
 

 

JOURNAL OF RARE EARTHS, Vol. 33, No. 12, Dec. 2015, P. 1298 

Foundation item: Project supported by the National Natural Science Foundation of China (51171122), the Sichuan Province Science and Technology 
Support Program (2013GZX0164, 2013GZ0056) 

* Corresponding author: LI Jun (E-mail: abthonyli@163.com; Tel.: +86-28-85405332) 

DOI: 10.1016/S1002-0721(14)60560-3 

 

Highly oriented NdFeB nanocrystalline magnets from partially recombined  
compacts with ultrafine grain size by reactive deformation under low pressure 

YU Yunping (余云萍), LI Jun (李 军)*, LIU Ying (刘 颖), WANG Renquan (王仁全), ZHENG Qing (郑 青), 
LIAN Lixian (连利仙) 
(College of Materials Science and Engineering, Sichuan University, Chengdu 610065, China) 

Received 9 April 2015; revised 22 May 2015 

Abstract: The partially recombined compacts with ultrafine grain size were taken advantage of preparing anisotropic nanocrystalline 
magnets with full density and homogenous microstructure and texture by reactive deformation under low pressure. Because of the ul-
trafine grain size of the precursors, the partially recombined phases could quickly achieve recombination. The results suggested that 
the newly recombined Nd2Fe14B grains with fine grain size could undergo deformation immediately during the desorp-
tion-recombination reaction, and then an obvious anisotropy and uniform alignment would be obtained. The magnetic properties, 
(BH)max=214 kJ/m3, Br= 1.26 T, Hcj=463 kA/m, were obtained after being treated for 5 min at 820 ºC in high vacuum under low pres-
sure less than 26 MPa. Microstructures of the magnets were analyzed using X-ray diffraction (XRD), scanning electron microscopy 
(SEM) and transmission electron microscopy (TEM) respectively. Magnetic measurements were carried out using a vibrating sample 
magnetometer (VSM) with the maximum field of 2.88 T. Accurate phase contents were measured by a Mossbauer spectrometer. 
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High performance NdFeB magnets have attracted 
far-ranging attention due to their broadening significance 
in various engineering applications, such as generators, 
motors, computer devices, etc.[1–5] The market and con-
sumption for NdFeB magnets are rapidly growing, espe-
cially when their properties and cost-effectiveness are 
drastically improved. Particularly outstanding magnetic 
properties can be obtained in anisotropic NdFeB magnets 
due to the high saturation magnetization of Nd2Fe14B 
phase and the large magnetocrystalline anisotropy energy. 
Anisotropic NdFeB magnets are mainly prepared by 
HDDR (hydrogenation-disproportionation- desorp-
tion-recombination) and hot press-hot deformation from 
quenched powders[6,7], HDDR treated powders[8,9], or 
amorphous bulks[10]. Although the typical maximum en-
ergy product of the highest grade commercial anisotropic 
NdFeB magnets is about 398 kJ/m3, there is plenty 
of scope for its growth up to the theoretical value (509 
kJ/m3). It is widely known that the magnetic properties 
strongly depend on the process routing, and consequently 
on the ultimate microstructure. Thus there is still a core 
issue needed to be solved how to obtain the microstruc-
ture with consistent orientation, homogeneous and fine 
grain size for the fabrication of high performance anisot-
ropic nanocrystalline NdFeB magnets. It is strict in 
the mold and experimental conditions for withstanding 

high pressure under high temperature by hot press—hot 
deformation process[11–13]. And using HDDR method also 
has its own limitations to prepare anisotropic NdFeB 
magnets. Namely, the magnetic properties of anisotropic 
NdFeB magnet can be significantly fluctuant due to the 
difficulty to accurately control the important reaction pa-
rameters and to its own exothermic and endothermic 
phenomenon accompanied in the HDDR reactions[14–17]. 

Based on these studies, we put forward an overall new 
thinking of the combination of hot deformation and dehy-
drogenation-recombination process for hydrogen dispro-
portionation products to prepare anisotropic nanocrystal-
line NdFeB magnets. We have already studied the reactive 
deformation of complete disproportionation and partially 
recombined green compacts, but the magnets finally ob-
tained is with poor grain orientation[18], or with large grain 
size[19]. And in this investigation, anisotropic nanocrystal-
line NdFeB magnets with uniform texture were prepared 
by applying the reaction in-situ hot deformation to par-
tially recombined (PR) NdFeB cold compacts, based on 
the homogeneous alignment effect of recombined 
Nd2Fe14B nucleation from PR phases with ultrafine grain 
size under low pressure (<26 MPa). The microstructure 
and magnetic properties of the magnets during the reac-
tive deformation (RD) process were investigated. 
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1  Experimental 

Commercial melt-spun ribbons with nominal compo-
sition of Nd13.5Fe73Co7.5B6 were used as raw material. PR 
treatment was performed by heating the raw material at 
800 ºC for 5 min in pure H2 atmosphere for hydrogen- 
disproportionation, and then isothermally heat-treated at 
the same temperature for 2 min in vacuum. Then PR 
ribbons were compacted to cold cylindrical shapes (10 
mm in diameter and 10 mm in height). These green 
compacts were spark plasma sintered in vacuum for up to 
30 min at 820 ºC, under a constant uniaxial stress of 2 kN 
(PRD<26 MPa), with compression ratio about 75%. The 
microstructure and phase constitutes of samples were 
measured by X-ray diffraction (XRD) with Cu Kα radia-
tion and room temperature transmission Mössbauer 
spectrometry (MS) with a 57Co/Pd source. The micro-
structure of PR phases was studied by a transmission 
electron microscope (TEM). The fracture surface of 
magnets was observed by field-emission scanning elec-
tron microscope (FESEM). The magnetic properties of 
the magnets were examined using a Lake Shore vibrating 
sample magnetometer (VSM). 

2  Results and discussion 

Fig. 1 displays the XRD patterns of raw material and 
partially recombined (PR) magnetic powder. The XRD 
studies present that almost all peaks for raw material are 
attributed to the tetragonal hard magnetic Nd2Fe14B 
phase, while for PR sample, Nd2Fe14B phase coexists 
with NdHx and α-Fe phases, indicating that the Nd2Fe14B 
phase in PR sample is newly recombined from part of the 
disproportionate phases. 

TEM investigation was recorded to monitor the grain 
size and phases for the PR magnetic powder, as shown in 
Fig. 2. In the sample after PR treatment newly recom-
bined Nd2Fe14B phase is detected, coexisting with dis- 

 
Fig. 1 XRD patterns of raw material (1) and PR magnetic powder (2) 

 
Fig. 2 TEM investigation of microstructure and phases for the 

PR magnetic powder 
 
proportionated phases, which is consistent with XRD re-
sults above. Moreover, the grains in Fig. 2 are quite uni-
form in crystalline size with about 20 nm. 

Mössbauer spectra in Fig. 3 are obtained from PR 
magnetic powder and the powders by crushing the mag-
nets treated by RD process to understand the evolution of 
phase constitutes in the magnets during the RD process. 
The relative intensity of Nd2Fe14B contributions in-
creases while that of Fe2B and α-Fe decreases remarka-
bly after RD treatment at the beginning. Furthermore, 
calculated by the spectra, the spectra area ratios corre-
sponding to Nd2Fe14B phase for RD treated samples are 
approximately 40% (0 min), 86.3% (1 min), 88.3% (5 
min), 90.7% (15 min), and 100% (30 min), respectively. 
The results suggest that the fraction of Nd2Fe14B phase 
increases with great rapidity at the beginning, and con-
firm that a full recombination was achieved by 30 min 
treatment with pressure. Due to the ultrafine grain size of 
the partially recombinated precursors, the atoms are rela-
tively more active and the biggish specific surface area 
offers dehydrogenation products abundant nucleation  

 
Fig. 3 Mössbauer spectra of PR compacts treated by RD at 820 

ºC for various time: (1) PR powder; (2) RD 1 min; (3) 
RD 5 min; (4) RD 15 min; (5) RD 30 min (4c, 4e, 8j1, 8j2, 
16k1, and 16k2 corresponding to 6 positions occupied by 
56 Fe atoms of Nd2Fe14B crystal) 
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