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MMaaggnneettiicc  aanniissoottrrooppyy  ooff  SSmm((FFee--CCoo--NNii))1122--BB  tthhiinn  ffiillmmss  aanndd    
ffoorrmmaattiioonn  ooff  TThhMMnn1122  pphhaassee  bbyy  eelleemmeenntt  ssuubbssttiittuuttiioonn  aanndd  aaddddiittiioonn  

Y. Mori*†, S. Nakatsuka*, T. Sato**, M. Doi*, and T. Shima*
*Graduate School of Engineering, Tohoku Gakuin Univ., Shimizukoji , Sendai 984-8588, Japan 

**Faculty of Engineering, Tohoku Gakuin Univ., Shimizukoji , Sendai 984-8588, Japan 

The combined addition of Ni and Co is a promising method for stabilizing the ThMn12-type crystal structure 
without significantly decreasing the saturation magnetization. In this work, the structure and magnetic properties of 
Sm(Fe-Co)12-B thin films by substituting Ni and Co with a part of Fe sites and adding B were investigated in detail. 
It was observed that when the Fe sites of Sm(Fe-Co-Ni)12 thin films were partially substituted with Ni, the peak 
intensity from the ThMn12-type phase decreased, but recovered with increasing the amount of Co substitution. 
Furthermore, most of the samples with combined Ni and Co substitution had an isotropic or in-plane easy axis of 
magnetization with respect to the film plane. However, it was confirmed that the easy axis of magnetization was 
varied to the perpendicular direction by adding a small amount of B to the Sm(Fe-Co-Ni)12 thin films. 

KKeeyywwoorrddss: ThMn12-type crystal structure, magnetic anisotropy, element substitution, Sm(Fe-Co-Ni)12-B thin film 

11.. IInnttrroodduuccttiioonn

RFe12 (R: rare earth element) compounds (hereafter 
referred to as 1:12) with a tetragonal ThMn12-type 
crystal structure are expected to have a high saturation 
magnetization due to their high Fe content, and they 
are promising candidates for new high-performance 
permanent magnet materials. In particular, it has been 
confirmed that SmFe12-based compounds exhibit 
superior intrinsic magnetic properties at room 
temperature and at high temperatures compared with 
Nd2Fe14B sintered magnets1)-6). For example, the 
saturation magnetization (µ0Ms = 1.78 T), anisotropy 
field (µ0HA = 12 T), and Curie temperature (TC = 879 K) 
can be obtained at room temperature in a 
Sm(Fe0.8Co0.2)12 thin film1). Furthermore, it was 
reported that a high coercive force of 1.2 T was obtained 
in a B-doped Sm(Fe-Co)-B thin film prepared by 
sputtering, which is due to a columnar structure in 
which Sm(Fe-Co)12 particles were surrounded by the 
grain boundary phase7). In recent years, we have 
succeeded in further increasing the coercivity of Sm(Fe-
Co)12-B thin films through the grain boundary diffusion 

of nonmagnetic elements8)-11), and we reported that a 
particularly large coercivity (µ0Hc = 1.8 T) can be 
obtained by depositing an Al cap layer11). However, in 
previous studies, it was well known that the SmFe12 
phase was thermodynamically unstable in the bulk 
state, and therefore it was necessary to substitute some 
of the Fe sites with stabilizing elements such as Al, Si, 
Ti, V, Co, and Zr12)-14). The addition of these stabilizing 
elements inevitably results in a significant decrease in 
the saturation magnetization of the SmFe12 compound, 
which has been a major drawback. Therefore, in order 
to obtain a sufficiently high saturation magnetization 
while maintaining the stability of ThMn12-type 
compounds, it is necessary to either minimize the 
amount of stabilizing elements added or to replace part 
of the Fe sites with ferromagnetic elements that 
function as stabilizers.  

Recently, Landa et al. reported using a fundamental 
framework based on density-functional theory in which 
SmNi4(Fe-Co)8 alloys exhibit a negative formation 
energy and that the formation energy is minimal when 
the mole fraction of Co in Fe-Co is 0.415)-16). To obtain a 
high saturation magnetization without affecting the 

Corresponding author: Y. Mori (e-mail: s236532001@g.tohoku-gakuin.ac.jp). 

FFiigg..  11.. Out-of-plane XRD patterns for Sm(Fe1-x-yCoxNiy)12 thin films with different amount of Ni substitution [(a) ~
(d)] and Co substitution [(i) ~ (iv)].  
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anisotropy field or Curie temperature, they propose 
replacing a certain amount of Fe and Co with Ni in 
Sm(Fe1-xCox)12 alloys. Therefore, the simultaneous 
substitution of Ni and Co is expected to be a candidate 
method for stabilizing the SmFe12 phase without 
significantly decreasing the saturation magnetization. 
In this study, Sm(Fe-Co)12 and Sm(Fe-Co)12-B thin films 
with added Ni, which is expected to stabilize the 
ThMn12-type phase without significantly decreasing 
saturation magnetization, are prepared and the crystal 
structure and magnetic properties by variation of the 
film composition, such as the amount of Co and Ni 
substituted for Fe and the amount of B added are also 
investigated in detail. 

22..  EExxppeerriimmeennttaall  pprroocceedduurree   

The samples were prepared by using an ultra-high 
vacuum magnetron sputtering system with an ultimate 
pressure of less than 4.0 × 10-7 Pa. First, a V buffer 
layer with a thickness of 20 nm was deposited on a 
MgO(100) single crystal substrate at a substrate 
temperature (Ts) of 400ºC in an Ar gas atmosphere with 
a process gas pressure of 0.17 Pa. Subsequently, a 50 
nm of Sm(Fe1-x-yCoxNiy)12-B layer (x = 0 ~ 0.5, y = 0 ~ 
0.13) was deposited by co-sputtering with Sm, Fe, 
Fe50Co50, Fe80B20 and Ni targets at Ts = 400ºC. The mole 
fractions of Ni and Co (x, y) were determined from the 
results of energy dispersive X-ray analysis (EDX).  
However, due to the detection limit of light elements, 
the content of B cannot be determined by EDX, so the B 
content was determined by the ratio of the deposition 
rate of boron to that of the Sm(Fe-Co-Ni)12-B layer. 
Finally, a 10-nm V cover layer was deposited as a 
protective layer to prevent oxidation at room 

temperature. The crystal structure was analyzed by X-
ray diffraction (XRD) with Cu-Kα radiation by adjusting 
the χ and φ angles to adopt out-of-plane and in-plane 
configurations. The magnetic properties were evaluated 
using a superconducting quantum interference device 
(SQUID) magnetometer. All measurements were 
performed at room temperature. 

33.. RReessuullttss  aanndd  ddiissccuussssiioonn  

XRD patterns for Sm(Fe1-x-yCoxNiy)12 thin films with 
different amounts of Co substitution (x = 0 ~ 0.3) and Ni 
substitution (y = 0 ~ 0.13) are shown in Fig. 1. As shown 
in Fig. 1(a)(i), the (002) and (004) peaks of the ThMn12-
type crystal structure were clearly observed in the Ni- 
and Co-unsubstituted SmFe12 thin film. At Co 
substitution x = 0.1, the position of the peak from the 
1:12 phase remained almost unvaried, but it was 
confirmed that the peak position shifted to a lower 
angle with increasing x. It was confirmed that as the Ni 
substitution amount y increased from (a) to (d), the 
peak intensity from the 1:12 phase decreased, while at 
the same time, the peak intensities from the Fe5Ni and 
α-Fe phases seen at 2θ = 34.6º and 66.6º increased. 
These results indicate that the substitution of Co into 
Fe sites elongates the lattice spacing of the c-plane, 
while the substitution of Ni inhibits the formation of the  
1:12 phase and instead leads to the formation of Fe5Ni 
and α-Fe phases. In addition, in the Sm(Fe-Co-Ni)12 thin 
film [(b)-(d)], the peak intensity from the 1:12 phase was 
recovered by increasing the Co substitution amount x, 
and the peaks of the Fe5Ni phase and the α-Fe phase 
were decreased, that is, their formation was suppressed. 
This suggests that the presence of Co facilitates the 
formation of the 1:12 phase with Ni added. 

FFiigg..  22.. Magnetization curves for Sm(Fe1-x-yCoxNiy)12 [x: (i) ~ (iv), y: (a) ~ (d)] thin films. Filled and open circles are 
denoted curves measured in perpendicular and parallel directions to the film plane, respectively. 
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Magnetization curves for Sm(Fe1-x-yCoxNiy)12 thin 
films with different amounts of Co (x) and Ni (y) 
substitution are shown in Fig. 2. The filled and open 
circles denote the results measured in perpendicular 
and parallel directions to the film plane, respectively. In 
the SmFe12 thin film without Co or Ni substitution (x = 
0 and y = 0) shown in Fig. 2(a)(i), a high saturation 
magnetization µ0Ms =1.63 T exhibiting perpendicular 
magnetic anisotropy was obtained. Increasing the Co 
substitution amount x improved the squareness of the 
hysteresis loop in the first quadrant, but further 
increasing x to 0.3 decreased the uniaxial magnetic 
anisotropy constant (Ku). The value of Ku was calculated 
by subtracting the integral of the out-of-plane M-H 
curve from the integral of the in-plane M-H curve in the 
first quadrant. As shown in Fig. 2(b), when the Ni 
substitution amount y was 0.05, it was confirmed that 
Ku decreased due to Co substitution and the easy 
direction of magnetization varied from perpendicular to 
the film plane to almost isotropic. In addition, as shown 
in Fig. 2(c), when y was increased to 0.08, the easy axis 
of magnetization of the Sm(Fe-Ni)12 thin film varied 
from the perpendicular direction to the film plane to the 
in-plane direction. Furthermore, even when the 
amounts of Co substitution and Ni substitution were 
further increased, the easy axis of magnetization 
remained in-plane. Thus, it was confirmed that Ni 
substitution does not contribute to improve the hard 

magnetic properties of Sm(Fe-Co)12 compounds, and 
that the in-plane magnetic anisotropy becomes 
predominant as the Ni content increases. Therefore, an 
attempt was made to improve the anisotropy by adding 
B to Sm(Fe-Co-Ni)12 thin films with a small amount of 
Ni substitution y = 0.05. 

XRD patterns of Sm(Fe0.95-xCoxNi0.05)12-B thin films 
prepared with different amounts of B content (B = 0 ~ 
8%) and Co substitution (x = 0 ~ 0.5) measured in the 
out-of-plane configuration (χ = φ = 0) are shown in Fig. 
3. It should be noted that the B content is determined 
by the deposition rate of boron during the deposition of 
the Sm(Fe0.95-xCoxNi0.05)12-B layer. In the B-free Sm(Fe-
Co-Ni0.05) thin film shown in Fig. 3(a), it was observed 
that the (002) and (004) peak positions of the 1:12 phase 
shifted to lower angles when x was 0.1, and then shifted 
to higher angles as x increased further. On the other 
hand, when the amount of B added was increased to 2% 
and 5%, the peak intensity of the 1:12 phase decreased 
in the case of samples not substituted with Co, and 
when the amount of B added was further increased to 
8% (d), it was confirmed that the peak of the 1:12 phase 
almost completely disappeared. However, the peak 
intensity of the 1:12 phase was increased significantly 
in the 2%B and 5%B films by substituting Co into the 
Fe site (x = 0.1), and the peak intensity further 
increased with increasing x. In addition, it was 
confirmed that the peak intensity of the Fe5Ni and α-Fe 

FFiigg..  33.. XRD patterns for Sm(Fe0.95-xCoxNi0.05)12-B thin films with different amount of B content [0 ~ 8% B: (a) ~ (d)] 
and Co substitution [x: (i) ~ vi)].  
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FFiigg..  44.. In-plane XRD patterns for Sm(Fe0.95-xCoxNi0.05)12-B thin films with different amount of B content [0 ~ 8% B: 
(a) ~ (d)] and Co substitution [x = 0 ~ 0.5: (i) ~ (vi)]. 
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phases decreased with increasing Co substitution, 
suppressing their formation. In the 8%B sample, the 
peak intensity of the 1:12 phase recovered from 0.2 to 
0.5 due to an increase in the Co substitution amount, 
but it was confirmed that the intensity was lower than 
that of the 5%B sample with a lower B addition at each 
x value.  

XRD patterns of Sm(Fe0.95-xCoxNi0.05)12-B (x = 0 ~ 0.5, 
B = 0 ~ 8%) thin films obtained from an in-plane 
configuration (various χ and φ angles) are shown in Fig. 
4. As shown in Fig. 4(a), the (121), (031), (022), and 
(222) peaks from the 1:12 phase were clearly observed 
in the Sm(Fe0.95Ni0.05)12 thin film without B addition. 
Similar to the results in Fig. 3(a), it was confirmed that 
the intensity of peaks from the 1:12 phase decreased 
with the addition of B, and its intensity was restored by 
increasing the amount of Co substitution. When 
increasing the Co substitution amount x, (132) and 
(332) superlattice reflections were also observed, and 
the Co substitution amounts at which these peaks 
began to be observed were x = 0.4, 0.3, and 0.3 in the 
0%B, 2%B, and 5%B samples, respectively. Furthermore, 
the peak intensities of the (132) and (332) peaks were 
stronger in the 2%B and 5%B samples compared with 
the sample without B addition. From the results shown 
so far, it was confirmed that increasing the amount of 
Co substitution and adding a small amount of B, such 
as 2%B or 5%B, promotes the formation of the Sm(Fe-
Co-Ni)12 phase.  

Magnetization curves for Sm(Fe0.95-xCoxNi0.05)12-B (x 
= 0 ~ 0.5, B = 0 ~ 8%) thin films are shown in Fig. 5. As 
shown in Fig. 5(a), Ku of the B-free Sm(Fe-Co-Ni)12 thin 
film decreased with increasing Co substitution amount 

x [(i)~(vi)], and it was confirmed that the easy axis of 
magnetization varied from perpendicular to the film 
plane to in-plane at x = 0.5. In addition, as shown in Fig. 
5(b), by adding 2%B, the easy axis of magnetization of 
the Co-unsubstituted Sm(Fe-Ni)12-B thin film was in the 
film plane. However, Ku increased as the amount of Co 
substitution increased up to x of 0.2 and decreased with 
further increase in x. When the B content was 5% (c), Ku 
similarly increased with Co substitution, reaching a 
maximum at x = 0.3. In contract, when B was added in 
larger amounts up to 8%, the easy axis of magnetization 
could not be obtained in the direction perpendicular to 
the film plane at any Co substitution amount x. Thus, it 
was confirmed that the addition of B to the Sm(Fe-Co-
Ni)12  thin film increases the Co substitution amount (x), 
which exhibits perpendicular magnetic anisotropy. 

Scatter plots of the axial ratio c/a and the uniaxial 
magnetic anisotropy constant Ku for Sm(Fe0.95-

xCoxNi0.05)12-B (x = 0 ~ 0.5, B = 0 ~ 8%) thin films are 
shown in Fig. 6. The value of c/a was obtained from the 
peak positions of the 1:12 phase in Figs. 3 and 4. For 
films without B, c/a increased as x increased up to 0.2 
and then decreased with further increases in x. In the 
sample with 2% B addition, c/a decreased as x increased 
to 0.2, and at x = 0.3, c/a increased slightly, and a 
further increase in x resulted in a slight decrease in c/a. 
At 5%B, c/a decreased significantly with a Co 
substitution amount of x = 0.1, but it then increased at 
x = 0.2 and 0.3, and decreased slightly at 0.4. By adding 
8%B, high c/a values were confirmed at x = 0.1 and 0.2, 
and these values decreased significantly with a further 
increase in B content. On the other hand, a high Ku 
value of 3.89 MJ/m3 was obtained for the SmFe12 thin 

FFiigg..  55.. Magnetization curves for Sm(Fe0.95-xCoxNi0.05)12-B thin films with different amount of B content [0 ~ 8% B: (a) 
~ (d)] and Co substitution [x: (i) ~ (vi)].  
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film (x = 0, B = 0%) with no added B or Co. However, 
when the Co substitution amount x was 0.5, the Ku 
value dropped significantly and became negative. 
However, when 2% and 5% B were added, the Ku value 
increased with increasing Co substitution, and the easy 
axis of magnetization became perpendicular. In these B-
added films, high Ku values were obtained at Co 
substitution amount x around 0.2 ~ 0.3. However, as the 
Co substitution amount x was further increased, Ku 
decreased. From these results, it was confirmed that 
positive values of Ku were obtained for films with 
contents of x = 0 to 0.1 (0%B), 0.1 to 0.3 (2%B), and 0.2 
to 0.4 (5%B), and that the c/a values for samples in 
which the easy axis of magnetization was perpendicular 
to the film plane were in the range of 0.559 to 0.578. It 
was also confirmed that when the Co substitution 
amount was 0.2 ~ 0.5, c/a decreased while Ku increased 
with increasing the amount of B. Therefore, it is 
believed that adding B to Sm(Fe-Co-Ni)12 thin film 
decreases the c/a and increases Ku. However, at 8% B, 
where the Co substitution amount was x = 0.4 ~ 0.5, the 
c/a decreased significantly, and Ku also exhibited low 
values. So, it is thought that the decrease in the c/a 
contributes to the reduction in Ku. 

44.. CCoonncclluussiioonn  

    In this study, Sm(Fe-Co)12 and Sm(Fe-Co)12-B thin 
films with added Ni, which is expected to stabilize the 
ThMn12-type phase without remarkable decreasing 
saturation magnetization, were prepared and the 
variation in the crystal structure and magnetic 
properties that result from variation of the film 
composition, such as the amount of Co and Ni 
substituted for Fe and the amount of B added were also 
investigated. It was found that the substitution of Co 
into Fe sites in Sm(Fe1-x-yCoxNiy)12 thin films elongates 
the lattice spacing of the c-plane, while the substitution 
of Ni inhibits the formation of the 1:12 phase and 
instead promotes the formation of Fe5Ni and α-Fe 
phases. As the amount of Ni substitution increased, the 

easy axis of magnetization became predominantly in-
plane, but by adding a small amount of B (2% and 5%) 
and substituting an optimal amount of Co, a 
composition region in which the easy axis of 
magnetization was perpendicular was obtained. In other 
words, it was found that the amount of Co substitution 
in the Sm(Fe-Co-Ni)12-B thin film with perpendicular 
magnetic anisotropy increased with increasing B 
content. This research will provide valuable insight into 
the development of next-generation permanent magnets 
that exhibit high saturation magnetization when the Fe 
mole fraction is increased.  
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FFiigg..  66.. Scatter plot of the axial ratio c/a and the 
uniaxial magnetic anisotropy constant Ku for Sm(Fe0.95-
xCoxNi0.05)12-B (x = 0 ~ 0.5, B = 0 ~ 8%) thin films. 
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   This paper presents an investigation into the performance of a surface-mounted permanent magnet synchronous 
motor (PMSM) utilizing Sm₂Fe₁₇N₃/Fe₁₆N₂ hybrid bonded magnets, developed as an alternative to traditional rare-
earth-based magnets. The study aims to address the challenges associated with the high cost and supply chain 
vulnerabilities of rare-earth materials like neodymium and dysprosium. The motor's torque, efficiency, and losses 
under various loading conditions are evaluated by applying three-dimensional finite element method (3D-FEM) 
simulations and conducting experimental validation using a prototype motor. The experimental results closely align 
with the FEM simulations in terms of torque and efficiency, especially after a 40 mN·m load. However, discrepancies 
in iron losses are observed, with experimental values being approximately 2.5 W higher than FEM predictions. This 
variance is attributed to factors such as the rotor's overhang structure and the building factor of the motor core. 
Additionally, the study demonstrates that optimizing the magnet's properties could lead to a 32% increase in torque 
output. Future work will focus on improving magnet performance and refining FEM models for more practical 
applications. 
 
KKeeyy  wwoorrddss:: Sm2Fe17N3/Fe16N2 hybrid bonded magnet, Permanent magnet synchronous motor (PMSM), Three-
dimensional finite element method (3D-FEM), Prototype test 
 

11.. IInnttrroodduuccttiioonn 
 

The relentless pursuit of energy efficiency and enhanced 
performance in electric motors has driven significant research 
into advanced materials and design optimizations. Among these 
motors, permanent magnet synchronous motors (PMSMs) are 
highly regarded for their superior power density, efficiency, and 
compactness, making them a key player in various industrial, 
automotive, and renewable energy applications. The growing 
demand for PMSMs is largely driven by their ability to deliver 
high torque and efficiency across a broad range of speeds. 
However, despite these advantages, the widespread adoption of 
PMSMs faces challenges due to their reliance on rare-earth 
magnets, particularly those containing neodymium (Nd) and 
dysprosium (Dy). Rare-earth elements are critical in producing 
high-performance magnets, but they come with inherent risks, 
such as fluctuating availability and rising costs, which stem from 
global supply chain vulnerabilities and geopolitical tensions. 
These issues have been highlighted by the Japanese Ministry of 
Economy, Trade, and Industry in their recent policy updates, 
where they emphasized the growing concern over supply chain 
instability for critical materials like rare-earths 1). 

 Moreover, extracting and processing rare-earth elements 
pose environmental challenges, contributing to the urgency for 
alternatives. As J.M.D. Coey discusses, the gap between the 
rising demand for permanent magnets and the finite supply of 
rare-earth elements, which has sparked intense research into 
alternative materials 2). This has driven a global effort to explore 
more sustainable and cost-effective solutions without sacrificing 
motor performance. One such effort, the Element Strategy 
Initiative, focuses on reducing reliance on rare-earth magnets by 
advancing two primary approaches. The first approach aims to 
develop new rare-earth-free magnetic materials, while the 
second seeks to enhance the microstructure of existing rare-

earth compounds, such as Nd₂Fe₁₄B and Sm₂Fe₁₇N ,x to improve 
their performance while minimizing rare-earth content 3). 

Based on the above initiative, this paper presents an 
investigation into the performance of a PMSM utilizing 
Sm2Fe17N3/Fe16N2 hybrid bonded magnets, developed as an 
alternative to traditional rare-earth-based magnets. The motor's 
torque, efficiency, and losses are evaluated by applying three-
dimensional finite element method (3D-FEM) simulations and 
conducting experimental validation using a prototype motor. 

22..  SSppeecciiffiiccaattiioonnss  ooff  MMoottoorr  CChhaarraacctteerriissttiiccss  
 

Prior to comparing the experimental results of the prototype 
motor with the findings of the finite element method (FEM) 
simulation, a series of preliminary tests were conducted. These 
tests aimed to characterize the magnetic properties of the 
Sm₂Fe₁₇N₃/Fe₁₆N₂ hybrid bonded magnet and to quantify the 
copper, iron, and mechanical losses inherent to the motor. 
Additionally, the current waveforms under various operating 
conditions were measured to provide accurate input data for the 
FEM analysis. 

Fig. 1 presents the specifications of the surface-mounted 
PMSM employed in this study. The motor features a three-phase, 
 
 

  
FFiigg..  11  Specifications of the prototype surface-mounted PMSM. 
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four-pole, six-slot configuration with a concentrated winding 
arrangement. Notably, the motor exhibits an overhang structure, 
wherein the axial length of the rotor core exceeds that of the 
stator core. This design choice may influence the motor's 
performance characteristics, particularly with regard to iron loss. 

The B-H loop of Sm₂Fe₁₇N₃/Fe₁₆N₂ hybrid bonded magnet, as 
determined through experimental measurements, is depicted in 
Fig. 2. The B-H curve reveals a coercive force (Hcb) of 280 kA/m and 
a residual magnetic flux density (Br) of 0.53 T.  

The structural configuration of the prototype motor is depicted 
in Fig. 3. The stator iron core is securely encased within the 
motor housing, providing both protection and mechanical 
stability. This design ensures the correct alignment between the 
stator and rotor, which is essential for achieving optimal 
electromagnetic interactions. Proper alignment plays a critical 
role in torque generation and operational efficiency, particularly 
at high rotational speeds. 

Fig. 4 shows the experimental setup used to measure the no-
load induced voltage. The experimental configuration consists of 
the prototype motor coupled to a drive motor using a rigid 
coupling. During the test, the drive motor maintains a constant 
rotational speed of 12,600 rpm. The induced voltage between the 
terminals of the prototype motor is measured using a precision 
scope coder. 
 

  
FFiigg..  22    Measured  B-H loop of Sm2Fe17N3/Fe16N2 hybrid bonded 
magnet. 
 

 

 
FFiigg..  33  Appearance of the prototype surface-mounted PMSM (top) 
and its parts disassembled (bottom). 

  
(a) Experimental configuration 

  

  
(b) Appearance of experimental setup  

FFiigg..  44    Experimental configuration and its setup. 
  

  
FFiigg..  55    Back-EMF waveform at no-load. 

 
 

Fig. 5 illustrates the measured waveform of the no-load 
induced voltage. The measured no-load voltage was recorded at 
15.7 V, corresponding to a magnetic flux linkage of approximately 
20.6 mWb. The calculated values, obtained through Eq. (1) and (2) 
derived from fundamental electromagnetic principles.  
𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅 = 𝜙𝜙𝑅𝑅𝑅𝑅𝑅𝑅. 𝜔𝜔    (1)  
𝜓𝜓𝑎𝑎 = √3.𝜙𝜙𝑅𝑅𝑅𝑅𝑅𝑅    (2)  

In conjunction with the no-load test, a mechanical loss test is 
conducted at various speeds. Prior to the test, the iron stator core 
of the prototype motor is replaced with a non-magnetic and non-
conductive core of the same size. The prototype motor is then 
mechanically connected to the driving motor, which is operated 
at 12,600 rpm. Subsequently, the driving motor is run under no-
load conditions. Accordingly, the mechanical loss of the prototype 
motor can be determined by calculating the difference between 
the input power with the mechanical connection (Pconnected) and 
the input power without load (PNoLoad), as shown in the following 
equation. 
𝑃𝑃𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 = 𝑃𝑃𝑐𝑐𝐿𝐿𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 − 𝑃𝑃𝑁𝑁𝐿𝐿𝐿𝐿𝐿𝐿𝑎𝑎𝑐𝑐   (3)  

Fig. 6 indicates the measured mechanical loss for different 
speeds, which is used to estimate the FEM-derived efficiency in 
the next chapter. 
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FFiigg..  66  Measured mechanical loss for different speeds. 

 
 
Fig. 7 illustrates the experimental setup employed for the load 

tests. The prototype motor is driven at a constant speed of 12,600 
rpm using a three-phase pulse-width modulation (PWM) inverter 
with sensorless vector control. A hysteresis brake is utilized to 
apply a controlled load to the motor. The motor’s torque and 
rotational speed are measured using a motor analyzer, while 
winding current and input power are acquired via a power 
analyzer. The dc power supply voltage is maintained at 48 V. 

The prototype motor is loaded incrementally from 0 mN·m to 
220 mN·m (in steps of 20 mN·m) while rotating at a constant speed 
of 12,600 rpm (420 Hz). The corresponding current waveforms are 
measured, and Fig. 8 shows the measured current waveforms of 
U-phase for one period cycle for 20 mN·m, 80 mN·m, and 200 mN·m 
loadings. These waveforms are subsequently used as inputs for 
the 3D-FEM analysis to ensure an accurate representation of the 
motor's behavior under load. 
 
 

 
(a) Experimental configuration 

 

 
(b) Appearance of the experimental setup 

FFiigg..  77  Experimental setup for the load tests.  
 

 
(a) 20 mN·m 

 
(b) 80 mN·m 

 
(c) 200 mN·m 

FFiigg..  88    Measured current waveforms used as inputs for 3D-FEM. 
 

33..  33DD--FFEEMM  DDeessiiggnn  aanndd  RReessuulltt  CCoommppaarriissoonnss  
 

The PMSM prototype was modeled in FEM, reflecting the 1/4 
of the same three-phase, four-pole, six-slot motor with 
concentrated windings, as shown in Fig. 9. The mesh design 
consisted of 95,381 elements, and JMAG-Designer Ver. 23.1 of 
JSOL Co., Ltd. was used for the 3D-FEM simulation. The 
measured current waveforms shown in Fig. 8 were inputted into 
the simulation, ensuring that the motor speed and current phase 
angle matched the experimental conditions. 
 

 
FFiigg..  99    3D-FEM model of the prototype surface-mounted PMSM. 
 

0

0.5

1

1.5

2

2.5

3

3.5

0 5000 10000 15000

M
ec

ha
ni

ca
l l

os
s (

W
)

Rotational speed (rpm)

PC

Motor
Analyzer

PMSM

Power
analyzer

DC voltage
source

Hysteresis
brake

Micro
controller

Inverter

-8
-6
-4
-2
0
2
4
6
8

0 0.0005 0.001 0.0015 0.002 0.0025

C
ur

re
nt

 (A
)

Time (s)

-20
-15
-10
-5
0
5

10
15
20

0 0.0005 0.001 0.0015 0.002 0.0025

C
ur

re
nt

 (A
)

Time (s)



35Journal of the Magnetics Society of Japan Vol.49, No.2, 2025

INDEXINDEX

Fig. 10 illustrates the comparison of measured and calculated 
torque versus current density characteristics. Both the 
experimental tests and FEM simulations demonstrate excellent 
alignment, with any differences being too minor to significantly 
impact the results. This near-perfect correlation validates the 
accuracy of the FEM model in replicating the motor's torque 
response under varying current densities. 

Fig. 11 shows the torque versus efficiency characteristics. The 
experimental efficiency values were calculated using the motor's 
input power (Pin) and output power (Pout), as defined in the 
following equation.  

𝜂𝜂𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 = 𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜
𝑃𝑃𝑖𝑖𝑖𝑖

× 100 (%)      (4) 

In contrast, the FEM-derived efficiency was determined by 
incorporating the machine's output power (Pout), copper losses 
(Wc), iron losses (Wi), and mechanical losses (Wm), as shown in the 
following equation. 

𝜂𝜂𝑓𝑓𝑚𝑚𝑚𝑚 = 𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜
𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜+𝑊𝑊𝑐𝑐+𝑊𝑊𝑖𝑖+𝑊𝑊𝑚𝑚

× 100 (%)     (5) 

The copper loss was calculated using r · i 2  where r is the 
winding resistance and i is the winding current. The iron loss 
was estimated based on Steinmetz's experimental equation, 
derived from the flux density distribution obtained via FEM. The 
mechanical loss was given by the measured values shown in Fig. 
6. From the figure, it can be observed that the maximum 
measured efficiency of the prototype motor was around 89.3% at 
160 mN·m of torque, while the calculated efficiency peaked at 
90.8% at 120 mN·m. 

Fig. 12 shows the comparison of measured and calculated 
losses. In this experimental system, since the iron loss Wi cannot 
 

 
FFiigg..  1100  Comparison of measured and calculated torque versus 
current density characteristics. 
 

 
FFiigg..  1111  Comparison of measured and calculated efficiencies. 

 

  
FFiigg..  1122  Comparison of measured and calculated losses. 

 
be measured directly, the sum of the iron loss and other losses (Wi 
+ Wx) was obtained by subtracting the mechanical output and 
copper loss from the input power and the mechanical loss, shown 
in Fig. 6, as shown in Eq. (6). 

𝑊𝑊𝑖𝑖 + 𝑊𝑊𝑥𝑥 = 𝑃𝑃𝑖𝑖𝑖𝑖 − 𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜 − 𝑊𝑊𝑐𝑐 − 𝑊𝑊𝑚𝑚  (6) 

The copper losses obtained from both FEM simulations and 
prototype testing align closely. However, the iron losses 
measured during testing are about 2.5 W higher than those 
predicted by the FEM. This discrepancy could be attributed to 
the rotor's overhang structure and the building factor of the 
motor core. 
 
44..  MMoottoorr  ppeerrffoorrmmaannccee  wwiitthh  tthhee  llaatteesstt  hhyybbrriidd  bboouunnddeedd  
mmaaggnneett  
 

In previous chapters, the surface-mounted PMSM employing 
Sm2Fe17N3/Fe16N2 hybrid bonded magnets have been prototyped 
and tested. The experimental results closely matched the FEM 
simulations. While there was a minor iron loss discrepancy, the 
motor's overall performance, the overall performance of the 
motor was satisfactory and aligned with the intended design 
goals. 

Now, the performance improvement of the hybrid bonded 
magnet is in progress. Fig. 13 shows the latest B-H loop of 
Sm2Fe17N3/Fe16N2 hybrid bonded magnet. It has a coercive force 
(Hcb) of 380 kA/m and a residual magnetic flux density (Br) of 0.71 
T, which are almost competitive with those of the Nd-Fe-B 
bonded magnet in Ref. 4) (Hcb: 460 kA/m, Br: 0.74 T). 
 

  
FFiigg..  1133  Present and latest B-H loops of Sm₂Fe₁₇N₃/Fe₁₆N₂ hybrid 
bonded magnets. 
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FFiigg..  1144  Comparison of the calculated torque versus current 
density characteristics using the present and latest hybrid 
bonded magnets. 
 

Fig. 14 illustrates the calculated torque versus current density 
characteristics using the present and latest hybrid bonded 
magnets shown in Fig. 13. The figure highlights that the torque 
output could increase by up to 32% with the latest magnet 
characteristics. The next step of this study is to prototype the 
PMSM with the latest hybrid bonded magnets and carry out the 
experiments. 
 

55..  CCoonncclluussiioonn  
 

In conclusion, the surface-mounted PMSM employing 
Sm₂Fe₁₇N₃/Fe₁₆N₂ hybrid bonded magnets was prototyped and  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

tested. The experimental results closely matched the FEM 
simulations, confirming the validity of the hybrid magnet's 
application in PMSM designs. Although there was a minor iron  
loss discrepancy, the motor's overall performance of the motor—
both in terms of torque and efficiency—was satisfactory and 
aligned with the intended goals. 

Furthermore, the latest characteristic of the Sm₂Fe₁₇N₃/Fe₁₆N₂ hybrid 
bonded magnet was indicated, showing a coercive force of 380 kA/m and a 
residual magnetic flux density of 0.71 T, which are almost competitive with 
those of the Nd-Fe-B bonded magnet. The motor’s torque with the latest 
hybrid bonded magnets could be increased by 32%. 

The success of this study opens up new avenues for the 
development of motors that are less reliant on rare-earth 
materials, contributing to more sustainable and cost-effective 
motor designs.  
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