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Abstract: Nanocrystalline single-phase alloys with the nominal compositions (at%) of Nd12.3−xDyxFe79.7Zr0.8Nb0.8Cu0.4B6.0 (x=0, 0.5, 1.5, and 
2.5) were prepared by melt-spinning and subsequent annealing. X-ray diffraction analysis shows that the as-spun ribbons were mainly com-
posed of the amorphous phase. A slight content of Dy stabilizes the amorphous phase during annealing treatment. The grain size becomes 
smaller and the coercivity of the annealed ribbon is gradually improved with the increase of Dy content. Excessive Dy is harmful to the re-
manence. It is found that no intergranular phase exists between the grains by high-resolution transmission electron microscopy, and the grain 
boundaries are crystallographically coherent in the optimally annealed sample. The optimum magnetic properties of remanence (Jr=1.09 T), 
coercivity (Hci=1048 kA/m), and maximum magnetic energy product ((BH)m=169.5 kJ/m3) are obtained from the x=0.5 ribbon in a post 
heat-treated state (700°C, 10 min). 
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1. Introduction  

Nanograin NdFeB hard magnets have attracted much at-
tention due to the effect of remanence (Jr) enhancement in-
duced by the intergranular exchange interaction [1-4]. Some 
researches have been carried out on the effect of Dy substi-
tution in the Nd-Fe-B system [5-6]. The results show that 
the magnetocrystalline anisotropy field (HA) is improved 
since the HA of Dy2Fe14B (HA=12576.8 kA/m) is much 
higher than that of Nd2Fe14B (HA=5572 kA/m) [7]. On the 
other hand, Dy substitution can optimize the microstructure 
of the Nd2Fe14B matrix and decrease the grain size, which 
are important for producing magnets with high coercivity 
(Hci) [8-9]. 

Jang et al. [10] have researched the effect of Dy substitu-
tion on Nd2Fe14C nanocomposites. They found that a small 
amount of Dy can enhance the nucleation rate, which is 
beneficial for obtaining the fine and uniform Nd2Fe14C 
grains. However, researches on Dy substitution in Nd-Fe-B 
single-phase nanograin alloys are seldom reported. To make 
clear the role of Dy substitution and effectively develop the 

magnetic performance of this kind of magnets, this work 
focused on the effect of Dy substitution on the microstruc-
ture and magnetic properties of Nd2Fe14B single-phase 
nanograin magnets. 

2. Experimental  

Alloy ingots with nominal compositions (at%) of 
Nd12.3−xDyxFe79.7Zr0.8Nb0.8Cu0.4B6.0 (x=0, 0.5, 1.5, and 2.5) 
were prepared using commercial grade materials by vacuum 
induction melting, they were named as A (x=0), B (x=0.5), 
C (x=1.5), and D (x=2.5) for short. The over-quenched rib-
bons were produced by melt-spinning onto the surface of a 
copper wheel rotating at the speed of 22 m/s in a high-purity 
Ar atmosphere. The ribbons selected (40-50 μm in thickness) 
were annealed at 550-800°C for 10 min to optimize crystal-
lization and improve the permanent magnetic properties. 
The phase composition of the ribbons was determined by 
X-ray diffraction and high temperature X-ray diffraction 
with Cu Kα radiation. The crystallization behavior was ex-
amined by differential scanning calorimetry (DSC). The 
magnetic properties of the ribbons were measured with a vi-
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brating sample magnetometer (LDJ9600 VSM) in the field 
up to 1.6 MA/m at room temperature. The microstructures 
were observed by high-resolution transmission electron mi-
croscopy (HR-TEM JEM2010) with thin foils prepared by 
ion-beam thinning. 

3. Results and discussion 

3.1. Phase composition and crystallization behavior of 
the as-spun ribbons 

Fig. 1 shows the DSC curves of the as-spun ribbons with 
different Dy contents. Comparing with the curve of the 
Dy-free (x=0) sample in Fig. 1(b), the substitution of 1.5at% 
Dy is observed to retard the crystallization by 35°C, imply-
ing that a slight amount of Dy can stabilize the amorphous 
phase during annealing treatment. 

An as-spun C (x=1.5) ribbon was analyzed by the 
high-temperature X-ray instrument. Fig. 2 shows the dif-
fractograms of the C (x=1.5) ribbon at 20, 600, 700, and 
800°C. It can be seen that the sample consists of the amor-
phous phase at room temperature. The peaks corresponding 
to the hard magnetic Nd2Fe14B phase are enhanced when the 
temperature increases to 600°C. Combined with Fig. 1(a), 
the C (x=1.5) as-spun sample should be intensively crystal-
lized around 600°C. With a further increase in temperature 
to 800°C, the width of the peak becomes narrower, indicat-
ing the grains have grown up. 

3.2. Relationship between Dy content and magnetic 
properties of annealed ribbons 

Fig. 3 shows the coercivities of samples A (x=0), B 
(x=0.5), C (x=1.5), and D (x=2.5) annealed at different tem-
peratures. When the Dy content is not larger than 0.5at%, 
with the increase of annealing temperature from 600 to 
800°C, the coercivities first improve, and then decrease. 
When the Dy content is larger than 0.5at%, however, the 

 

Fig. 1.  DSC curves of the as-spun ribbons with different Dy 
contents: (a) x=1.5; (b) x=0. 

 
Fig. 2.  High temperature X-ray diffraction patterns of the C 
(x=1.5) as-spun ribbon. 

 
Fig. 3.  Coercivities of the A (x=0), B (x=0.5), C (x=1.5), and D 
(x=2.5) ribbons annealed at different temperatures. 

coercivities do not change very much at different annealing 
temperatures. In addition, with the increase of Dy content, 
the coercivities are gradually enhanced at the same anneal-
ing temperature. 

TEM images of the specimens in a post heat-treated state 
(700°C, 10 min) with different Dy contents are observed in 
Fig. 4. The grains become more regular, and the grain size 
becomes smaller from 40 to 20 nm with an increase in Dy 
content from 0at% to 1.5at%. This implies that a slight 
amount of Dy effectively uniforms the grains and suppresses 
the growth of the grains during the heat treatment. It is well 
known that the coercivity is very sensitive to the grain shape 
and grain size [11]. To increase the coercivity, the uniform 
microstructure must be established. On the other hand, when 
the grain size is smaller than 40 nm, the fine grains and uni-
form distribution greatly enhance the exchange-coupling in-
teraction, which can weaken the Hci values of the single 
RE2Fe14B phase alloy [12-13].  

According to some literatures [14-15], the magnetocrys-
talline anisotropy field (HA) of the Nd2Fe14B single crystal is 
about 5600 kA/m, and that of the Dy2Fe14B single crystal is 
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Fig. 4.  TEM images of the annealed ribbons: (a) A (x=0); (b) B (x=0.5); (c) C (x=1.5). 

about 12600 kA/m. What is more, the Nd2Fe14B phase and 
the Dy2Fe14B phase are totally mutual soluble. So, when the 
content of Dy substitution is enhanced, the HA of the (Nd, 
Dy)2Fe14B alloy should be improved. On the basis of the 
values above, the HA of the (Nd, Dy)2Fe14B alloy will be in-
creased by 70 kA/m with 1at% Dy substitution. This also 
means that Dy atoms probably has replaced the lattice point 
of Nd atoms in the Nd2Fe14B unit cell. This is one of the 
important reasons that increasing the Dy content effectively 
enhances the magnetic coercivity in Fig. 3. 

The demagnetization curves of the annealed ribbons with 
different Dy contents are shown in Fig. 5. When the Dy 
content increases from 0at% to 2.5at%, although Hci is im-
proved from 683 to 1315 kA/m, Jr obviously becomes worse 
from 1 to 0.6 T. Interestingly, there are two steps during this 
decreasing process. First, the remanence does not even 
change with an increase of Dy content from 0at% to 0.5at%. 
However, when the amount of Dy further increases to 

 
Fig. 5.  Demagnetization curves of A, B, C, and D ribbons an-
nealed at 600°C for 10 min. 

1.5at%, the remanence quickly becomes worse. The effect 
of Dy on decreasing the grain size which leads to a stronger 
exchange coupling is discussed above. Dy substitution also 
reduces the saturation magnetization (Js) and Jr, since the 
magnetic moment of Dy couples is antiparallel to both Nd 
and Fe moments [16]. With further Dy addition, the effect of 
Dy on reducing Js and Jr becomes stronger. So the rema-
nence decreases. 

The best magnetic coercivity is 1315 kA/m obtained 
from the D (x=2.5) ribbon in a post heat-treated state (600°C, 
10 min). However, the optimum magnetic properties with 
Jr=1.09 T, Hci=1048 kA/m, and maximum magnetic energy 
product (BH)m=169.5 kJ/m3 are obtained from the B (x=0.5) 
ribbon annealed at 700°C for 10 min, which is also the sam-
ple with the best remanence (1.09 T). So in this series of 
materials, a poorer remanence means a worse maximum 
magnetic energy product. 

3.3. Microstructure of the annealed Dy-substituted 
specimen 

HR-TEM images of the C (x=1.5) ribbon in a post 
heat-treated state (700°C, 10 min) are observed in Fig. 6. By 
the use of the software Digital Micrograph, the correspond-
ing Fourier filtered image in Fig. 7 is made. 

There mainly are three parts in the TEM image: grain 1, 
grain 2, and grain 3. The crystal lattice is very clear not only 
inside the grains but also on the grain boundaries. It suggests 
that the crystallization is perfectly complete. Moreover, no 
intergranular phase is found between the grains. The grain 
boundaries are totally crystallographically coherent. This is 
different from the structure of the sintered NdFeB magnets, 
whose coercivity dramatically depends on the Nd-rich phase 
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between and around the grains. Fig. 7 shows the Fourier fil-
tered image corresponding to the boundary of grain 1 and 
grain 3 in Fig. 6. The completely coherent grain boundary  
in Fig. 7 also proves that the coercivity mechanism in this  

 

Fig. 6.  HR-TEM images of the C (x=1.5) annealed ribbon: (a) 
low amplification; (b) high amplification. 

 
Fig. 7.  Fourier filtered image corresponding to the grain 
boundary of 1 and 3 in Fig. 6. 

series of materials is not similar to the traditional one in the 
sintered magnets. The magnetic coercivity is probably real-
ized by the effect of the magnetic exchange-coupling inter-
action between grains. 

4. Conclusions 

(1) A slight content of Dy stabilizes the amorphous phase 
during the annealing treatment. 

(2) When the Dy content is not larger than 0.5at%, with 
an increase of annealing temperature from 60 to 800°C, the 
coercivities first improve, and then decrease. When the Dy 
content is larger than 0.5at%, the coercivities do not change 
much with the increase of annealing temperature. At the 
same post heat-treated temperature, the coercivities are 
gradually improved when the Dy content is enhanced. The 
highest magnetic coercivity is 1315 kA/m obtained from the 
D (x=2.5) ribbon in a post heat-treated state (600°C, 10 
min). 

(3) The optimum magnetic properties of Jr=1.09 T, 
Hci=1048 kA/m, and (BH)m=169.5 kJ/m3 are obtained by 
annealing the melt-spun Nd11.8dy0.5Fe79.7Zr0.8Nb0.8Cu0.4B6.0 
ribbon at 700°C for 10 min. Excessive Dy weakens the re-
manence due to the lower Js of Dy2Fe14B. 

(4) No intergranular phase is found in the optimally an-
nealed sample. The grain boundaries are totally crystal-
lographically coherent. The magnetic coercivity is probably 
realized by the exchange coupling interaction rather than the 
intergranular phase. 
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