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Abstract Effects of low-melting Pr–Cu alloy addition on the

microstructure and magnetic properties of the hot-deforma-

tion Nd–Fe–B magnets were investigated. A small amount of

Pr–Cu addition enhances the coercivity of the hot-deforma-

tion Nd–Fe–B magnets obviously. The coercivity of the hot-

deformation Nd–Fe–B magnets with 4.0 wt% Pr85Cu15

addition increases to 1271 kA�m-1, 75.69% higher than that

of Pr–Cu-free magnet (723 kA�m-1), and then decreases with

5 wt% Pr85Cu15 addition. It is observed that there a uniform

RE-rich phase is formed wrapping the Nd2Fe14B main phase

in the sample with 4.0% Pr85Cu15 addition by scanning

electron microscopy (SEM), which promotes the coercivity.

The angular dependence of coercivity for the hot-deformation

Nd–Fe–B magnets indicates that the coercivity mechanism is

nucleation combined with domain wall pinning. The domain

wall pinning is weakened, while the nucleation is enhanced

after Pr–Cu addition. The remanence, intrinsic coercivity, and

maximum magnetic energy product of the original Nd–Fe–B

magnet are 1.45 T, 723 kA�m-1, and 419.8 kJ�m-3, respec-

tively, and those of the sample with 4.0% Pr85Cu15 alloy

addition are 1.30 T, 1271 kA�m-1, and 330.0 kJ�m-3,

respectively.
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1 Introduction

Hot-deformation process has drawn much attention due to

its advantages on obtaining high corrosion resistance, good

magnetic properties, and complicated shape anisotropic

Nd–Fe–B magnets [1–3]. The platelet-like grains were

surrounded by thin Nd-rich intergranular phase [4], and the

average grain size of the hot-deformation Nd–Fe–B mag-

nets is typically * 100 nm in thickness and 300–800 nm

in width [5, 6]. A strong (00l) texture develops during the

hot-deformation or upsetting process [7, 8], which is con-

sidered to be due to the orientation dependent grain growth

of tetragonal Nd2Fe14B phase [9–12] or the anisotropy of

its elastic properties [13]. The ultrafine grain size of the

hot-deformation magnets is nearly a single domain size

[14, 15], which indicates that the hot-deformation magnets

have potential for achieving higher coercivity [16, 17]

compared with the sintered Nd–Fe–B magnets with several

micrometers in grain size. Low-melting eutectic grain

boundary diffusion process was found to be capable of

improving coercivity for the hot-deformation magnets

[18–20]. However, the diffusion process only works in a

very limited depth which is hard to meet the production

requirements. Another practical method to increase the

coercivity is substituting heavy rare earth elements such as

Dy and Tb for Nd. This is because that Dy-substituted

phase has a higher magnetocrystalline anisotropy than the

Nd–Fe–B phase [21, 22]. Hot-pressing the mixed powders

of melt-spun Nd–Fe–B ribbons with DyF3 and DyCu alloy

and subsequent hot-deformation were found to be effective

for improving coercivity [23–25]. Whereas Dy is a limited

natural resource, securing a constant supply of Dy for

enhancing Nd–Fe–B coercivity is not a sustainable way. It

was reported that the low coercivity was due to the long-

range magnetostatic interaction between Nd2Fe14B grains
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through a ferromagnetic intergranular phase that contains a

high concentration of Fe or Co. It is revealed that a suit-

able Nd–Cu alloy addition will enhance coercivity of the

hot-deformed magnets [26]. Thus, refining the grain

boundary phase is an effective way to improve coercivity.

High coercivity Dy-free anisotropic nanocrystalline hot-

deformed Nd–Fe–B magnets by Pr–Cu alloy addition were

prepared in this paper. The microstructure was observed by

a backscattered electron scanning electron microscopy

(BSE-SEM) in order to obtain guideline to enhance the

coercivity furtherly. The coercivity mechanism was

investigated by angular dependence of coercivity.

2 Experimental

Pr85Cu15 (wt%) eutectics with optimized crystalline rib-

bons have been obtained by arc-melt and subsequently

melt-spun at a wheel speed of 25 m�s-1. The Pr85Cu15

powders were sieved with a mesh size of 200 lm and

mixed with Dy-free MQU-C melt-spun ribbons (Molycorp

Magnequench) with composition of Nd12.6Fe77.1Ga0.42-

Co4.4B5.5 (at%). The mixed powders were hot-pressed at

550 �C and subsequent hot-deformed at 840 �C. The

magnetic properties of the samples with different Pr85Cu15

alloy additions were measured by a NIM-2000H hystere-

sisgraph. The crystal alignment was studied by using X-ray

diffractometer (XRD, X’pert Pro) with Cu Ka radiation.

BSE-SEM observations were made on the bulk samples

using a field emission scanning electron microscope (JSM-

7001F) at an acceleration voltage of 15.0 kV. The angular

dependence of coercivity was measured by a vibrating

sample magnetometer (VSM, VersaLab) with the maxi-

mum field of 2.3 mA�m-1 at room temperature.

3 Results and discussion

Figures 1 and 2 show the demagnetization curves of the

hot-deformation Nd–Fe–B magnets with different Pr85Cu15

additions. The remanence (Br) and maximum magnetic

energy product [(BH)max] decrease with the increase in

alloy addition, which are mainly caused by the decrease in

2:14:1 Nd–Fe–B main phase ratio. The intrinsic coercivity

(Hcj), Br and (BH)max of the Nd–Fe–B magnet without and

with 4.0 wt% Pr85Cu15 are, respectively, 723 kA�m-1,

1.45 T, 419.8 kJ�m-3, and 1271 kA�m-1, 1.30 T,

330.0 kJ�m-3. The coercivity reaches the highest value of

1271 kA�m-1 when the Pr85Cu15 addition is 4.0 wt%. It

enhances by 75.69% compared with that of the original

Nd–Fe–B magnets without Pr85Cu15 alloy, showing a ten-

dency of increase and then decrease.

XRD patterns of the hot-deformed samples with differ-

ent Pr85Cu15 alloy additions are shown in Fig. 3. The

patterns were obtained from the plane perpendicular to the

pressure direction for all the samples. According to XRD

patterns, the strong intensity of the (105) and (006) char-

acteristic peaks of 2:14:1 phase indicates obvious texture

formed in hot-deformed magnets. Although intensity ratio

R = I(006)/I(105) decreases after Pr85Cu15 alloy addition,

the magnets still present a good texture orientation.

Figure 4a, c, e shows BSE-SEM images of the hot-de-

formed samples with 0 wt%, 4 wt%, 5 wt% Pr–Cu alloy

additions. The patterns were taken from the plane

Fig. 1 Demagnetization curves of magnets with different Pr85Cu15

additions

Fig. 2 Magnetic properties of magnets with different Pr85Cu15

additions
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perpendicular to the c-axis. The c-axis is parallel to pres-

sure direction and is out-plane, as the arrow indicates. The

dark gray regions are Nd2Fe14B phase, while the bright

regions correspond to the RE-rich phase according to the

energy spectrum analysis. The RE-rich phase distribution

around the Nd2Fe14B main phase is scattered in Pr–Cu-free

sample (Fig. 4a). The content of RE-rich phase of the

sample with Pr–Cu addition increases, and this phase is

distributed uniformly around the Nd2Fe14B phase, as

shown in Fig. 4c. When Pr–Cu alloy increases to 5 wt%,

the RE-rich layer becomes thicker than that with 4 wt%

addition and there appear some large bright regions

unevenly distributed. The result indicates that a suit-

able Pr–Cu alloy addition leads to more RE-rich around the

main phase and uniform distribution. The neighboring

grains are separated by a suitable RE-rich layer which

weakens the long-range magnetostatic interaction of

neighboring grains. According to the following equation

[20],

Hc Tð Þ ¼ aHA Tð Þ � NeffMs Tð Þ ð1Þ

where a is the structure factor, HA(T) is the anisotropy

field, Neff is the effective demagnetization factor, and

Ms(T) is the saturation magnetic polarization; the value of

Neff decreases because the range magnetostatic interaction

is weakened after Pr–Cu addition, resulting in the coer-

civity enhancement.

Figure 4b, d, f shows BSE-SEM images of the hot-de-

formed samples with 0 wt%, 4 wt%, 5 wt% Pr–Cu alloy

additions taken from the plane which parallels to c-axis.

The images show that the RE-rich phase layer [27]

becomes thicker with the increase in Pr–Cu addition. There

are some large bright areas unevenly distributed, and the

RE-rich layer is so thick that it can hardly be separated

when 5 wt% Pr–Cu alloy was added in the magnet.

Figure 5a, b shows angular dependence of half-hys-

teresis loops of the hot-deformed magnets, and h means the

angle between the external applied field and the magnetic

aligned axis of the magnets. The angular dependence of

coercivity (Hc) for the hot-deformation magnets, Stoner–

Wohlfarth domain wall pinning model [28], and nucleation

mechanism model developed by Kronmüller [29] is shown

in Fig. 5c. The Hc(h)/Hc(0) decreases firstly, then increases

with h changing from 0� to 75�, and reaches the maximum

at 75� as shown in Fig. 5c. When h changes from 0� to 75�,
the curve changes nearly at a constant slope with the

decrease of Hc, and the curve slope becomes larger and

larger with the increase of Hc. The tendency of Hc means

that the coercivity mechanism of the hot-deformed magnets

Fig. 3 XRD patterns of hot-deformed magnets with different

Pr85Cu15 additions (R = I(006)/I(105))

Fig. 4 BSE-SEM images of hot-deformed magnets with a, b 0 wt%, c, d 4 wt% and e, f 5 wt% Pr85Cu15 addition (observation plane being a, c,

e perpendicular to c-axis and b, d, f parallel to c-axis)
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is nucleation combined with domain wall pinning. During

the changing process of Hc, the slope of the curves for the

original hot-deformed sample is steeper than that of mag-

nets with either 3 wt% or 4 wt% Pr85Cu15 addition, indi-

cating that the domain wall pinning effect is weakened

after adding Pr85Cu15 alloy.

Figure 6 presents the initial magnetization curves of the

hot-deformed magnets with various Pr85Cu15 alloy addi-

tions. The magnetic susceptibility of the original sample is

smaller than magnets with alloy addition when the external

applied field is less than about 557.2 kA�m-1, as shown in

Fig. 6. And the magnetic susceptibility of the magnet with

4 wt% Pr–Cu alloy addition is bigger than that of the

magnet with 3 wt% Pr–Cu alloy addition. The result

indicates that the nucleation mechanism is enhanced with

Pr–Cu alloy addition [30], which coincides well with the

angular dependence of coercivity sloop.

4 Conclusion

A small amount of Pr85Cu15 alloy addition improves the

coercivity of the hot-deformation Nd–Fe–B magnets

obviously. The coercivity of the hot-deformation Nd–Fe–B

magnets increases firstly and then decreases when Pr85Cu15

Fig. 5 Angular dependence of a Pr–Cu-free, b 3 wt% Pr–Cu addition half-hysteresis loop and partial enlarged detail, respectively, and c Hc for

hot-deformed samples

Fig. 6 Initial magnetization curves of hot-deformed magnets with

various Pr85Cu15 alloy additions
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addition changes from 0 wt% to 5 wt%, and it exhibits the

highest value when the addition is 4 wt%. SEM results

show that a suitable Pr–Cu alloy addition leads to more RE

phase around the main phase and uniform distribution that

weaken the long-range magnetostatic interaction of

neighboring grains and then enhance the coercivity. The

magnetic properties of the magnet with 4.0% Pr85Cu15

addition are Br = 1.3 T, Hcj = 1271 kA�m-1, and

(BH)max = 330.0 kJ�m-3. The coercivity with 4.0%

Pr85Cu15 addition enhances by 75.69% compared to that of

the original magnet (723 kA�m-1). The angular depen-

dence of coercivity and initial magnetization curves indi-

cate that the coercivity mechanism of the hot-deformation

Nd–Fe–B magnet is nucleation combined with domain wall

pinning. The domain wall pinning mechanism is weakened,

and nucleation is enhanced after Pr–Cu addition.
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