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1 Abstract

2 The development of high-performance Nd–Dy–Fe–B magnets that minimise the 

3 consumption of scarce rare earth (RE) element Dy has been a major pursuit for both industry 

4 and academia. Here, we designed an alloy microstructure comprising of a uniform Dy-lean 

5 core–Dy-rich shell in a series of multi-main-phase (MMP) Nd–Dy–Fe–B magnets. Assessed 

6 by the increment of the coercivity and remanent magnetisation per unit weight percentage of 

7 the Dy addition (µ0Hc/Dy and µ0Mr/Dy), the resulting MMP Dy1 and Dy3 magnets with 

8 an overall Dy level of 1 and 3 wt.% possessed respective µ0Hc/Dy values of 0.5 and 0.3 

9 T/wt.%, and identical µ0Mr/Dy values of -0.01 T/wt.%. Most importantly, the resulting 

10 MMP Dy3 magnet exhibited a high coercivity (2.4 T), the excellent thermal stability of 

11 coercivity (|β| = 0.531%/°C), a high squareness factor (> 95%), with a little diminishment in 

12 the remanent magnetisation (1.35 T) and maximum energy product (43.6 MGOe). These 

13 properties are superior to the currently available sintered Nd–Dy–Fe–B magnets which utilise 

14 higher levels of Dy of 5 wt.%. Via multi-scale microstructural characterisation data with 

15 micromagnetic simulations, the formation of the Dy-lean core–Dy-rich shell microstructure is 

16 rationalised via solid-state-diffusion and solution reprecipitation during liquid-phase sintering. 

17 The Dy-lean core–Dy-rich shell microstructure and the non-ferromagnetic low-Fe RE-rich 

18 grain boundary phase enable synergistic magnetic performance. The present work establishes 

19 a pathway for the more sustainable utilisation of Dy in permanent magnets via forming the 

20 uniform Dy-lean core–Dy-rich shell microstructure. 

21

22 Keywords: Permanent magnets, Multi-main-phase Nd–Dy–Fe–B, Core–shell microstructure, 

23 Liquid-phase sintering, Coercivity 
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1 1. Introduction

2 Rare earth (RE) elements remain both in the headlines of the critical metals agenda and 

3 the subject of intense research interest owing to their unique 4f electronic structure and 

4 physicochemical characteristics [1,2]. For example, an important class of RE-based materials 

5 is the sintered Nd–Dy–Fe–B magnet, which has experienced enormous recent demand due to 

6 the flourishing renewable energy technology markets [3-5]. Since the magnetocrystalline 

7 anisotropy field (µ0HA) of the Dy2Fe14B phase (~15.0 T) is double that of the Nd2Fe14B phase 

8 (~7.3 T) [6], the sintered Nd–Dy–Fe–B magnets exhibit higher coercivity (µ0Hc) than the Dy-

9 free Nd–Fe–B ones. High coercivity is a prerequisite for high-temperature applications of these 

10 materials beyond 150 °C [7,8]. Unfortunately, the sintered Nd–Dy–Fe–B magnets suffer from 

11 an inferior remanent magnetisation (µ0Mr) and correspondingly lower maximum energy 

12 product [(BH)max]. For example, a 3 wt.% Dy addition resulted in a decreased µ0Mr value from 

13 1.35 to 1.19 T, and a (BH)max value from 38.0 to 34.5 MGOe [9,10]. It is widely agreed that 

14 the decrease of µ0Ms and the corresponding enhancement of µ0HA =  
2K1

μ0Ms
 were caused 

15 primarily by the anti-ferromagnetic coupling between the Dy and Fe atoms in the 

16 (Nd,Dy)2Fe14B phase [11,12].

17 There is another concern in the use of sintered Nd–Dy–Fe–B magnets from the viewpoint 

18 of cost performance and sustainability. This concern arises from the fact that Dy has been 

19 categorised as the most critical and threatened strategic metal [13,14]. Approximately 95% of 

20 the total annual consumption of Dy has been used to produce sintered Nd–Dy–Fe–B magnets 

21 since 2011 [15]. The coincidence between the sudden and heavy Dy dependence in energy 

22 markets, the limited geological distribution, and the scarce natural abundance is widely touted 

23 to herald the onset of a global Dy shortage in the coming decades [15,16]. Therefore, the 

24 minimisation of the Dy levels in high-performance sintered Nd–Dy–Fe–B magnets has 

25 emerged as a major research focus in recent years. 

26 One of the common approaches is the dual-alloy method, firstly proposed by M. Honshima 

27 et al., which comprised a RE2Fe14B alloy and a Dy-bearing RE-rich alloy [17]. This approach 

28 aimed to achieve a uniform Dy-lean core–Dy-rich shell microstructure to minimise the use of 
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1 Dy in the fabrication of high-performance Nd–Dy–Fe–B magnets. More attempts were 

2 conducted later in searching for the optimised concentrations of the Dy-bearing RE-rich alloys, 

3 e.g., Dy [18], DyHx [19], (Pr, Dy, Cu)Hx [20], DyF3 [21], Dy2S3 [22], Dy2O3 [22], Dy-Fe [23], 

4 Dy-Ni [24], Dy-Al [25], and Dy-Co [26]. However, the major problem is still the relatively 

5 lower µ0Mr and (BH)max values.

6 The dual-alloy method was subsequently developed, utilising two Dy-bearing RE2Fe14B-

7 type alloys with varying RE concentrations [27]. This is also referred to as the “multi-main-

8 phase (MMP) method” due to the attainment of the RE2Fe14B phases with various RE 

9 concentrations. Though there were a few attempts later [28-31], the mechanism for the 

10 formation of the Dy-lean core–Dy-rich shell microstructure remains largely unexplored in the 

11 MMP Nd–Dy–Fe–B magnets. The partitioning, segregation, and diffusional phenomena of the 

12 alloying elements (particularly Dy) during liquid-phase sintering remain elusive, due to the 

13 lack of the high-resolution microstructural characterisation. This is crucial for accurate 

14 microstructure control when designing the Dy-lean core–Dy-rich shell microstructure in the 

15 MMP Nd–Dy–Fe–B magnets. 

16 In this work, we presented a materials design implementation that delivers the first 

17 variation of the Dy concentrations of the initial magnetic powders, and a concomitant 

18 optimisation of the sintering and annealing temperatures to liberate the best combination of 

19 µ0Hc, µ0Mr, (BH)max, squareness factor (SF), thermal stability of coercivity || and remanent 

20 magnetisation || reported-to-date in the MMP Nd–Dy–Fe–B magnets. Using atomic-scale 

21 microstructural characterisation, we revealed the Dy-lean core–Dy-rich shell microstructure 

22 and the elemental distribution (particularly Dy) at the intergranular grain boundaries and at the 

23 RE2Fe14B grain surfaces. We also proposed a two-step mechanism, accounting for the 

24 formation and the absence of the core–shell microstructures in our MMP Nd–Dy–Fe–B 

25 magnets.

26

27

28
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1 2. Experimental

2 2.1. Materials Processing

3 Four batches of the initial magnetic powders with a mean particle size of ~3.3 μm were 

4 prepared by induction melting, strip casting, hydrogen decrepitating, and jet milling. Their 

5 respective nominal compositions were (Nd80Pr20)30.5FebalM1.3B1.0, 

6 [(Nd80Pr20)0.75Dy0.25]30.5FebalM1.3B1.0, [(Nd80Pr20)0.50Dy0.50]30.5FebalM1.3B1.0, and 

7 [(Nd80Pr20)0.25Dy0.75]30.5FebalM1.3B1.0 (M = Cu, Al, Ga, Zr, Co, wt.%), hereafter referred to as 

8 Dy0, Dy25, Dy50, and Dy75 powders, respectively. According to Table S1, the fraction of the 

9 RE-rich phase remained similar for the Dy0, Dy25, and Dy50 powders (~2 wt.%), which 

10 however increased to 4.59 wt.% for the Dy75 powders. Therefore, the magnetic powders with 

11 even higher Dy concentration, such as Dy100, were not prepared. The magnetic properties of 

12 the MMP Dy3 magnets with an overall Dy level of 3 wt.% processed from the Dy0–Dy25, 

13 Dy0–Dy50, and Dy0–Dy50 powder mixtures (designated as MMP Dy3-I, MMP Dy3-II, and 

14 MMP Dy3-III magnets, respectively) were firstly measured. Fig. S1 and Table S2 showcase 

15 that the MMP Dy3-III magnet possessed the highest µ0Hc and µ0Mr values among these three 

16 magnets. Therefore, the combination of the Dy0 and Dy75 powders were down-selected for 

17 further research. 

18 Next, the Dy0 and Dy75 powders were mixed with the Dy75 mass ratios of 0, 4.37%, 

19 8.74%, 13.11%, 17.48%, and 21.85%. The resulting powder mixtures possessed the 

20 compositions of (Nd80Pr20)30.5-xDyxFebalM1.3B1.0 where x = 0, 1, 2, 3, 4, 5 wt.%, accordingly 

21 designated as Dy0, Dy1, Dy2, Dy3, Dy4, and Dy5 powder mixtures. Under a nitrogen 

22 atmosphere where the oxygen levels were monitored below 50 ppm, the Dy0–Dy5 powder 

23 mixtures were then aligned in a magnetic field of 1.6 T and compacted under 5.5 MPa. The 

24 aligned green compacts possessed a dimension of ~70 × 43 (compacting direction) × 54 

25 (aligning direction) mm3. These aligned green compacts were then vacuum sealed in plastic 

26 envelopes and subjected to isostatic pressing under 200 MPa. These pressed magnets were 

27 further sintered (1075 °C for 3 h) and two-step annealed (890 °C for 3 h, and 490 °C for 4.5 h) 

28 in a vacuum furnace under a pressure ≤  1×10-3 Pa, and were designated as as-sintered and 
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1 post-sinter annealed Dy0 and MMP Dy1–Dy5 magnets. Due to the dimensional shrinkage 

2 occurred during liquid-phase sintering, the post-sintered annealed Dy0 and MMP Dy1–5 

3 magnets possessed a dimension of ~55 × 35 × 40 mm3. The liquid-phase sintering and 2nd 

4 annealing temperatures used here were optimised carefully (Tables S3 and S4, Figs. S2 and 

5 S3). The compositions of the post-sinter annealed magnets were measured by inductively 

6 coupled plasma–atomic emission spectroscopy (ICP–AES) and provided in Table S5.

7

8 2.2. Magnetic property measurements

9 The magnetic properties of the post-sinter annealed Dy0 and MMP Dy1–Dy5 magnets 

10 were measured upon elevated temperature from 20 to 180 °C using a NIM-62000 

11 hysteresigraph analyzer. The thermal coefficients of µ0Hc (|β|) and µ0Mr (|α|) in the various 

12 temperature intervals were calculated using the following equations: |β| = |Δµ0Hc/(µ0HcΔT)| × 

13 100% and |α| = |Δµ0Mr/(µ0MrΔT)| × 100% [32]. 

14

15 2.3. Microscopy and Microanalysis

16 The post-sinter annealed Dy0, MMP Dy1 and Dy3 magnets were sectioned into slices to 

17 in-situ monitor the evolution of the magnetic domain structures by a magneto-optical Kerr 

18 microscope (Evico magnetics GmbH). All the slices with the c axis in the observation plane 

19 were magnetised to saturation under a pulse field of 7 T. A demagnetisating field was 

20 subsequently applied and increased until reaching 1.3 T. 

21 Microstructural observations were conducted on the as-sintered and post-sinter annealed 

22 Dy0, MMP Dy1, Dy3, and Dy5 magnets using a scanning electron microscope (SEM, Hitachi 

23 S-3400N). Multiple backscattered electron (BSE) images were captured and imported into the 

24 Digimizer software to measure the size of the RE2Fe14B grains. The results were plotted as 

25 frequency histograms with a bin size of 1 µm. 

26 Elemental mapping was carried out on the post-sinter annealed MMP Dy1, Dy3, and Dy5 

27 magnets using an electron probe microanalyzer (EPMA, Shimadzu-1720) via wavelength 

28 dispersive X-ray spectrometer (WDXS). X-ray diffraction experiments were conducted using 
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1 a Rigaku-S2 diffractometer with Cu Kα radiation. The local crystallographic texture of the post-

2 sinter annealed MMP Dy3 magnet was assessed by a Zeiss ULTRA Plus SEM equipped with 

3 a complementary metal-oxide-semiconductor electron backscatter diffraction (EBSD) detector.

4 Transmission electron microscopy (TEM) lamellas were prepared from the post-sinter 

5 annealed Dy0 and MMP Dy3 magnets, using a dual beam-assisted site-specific lift-out 

6 technique [33]. Transmission electron microscopy (TEM) and scanning transmission electron 

7 microscopy–energy dispersive X-ray spectroscopy (STEM–EDXS) experiments were 

8 conducted on these TEM lamellas using a JEOL-2100F. Atom probe tomography (APT) 

9 experiments were conducted on the post-sinter annealed Dy0, MMP Dy3 and Dy5 magnets,  

10 using a CAMECA Local Electrode Atom Probe 4000X Si atom probe microscope equipped 

11 with a picosecond-pulse ultraviolet laser with a wavelength of 355 nm. The base temperature, 

12 laser frequency, and laser energy were selected to be 50 K, 200 kHz, and 50 or 100 pJ, 

13 respectively. Data reconstruction was performed via AP suite 6.1.0 and CAMECA Integrated 

14 Visualization & Analysis Software (IVAS) version 3.8.4. The error bars (σ i) shown in the 

15 proximity histograms were calculated as:  σi =  Ci(1 - Ci)
N

, where Ci = Ni/N, Ni represents the 

16 number of i solute ions/atoms, and N represents the total number of all ions/atoms with the 

17 given bin [34,35]. The bin width was defined as 0.2 nm.

18

19 2.4. Micromagnetic simulations

20 To simulate the influence of the core–shell microstructures on the µ0Hc value, 

21 micromagnetic simulations were employed using a parallel finite element micromagnetic 

22 package (Magpar) [36,37]. The saturation magnetisation (μ0Ms), magnetocrystalline anisotropy 

23 constant (K1), and the exchange stiffness (A) of the (Nd1-xDyx)2Fe14B cores and the shells were 

24 linearly extrapolated from those values of the Nd2Fe14B and Dy2Fe14B phases [38-40]. For the 

25 Nd2Fe14B phase, μ0Ms = 1.61 T, K1 = 4.5 MJ/m3, and A = 12.5 pJ/m [39]. For the Dy2Fe14B 

26 phase, μ0Ms = 0.71 T, K1 = 4.2 MJ/m3, and A = 12.8 pJ/m [40]. The detailed concentrations of 

27 the (Nd1-xDyx)2Fe14B cores and the shells for each condition were estimated based on 

28 experimental EPMA results (Table S6).
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1

2

3 3. Results

4 3.1. Macromagnetic properties 

5 Fig. 1a provides the demagnetisation curves of the post-sinter annealed Dy0 and MMP 

6 Dy1–Dy5 magnets measured at ambient temperature (20 °C). The dependence of the µ0Hc and 

7 µ0Mr values on the Dy level is apparent from the plot provided in Fig. 1b, which can be 

8 categorised into two regimes. In the low-Dy-level regime (Dy level ≤ 3 wt.%), the µ0Hc value 

9 of the post-sinter annealed MMP Nd–Dy–Fe–B magnet was increased from 1.5 to 2.0 T with 

10 1 wt.% Dy addition, and to 2.4 T with the increasing Dy level to 3 wt.%. The µ0Mr value was 

11 slightly decreased from 1.38 to 1.35 T correspondingly. The decrease of the µ0Mr value per 

12 unit weight percentage of the Dy addition was 0.01 T/wt.% Dy in the low-Dy-level regime.

13 In the high-Dy-level regime (Dy level > 3 wt.%), the µ0Hc value increment was limited to 

14 0.2 T when the Dy level was further increased from 3 to 5 wt.%. The µ0Mr value decreased 

15 from 1.35 to 1.25 T in the high-Dy-level regime. This is a fivefold change as much as that in 

16 the low-Dy-level regime. Note that all the demagnetisation curves exhibit the single-phase-like 

17 behaviour with high SF values above 95.0%(Table 1), which enabled the high (BH)max values 

18 in the post-sinter annealed MMP Dy1–Dy5 magnets. Here, SF is defined as  [41], where 

19 µ0Hk is defined as the knee reversed field at 90% of µ0Mr.

20
21 TABLE 1. Mass ratio of the Dy75 powders used in the materials processing and the magnetic 

22 properties of the post-sinter annealed Dy0 and MMP Dy1–Dy5 magnets.

Magnets Mass ratio of Dy75 
powders 

µ0Mr
(T)

µ0Hc
(T)

(BH)max 
(MGOe)

SF
(%)

Dy0 0% 1.38 1.5 47.0 95.8

Dy1 4.37% 1.37 2.0 46.5 95.5

Dy2 8.74% 1.36 2.2 45.4 95.9

Dy3 13.11% 1.35 2.4 43.6 95.3

0 k

0 c

H
H



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Dy4 17.48% 1.31 2.5 41.3 95.1

Dy5 21.85% 1.25 2.6 39.7 95.2

1 Fig. S4 provides the demagnetisation curves of the post-sinter annealed Dy0 and MMP 

2 Dy1–Dy5 magnets measured at the increasing temperature from 20 to 180 °C, with the 

3 corresponding µ0Hc values provided in Fig. S5. The absolute values of the temperature 

4 coefficients of µ0Hc (|β|) and µ0Mr (|α|) in different temperature intervals are plotted in Figs. 1c 

5 and e. Figs. 1d and f provide the derived |β| and |α| values measured in the typical temperature 

6 interval of 20–140 °C. A clear non-linear dependence of the |β| value on the Dy level was 

7 observed, revealing that the |β| value was lowered more rapidly in the low-Dy-level regime 

8 than in the high-Dy-level regime. Meanwhile, the |α| value was lowered in the low-Dy-level 

9 regime but increased in the high-Dy-level regime.

10
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1

2 FIGURE 1. Magnetic properties of the post-sinter annealed Dy0 and multi-main-phase (MMP) 

3 Dy1–Dy5 magnets. (a) Demagnetisation curves measured at ambient temperature (20 °C). (b) 

4 The values of remanent magnetisation and coercivity as a function of the Dy level. Absolute 

5 values of the thermal coefficients of (c) coercivity |β| and (e) remanent magnetisation |α| in 

6 different temperature intervals. The dependence of the (d) |β| and (f) |α| values on the Dy level 

7 in the temperature interval of 20–140 °C.

8

9 Fig. 2a summarises magnetic properties of our post-sinter annealed MMP Dy1–Dy5 

10 magnets (red), compared to a wide range of the commercial sintered (S), hot-deformed (HD), 

11 and grain boundary diffusion processed (GBDP) Nd–Dy–Fe–B magnets. Our post-sinter 

12 annealed MMP Dy3 magnet exhibit a unique combination of high µ0Hc and µ0Mr values (µ0Hc 
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1 = 2.4 T and µ0Mr = 1.35 T) when compared to the traditional S–Dy3 magnets with the same 

2 Dy level (µ0Hc = 1.75 T, µ0Mr = 1.35 T) [42], and the nanocrystalline HD–Dy3.5 magnet (µ0Hc 

3 = 2.25 T, µ0Mr = 1.28 T) [43]. The µ0Hc value of the post-sinter annealed MMP Dy3 magnet 

4 was even higher than that of the traditional S–Dy5 magnet. Fig. 2a also demonstrates that the 

5 post-sinter annealed MMP Dy1–Dy3 magnets exhibited performance that was close to the 

6 GBDP Nd–Dy–Fe–B magnets that are used in low-melting-point Dy–X (X = Cu, Co, Al, etc.) 

7 [41,44-48], Dy–(H/F/O) sources [49-58], or Dy vapor/sputtering deposition [59-69]. These 

8 results reveal the potential of MMP processing to produce larger-scale (sections ≥ 10 mm) 

9 high-performance Nd–Dy–Fe–B magnets. 

10 Figs. 2b and c further compare the increment of the µ0Hc and µ0Mr values per unit weight 

11 percentage of the Dy addition (µ0Hc/Dy and µ0Mr/Dy) at ambient temperature between 

12 our post-sinter annealed MMP Dy1–Dy5 magnets (red) and other reports using dual-alloy 

13 method [18-26,28-30]. In general, the µ0Hc/Dy value is clearly reducing with the increasing 

14 Dy concentration. Our post-sinter annealed MMP Dy1 and Dy3 magnets possessed comparable 

15 µ0Hc/Dy values (0.5 and 0.3 T/wt.%) to the previous works. Meantime, the decrease of the 

16 µ0Mr/Dy values was merely 0.01 T/wt.% for the post-sinter annealed MMP Dy 1 and Dy3 

17 magnets, which are relatively lower than the values of the previous works. Overall, our post-

18 sinter annealed MMP Dy1 and Dy3 magnets possessed a better combination of the µ0Hc/Dy 

19 and µ0Mr/Dy values compared with the previous works using the dual-alloy method.
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1

2 FIGURE 2. (a) Comparison of remanent magnetisation (µ0Mr) versus coercivity (µ0Hc) at 

3 ambient temperature between the post-sinter annealed MMP Dy1–Dy5 magnets (red) and 

4 previous reports of the sintered (S, solid circle) [42], hot-deformed (HD, solid square) [43], 

5 and grain boundary diffusion processed (GBDP, hollow symbols within the gray-shaded region) 

6 magnets [41,44-69]. Comparison of the increment of (b) µ0Hc and (c) µ0Mr value per unit 

7 weight percentage of the Dy addition at ambient temperature between the post-sinter annealed 

8 MMP Dy1–Dy5 magnets (red) and previous reports using dual-alloy method [18-26,28-30].

9

10 3.2. Evolution of the magnetic domain structure 

11 To investigate the underlying mechanisms governing the excellent combination of the 

12 high µ0Hc and µ0Mr values across the low-Dy-level regime, the evolution of the magnetic 

13 domain structures of our post-sinter annealed Dy0, MMP Dy1 and Dy3 magnets were 

14 characterised (refer to the unprocessed datasets in Fig. S6). Fig. 3a is a schematic of the region 

15 where the magnetic domains were observed. Fig. 3b is a schematic of the subsequent 
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1 processing of the captured Kerr images. The processing involves the subtraction of the optical 

2 image contrast captured at the desired applied field (demagnetising field) from that captured at 

3 the maximum pulse field of 7 T. Note that the direction of the applied field was antiparallel to 

4 the direction of the maximum pulse field. The black and the white regions in the Kerr image 

5 (Figs. 3b-e) were referred to as the initial and reversed domains, respectively. 

6 From left to right in Figs. 3c-e, the applied field was increased gradually from -0.3 to -1.3 

7 T. For the post-sinter annealed Dy0 and MMP Dy1 magnets, the reversed domains nucleated 

8 at the applied field ≤ -0.3 T (Figs. 3b and c). The reversed domains were found to be constrained 

9 either at single RE2Fe14B grain or a group of  RE2Fe14B grains upon demagnetisation. With the 

10 increasing applied field to -1.3 T, the fraction of the reversed domains was increased to ~82% 

11 and ~61% in the post-sinter annealed Dy0 and MMP Dy1 magnets, respectively. By contrast, 

12 the reversed domains in the post-sinter annealed MMP Dy3 magnet were not present until the 

13 applied field was increased beyond -1.2 T. The reversed domains nucleated and propagated 

14 rapidly, and reached ~46% of the areal fraction (Figs. 3d-e) at the applied field of -1.3 T. This 

15 demonstrates that the post-sinter annealed MMP Dy3 magnet possessed stronger resistance to 

16 the nucleation of the reversed domains than the Dy0 and Dy1 ones.

17

18
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1 FIGURE 3.  In-situ demagnetisation process for the post-sintered annealed Dy0, MMP Dy1 

2 and Dy3 magnets. (a) Schematic of the region where the magnetic domains were observed by 

3 magneto-optical Kerr microscopy. (b) Subsequent subtraction processing of the Kerr images. 

4 Subtracted Kerr images showing the nucleation and propagation of the reversed domains 

5 (bright) in the post-sinter annealed (c) Dy0, (d) MMP Dy1, and (e) MMP Dy3 magnets under 

6 the increasing applied field.

7

8 3.3. Microstructural observations 

9 3.3.1. Micron-scale characterisation

10 Advanced microscopy and microanalysis approaches were used to characterise the 

11 microstructure of the as-sintered and post-sinter annealed Dy0, MMP Dy1, Dy3, and Dy5 

12 magnets at different length scales. Fig. 4 provides backscattered electron (BSE) images of the 

13 as-sintered and post-sinter annealed Dy0, MMP Dy1, Dy3, and Dy5 magnets at the micron 

14 scale. The dark grey regions correspond to the RE2Fe14B grains, while the bright regions 

15 correspond to the intergranular RE-rich triple junctions (TJs) or grain boundaries (GBs). There 

16 was no contrast difference within the RE2Fe14B grains in the as-sintered Dy0 magnet, while a 

17 clear contrast was observed in the as-sintered MMP Dy1 and Dy3 magnets. 85‒95% of the 

18 RE2Fe14B grains possessed a core (darker)–shell (brighter) microstructure, designated as the 

19 Type I RE2Fe14B grains. The remaining RE2Fe14B grains exhibited the opposite core 

20 (brighter)–shell (darker) microstructure marked by the red arrows, designated as Type II 

21 RE2Fe14B grains. In the as-sintered MMP Dy5 magnet, the fraction of the Type II RE2Fe14B 

22 grains was increased greatly. Type I RE2Fe14B grains were no longer present. Instead, the 

23 chemically uniform RE2Fe14B grains were formed. Further comparative studies between the 

24 as-sintered and the post-sinter annealed MMP Dy1, Dy3, and Dy5 magnets indicated that the 

25 core–shell microstructures were essentially unchanged. However, more continuous 

26 intergranular RE-rich GBs were formed after post-sinter annealing (Refer to the enlarged view 

27 of the blue rectangles shown in Fig. 4b). 
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1
2 FIGURE 4. Backscattered electron (BSE) images of the (a) as-sintered, and (b) post-sinter 

3 annealed Dy0, MMP Dy1, Dy3, and Dy5 magnets. The bottom images refer to the blue 

4 rectangles shown in the BSE images for the post-sinter annealed magnets.

5

6 Fig. 5 provides a higher magnification BSE image and corresponding EPMA maps of the 

7 post-sinter annealed MMP Dy1, Dy3, and Dy5 magnets. Analogous to the MMP La/Ce/Y-

8 based magnets [32,70-74], two types of the RE2Fe14B grains were observed in the case of the 

9 post-sinter annealed MMP Dy1 and Dy3 magnets (Figs. 5a and b). The first type was comprised 

10 of a Dy-rich core and a Dy-lean shell, which correspond to the Type II RE2Fe14B grain 

11 presented in Fig. 4. The second type consisted of a Dy-lean core and a Dy-rich shell, 

12 corresponding to the predominant Type I RE2Fe14B grain. The WDXS line-scans revealed that 

13 the difference in the Dy concentration between the Dy-rich shells and the Dy-lean cores (C) 

14 was ~2.9 and ~3.4 wt.% for the post-sinter annealed MMP Dy1 and Dy3 magnets, respectively. 

15 The higher C value of ~3.4 wt.% suggested the well-developed Dy-lean core–Dy-rich shell 

16 microstructure in the post-sinter annealed MMP Dy3 magnet. For the post-sinter annealed 

17 MMP Dy5 magnet, the fraction of the Type II RE2Fe14B grains was substantially increased 

18 (Fig. 5c), and the Type I RE2Fe14B grains were no longer present, as verified by the WDXS 

19 line-scan result (ΔC5 = ~0 wt.%). Thus, the intragranular RE compositional heterogeneity was 

20 initially enhanced and then weakened with the increasing Dy level from 0 to 5 wt.%. 
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1

2 FIGURE 5. BSE image, elemental distribution maps by the electron probe microanalyser 

3 (EPMA), and plots of the wavelength dispersive X-ray spectrometer (WDXS) line-scans 

4 recorded from the post-sinter annealed MMP (a) Dy1, (b) Dy3, and (c) Dy5 magnets.

5

6 Fig. 6 provides the statistical distribution of the size of the RE2Fe14B grains in the post-

7 sinter annealed Dy0, MMP Dy1, Dy3, and Dy5 magnets. The average size of the RE2Fe14B 

8 grains was increased from 4.1 to 5.1, 6.3, and 8.2 μm with the increasing Dy level from 0 to 1, 

9 3, and 5 wt.%, accompanied with the increasing standard deviation from 1.6 to 2.1, 2.2, and 

10 2.5 μm. The average sizes of the RE2Fe14B grains recorded in the post-sinter annealed Dy0, 

11 MMP Dy1, Dy3, and Dy5 magnets were higher than that of the Dy0 and Dy75 powders of ~3.3 

12 μm. This suggests the growth of the RE2Fe14B grains occurred during materials processing. 
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1
2 FIGURE 6. Plots of the frequency versus the size of the RE2Fe14B grains in the post-sinter 

3 annealed Dy0, MMP Dy1, Dy3, and Dy5 magnets. 

4

5 The grain growth with the increasing Dy levels was accompanied by an enhancement of 

6 the {001} texture, as verified by XRD and EBSD. In Fig. 7a, four major peaks were identified 

7 as the {004}, {105}, {006}, and {008} planes of the RE2Fe14B grains. Fig. 7b displays the 

8 corresponding values for the peak intensity ratio of the {006} planes to the {105} planes, 

9 designated as I{006}/I{105}. With the increasing Dy level from 0 to 5 wt.%, the value of I{006}/I{105} 

10 was increased from 0.95 to 1.32. Fig. 7c provides the {006} pole figures where the maximum 

11 value for the intensity appeared at the centre recorded by XRD. This indicates that the <001> 

12 directions (c axes) of the RE2Fe14B grains were aligned parallel to the normal direction (Z) to 

13 form a strong {001} texture [75,76]. The maximum value was 9.2, 10.0, 11.6, and 14.0 in the 

14 post-sinter annealed Dy0, MMP Dy1, Dy3, and Dy5 magnets, respectively. The value for the 

15 intensity at the peripheral regions was found to be lower in the post-sinter annealed MMP Dy5 

16 magnet compared with the Dy0, Dy1, and Dy3 ones. This indicates that the post-sinter annealed 

17 MMP Dy5 magnet possessed the fewest misaligned RE2Fe14B grains.

18 To study whether there is crystallographic misorientation between the core and the shell 

19 of the RE2Fe14B grains in the post-sinter annealed MMP Dy3 magnet, EBSD experiments were 
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1 additionally conducted. Fig. 7d provides the inverse pole figure (IPF)–Z of the RE2Fe14B grains 

2 in the post-sinter annealed MMP Dy3 magnet. Note that the unindexed regions (black) 

3 correspond to the intergranular RE-rich TJs and GBs. The color imposed on each RE2Fe14B 

4 grain represents its crystallographic orientation. The red color in Fig. 7d indicates that the c 

5 axes of the RE2Fe14B grains were aligned well with the normal direction (Z). In other words, 

6 the strong {001} texture was formed in the post-sinter annealed MMP Dy3 magnet, in excellent 

7 agreement with the XRD findings (Fig. 7a-c). The misorientation angle was no more than 0.5° 

8 in both line–1 and line–2 (Fig. 7e), indicating the epitaxial relationship between the cores and 

9 the shells in these RE2Fe14B grains.

10

11

12 FIGURE 7. Texture analysis of the post-sinter annealed Dy0, MMP Dy1, Dy3, and Dy5 



 

19

1 magnets. (a) X-ray diffraction (XRD) patterns. (b) Corresponding values for the peak intensity 

2 ratio of the {006} plane to the {105} planes in (a). (c) Corresponding {006} pole figures. The 

3 unit is multiples of a random density (MRD). (d) Inverse pole figure (IPF)–Z of the RE2Fe14B 

4 grains in the post-sinter annealed MMP Dy3 magnet. The color represents the crystallographic 

5 orientation of the RE2Fe14B grains. The color code is shown in the standard triangle (inset). (e) 

6 Plots of the misorientation angle between the c axis of the RE2Fe14B grains and the normal 

7 direction (Z) versus the distance recorded in (d). 

8

9 3.3.2. Nanoscale characterisation

10 TEM and STEM–EDXS experiments were conducted to investigate the structures of the 

11 constituent phases and elemental distribution in the post-sinter annealed Dy0 and MMP Dy3 

12 magnets. A particular focus was on the microstructural origins of the relatively higher µ0Hc 

13 value recorded with little diminishment in the µ0Mr value of the post-sinter annealed MMP Dy3 

14 magnet over the Dy0 one.

15 Fig. 8a provides a bright field image (BFI) of the post-sinter annealed MMP Dy3 magnet. 

16 The red dashed rectangle highlights three RE2Fe14B grains (G1, G2, and G3) and a RE-rich 

17 TJ1. Figs. 8b-d display the selective area electron diffraction (SAED) patterns recorded from 

18 the <110> zone axis of G1, the <010> zone axis of G2, and the <110> zone axis of the cubic 

19 RE-rich TJ1 ( , a = 1.108 nm). Fig. 8e shows the enlarged BFI of the red dashed rectangle 

20 shown in Fig. 8a. The corresponding STEM–EDXS map of Dy (Fig. 8e1) demonstrates the 

21 presence of the Dy-lean core–Dy-rich shell microstructure in G1 and G2. The Dy 

22 concentrations of the Dy-rich shell and Dy-lean core were measured as ~1.2 at.% and ~0.2 

23 at.%, respectively (Fig. 8e2). Figs. 8f-f4 reveal the formation of the ZrB2 phase at the G1/TJ1 

24 interface. Most importantly, an intergranular GB phase was observed with a thickness of ~14 

25 nm between G1 and G3 (Fig. 8g). From the corresponding STEM–EDXS maps and line-scan 

26 results (Figs. 8g1-g4), this thin GB phase was depleted in Fe (yellow) and enriched in Nd (blue), 

27 suggesting that it is a non-ferromagnetic low-Fe RE-rich phase.

28

Ia3
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1

2 FIGURE 8. TEM and STEM–EDXS analysis of the post-sinter annealed MMP Dy3 magnet. 

3 (a) Bright field image (BFI). Selected area electron diffraction (SAED) patterns for the (b) 

4 RE2Fe14B grain G1, (c) G2, and (d) TJ1, respectively. (e) An enlarged view of the red dashed 

5 square highlighted in (a). (e1) The elemental distribution of Dy and (e2) the concentration 

6 profiles of Dy along the arrow shown in (e). (f) High-resolution transmission electron 

7 microscopy (HRTEM) image of the region I shown in (a) indicating the G1/TJ1 interface. The 

8 corresponding elemental distribution of (f1) Fe, (f2) Nd + Dy, (f3) Zr, and (f4) line-scan 

9 profiles along the arrow in (f). (g) HRTEM image of the region II shown in (a) indicating a 

10 low-Fe RE-rich GB phase between G1 and G3. The corresponding elemental distribution of 

11 (g1) Fe, (g2) Nd + Dy, (g3) Zr, and (g4) line-scan profiles along the arrow in (g). 

12

13 Fig. 9a showcases a BFI of the post-sinter annealed Dy0 magnet, indicating three 

14 RE2Fe14B grains (G4, G5, and G6) and a RE-rich TJ2. Figs. 9b-c display the SAED patterns 

15 recorded from the <010> zone axis of G4 and the <110> zone axis of G5. Figs. 9d-e present a 

16 high-resolution transmission electron microscopy (HRTEM) image of the TJ2 phase and 
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1 corresponding fast Fourier transform (FFT) pattern with the indexing of the  structure (a = 

2 1.108 nm). Figs. 9f-f4 reveal the formation of the ZrB2 phase at the G4/G5 GB, which was also 

3 observed in the post-sinter annealed MMP Dy3 magnet. An intergranular GB phase was also 

4 observed with a thickness of ~10 nm between G5 and G6 (Fig. 9g). However, from the 

5 corresponding STEM–EDXS maps and line-scan results (Figs. 9g-g4), this thin GB phase 

6 possessed a much higher Fe concentration of ~50 at.% compared with the one observed in the 

7 post-sinter annealed Dy3 magnet, indicating that this high-Fe RE-rich GB phase is 

8 ferromagnetic.

9

10 FIGURE 9. TEM and STEM–EDXS analysis of the post-sinter annealed Dy0 magnet. (a) BFI. 

11 SAED patterns for the RE2Fe14B grains (b) G4 and (c) G5. (d) HRTEM image and (e) 

12 corresponding FFT result of the TJ2 region. (f) HRTEM image of the region III shown in (a) 

13 indicating a ZrB2 GB phase. The corresponding elemental distribution of (f1) Fe, (f2) Nd, (f3) 

14 Zr, and (f4) line-scan profiles along the arrow in (f). (g) HRTEM image of the region IV shown 

15 in (a) indicating a high-Fe RE-rich GB phase. The corresponding elemental distribution of (g1) 

16 Fe, (g2) Nd, (g3) Zr, and (g4) line-scan profiles along the arrow in (g). 

17

18 3.3.3. Atomic-scale characterisation

19 Atomic-scale APT experiments were further conducted to accurately probe the 

Ia3
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1 composition of the intergranular GB phases and the elemental distribution near the RE2Fe14B 

2 grain surface in the post-sinter annealed Dy0 and MMP Dy3 magnets. In the post-sintered 

3 annealed MMP Dy3 magnet, two types of the intergranular GB phases were observed (Figs. 

4 10a-b). One is the low-Fe RE-rich phase, which consisted exclusively of the light RE elements, 

5 i.e., ~60 at.% Nd and ~35 at.% Pr. The Fe concentration was measured to be ~0.1 at.%. The 

6 other type of the intergranular GB phase was comprised principally of the Zr and B species, 

7 i.e., ~50 at.% B and ~40 at.% Zr. A careful literature review on the Nd–Fe–B–Zr alloys led us 

8 to the interpretation that the observed GB phase was likely to be the ZrB2 phase (P63/mmc, a = 

9 0.32 nm, c = 0.35 nm) [77], being consistent with the TEM analysis (Fig. 8f). Apparently, most 

10 of the intergranular GB phase were found to be the RE-rich phase, while the  ZrB2 phase is the 

11 minority one (refer to the BSE images in Fig. 4).

12 Two types of the intergranular GB phases were also observed in the post-sinter annealed 

13 Dy0 magnet using APT (Figs. 10c-d). One is the intergranular ZrB2 phase, similar to the one 

14 observed in the post-sinter annealed MMP Dy3 magnet. However, the other one only possessed 

15 a slight enrichment of Nd (~14 at.%) and Pr (~5 at.%), but was significantly enriched in Fe. 

16 The Fe concentration was measured to be as high as ~78.4 at.% in this high-Fe RE-rich phase, 

17 in consistence with the TEM observation in Figs. 9g-g4. 

18

19
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1 FIGURE 10. Atom probe tomography analysis  (APT) of intergranular grain boundary (GB) 

2 phases in the post-sinter annealed Dy0 and MMP Dy3 magnets. (a) Atom maps of the Fe, Nd, 

3 Pr, Dy for a low-Fe RE-rich phase captured in the MMP Dy3 magnet, and the corresponding 

4 1D concentration profiles along the black arrow. (b) Atom maps of the Fe, Zr, B, Dy for a ZrB2 

5 phase captured in the MMP Dy3 magnet, and the corresponding proximity histogram based on 

6 the 5 at.% Zr iso-concentration surfaces. (c) Atom maps of a high-Fe RE-rich phase captured 

7 in the Dy0 magnet, and the corresponding 1D concentration profiles along the black arrow. (d) 

8 ZrB2 phase . (d) Atom maps of a ZrB2 phase captured in the Dy0 magnet, and the corresponding 

9 proximity histogram based on the 5 at.% Zr iso-concentration surfaces.

10

11  Fig. 11 presents the elemental distribution, particularly Dy, at the RE2Fe14B grain surface 

12 (shell region) adjacent to the RE-rich phase in the post-sinter annealed Dy0, MMP Dy3 and 

13 Dy5 magnets. Five regions of interest (ROIs 1–5) were selected (Fig. S7), with the 

14 corresponding atom distribution maps of the raw APT datasets shown in Figs. S8-16. The 

15 derived atomic concentrations of Dy, Fe, B, Nd, Pr, Co, and other species (Cu, Ga, Al, and Si), 

16 as well as the Dy/total rare earth (TRE) ratio are summarised in Table 2. The Dy/TRE ratio 

17 were measured to be 0%, ~11.2%, and 16.6% at the grain surface for the post-sinter annealed 

18 Dy0 ROI 1, MMP Dy3 ROI 3, and Dy5 ROI5 regions, respectively. Furthermore, the Dy 

19 concentration of the RE2Fe14B grain surface remained at a similar level for the post-sinter 

20 annealed MMP Dy3 magnet. For example, ROIs 2 and 3 from the post-sinter annealed MMP 

21 Dy3 magnet possessed a similar Dy/TRE ratio of 11.5% and 11.2%, respectively. When 

22 approaching ~3 m away from the RE-rich phase, the Dy/TRE ratio was reduced to 10.4% 

23 (ROI 4).

24
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1

2 FIGURE 11. Atom distribution maps of the Fe, B, Nd, Pr, and Dy of the RE2Fe14B grain 

3 surface adjacent to the RE-rich phase in the post-sinter annealed (a) Dy0, (b) MMP Dy3, and 

4 (c) MMP Dy5 magnets. The dimensions are 15 × 15 × 15 nm3.

5

6 TABLE 2. Atomic concentrations of the Dy, Fe, B, Nd, Pr, Co, and other species, as well as 

7 the Dy/TRE ratio of the ROIs 1–5 in the post-sinter annealed Dy0, MMP Dy3, and MMP Dy5 

8 magnets.

Magnets ROI Location Dy Fe B Nd Pr Co
Others 

(Cu, Ga, 
Al, Si)

Dy/TRE

Dy0 1 grain 
surface 0 83.08

±0.31
3.84

±0.05
9.31

±0.08
2.76

±0.04
0.59

±0.02
0.42

±0.03 0

Dy3 2 grain 
surface

1.39
±0.09

83.55
±0.92

3.35
±0.14

8.30
±0.22

2.43
±0.12

0.69
±0.06

0.29
±0.08 11.5%
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Dy3 3 grain 
surface

1.35
±0.03

82.60
±0.32

4.46
±0.06

8.14
±0.08

2.52
±0.04

0.61
±0.02

0.32
±0.03 11.2%

Dy3 4

~3 μm 
away 

from the 
grain 

surface

1.25
±0.03

82.61
±0.29

4.43
±0.05

8.55
±0.07

2.13
±0.03

0.62
±0.02

0.41
±0.03 10.4%

Dy5 5 grain 
surface

1.98
±0.04

83.37
±0.31

3.57
±0.05

7.86
±0.07

2.10
±0.04

0.69
±0.02

0.43
±0.03 16.6%

1

2 3.4. Micromagnetic simulations

3 A model with dimensions of 250×250×250 nm3 was built and comprised of 125 core–

4 shell RE2Fe14B grains separated by 5-nm-thick GB phases (Fig. 12). The thicknesses of the 

5 (Nd1-xDyx)2Fe14B shells was set as 15 nm in our model. The experimental ratio between the 

6 thicknesses of the (Nd1-xDyx)2Fe14B shells (~1 µm) and the average size of the RE2Fe14B grains 

7 (~4.1 µm for the post-sinter annealed Dy0 magnet) was ~0.24. The average size of the 

8 RE2Fe14B grains was set as 2 ×  3 (250 × 250 × 250)
125

× 3
4π

 =  62 nm in the model. Therefore, the 

9 shell thicknesses were set as 0.24 × 62 = 15 nm in the model (Fig. 11). 

10  The simulated demagnetisation curves for the post-sinter annealed Dy0 and MMP Dy1, 

11 Dy3, and Dy5 models are provided in Fig. 12. The µ0Hc value was increased from 5.22 to 5.55 

12 T with the increasing Dy level from 0 to 1 wt.%. The increment level of the µ0Hc value was 

13 ~0.20 T with the increasing Dy level from 1 to 3 wt.%. With the further Dy addition of the 

14 same level (from 3 to 5 wt.%), only ~0.07 T enhancement of the µ0Hc value was achieved. 

15 Since the Dy-lean core–Dy-rich shell microstructure is absent in the post-sinter annealed MMP 

16 Dy 5 magnet, this unique core–shell microstructure is more effective than a uniform RE2Fe14B 

17 grain microstructure in enhancing the µ0Hc value. These micromagnetic simulation results are 

18 consistent with the experimental measurements (Fig. 1b).

19
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1

2 FIGURE 12. A model used for the micromagnetic simulations and the simulated 

3 demagnetisation curves of the post-sinter annealed Dy0, MMP Dy1, Dy3, and Dy5 models. 

4

5 4. Discussion

6 4.1. The formation and the absence of the core–shell microstructures

7 Fig. 13 sets out the phenomenology of the formation and absence of the core–shell 

8 microstructures in the as-sintered and post-sinter annealed MMP Dy1–Dy5 magnets. The 

9 formation of the core–shell microstructures in materials science are not uncommon and almost 

10 always reflects a competitive diffusion process between species with disparate diffusion rates 

11 (e.g., [78,79]). In this work, the solid-state-diffusion and solution reprecipitation during liquid-

12 phase sintering afforded an opportunity to form the core–shell microstructures in the as-

13 sintered MMP Dy1 and Dy3 magnets (in the low-Dy-level regime), but not the as-sintered 

14 MMP Dy5 magnet (in the high-Dy-level regime).

15

16

17 FIGURE 13. Schematics of the microstructural evolution of the MMP Dy1–Dy5 magnets at 
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1 the low-Dy-level and high-Dy-level regimes, during green compact, liquid-phase sintering, and 

2 at the as-sintered and post-sinter annealed states.

3

4 In the step of green compact, the mixtures of the Dy0 and Dy75 powders were aligned in 

5 a magnetic field and compacted. The Dy0 powder consisted of a single (Nd,Pr)2Fe14B grain 

6 with a surrounding α-(Nd,Pr) phase. The Dy75 powder was comprised of a single 

7 (Nd,Pr,Dy)2Fe14B grain and an α-(Nd,Pr,Dy)-rich phase. Above the eutectic temperature for 

8 the Nd/Pr/Dy–Fe–B systems, the α-(Nd,Pr) phase, α-(Nd,Pr,Dy)-rich phase, and local high-

9 energy regions [80] in the (Nd,Pr)2Fe14B and (Nd,Pr,Dy)2Fe14B grains (e.g., asperities) melted 

10 together and formed into the RE-rich liquid phase. 

11  Next, at the beginning of liquid-phase sintering for the MMP Dy1–Dy5 magnets magnets, 

12 driven by the Dy concentration gradient, the Dy atoms diffused from the RE-rich liquid phase 

13 into the interior of the (Nd,Pr)2Fe14B grain inherited from the Dy0 powders. Though the 

14 diffusion source is the RE-rich liquid phase, the diffusion channel within the lattice of the 

15 (Nd,Pr)2Fe14B grain is solid. Therefore, this process is referred to as solid-state-diffusion. Note 

16 that the (Nd,Pr)2Fe14B grain inherited from the Dy0 powders were therefore transformed into 

17 the solid-state-diffused (Nd,Pr,Dy)2Fe14B grain.

18 The sintering time of 3 h was far enough for the Dy atoms to diffuse within the entire 

19 (Nd,Pr)2Fe14B grain inherited from the Dy0 powders. From Fick’s first law, the diffusive flux 

20 of Dy (JDy) can be written as: JDy =  DDy|∂CDy

∂x
|, where CDy is the concentration of Dy, x is the 

21 distance, and DDy is the diffusion coefficient of Dy. The DDy value is 2.9×10-4 µm2/s at a 

22 temperature of 1050 °C in the Nd2Fe14B phase [81]. The average size of the Dy0 powders was 

23 ~3.3 µm. Thus, the time required for the Dy atoms to diffuse through the entire (Nd,Pr)2Fe14B 

24 grain was estimated around (3.3/2)2/6DDy = 1565 s = 0.4 h [82]. With the increasing Dy75 mass 

25 ratio of the mixed powders, the higher Dy concentrations of the RE-rich phase yields a higher 

26 value of JDy. The Dy concentrations of the solid-state-diffused (Nd,Pr,Dy)2Fe14B grains were 

27 increased correspondingly. 

28 Then the RE (Nd, Pr, and Dy) alongside Fe and B atoms initiated to combine and 
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1 reprecipitate the RE2Fe14B phase, growing on top of the solid-state-diffused (Nd,Pr,Dy)2Fe14B 

2 grains. This process is referred to as solution reprecipitation (Figs. 7d-e). It was found that the 

3 concentrations of the RE2Fe14B grain surface adjacent to the RE-rich phase remained at a 

4 similar level for the post-sinter annealed MMP Dy3 magnet (see the respective Dy/TRE ratio 

5 of 11.5% and 11.2% for ROIs 2 and 3, in Table 2). This suggests that the reprecipitated 

6 RE2Fe14B phase possessed a fixed Dy/TRE ratio. Furthermore, with the increasing Dy75 mass 

7 ratio of the mixed powders, the higher Dy concentrations of the RE-rich phase yields a higher 

8 Dy/TRE ratio in the reprecipitated RE2Fe14B phase (Table 2).

9 During solution reprecipitation, it is assured that the former solid-state diffusion process 

10 was retarded since the solid-state-diffused (Nd,Pr,Dy)2Fe14B grain was no longer contacted 

11 with the RE-rich liquid phase. However, concurrent with solution reprecipitation, another type 

12 of the solid-state-diffusion initiated from the reprecipitated RE2Fe14B phase to the solid-state-

13 diffused (Nd,Pr,Dy)2Fe14B grain. From the APT results (Table 2), when approaching 3 m 

14 away from the RE-rich phase, the Dy/TRE ratio was reduced from 11.2% to 10.4%. This 

15 suggests the occurrence of the solid-state-diffusion between the reprecipitated RE2Fe14B phase 

16 and the solid-state diffused RE2Fe14B grain. However, this solid-state-diffusion during solution 

17 reprecipitation was overshadowed since its kinetics was much slower than the former one from 

18 the RE-rich liquid phase to the (Nd,Pr)2Fe14B grains inherited from the Dy0 powders. 

19 The post-sinter annealed MMP Dy3 magnet was additionally heated at 1075 ℃ for the 

20 durations of 6 and 12 hours. This was intended to examine if the solid-state-diffusion from the 

21 reprecipitated RE2Fe14B phase (Dy-rich shell) to the the solid-state diffused RE2Fe14B grain 

22 (Dy-lean core) led to the absence of the Dy-lean core–Dy-rich shell microstructure. The 

23 consequence was that, even after 12 hours of heating, the Dy-lean core–Dy-rich shell 

24 microstructure was still preserved (refer to Fig. 14), though the concentration difference C 

25 was reduced to 1.9 wt.%, compared to the value of 2.6 wt.% after 6 h heat treatment and 3.4 

26 wt.% without any heat treatment (Table 3). This finding demonstrates that the diffusion 

27 between the Dy-rich shells and the Dy-lean cores cannot fully account for the absence of the 

28 Dy-lean core–Dy-rich shell microstructure. 
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1 The former solid-state diffusion from the RE-rich liquid phase to the (Nd,Pr)2Fe14B grains 

2 inherited from the Dy0 powders prior to solution reprecipitation is a key factor to account for 

3 the absence of the Dy-lean core–Dy-rich shell microstructure in the high-Dy-level regime. In 

4 the low-Dy-level regime, the Dy0 mass ratios of the mixed powders were 95.63% and 86.89% 

5 for the as-sintered MMP Dy1 and Dy3 magnets. It was therefore more common to observe the 

6 reprecipitated RE2Fe14B phases (Dy-rich shells) on the solid-state-diffused (Nd,Pr,Dy)2Fe14B 

7 grains (Dy-lean cores). In the high-Dy-level regime, the Dy concentrations of the reprecipitated 

8 RE2Fe14B phases were still increased and reached at a similar value (Dy/TRE ratio value of 

9 16.6%) as that of the solid-state-diffused (Nd,Pr,Dy)2Fe14B grains in the as-sintered MMP Dy5 

10 magnet due to a high diffusion rate. Therefore, the Dy-lean core–Dy-rich shell microstructure 

11 diminished.

12

13
14 FIGURE 14. BSE image, EPMA maps, and plots of the WDXS line-scans recorded from the 

15 post-sinter annealed MMP Dy3 magnets re-sintered at 1075 °C for (a) 6 h, and (b) 12 h. 
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1 Table 3. The Dy concentrations measured at the Dy-rich shells and the Dy-lean cores by EPMA 

2 for the post-sinter annealed MMP Dy3 magnet without and with additional heat treatment at 

3 1075 ℃ for 6 h and 12 h, respectively. The difference in the Dy concentration between the Dy-

4 rich shells and the Dy-lean cores (C) is also listed. 

Condition
Dy concentration of 
the Dy-rich shells

(wt.%)

Dy concentration of 
the Dy-lean cores

(wt.%)

C 
(wt.%)

Without additional heat 
treatment 4.4 1.0 3.4

With additional heat 
treatment at 1075 °C for 6 h 4.3 1.7 2.6

With additional heat 
treatment at 1075 °C for 12 h 4.1 2.2 1.9

5

6 By contrast, at the beginning of liquid-phase sintering for the Dy0 magnet, there was no 

7 Dy concentration gradient between the (Nd,Pr)2Fe14B grain inherited from the Dy0 powders 

8 and the RE-rich liquid phase. Therefore, there was no solid-state-diffusion for the Dy species 

9 from the RE-rich liquid phase to the (Nd,Pr)2Fe14B grain. Next, the RE (Nd and Pr), Fe and B 

10 atoms still initiated to combine and reprecipitate the RE2Fe14B phase, growing on top of the 

11 the solid-state-diffused (Nd,Pr,Dy)2Fe14B grains. However, during solution reprecipitation, 

12 there was also no diffusion of the Dy species since there was no Dy concentration gradient 

13 between the reprecipitate RE2Fe14B phase and the solid-state-diffused (Nd,Pr)2Fe14B grain.

14 Solution reprecipitation was accompanied by the RE2Fe14B grain growth. Here, the 

15 average size of the RE2Fe14B grains was enlarged from 3.3 to 5.1–8.2 µm in the as-sintered 

16 MMP Dy1, Dy3 and Dy5 magnets (Fig. S17). The growth rate of the RE2Fe14B grains increases 

17 with the higher volume fraction of the RE-rich liquid phase. Compared to the Dy0 powders, 

18 the Dy75 powders possessed a relatively higher fraction of the RE-rich phase (Table S1), 

19 which may be attributed to the formation of the Dy2Fe17 primary phase upon cooling [83,84]. 

20 Therefore, during liquid-phase sintering, the increasing fraction of the Dy75 powders led to a 

21 higher volume fraction of the RE-rich liquid phase. This resulted in an increase in the growth 

22 rate of RE2Fe14B grains in the as-sintered MMP magnets processed from the powder mixture 
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1 containing a higher fraction of the Dy75 powders. Thus, the grain size of the as-sintered MMP 

2 Dy5 magnet is much larger than that of the as-sintered MMP Dy1 and Dy3 magnets. Note that 

3 the post-sinter annealing process did not trigger the RE2Fe14B grain growth based on our 

4 experimental results (Fig. S17, Table S7).

5 Below the eutectic temperature for the Nd/Pr/Dy–Fe–B systems during liquid-phase 

6 sintering, the α-(Nd,Pr) phase was primarily formed between the neighboring reprecipitated 

7 RE2Fe14B phases. In the step of post-sinter annealing (Fig. 13), the α-(Nd,Pr) phase melted 

8 again upon heating and then penetrated into the interfaces between the neighboring 

9 reprecipitated RE2Fe14B phases by the capillary action to form uniform RE-rich GBs (Figs. 4 

10 and 8). Previous APT results revealed a uniform Dy distribution across thin GB phase in both 

11 sintered and GBDP Nd–Dy–Fe–B magnets [11,63]. However, we reported a significant 

12 depletion of the Dy species at the RE-rich and ZrB2 GB phases compared with the RE2Fe14B 

13 grains in the post-sinter annealed MMP Dy3 magnet (Fig. 10a). This suggests that the Dy 

14 species prefer entering the RE2Fe14B phase than the Nd-rich phase, in excellent agreement with 

15 previous DFT calculation results [85]. The temperatures for two-step post-sinter annealing of 

16 890 and 490 °C were lower than that for liquid-phase sintering of 1075 °C. The elemental 

17 diffusion was relatively limited during post-sinter annealing, which explains the unchanged 

18 core–shell microstructures in the post-sinter annealed MMP Dy1, Dy3, and Dy5 magnets 

19 compared with the as-sintered ones (Fig. 4).

20

21 4.2. Correlation between the Dy-lean core–Dy-rich shell microstructure and 

22 magnetic properties

23 The Dy-lean core–Dy-rich shell microstructure plays a significant role in a high synergy 

24 of µ0Hc and µ0Mr of the post-sinter annealed MMP Nd–Dy–Fe–B magnets (Figs. 1, 2 and 12, 

25 Table 1). This is significant in the context of the MMP Nd–Dy–Fe–B magnets being applied 

26 to large-scale production. The µ0Hc of a sintered Nd–Fe–B magnet can be analysed using the 

27 Kronmüller equation [86]: 

28 µ0Hc =  µ0HN =  α(µ0HA) - Neff(µ0Ms)                                           (1)
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1 where µ0HN correspond to the nucleation field of the Nd2Fe14B phase. α and Neff are 

2 microstructural parameters and local effective demagnetising factor. Generally, the 

3 demagnetisation process begins with the nucleation of the reversed domains that occur 

4 preferentially at the outer regions in the Nd2Fe14B grains near the RE-rich TJs or GBs. The 

5 µ0HA value of the (Nd1-xDyx)2Fe14B increases with the increasing value of x [87]. The µ0HA 

6 values of the Dy-rich shells were therefore higher in the post-sinter annealed MMP Dy3 magnet 

7 than the Dy0 and Dy1 ones. The µ0Hc value of the post-sinter annealed MMP Nd–Dy–Fe–B 

8 magnet was therefore increased with the increasing Dy level from 0 to 3 wt.%. This is 

9 evidenced by the higher demagnetising field required for the nucleation of the reversed 

10 domains in the post-sinter annealed MMP Dy3 magnet than the Dy0 and Dy1 ones (Fig. 3). 

11 The ZrB2 phase, being observed in both the post-sinter annealed Dy0 and MMP Dy3 

12 magnets, was ruled out as a factor contributing to the relatively high coercivity in the post-

13 sinter annealed MMP Dy3 magnet compared with the Dy0 one. Most importantly, the 

14 intergranular RE-rich GB phase showcased contrasting Fe concentrations, which are ~78.4 at.% 

15 and ~0.1 at.% for the post-sinter annealed Dy0 and MMP Dy3 magnets, respectively (see Figs. 

16 10a and c). This implies that the magnetism of the RE-rich GB phases is different, which are 

17 ferromagnetic and non-ferromagnetic for the post-sinter annealed Dy0 and MMP Dy3 magnets, 

18 respectively. The non-ferromagnetic RE-rich GB phase is believed to weaken the 

19 ferromagnetic coupling between adjacent Dy-rich shells and therefore enhance the α value of 

20 the post-sinter annealed MMP Dy3 magnet compared with the Dy0 one. Another effect for the 

21 non-ferromagnetic RE-rich GB phase is that some RE2Fe14B grains were therefore exchange-

22 decoupled. Then the reversed domains cannot penetrate through these non-ferromagnetic GB 

23 phases during demagnetisation. Consequently, these RE2Fe14B grains reversed separately and 

24 not as expected in a group where the ferromagnetic GB phases were observed (Fig. 3).

25 The µ0Hc/Dy value was lowered in the high-Dy-level regime. This was primarily 

26 caused by the enlarged average size of the RE2Fe14B grains from 6.3 to 8.2 μm with the 

27 increasing Dy level from 3 to 5 wt.% (Fig. 6), though the formation of the agglomerated ZrB2 

28 platelets within large intergranular Nd-rich phases may inhibit grain growth [77]. The 
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1 coercivity was inversely proportional to the natural logarithm of the RE2Fe14B grain size D, 

2 following the relation: µ0Hc = a − blnD2 [7]. Although the Dy-lean core–Dy-rich shell 

3 microstructure diminished, the local µ0HA values of the outer regions in the RE2Fe14B grains 

4 were still increased with the increasing Dy level from 3 to 5 wt.% (Fig. 5c). But the enlarged 

5 average size of the RE2Fe14B grains posed a more negative effect than the increase of the local 

6 µ0HA value on the enhancement of µ0Hc simultaneously.

7 The increasing Dy level led to the unavoidable reduction of the intrinsic µ0Ms of the 

8 RE2Fe14B grains, and therefore lowering the µ0Mr values of the post-sinter annealed MMP 

9 Dy1–Dy5 magnets. The reduction of the µ0Mr/Dy value was further increased in the high-

10 Dy-level regime (Fig. 1). This was primarily caused by the formation of the solid-state-diffused 

11 (Nd,Pr,Dy)2Fe14B grains with high Dy concentrations during liquid-phase sintering. More Dy 

12 atoms diffused into the (Nd,Pr)2Fe14B grains inherited from the Dy0 powders in the post-sinter 

13 annealed MMP Dy5 magnet. The Dy concentrations of the solid-state-diffused 

14 (Nd,Pr,Dy)2Fe14B grains were higher in the post-sinter annealed MMP Dy5 magnet than in the 

15 Dy1 or Dy3 ones. This enlarged the reduction of the µ0Mr/Dy value in the post-sinter 

16 annealed MMP Dy5 magnet (Fig. 1b). 

17

18 5. Conclusions

19 We have demonstrated a feasible approach to achieve a uniform Dy-lean core‒Dy-rich 

20 shell microstructure in the MMP Nd–Dy–Fe–B magnets. Major conclusions are as follows:

21 (1) By sweeping a range of mix ratios of the Dy75 and Dy0 powders, the post-sinter 

22 annealed MMP Dy3 magnet exhibits an excellent coercivity of 2.4 T with little sacrifice in 

23 remanent magnetisation and maximum energy product (1.35 T and 43.6 MGOe), high thermal 

24 stability (|β| = 0.531 %/°C) and squareness factor (>95%), collectively.

25 (2) In the low-Dy-level regime (Dy level ≤ 3 wt.%), a uniform Dy-lean core–Dy-rich shell 

26 microstructure was achieved through solid-state-diffusion and solution reprecipitation during 

27 liquid-phase sintering. The Dy-rich shells were found to enhance the nucleation field of the 

28 reversed domains within the RE2Fe14B grains. The non-ferromagnetic low-Fe RE-rich phase is 
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1 responsible for decoupling of the neighboring ferromagnetic RE2Fe14B grains. 

2 (3) In the high-Dy-level regime (Dy level > 3 wt.%), the Dy75 powders broke up the Dy-

3 lean core–Dy-rich shell microstructure, and led to enlarged RE2Fe14B grains, limiting the 

4 coercivity enhancement. Despite the enhanced {001} texture, the drastic degradation of the 

5 remanent magnetisation highlights the crucial role of microstructure, where a Dy-lean core–

6 Dy-rich shell is essential to tackle the coercivity-remanent magnetisation trade-off. 

7 To summarise, the two-step formation mechanism of uniform Dy-lean core–Dy-rich shell 

8 microstructure was unveiled through multi-scale microstructural characterisation, which may 

9 shed light on more efficient utilisation of the heavy RE element Dy in the fabrication of high-

10 performance Nd–Dy–Fe–B magnets. 
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