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Abstract: The quenching, fracture and aging treatment of radially oriented Sm2Co17 ring magnets were investigated. The results 
indicate that the ring magnets have obvious anisotropy of thermal expansion, which easily leads to the splits of the magnets during 
quenching. The fracture is brittle cleavage fracture. The difference (Δa) of the expansion coefficient reaches the maximum value at 
800−850 ℃. So, various quenching processes at different steps are adopted in order to reduce the splits. When the magnets are aged, 
 phase. BHmax and JHc reach the 17׃matrix phase and forms a cellular microstructure with 2 17׃phase precipitates from the 2 5׃1
maximum value 226 kJ/m3 and 2 170 kA/m after being aged at 850 ℃ for 4 h and 8 h, respectively. The aging treatment at 850 ℃ 
has little influence on remanence(Br), which can always keep a high value (≥1.0 T). Through appropriate heat treatment, the ring 
magnets have uniform cellular microstructure and excellent magnetic properties: Br≥1.0T, JHc≥2 100 kA/m, BHmax≥220 kJ/m3. 
 
Key words: Sm2Co17 permanent magnets; radially oriented ring magnets; heat treatment; fracture; magnetic properties 
                                                                                                             
 
 
1 Introduction 
 

Sm2Co17 permanent magnets have been widely 
used in industry because of their excellent intrinsic 
magnetic properties. Recently, Sm2Co17 permanent 
magnets have attracted considerable attention on 
high-temperature applications due to their high-Curie 
temperature ( ≥ 800 ℃ )[1−5]. Sm2Co17 magnetic 
products are indispensable in many fields. Among these 
magnets, radially oriented Sm(Co, Fe, Cu, Zr)z ring 
magnets are usually applied in airships, satellites, naval 
ships, and missiles, etc[6−7]. The ring magnets have 
homogeneous magnetic field lines, which distribute 
radially along the ring diameter. 

Heat treatment is a necessary step in the 
manufacture process of sintered Sm2Co17 magnets. The 
heat treatment mainly consists of quenching and aging. 
After sintering and solution, the Sm2Co17 samples are 
quenched at rapid cooling rate in order to form 
supersaturation solid solution. The solid is composed of 
single 217׃ phase and has low value of coercivity and 
energy product. After aging, the supersaturation alloy 

forms multiphase solid and cellular microstructure. Thus 
the alloy acquires excellent magnetic properties. But 
radially oriented Sm2Co17 ring magnets are easy to split 
during quenching because of its thermal expansion[8−9]. 
In this paper, the thermal expansion, fracture and 
quenching of the radially oriented Sm2Co17 magnets 
were studied. Besides, the effect of aging treatment on 
the magnetic properties of the magnets was also 
investigated. 
 
2 Experimental 
 

Alloy with nominal composition Sm(Cobal,Fe0.17, 
Cu0.08,Zr0.03)7.5 were prepared by vacuum induction 
melting and mold casting with rapid cooling rate. The 
alloy ingot was milled into powder with an average 
particle diameter about 4 μm. This process was done   
in gasoline to prevent oxidation. Alloy powder were 
aligned and molded into green rings in radially oriented 
magnetic field. The green compacts were sintered at    
1 200−1 220 ℃ and solutionized at 1 160−1 175 ℃, 
followed by different quenching processes to room 
temperature. After quenching, the magnets were aged at 
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850 ℃  for different periods. The sizes of the ring 
magnets were: inside diameter d18 mm, outside diameter 
d29 mm and thickness 7 mm. 

Magnetic properties, namely, remanence Br, 
intrinsic coercivity JHc and maximum energy product 
BHmax, were measured using a hysteresisograph system 
model NIM-200C. Thermal expansion was measured 
using a Netzsch Dil 402C measurement equipment. 
Fracture pattern was studied using a JSM-6301F 
scanning electron microscope (SEM). Microstructure 
was studied using a H-800 transmission electron 
microscope (TEM). 
 
3 Results and discussion 
 
3.1 Quenching and fracture 

After sintering and solution, Sm2Co17 alloy must be 
quenched from high temperature (1 160−1 175 ℃) to 
room temperature at rapid cooling rate to form 
supersaturation solid. During quenching, the rapid 
cooling rate leads to a very high temperature difference 
(ΔT), which forms thermal expansion stress in the 
magnets. The more rapid the cooling rate is, the higher 
the stress is. When the expansion stress is more than the 
tensile strength of the ring magnets, the magnets will 
split. Therefore, we studied the influence of quenching 
temperature and thermal expansion on the ring magnets 
in order to acquire an appropriate quenching process. 

The ring magnets were quenched in water from    
1 170, 1 000 and 800 ℃, respectively. The result shows 
that the ring magnets do not split only at 800 ℃ (shown 
in Fig.1). Fig.2 shows the thermal expansion curves of 
the ring magnets in easy magnetization direction and 
hard magnetization direction. The easy magnetization (c 
axis) of the ring magnets points to the ring center. It can 
be seen that the magnets have obvious anisotropy of 
thermal expansion. When the temperature is below 830 
℃, the difference (Δa) of the expansion coefficient (a) 
between easy magnetization and hard magnetization 
direction increases with increasing temperature. Contrary 
to that, when temperature is above 830 ℃, Δa decreases 
with increasing temperature. 830 ℃  is the Curie 
temperature of the magnets. This indicates that the 
thermal expansion changes to isotropy from anisotropy, 
when temperature is above Curie temperature. Besides, 
Δa reaches maximum at 800−850 ℃. During quenching, 
the anisotropic thermal expansion produces various 
thermal stresses in different directions. With the growth 
of Δa, the stress difference (Δa) of different directions 
increases. So, Δa is up to the maximum at 800−850 ℃. 
Therefore, the ring magnets are easy to split when the 
magnets are quenched in water from high temperature 
(＞800 ℃). We adopted different quenching processes at 
different steps to reduce the splits. The magnets were 

first quenched in wind from solution temperature      
(1 160−1 175 ℃) to 800 ℃ (cooling rate of 40−80 ℃/ 
min), then quenched in water from 800 ℃ to room 
temperature. 
 

 
Fig.1 Image of ring magnets quenched in water from high 
temperature: (a) 1 170 ℃; (b) 1 000 ℃; (c) 800 ℃ 
 

 
Fig.2 Thermal expansion curves of magnets in different 
directions 
 

Fig.3 shows the fracture micrograph of the ring 
magnets. It can be seen that the fracture is brittle 
cleavage fracture. The fracture surface shows the river 
pattern and cleavage steps characters of cleavage fracture. 
Besides, there are some pores in the cleavage plane, 
which cause great stress concentration during quenching 
and become the weakest link in the magnets. 
 

 
Fig.3 Fracture micrograph of ring magnets 
 
3.2 Aging treatment 

After quenching, Sm2Co17 is supersaturation solid, 
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which must be aged to acquire cellular microstructure 
and excellent magnetic properties. The supersaturation 
samples are aged at 850 ℃  for different periods, 
followed by a slow cooling to 400 ℃ at a cooling rate 
of 0.7 ℃/min. Fig.4 shows the magnetic properties (Br, 
JHc and BHmax) of the magnets aged at 850 ℃  for 
different periods. The results indicate that JHc and BHmax 
increase drastically with increasing aging time at 850 ℃. 
BHmax and JHc reach the maximum value 226 kJ/m3 and  
2 170 kA/m after aged at 850 ℃ for 4 h and 8 h, 
respectively. The aging treatment has little influence on 
Br, which can always keep a high value (≥1.0 T). 
 

 
Fig.4 Magnetic properties of magnets aged at 850 ℃ for 
different time 
 

Fig.5 shows X-ray diffraction patterns of the 
magnets aged at 850 ℃ for 0, 4 and 8 h, respectively. It 
can be seen that the sample consists of single Sm2(Co, Fe, 
Cu, Zr)17 phase (217׃ phase) before aging treatment. 
When the magnets are aged, the diffraction peaks of 
Sm(Co, Cu)5 phase (15׃ phase) appear. The intensities of 
the peaks of 15׃ phase grow with increasing aging time 
at 850 ℃ because the volume fraction of 15׃ phase 
increases. The magnets are predominantly composed of 
 17׃phase after aging treatment. 2 5׃phase and 1 17׃2
phase and 15׃ phase form a cellular microstructure. The 
cell interior of the microstructure is 217׃ phase, which is 
surrounded by 15׃ phase. 217׃ phase is responsible for 
the high saturation magnetization, and 15׃ phase for the 
high intrinsic coercivity by pinning the domain 
walls[10−14]. Therefore, when the aging time at 850 ℃ 
prolongs, the volume fraction of 15׃ phase increases, 
which leads to a higher intrinsic coercivity (JHc) because 
of higher pinning strength for the domain walls. JHc 
increases with increasing aging time evidently. But the 
cellular microstructure of the magnets will be destroyed 
when the magnets are aged at 850 ℃ for quite a long 
time[15]. So, JHc starts to decrease when aging time at 
850 ℃ is more than 8 h (shown in Fig.4). 
 

 
Fig.5 Typical X-ray diffraction patterns of magnets aged at  
850℃ for different periods 
 
3.3 Magnetic properties and microstructure 

Fig.6 shows the demagnetization curve of the ring 
magnets. It is clear that the magnets have excellent 
magnetic properties: Br=1.08 T, JHc=2 170 kA/m, 
BHmax=224 kJ/m3. Fig.7 shows TEM microstructure and 
typical diffraction pattern of the ring magnets. Fig.7(a) 
gives the TEM micrograph perpendicular to the c aixs, 
which shows the homogeneous celleular microstructure 
of the magnets. The cell interior is a rhombohedral 
Sm2(Co, Fe)17 phase, which is surrounded by a 
hexagonal Sm(Co, Cu)5 cell boundary phase. Sm2(Co, 
Fe)17 phase is responsible for the high saturation 
magnetization, and Sm(Co, Cu)5 phase for the high 
coercivity by pinning the domain walls[10−14]. Fig.7(b) 
shows the lamella phase of the magnets. The 
microstructure is parallel to the c axis. The lamella phase 
is a Zr-rich hexagonal 217׃ phase, which is superimposed 
on the cellular microstructure. Lamella phase helps to 
form a uniform Sm(Co, Cu)5 cell boundary phase by 
providing easy diffusion paths for Cu segregation 
[16−19]. 
 

 
Fig.6 Demagnetization curve of ring magnets 
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Fig.7 TEM microstructures and typical diffraction patterns of radially oriented Sm(Co, Fe, Cu, Zr)z ring magnets: (a) Perpendicular; 
(b) Parallel to c axis of magnets 
 
 
4 Conclusions 
 

1) Radially oriented Sm2Co17 ring magnets have 
obvious anisotropy of thermal expansion, which easily 
leads to the splits of the magnets during quenching. The 
fracture is brittle cleavage fracture. The difference (Δa) 
of the expansion coefficient (a) reaches maximum at 
800−850 ℃. Therefore, the magnets are first quenched 
in wind from solution temperature (1 160−1 175 ℃) to 
800 ℃ (cooling rate of 40−80 ℃/min), then quenched 
in water from 800℃ to room temperature. 

2) When the magnets are aged, 1

3) Through appropriate heat treatment, the ring 
magnets have excellent magnetic properties: Br≥1.0 T, 
JHc≥2 100 kA/m, BHmax≥2 200 kJ/m3. The micro- 
structure of the magnets consists of a mixture of uniform 
cellular and lamella structures. 
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