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Abstract The effect of Nb addition on the magnetic prop-
erties, microstructure, and site preference has been investi-
gated in single-phase Ndj;3Feg; 7-xNbyBgo (x = 0-3.0)
alloy ribbons. Those ribbons were treated by subsequent
annealing. The optimum magnetic properties with J, = 0.94
T, He; = 919.0 kA/m, and (BH)nax = 143.1 KJ/m3 were
achieved by annealing the melt-spun ribbons with x = 1.5 at
650 °C for 10 min. Additions of Nb were effective in refin-
ing the grain size and improving the magnetic properties.
Transmission electron microscopy (TEM) showed that there
was no second phase or precipitate found in grain bound-
aries. The results of three-dimensional atom probe (3DAP)
indicated that Nb may enter into the amorphous structure
and Nd;Fe 4B. The content of Nb in NdyFe4B was very
small. Theoretical calculation showed that Nb preferentially
substituted Fe atoms at the 8j; sites and the volume of a cell
would slightly enlarge.
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1 Introduction

As the rare earth permanent magnets of the third gener-
ation, Nd-Fe-B magnets have been extensively studied in
respect to their industrial applications [1]. To improve their
magnetic properties, extensive efforts have been made by
the substitution of other elements [2-5]. Nb is the most
commonly used. The effect of its addition on nanocom-
posite magnets was reported by some researchers [6-8].
The result showed that the addition of Nb can improve
the thermal stability of amorphous phase and the energy
product of nanocomposites [6, 7]. Proper addition of Nb
could inhibit the formation of TbCu;-type metastable phase,
which would be decomposed into Nd;Fe;4sB and a-Fe
phase [8].

For the site preference of Nb, different views exist.
Yamasaki et al. [9] reported that Nb hardly enters a-Fe or
Nd,Fe 4B phase and that Nb and B atoms were enriched
in the remaining amorphous phase, inhibiting grain growth.
Chen et al. [10] reported that Nb preferably segregates at
grain boundaries to form Nb-rich intergranular phase rather
than entering the ProFe4B matrix, indicating that Nb does
not enter the 2:14:1 phase. Wang et al. [11, 12] studied the
influence of Nb on (Ndg 9Dyyg.1)9.5Fe79_xCosNb,Bg 5 (x =
0, 1, 5) alloy. They reported that with 1 % Nb addition,
Nb atoms were enriched in the boundary phase [11], while
the ratio of Nb, Fe, and B atoms in Nb-enriched bound-
ary phase reaches 1:1:1, and more Nb atoms were found
in NdyFe4B phase [12]. Wang et al. [13] studied the site
preference of Nb in Nd;Fe 4B by using interatomic pair
potentials. They believed that Nb atoms were inclined to
enter NdyFe4B and replace Fe in the j, site. However,
the effect of Nb substitution on the Nd,Fe 4B single-phase
nanograin alloy has not been understood well, especially
its role in microstructure and site preference. Therefore, the
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alloys of Nd12.3F681.7,XNbe6.() (x = 0—3.0) with differ-
ent Nb content were studied in this work, focusing on the
magnetic properties, microstructure, and site preference.

2 Experiment
2.1 Experimental Method

The Ndjp3Feg;7-xNb,Bgo (x = 0, 0.5, 1.0, 1.5, 2.0,
2.5, 3.0) alloy ingots were obtained by applying the melt-
spinning technique to a wheel at a speed of 22 and 30 m/s.
The ribbon samples with a width of 2-3 mm and a thick-
ness of 40-50 um were isothermally annealed in the range
of 550-800 °C for 10 min in vacuum-sealed quartz tubes to
crystallize. Phase analysis of the samples was characterized
by X-ray diffractometer with Cu-Ke radiation. Magnetic
measurement at room temperature was employed using
a LDJ9600 vibrating sample magnetometer (VSM).The
length direction of the ribbons was parallel to the applied
field in order to minimize demagnetization effect. The
microstructures were observed by high-resolution transmis-
sion electron microscopy (HR-TEM JEM2010) with thin
foils prepared by ion-beam thinning. A three-dimensional
atom probe (3DAP) was employed to investigate the ele-
mental distribution at a near-atomic resolution.

2.2 Computational Method

At the beginning of the 1980s, Carlsson [14] reported that
the cohesive energy of a metal could be obtained by an ab
initio method and that the pair potentials could be inverted
from the calculated cohesive energy curves. Using this
method, interatomic potentials can be constructed. In the
middle of 1990s, Chen’s inversion theorem was developed.
It is a rigorous and concise approach to obtain the inter-
atomic pair potential based on the cohesive energy curves
[15, 16]. The interatomic pair potentials were obtained by
Chen’s lattice inversion in detail [17—-19].The pair potentials
was fitted simply by the Morse function

% () = Do {e["(é‘o—l)l _ 26[—(;)(,3;,—1)]} N

where Dy and Ry are potential parameters. The other param-
eters are shown in Fig. 1.

3 Result and Discussion
3.1 Phase Analysis and Magnetic Properties

Figure 2 shows the XRD patterns of melt-spun
Ndjz.3Feg; 7-xNbyBgo (x = 0, 1.0, 2.5). At the spinning
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speed of 22 m/s, the addition of 2.5 % Nb also revealed
the relatively weak crystallization peak. Comparing Fig. 2a
with Fig. 2b, as the spinning speed increases, diffraction
peak intensity decreases and the amorphous forming ability
is improved. The ribbons with x = 0 were not a completely
amorphous phase and the obvious characteristic peaks of
NdyFe 4B emerged. When x = 1, the melt-spun ribbons
were almost completely amorphous alloy. While the melt-
spun ribbons with x = 2.5 were completely amorphous,
a typical characteristic of amorphous state—the diffuse
scattering peaks in the XRD—already existed. It suggested
that Nb addition improved the ability of the alloy to form an
amorphous alloy and inhibited the formation of crystalline
phase at the speed of 30 m/s. The contrary crystallization
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Fig. 2 XRD plots of melt-spun Ndi; 3Feg; 7-xNb,Bg o ribbons with
spinning the speed of 22 and 30 m/s. (@) x =2.5,(b) x =2.5,(c) «x
=0,d) x=1
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Table 1 Optimal magnetic properties of Ndj; 3Feg; 7—xNb,Bg ¢ at different experiment conditions

Nb (at %) (BH)max (kJ/m3) H¢i(kA/m) J:(T) AAN Annealing condition
0.5 141.09 867.94 1.02 0.73 600 °C 10 min
1.0 125.61 908.08 0.90 0.73 650 °C 10 min
1.5 143.12 918.96 0.94 0.73 650 °C 10 min
2.0 139.62 980.67 0.96 0.75 650 °C 10 min
2.5 118.13 1200.0 0.87 0.72 650 °C 10 min
3.0 116.61 1085.11 0.84 0.74 650 °C 10 min

phenomenon with the crystallization tendency improved as
a result of the Mn substitution in NdgFegs_yMn,Bg (x = 0,
0.5, 1) was observed by Xie et al. [19].

Many literatures [7, 20, 21] on this issue has shown that
nanocomposite or single-phase NdyFe 4B exhibits the best
properties between 550 and 800 °C. In order to achieve
the best magnetic properties for each alloy, a thermal treat-
ment at a temperature range of 550 to 800 °C for 10 min
was employed individually to gain a fine structure. The
best magnetic properties of each alloy are listed in Table 1.
It can been seen that optimum magnetic properties with
(BH)max = 143.1 kJ/m?, J, = 0.94 T, Hg; = 919.0 kA/m
are achieved by annealing the melt-spun ribbons with x
= 1.5 at 650 °C for 10 min. It can be concluded that the
exchange coupling effect between the grains in this alloy
is stronger, the grain size is small, and the distribution is
relatively uniform. Although the content of Nb was dif-
ferent, the high performance of the alloy system appeared
at 650 °C for 10 min. The hysteresis loops and magnetic
properties of Ndj>3Feg; 7-xNb,Bg o (x = 0.5~3.0) alloy
annealed at 650 °C for 10 min are shown in Fig. 3. It
can be seen that the addition of Nb can improve the mag-
netic properties significantly and the square of the hysteresis
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curves is good. As Nb content increased, remanence (J;)
and the maximum magnetic energy product (BH)pnax were
first increased and then decreased. The maximum mag-
netic energy product was increased first from 123.9 kJ/m?
(x = 0.5) to 143.1 kI/m?® (x = 1.5) and then decreased
to 116.6 kI/m> (x = 3.0). All magnetic energy products
were larger than 115 kJ/m3. However, the coercive force
(Hi) increased as Nb content increased, reaching a peak
when x = 2.5. When the grain size is reduced to nanometer
scale, the properties of magnetic materials can change sig-
nificantly. Grain size, grain orientation, spatial distribution,
intergranular exchange effect, anisotropy field, and other
factors in magnetic phase will affect the magnetic proper-
ties. As for remanence(Jr), as the grain size decreases, a
strong exchange coupling effect between adjacent grains is
produced and the remanence enhancement effect is obvi-
ous. But when the Nb content exceeds a certain value, the
microstructure can change significantly and remanence may
decrease, as shown in Fig. 3b. As for the coercive force
(Hgj), it is the structural sensitivity parameter. As Nb content
increases, the grain size of the alloy decreases; as a result,
the coercive force increases. The influence of remanence to
the maximum magnetic energy product (BH)max is greater
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Fig. 3 Hysteresis loop and magnetic properties of the Nd;2 3Feg; 7-xNbyxBg o (x = 0.5~ 3.0) ribbons annealing at 650 °C for 10 min. a Hysteresis

loop, b magnetic properties
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Fig. 4 TEM images of
Ndj2.3Fe79.2Nbj 5Bg o ribbons
annealed at different temperature
for 10 min. a 600 °C, b 650 °C

than that of the coercive force. With Nb addition, the change
of (BH)max is similar to that of remanence.

3.2 Microstructure

Figure 4 shows the TEM images of Ndj23Fe79,Nb 5B¢ o
ribbons annealed at 600 and 650 °C for 10 min, respec-
tively. Comparing the two graphs, it can be found using the
selected area analysis that the electron diffraction ring in
Fig. 4a is not completely continuous, indicating the pres-
ence of the amorphous phase and Nd,Fe 4B crystal phase
in the alloy ribbons. The grain size is about 30-40 nm.
In Fig. 4b, with the same composition and condition after
crystallization at 650 °C for 10 min, the selected elec-
tron diffraction ring becomes continuous, indicating that the
crystallization of the NdFe 4B phase volume fraction is
greatly increased. The grain size is also about 30-40 nm.
There is no obvious increase of grain, nearing to complete
crystallization.

Figure 5a is a HRTEM image of the Nd, 3Fe79 2Nb2 5Bg
alloy after annealing at 600 °C for 10 min. The Fourier

Fig. 5 HR-TEM images of
Ndj2.3Fe792Nby 5Bg ¢ annealed
ribbon. a Annealed at 600 °C
for 10 min, b annealed at 650 °C
for 10 min

filtered images corresponding to different sections of Fig. 5a
are shown in Fig. 6. It can be seen that, in Fig. Sa,
region 1 of the Fourier transform spectrum has an amor-
phous characteristic, as is shown in Fig. 6a. Region 2
(Fig. 5a) is a boundary between amorphous zone 1 and
crystallization zone 3. Therefore, region 2 is a reflection of
region 3 of the diffraction spots and region 1 of amorphous
ring superimposition, as shown in Fig. 6b. The Fourier
transform spectrum of region 3 (Fig. 5a) is completely
characterized, as is shown in Fig. 6c¢.

Figure 5b shows the HRTEM images of
Ndj2.3Fe792Nb; 5B¢ alloy annealed at 650 °C for 10 min.
In order to further clarify the microstructure and crystal-
lization of the district, the Fourier transform is made, and
the Fourier transform spectrum of each region has obvious
characteristics of the crystal lattice image. Although the
HRTEM image of region 4 (Fig. 5b) is not seen as a regu-
lar lattice arrangement, it is known that the crystallization
phase is characterized by the Fourier transformation, as
is shown in Fig. 6d. By calibrating, this is the orientation
[ill] of the NdyFe 4B phase. In Fig. 5b, the phase angle

1.24nm

ey, Wb
—
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Fig. 6 Fourier filtered images corresponding to different sections in Fig. 5a. a Corresponding to Fig. 5a zone 1, b corresponding to Fig. 5a zone
2, ¢ corresponding to Fig. 5a zone 3, and d corresponding to Fig. 5b zone 4

between grain 5 and grain 6 is 19 degrees, which belongs
to the large angle grain boundaries. As is shown above, the
grain boundary can be divided into two kinds: the amor-
phous boundary of the NdyFe 4B grain and the boundary
between Nd;Fe4B grains. Figure 5a is the first kind of
grain boundary. Figure 5b is a reflection of the second kind
of grain boundaries. From Fig. 5a and the Fourier transform
spectrum, it can be seen that the internal crystallization
of the material after annealing at 600 °C for 10 min is
not complete. The crystallization of grains in zone 2 is
incomplete and the Fourier transform spectrum appears to
be an amorphous diffraction ring, which indicates that they
are not fully balanced phase. From Fig. 5b, it can be seen
that the internal crystallization of the material is complete
after annealing at 650 °C for 10 min, which revealed the
formation of the boundary between the NdyFej4B grains.

Regardless of the boundary type, there is no second phase
or precipitates found in the grain boundaries.

3.3 Site Preference

As-spun ribbons with 2.5 % Nb addition exhibited the
characteristic peaks of Nd,Fe4B at a speed of 22 m/s in
Fig. 2. Figure 7 shows the 3DAP analysis results of these
ribbons. Nb exhibits periodic ups and downs. It seems that
in the grain boundaries where the nanocrystalline Nb atoms
have a higher concentration, the Nb-rich region forms.
This region hinders the growth of nanograins, therefore
impeding the increase of the grain size of the thin alloy rib-
bons (650 °C 10 min) and enhancing the coercivity of the
alloy with Nb addition. It can be seen that Nb enters into
the amorphous structure and Nd,Fe 4B phase, which is a

a b
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Fig.7 3DAP analysis results for Ndj2 3Fe792Nb2 5Bg ¢ as-spun ribbon at a speed of 22 m/s. a Elemental map, b the corresponding concentration

depth profiles (8 x8 x22 nm?)
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Fig. 8 Cohesive energy and tolerance of Nd,Fej4_xNb,B

little different from nanocomposite NdyFe14B/a-Fe [22]. In
Fe3B/Nd,Fe 4B, Nb atoms are contained only in the Fe;3Bg¢
phase [20].

Each Nd;F4B unit cell has six crystallographically
inequivalent Fe sites, two inequivalent Nd sites, and one
B site. The Fe atoms are set at 4c, 4e, 8j1, 8j», 16k, and
16k, sites, respectively. Fe atoms in each site are replaced
by Nd atoms with different concentrations. The substitu-
tion concentration for 4c, 4e, 8j;, and 8j; is up to 100 %,
and 50 % for the two k sites. Simulation was conducted by
energy minimization, using the conjugate-gradient method
with a cutoff radius of potentials of 14 A. The system used
to relax contains 2 2 2 supercell with 544 atoms. We took
the average of 20 samples for each substation concentration.

Figure 8 shows the variations of cohesive average energy
with Nb concentration at different sites. It can be seen that
Nb substitution of jp site causes the cohesive energy to
increase, while substitutions of the other five sites cause
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Fig. 9 Cell volume of NdyFej4_xNb, B vs titanium composition x at
different sites
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the cohesive energy to decrease, indicating that Nb atom
will preferentially occupy the 8j, site. There are a few
experimental researches about Nb substitution in Nd,Fe4B.
Wang et al [11, 12] studied the influence of Nb on
(Ndg.9Dyo.1)9.5Fe79_xCosNb,Bg 5 (x =0, 1, 5) alloy using
a three-dimensional atom probe (3DAP). While the concen-
tration of Nb, Fe, and B atoms in Nb-enriched boundary
phase became equal, and more Nb atoms were found in
Nd;,Fe4B phase [12]. Hui et al [13] believed that Nb should
most preferentially replace Fe j, site. Although, some
researchers found that Nb hardly enter into 2:14:1 phase in
nanocomposite magnet material, which was different from
Nd,Fe 4B single-phase nanograin.

Figure 9 shows the variations of unit cell volume with
different Nb concentration. The covalent radius of Nb (1.34
A) is larger than Fe (1.17 A). As Nb increases, the volume
of a cell increases. Fe 8j; site has the largest space and Fe
4e site has the smallest space [23]. When the Fe j, site is
substituted by Nb, the inflation of volume is the least, while
if Nb replaces the Fe 4e site, the substituting atom will cause
the crystal inflation enormously. Note that all the sites of
the cell volume with substituting concentration are almost
linear.

4 Conclusions

In summary, the effect of Nb substitution on the magnetic
properties, microstructure, and site preference of melt-spun
ribbons Ndi, 3Feg; 7_xNbyBg.o (x = 0-3.0) has been stud-
ied. The addition of Nb refined the microstructure and
improved the magnetic properties of nanocomposite mag-
nets. For both the amorphous boundary and the boundary
between Nd,Fe 4B grains, no second phase or precipitates
were found in the grain boundaries. Optimum magnetic
properties with (BH)max = 143.1 kJ/m3, J; = 0.94 T, H;
= 919.0 kA/m were achieved by annealing the melt-spun
ribbons with x = 1.5 at 650 °C for 10 min. Besides, in a
single-phase Nd,Fe 4B nanograin, Nb atoms preferentially
occupied the 8j; site and the cell volume would inflate least.
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