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Sintered Pr-Nd-Fe-B-based permanent magnets with 10 and 13 wt. % of Pr were prepared by traditional technology
and then subjected to various heat treatments. Stoichiometric composition of the matrix grains corresponds to
(Pr0.3Nd0.7)2Fe14B and (Pr0.4Nd0.6)2Fe14B compounds, respectively. Conducted thermomagnetic analysis to samples of
these magnets showed the presence of spin-reorientation transition in temperature 95 and 75 K, respectively. This
makes the magnet potentially applicable for low temperatures. For these compounds, we have determined the
optimum heat-treatment conditions. The magnetic domain structure of the magnet subjected to an optimum heat
treatment has been studied. The effect of different low-temperature heat treatments on the magnetic properties of
magnets has been demonstrated.
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INTRODUCTION
In recent years, the Nd-Fe-B-based magnetic materials attracted high interest due to their possible application even at cryogenic temperatures [1]. The low-temperature application of magnets based on non-alloyed
Nd2Fe14B compound is limited by the existence of spinreorientation transition (SRT) at 135 K, which is accompanied by a decrease in hysteretic characteristics of
magnets [2]. The partial substitution of praseodymium
for neodymium (which forms continuous solid solutions) in the magnetic (NdxPr1-x)2Fe14B alloys for NdFe-B-based permanent magnets allows us to decrease
the SRT temperature due to the absence of transition of
the Pr2Fe14B compound [2]. Thus, the complete substitution of Pr for Nd allows the SRT to eliminated up to
4,2 K. Moreover, it is known [3, 4] that the substitution
of praseodymium for neodymium allows us to increase
substantially the magnetization coercive force (HcJ).
This is related to the higher magnetic anisotropy
field for the Pr2Fe14B compound (7,2 MA/m) as compared to that for the Nd2Fe14B compound (5,6 MA/m)
[2]. The compounds have a tetragonal crystal structure
with a strong magneto-crystalline anisotropy oriented
along the crystallographic c axis [001]. In the case of
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substitution of Pr for Nd, the other hysteretic parameter,
saturation magnetization, can be almost unchanged (Bs
for Nd2Fe14B and Pr2Fe14B is 1,6 and 1,5 T, respectively
[2]). This fact determines the possibility of designing
the high-efficiency high-coercive permanent magnets
for low-temperature applications.
According to literature data [5] on the compositional
dependence of the spin-reorientation transition temperature for the (Nd1-xPrx)2Fe14B system, the substitution of
Pr atoms for the half of Nd atoms allows us to decrease
the spin-reorientation transition temperature to 75 K,
i.e., below the liquid nitrogen temperature.
Several publications about the Nd-Fe-B-based magnets for cryogenic application include those presented
at the REPM-2008 conference by Vacuumschmelze
GmbH [6] ((Pr0.8Nd0.2)2Fe14B magnets do not undergo
the spin reorientation of the 2-14-1 phase at ~140 K and
reach a remanence of 1,62 T at 77 K) and by Hitachi
(Pr2Fe14B compositions), and at the REPM-2014 conference only by Vacuumschmelze GmbH [7]. The VACODYM 131 DTP grade magnets [7] were developed,
in which the coercivity at room temperature was increased by the grain-boundary diffusion treatment with
Tb. The following characteristics have been reached HcJ
= 1 800 kA/m and Br = 1,41 T at 293 K and HcJ = 6 300
kA/m and Br = 1,62 T at 77 K.
The effect of heat treatment on the magnets having
the analogous composition (Nd,Pr(Tb,Dy,Gd)-(Fe,Co,
Al,Cu)-B magnets was studied in [8]. The magnet was
heat treated in two different ways and investigated in
the temperature range from 4,2 to 400 K. After an opti621
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mal heat treatment, the magnetization coercive force HcJ
= 1 640 and 5 040 kA/m for room temperature and 10 K
was obtained.
The aim of the present study is to determine the optimum heat-treatment conditions for the sintered permanent magnets based on the (NdxPr1-x)2Fe14B system
and to study their structure and magnetic hysteretic
properties.

EXPERIMENTAL
The chemical composition of sintered magnets,
which were prepared by traditional powder technology
[9-11], is given in Table 1.
Table 1 The chemical composition of sintered magnets
in / wt. %.
Sample

Nd

Pr

Ti

Al

Cu

B

Fe

N1 – N3

23

10

0,9

0,4

0,2

1,3

bal.

N4

23

13

0,9

0,4

0,2

1,3

bal.

Starting alloys were melted using a Balzers VSG
vacuum induction furnace and subsequently cast onto a
copper water-cooled mould. Ingots were subjected to
hydrogen decrepitation and subsequently to milling in a
vibratory mill with an isopropyl alcohol medium. Powders were compacted at the pressure of 30 MPa in a textured magnetic field of 1,6 T. Magnet blanks were sintered in vacuum at the temperatures from 1 080 to 1 100
°C. The following heat treatments were performed: a)
500 °С, 2 h + 475 °С, 0,5 h + 400 °С, 20 h (sample N1);
b) 500 °С, 2 h (sample N2 and N4); and c) 500 °С, 2 h
+ 900 °С, 2 h (sample N3). Magnetic properties of magnets were studied at room temperature in magnetic
fields of to 12 MA/m using a MN-50 hysteresigraph and
a closed magnetic circuit. Samples were preliminary
magnetized in pulsed magnetic fields of up to 12 MA/m.
Thermal magnetic analysis of permanent magnet
samples was performed by measuring temperature dependences of magnetization in a low magnetic field. A
vibrating-sample magnetometer was used. The magnetic field was applied along the magnetic texture axis
of magnet.
The high-resolution field emission gun-scanning
electron microscope QUANTA 450 FEG equipped with
an energy dispersive X-ray analyser APOLLO X (SEM/
EDX) was applied for the investigation of microstructure and phase chemical composition of magnets. Specially designed Zeiss microscope was used to visualize
the magnetic domain patterns on the surface of magnetic materials using the magneto-optical Kerr microscopy. Domains were observed at low magnetic fields
(practically in remanent state).

Table 2 Hysteretic properties* of magnets subjected
to different heat treatments.

N1

HcJ /
kA/m
810

N2

1 264

N3

1 000

990

1,25

296

N4

1 166

1 143

1,27

311

Sample

580

Br /
T
1,25

(BH)max /
kJ/m3
296

1 248

1,25

302

Hk / kA/m

*Note: HcJ is the magnetization coercive force; Hk is the critical field
(magnetization reversing field, at which 10 % decrease in the magnetization (with respect to the residual induction) takes place); Br is the residual
magnetic induction; and (BH)max is the maximum energy product.

the heat treatment at 500 °C for 2 h (samples N2 and
N4) allowed us to reach the high hysteretic properties.
The subsequent heat treatments at both lower and higher temperatures resulted in the decrease of the coercive
force of magnets.
The microstructure of magnets with 10 and 13 wt. %
Pr taken with SEM is documented in Figure 1. The results of chemical analysis of magnets are summarized
in Table 3. The phases found in the magnet structure can
be identified as the main magnetic (Nd,Pr)2Fe14B phase
(point 1), (Nd,Pr)1.1Fe4B4 phase (point 2), (Nd,Pr)rich
phase observed at grain boundaries (point 3), Nd(Pr)O,

RESULTS AND DISCUSSION
Data on the magnetic hysteretic properties of the
studied magnets are given in Table 2. It is evident that
622

Figure 1 SEM images of the microstructure of sintered
magnets with a) 10 wt. % Pr (sample N2) and b) 13
wt. % Pr (sample N4).
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Figure 2 Domain structure of the magnet with 10 wt. % Pr
(in the thermally demagnetized state) observed on
the surface perpendicular to the magnet texture.

sponds to the (Pr0.3Nd0.7)2Fe14B and (Pr0.4Nd0.6)2Fe14B for
the magnets with 10 and 13 wt. % Pr, respectively.
According to the literature data [5], the temperature
of spin-reorientation transition for the compositions is
93 and 75 K, respectively. We performed thermal magnetic analysis of the permanent magnets subjected to
optimum heat treatment (samples N2 and N4). According to the measured temperature dependences of magnetization (Figure 3), the determined spin-reorientation
transition temperatures agree well with those available
in the literature. This is due to the fact that the temperature is determined by the chemical composition of
grains.
Figure 2 shows the domain structure of the magnet
with 10 wt. % Pr (sample N2). The domain structure
was observed from the plane perpendicular to the texture axis; it is typical of the basal plane of uniaxial hard
magnetic materials [12]. This fact indicates the adequate
magnetic texture of the magnets. The closeness of the
Нk and HcJ magnitudes of the magnets (see Table 1) confirms the adequate magnetic texture of the magnet.

CONCLUSIONS

Figure 3 The temperature dependence of magnetization
measured in a magnetic field of 16 kA/m for the
samples of permanent magnets N2 and N4, having
optimal heat treatment.

Nd(Pr)O2 or (Nd,Pr)2O3 oxides present at grain triple
junctions (points 4.1 and 4.2) and Ti-based phase
(point 5). According to the EDX microanalysis data in
Table 2, the composition of the matrix grains corre-

The stoichiometric composition of the matrix grains
in the (Nd, Pr)-Fe-B magnets with 10 and 13 wt. % Pr
corresponds to (Pr0.3Nd0.7)2Fe14B and (Pr0.4Nd0.6)2Fe14B
compounds, respectively. Conducted thermomagnetic
analysis to samples of these magnets showed the presence of spin-reorientation transition in temperature 95
and 75 K, respectively. The latter composition has the
spin-reorientation transition temperature close to the
liquid-nitrogen boiling temperature and it can be recommended for low-temperature applications.
The heat treatment of the magnets for the high-coercivity state consists in the 2-h vacuum annealing at
500 °C.
The observed domain structure of the magnet with
10 wt. % Pr and the closeness of the Нk and HcJ magnitudes indicate the adequate magnetic texture of the
magnets.

Table 3 Chemical analysis of individual phases observed in the magnet structure in / at. %.
Sample

Point

O

Dy

Al

Nb

Ti

Pr

Nd

Fe

Co

Cu

N2

1

6,34

0,23

1,22

0,12

0,35

4,00

9,56

77,02

0,60

0,59

2

6,65

0,57

0,22

0,20

0,48

6,80

15,70

68,11

0,52

0,76

3

8,26

0,99

1,77

0,07

0,52

15,87

27,64

39,86

0,34

4,70

N4

4.1

50,54

0,83

0,11

0,21

1,44

15,23

25,91

4,00

1,02

0,71

4.2

59,63

0,70

0,00

0,10

0,54

12,03

24,34

1,86

0,33

0,49

5

13,33

0,45

0,47

0,18

63,72

2,24

4,53

14,46

0,19

0,43

1

6,65

0,12

1,47

0,13

0,31

5,50

8,08

76,94

0,42

0,38

2

7,37

0,27

0,48

0,22

0,56

8,89

12,49

68,75

0,56

0,42

3

7,94

0,38

5,99

0,16

0,43

14,77

15,46

53,18

0,57

1,16

4.1

50,48

0,00

0,09

0,26

1,00

15,17

18,05

13,50

0,65

0,78

4.2

63,86

0,51

0,20

0,17

1,48

13,56

16,84

2,29

0,41

0,68

5

5,08

0,10

0,37

0,05

82,39

0,90

0,96

9,26

0,35

0,54
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