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Abstract 

The focusing of new technologies on the formation of inhomogeneous distributions of heavy rare-earth metals 

(REMs) in hard magnetic Nd-Fe-B materials is of scientific importance for increasing their functional properties, 

along with preserving existing sources of heavy REMs. The manufacturing process for these materials includes 

strip-casting, hydrogen decrepitation, and treatments in a hydrogen atmosphere, as well as high-energy milling 

combined with mechanical alloying of multicomponent powder mixtures. The role of alloying REMs and their 

alloys with transition metals on the formation of phase composition, microstructure, fine structure of grains, 

and the hysteretic properties of hard magnetic (RR')2Fe14B-based materials were investigated. These addition 

were introduced in the form of hydrides or hydrogenated alloys (TbHx, DyHx, ScHx, Tb3(Co,Cu), Dy3(Co,Cu)) 

to initial Nd(Pr)-Fe-B-based powder mixtures in the course of their mechanical activation. The new knowledge 

about the formation of the structured state of (RR')2Fe14B-phase grains, namely, the formation of compositional 

inhomogeneities of heavy REMs within grains was obtained. The core-shell grain structure so formed and the 

nonuniformity of the main hard magnetic phase lead to increases in the structure-sensitive magnetic 

parameters and to their higher stability during low-temperature annealing. The powder-blending manufacturing 

process allows us to prepare magnets with a wide range of hysteretic characteristics using unified initial Nd-

Fe-B strip-casting alloys. 
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1. INTRODUCTION 

Sintered Nd2Fe14В-based permanent magnets are widely used in technological applications because of their 

high maximum energy product (BH)max, remanence Br, induction coercive force bHc, and magnetization 

coercive force jHc. To increase jHc, which determines the time–temperature stability of sintered magnets, the 

Nd14–15FebalВ6–8 (at%) base composition is traditionally alloyed with Dy and Tb (to increase the anisotropy field 

Ha, which rises with increasing heavy rare-earth metal (REM) fraction; in this case, the remanence decreases 

as the coercivity increases), Ti, V, and Nb (to prevent grain growth during sintering), and Al, Ga, and Cu (to 

modify the structure of the grain-boundary phases) using the following technological processes: strip-casting, 

hydrogen decrepitation, mechanical alloying, diffusion saturation of the magnet surface with REMs (Dy, Tb) 

and subsequent heat treatment at 1075–1175 K, and multi-stage heat treatments at temperatures of 750–1275 

K [1-4]. 
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Scarce resources of heavy REMs determine the search for options to reduce the usage of these metals. The 

alloying of Nd-Fe-B main compositions with REMs added in the form of hydrides was realized in References 5–

8. These studies showed the efficiency of application of Nd, Pr, and Dy hydrides in powder mixtures for 

manufacturing permanent magnets.  

The focusing of new technologies on the realization of the inhomogeneous distribution of heavy REMs in hard 

magnetic Nd-Fe-B materials is of scientific importance for increasing their functional properties, along with 

preserving existing sources of heavy REMs [1-6]. The approach used by us, namely, the alloying of powder 

mixtures with REM hydrides and hydrogenated REM-(M) (REM = Dy, Tb, and M = Cu, Co) compositions, 

allows us to form a structured state of the main hard magnetic phase at the expense of the intra-grain 

heterogeneous distribution of light and heavy REMs. This approach is original and has been shown to be valid 

[6-8]. The milling of blended powder compositions (the base Nd-Fe-B alloy and different REM-(M)-H additions) 

and subsequent sintering allow the grain-boundary diffusion of heavy REMs and grain structuring to be realized 

and the materials with a pre-set combination of hysteretic properties required for different applications to be 

prepared. 

The present study is focused on the effect REM-based powders (TbHx, DyHx, ScHx, Tb3Co0.6Cu0.4, 

Dy3Co0.6Cu0.4) added to Nd-Fe-B-based powder mixtures on the formation of the phase composition, 

microstructure, fine structure of grains, and hysteretic properties of hard magnetic (RR')2Fe14B-based 

materials. 

2. EXPERIMENTAL 

The base Nd-24.0, Pr-6.5, Dy-0.5, B-1.0, Al-0.2, Fe-balance alloy (wt%) was prepared by the strip-casting 

technique and subjected to hydrogen decrepitation during heating to 270 °C in a hydrogen flow at a pressure 

of 0.1 MPa and to subsequent holding at this temperature for 1 h. 

Terbium, dysprosium, and scandium hydrides (RH2–3) were obtained by direct reaction of gaseous hydrogen 

with Tb, Dy, or Sc metal of 99.9% purity using a glass Sieverts-type apparatus. The hydrogenation was carried 

out at 500–700 °C using pure hydrogen at a pressure of up to 0.1 MPa. Once synthesized, the samples were 

homogenized for 72 h at 350 °C. 

The Dy3(Co1–xCux) and Tb3(Co1–xCux) alloys with x = 0.4 were prepared by arc melting of the starting 

components (distilled Dy and Tb of 99.9% purity, electrolytic Co of 99.5% purity), and oxygen-free Cu in an 

argon atmosphere using a water-cold copper bottom and a nonconsumable tungsten electrode. The ingots 

subjected to homogenizing annealing at 600 °С for 90 h were found to be multiphase and contained Dy(or 

Tb)3(Co,Cu) (base phase) and Dy(or Tb)(Cu,Co) and Dy(or Tb)12(Co,Cu)7 compounds. The ingots were 

subjected to hydrogenation in accordance with the aforementioned regimes. Following hydrogenation, the 

presence of REM hydrides and a fine Co+Cu mixture was demonstrated [9]. 

The hydrogen-decrepitated strip-cast alloy and REM hydrides or hydrogenated compounds (1–4 wt%) were 

mixed and subjected to fine milling for 40 min using a vibratory mill and an isopropyl alcohol medium until an 

average particle size of 3 μm was reached. Following wet compaction of the pulp in a transverse magnetic 

field of 1500 kA/m, blanks of magnets were sintered at 1080 °C for 2 h. The magnets were further subjected 

to the optimal heat treatment (500 °C for 2 h) and the low-temperature heat treatment: 20 °C → (40 min) → 

500 °C (20 min) → (6 h) → 400 °C (10 h). 

An QUANTA 450 FEG high-resolution field emission gun scanning electron microscope (SEM, FEI Company, 

USA) equipped with an energy-dispersive spectroscopy (EDS, EDAX, USA) microprobe was used to 

investigate the structure, chemical composition, and distribution of magnet components (X-ray mapping). The 

hydrogen and oxygen contents were controlled using an ONH – 2000 analyzer (ELTRA, Germany). The 

magnetic properties of the permanent magnet were measured at room temperature (RT) using an automatic 

hysteresisgraph. Auger electron spectroscopy (AES) was performed using a JAMP 9500F spectrometer 
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(JEOL, Japan) equipped with an INCA PentaFETx3 energy-dispersive analyzer (Oxford Instruments, United 

Kingdom) and a µIFG iMOXS microfocused X-ray tube (Institute for Scientific Instruments, Germany). 

The total oxygen content in all samples was below 5000 ppm. The low hydrogen content of ~3 ppm indicates 

the complete decomposition of hydride-containing compounds and removal of hydrogen during sintering. 

3. EXPERIMENTAL 

3.1 Investigation of alloying element distribution 

Experiments with hydrides and hydrogenated compounds, which were added at the milling stage, were 

performed in order to realize the optimal microstructure, heterogeneous distribution of heavy REMs within a 

grain, and economically alloyed composition of magnets, which assume, in particular, the accumulation of 

heavy REMs (Dy, Tb) within grains at the near-boundary areas. Such a heavy-REM distribution allows us to: 

(1) increase locally the coercive force and decrease the probability of formation of reverse domains at grain 

boundaries; (2) limit the substitution of heavy REMs for Nd in the matrix phase and, thus, to decrease the 

probability of lowering the magnetization and remanence; and (3) decrease the quantity of heavy REMs 

required to achieve the given increase in the coercive force. The mechanism of formation of the high-coercivity 

state in Nd2Fe14B-based materials is well known and is due to the nucleation of reverse domains in 

magnetically isolated small grains. The coercivity can appear also when introducing pinning centres against 

the magnetic domain wall motion. The pinning force appears when there is a large local change in the 

magnetocrystalline anisotropy constant in a narrow region, and the probability of this mechanism occurring in 

Nd-Fe-B magnets is considered [10]. For this reason, we have studied in detail the distribution of heavy REMs 

in magnets prepared with powder mixtures containing REM hydrides and hydrogenated Dy(Tb)-Co-Cu 

compositions. 

Precise studies of the structures of magnets prepared with heavy REM hydrides showed the existence of 

specific distributions of the heavy REMs within grains. The presence of reactive Dy(Tb) powder (coming from 

Dy(Tb)H2 thermally destroyed during sintering) determines the diffusion of Dy(Tb) atoms to the 2-14-1 phase 

lattice, the atomic radii of which are lower than that of Nd atoms. This is accompanied by ousting of Nd atoms 

to the peripheral areas of grains. Since the diffusion coefficient of Nd atoms is lower than that of Tb/(Dy) atoms 

[11], the diffusion of Dy(Tb) is more substantial. Such unequal diffusion flows of atoms lead to inhomogeneous 

Dy(Tb) and Nd(Pr) distributions over the 2-14-1-phase grains. 

The Tb distribution was investigated by Auger electron spectroscopy. Figure 1 shows (a) SEM image 

(secondary electron image (SEI)) of the surface of the Nd-Fe-B magnet with 4 wt% TbH2 and (b, c) the Tb 

distribution. As can be seen, the enrichment of Nd2Fe14B-phase grain boundaries in Tb is observed (shown by 

arrows in Figure 1b). Moreover, the existence of some “substructure” in the Tb distribution can be noted 

(Figure 1c): the Tb-enriched and Tb-depleted areas are shown by the geometric figures. It is likely that such 

a Tb distribution formed during sintering is the result of the preparation process realized with hydride-containing 

powder. The size of the “subgrains” is ~1–1.5 μm (shown by the rhombus in Figure 1c); the size of 

inhomogeneities within the “subgrains” is 30–150 nm (shown by the circle and oval). An analogous “composite” 

structure in Nd-Dy-Tb-Fe-B magnets was simulated by Kawasaki, et al. [12] and the efficiency of such a 

composite structure was proved. 

A Tb-rich shell and an inhomogeneous Tb distribution within the large grains (structuring of 2-14-1 phase) were 

found. The latter finding, namely, the concentration inhomogeneity, can be considered as resulting in the 

creation of pinning centers of domains walls and, therefore, the hardening of the magnetic phase. In most 

studies, the mechanism by which the coercive force increases is considered from the viewpoint of grain-

boundary phases and the so-called core-shell structure. We, however, also consider the problem from the 

viewpoint of the structuring of the main magnetic phase. 
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The distribution of REMs, Co, and Cu in the 2-14-1 grains and in the intergranular Nd-rich phases in the 

sintered magnets prepared from the powder mixtures with 2 wt% Dy3(Co,Cu) (or Tb3(Co,Cu)) addition was 

also studied using X-ray mapping (Figure 2). The heterogeneous Dy or Tb distribution within the 2-14-1 grains 

can be observed. The depletion of triple junctions in Co and their enrichment in Cu in the case of 

Dy(Tb)3(Cu,Cu) additions should be noted. 

   

Figure 1 a) Microstructure of Nd-Fe-B magnet prepared with 4 wt% TbH2 (SEI) and b, c) Tb distribution 

(AES, areas agree with red square and black square respectively) 

  

  

Figure 2 X-ray elemental mapping of Co, Cu, and Dy in 2-14-1 grains and in the intergranular phases of the 

Nd-Fe-B sintered magnet prepared from the powder mixture with 2 wt% of hydrogenated Dy3(Co0.6Cu0.4) 

addition 

The other components of the Tb(or Dy)3Co0.6Cu0.4Hx composition, i.e., Cu and Co, are also useful additions for 

Nd-Fe-B-based magnets. The role of Cu in the grain-boundary restructuring of Nd-Fe-B sintered magnets was 
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considered in References 13–14. According to the data, Cu improved the wettability of the Nd2Fe14B grains by 

forming an intergranular phase. The positive effect of Co on the coercivity of Nd-Fe-B magnets was reported 

in References [15–17]. 

The effect of scandium hydride on the structural state of sintered magnets differs from that of terbium and 

dysprosium hydrides. Scandium can act as a component, which restricts the Nd2Fe14B-phase grain growth by 

analogy with Ti, Nb, Mo, and V. 

Scandium was found preferentially within intergranular phases (black particles in Figure 3), because Sc does 

not diffuse into 2-14-1 grains despite its smaller atomic radius [18]. It is evident that the Sc-based phases are 

characterized by an increased boron content, corresponding to the assumption that Sc reacts with B during 

sintering (Figure 3). Also, we have demonstrated that the presence of Sc coming from ScH~2 restricts grain 

growth. 

  

  

Figure 3 X-ray mapping of Sc and B in Nd-Fe-B sintered magnet prepared from the powder mixture with 1 

wt% ScHx addition 

3.2 Investigation of alloying element distribution 

Table 1 shows the magnetic properties of sintered magnets prepared with hydride or hydrogenated 

compounds. According to the data, alloying with 2 and 4 wt% TbH2 leads to an increase in the coercive force 

to 1520 and 1900 kA/m, i.e., by 52 % and 90 %, respectively. Simultaneously, the magnitudes of Br and (BH)max 

decrease to 1.30 T (~4.4 %) and 328 kJ/m3 (8 %), respectively, for 2 wt% TbH2 addition and to 1.22 T (10 %) 

and 286 kJ/m3 (20 %), respectively, for 4 wt% TbH2 addition. 

The data on the hysteretic characteristics of the magnets indicate that the value of jHc is disproportionately 

high with respect to the added Tb content. This fact is explained by the existence of the well-known structure 

of the main magnetic-phase grains, namely, the Tb-enriched shell and the Tb-depleted core of the grains. 

Moreover, the presence of submicron-sized inhomogeneities, namely, “areas” enriched in Tb (depleted of Nd 
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(Pr)), which were found within the 2-14-1 magnetic-phase grains, is likely can be involved in the explanation 

of this phenomenon. 

Table 1 Magnetic characteristics of Nd-Fe-B magnets prepared with hydride or hydrogenated compounds;  

              Br – remanence of magnetic flux density; jHc – coercivity of magnetic polarization; Hk – parameter  

              adopted as a criterion of coercivity (i.e., the magnetic field determined at 0.9 × Br; (BH)max –  

              maximum energy product). 

Addition/annealing conditions 
Br jHc Hk (BH)max 

(Т) (kА/m) (kА/m) (kJ/m3) 

2 wt% DyHx/optimal HT 1.29 1309 1262 322 

2 wt% TbHx/optimal HT 1.30 1520 1440 328 

4 wt% TbHx/optimal HT 1.22 1900 1760 286 

2 wt% Dy3Co0.6Cu0.4Hx/optimal HT 1.34 1120 968 336 

2 wt% Tb3Co0.6Cu0.4Hx/optimal HT 1.35 1336 1200 360 

2 wt% Tb3Co0.6Cu0.4Hx/optimal + low-temperature HT 1.35 1480 1330 360 

Studies of the stability of structure-sensitive parameters of sintered magnets, namely, the coercive force jHc, 

to low-temperature heat treatments (annealing at temperatures below the optimal heat treatment temperature 

(500 C)) show an increase in the coercive force (Table 1) in the case of the application of hydrogenated 

Tb3Co0.6Cu0.4. This fact is not typical of sintered Nd-Fe-B magnets, which usually demonstrate a drop (or 

constancy) of the coercive force after low-temperature heat treatments at 350–450 °C [6-8]. The constancy of 

the coercive force during low-temperature annealing was previously observed with DyH2 addition to the powder 

mixture [10]. This was explained by the Invar effect, which is due to changes in crystal lattice rigidity owing to 

structuring of the 2-14-1 phase alloyed with Dy via grain-boundary diffusion (GBD). Thus, in the case of alloying 

the 2-14-1 phase with heavy REMs by GBD using Tb3Co0.6Cu0.4Hx, no decrease in jHc or Hk occurred, whereas 

the increase in these parameters can be related to the effect of Cu in the intergranular REM-rich phase and 

also to Co [17]. 

4. CONCLUSIONS 

In summary, our studies of Nd-Fe-B magnets prepared from strip-cast alloys show that Tb (Dy) alloying (REM 

hydride or hydrogenated compounds added to powder mixture) is expected to result in the formation of the 

core-shell structure of 2-14-1 phase grains and a specific distribution of rare-earth components, which allows 

us to assume the realization of domain wall pinning, along with the suppression of the nucleation of reverse 

domains. The efficient enhancement of the coercivity of Nd-Fe-B magnets, with a slight sacrifice of remanence, 

was also demonstrated. 

The positive effect of REM hydride additions to the powder mixture allows the possibility of introducing various 

components to the permanent magnets (heavy REMs, elements structuring grain boundaries and restricting 

the magnet grain growth) at the preparation stage rather than at the alloy-melting stage. This allows the 

possibility of using a unified initial alloy for the manufacture of magnets with high-coercive or high-performance 

characteristics. 
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