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Abstract: Magnetic properties and microstructure of fully nitrided (Sm

1-y

Ce

y

)

2

Fe

17

N

x

 (y = 0, 0.20, 0.33, 0.45, 0.50, 0.67, 0.80, 1.00) 

powders have been investigated. When 33 at% Ce is substituted for Sm, maximum energy product (BH)

max

 changes from 141.6 

kJ/m

3

 to 140.1 kJ/m

3

 with almost no decrease. Accordingly, performance/rare earth price ratio increases by 39.6%. According to the 

energy dispersive spectroscopy (EDS) analysis, Ce tends to be distributed in the REFe

3

/REFe

2

 grain boundary phase. Meanwhile, 

valence change of the Ce ion in (Sm

1-y

Ce

y

)

2

Fe

17

N

x

 was confirmed by XPS. 
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Bonded permanent magnets (bonded PMs) have extremely 

low eddy current loss due to their low electrical 

conductivity

[1,2]

. Therefore, in a high-speed motor using PMs 

of the same weight, the bonded PMs can better suppress the 

reduction of the output power of the motor compared with the 

sintered PMs

[1,2]

. The corresponding motor has a higher 

efficiency

[1,2]

. Sm

2

Fe

17

N

x

 has high magnetic properties 

comparable to NdFeB

[3-9]

, including high saturation magneti- 

zation (M

s

=162.9 A·m

2

/kg), strong uniaxial anisotropy field 

(H

A

=26 T) and high Curie temperature (T

C

=473 °C). Although 

the initial degradation temperature of about 600 °C hinders the 

use of Sm

2

Fe

17

N

x

 as sintered PMs

[10]

, the above high magnetic 

properties still make Sm

2

Fe

17

N

x

 powder suitable for bonded 

PMs

[10,11]

. Anisotropic Sm

2

Fe

17

N

x

 PMs are expected to share 

the anisotropic rare earth (RE) bonded PM market with 

HDDR anisotropic Nd-Fe-B PMs

[12,13]

. 

Since samarium (Sm) accounts for only 3.2% of RE in the 

earth’s crust

[14]

, the shortage of Sm will become a problem 

once Sm

2

Fe

17

N

x

 is used on a large scale. Cerium (Ce) is the 

most abundant RE, accounting for up to 30.2% of RE in the 

earth’s crust

[14]

. At the same time, due to the unbalanced use of 

RE, a large amount of Ce is not used and is idle

[14,15]

. It is of 

great value to replace Sm with Ce in Sm

2

Fe

17

N

x

 PM. 

Some studies have been conducted on Ce-doped  

Sm

2

Fe

17

N

x

 

[16-18]

. The experiment of Huang et al

[16]

 showed that 

as the Ce content increased, M

s

 of (Sm

1-y

Ce

y

)

2

Fe

17

N

x

 increased 

and H

A

 decreased. Subsequently, it was verified by Tribhuwan 

Pandey et al

[17]

 with the first-principles calculations. 

Unfortunately, the variation of magnetic properties such as 

(BH)

max

, B

r

 and H

cJ

 of (Sm

1-y

Ce

y

)

2

Fe

17

N

x

 with Ce addition has 

not been reported. (BH)

max

 is an important indicator of 

permanent magnet materials, and its theoretical maximum is 

related to 

2

0 s

( )

4

µ M

. As described above, with Ce content 

increasing, M

s

 of (Sm

1-y

Ce

y

)

2

Fe

17

N

x

 increases. Therefore, is it 

possible to improve (BH)

max

 of (Sm

1-y

Ce

y

)

2

Fe

17

N

x

 by replacing 

Sm with an appropriate amount of Ce? The question is 

answered through experiments in this article. In addition, 

Huang et al

[16]

 and Chin et al

[18]

 speculated that there was a 

possibility of valence shift of the Ce ion in (Sm

1-y

Ce

y

)

2

Fe

17

N

x

. 

This paper verified the hypothesis by experiment. 
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1  Experiment 

The precursor ingots with nominal composition of 

(Sm

1-y

Ce

y

)

2

Fe

17

 were prepared by arc melting constituent 

metals in an argon atmosphere, and y (atomic fraction of Ce) 

varies from 0 to 1.00 (y = 0, 0.20, 0.33, 0.45, 0.50, 0.67, 0.80, 

1.00). A 35 wt% excess of Sm was added to compensate for 

losses due to evaporation. Each ingot was remelted four times 

and annealed at 1200 °C for 12 h to ensure uniform 

composition. The samples were heated in a hydrogen 

atmosphere at 300 °C for 2 h, and cracks formed along the 

grain boundaries

[19]

. Subsequently, the samples were nitrided 

in a NH

3

-H

2

 (1:2 vol/vol) atmosphere

[20]

 at 440 °C for 6 h, and 

then annealed at 470 °C for 3 h in an argon atmosphere to 

remove the adsorbed hydrogen

[21]

. Then, the ingots were 

ground into powder and the powder was sieved through a 74 

µm in hole diameter sieve. This was followed by ball milling. 

The ball milling was carried out in a stainless- steel vial and 

isopropanol was used as a carrier liquid. The agate balls used 

for grinding had a diameter of 4 mm. The ball to powder 

weight ratio was 20:1. The ball mill was carried out at 300 

r/min for 2 h on a horizontal planetary ball mill (Nanjing NanDa 

Instrument Plant /QM-WX4). After drying, (Sm

1-y

Ce

y

)

2

Fe

17

N

x

 

powder was obtained. 

The (Sm

1-y

Ce

y

)

2

Fe

17

N

x

 powder was mixed with an epoxy 

resin and then aligned in a magnetic field of 2.8 T until the 

mixed resin was cured. The magnetization measurements were 

performed in a physical performance measurement system 

(PPMS, Quantum Design/PPMS-9), with a maximum field of 

7 T (the density of the (Sm

1-y

Ce

y

)

2

Fe

17

N

x

 powder used to 

calculate the saturation magnetization was 7.67 g/cm

3

 

[22]

). H

A

 

of (Sm

1-y

Ce

y

)

2

Fe

17

N

x

 powder at 25 and 100 °C was obtained 

by measuring the magnetization parallel to and perpendicular 

to the alignment direction on powder which was aligned in the 

epoxy resin. The phase composition of the nitrided powder 

was analyzed by X-ray diffraction (XRD, PANalytical/X'Pert 

Pro) with Cu Kα radiation. The microstructure of the 

(Sm

1-y

Ce

y

)

2

Fe

17

N

x

 powder was investigated by scanning 

electron microscopy (SEM, Hitachi/SU1510). The cross- 

section chemical composition of the unnitrided 

(Sm

1-y

Ce

y

)

2

Fe

17

 alloy was analyzed using a field emission 

scanning electron microscope (FESEM, FEI Nova Nano SEM 

450) equipped with a backscattered electron (BSE) probe and 

an energy-dispersive spectrometry (EDS). 

2  Results and Discussion 

Hysteresis loops of (Sm

1-y

Ce

y

)

2

Fe

17

N

x

 powder measured at 

300 K are shown in Fig.1a. As y increases from 0 to 0.33, 

(BH)

max

 of (Sm

1-y

Ce

y

)

2

Fe

17

N

x

 powder increases slightly and 

then decreases. When 33 at% of Ce is substituted for Sm, 

(BH)

max

 changes from 141.6 kJ/m

3

 to 140.1 kJ/m

3

 with almost 

no drop (Fig.1c). The high (BH)

max

 of (Sm

0.67

Ce

0.33

)

2

Fe

17

N

x

 

powder originates from high B

r

 and high H

cJ

 of 1.1 T (Fig.1e) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1  Magnetic measurement of (Sm

1-y

Ce

y

)

2

Fe

17

N

x

 powder

 

at 300 K: (a) hysteresis loop, (b) demagnetization curves, (c) maximum energy 

product, (BH)

max

, (d) intrinsic coercivity, H

cJ

, (e) remanence, B

r

, and (f) saturation magnetic polarization 
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and 405.8 kA/m (Fig.1d), respectively

[23]

. The high B

r

 of 

(Sm

1-y

Ce

y

)

2

Fe

17

N

x

 powder in the range of 0≤y≤0.80 shown in 

Fig.1e is derived from high σ

s

[24]

. Fig.1f shows that σ

s

 

increases with increasing Ce concentration except for Ce 

concentrations of 0.50 and 0.67, which follows the mixing 

rule and is caused by the higher σ

s

 of Ce

2

Fe

17

N

x

 than that of 

Sm

2

Fe

17

N

x

 

[24]

. When the Ce concentration of (Sm

1-y

Ce

y

)

2

- 

Fe

17

N

x

 powder increases from 0 to 0.33, σ

s

 of the powder 

increases from 119.3 A·m

2

/kg to 125.5 A·m

2

/kg. When the Ce 

concentration is 0.50 and 0.67, the reason for the fluctuation 

of σ

s

 needs further study. Fig.1d shows that H

cJ

 decreases with 

increasing Ce concentration due to the decrease of H

A

 

[23]

. 

According to Ref.[16], H

A

 decreases with increasing Ce 

concentration in (Sm

1-y

Ce

y

)

2

Fe

17

N

x

. 

The cost of RE elements (as of October 2019

[25]

) in a unit 

mass of (Sm

1-y

Ce

y

)

2

Fe

17

N

x

 magnet and performance/RE price 

ratio of (Sm

1-y

Ce

y

)

2

Fe

17

N

x

 are calculated and listed in Table 1. 

(Sm

0.67

Ce

0.33

)

2

Fe

17

N

x

 exhibits a higher performance/RE price 

ratio than Sm

2

Fe

17

N

x

. The value increases by 39.6% when 33 

at% Ce replaces Sm. The magnetic powder with 33 at% Ce 

substitution has excellent overall performance in terms of cost 

and performance. As the most abundant RE, Ce accounts for 

30.2% of RE in the earth’s crust, while Sm only accounts for 

3.2%

[14]

. Replacing Sm with Ce (cheap and abundant) can 

solve the potential Sm shortage problem and make the 

utilization of RE more balanced. 

The magnetization curves of (Sm

1-y

Ce

y

)

2

Fe

17

N

x

 powder at 

high temperature were examined. Uniaxial anisotropy field H

A

 

of Sm

2

Fe

17

N

x

 and (Sm

0.67

Ce

0.33

)

2

Fe

17

N

x

 at 100°C is shown in 

Fig.2 and compared with H

A

 at 25 °C. When the temperature 

is raised from 25 °C to 100 °C, H

A

 of Sm

2

Fe

17

N

x

 decreases by 

32.2% from 14.9 T to 10.1 T. H

A

 of (Sm

0.67

Ce

0.33

)

2

Fe

17

N

x

 

reduces by only 15.2% from 11.2 T to 9.5 T, which is still 

greater than H

A

 of Nd

2

Fe

14

B at room temperature of 7.3 T

[26]

. 

In order to study the effect of Ce doping on the crystal 

structure of (Sm

1-y

Ce

y

)

2

Fe

17

N

x

, the phase composition of the 

nitrided powder was analyzed by XRD. Fig.3a shows the 

step-scanned XRD patterns (normalized) of (Sm

1-y

Ce

y

)

2

Fe

17

N

x

 

powder. The main phase RE

2

Fe

17

N

x

 crystallizes in a rhom- 

bohedral Th

2

Zn

17

-type structure

[21,27-30]

. A schematic diagram 

of the crystal structure is shown in Fig.4. RE occupies a 

 

Table 1  Cost of RE elements in a unit mass of (Sm

1-y

Ce

y

)

2

Fe

17

N

x

 

magnet and performance/RE price ratio of (Sm

1-y

Ce

y

)

2

Fe

17

N

x

 

(Sm

1-y

Ce

y

)

2

Fe

17

N

x

 

(BH)

max

/ 

kJ·m

-3

 

Cost of RE 

elements in a unit 

mass of magnet/ 

CNY·kg

-1

 

Performance: 

RE price ratio/ 

kJ·m

-3

·CNY

-1

·kg 

Sm

2

Fe

17

N

x

 141.6 69.8 2.03 

(Sm

0.80

Ce

0.20

)

2

Fe

17

N

x

 145.6 57.5 2.53 

(Sm

0.67

Ce

0.33

)

2

Fe

17

N

x

 140.1 49.5 2.83 

(Sm

0.55

Ce

0.45

)

2

Fe

17

N

x

 113.0 42.0 2.69 

(Sm

0.50

Ce

0.50

)

2

Fe

17

N

x

 105.0 38.9 2.70 

(Sm

0.33

Ce

0.67

)

2

Fe

17

N

x

 69.2 28.3 2.45 

(Sm

0.20

Ce

0.80

)

2

Fe

17

N

x

 37.4 20.1 1.86 

Ce

2

Fe

17

N

x

 1.6 7.5 0.21 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2  First quadrant of the magnetization curves of Sm

2

Fe

17

N

x

 powder measured at 25 °C (a), (Sm

0.67

Ce

0.33

)

2

Fe

17

N

x

 powder measured 

at 25 °C (b), Sm

2

Fe

17

N

x

 powder measured at 100 °C (c), and (Sm

0.67

Ce

0.33

)

2

Fe

17

N

x

 powder measured at 100 °C (d) 
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Fig.3  XRD patterns (normalized) for the powder samples of 

(Sm

1-y

Ce

y

)

2

Fe

17

N

x

 (a) and enlarged XRD patterns 

(normalized) of 2θ between 41.0°~42.0° for the powder 

samples of (Sm

1-y

Ce

y

)

2

Fe

17

N

x

 (y=0, 0.33, 1.00) (b) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4  Crystal structure of RE

2

Fe

17

N

3

 

 

unique 6c site in (Sm

1-y

Ce

y

)

2

Fe

17

N

x

[29,31-34]

. Different RE atoms 

have different radii

[35]

. As Ce replaces Sm, there is a possi- 

bility that the unit cell volume of (Sm

1-y

Ce

y

)

2

Fe

17

N

x

 changes. 

The change in unit-cell volume can be verified by XRD

[36]

. The 

XRD patterns (normalized) of (Sm

1-y

Ce

y

)

2

Fe

17

N

x

 (y=0, 0.33, 

1.00) powder amplified at 2θ from 41.0° to 42.0° are shown in 

Fig.3b. (303) and (220) peaks of (Sm

0.67

Ce

0.33

)

2

Fe

17

N

x

 move 

toward a lower Bragg angle, compared with Sm

2

Fe

17

N

x

 and 

Ce

2

Fe

17

N

x

. It indicates (Sm

0.67

Ce

0.33

)

2

Fe

17

N

x

 has a larger 

unit-cell volume than Sm

2

Fe

17

N

x

 and Ce

2

Fe

17

N

x

, due to the 

larger average volume of the RE site of (Sm

0.67

Ce

0.33

)

2

Fe

17

N

x

. 

The possible reason is the change in Ce valence. According to 

the speculation of Huang et al

[16]

 and Chin et al

[18]

, Ce is 

mixed valent due to the coexistence of trivalent 4f

1

 and 

tetravalent 4f

0

 electronic states in (Sm

1-y

Ce

y

)

2

Fe

17

N

x

. The 

radius of Ce

3+

 is larger than Ce

4+

. Ce valence shift between 4f

1

 

(+3) state and 4f

0

 (+4) state can be verified by XPS. Surface 

chemical state of (Sm

1-y

Ce

y

)

2

Fe

17

N

x

 (y=0.33, 1.00) was 

analyzed by XPS and  the Ce 3d XPS spectrum is presented 

in Fig.5. The Ce 3d  XPS spectrum exhibits 10 Gaussian-like 

contributions of  Ce

3+

 and Ce

4+

 

[37]

. As listed in Table 2, peaks 

v

0

, v' (Ce 3d

5/2

) and u

0

, u' (Ce 3d

3/2

) are assigned to Ce

3+

 3d 

final state, while peaks v, v'', v''' (Ce 3d

5/2

) and u, u'', u''' (Ce 

3d

3/2

) correspond to Ce

4+

 3d final state. Some peaks are too 

weak to be detected. Based on contributions in the XPS 

spectrum, the ratio between Ce

3+

 and Ce

4+

 can be established

[38]

. 

The ratio of Ce

3+

/Ce

4+

 is calculated and the results are listed in 

Table 2. The relatively enhanced Ce

3+

/Ce

4+

 ratio reveals the 

shift of Ce valence towards the 4f

1

 (+3) state in 

(Sm

0.67

Ce

0.33

)

2

Fe

17

N

x

. The Ce

3+

 configuration with one 

localized 4f moment is beneficial for enhancing magneto- 

crystalline anisotropy and net magnetic moment. Thus 

reduction of (BH)

max

 and H

cJ

 in (Sm

0.67

Ce

0.33

)

2

Fe

17

N

x

 is 

suppressed. The reason for the shift of Ce valence is presumed 

to be an increase in the degree of component confusion. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.5  XPS spectra of Ce 3d of (Sm
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Ce

0.33

)

2

Fe

17

N

x 

(a) and 
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Table 2  Ratio of Ce

3+

/Ce

4+

 

(Sm

0.67

Ce

0.33

)

2

Fe

17

N

x

  Ce

2

Fe

17

N

x

 

Peak assignment Ce contribution Electronic states 

Peak Area  Peak Area 

v

0

 Ce

3+

 Trivalent 4f

1

 877.31 135.24  878.24 3 980.67 

v Ce

4+

 Tetravalent 4f

0

 879.94 95.47  880.80 1 747.40 

v' Ce

3+

 Trivalent 4f

1

 883.79 1 882.37  884.13 4 318.79 

v'' Ce

4+

 Tetravalent 4f

0

 893.74 877.21  Not detected None 

v''' Ce

4+

 Tetravalent 4f

0

 895.19 264.79  893.85 1 663.35 

u

0

 Ce

3+

 Trivalent 4f

1

 899.43 760.35  895.77 3 615.96 

u Ce

4+

 Tetravalent 4f

0

 Not detected none  896.54 1 488.73 

u' Ce

3+

 Trivalent 4f

1

 901.71 1 670.70  901.61 4 698.64 

u'' Ce

4+

 Tetravalent 4f

0

 Not detected None  Not detected None 

u''' Ce

4+

 Tetravalent 4f

0

 912.11 317.79  912.55 2 661.58 

 6 003.92   24 175.12 

 4 448.66   16 614.06 

 1 555.26   7 561.06 

Total 

Ce

3+

 

Ce

4+

 

Ce

3+

/Ce

4+

 (trivalent 4f

1

/tetravalent 4f

0

)

  2.86   2.20 

 

(Sm

1 -y

Ce

y

)

2

Fe

17

N

x

 has a high H

c J

 and cannot be 

characterized by ordinary electron microscopy. Considering 

the inheritance of the alloy structure, the unnitrided 

(Sm

1-y

Ce

y

)

2

Fe

17

 alloy was analyzed by SEM to obtain the 

distribution of Ce in (Sm

1-y

Ce

y

)

2

Fe

17

N

x

. Fig.6a and 6b give 

SEM-BSE images of cross-section of the annealed 

(Sm

1-y

Ce

y

)

2

Fe

17

 (y=0.33, 0.50) alloys. The bright regions are 

phases rich in RE elements. The grey regions are related to the 

RE

2

Fe

17

 matrix phase. In order to fully understand the 

microstructure and chemical composition, the element compo- 

sition of bright and grey regions was characterized by EDS. 

Although the EDS results show a slight composition shift as a 

semi-quantitative analysis, they can be used to assist in 

determining the phase. The atomic percentages of the Fe, Ce, 

and Sm elements of the spots in Fig.6a and 6b are listed in 

Table 3. According to the atomic ratio of Fe/(Sm+Ce), the 

bright region in the annealed (Sm

0.67

Ce

0.33

)

2

Fe

17

 alloy is 

evaluated as the REFe

3

 phase. The bright areas in the annealed 

(Sm

0.5

Ce

0.5

)

2

Fe

17

 alloy are evaluated as the REFe

2

 phase. The 

difference in phase composition may be related to the nominal 

composition of (Sm

1-y

Ce

y

)

2

Fe

17

 alloy and requires further 

investigation. Since the phase volume of the REFe

2

/REFe

3

 

phase is relatively low, it is not detected in the XRD pattern of 

the (Sm

1-y

Y

y

)

2

Fe

17

N

x

 powder. As listed in Table 3, the atomic 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.6  SEM-BSE images of cross-section of annealed (Sm

0.67

Ce

0.33

)

2

Fe

17

 (a), (Sm

0.5

Ce

0.5

)

2

Fe

17

 (b) and (Sm

0.6

Ce

0.4

)

2

Fe

17

 (c); elemental mappings 

of Fe Kα1 (d) and Ce Lα1 (e) for annealed (Sm

0.6

Ce

0.4

)

2

Fe

17
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100 µm 
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Table 3  Atomic percentages of Fe, Ce, and Sm for spots 1, 2, 3 

and 4 in Fig.6a, 6b and atomic ratio of Fe/(Sm+Ce) and 

Ce/Sm 

Fig.6a Spot 1 Spot 2 

Fe 74.17 88.93 

Ce 11.25 2.16 

Sm 14.58 8.91 

Atomic ratio of Fe/(Sm+Ce) 2.87 8.03 

Atomic ratio of Ce/Sm 0.78 0.24 

Fig.6b Spot 3 Spot 4 

Fe 65.47 88.73 

Ce 18.76 3.55 

Sm 15.77 7.72 

Atomic ratio of Fe/(Sm+Ce) 1.90 7.87 

Atomic ratio of Ce/Sm 1.19 0.46 

 

ratio of Ce/Sm in the bright region is higher than that in the 

grey regions, which means that Ce tends to diffuse into the 

REFe

3

/REFe

2

 phase rather than the RE

2

Fe

17

 phase. The Fe 

Kα1 and Ce Lα1 mappings in Fig.6d and 6e also reflect the 

segregation behavior of Ce at the grain boundaries. Since the 

microstructure of (Sm

1-y

Ce

y

)

2

Fe

17

N

x

 powder inherits from the 

microstructure of the annealed (Sm

1-y

Ce

y

)

2

Fe

17

 alloy, this 

aggregation behavior can reduce the true Ce content of 

RE

2

Fe

17

N

x

 main phase and help increasing H

cJ

 of the nitrides. 

The thermodynamic origin of Ce segregation in annealed 

(Sm

1-y

Ce

y

)

2

Fe

17

 alloy may be related to the substitution energy 

of Ce in the RE

2

Fe

17

 phase, which requires first-principles 

density functional calculation. 

3  Conclusions 

1) When 33 at% of Ce is substituted for Sm, maximum 

energy product (BH)

max

 of (Sm

1-y

Ce

y

)

2

Fe

17

N

x

 changes from 

141.6 kJ/m

3

 to 140.1 kJ/m

3

 with almost no decrease. 

Accordingly, performance/rare earth (RE) price ratio increases 

by 39.6%.  

2) The relatively high intrinsic coercivity H

cJ

 of 405.8 kA/m 

and undiminished remanence B

r

 of 1.1 T result in a high 

(BH)

max

 of (Sm

0.67

Ce

0.33

)

2

Fe

17

N

x

.  

3) For (Sm

1-y

Ce

y

)

2

Fe

17

N

x

, B

r

 maintains a large value in the 

range of 0≤y≤0.80. As the Ce content increases, H

cJ

 of 

(Sm

1-y

Ce

y

)

2

Fe

17

N

x

 decreases.  

4) At 100 °C, anisotropy field (H

A

) of (Sm

0.67

Ce

0.33

)

2

Fe

17

N

x

 

is 9.5 T, which is still greater than H

A

 of Nd

2

Fe

14

B at room 

temperature.  

5) Ce tends to diffuse into the REFe

3

/REFe

2

 phase rather 

than the RE

2

Fe

17

 matrix phase. This aggregation behavior 

reduces the true Ce content of the main phase RE

2

Fe

17

N

x

 and 

increases H

cJ

 of the nitrides. Ce valence shifts towards the 

moment-carrying 4f

1

 (+3) state in (Sm

0.67

Ce

0.33

)

2

Fe

17

N

x

, which 

contributes to the enhancement of magnetocrystalline 

anisotropy and net magnetic moment. 
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