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Fig. 1 (a) Schematic illustration of coercivity enhancement by microstructural modification. (b) Schematic diagram of magnetic

inhomogeneities. (c) Domain nucleation and propagation in the sintered NdFeB magnet during demagnetization process!®
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Fig. 2 Grain-size dependence of coercivity. A plot of intrinsic coercivity against the logarithm of the square of grain sizes!'?
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Fig. 3(a) Magnetization curves of the simulated magnets with average grain sizes of 2.7, 2.0, 1.0 and 0.7um.
(b) Comparison of the coercivity vs. grain size obtained using micromagnetic simulations and experimentally reported Nd—Fe-B

sintered magnets[*4
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Fig.4 Colored map of Nd,Fe14B, dhcp-Nd, and NdOy phases obtained from the contrast of SEM BSE images of the samples with

agrain size of 45 mm (a) and 3 mm (b)!2
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Fig.5 (a) Demagnetization curves of (Pr,Nd),q 5Dy, o(Fe, M)ya1B1 o magnets added with different amounts of Dy,0s3, (b)

dependence of coercivity, remanence and the value of H;/kOe + (BH) nax/MGOe on the Dy,O; addition amounti?2

Pl 6 Dy,0; i 5 /3 3053 5 A 0%(@) F1(d)~ 2%(b)FI(e), 4% (c)FI(F) i A A 15 IO 41 31 R B A8 R0 I 2 43 P 22
Fig. 6 Back-scattered SEM images and elemental distributions along the lines indicated in the images for the magnets with the

addition of (a) and (d) Owt%, (b) and () 2wt%, (c) and (f) 4wt% Dy, 0,2
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Fig.7 The optical micrographs of the sintered magnets with (a)Cu free, (b)Grain boundary doped with Cu*”
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Fig. 8 Schematic of a possible mechanism for replacement of Nd with Dy!*!
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Fig. 9 SEM images of a coated layer of ThF3 created by (a) dip coating and (b) EPD ¢
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Fig. 10 Schematic diagram of the rotating diffusiontl
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Fig. 11 Loss of Dy strips as function of multiple rotating diffusion processes®
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Fig. 12 Demagnetization curves of the sintered NdFeB magnets after multiple rotating diffusion processes using Dy strips at

800°C for 8 hf*!
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Fig. 13 Low-and high-magnification BSE SEM images of (a and b) untreated sample, and GBDP sample (c and d) near the

surface, (e and f) ~400yum from the surface of the sample and (g and d) in the center of the bulki”
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Fig.14 SEM and EDS images of magnet with Th coating. (a)(c) Magnet before GBDP; (b)(d) Magnet after GBDP at 950°C for 8
h and annealing at 500°C for 3 h®d

Pl 15 RS UTRR Th IHE & Nd F1 Th S0 1 EPMA EE )3 8l ()3 #5152
Fig. 15 EPMA images of magnets with Nd and Th element mapping. (a) Th-coating magnet before diffusion; (b) Th-coating
magnet after diffusion at 950 “C for 8 h and annealing at 500 C for 3 h*2
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Fig.16 (a) BSE SEM image of the GBDP sample near the surface. Energy-dispersive X-ray maps of (b) Dy, (c) O, (d) Fe, () Nd

and (f) Cu obtained from the same region as (a)"!
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Fig.17 The relationship between the magnetic property and the Th coating thickness of Th-diffused magnets(a) , corresponded

demagnetization curves (b) and corresponded efficiency(c)[™
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Fig.18 (a) Demagnetization curves and (b) the magnetic property changes of the Nd—Fe—B sintered magnets coated by DyHj:
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DyF; mixed solution at ratios of 100:0, 70:30, 50:50, 30:70, and 0:1005%
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Fig.19 Demagnetization curves of the original, Dy-and DyMg-diffused magnets. The inset shows the amount of Dy element

deposited into the magnets and corresponding H;®*®
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21 HEOH LR 2 e

Fig.20 The schematic diagram of diffusion mechanism!5¢!
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Fig.21 SEM surface images and EPMA maps of (a) original magnet and (b)diffusion magnet '
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Fig.22 The magnetic properties of original, blank and diffusion magnets by different Al content alloys: (a) the room-
temperature demagnetization curves (b) the dependences of Hg;, Br and H; (kOe) + (BH)max (MGOe) on Al content of diffusion

sources!’
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Fig.23 TEM images of the intergranular structure for the (a)initial and (b)diffused magnets®®!
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Fig.24 HRTEM micrographs of the GBP in the as-sintered state of (a) high-oxygen magnet and (b) the low-oxygen magnet!’®
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Fig.25 Low-magnification cross-sectional EPMA Dy mapping images of the (a) DyH, dip-coated high-oxygen magnet and (b)

DyH; dip-coated low-oxygen magnet™l
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Fig. 26 The coercivity of ThF; EPD-coated sintered Nd—Fe—B magnets with different RE content as a function of w, (a) RE = 29
wt.%, (b) RE = 30 wt.%, (c) RE = 32 wt.%, and (d) RE = 34 wt.%, respectively*!
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Fig. 27 Cross-sectional SEM images of the optimum ThF; EPD-coated magnets with different RE content at various depths from
the surface, as well as the annealed samples, (a) RE = 29 wt.%, (b) RE = 30 wt.%, (c) RE = 32 wt.%, and (d) RE = 34 wt.%,

respectively*!
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Fig. 28 Demagnetization curves of the original samples and the corresponding Th-diffused samples with different Al content®”
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Fig.29 Th concentrations variation versus depths from the 50 to 150 um of the Tb coated magnets with different Al content®”
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Progress of Heavy Rare Earths Reduction in High Coercivity
Sintered NdFeB Magnets
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of Mechanics, Chinese Academy of Sciences, Beijing 100190, China; 2. School of Engineering Science,
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Abstract: Sintered NdFeB permanent magnets have high remanence and magnetic energy product, but their low
intrinsic coercivity limits their application in high temperature environment. The coercivity of NdFeB magnets can
be improved by grain refinement, grain boundary doping and grain boundary diffusion process (GBDP) to ensure
the stability of magnetic properties in high temperature environment. In order to reduce the manufacturing cost, how
to reduce the amount of heavy rare earths (HRE) in the manufacturing process of high coercivity sintered NdFeB
magnets has become a hot research topic. In this paper, the intrinsic coercivity mechanism and the advantages and
disadvantages of coercivity techniques are summarized. GBDP form a HRE shell with stronger anisotropic field on
the surface of the main grain through the selective diffusion of HRE, and the continuous grain boundary phase
distribution can enhance the demagnetizing coupling effect, which can achieve the reduction of HRE while greatly
increasing the coercivity of magnets. And further summarized and discussed the preparation method of diffusion
source, composition and substrate material on the coercivity improvement effect and HRE reduction. At the same
time, the development trend HRE reduction in high coercivity sintered NdFeB magnets is prospected.

Keywords: rare earth, Nd-Fe-B, permanent magnetic material, coercivity, heavy rare earths reduction
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SREES

Sintered NdFeB permanent magnets have high remanence and magnetic energy product, but their low intrinsic
coercivity in high temperature limits their application. The coercivity of NdFeB magnets can be improved by grain
refinement, grain boundary doping and grain boundary diffusion process (GBDP) to ensure the stability of magnetic
properties in high temperature environment. GBDP form a HRE shell with stronger anisotropic field on the surface
of the main grain through the selective diffusion of HRE, and the continuous grain boundary phase distribution can
enhance the demagnetizing coupling effect, which can achieve the reduction of HRE while greatly increasing the
coercivity of magnets. And the preparation method of diffusion source, composition and substrate material influence

the coercivity improvement effect and HRE reduction.



