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Abstract: Potential permanent magnet (Fe0.7Co0.3)2B has large saturation magnetization and high Curie 

temperature but a moderate magnetocrystalline anisotropy (MCA) and displays relatively low coercivity. One 

way to improve coercivity is to combine the contribution from magnetocrystalline- and magnetic shape 

anisotropy by preparing (Fe0.7Co0.3)2B nanowires. We study the effect of size, morphology, and surface defect 

on the hard magnetic properties of nanowires using micromagnetic simulation. The hard magnetic properties 

of (Fe0.7Co0.3)2B nanowire bonded magnet have been estimated, including the role of inter-wire magnetostatic 

interaction. By considering the existence of local reduction of MCA energy up to 30% on the surface layer of 

nanowires, the anisotropic bonded magnet with 65% vol. of (Fe0.7Co0.3)2B nanowires displays typical magnetic 

properties of remanence Br=8.4 kG, coercivity Hci=9.9 kOe, and maximum energy product (BH)m=17.8 MGOe. 

Developing effective technology for synthesizing nanowires and fabricating corresponding bonded magnets is 

promising for manufacturing practical magnets based on magnetic phase with relatively low or moderate 

MCA, such as (Fe0.7Co0.3)2B. 
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1. Introduction 

The high-performance permanent magnet market is almost wholly occupied by Nd-Fe-B and 

Sm-Co rare earth (RE) alloys used in many green energy fields, including electric vehicles and wind 

power generators [1,2]. The growth of RE magnet market results in a supply and demand bottleneck 

for critical RE metals such as Pr, Nd, Dy, and Tb. Hence, the RE-free magnets have attracted more 

research attention in recent years [3–5]. Among the candidate materials for RE-free magnets, Fe-based 

compounds such as Fe-Co-B, Fe-Co-P, Fe-N, etc., are of great interest from resource sustainability 

perspective [6–10].  

The tetragonal phase (Fe1−xCox)2B (0.1 ≤ x ≤ 0.5) has an easy-axis magnetocrystalline anisotropy 

(MCA) with a peak value at x = 0.3 (MCA constant, K1 = 4.1 Merg/cm3, or magnetocrystalline 

anisotropy field, HMCA=7.8 kOe) at room temperature [10,11]. (Fe0.7Co0.3)2B also has a large 

magnetization (Js=13 kG) at room temperature and a high Curie temperature of 660 °C. Despite the 

good intrinsic magnetic properties of (Fe0.7Co0.3)2B [12–16], the experimentally obtained coercivity is 

rather low and less than 100 Oe [14]. The low coercivity prevents Fe-Co-B from being used in practical 

applications. Kim et al. reported that doping heavy elements of Re can improve the coercivity of (Fe, 

Co, Re)2B to about 900 Oe.[15]  

One way to enhance the coercivity of (Fe0.7Co0.3)2B is to take advantage of magnetic shape 

anisotropy (MSA) by controlling the particle sizes and shapes, as done for Alnico permanent 

magnets.  Researchers developed nano-structural Alnico 80 years ago, where the magnetic 

anisotropy is mainly from shape magnetic anisotropy (Ks) of the needle-shaped ferromagnetic Fe-Co 

precipitates distributed in a non-magnetic matrix phase of Ni-Al [17,18]. The needle-like Fe-Co 

particles have a 10-50 nm diameter and can be several hundred to one thousand nanometers long 

[17,18]. Magnetic nanowires have been studied intensively in recent years [19–21]. Under proper 

synthesis conditions, the hexagonal Cobalt nanowires can be made as single crystals, each with a 

single magnetic domain structure having a <001> crystallographic axis oriented along the length of 

Disclaimer/Publisher’s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and 
contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting 
from any ideas, methods, instructions, or products referred to in the content.

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 26 June 2024                   doi:10.20944/preprints202406.1877.v1

©  2024 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202406.1877.v1
http://creativecommons.org/licenses/by/4.0/


 2 

 

the particles [21–23]. This gives rise to a uniaxial MCA (Kc) direction that coincides with the MSA (Ks) 

in the cobalt nanowires and results in large effective anisotropy (Keff), i.e., Keff=Kc+ Ks. Cobalt nanowires 

with a diameter (d) of 15 nm and a length (l) of 200 nm displays a coercivity of about 10 kOe, which 

is higher than its theoretical magnetocrystalline anisotropy field (Hk=7.6 kOe) [22]. The optimized 

bonded magnet of cobalt nanowire shows magnetic remanence Br=9.5 kG, coercivity Hci= 9.6 kOe, and 

maximum energy product (BH)m= 20 MGOe.[24] However, the high cost of cobalt prevents it from 

being a practical magnet. It was reported that Fe2B nanowires with a diameter of about 30 nm can be 

deposited onto a nickel foam via a simple one-step chemical reduction in an externally applied 

magnetic field [25]. It is also found that the Co-Fe-B nanowires with a diameter of 175 nm and a length 

of 6-14 µm can be synthesized using electrodeposition with a nano-porous aluminate template [26]. 

Unfortunately, the array of the Co-Fe-B nanowire shows a typical coercivity of 200 Oe due to the 

nanowires' large size [26]. These results indicate that the Fe-Co-B nanowires can be synthesized, 

encouraging us to investigate the coercivity of (Fe0.7Co0.3)2B nanowires and the potential magnetic 

performance of the bonded magnets prepared with these nanowires. 

 In this work, we perform a micromagnetic simulation to elucidate the correlation of coercivity 

with the size, morphology, and surface defect of (Fe0.7Co0.3)2B nanowires. The extrinsic magnetic 

properties, including remanence, Br, coercivity Hci, and maximum energy product (BH)m, have also 

been calculated as a function of packing fraction in (Fe0.7Co0.3)2B nanowire bonded magnet. Finally, 

the challenge and potential pathway for developing nanowire-based magnets have been discussed. 

2. Computational Method and Details 

The micromagnetic simulation is based on Landau–Lifshitz–Gilbert equation (LLG) and has 

been widely applied to simulate the magnetic properties of soft and hard magnets [27–29]. The 

micromagnetic simulations were done using a finite difference GPU micromagnetic code, 

MuMax3.[30,31]  Here, the finite-difference cell size is 1 nm×1 nm×1 nm for all the calculations. The 

magnetic field step for calculating the magnetic hysteresis loop is 1 mT. The total energy minimization 

was performed using a conjugate gradient method with a converge criterion of normalized 

magnetization change less than 10-6. The materials parameters of (Fe0.7Co0.3)2B for micromagnetic 

simulation are derived from experiments [10]. The magnetization (Ms), magneto-crystalline 

anisotropy constant (K1), and exchange constant (Aex) are 1.035 kG, 4.1 Merg/cm3, and 12×10-7erg/cm, 

respectively.  

3. Results 

3.1. Micromagnetic Simulation of Coercivity in (Fe0.7Co0.3)2B Nanowires 

3.1.1. Coercivity of Defect-Free (Fe0.7Co0.3)2B Nanowires 

As a starting point, we use micromagnetic simulation to investigate the effect of size and 

morphology on the coercivity of the ideal (Fe0.7Co0.3)2B nanowires without any surface defect. Two 

typical nanowire shapes, prolate spheroid (s-nanowire) and cylinder (c-nanowire), are considered. 

The uniformly magnetized spheroid generates a uniform demagnetizing field, i.e., the demagnetizing 

field (Hd) is homogeneous for s-nanowire, while it is non-uniform for c-nanowire. Theoretically, the 

maximum effective magnetic anisotropy field can be up to 14.3 kOe for an ideal single crystal and a 

single magnetic domain (Fe0.7Co0.3)2B nanowire due to the contributions of MCA- (Hmca=7.8 kOe) and 

MSA (Hmsa=1/2Js=6.5 kOe).  

As shown in Figure 1, the c-nanowires (Fe0.7Co0.3)2B with a diameter of 32 nm (black solid sphere) 

show a coercive field slightly higher than its theoretical magnetocrystalline anisotropic field (7.8 kOe) 

as the ratio between its length and diameter (l/d) is higher than 2, which is almost twice the value for 

l/d=1 (4.3 kOe). Further, an increase in the l/d ratio has little effect on coercivity (~8.1 kOe for l/d=16). 

For the c-nanowire with half the diameter, i.e., 16 nm, the coercivity rapidly increases from 8.1 kOe 

(l/d=1) to about 10.3 kOe (l/d=2) and remains almost unchanged. It is unsurprising that the c-nanowire 

of 16 nm has much higher coercivity than that of 32 nm. The critical domain diameter of (Fe0.7Co0.3)2B 

sphere is about 22 nm, estimated based on the Brown formula D=7.211*(Aex/µ0)1/2/Ms [32]. The 

parameters D, Aex, and MS are critical domain diameter, exchange constant, and saturation 
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magnetization. A similar observation of higher coercivity in nanowires with diameters less than the 

critical single domain size was also made for cobalt nanowires [21,22]. For the same diameter (short 

axis diameter) and l/d ratio (i.e., the ratio between long axis diameter and short axis diameter), the s-

nanowires have much higher coercivity than the c-nanowires. For a ratio l/d=16, the s-nanowire with 

a 16 nm and 32 nm diameter has a coercivity of 14 kOe and 12 kOe, respectively. The calculated 

coercivity of the 16nm nanowire is almost equal to the sum of the MCA field and the MSA field (14.3 

kOe). The similar results are experimentally observed in Co nanowires [22]. These values are higher 

than that for the c-nanowire with the same l/d ratio by about 40%. As shown in Figure 1, the coercivity 

values for c-nanowires with 16 nm and 32 nm diameters are 10.5 kOe and 8.2 kOe, respectively. These 

c-nanowires and s-nanowires can be the building blocks for bonded magnets or other composite 

permanent magnets. 

 

Figure 1. The calculated coercivity of c-nanowire (sphere) and s-nanowire (square) without structural 

defects. Open symbol: d=16 nm, Solid symbol: d=32 nm. The dashed lines (green, bottom) and (blue, 

top) show the theoretical MCA field and total effective magnetic anisotropy field (sum of the 

contributions from MCA and MSA). 

The big difference in coercivity for the particles with different morphologies is ascribed to their 

different magnetization and demagnetization field distributions. As shown in Figure 2 (a), the 

magnetization distributes almost homogeneously along the z-axis for a (Fe0.7Co0.3)2B sphere with a 

diameter of 20 nm at a magnetic remanent state. The corresponding demagnetization is distributed 

along the opposite direction inside the sphere (Figure2b). The sphere has a demagnetization factor of 

1/3. The (Fe0.7Co0.3)2B s-nanowires with a short axis diameter of 16 nm and a long axis diameter of 256 

nm have the MCA easy-axis parallel to the long-axis direction (Figure2c and Figure 2d ). 

Magnetization distributes homogeneously inside the s-nanowires (Figure 2c). The demagnetization 

field is stronger at the two ends than that at the middle part (Figure2c). Overall, the demagnetization 

field aligns opposite to the magnetization direction. It slightly deviates from the z-direction (easy 

direction) near the surface at the two ends, which are the preferential nucleation sites for the 

magnetization reversal domains. For the c-nanowires (Fe0.7Co0.3)2B, the magnetization also almost 

completely aligns along the z-axis (Figure 2e). However, the demagnetization field is strong and 

deviates more substantially from the z-direction at the two ends of the c-nanowires (Figure 2f) 

compared to the s-nanowires (Figure 2d). The sharp edge of the c-nanowire ends (cylinder shape) 

causes strong demagnetization and is a preferential nucleation site for the magnetization reversal 

domain. It is one of the main reasons for the lower coercivity of the c-nanowire compared to the s-

nanowire (Figure 1).  
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Figure 2. The magnetization (a, c, e) and demagnetization field (b, d, f) distribution of (Fe0.7Co0.3)2B 

with a morphology of sphere (diameter 20 nm), s-nanowires (spheroid), and c-nanowire (cylinder) 

with a diameter of 16 nm and length of 256 nm at a magnetic remanent state (external field H=0), 

respectively. Here, the arrows are the magnetization or demagnetization directions. The easy axis of 

magnetization is along the z-direction (vertical direction). Only the end parts (30 nm in length) of 

nanowires (c, d, e ,f) are shown where the large changes in magnetization and demagnetization field. 

3.1.2. Coercivity of (Fe0.7Co0.3)2B Nanowires with Surface Defect 

Our previous work indicated that MCA of (Fe0.7Co0.3)2B is sensitive to structural defects. A 

fluctuation of cobalt content of 10%, or 1% isotropic lattice strain, or 2% tetragonal distortion reduces 

MCA energy up to 30% in (Fe0.7Co0.3)2B [33]. Here, we study the effects of local weak MCA on 

coercivity in s-nanowires and c-nanowires of (Fe0.7Co0.3)2B. As the particle surface has more structural 

defects than its core, we set up core-shell nanowire models, i.e., the nanowire core has an MCA of 

bulk single crystal (K=4.1 Merg/cm3). At the same time, the shell (2 nm thickness) surrounding the 

core has an MCA less than that of the core part by 10-30% (Figure 3).  
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Figure 3. Scheme of core-shell geometry models for (Fe0.7Co0.3)2B c-nanowire (a) and s-nanowire (b). 

The core and shell have MCA constants K1 core=4.1Merg/cm3 and K1 shell =0.7-0.9*K1 core, respectively. 

Figure 4 displays the calculated coercivity as a function of MCA constants of the shell layer, K1 

shell in (Fe0.7Co0.3)2B c-nanowire (blue solid line) and s-nanowire (red, dashed line). With a decrease in 

the K1 shell value from 4.1 to 2.97 Merg/cm3 (i.e., K1 shell =0.7*K1 core), the coercivity of the c-nanowire and 

s-nanowire decreases almost linearly from 10.5 to 9.4 kOe and from 14.1 to 12.9 kOe, respectively. 

The local reduction of MCA (nanowire surface) reduces the energy barrier for starting magnetization 

reversal, decreasing the coercivity. 

 

Figure 4. The calculated coercivity as a function of MCA constants of the shell layer, K shell in 

(Fe0.7Co0.3)2B c-nanowire (blue solid line) and s-nanowire (red, dash line). The nanowires have 

diameters of 16 nm and lengths of 256 nm. 

Table 1 lists the values of the calculated Br, Hci, and (BH)m of some selective s-nanowires and c-

nanowires. The remanence remains unchanged for different sized c-nanowires and s-nanowires with- 

and without- low MCA surface layer. Although the coercivity decreases with reducing K1 shell, the 

values are still about 9.4 kOe and 13 kOe for c-nanowires and s-nanowires with low MCA surface 

layers (K1 shell =0.7*K1 core). These values are higher than the theoretical maximum value contributed 

from MCA (i.e., the MCA field HK=7.8 kOe). In other words, the magnetic shape anisotropy 

compensates for coercivity reduction due to local MCA fluctuations in the nanowires. 
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Table 1. Magnetic properties of nanowires with different thicknesses of surface defect layer (SFL). 

The MCA constant of SFT, K1 shell =0.7*K1 core. 

 Size (nm) 

SFL 

Thickness 

(nm) 

Br (kG) Hci (kOe) 
(BH)m 

(MGOe) 

c-nanowire Φ16×256 0 13.0 10.5 42 

c-nanowire Φ16×256 1 13.0 9.9 42 

c-nanowire Φ16×256 2 13.0 9.4 42 

c-nanowire Φ32×256 0 13.0 8.2 42 

s-nanowire Φ16×256 0 13.0 14.1 42 

s-nanowire Φ16×256 1 13.0 13.3 42 

s-nanowire Φ16×256 2 13.0 12.9 42 

s-nanowire Φ32×256 0 13.0 12.0 42 

Controlling the nanowire size and morphology can effectively improve the coercivity of the 

semi-hard magnetic phase lacking strong MCA. All these nanowires have coercivity higher than ½ 

of Br, and the theoretical (BH)m can be estimated as Br2/4, or 42 MGOe (Table 1). Strictly speaking, the 

concept of (BH)m is only for bulk magnets. The (BH)m of the nanowires is the upper limit for a bulk 

magnet made from nanowires. However, assembling these nanowires into bulk magnets while 

retaining sufficiently high Br, Hci and (BH)m remains challenging. 

3.2. Coercivity of (Fe0.7Co0.3)2B Bonded Magnet from Nanowires  

The coercivity contributed by MSA, decreases with increasing packing fraction of magnetic 

particles (or a decrease in the inter-particle distance) due to inter-particle magnetostatic interactions 

[34,35]. When the distance between neighboring nanowires is zero, the coercivity from MSA 

disappears. We can prepare bonded magnets using the (Fe0.7Co0.3)2B nanowires as the starting 

materials to take advantage of the coercivity contributed by magnetic shape anisotropy. The magnetic 

powder is mixed with binder such as epoxy resin, nylon, etc., and formed into bulk magnets with 

specific shapes and sizes using methods like compression and injection molding [36]. The non-

magnetic binder separates the magnetic nanowires in the bonded magnet, which helps to retain the 

coercivity originating from MSA. In addition, the non-magnetic binder bonds the magnetic particles 

together, enabling the necessary mechanical properties for applications.  

Although the bonded magnet can partially retain the coercivity from the contribution of 

magnetic shape anisotropy, the binder dilutes the magnetic powder content which, in turn, decreases 

magnetic remanence and maximum energy product. To evaluate the potential performance of 

(Fe0.7Co0.3)2B bonded magnet, we calculate the magnetic properties as a function of the volume 

fraction of the particles. Four types of (Fe0.7Co0.3)2B magnetic particles are selected as feedstock 

powder for the bonded magnet: 1) s-nanowire with a diameter of 16 nm and a length of 256 nm; 2) s-

nanowire with a diameter of 16 nm and a length of 256 nm, including a surface defect layer of 2 nm 

with reduced MCA of K1 shell =0.7*K1 core ; 3) c-nanowire with a diameter of 16 nm and a length of 256 

nm; 4) c-nanowire with a diameter of 16 nm and a length of 256 nm, including a surface defect layer 

of 2 nm with reduced MCA of K1 shell =0.7*K1 core. The morphologies of the s-nanowire (3) and c-

nanowire (4) with defects were also shown in Figure 3 and described in the previous section. The 

nanowires are assumed to be magnetically aligned along a single direction and uniformly distributed 

in the bonded magnets. 

The strong magnetostatic interaction between nanowires will reduce the coercivity of the 

assembly of magnetic nanowires. Several groups have studied the correlation between coercivity and 

packing fraction for acicular-shaped magnetic particles[37–41]. The coercivity with a contribution of 

MCA and MSA can be approximated phenomenologically by [41] 

Hci(P)=A+B(1-P)                                                                (1)  
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P, A, and B are volume packing fractions, MCA contributed coercivity, and isolated particle 

coercivity due to MSA, respectively. For isolated particles (P=0), the coercivity is the sum of the parts 

originating from MCA and MSA. The predicted linear correlation between coercivity and packing 

fraction from Eq.1 has also been confirmed in cobalt nanowire assemblies from micromagnetic 

simulations [42]. The coercivity value of several simulated nanowires with K1=0 has been calculated 

to derive parameter B. The shape, size, magnetization, and exchange parameters of the simulated 

nanowires are the same as those of nanowires 1, 2, 3, and 4, respectively. The calculated coercivity of 

the simulated nanowires is entirely contributed by magnetic shape anisotropy (i.e., B). Parameter A 

can be estimated from the coercivity difference between the actual and simulated nanowires. The 

calculated parameters A and B are listed in Table 2. The A values differ, but the B values are the same 

for nanowire-1 and nanowire-2. The result is unsurprising, as nanowires 1 and 2 have the same 

geometry, size, and magnetic parameters except for MCA constant K1. The parameter A is mainly 

determined by MCA while B arises from magnetic shape anisotropy. Similar observations are made 

for nanowire-3 and nanowire-4 (Table 2). 

Table 2. Estimated Parameters of A and B of (Fe0.7Co0.3)2B particle. 

nanowires Shape Size (nm) 
A 

(kOe) 
B (kOe)  

1 s-nanowire Φ16×256 7.9 6.1  

2 
Core-shell s-

nanowire 

Core Φ 12×256 

Shell 

thickness: 2 

6.9 6.1 K1 shell =0.7*K1 core 

3 c-nanowire Φ16×256 7.45 3.1  

4 
Core-shell c-

nanowire 

Core Φ 12×256 

Shell 

thickness: 2 

6.85 3.1 K1 shell =0.7*K1 core 

Theoretically, the packing density for orderly packing of ellipsoids is 0.7707 for the particles with 

an aspect ratio larger than 1.732 [43]. The packing density of circular cylinders with a high aspect 

ratio is slightly higher than π/√12 (~0.9)  based on geometry analysis [44]. So, we estimate the 

extrinsic magnetic properties of nanowire bonded magnets with a packing fraction up to 0.7. Figure 

5 shows the calculated extrinsic magnetic properties of (Fe0.7Co0.3)2B bonded magnets with different 

types of particles. As expected, the coercivity decreases while the Br values increase linearly with 

increasing volume packing fraction. Relative to equation 1 above, the coercivity originating from 

MCA remains unchanged (A), while the coercivity arising from MSA linearly reduces with increasing 

magnetic particle volume fraction. The Br values of bonded magnets are the same for different 

magnetic particles with the same volume fraction since we assume they have the same magnetization. 

As shown in Figure 5, all Hci values are higher than half of the Br values in these bonded magnets. 

The magnetic particles are assumed to be aligned entirely along their magnetic easy-axis direction, 

i.e., a 100 % DOA (degree of alignment), resulting in a demagnetization curve with excellent 

squareness in the bonded magnet (Figure 6). The (BH)m = (Br)2/4, shows a similar trend, being 

determined by the volume fraction of the different magnetic nanowires. For 40–70 vol.% c-nanowires 

with 30% reduced MCA defect shell, the bonded magnets can achieve a Hci value of ~7.3-8.2 kOe and 

a (BH)m of 6.8-20.6 MGOe.  

For the 40–70 vol.% s-nanowire as feedstock, the bonded magnets would have Hci of 9.1-10.5 kOe 

and a (BH)m of 6.8-20.6 MGOe. In addition to the morphology, structural defect, and volume fraction 

of the nanowires, the bonded magnet's performance also depends on the nanowire size. Table 3 lists 

the magnetic properties of several typical nanowire-based bonded magnets in which the (BH)m 

ranged between 10 and 20 MGOe. It should be noted that we, here, considered only the perfect 

alignment situation (i.e., 100% DOA). However, misalignment of the nanowires will deteriorate the 
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coercivity, remanence, and squareness of demagnetization curves. The (Fe0.7Co0.3)2B bonded magnets 

have magnetic performance better than Sr- or Ba-ferrite and Alnico, comparable to Nd-Fe-B bonded 

magnets, but inferior to sintered Nd-Fe-B and Sm-Co magnets. They can be potential gap magnets 

with performance intermediated between the SrFe12O19 ferrite and the Nd-Fe-B magnets.   

 

Figure 5. Calculated coercivity Hci (a), magnetic remanence Br (b), and maximum energy product 

(BH)m (c) as a function of volume packing fraction of (Fe0.7Co0.3)2B nanowires in a bonded magnet. 1: 

s-nanowire; 2: s-nanowire with a surface defect layer of 2 nm; 3: c-nanowire; 4: c-nanowire with a 

surface defect layer of 2 nm. 
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Figure 6. Microstructure model of nanowire bonded magnet (a) and fully dense polycrystalline bulk 

magnet of (Fe0.7Co0.3)2B and their calculated demagnetization curves (J-H and B-H) (c) . The 

polycrystalline bulk magnet has a mean grain size of 20 nm and a fluctuation of MCA energy of 30% 

between different grains. The bonded magnet has a volume fraction of 70% for s-nanowire (Φ16×256 

nm). The s-nanowire has a surface defect layer (2 nm thickness) with a reduced MCA constant K1 shell 

=0.7*K1 core. In Figure 6(c), the solid and dashed lines are for J-H and B-H, respectively. See more details 

in the main text. 

Table 3. Calculated magnetic properties of (Fe0.7Co0.3)2B and bonded magnets. 

Type 
MCA 

Fluctuation 

Volume 

content 
Br (kG) 

Hci 

(kOe) 

(BH)m 

(MGOe) 

Bonded, c-nanowire Φ16×256 

nm 
0 70% 9.09 8.3 20.6 

Bonded, c-nanowire Φ16×256 

nm 
0 50% 6.5 8.9 10.5 

Bonded, c-nanowire Φ16×256 

nm 
30% 70% 9.09 7.3 20.6 

Bonded, c-nanowire Φ16×256 

nm 
30% 50% 6.5 7.9 10.5 

Bonded, s-nanowire Φ16×256 

nm 
0 70% 9.10 9.6 20.7 

Bonded, s-nanowire Φ16×256 

nm 
0 50% 6.5 10.8 10.5 

Bonded, s-nanowire Φ16×256 

nm 
30% 70% 9.10 8.6 20.7 

Bonded, s-nanowire Φ16×256 

nm 
30% 50% 6.5 9.8 10.5 

3.3. Challenge and Roadmap for Developing (Fe0.7Co0.3)2B Based Permanent Magnets 

Due to the relatively low MCA of (Fe0.7Co0.3)2B, one way to improve coercivity is to optimize 

microstructure. The size and morphology significantly affect coercivity for magnetic phases with 

moderate or low MCA at the particle or crystal grain level. Appropriately tailored (Fe0.7Co0.3)2B 

nanowires can achieve coercivity higher than the theoretical value of the MCA field since combining 

the contribution from MCA and MSA. This will be potentially a practical approach to enable 
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coercivity of hard magnetic phases with moderate MCA, such as Fe-based rare earth free magnets. 

One challenge is effectively preparing the (Fe0.7Co0.3)2B nanowires at a large scale. Although there are 

reports on the synthesis of Fe-Co-B magnetic micro- or nanowires in recent years [25,26], the synthesis 

of single crystal and single domain (Fe0.7Co0.3)2B nanowires is still the most challenging task for 

developing Fe-Co-B hard magnets that leverage the MCA and MSA contributions to coercivity. 

Developing novel synthesis technologies will be important in developing nanowire-based permanent 

magnets. 

Another challenge is assembling the particles into bulk (full density or bonded) magnets. Figure 

6a shows the schematic microstructure of a bonded magnet in which the (Fe0.7Co0.3)2B nanowires 

retain their size and shape and are separated by the binder matrix. Hence, the coercivity of particles 

arising from MSA can also be partially retained (Figure 5) since the binder helps to keep the particles 

separated. On the other hand, full-density bulk magnets would have a polycrystalline microstructure 

containing polyhedron grains with no specific morphology (Figure 6b). The coercivity originates 

from MCA. In addition to the proper selection of binder and fabrication methods, one challenge for 

nanowire bonded magnets is how to achieve high DOA, which has a direct impact on remanence, 

coercivity contributed from MSA part, the squareness of demagnetization curve, and maximum 

energy product.  

Figure 6c shows the calculated demagnetization curves for the nanowire bonded magnet and 

the full-density polycrystal magnet. The bonded magnet has a 65 vol% of (Fe0.7Co0.3)2B s-nanowires 

(Fig 6a). The s-nanowire has a size of Φ16×256 nm and a 2 nm thick surface shell with an MCA 

reduction of 30%. This results in a bonded magnet with Br=8.4 kG, Hci=9.9 kOe, and (BH)m=17.8 MGOe 

(Figure 6c), comparable with anisotropic Nd-Fe-B bonded magnet. The large coercivity enables a 

linear second quadrant induction demagnetization B-H curve with no knee point (Figure 6c, black 

dash line). Such a B-H curve is ideal for dynamic applications, e.g., electric motors and generators.  

The full-density polycrystalline bulk magnet has a mean grain size of 20 nm and a local MCA 

reduction of up to 30% (Figure6b) and shows typical extrinsic magnetic properties of Br=12.3 kG, 

Hci=2.7 kOe, and (BH)m=25.6 MGOe from micromagnetic simulation (Figure 6c). Although they can 

result in higher Br and (BH)m, the low intrinsic coercivity results in a nonlinear second quadrant 

induction demagnetization curve (B-H curve) with a knee point in the second quadrant of the 

hysteresis loop. This limits them to some static applications (i.e., the working point is fixed).  

4. Summary 

(Fe0.7Co0.3)2B displays promising intrinsic magnetic properties, including large magnetization, 

high Curie temperature, and moderate MCA. For rationally tailored size and morphology of 

(Fe0.7Co0.3)2B nanowire, the coercivity can be up to 10-14 kOe due to the combined contributions of 

MCA and MSA. The typical anisotropic bonded magnet with 65 vol % of (Fe0.7Co0.3)2B nanowire has 

a linear second quadrant induction demagnetization B-H curve. It displays typical magnetic 

properties of Br=8.4 kG, Hci=9.9 kOe, and (BH)m=17.8 MGOe, which are well-suited for dynamic 

applications such as electric motors and generators. This method has good potential as an effective 

approach for developing permanent magnets with moderate MCA. The challenge is effectively 

preparing the (Fe0.7Co0.3)2B nanowires with single crystal and single magnetic domain structure 

and assembling them into bulk magnets. Developing novel synthesis techniques for nanowires with 

controllable size and morphology is highly needed for nanowire based magnets.  
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