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The effect of post-sinter tempering on the DyFs-diffusion processed Nd-Fe-B was investigated using two
kinds of starting magnets. The increase of coercivity after diffusion process using as-sintered magnet was
higher than that using two-stage tempered magnet. The grain boundary phase of the tempered magnet
became discontinuous upon further annealing at the temperature of diffusion process. This clearly indi-
cates that a continuous grain boundary phase is helpful to the DyFs-diffusion process. When sufficiently
diffused, there is no enrichment of Dy in the grain boundary phase. The excess Nd as a result of Dy sub-
stitution in the Nd,Fe14B matrix phase forms Nd-O phase at grain boundary and on the surface of the
magnet. The increase of coercivity can be related to the (Nd,Dy),Fe4B grains as well as to the improved
decoupling by the grain boundary phase.

Crown Copyright © 2011 Published by Elsevier B.V. All rights reserved.

1. Introduction

In recent years, new methods are being explored to increase the
coercivity of Nd-Fe-B sintered magnets using a small amount of
heavy rare-earth elements such as Dy and Tb. The grain boundary
diffusion process is one of the effective ways to increase coerciv-
ity of the magnet with little sacrifice of remanence [1-3]. Instead
of direct alloying, heavy rare-earth elements are introduced into
the magnet via solid-state reaction during diffusion process. The
reported media containing the heavy rare-earth elements can be in
the form of metal elements [4,8,9], oxides [2,10], fluorides [1,2,11]
and recently low-melting point eutectic alloys [7,12]. After the dif-
fusion process, the heavy rare-earth elements such as Dy or Tb
only distribute at the grain boundary and in the outer region of
Nd,Fe14B grains, so the Dy or Tb quantity required for the coerciv-
ity enhancement can be reduced. Microstructure observation has
found that the Nd in Nd,Fe 4B matrix phase is partially substitu-
tion by Dy/Tb and (Dy/Tb,Nd),Fe;4B with high anisotropic magnetic
field is formed. The lattice structure of (Dy,Nd),Fe14B is reported to
be the same as that of Nd;Fe 4B [13]. According to Sepehri-Amin
et al. [4], there was no enrichment of Dy at the grain boundary
phase after Dy diffusion process and the composition of the outer
region of the Nd,Fe4B grains changed to (Dy,Nd),Fe4B. However,
many works have reported enrichment of Dy or Tb in the vicinity of
grain boundary. Li et al. [5] showed that the grain interface enriched
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with Dy and Tb could retard the formation of reversed domains.
Dy segregation near the grain boundaries was found after diffu-
sion process by rare-earth fluoride liquid coating [6]. Moreover, it
was shown that the same magnitude of coercivity enhancement
required less Dy [6]. Recently, Oono [7] indicated that a thin layer
with an elevated concentration of Dy formed in the Nd;Fe 4B grain
regions adjacent to the grain boundary phases after Dy-Ni-Al dif-
fusion process. Thus the conditions to observe the enrichment of
Dy or Tb near the grain boundary region should be further clarified.
Since the grain boundary is supposed to be the diffusion path,
the microstructure of grain boundary plays an important role in
diffusion process. For Nd-Fe-B sintered magnets, heat treatment
is known to be an effective way to tune the magnetic properties
by changing the microstructure of grain boundary. Many works
have shown that the grain boundary phase is discontinuous in
as-sintered magnets while it is continuous in tempered magnets
[14,15]. Limited attention has been paid to investigate which type
of grain boundary will be desirable to diffusion process up to now.
In this study, two starting magnets under different heat treatment
conditions were designed to investigate their effect on the dif-
fusion process. Moreover, the morphology and chemistry in the
grain boundary region and magnetic properties of the diffusion
processed Nd-Fe-B sintered magnets were also investigated.

2. Experimental

Bulk magnets were prepared from commercial jet-milled powders
(NdosPro2)1s5FepaBs (at.%). The powders were compacted under a magnetic
field of 1800 kA/m followed by isostatic pressing at 220 MPa. The green compacts
were sintered at 1100°C for 2 h in vacuum, cooled by gas quenching (as-sintered
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Fig. 1. Demagnetization curves of the Nd-Fe-B magnets without and with diffusion process using (a) the as-sintered and (b) two-stage tempered magnets as the starting

material, respectively, measured at 298 K.

state). Some of the as-sintered magnets were further tempered at 900 and
500-560°C, respectively (tempered state). Both the as-sintered and tempered
Nd-Fe-B magnets were used for diffusion process for comparison.

The magnets were cut into small pieces of 2 mm x 3 mm x 3 mm where the pre-
ferred magnetization direction was parallel to the 2 mm long edge. DyF; powders
having a mean particle size of 5um were dispersed in ethanol at a propor-
tion of 50wt% in an ultra-sonic vibrator. Then the small pieces of magnets were
immersed in the dispersion for 1 min. After a thin film of DyF; was formed on
the surfaces of the magnets, the magnets were removed from the dispersion
and immediately dried with hot air. The coated magnets were annealed at tem-
peratures between 800 and 1000°C for 3h in vacuum and then tempered at
525°C for 1h ((sintered or tempered)+ DyF; diffusion (800-1000°C+525°C)). To
monitor the change during diffusion process, magnets without a DyF; coating ((sin-
tered or tempered)+900°C+525°C) were used as a comparison. Moreover, the
as-sintered and tempered Nd-Fe-B magnets were annealed at 900°C ((sintered or
tempered)+900°C) to investigate their microstructure evolution.

The magnetic properties of the samples were measured using a vibrating sam-
ple magnetometer (Lake Shore 7410 VSM) after the magnetic alignment of the
samples. Backscattered electron (BSE) images were observed by scanning electron
microscope (SEM) (Jeol JSM-7600F). Detailed microstructure at grain boundary was
investigated by high resolution transmission electron microscopy (HRTEM) and
scanning transmission electronic microscopy (STEM) (Jeol JEM-2100F). Both the
microscopes were equipped with an energy dispersive X-ray spectrometer (EDS)
(Oxford INCA system).

3. Results and discussion

Fig. 1 compares the room temperature demagnetization curves
of the magnets with and without diffusion process. In Fig. 1(a),
the as-sintered magnets were used for diffusion process. Compared
with the magnets without a DyF3 coating processed under the same
condition, coercivity increased from 1125 to around 1450 kA/m
after the diffusion process, while the remanence B; was almost
unchanged (Fig. 1(a)). Diffusion process at temperatures between

800 and 1000°C resulted in a slight difference in coercivity within
50kA/m (Fig. 1(a)). However, if a tempered magnet was used as
the starting piece, coercivity was below 1350 kA/m after the diffu-
sion process (Fig. 1(b)), which is about 100 kA/m smaller than that
of the as-sintered magnets under the same condition. In order to
understand the effect of post-sinter tempering on the diffusion pro-
cess, both the as-sintered and tempered magnets were annealed at
900°C without a DyF; coating. After annealing, the coercivity of
the as-sintered magnet was about 1050 kA/m (red dotted line in
Fig. 1(a)) while that of the tempered magnet decreased to below
900 kKA/m (red dotted line in Fig. 1(b)).

Fig. 2 compares the microstructure of as-sintered and tempered
magnets upon further annealing at 900 °C, respectively. In the BSE
image, the bright contrast corresponds to phases containing more
heavy elements, which is the Nd-rich grain boundary phase in the
microstructure. Although the grain boundary phase is not clear
along some of the grain boundaries, there is a thin continuous grain
boundary phase in the as-sintered magnet upon further annealing
at 900°C (Fig. 2(a)). However, the bright grain boundary phase is
found to be discontinuous in the form of particles embedded along
the grain boundary in the tempered magnet (Fig. 2(b)). This indi-
cates that further annealing at 900°C after two-stage tempering
results in a discontinuous grain boundary phase in the microstruc-
ture. The discontinuous grain boundary phase gives rise to a poor
decoupling between the matrix grains, which corresponds well
with the observed low coercivity in Fig. 1(b). Since the low melting
point grain boundary phase is supposed to be a path for the diffu-
sion process, the continuous or discontinuous distribution of the
grain boundary phase in magnet shall have a large impact on the
effectiveness of the DyF3 diffusion process.
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Fig. 2. SEM images of (a) the as-sintered and (b) tempered magnets upon further annealing at 900 °C, respectively.
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Fig. 3. Cross-sectional SEM images of the magnets without diffusion process (sintered +900°C+525°C) (a) and (b), and with diffusion process (sintered + DyFs diffusion
(900°C+525°C)) (c) and (d). (e) Nd Le, (f) O K, (g) Fe Ka1, and (h) Dy Ma are elemental mapping images for (c), respectively.

Cross-sectional SEM images of the magnets with and without
DyF; diffusion process using the as-sintered magnets as the starting
material processed under the same condition are shown in Fig. 3. In
Fig. 3(a) and (c), the left-hand side in the images is the outer surface
of the magnets. Compared with Fig. 3(a), a ~200 nm thick layer in
bright contrast was found on the surface of the magnet after diffu-
sion process (Fig. 3(c)). Element mapping indicated that the layer
was rich in Nd and O (Fig. 3(e) and (f)). Since the diffusion process
was carried out under vacuum condition, this cover layer is not
likely to be the oxidation product but a reaction product after the
diffusion process. TEM investigation of the cross section indicated
that the cover layer showed an fcc structure whose lattice constant
was ag =0.56 nm (Fig. 4). F was detected in this cover layer and the
Dy content was slightly higher than that in the matrix phase. Thus
the cover layer is probably an Nd-rich phase formed after the dif-
fusion process. Besides the cover layer, the bright grain boundary
phase became clear and easily visible in the magnet with diffusion
process (Fig. 3(c)). The detailed microstructures of magnets with-
out and with DyF3 diffusion process using the as-sintered magnets

are shown in Fig. 3(b) and (d), respectively. It is shown that the
bright grain boundary phase became thick and continuous which is
clearly seen in the magnet with DyF3 diffusion process within the
resolution of SEM. However, element mapping did not find obvi-
ous enrichment of the Dy element in the microstructure under the
present magnification (Fig. 3(h)).

In order to detect the distribution of Dy at different depths, the
concentration profiles of Nd, Fe and Dy between the Nd-rich phase
and the matrix phase near the surface and 1 mm away from the
surface of the magnet after diffusion process using as-sintered and
tempered magnets are shown in Fig. 5. Near the surface of the mag-
nets, strong peaks of Dy M, were found in the cover Nd-rich layer
and the outer surface of the Nd;Fe4B grains (Fig. 5(a) and (d)).
However, in the interior region of the magnet (1 mm away from the
surface), peaks of Dy were found in the blocky grain boundary phase
only (Fig. 5(b) and (e)). No obvious contrast between the periphery
and interior of the Nd,Fe 4B grains were found. In contrast, in the
diffusion processed magnet using the tempered magnets where the
grain boundary phase was discontinuous during the process, there
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Fig. 4. (a) Cross-sectional TEM image of diffusion processed magnets (sin-
tered + DyF3 diffusion (900°C+525°C)) and (b) typical compositions determined
by EDS (at.%).
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is no difference in Dy content between the grain boundary phase
and matrix phase under the same depth (Fig. 5(c) and (f)). This is
an indication that the Dy diffused into the magnet from the surface
through the grain boundary phase, which agrees well with refer-
ence [1]. Thus the Dy atoms diffuse into the magnets more easily in
the as-sintered magnets where the grain boundary phase is contin-
uous during the process. That should explain why a larger coercivity
was obtained in the as-sintered magnet than that in the tempered
magnet after the diffusion process.

Fig. 6 shows details of composition distribution in the grain
boundary region close to and about 1 mm away from the surface
of the diffusion processed magnets using the as-sintered magnet,
respectively. The crystalline grain boundary phase lying between
the matrix grains was about 10 nm thick. The grain boundary phase
in both casesisrich in Nd + Prand F. There is an obvious enrichment
of Dy in the grain boundary phase close to the surface (Figs. 6(a) and
(c)). However, in the region about 1 mm away from the surface,
Dy was not detected in the thin grain boundary phase, but was
detected in the outer shell of the Nd,Feq4B matrix grain (Figs. 6(b)
and (d)). This means that Dy concentration decreases with increas-
ing depth and when sufficiently diffused, the Dy tends to diffuse
into the matrix phase from the grain boundary.

Inthe present investigation, it is found that the effect of the coer-
civity improvement after the DyF5 diffusion process depends on the
state of the starting magnet. In Nd-Fe-B sintered magnets, many
works have shown that the grain boundary phase becomes smooth
and continuous upon post-sinter tempering. However, due to the
capillary effect, the grain boundary phase in the tempered mag-
net became discontinuous upon further annealing at 900 °C which
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Fig. 5. Cross-sectional SEM images near (a) the surface and (b) 1 mm away from the surface of diffusion processed magnets (sintered + DyF; diffusion (900 °C+525°C)), (c)
the cross-sectional SEM image in the interior region (1 mm away from the surface) of diffusion processed magnet (tempered + DyF; diffusion (900°C+525°C)), (d-f) the EDS

line profiles taken from line 1, line 2 and line 3 in (a-c), respectively.
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Fig. 6. TEM images of the grain boundary (a) close to the surface and (b) about 1mm away from surface of diffusion processed magnets (sintered + DyF; diffusion
(900°C+525°C)), (c) and (d) the element distribution of Nd + Pr, Fe, Dy and F in (a) and (b), respectively.

was the temperature for diffusion process. Thus the diffusion of Dy
into the tempered magnet via grain boundary was blocked and the
diffusion depth was limited, resulting in a small improvement of
coercivity. Besides, fcc-structured Nd-O phase was formed on the
surface of the magnet and along the grain boundary in the magnet
after the DyF3 diffusion process. It has been reported that an fcc
Nd-O0 phase instead of dhcp phase on the surface Nd,Fe 4B grains
is strongly related to the onset of coercivity in the Nd-Fe-B mag-
nets[16]. Fukagawa et al.[17] has indicated that the formation of an
fcc structured NdOy intergranular phase is essential to the recovery
of coercivity in Nd-Fe-B sintered magnets. According to previous
investigations [1,2,4-6] and our present observation, Dy favored
to substitute for Nd in the Nd,Fe{4B matrix grain to form the
(Nd,Dy),Fe14B phase. The excess Nd from the matrix grain forms
the Nd-O phase at grain boundary and on the surface of the magnet,
which is beneficial to the improvement of coercivity due to suffi-
cient decoupling of the matrix grains. In addition, the formation of
(Nd,Dy),Fe14B in the outer region of the matrix grain adjacent to
grain boundary increases the magnetic anisotropy, which is also
beneficial to the improvement of coercivity.

4. Conclusions

Two different starting magnets were used for DyF; diffusion
process to investigate the effect of post-sinter tempering on such

a process. The coercivity can be obviously increased after the
diffusion process in the as-sintered magnet. The relatively small
coercivity increase in the as-tempered magnet under the same pro-
cess is due to the discontinuous grain boundary phase upon further
annealing at 900 °C. This clearly indicates that a continuous grain
boundary phase is helpful to the diffusion process. When suffi-
ciently diffused, there is no enrichment of Dy in the grain boundary
phase. The excess Nd as a result of Dy substitution in the Nd,Fe{4B
matrix phase forms Nd-O phase on the surface of the magnet and
at grain boundary in the magnet. The formation of (Nd,Dy),Fe4B in
the outer region of the matrix grain and the improved decoupling
by the grain boundary phase attribute to the coercivity increase.
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