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Abstract Permanent magnetic materials capable of oper-

ating at high temperature up to 500 �C have wide potential

applications in fields such as aeronautics, space, and electronic

cars. SmCo alloys are candidates for high temperature appli-

cations, since they have large magnetocrystalline anisotropy

field (6–30 T), high Curie temperature (720–920 �C), and

large energy product ([200 kJ�m-3) at room temperature.

However, the highest service temperature of commercial 2:17

type SmCo magnets is only 300 �C, and many efforts have

been devoted to develop novel high temperature permanent

magnets. This review focuses on the development of three

kinds of SmCo based magnets: 2:17 type SmCo magnets,

nanocrystalline SmCo magnets, and nanocomposite SmCo

magnets. The oxidation protection, including alloying and

surface modification, of high temperature permanent magnets

is discussed as well.

Keywords Magnetic materials; Sm-Co alloys; Permanent

magnets; High temperature

1 Introduction

During most of the twentieth century, the energy product of

permanent magnets doubled every decade or two (Fig. 1),

starting from *10 kJ�m-3 for steels discovered in the early

part of the century, increasing to *450 kJ�m-3 for NdFeB

magnets in the 1990s [1–3]. The rapid development of

permanent magnets began in 1951, when the ferrimagnetic

hexagonal ferrites were discovered, which broke the shape

barrier of magnets, and henceforth, the magnets could be

made in any desired shape [3]. The 1960s brought the first

generation of rare earth magnets-SmCo5 magnets, then

Sm2Co17 magnets with an energy product of more than

250 kJ�m-3 were developed. And in the 1980s, researchers

devised NdFeB magnets, whose energy product eventually

reaches about 470 kJ�m-3. But since 1990s, the energy

product seems stalled, and no big breakthrough is insight

during the past 20 years.

During the ‘‘stalled years’’ of magnets operating at

ambient temperature since 1990s, permanent magnets

capable of operating at high temperature up to 500 �C, so

called high temperature permanent magnets, have attracted

much interest due to their potential applications in fields

such as aeronautics, space, and electronic cars [2, 4–6]. For

instance, high temperature permanent magnets are required

in gyroscopes, reaction and momentum wheels to control

and stabilize satellites, and magnetic bearings [5]. For

permanent magnets, the ability to resist demagnetization is

characterized by coercivity Hc, which is extremely

important for application in motor, etc., since the thermal

demagnetization and field demagnetization occur simulta-

neously when the motor is running [2]. The Hc of perma-

nent magnets should be high enough to maintain a linear

B–H curve which is a very important characteristic that

enable the magnets to be stable during operation. Figure 2

shows the demagnetization curves for four major perma-

nent magnets. The Alnico magnets have a high Curie

temperature of more than 800 �C, but their coercivity is

very low, and the B–H curve is not linear. Only three types

of permanent magnets in Fig. 2 possess a linear B–H curve:

ferrites, NdFeB, and SmCo magnets. NdFeB magnets have

the largest energy product at room temperature, but their

Curie temperature is *312 �C, and thus even if partially
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substituting Dy for Nd can enhance the anisotropy field, the

operation temperature of the magnets usually cannot

exceed 200 �C. Ferrites have a positive temperature coef-

ficient of coercivity which makes them a relatively good

material for motor application up to 300 �C [2], but their

Curie temperature is *450 �C, making them not suitable

for application at 500 �C and above. Besides, the energy

product of ferrites is relatively low (\40 kJ�m-3). SmCo

magnets have a large magnetocrystalline anisotropy field of

4,800–24,000 kA�m-1, a high Curie temperature of

720–920 �C, and an energy product of more than

200 kJ�m-3 at room temperature, which makes them can-

didates for high temperature applications.

However, the highest service temperature of commercial

2:17 type SmCo magnets is only 300 �C, since their

coercivity decreases sharply at higher temperature. In

recent years, many efforts have been devoted to develop

high temperature permanent magnets with high perfor-

mance and researches are mainly focused on three types of

magnets: 2:17 type SmCo magnets, nanocrystalline SmCo

magnets, and nanocomposite SmCo magnets. At the same

time, the oxidation protection is an important issue for high

temperature applications, and there have been substantial

researches about it. This article presents an overview of

recent research developments on high temperature perma-

nent magnets, including the development of 2:17 type

SmCo magnets, nanocrystalline SmCo magnets, nano-

composite SmCo magnets, and the oxidation protection of

the magnets.

2 High temperature permanent magnets

2.1 2:17 type SmCo magnets

The traditional 2:17 type SmCo magnets can only service

at less than 300 �C due to the large temperature coefficient

of coercivity, which means the coercivity decreases rapidly

with temperature increasing. 2:17 type SmCo high tem-

perature permanent magnets with low coercivity tempera-

ture coefficient developed from the traditional 2:17 type

SmCo magnets by adjusting the technical parameters such

as composition and heat treatment. And further analysis

shows that the low coercivity temperature coefficient is

attributed to the modification of microstructure, micro-

chemistry, and domain structure.

2.1.1 Technical parameters

The novel 2:17 type SmCo alloys for high temperature appli-

cations is also Sm(CoFeCuZr)z (z = 6.0–9.0) quinary alloys

like the traditional 2:17 type SmCo alloys. The main difference

in composition is the Sm and Fe contents. In 1999, Liu et al. [7]

reported a magnet with the nominal composition Sm(Cobal

Fe0.1Cu0.078Zr0.033)8.3, which has a saturation magnetization

Ms of 92 A�m2�kg-1, a room temperature intrinsic coercivity

iHc of 3,185 kA�m-1, a temperature coefficient of intrinsic

coercivity of -0.15 %��C-1 and a high intrinsic coercivity of

852 kA�m-1 at 500 �C. With the increase of Fe content x from

0 to 0.25, the room temperature magnetic properties Ms and Mr

of Sm(CobalFexCu0.078Zr0.033)8.3 magnets increase monoto-

nously, while the Hc first increases, peaks at x = 0.10, and then

decreases. The temperature coefficient of intrinsic coercivity

decreases with the Fe content lowering, which should result

from that reducing Fe can increase both the Curie temperature

and anisotropy field, similar results were obtained by Chen

et al. [8] and Guo et al. [9]. Further research [10] shows that

the z value in Sm(CoFeCuZr)z magnets has a great effect on the

temperature coefficient of intrinsic coercivity. In the range of

z = 7.0–8.5, the lower the z value is, the lower the temperature

coefficient of intrinsic coercivity, and a temperature coefficient

of intrinsic coercivity as low as -0.03 %��C-1 can be achieved
Fig. 2 Demagnetization curves for four major permanent magnets

[2]

Fig. 1 Development in energy density (BH)max at room temperature

of hard magnetic materials in twentieth century [2]
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when the ratio z = 7.0, similar results were obtained by

Kim [11].

Moreover, it was found that the coercivity of the mag-

nets was closely related to heat treatment. The solution-

treated temperature is essentially important for obtaining

1:7 H single phase at high temperature. And the quenching

temperature during aging process has great influences on

the magnetic properties of 2:17 type high temperature

SmCo magnets.

Figure 3 shows the demagnetization curves of 2:17 type

high temperature permanent magnets made by Electron

Energy Corporation. It can be seen that the magnets have a

linear B–H curve at 500 �C, which shows the magnets are

suitable for high temperature applications [12].

2.1.2 Microstructure and microchemistry

Similar as the traditional 2:17 type SmCo magnets, 2:17

type SmCo high temperature permanent magnets possess a

microstructure of cellular structure, which is composed of

2:17 R cell phase, 1:5 cell boundary phase, and Z platelet

phase, as shown by Fig. 4 [7, 10]. Further analysis shows

that the 2:17 R cell phase mainly consists of Sm2(Co, Fe)17

with Th2Zn17-type structure; the 1:5 cell phase is primarily

composed of Sm(Co, Cu)5 with CaCu5-type structure, and Z

phase is Zr(Co, Fe)3 with the Be3Nb structure [13]. The

difference between the 2:17 type SmCo high temperature

magnets and traditional 2:17 type SmCo magnets is the cell

size, it can be seen in Fig. 4 that with the decrease of z value,

the average cell size becomes smaller, since high Sm content

(e.g. low ratio z) would result in the formation of more

Sm(Co, Cu)5 cell boundary phase [10]. All the samples with

lower ratio z have lower temperature coefficients of coer-

civity than those with higher ratio z. Therefore, it was

concluded by Liu et al. [10] that smaller cell size is critical

for a better temperature dependence of coercivity. Three-

dimensional atom probe (3DAP) investigation of the

microchemistry of the magnets shows that during the slow

cooling from 820 to 520 �C, the Cu concentration in the 1:5

phase increases, having a wider concentration profile than

that of Sm at cell boundary phase (Fig. 5), which explains

the substantial increase in coercivity during the slow cooling

process [13]. Further analysis shows that the Cu gradient in

the 1:5 cell boundary phase is essentially important for the

enhancement of the coercivity [14].

2.1.3 Domain structure and coercivity mechanism

The formation of high coercivity in 2:17 type SmCo high

temperature permanent magnets has attracted much interest

in recent years. And many efforts have been devoted to

investigate the domain structure and coercivity mechanism.

Research shows that the fine domain structure is essential

for 2:17 type SmCo high temperature permanent magnets.

As shown in Fig. 6, in optimally processed high tempera-

ture 2:17 type magnets with the composition of

Sm(Co0.784Fe0.100Cu0.088Zr0.028)7.19, the typical domain

width is less than 1 lm. While for the 2:17 type magnets

quenching from the aging temperature of 850 �C, the

domain structure is coarse (the width of *10 lm), and the

coercivity is small (\0.1 T). It is thought the fine domain

structure can be considered as interaction domains [5].

Also, it was found that the domain structure of the

magnets with abnormal temperature dependence of coer-

civity shows more like the strip domain, while the domain

structure becomes narrower and shows more additional

domains in the magnets with normal temperature depen-

dence of coercivity, see Fig. 7 [15]. The difference of the

domain structure can be attributed to whether the Cu is

homogeneous in the 1:5 cell boundary phase, and this will

lead to different domain wall pinning and different tem-

perature dependence of coercivity in the magnets according

to the noncontinuous domain wall pinning model. As the

Cu is nearly homogeneous in the 1:5 cell boundary phase,

the domain wall should be pinned near the interface

between the 2:17 cell phase and 1:5 cell boundary phase,

and the coercivity shows abnormal temperature depen-

dence. On the contrary, the domain wall should be pinned

into the 1:5 cell boundary phase, where a gradient of Cu

content exists, leading to the normal temperature of coer-

civity. It can be deduced that the domain structure is related

to the distribution of Cu in the 1:5 cell boundary phase.

Now it is well accepted that the large coercivity of 2:17

type permanent magnets is due to pinning of the domain

walls at the 1:5 cell boundaries. For the process leading to

the formation of the strong pinning barrier, Xiong

et al. [13] point that the increase of Cu concentration in the

1:5 cell boundary phase can explain the substantial increase

Fig. 3 Typical demagnetization curves at various temperatures for

EEC [12]
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of coercivity during slow cooling process based on the

atom probe results. The research of Gopalan et al. [14] by

atom probe analysis revealed that the coercivity was related

to the variation in Cu concentration within the 1:5 cell

boundary phase because the high-coercivity sample had a

large gradient of Cu, while the low-coercivity sample

revealed nearly uniform distribution of Cu within the 1:5

phase. Different from the model of the redistribution of Cu

mentioned above, Goll et al. [16] think that the cell walls

transform into the high-anisotropy 1:5 structure during the

cooling process from 800 to 400 �C, supported by the

experimental facts and micromagnetic analysis.

2.2 Nanocrystalline SmCo magnets

For high temperature permanent magnets, nanocrystalline

SmCo magnets are another candidates and have attracted

much attention, especially for the 1:7 type SmCo nano-

crystalline magnets.

1:7 type nanocrystalline magnets have larger magneto-

crystalline anisotropy field than the 2:17 type SmCo

magnets, and the temperature coefficient of coercivity is low

(-0.10 %��C-1 to -0.17 %��C-1) [17–19]. The magnets

exhibit large coercivity at room temperature with the domain

wall pinning by the nanograin boundaries [19, 20]. 1:7 type

SmCo nanocrystalline magnets can be prepared directly by

Fig. 4 TEM images showing cellular microstructure: a z = 7.0, b z = 8.5, c z = 9.1, and lamellar phase d z = 7.0, e z = 8.5, f z = 9.1 of

Sm(CobalCo0.08Fe0.244Zr0.033)z magnets [10]

Fig. 5 Two-dimensional Cu content map of sintered Sm(Co0.72

Fe0.20Cu0.055Zr0.025)7.5 permanent magnet quenched from 520 �C [13]
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melt spinning, mechanical ball milling, or crystallization of

the amorphous precursor. And 1:7 type SmCo nanocrystalline

bulk magnets can be prepared by spark plasma sintering the

ball-milled amorphous powder [19, 21]. Using this method,

other type of nanocrystalline bulk magnets, including SmCo3,

SmCo5, Sm5Co19, Sm2Co17, can also be prepared [22–25].

One of the main problems need to be solved is that the

nanocrystalline SmCo magnets are isotropic, and it was a big

challenge to prepare anisotropic nanocrystalline SmCo

magnets. Hot press plus hot deformation [26, 27], surfactant-

assisted ball milling plus spark plasma sintering [28], and

directional annealing [29] were used to produce anisotropic

nanocrystalline magnets, and a certain degree of texture can

be obtained. For the hot press plus hot deformation method,

increase of height reduction to 90 % leads to the formation of

platelet shape grains, perpendicular to the press direction;

correspondingly c axis crystallographic texture, and magnetic

anisotropy were developed in the deformed magnets [26]. By

combining surfactant-assisted ball milling and spark plasma

sintering, a crystallographic [001] textured magnet with the

average grain size of *38 nm and enhanced remanence ratio

of 0.80 was obtained (Fig. 8) [28]. Directional annealing can

produce strong (006) in-plane texture in Sm12Co88 and

(Sm12Co88)99Nb1 alloys and the anisotropy was corroborated

by magnetic measurements (magnetic texture 20 %–53 %).

However, the texture degree induced by these methods is not

high enough and need further research.

2.3 Nanocomposite SmCo magnets

Nanocomposite magnets are a kind of magnets composed

of hard magnetic phase that provides high coercivity and

Fig. 6 Domain structure observed by Kerr microscopy (two top rows) and MFM (bottom row) of thermally demagnetised Sm(Co0.784Fe0.100-

Cu0.088Zr0.028)7.19 magnets (nominal c axis being perpendicular to imaging plane) quenched from different temperatures Tq (as indicated in the

bottom row images) on the slow cooling ramp. Kerr images of the first row include in all cases a grain boundary, showing that a very specific

magnetic contrast can be assigned also to the grain boundary region [5]

Fig. 7 Coercivity at different temperatures for Sm(CobalFe0.1

CuxZr0.033)6.9 (a x = 0.07, b x = 0.10, and c x = 0.13) magnets

quenched at 400 and 600 �C, respectively, in the aging process and

the domain structure of magnets quenched from Tq = 400 �C in aging

process: d x = 0.07, e x = 0.10, and f x = 0.13 [15]
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soft magnetic phase that provides high magnetization

which is potential to be the next generation of permanent

magnets with very high energy product [30–32]. But

making nanocomposite magnets with high performance is

challenging because the grains in a successful nanocom-

posite magnets must be small (10 nm or less), have the

right crystal structure, have aligned magnetic directions,

and be tightly packed, at the same time the magnets should

not react with oxygen [1].

Many efforts were devoted to produce nanocomposite

magnets by using methods of reductive annealing of oxide

nanoparticles [33], melt spinning [34], ball-milling plus

warm compaction [35–37], ball milling plus annealing [38],

mechanical milling, and consolidation [39]. By using a ball-

milling plus warm compaction route, bulk SmCo5/a-Fe(Co)

nanocomposite magnets with enhanced energy density and

thermal stability were produced [35–37]. Up to 30 % of the

Fe soft magnetic phase was added to the composites with

grain size\20 nm distributed homogenously in the matrix

of the SmCo5 hard magnetic phase. It was observed that the

microstructure does not change with temperature up to

500 �C. Energy products above 88 kJ�m-3 are obtained at

300 �C in fully dense bulk SmCo5/Fe nanocomposite

magnets, which are 65 % higher than that of a single-phase

counterpart at the same temperature [35].

It should be noted that most of the nanocomposite mag-

nets prepared are magnetically isotropic which results in

much lower energy product than expected. Many researches

are focused on the preparation of anisotropic nanoparticles,

including using chemical methods, physical methods (clus-

ter deposition), and surfactant-assisted ball milling, which

was reviewed in the Ref. [40]. It was reported that aniso-

tropic nanocomposite magnets were prepared by hot press

plus hot deformation, and surfactant-assisted ball milling

plus spark plasma sintering [41, 42]. For the SmCo5/a-Fe

nanocomposite prepared by hot compaction and hot defor-

mation [42], crystal structure analysis shows that the mag-

nets exhibit a strong c axis crystallographic texture of the

Fig. 8 TEM images of the as-sintered bulk SmCo6.6Ti0.4 magnets: a BF image, b DF image, c HRTEM image, and d corresponding SAED

pattern. Hexagonal TbCu7-type crystal structure being indexed by ring pattern. Magnets consisting of oriented nanograins with an average grain

size of *38 nm [28]
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SmCo5 phase, however, the texture weakens gradually as the

a-Fe content increases. Microstructure observation also

shows that there are many SmCo5 equiaxial grains even after

hot deformation in the magnets with 15 vol% a-Fe. As

shown in Fig. 9a, the hot deformed bulk anisotropic SmCo5/

a-Fe nanocomposite magnet with 10 vol% a-Fe content

exhibits the magnetic properties Mr of 0.86 T, Hci of

2,128 kA�m-1, and (BH)max of 145.68 kJ�m-3. Anisotropic

nanocomposite magnets were prepared by surfactant-assis-

ted ball milling and spark plasma sintering. As shown in

Fig. 9b, crystal structure analysis shows that all the magnets

exhibit noticeable c axis crystallographic texture of SmCo5

phase. The SmCo5/a-Fe magnet with 5 wt% a-Fe possesses

M2.3T of 78.68 A�m2�kg-1, Mr of 70.03 A�m2�kg-1, and Hci

of 639 kA�m-1 (Fig. 9b) [41].

3 Oxidation protection of SmCo magnets

During the operation of high temperature permanent mag-

nets, undesirable oxidation at high temperature is a major

issue for potential applications [43–47]. Figure 10 shows

the isothermal oxidation curves of the Sm(CobalFe0.22

Cu0.08Zr0.02)7.5 alloy in air at 500–700 �C; it can be seen

that the magnets oxidize at high temperature, and the oxi-

dation becomes serious at higher temperature. Alloying [48,

49] and surface modifications [50, 51], such as Ag and Ni–S

platings, were applied to improve the oxidation resistance

of SmCo permanent magnets at high temperatures.

3.1 Alloying

It was found that alloying Si in SmCo magnets can dras-

tically improve their oxidation resistance, both for the 2:17

type SmCo magnets and nanocrystalline SmCo alloys [48,

49]. It can be seen from Fig. 11a–c that after oxidation at

500 �C for 500 h, the magnets with Si addition has a much

thinner internal oxidation layer (IOL) than that without Si

addition. And the loss of energy product with Si addition is

5.6 %, much less than that without Si addition, as shown in

Fig. 11d. Further analysis shows that the formation of SiO2

oxide in the IOL plays an important role in reducing the

oxidation rate and oxygen diffusion coefficient, which

leads to the enhancement of inherent oxidation resistance

of SmCo6.1Si0.9 nanocrystalline magnet [48]. It should be

noted that nonmagnetic element Si addition can improve

the oxidation resistance of SmCo magnets, but result in the

deterioration of the magnetic properties of the magnets.

3.2 Surface modification

Research shows that surface modification does little effect

to the magnetic properties of the magnets and can protect

the magnets from oxidation effectively. As shown in

Fig. 12 [50], compared with the magnets without Ni

coating, the oxidation resistance of the magnets with Ni

coating improves a lot. Uncoated magnets with the size of

Fig. 9 Hysteresis loop of hot deformed bulk anisotropic SmCo5/a-Fe

nanocomposite magnet with 10 vol% a-Fe content a [42]. Hysteresis

loops of bulk anisotropic SmCo5/a-Fe nanocomposite magnets with

5 wt% a-Fe content b [41]

Fig. 10 Isothermal oxidation curves of Sm(CobalFe0.22

Cu0.08Zr0.02)7.5 alloy in air for 20 h at 500, 600, and 700 �C [46]
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/ 10 mm 9 10 mm treated at 500 �C for 500 h lost

40.8 % (BH)max when remeasured at room temperature,

and lost 39.1 % (BH)max when measured in situ at 500 �C.

While the Ni-coated magnets just lost 4.0 % (BH)max and

1.2 % (BH)max, respectively. And the good thermal sta-

bility of Ni-coated magnets at 500 �C can be attributed to

that the Ni coating can isolate oxygen invasion and hinder

Sm volatilization. Also, research reveals that at different

operation temperatures, different types of coating have the

best performance. For instance, the research of Pragnell

et al. [52] shows that a diffused Pt coating and a paint-like

overlay coating, containing Ti and Mg oxides, performed

best at both 450 and 550 �C. Sputtered SiO2 was effective

at 450 �C, but less so at 550 �C. Additionally, an alumina-

based overlay coating was effective at 550 �C but less so at

450 �C.

4 Concluding remarks and outlook

The 2:17 type SmCo magnets are now available for

application at 500 �C or higher in the field of aeronautics

and space limited by the cost. If the cost of the magnets can

be lower, then the application will spread rapidly into the

field of new energy, such as in electronic cars and wind

turbines. The magnetic performance of the magnets is

sensitive to the composition and heat treatment. Compared

with traditional 2:17 type SmCo magnets, the 2:17 type

SmCo high temperature magnets have less Fe, higher Sm, a

cellular structure with smaller size, and a much finer

domain structure. The enhancement of coercivity of the

magnets during the slow cooling process mainly correlates

with the Cu concentration and gradient in the 1:5 phase, or

the increase of anisotropy of the 1:5 phase.

Both the nanocrystalline SmCo magnets and nanocom-

posite SmCo magnets are potential for high temperature

applications. The main problem of these two kinds of mag-

nets is that the magnetic performance of the magnets is rel-

atively low because it is hard to obtain high texture degree in

the magnets. Many efforts have been devoted to prepare

anisotropic magnets, and magnets with a certain degree

texture have been produced by methods of hot compaction

plus hot deformation, and surfactant-assisted ball milling

plus spark plasma sintering, and directional annealing, etc.

However, the preparations of anisotropic bulk nanocrystal-

line SmCo magnets and nanocomposite SmCo magnets with

high texture degree are still big challenges and need further

research. If this problem can be solved, the nanocrystalline

Fig. 11 Cross-section backscattered electron images of a SmCo7 and b SmCo6.1Si0.9 nanocrystalline magnets at 500 �C for 500 h, and

dependences of thickness of internal oxidation layer (IOL) c and maximum energy product loss d for both the SmCo7 and SmCo6.1Si0.9

nanocrystalline magnets on oxidation time at 500 �C [48]
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SmCo magnets and nanocomposite SmCo magnets may

surpass the 2:17 type SmCo magnets and become the new

generation high temperature permanent magnets. And the

improvement of the magnetic properties will speed the

applications in the market.

During the operation of high temperature permanent

magnets, undesirable oxidation at high temperatures is a

major issue for potential applications. Alloying nonmagnetic

element Si can effectively improve the oxidation resistance

of SmCo magnets, but deteriorate the magnetic properties.

Surface modification is an effective way to protect the SmCo

magnets from oxidation and has little effect on the magnetic

properties at the same time. For instance, Ni-coated magnets

show much better stability at 500 �C than uncoated magnets.

Also, research reveals that at different operation tempera-

tures, different types of coating have the best performance.

For the high temperature permanent magnetic materials,

a new research direction may be the rare-earth-free mag-

netic materials which do not rely on the limited supply of

the rare earth metals and cost less. Further researches are

needed to bring the new rare-earth-free magnetic materials

for high temperature applications, and computation meth-

ods of combinational materials science may be helpful for

the progress.
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