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The microstructure and magnetic properties of HDDR–treated powders after grain boundary diffusion process

(GBDP) with Nd–Cu alloy at different temperatures have been studied. The variation of GBDP temperature

had multifaceted influences on the HDDR–treated powders involving the microstructure, phase composition

and magnetic performance. An enhanced coercivity of 16.9 kOe was obtained after GBDP at 700 °C, due to the

modified grain boundary with fine and continuous Nd–rich phase. However, GBDP at lower or higher

temperature resulted in poor magnetic properties because of insufficient microstructural modification.

Especially, the residual hydrogen induced phenomenon during GBDP strongly depended on the GBDP

temperature. 
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1. Introduction

The Nd–Fe–B permanent magnets have been widely

used as indispensable materials for various kinds of motors

and actuators due to their excellent magnetic properties

and cost performances [1]. Especially, high efficiency

traction motors for hybrid electric vehicles (HEVs) or

electric vehicles (EVs) is one of the most rapidly growing

areas [2]. For these applications, higher coercivity than

that required for other applications is needed to withstand

the demagnetization problem at the high operation

temperature of the motor (~200 °C). The temperature

coefficient of coercivity has a largely negative value; it

means the coercivity decreases rapidly as the temperature

increases, which is the main drawback of Nd–Fe–B

magnets. In order to overcome this problem, one of the

most effective solutions is doping heavy rare earth (HRE)

element such as Dy or Tb into the Nd–Fe–B magnets,

which cause the large coercivity enhancement at room

temperature. However, the enhancement of coercivity by

the doping of HRE elements can only be achieved at the

expense of the maximum energy product, due to the re-

duction in the magnetization via the antiferromagnetic

coupling between the magnetic moments of HRE elements

and Fe element [3]. Moreover, the natural abundance of

HRE elements is quite low and their material prices are

unstable. Thus, achieving high coercivity without HRE

elements is an urgent issue for high–temperature motor

application of Nd–Fe–B permanent magnets. Intensive

studies have been focused on producing high coercivity

Nd–Fe–B magnets without HRE elements [4-6] and it is

now well known that the coercivity is strongly influenced

by the microstructures such as grain size and grain boun-

dary (GB) [7-9]. With regard to the former, the coercivity

increases with the decrease of grain size down to the

single domain size (~250 nm). The hydrogenation–dis-

proportionation–desorption–recombination (HDDR) pro-

cess is one of the most effective methods to produce

anisotropic Nd–Fe–B magnetic powders with single

domain–sized grains [10]. However, the reported highest

coercivity of HDDR–treated Nd–Fe–B powders without

HRE was disappointingly low considering from the ultra-

fine grain size [11]. The poor coercivity of HDDR–treated

Nd–Fe–B powders with nearly single domain–sized
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grains is attributed to the insufficient control of the Nd–

rich GB phase which is significantly important to induce

magnetic decoupling between grains [12]. The magnetic

decoupling is essential to enhance the coercivity of fine

grained magnets [13]. Many studies have demonstrated

that the addition of some alloy additives or trace elements,

such as Pr, Cu, Nd, Al, and Ga, can efficiently improve

the coercivity [13-15]. In other words, the homogenous

distribution of Nd–rich phase through the GBs among

Nd2Fe14B main phases can significantly increase the

coercivity of fine–grained Nd–Fe–B magnets [16]. On the

other hand, it is recently reported that HDDR–treated Nd–

Fe–B powders contain a significant amount of the residual

hydrogen [17]. Matin et al. have found the coercivity of

HDDR–treated Nd–Fe–B powders was significantly re-

duced after heat treatment due to the residual hydrogen

[18]. However, there is no report on the effect of the

residual hydrogen during grain boundary diffusion process

(GBDP).

In the present work, GB phase of HDDR–treated Nd–

Fe–B magnetic powders was modified by GBDP with

Nd–Cu alloy. The effect of GBDP with Nd–Cu alloy on

the microstructure and magnetic properties of HDDR–

treated Nd–Fe–B powders has been studied. Furthermore,

the temperature effect of GB modification with Nd–Cu

alloy on the phases and microstructures has been

discussed.

2. Experimental

The starting powders with a normal composition of

Fe80.4Nd12.5B5.7Nb0.4Ga0.8Co0.2 (at.%) were produced by

the standard HDDR process [19]. The average particle

size and grain size of the powders was 100 µm and 300

nm, respectively. The Nd70Cu30 (at.%) alloy were arc

melted to ingot and then melt-spun to ribbons, followed

by vacuum ball milling to particle size of smaller than

4.5 µm. The Nd70Cu30 (at.%) powders mixed with the

HDDR–treated powders at mass fractions of 6%. The

mixed powders were then subjected to GBDP in vacuum

at 600, 700 and 800 °C for 3 h, respectively. After that,

the powders were quickly gas–quenched to room temper-

ature (RT). The magnetic properties of the powders were

measured by a vibrating sample magnetometer (VSM) at

RT. For the VSM measurement, the powders mixed with

paraffin were aligned and magnetized under 1.5 T static

magnetic field and 5 T pulsing magnetic field, respective-

ly. The microstructure and morphology of the powders

were analyzed by powder X-ray diffraction (XRD),

scanning electron microscopy (SEM) and transmission

electron microscopy (TEM). 

3. Results and Discussion

Figure 1 shows the SEM images of the initial HDDR–

treated powders (a, b), and the powders after GBDP with

6 wt.% Nd–Cu alloy at 600 °C (c, d), 700 °C (e, f) and

800 °C (g, h) for 3 h, respectively. The SEM images of

the fractured surface show that the grain size of the initial

HDDR–treated powders is around 300 ± 50 nm (Fig. 1(a))

and no significant change in the grain size was observed

after GBDP at 600 °C (Fig. 1(c)) and 700 °C (Fig. 1(e)).

It should be noted that Nd2Fe14B grains are surrounded by

thin GB layers (arrowed) after GBDP treatment at 700 °C

as shown in Fig. 1(e). Further increase of the GBDP

temperature up to 800 °C, resulted in the grain growth up

to 450 ± 50 nm. In the backscattered electrons (BSE)

images, dark and bright contrast region corresponds to

Fig. 1. (Color online) SEM images of the initial HDDR–

treated powders, and the powders after GBDP with 6 wt.%

Nd–Cu alloy at 600, 700 and 800 °C for 3 hours, respectively.

(a), (c), (e), (g) : SE mode image of the fractured surface, and

(b), (d), (f), (h) : BSE mode image of the cross–section

surface.
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Nd2Fe14B main phase and Nd–rich GB phase, respectively.

All samples consist of two contrast regions. However the

relative fraction and distribution of the bright contrast

area are different among the samples. It is quite difficult

to find Nd–rich GB phase in the initial HDDR–treated

powder (Fig. 1(b)). The bright region slightly increase but

its distribution is not uniform after GBDP at 600 °C (Fig.

1(d)), which indicates that there is no significant enrich-

ment of Nd–rich phase along the GBs. For the powders

after GBDP at 700 °C, the bright regions are much more

uniformly distributed along the GBs as shown in Fig. 1(f),

revealing that the Nd–rich phase is fine and uniformly

distributed not only at the triple junction but also along

the GBs. These microstructural features suggest that low

melting point binary Nd–Cu alloy melted and infiltrated

into the HDDR–treated powders, and further induced the

formation of Nd–rich phase through the GBs during heat

treatment. With further increase of GBDP temperature up

to 800 °C, the Nd–rich phase aggregated to the triple

junctions and became indistinguishable again along the

GBs (Fig. 1(h)). The absence of Nd–rich phase at the GBs

can lead to the magnetic coupling among the Nd2Fe14B

main phases [20].

Figure 2 shows the XRD patterns of the initial HDDR–

treated powders and the powders after GBDP with 6 wt.%

Nd–Cu alloy at 600, 700 and 800 °C for 3 h, respectively.

It can be clearly observed that the main characteristic

peaks for all these samples correspond to the Nd2Fe14B

phase. It is interested to note that the diffraction peaks

after GBDP at 600 and 800 °C were shifted toward higher

angles compared with those of the initial HDDR–treated

powder (Fig. 2(b)), which indicates that the lattice of the

tetragonal Nd2Fe14B–type phase was shrunk after GBDP.

Quite recently, it was reported that the HDDR–treated

Nd–Fe–B–type magnetic powders contained a significant

amount of hydrogen in the form of Nd2Fe14BHx hydride,

which would be disproportionate into α–Fe, Fe2B and

NdH2 phase during heat treatment above a threshold

temperature [18]. So the lattice shrinkage in Fig. 2 can be

attributed to the release of residual hydrogen from the

HDDR–treated powders during GBDP. In addition, the

peaks for the disproportionated phases of α–Fe, Fe2B

could be clearly confirmed after GBDP at 600 and 800

°C, which indicates that degassing and disproportionation

is a dominant phenomenon in the HDDR–treated powders

during heat treatment at 600 and 800 °C. This result is

consistent with the fact that the threshold temperature for

disproportionation is around 600 °C [21]. On the other

hand, there is no shift of the diffraction peaks after GBDP

at 700 °C compared with those of the initial HDDR–

treated powder, and the Fe2B was not detected. 

More detailed microstructural observation was carried

out using TEM. Figure 3 shows energy–filtered elemental

mapping images and high–magnification bright field

images of the powders after GBDP with Nd–Cu alloy at

800 °C. It can be confirmed that the α–Fe and Fe2B

phases were formed in the HDDR–treated powders after

GBDP at 800 °C (Fig. 3(c) and (f)). This result is con-

sistent with XRD result in Fig. 2. 

From these results, it seems that the molten and diffused

Nd–Cu alloy along GBs play a role in not only isolating

the main phase but also preventing degassing of hydrogen

from the HDDR–treated powders. However, further studies

are needed to get a deep understanding of the relationship

between GBs and degassing of residual hydrogen from

HDDR–treated powders. 

Fig. 2. (Color online) XRD patterns of the initial HDDR–

treated powders and the powders after GBDP with 6 wt.%

Nd–Cu alloy at 600, 700 and 800 °C for 3 hours, respectively

(b) enlarged view of angle shift.
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Figure 4 shows elemental maps and line scans obtained

using TEM for the HDDR–treated powders after GBDP

with 6 wt.% Nd–Cu alloy at 700 °C. The distinct bright

contrast along the GBs suggests the continuous thin Nd–

rich phase layers. The average concentration of Nd along

GBs after GBDP was higher (16.0 at.%) than that (12.5

at.%) of initial HDDR–treated powders. This increased

fraction could be resulted from the diffusion of molten

Nd–Cu into the GBs. Furthermore, the concentration of

Cu and Ga are higher along GB than that in the main

phase. From the microstructural studies, it is clear that

continuous thin Nd–rich phase layer around main phases

lead to a better separation of them and the clear and

Fig. 3. (Color online) Energy filtered elemental mapping images and high–magnification bright field images of the HDDR–treated

powder after GBDP with 6 wt.% Nd–Cu alloy at 800 °C using TEM.

Fig. 4. (Color online) Elemental maps of Nd and Cu (left

parts) and line scans (right parts) of the HDDR–treated pow-

ders after GBDP with 6 wt.% Nd–Cu alloy at 700 °C.

Fig. 5. (Color online) Demagnetization curves of the initial

HDDR–treated powders and the HDDR–treated powders after

GBDP with 6 wt.% Nd–Cu alloy at 600, 700 and 800 °C,

respectively.
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smooth GBs. Moreover, the diffusion of Cu to the particles

is beneficial to promote the wettability behavior and

separation of main phase, leading to the homogeneous

formation of Nd–rich phases, and results in high coercivity

[22]. The microstructural modification after GBDP would

be helpful to decrease the magnetic interactions among

Nd2Fe14B hard magnetic grains. Thus, any direct magnetic

coupling of the Nd2Fe14B grains could be reduced, which

significantly improves the coercivity. The fine and uniform

distribution of the Nd2Fe14B grains and the modified GBs

are important factors to improve the coercivity of Nd–Fe–

B magnets.

Figure 5 shows the demagnetization curves of the

HDDR–treated powders before and after GBDP with 6

wt.% Nd–Cu alloy at 600, 700 and 800 °C, respectively.

The temperature for GBDP has a significant influence on

the magnetic properties of HDDR–treated powders. The

coercivity increases from 13.5 kOe for the initial HDDR–

treated powders to 16.9 kOe for the powders after GBDP

at 700 °C almost without remanence decrease (Table 1).

The enhanced coercivity is attributed to the formation of

the distinct GB phase which causes a weaker ferromagnetic

interaction among the main grains. When the temperature

of GBDP was further increased to 800 °C, the coercivity

is almost same as that of the initial HDDR–treated powders

while the remanence also decreased. This irregular depen-

dence of the magnetic properties of the HDDR–treated

powders on the GBDP temperature can be attributed to

not only the grain growth and the distribution of Nd–rich

phase through the GBs but also the residual hydrogen–

related disproportionation during GBDP. 

4. Conclusion

HDDR–treated Nd–Fe–B powders were modified by

grain boundary diffusion process with Nd–Cu alloy. The

temperature of GBDP with Nd–Cu has a significant

impact on the microstructures of HDDR–treated Nd–Fe–

B powders. The uniform distribution of Nd–rich both at

the triple junction and along the GBs for the sample after

GBDP at 700 °C gives rise to a remarkable increase of

coercivity to 16.9 kOe compared with 13.5 kOe for the

initial HDDR–treated powders. GBDP at 700 °C with

Nd–Cu alloy is not only effect to isolate the main phases

but also to prevent the residual hydrogen induced phen-

omenon. The residual hydrogen–related degassing and

disproportionation process also worked during GBDP at

600 and 700 °C. When the temperature of GBDP was

increased to 800 °C, the grown grains and disproportion-

ation process lead to weaken magnetic properties [18, 23].
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