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Definition
Grain boundary diﬀusion process provides a promising way to enhance coercivity for Nd-Fe-B
permanent magnets with a tiny consumption of critical rare earth resources. By this method, during a
diﬀusion heat treatment, diﬀusion sources inﬁltrate from magnet surface into interior of magnet
through melting grain boundary phases. Nowadays, 3 generations of grain boundary diﬀusion sources
haven been developed, i.e., heavy rare earth based, light rare earth based, and non-rare earth based
sources.

1. Grain Boundary Diffusion for Nd-Fe-B Magnets
Nd-Fe-B permanent magnets have been widely used in various ﬁelds including conventional electric
motors, renewable energy, and mobile communication industries [1][2][3]. The total world production of
sintered Nd-Fe-B magnets in 2019 was 1.9 × 105 tons, and the demand of Nd-Fe-B magnets is constantly
increasing due to the large employment of electric motors and generators in the near future
magnets in the motors and generators should operate at temperatures greater than 150 °C

[3],

[4].

The

but the

Nd-Fe-B magnets without the addition of heavy rare earth (HRE) elements have insuﬃcient coercivity (Hcj)
to withstand the demagnetization ﬁeld at high such temperatures because the hard magnetic Nd2Fe14B
(2:14:1 phase) compound has a low Curie point (Tc) of ~312 °C, and its anisotropy ﬁeld (HA) decreases
drastically with the increasing temperature

[5][6].

A conventional route for fabricating high-coercive Nd-Fe-

B magnets is adding the HRE elements of Dy and Tb during smelting. However, it results in a large
consumption of expensive HRE resource and a sacriﬁce of remanence (Jr).
The grain boundary diﬀusion (GBD) process for the Nd-Fe-B magnets, which was ﬁrstly proposed in 2005,
provides the best route to enhance the Hcj with less consumption of HRE [7][8]. By this way, HRE inﬁltrates
from the surface to the interior of the magnets during a diﬀusion heat treatment, mainly strengthening
the surface of Nd 2Fe 14B grains by forming (Nd,HRE)2Fe14B structured shells. With the coercivity
increment of 560 kA/m, the amount of Dy introduced by GBD is only 10% of that added by the
conventional route

[8].

Up to now, GBD has attracted much interest from both industry and academic, and

it has become an important approach for the industry to fabricate cheap yet strong products. Now, most
commercial Nd-Fe-B magnets with Hcj > 1600 kA /m (SH grade) are fabricated by GBD [9]. Their maximum
working temperatures can be greater than 150 °C.

2. Typical Grain Boundary Diffusion Sources
The HRE-based compound is regarded as the ﬁrst generation of diﬀusion source. To get rid of the
dependence of HRE, in 2010, a diﬀusion alloy of Nd-Cu without any HRE element was demonstrated
eﬀective for coercivity enhancement, which started the research and development (R&D) of the second
generation of sources based on light rare earth (LRE) elements
eﬀective diﬀusion source of MgO was proposed

[11].

[10].

Subsequently, in 2015, a cost-

It gave an idea that the non-rare earth (non-RE)

compound or alloy can be used to modify the grain boundary (GB) phase as the next generation of
diﬀusion source.
Among the three types of GBD sources, the HRE-based one can directly enhance the Hcj by increasing
the HA of 2:14:1 phase, and has been industrialized. Generally, a two-step diﬀusion heat treatment is
needed for commercial sintered magnets. During the ﬁrst step GBD, the heating temperature range is
generally selected at 800 to 1000 °C to ensure that the melting GB phase provides eﬀective diﬀusion
channels for HRE atoms. At this stage, the surface of Nd2Fe14B grains also melts due to the eutectic
[12]

reaction of Nd-Nd2Fe14B system at ~685 °C

[12]

, which is lower than the temperature of the ﬁrst step

GBD. In this case, HRE atoms substitute Nd atoms in the 2:14:1 lattice at the surface of the 2:14:1 grain,
forming (Nd,HRE)2Fe14B shells around the hard magnetic grains

[13][14]

. The temperature of the second

step GBD is usually selected between 400 to 600 °C to modify the distribution of GB phase, i.e.,
facilitating the formation of continuous GB layers for magnetic decoupling. The reported HRE-based
diﬀusion sources can enhance the Hcj by > 900 kA/m for the magnets with a thickness of <5 mm. The
eﬀective

HRE

containing

GBD

sources

mainly

include

ﬂuorides,

hydrides,

and

metals/alloys

[15][16][17][18][19][20][21][22][23][24].

The LRE-based alloys with low melting points can form thick and continuous GB layers, eﬀectively
isolating the hard magnetic grains for decoupling. The GBD conditions of LRE sources are similar to those
of the HRE sources, i.e., using a two-step heat treatment process. At present, the eﬀective LRE-based
diﬀusion sources mainly include Pr- and Nd-based low-melting alloys

[25][26][27][28][29][30][31].

The coercivity

increment caused by Pr-Al-Cu reaches 700 kA/m and ~500 kA/m for 2 mm- and 10 mm-thick magnets,
respectively

[28].

In addition to the Pr- and Nd-based diﬀusion alloys, high-abundance La- and Ce-based

alloys have been also studied as diﬀusion sources recently

[29][30][31].

However, their caused coercivity

enhancement is still marginal. Some recent researches demonstrated that the non-RE elements have
positive eﬀects on microstructure modiﬁcation, i.e., wetting the GB phase and reducing the defects at
2:14:1grain/GB interfaces

[11][31][32][33][34]

. Therefore, various non-RE metals, alloys, and compounds have

been selected as the diﬀusion sources. The diﬀusion of ZnO can lead to a coercivity enhancement of 205
kA/m in a 4-mm thick magnet

[32]

. So far, although the coercivity enhancement by the non-RE diﬀusion

(<250 kA/m) is still much lower than that by the RE diﬀusion, the non-RE GBD is expected to improve the
corrosion resistance and mechanical properties of the magnets.

3. Coating Methods for Diffusion Sources
In addition to the component of the diﬀusion sources, the development of their coating methods are quite
important for the industry. Since the Nd-Fe-B products are mainly fabricated under customization,
diﬀerent diﬀusion sources and coating methods can be employed to meet the speciﬁc applications.
Compared with the investigations of diﬀusion sources, the studies about how the sources can be
deposited onto the magnets are relatively insuﬃcient. However, this issue is quite critical for the industry.
With the development of GBD process, more and more coating techniques have been employed for
coating the diﬀusion sources. At present, the coating methods for GBD sources can be mainly classiﬁed
into three types: adhesive coating, electrodeposition, and vapor deposition.
Among the mentioned coating methods, the vapor deposition has an overwhelming advantage regarding
environmental protection. Meanwhile, it can precisely control the consumption of GBD sources, which is
beneﬁcial for saving the critical RE resources and improving the stability of the product. However, owing
to the necessary vacuum environment and the relatively low deposition rate, the production eﬃciency is
lower than those of the adhesive coating and the electrodeposition. Furthermore, the vapor deposition
still exhibits high costs from equipment and processing. Therefore, this approach applies to small
quantities of products.

References
1. Coey, J.M.D. Hard magnetic materials: A perspective. IEEE Trans. Magn. 2011, 47, 4671–4681.
2. Gutfleisch, O.; Willard, M.A.; Bruck, E.; Chen, C.H.; Sankar, S.G.; Liu, J.P. Magnetic materials and devices for the 21st
century: Stronger, lighter, and more energy efficient. Adv. Mater. 2011, 23, 821–842.
3. Oono, N.; Sagawa, M.; Kasada, R.; Matsui, H.; Kimura, A. Production of thick high-performance sintered neodymium
magnets by grain boundary diffusion treatment with dysprosium–nickel–aluminum alloy. J. Magn. Magn. Mater. 2011,
323, 297–300.
4. Hu, B. Status quo of rare earth permanent magnet industry. In Proceedings of the Conference on Green Development
and Efficient Utilization of Rare Earth Resources, Ganzhou, China, 20 October 2020.

5. Grossinger, R.; Sun, X.K.; Eibler, R.; Buschow, K.H.J.; Kirchmayr, H.R. Temperature dependence of anisotropy fields
and initial susceptibilities in R2Fe14B compounds. J. Magn. Magn. Mater. 1986, 58, 55–60.
6. Hirosawa, S.; Matsuura, Y.; Yamamoto, H.; Fujimura, S.; Sagawa, M.; Yamauchi, H. Magnetization and magnetic
anisotropy of R2Fe14B measured on single crystals. J. Appl. Phys. 1986, 59, 873–879.
7. Nakamura, H.; Hirota, K.; Shimao, M.; Minowa, T.; Honshima, M. Magnetic properties of extremely small Nd-Fe-B
sintered magnets. IEEE Trans. Magn. 2005, 41, 3844–3846.
8. Sugimoto, S. Current status and recent topics of rare-earth permanent magnets. J. Phys. D Appl. Phys. 2011, 44,
064001.
9. JLMAG RARE-EARTH CO., LTD. Available online: http://www.jlmag.com.cn/view44-1.html (accessed on 7 August 2021).
10. Sepehri-Amin, H.; Ohkubo, T.; Nishiuchi, T.; Hirosawa, S.; Hono, K. Coercivity enhancement of hydrogenation–
disproportionation–desorption–recombination processed Nd–Fe–B powders by the diffusion of Nd–Cu eutectic alloys.
Scr. Mater. 2010, 63, 1124–1127.
11. Zhou, Q.; Liu, Z.W.; Zhong, X.C.; Zhang, G.Q. Properties improvement and structural optimization of sintered NdFeB
magnets by non-rare earth compound grain boundary diffusion. Mater. Des. 2015, 86, 114–120.
12. Seelam, U.M.R.; Ohkubo, T.; Abe, T.; Hirosawa, S.; Hono, K. Faceted shell structure in grain boundary diffusionprocessed sintered Nd-Fe-B magnets. J. Alloys. Compd. 2014, 617, 884–892.
13. Löewe, K.; Brombacher, C.; Katter, M.; Gutfleisch, O. Temperature-dependent Dy diffusion processes in Nd–Fe–B
permanent magnets. Acta Mater. 2015, 83, 248–255.
14. Kim, T.H.; Sasaki, T.T.; Koyama, T.; Fujikawa, Y.; Miwa, M.; Enokido, Y.; Ohkubo, T.; Hono, K. Formation mechanism of
Tb-rich shell in grain boundary diffusion processed Nd–Fe–B sintered magnets. Scr. Mater. 2020, 178, 433–437.
15. Park, K.T.; Hiraga, K.; Sagawa, M. Effect of metal-coating and consecutive heat treatment on coercivity of thin Nd-FeB sintered magnets. In Proceedings of the 16th Workshop on Rare Earth Permanent Magnet and their Applications,
Sendai, Japan, 1 February 2000; pp. 257–264.
16. Hirota, K.; Nakamura, H.; Minowa, T.; Honshima, M. Coercivity enhancement by the grain boundary diffusion process
to Nd–Fe–B sintered magnets. IEEE Trans. Magn. 2006, 42, 2909–2911.
17. Soderžnik, M.; Rožman, K.Ž.; Kobe, S.; McGuiness, P. The grain-boundary diffusion process in Nd–Fe–B sintered
magnets based on the electrophoretic deposition of DyF3. Intermetallics 2012, 23, 158–162.
18. Liu, W.Q.; Chang, C.; Yue, M.; Yang, J.S.; Zhang, D.T.; Zhang, J.X.; Liu, Y.Q. Coercivity, microstructure, and thermal
stability of sintered Nd–Fe–B magnets by grain boundary diffusion with TbH3 nanoparticles. Rare Met. 2014, 36, 718–
722.
19. Ji, W.; Liu, W.; Yue, M.; Zhang, D.; Zhang, J. Coercivity enhancement of recycled Nd–Fe–B sintered magnets by grain
boundary diffusion with DyH3 nano-particles. Phys. B 2015, 476, 147–149.
20. Loewe, K.; Benke, D.; Kübel, C.; Lienig, T.; Skokov, K.P.; Gutfleisch, O. Grain boundary diffusion of different rare earth
elements in Nd-Fe-B sintered magnets by experiment and FEM simulation. Acta Mater. 2017, 124, 421–429.
21. Liu, Y.; He, J.; Yu, H.; Liu, Z.; Zhang, G. Restoring and enhancing the coercivity of waste sintered (Nd,Ce,Gd)FeB
magnets by direct Pr-Tb-Cu grain boundary diffusion. Appl. Phys. A 2020, 126, 657.
22. Liu, Y.; Liao, X.; He, J.; Yu, H.; Zhong, X.; Zhou, Q.; Liu, Z. Magnetic properties and microstructure evolution of in-situ
Tb-Cu diffusion treated hot-deformed Nd-Fe-B magnets. J. Magn. Magn. Mater. 2020, 504, 166685.
23. Lu, K.; Bao, X.; Tang, M.; Chen, G.; Mu, X.; Li, J.; Gao, X. Boundary optimization and coercivity enhancement of high
(BH)max Nd-Fe-B magnet by diffusing Pr-Tb-Cu-Al alloys. Scr. Mater. 2017, 138, 83–87.
24. Chen, G.; Bao, X.; Lu, K.; Lv, X.; Ding, Y.; Zhang, M.; Wang, C.; Gao, X. Microstructure and magnetic properties of NdFe-B sintered magnet by diffusing Pr-Cu-Al and Pr-Tb-Cu-Al alloys. J. Magn. Magn. Mater. 2019, 477, 17–21.
25. Akiya, T.; Liu, J.; Sepehri-Amin, H.; Ohkubo, T.; Hioki, K.; Hattori, A.; Hono, K. Low temperature diffusion process using
rare earth-Cu eutectic alloys for hot-deformed Nd-Fe-B bulk magnets. J. Appl. Phys. 2014, 115, 17a766.
26. Chen, F.; Zhang, T.; Wang, J.; Zhang, L.; Zhou, G. Coercivity enhancement of a Nd–Fe–B sintered magnet by diffusion
of Nd70Cu30 alloy under pressure. Scr. Mater. 2015, 107, 38–41.
27. Lu, K.; Bao, X.; Tang, M.; Sun, L.; Li, J.; Gao, X. Influence of annealing on microstructural and magnetic properties of
Nd-Fe-B magnets by grain boundary diffusion with Pr-Cu and Dy-Cu alloys. J. Magn. Magn. Mater. 2017, 441, 517–522.
28. Zeng, H.; Liu, Z.; Li, W.; Zhang, J.; Zhao, L.; Zhong, X.; Yu, H.; Guo, B. Significantly enhancing the coercivity of NdFeB
magnets by ternary Pr-Al-Cu alloys diffusion and understanding the elements diffusion behavior. J. Magn. Magn. Mater.
2019, 471, 97–104.
29. Zeng, H.X.; Wang, Q.X.; Zhang, J.S.; Liao, X.F.; Zhong, X.C.; Yu, H.Y.; Liu, Z.W. Grain boundary diffusion treatment of
sintered NdFeB magnets by low cost La-Al-Cu alloys with various Al/Cu ratios. J. Magn. Magn. Mater. 2019, 490,
165498.
30. Zeng, H.X.; Yu, H.Y.; Zhou, Q.; Zhang, J.S.; Liao, X.F.; Liu, Z.W. Clarifying the effects of La and Ce in the grain boundary
diffusion sources on sintered NdFeB magnets. Mater. Res. Express 2019, 6, 106105.
31. Zeng, H.X.; Liu, Z.W.; Zhang, J.S.; Liao, X.F.; Yu, H.Y. Towards the diffusion source cost reduction for NdFeB grain
boundary diffusion process. J. Mater. Sci. Technol. 2020, 36, 50–54.
32. Wang, E.; Xiao, C.; He, J.; Lu, C.; Hussain, M.; Tang, R.; Zhou, Q.; Liu, Z. Grain boundary modification and properties

enhancement of sintered Nd-Fe-B magnets by ZnO solid diffusion. Appl. Surf. Sci. 2021, 565, 150545.
33. Chen, W.; Huang, Y.L.; Luo, J.M.; Hou, Y.H.; Ge, X.J.; Guan, Y.W.; Liu, Z.W.; Zhong, Z.C.; Wang, G.P. Microstructure and
improved properties of sintered Nd-Fe-B magnets by grain boundary diffusion of non-rare earth. J. Magn. Magn. Mater.
2019, 476, 134–141.
34. He, J.; Liao, X.; Lan, X.; Qiu, W.; Yu, H.; Zhang, J.; Fan, W.; Zhong, X.; Liu, Z. Annealed Al-Cr coating: A hard anticorrosion coating with grain boundary modification effect for Nd-Fe-B magnets. J. Alloys. Compd. 2021, 870, 159229.

Keywords
Nd-Fe-B;grain boundary diffusion;coercivity;diffusion source;coating method

Retrieved from https://encyclopedia.pub/15619

