) L. Li, K. Jones, B. Sales, J.L. Pries, I.C. Nlebedim, K. Jin, H. Bei, B.K. Post, M.S. Kesler, O. Rios, V. Kunc, R. Fredette, J. 

Ormerod, A. Williams, T.A. Lograsso, M.P. Paranthaman, Fabrication of highly dense isotropic Nd-Fe-B nylon bonded magnets via 

extrusion-based additive manufacturing, Additive Manufacturing. 21 (2018) 495–500. 

6) J.-M. Lamarre, F. Bernier, Permanent Magnets Produced by Cold Spray Additive Manufacturing for Electric Engines, J Therm 

Spray Tech. 28 (2019) 1709–1717.  

7) F. Bernier, M. Ibrahim, M. Mihai, Y. Thomas, J.-M. Lamarre, Additive manufacturing of soft and hard magnetic materials used in 

electrical machines, Metal Powder Report. 75 (2020) 334–343. 

8) M. Skalon, M. Görtler, B. Meier, S. Arneitz, N. Urban, S. Mitsche, C. Huber, J. Franke, C. Sommitsch, Influence of Melt-Pool 

Stability in 3D Printing of NdFeB Magnets on Density and Magnetic Properties, Materials. 13 (2019) 139.  

9) F. Bittner, J. Thielsch, W.-G. Drossel, Laser powder bed fusion of Nd–Fe–B permanent magnets, Prog Addit Manuf. 5 (2020) 3–9.  



 

10) J. Jacimovic, T. Christen, E. Dénervaud, Self-organized giant magnetic structures via additive manufacturing in NdFeB 

permanent magnets, Additive Manufacturing. 34 (2020) 101288. https://doi.org/10.1016/j.addma.2020.101288. 

11) D. Brown, B.-M. Ma, Z. Chen, Developments in the processing and properties of NdFeB-type permanent magnets, Journal of 

Magnetism and Magnetic Materials. (2002). 

12) I.C. Nlebedim, H. Ucar, C.B. Hatter, R.W. McCallum, S.K. McCall, M.J. Kramer, M.P. Paranthaman, Studies on in situ magnetic 

alignment of bonded anisotropic Nd-Fe-B alloy powders, Journal of Magnetism and Magnetic Materials. 422 (2017) 168–173.  

13) K. Gandha, I.C. Nlebedim, V. Kunc, E. Lara-Curzio, R. Fredette, M.P. Paranthaman, Additive manufacturing of highly dense 

anisotropic Nd–Fe–B bonded magnets, Scripta Materialia. 183 (2020) 91–95.  

14) K. Gandha, L. Li, I.C. Nlebedim, B.K. Post, V. Kunc, B.C. Sales, J. Bell, M.P. Paranthaman, Additive manufacturing of 

anisotropic hybrid NdFeB-SmFeN nylon composite bonded magnets, Journal of Magnetism and Magnetic Materials. 467 (2018) 

8–13.  

15) K. Sonnleitner, C. Huber, I. Teliban, S. Kobe, B. Saje, D. Kagerbauer, M. Reissner, C. Lengauer, M. Groenefeld, D. Suess, 3D 

printing of polymer-bonded anisotropic magnets in an external magnetic field and by a modified production process, Appl. Phys. Lett. 

(2020) 116 (9)       

16) Magnequench website: https://mqitechnology.com/wp-content/uploads/mqa-brochure-v5.pdf 

17) L. T. Quispe, M. Röhrig, J. L. Monteiro, L. U. Lopes, P. A. Wendhausen; Fast experimental estimation of texture distribution and 

alignment degree in permanent magnets. J. Appl. Phys. 28 October 2020; 128 (16): 165101 

18) K. Schäfer, R.G.T. Fim, F. Maccari, T. Braun, S. Riegg, K.P. Skokov, D. Koch, E. Bruder, I. Radulov, C.H. Ahrens, P.A.P. 

Wendhausen, O. Gutfleisch, Laser powder bed fusion of anisotropic Nd-Fe-B bonded magnets utilizing an in-situ mechanical 

alignment approach (2023) Journal of Magnetism and Magnetic Materials, 583, art. no. 171064 

https://mqitechnology.com/wp-content/uploads/mqa-brochure-v5.pdf

