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Abstract 

The effect of low-temperature treatment on the structure and hysteretic properties of sintered Nd-Fe-B 

magnets, which were prepared using strip-casting alloy (wt.%) Nd - 24%, Pr - 6.5%, Dy - 0.5%, B - 1%, Al - 
0.2%, Fe - balance and 2 wt.% DyH2 addition, was studied. Hysteretic properties of the magnets subjected to 

the optimum heat treatment (1-h holding at 500 ˚C followed by quenching in gaseous nitrogen) are Br = 1.29 

T, jHc = 1309 kA⋅m-1, Hk = 1220 kA⋅m-1, (BH)max = 322 kJ⋅m-3. The subsequent combined heat treatment in 

vacuum or inert atmosphere, which includes the stepped or progressive heating from 250 to 500 ˚C (the total 
heating time is to 20 h), does not change hysteretic properties of magnets upon heating within this temperature 

range, whereas magnets of the same composition, but prepared by traditional technology, demonstrate the 

abrupt decrease of hysteretic properties (jHc and Hk) upon heating in a temperature range of 350 to 400 ˚C. 

The degradation of magnetic properties (decrease in jHc and Hk to 1105 and 960 kA⋅m-1, respectively) of 
magnets prepared from hydride-containing powder mixtures is observed only after the repeated annealing at 

550 ˚C. The hysteretic properties of the magnets can be restored completely by heat treatment 1050 ˚C (1 h) 

+ 500 ˚C (2 h). X-ray diffraction analysis and scanning electron microscopy were used to demonstrate the 
evolution of microstructure and phase composition of magnets in the course of annealings. 

Keywords: Nd-Fe-B-based magnets, coercivity, dysprosium hydride, low-temperature annealing, grain  
          boundaries 

1. INTRODUCTION 

Sintered Nd-Fe-B magnets find wide applications for technology owing to the high maximum energy product 

((BH)max), residual inductance (Br), and magnetization coercive force (jHc). Nd-Fe-B permanent magnets are 
used in many fields of industry. One of problems of preparation of permanent magnets based on the Nd2Fe14B 

compound is related to the decrease in the content of nonmagnetic phases via the optimization of the rare-

earth metals contents [1]. 

The coercivity of Nd-Fe-B magnets is structure sensitive and dependent on the continuity and composition of 
RE-rich phases, grain-boundary defects, average grain size, exchange interaction between Nd2Fe14B hard 

magnetic grains, etc. The coercivity of sintered magnets is reached by post-sintering annealing at the optimum 

temperature (around 500 °C) determined by the composition of Nd-Fe-B-based alloys. The role of the low-

temperature heat treatment (LTHT) consists in the formation of continuous non-magnetic RE-rich layers 

between (Nd,R)2(Fe,M)14B grains [2]. 
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According to [1, 3], the addition of heavy rare earths of Dy or Tb is effective to enhance the coercivity and 
consequent thermal stability of the Nd-Fe-B magnets, because Dy or Tb increases the magnetic anisotropy 

field of the 2-14-1 Nd-Fe-B compound, but this method simultaneously results in considerable degradation of 

the remanence of the magnets. Recently, techniques for enhancement of coercivity of sintered Nd-Fe-B 
magnets by diffusing a continuous layer of Dy or Tb onto the surface of the Nd2Fe14B matrix grains without 

obvious reduction of the remanence have been developed by different researchers.  

The experiments with Dy and Tb additions are carried out to achieve the optimum microstructure, which 
involves confining the Dy distribution to the grain boundary regions. If the Dy can be confined in the grain 

boundary regions, then: 

(1) It should be possible to increase locally the coercivity and hence reduce the probability of reverse 
domains forming at the grain boundaries. 

(2) Limit the substitution of Nd by Dy in the matrix phase and thus limit the reduction of the magnetization 

and hence the remanence. 

(3) Reduce the amount of Dy required to achieve a particular increase in the coercivity and hence reduce 
the overall cost of the alloy. 

The magnetic and microstructural modification of the Nd-Fe-B sintered magnet by mixed DyF3/DyHx powder 
doping was studied in [4]. 

According to [5], magnets based on Nd16Fe76B8 with DyH3 additions have been sintered at different 
temperatures. The magnetic properties, microstructure and compositions have been examined. Details of 

progress of Dy entering the hard matrix phase are considered and an evolution mode of the relevant sintering 

process is proposed. Hydrogen absorption and desorption of the magnets were examined by HDTA. The 

optimum sintering temperature for these magnets has been established. Microstructural and EDX 
examinations have revealed that a relatively Dy-rich phase formed in the Nd-rich grain boundary phase and 

this slowed down the substitution of Nd by Dy in the Nd2Fe14B matrix phase, possibly enhancing local coercivity 

without excessive attenuation of the remanence.  

The effect of DyH3 additions on the magnetic properties of magnets was studied in [6]. The use of DyHx powder 
along with DyGa, Dy3Co powders allows the authors to increase the coercive force by 0.4 to 0.6 T without 

substantial decrease in the residual magnetization. The DyHx powder was prepared by hydrogenation of 
metallic Dy at 500 ˚C at a hydrogen pressure of 500 kPa. The powder was applied on the Nd-Fe-B magnet 

surface and annealed in a vacuum at 550 ˚C for 0.5 h.  

The possibility of application of dysprosium hydride nanoparticles for wastes processing is discussed in [7]. 

The properties of prepared magnets are: Br = 1.296 T, jHc = 1360 kA⋅m-1, (BH)max = 292.3 kJ⋅m-3. 

The present work is aimed at the study of peculiarities of both the formation high-coercivity state of Nd-Fe-B 
magnets prepared from DyH2 hydride-containing powder mixtures and the evolution of hysteretic properties of 

the magnets in the course of low-temperature annealings. 

2. EXPERIMENTAL 

Nd-Fe-B magnets were prepared using Nd - 24 wt.%, Pr - 6.5 wt.%, Dy - 0.5 wt.%, B - 1 wt.%, Al - 0.2 wt.%, 
Fe - 65.8 wt.% strip-casting alloy. The preparation procedure includes the hydrogen decrepitation of flakes in 

dry hydrogen (at 100 °C for 1 h) and subsequent passivation in gaseous nitrogen atmosphere. Dysprosium 
hydride (2 wt.%) was added after cooling the powder to room temperature. The mixture was subjected to fine 

milling for 40 min to an average particle size of 3 �m using a vibratory mill and isopropyl alcohol medium. 

Samples were compacted in a magnetic field and sintered at � = 1070 °C (for 2 h). The sintered blanks were 

subjected to the following heat treatments (HTs): 

• HT-1 (optimum): 500 °C (1 h) + quenching in gaseous nitrogen (Sample No.1); 
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• HT-2: 500 °C (1 h) + quenching + 500 °C (2h) + quenching + 500 °C + cooling for 2 h to 400 °C + 400 

°C (6 h) + furnace cooling (in this case, the properties are almost unchanged, although the earlier 
experiments performed for similar magnets demonstrates the decrease in magnetic properties jHc and 

Hk) (Sample No.2); 

• HT-3: 500 °C (1 h) + quenching + 500 °C (2h) + quenching + 500 °C + cooling for 2 h to 400 °C + 400 
°C (6 h) + furnace cooling + 550 °C (1h) + quenching (properties decreases substantially) (Sample 

No.3); 

• HT-4: HT-1 + HT-2 + HT-3 + 1050°C + 500 °C (2 h) + quenching in gaseous nitrogen (hysteretic 

properties of the magnets restored completely) (Sample No.4). 

Measurements of magnetic characteristics were performed at room temperature using a closed circuit of 

hysteresisgraph and samples 40 mm in diameter and 8 mm thick, which were subjected to HT-1, HT-2, HT-3 
and HT-4. 

The X-ray diffraction analysis of “strip-casting” alloy and sintered magnets was performed using a Difrei 401 
diffractometer and CrK! radiation. The structural studies were carried out using samples demagnetized in a 

vacuum at 775 K to recovery the initial state.  

X-ray diffraction patterns were processed using PowerCell software. This program allows one to simulate X-
ray diffraction patterns using crystal structure parameters of a compound, crystal lattice sizes, atomic positions 

in the crystal lattice and X-ray wavelength. 

The complex microstructure and phase composition of samples were investigated by SEM/EDX using a 
Quanta 450 FEG microscope. 

3. RESULTS AND DISCUSSION 

3.1. Magnetic properties 

Hysteretic properties of the studied magnets are given in Table 1 and Fig. 1. The temperature of the optimum 

HT equal to 500 °C is likely to be determined by the maximum wettability of grain-boundary Rrich [8] ensuring 
continuous 2-14-1-phase grain boundaries (sample No.1) (Fig. 1a). The subsequent combined heat treatment 

in vacuum or inert atmosphere, which includes the stepped or progressive heating from 250 to 500 °C (the 

total heating time is to 20 h), does not change the hysteretic properties of magnets (sample No.2) (Fig. 1a). 

As was noted above, magnets of the same composition, but prepared by traditional technology, demonstrate 
the abrupt decrease of hysteretic properties (jHc and Hk) upon heating in a temperature range of 350 to 400 

°C. The degradation of magnetic properties (decrease in jHc and Hk to 1105 and 960 kA⋅m-1, respectively) of 

magnets prepared from hydride-containing powder mixtures is observed only after the repeated annealing at 

550 °C (sample No.3) (Fig. 1b). The annealing at 970 °C for 1 h does not restore the hysteretic properties. 

The hysteretic properties of the magnets can be restored completely by heat treatment 1050 °C (1 h) + 500 

°C (2 h) (sample No.4) (Fig. 1a). 

Table 1 Hysteretic properties of the studied magnets. 

Quantity Sample Nos.1, 2, 4 Sample No.3 

BR (T) 1.29 1.26 

HCM (kA⋅m-1) 1309 1105 

HCB (kA⋅m-1) 981 895  

HK (kA⋅m-1) 1262 888  

(BH)max (kJ⋅m-3) 322 303 
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The degradation and recovery of properties are discussed from the point of view of (1) formation and 

dissolution of impurity Nd1.1Fe4B4 phase at triple junctions of 2-14-1 magnetic phase, (2) changes of grain 

boundaries; (3) presence of oxide phases at triple junctions; and (4) existence of compositional nonuniformity 

of 2-14-1 magnetic phase grains. 

Fig. 1 Demagnetization curves for samples after (a) optimum (sample No.1), stepped (sample No.2) 

and restoring (sample No.4) HTs, (b) degrading HT (sample No.3) 

3.2. X-ray diffraction analysis 

The degradation and recovery of properties are discussed from the point of view of formation and dissolution 
of impurity Nd1.1Fe4B4 phase at triple junctions of 2-14-1 magnetic phase, changes of grain boundaries; 

presence of oxide phases at triple junctions; and existence of compositional nonuniformity of 2-14-1 magnetic 

phase grains. 

Fig. 2 (a, b, c) shows portions of X-ray diffraction patterns of samples subjected to optimum HT (sample No.1) 
(Fig. 2a), degrading HT (sample No.3) (Fig. 2b) and restoring HT (sample No.4) (Fig. 2c), which demonstrate 

the evolution of the NdO, Nd2O3 and Nd1.1Fe4B4 phases in the magnets in the course of HTs.. Fig. 2

demonstrates comparison of experimental X-ray diffraction pattern (black line) and pattern simulated for the 

Nd2Fe14B-type structure (space group P42/mnm) (red line). It is seen that main reflections simulated for the 

Nd2Fe14B coincide adequately with those in the experimental X-ray diffraction pattern; some reflections are 

likely to belong to other phases. These reflections are observed at 2) angles of 46.01; 46.42; 53.58 and 79.13 
deg. Subsequent analysis of experimental X-ray diffraction patterns was performed in detail using literature 

data and simulated X-ray diffraction patterns. It is known from literature that the presence of !-Fe phase can 

affect the properties of permanent magnets. However, we failed to detect the !-Fe phase at the background 

of reflections of the Nd2Fe14B phase. Based on the analysis of chemical composition and literature data, we 
assumed the presence of REM oxide phases in ternary junctions of samples under study. According to 

literature data, ternary junctions can contain different oxide phases. These are NdO with the NaCl-type 

structure (space group Fm-3m) (the oxygen content is 50 at.%), Nd2O3 with the La2O3-type structure (space 

group Pm-3m) (the oxygen content is 60 at.%), and NdO2 with the CaF2-type structure (space group Fm-3m) 
(the oxygen content is 67 at.%). 

Results of simulation of X-ray diffraction patterns are shown in Fig. 2 by red line. As is seen from these figures, 
patters simulated for the structures of the NdO and Nd2O3 oxides agree adequately with experimental patterns. 

A slight difference can be explained by the fact that the simulation was performed for the NdO and Nd2O3

compounds, whereas, according to chemical analysis data, these compounds can contain Dy and Pr, i.e., can 

differ from the composition preset with the simulation program. 

The X-ray diffraction pattern for sample No.3 exhibits a small peak at 2) = 42.7 deg. along with the other 

aforementioned reflections. We assumed that this reflection corresponds to the Nd1,1Fe4B4 phase. The 
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evolution of the peak after restored annealing allows us to state the decomposition of the phase. 

Fig. 2 Part of the X-ray diffraction pattern for samples after (a) optimum (sample No.1), (b) degrading 
(sample No.3) and (c) restoring (sample No.4) HTs (� = 0.22909 nm). Red line corresponds to simulated 

pattern for the Nd2Fe14B-type structure 

3.3. Study of grain boundaries 

Fig. 3 shows images taken with the magnification 20000x. To decrease the image blur, the scanning time was 

increased. These figures demonstrate transformations of grain boundaries during degrading and restoring 
HTs, which cause the formation of discontinuous and continuous boundaries, respectively. 

Fig. 3 SEM image of the surface of samples after (a) optimum (sample No.1), (b) stepped (sample 
No.2), (c) degrading (sample No.3) and (d) restoring (sample No.4) HTs 
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The absence of any changes in j)* and Hk after HTs at 250-500 ºC is likely can be related to the substantial 

decrease in the invar effect (anomalous temperature dependence of the lattice parameters), which is due to 

magnetic ordering [9,10] at the expense of 2-14-1 phase structuring (Fig. 3c) [11]. 

As is evident from Fig. 3, grain boundaries are seen clearly for samples nos. 1, 2 and 4. The structure of grain 
boundaries in sample No. 3 is discontinuous and in some areas, grain boundaries are almost vanishes (or 

invisible). In [12], the effect of annealing temperature on the state of grains boundaries and magnetic properties 
of Nd-Fe-B magnets was studied. It was shown that discontinuous grain boundaries lead to a decrease in the 

coercive force. As mentioned above, grain boundaries are formed by a paramagnetic R-rich phase.  

Layer R-rich phase provides magnetic isolation of grains. This increases the resistance to demagnetization 
grain. Therefore, if there are more smooth grain boundaries, the coercive force of the permanent magnets is 

increased. However, in our case, to conclude definitely the effect of state of grain boundaries on the coercive 

force, additional studies by high-resolution microscopy should be performed. 

4. CONCLUSION 

Samples of high-coercivity (Nd,Pr)-Fe-B magnets were prepared using powder mixtures containing DyH2. The 
effect of low-temperature treatments of the magnetic properties of developed magnets was studied by X-ray 

diffraction analysis and electron microscopy. Conditions of the optimum low-temperature heat treatment were 
determined. Compositions of paramagnetic phases formed at triple junctions of 2-14-1 phase grains were 

determined; the phases are (Nd,Pr,Dy)-O and Nd1.1Fe4B4. Evolution of the phases during low-temperature 

treatments and their effect on magnetic properties, in particular, on the coercive force of magnets is discussed. 

The used binary mixtures technology has allowed us to obtain the higher coercive force magnitude as 
compared to that of magnets prepared by traditional technology.  

The data obtained demonstrate the higher thermal stability of hysteretic properties of magnets prepared from 
hydride-containing powder mixtures. The observed effect is attributed to the formation of a non-uniform Dy 

distribution in (Nd, Pr, Dy)2Fe14B principal magnetic phase grains, which is formed during the preparation of 

material from hydride-containing powder mixtures and determines the specificity of diffusion processes 

occurred during low-temperature annealing. These data are of importance for deciding the optimum heat 
treatment of Nd-Fe-B-based magnets and the prediction of their service stability. 
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