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The commercial 42M Nd-Fe—-B magnet was treated by grain boundary diffusion (GBD) with Pr;yCosq (PC), PrygAlsg
(PA) and Pr;gCo;sAl 5 (PCA) alloys, respectively. The mechanism of coercivity enhancement in the GBD magnets was
investigated. The coercivity was enhanced from 1.63 T to 2.15 T in the PCA GBD magnet, higher than the 1.81 T of the
PC GBD magnet and the 2.01 T of the PA GBD magnet. This indicates that the joint addition of Co and Al in the diffusion
source can further improve the coercivity. Microstructural investigations show that the coercivity enhancement is mainly
attributed to the exchange-decoupling of the GB phases. In the PCA GBD magnet, the wider thin GB phases can be formed
and the thin GB phases can still be observed at the diffusion depth of 1500 pm due to the combined action of Co and Al.
At the same time, the formation of the Pr-rich shell can also be observed, which is helpful for the coercivity enhancement.

Keywords: Nd—Fe-B, coercivity, Pr—Co—Al alloys, grain boundary diffusion

PACS: 75.60.Nt, 75.50.Ww, 75.50.Vv, 75.60.E;j

1. Introduction

Sintered Nd—Fe—-B permanent magnets have a wide range
of applications due to their excellent magnetic properties at
room temperature. However, their magnetic properties de-
teriorate seriously at high temperatures due to poor thermal
stability. This limits their application in some fields such
as the traction motors of hybrid electric vehicles and wind
generators.I2l Thus, it is necessary to improve the coer-
civity of Nd-Fe-B magnets. A common method for coer-
civity enhancement is to form (Nd,Tb/Dy),Fe 4B grains of
higher anisotropy field Hs through addition of heavy rare
earth (HRE) (e.g., Tb and Dy) in Nd-Fe-B alloys.!** How-
ever, this way may result in reduction of remanence due to
anti-ferromagnetic coupling between Fe and HRE.! In recent
years, the increase of Tb/Dy price leads to an increase in the
cost. Therefore, the grain boundary diffusion (GBD) process
In this method, the
consumption of HRE is limited, the matter containing HRE

has attracted more and more attention.

coated on the magnet surface is diffused into the magnet along
the grain boundary (GB) through the heat treatment, to form
the HRE-rich shell with a higher Hy and thin GB phases.
The main reason for the coercivity enhancement is the mag-
netic hardening effect of the HRE-rich shell and the exchange-
decoupling of the GB phases.[®7]

DOI: 10.1088/1674-1056/abc166

Recently, in order to save Tb/Dy resources, the coerciv-
ity enhancement by GBD with HRE-free diffusion source has
successfully applied to the sintered Nd-Fe-B magnets, such
as Pr—Al-Cu, Pr—Cu and Nd7oCu3o.®"'% The coercivity en-
hancement of the HRE-free diffusion source GBD magnets is
mainly attributed to the formation of continuous GB phases.
This can effectively improve the exchange-decoupling be-
tween adjacent grains.!"»!'=15] The HRE-free diffusion source
is mainly composed of light rare earth (LRE) phase and non-
rare earth phase. In order to obtain higher coercivity, the
LRE phase usually chooses Pr because the Hy of PryFe;4B
is higher than that of Nd,Fe4B.*! The choice of non-rare
earth elements is also crucial. Because the main function of
non-rare earth elements is to promote GBD and the forma-
tion of continuous GB phases. Al has been widely used in
diffusion sources because it can effectively improve the wet-
tability of GB phase.[®!%!7] In the preparation of Nd-Fe-B
alloy, a small amount of Co is usually added to improve the
magnetic properties.!'8-2!1 Chen et al.**! reported that the co-
ercivity and remanence at high temperatures can be increased
simultaneously due to the formation of the Dy and Co enriched
shell structure, when the commercial sintered Nd—Fe-B mag-
net diffused with DygCoy4g alloy. In addition, Lee et al.**! re-
ported that the coercivity of magnets can be further enhanced
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when the mixed powder of DyCo and Al is used as the diffu-
sion sources. This indicates that the addition of Co and Al in
the diffusion source is helpful for the coercivity enhancement.
Thus, in order to achieve the coercivity enhancement through
the HRE-free diffusion source GBD, we design Pr7oCoszg (PC),
PrypAlsg (PA) and Pr;9Coj5Al s (PCA) diffusion sources and
conduct GBD for the commercial 42M Nd-Fe-B magnet. In
this work, the mechanism of coercivity enhancement in the
GBD magnets and the effects of Co and Al on the magnetic
properties are investigated based on the microstructural obser-
vation.

2. Experimental details

The commercial 42M sintered Nd—Fe-B magnet of size
6 mm x 6 mm x 5 mm were used as the original sample.
Pry0Cosg (at%), PrygAlsg (at%) and Pr;gCojsAl;s (at%) al-
loys were prepared by arc-melting with industry raw mate-
rials Pr, Co and Al in high purity argon atmosphere. These
alloys are cut into sheets in dimensions of 6 mm x 6 mm x
0.2 mm (thickness) with wire-electrode cutting. These sheets
are ground to the same mass through abrasive papers in alco-
hol and then used as diffusion sources. The original magnet is
located between two sheets and placed in a high temperature
resistant mold, in which the interface between the magnet and
the sheet is perpendicular to the c-axis. Finally, these samples
were performed in the diffusion treatment at 800 °C for 10 h
and annealed at 500 °C for 2 h. The magnetic properties were
measured by pulsed field magnetometer (PFM14.CN). The
microstructure, element concentration and elemental distribu-
tion were analyzed by scanning electron microscopy (SEM,
FEI Quanta FEG 250) and energy-dispersive x-ray spectrome-
try (EDS). The local microstructure and elemental distribution
were examined by a Talos F200X scanning/transmission elec-
tron microscope (S/TEM).

3. Results and discussion

Figure 1 shows the demagnetization curves of the origi-
nal and GBD processed magnets by PC, PA and PCA alloys at
20 °C. After diffusing treatment, the coercivity increase from
original 1.63 T to 1.81 T, 2.01 T and 2.15 T, respectively. The
remanence reduced from 1.34 Tto 1.33 T, 1.28 T and 1.30 T,
respectively. It can be seen that the coercivity enhancement of
the PA GBD magnet is better than that of the PC GBD mag-
net. However, the coercivity enhancement of the PCA GBD
magnet is most outstanding, reaching 0.52 T. This indicates
that the alone addition of Al in the diffuser source is better
than that of Co for the coercivity enhancement, while the joint
addition of Co and Al in the diffusion source can further im-

prove the coercivity. Moreover, it can be found that the decline

of remanence is significantly reduced when Co is added to the
diffusion source. In order to further analyze the mechanism of
coercivity enhancement in the GBD magnets, the microstruc-
ture of the magnets after diffusion was observed.
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Fig. 1. Demagnetization curves of the original magnet and the PC, PA
and PCA GBD magnets.

Figure 2 shows backscattered electron (BSE) SEM im-
ages of magnets by the PC, PA and PCA alloys’ diffusion
at different depths from the surface of magnets, respectively.
In the PC GBD magnet, the GB phases are mainly concen-
trated in the triple junctions. However, in the PA and PCA
GBD magnets, the continuous GB phases (also known as
the thin GB phases) with bright area in the SEM images
can be clearly observed and uniformly distributed around the
Nd;Fe 4B grain with black area. This structure can effectively
enhance the coercivity by reducing the exchange interaction of
the adjacent grains.!""'!=13] It is worth noting that the contin-
uous GB phases of the PCA GBD magnet is obviously wider
than that of the PA GBD magnet at the same diffusion depth.
In addition, the range of continuous GB phases is significantly
deeper in the PCA GBD magnets. When the diffusion depth
reaches 1200 pum, the continuous GB phases are almost invis-
ible in the PA GBD magnet. In the PCA GBD magnet, even
at 1500 um, the continuous GB phases can still be observed.
This indicates that the alone addition of Co in the diffusion
source cannot improve the continuity of GB phases, while Al
can effectively improve the continuity of GB phases. How-
ever, the joint addition of Al and Co in the diffusion source
can further promote the formation of continuous GB phases.
Therefore, the coercivity of the PCA GBD magnet is higher
than that of the PA GBD magnet, while the PC GBD magnet
has the lowest coercivity.

Figure 3 shows the SEM images and the EDS mapping
images of the PC, PA and PCA GBD magnets at 50 um from
the surfaces close to the diffusion sources. In the PC GBD
magnet, Pr and Co are mainly concentrated in the triple junc-
tion phases. In the outermost layer of the Nd,Fe 4B grain, the
Co-rich shells can be observed. However, in the PA GBD mag-
net, Pr is continuously distributed along the thin GB and pre-
sented a network structure surrounding the Nd,Fe4B grain.

027503-2
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Al can also be observed at the thin GB phases and not con-
centrated in the triple junction phases like Co. It should be
noted that the Al concentration in the outermost layer of the
Nd,Fe 4B grain is higher than that in the nearby GB, the Al-
rich shells can also be observed. This indicates that Al can im-
prove the wettability of GB phases and promote Pr in the triple
junctions flowing into the thin GB to form the continuous GB

300 pm

phases. Co cannot effectively improve the wettability of GB
phases, so that Pr is mainly concentrated in the triple junc-
tions. In addition, both Co and Al easily enter the Nd,Fe 4B
grain and form the shells. However, the small addition of Co
in the sintered Nd,Fe 4B can improve the remanence./'%1°]
Therefore, the decline of remanence is the lowest in the PC

GBD magnet.

Fig. 2. BSE-SEM images of the PC GBD magnet [(al) 50 wum, (a2) 300 pm, (a3) 500 pum, (a4) 800 pm, (a5) 1200 pum, (a6) 1500 pm], PA
GBD magnet [(b1) 50 pum, (b2) 300 um, (b3) 500 pwm, (b4) 800 pm, (b5) 1200 um, (b6) 1500 um], and PCA GBD magnet [(c1) 50 um, (c2)
300 pm, (c3) 500 pum, (c4) 800 pm, (c5) 1200 pm, (c6) 1500 pm] at different depths from the diffused surface of magnet.

lOun

R
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Fig. 3. BSE-SEM images and EDS mapping images of the PC GBD magnet [(al)—(a6), (b1)—(b6)], the PA GBD magnet [(c1)—(c6), (d1)—(d6)],
and the PCA GBD magnet [(e1)—(e6), (f1)—(f6)] at 50 um from the diffused surface.
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It is noted that Pr is also continuously distributed along
the thin GB and presented a network structure in the PCA
GBD magnet. However, the Pr concentration at the thin GB
phases is obviously higher than that in the PA GBD magnet.
This suggests that the joint addition of Al and Co in the dif-
fusion source can make more Pr infiltrate into the thin GB to
form the thin GB phases. Figure 4 is the concentration distri-
bution of Pr in the GBD magnets with the increase of diffusion
depth. In order to determine the concentration at different dif-
fusion depths, we select a series of 100 um x 100 wm areas at
50-1850 um from the diffused surface and calculate qualita-
tively the concentration of Pr for each area by EDS. Within the
diffusion depth of 50-1250 pm, it is noted that the PCA GBD
magnet has the highest Pr concentration, the Pr concentration
in the PA GBD magnet is second, while the Pr concentration
is lowest in the PC GBD magnet. This indicates that the dif-
fusion effect of Al on Pr is better than that of Co, while the
joint addition of Al and Co in the diffusion source can further
promote Pr diffusion into the magnet. Thus, in the PCA GBD
magnet, a wide range of continuous GB phases can be formed
and the width of the thin GB phases is also wider. In order to
further analyze the effect of Co and Al on Pr in the GBD, the
element distribution of the diffused magnet is characterized by
TEM.

Figure 5 shows the HAADF-STEM images of the PC, PA
and PCA GBD magnets near the diffused surface, respectively.
It can be found that Pr is mainly concentrated in the triple
junction phases and only a few parts are distributed in the thin
GB phases in the PC GBD magnet. However, in the PA and
PCA GBD magnets, Pr exists extensively at the triple junction

HAADF |(a2)

phases and the thin GB phases. This indicates that the wetta-
bility of GB phases in the PA and PCA GBD magnets is better
than that of the PC GBD magnets. Through the distribution
of Co and Al, it can be observed that Co is mainly concen-
trated in the triple junction phases and the distribution at the
thin GB phases is not obvious in the PC GBD magnet. In the
PA GBD magnet, Al is distributed at the triple junction phases
and the thin GB phases. Co can be observed in the PA GBD
magnet due to the presence of Co in the commercial 42M sin-
tered Nd-Fe-B magnet. However, in the PA GBD magnet, the
change of the magnet structure after diffusion is mainly caused
by the Pr and Al in the diffusion source. Through the compar-
ison between the PC GBD magnet and the PA GBD magnet,
it can also be inferred that the wettability of GB phases can-
not be effectively improved by Co, whereas can be effectively
improved by Al.

20

18 —— PC GBD magnet
- —— PA GBD magnet
16 —— PCA GBD magnet
14
12

10

Pr concentration (wt%)

1 1 1 1 1 1 1 1 1
0 400 800 1200 1600
Diffusing depth (um)
Fig. 4. The concentration distribution of Pr in the PC, PA and PCA
GBD magnets with the increase of diffusion depth from the diffused
surface.

Fig. 5. The HAADF-STEM images of the PC GBD magnet (al)—(a6), the PA GBD magnet (b1)—(b6) and the PCA GBD magnet (c1)—(c6)

near the diffused surface.

In the PCA GBD magnet, there are three kinds of the thin
GB phases (1, 2 and 3), as shown in Fig. 5(cl). Compared
with the thin GB phase 3, the content of Pr and Co is higher
and the content of Al is lower in the thin GB phases 1 and 2.

This phenomenon can also be observed in Figs. 3(el)-3(e6)
and 3(f1)-3(f6). As shown in Fig. 3(f1), there are two kinds
of the thin GB phases (1 and 2) in the PCA GBD magnet. The
width of the thin GB phases 1 is obviously wider than that of
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the thin GB phases 2. Compared with the thin GB phases 2,
the character of element distribution in the thin GB phases 1
is rich-Pr, rich-Co and poor-Al. However, Co has been shown
to be unable to effectively enhance the the wettability of GB
phases through the PC GBD magnet, the improvement of GB
phases wettability mainly depends on Al. However, the width
of the thin GB phases in the PA GBD magnet is obviously nar-
rower than that in the PCA GBD magnet. This indicates that
the formation of the wider thin GB phases in the PCA GBD
magnet is the combined action of Co and Al It can be inferred
that, in the PCA diffusion sources, the main effect of Al is to
improve the wettability of the GB phases, while the addition
of Co can further improve the fluidity of Pr, so that more Pr
flows into the thin GB from the triple junctions and then forms
the wider thin GB phases.

In addition, it can be found that the Pr concentration at the
outermost layer of the Nd,Fe 4B grain is significantly higher
than that at the grain inner in the PA and PCA GBD mag-
nets from Figs. 3(c4), 4(d4), 4(e4), 4(f4) and Figs. 5(b4) and
5(c4). In the outermost layer of the Nd,Fe 4B grain, the Nd
concentration is obviously lower than that of the grain inner.
This indicates that the Pr-rich shells are formed in the PA
and PCA GBD magnets. The effect of the Pr-rich shell on
the magnetic properties of the Nd-Fe-B magnet!®>%23] has
been reported, which can further improve the coercivity of
magnet because the Hy of the ProFe4B is higher than that
of Nd,Fe4B.!*! Through micromagnetic simulation, Oikawa
et al.?®! have shown that the Nd-Fe-B magnet with Pr-rich
shells has a higher coercivity at 27°C. Thus, the existence of
the Pr-rich shells in the PA and PCA GBD magnets is also
helpful for the coercivity enhancement.

4. Conclusions

The magnetic properties and microstructure have been in-
vestigated in the sintered Nd-Fe-B magnet by grain bound-
ary diffusion with Pr70Co3zp, PrygAlzg and Pr79Co;sAl;s al-
loys, respectively. The coercivity is enhanced from 1.63 T to
1.81 T, 2.01 T and 2.15 T by grain boundary diffusion with
Pr;9Co3q, Pr7gAlsg and Pr70Coy5Al;5 alloys, respectively. The
microstructure analysis shows that Al can effectively improve
the wettability of GB phases, while Co can further improve
the fluidity of Pr. Thus, when Pr;90CosAl;5 alloy is used as
a diffusion source, more Pr can diffuse into the magnet to
form the wider thin GB phases, and the depth of continuous
GB phases is also enhanced. This results in the obvious coer-

civity enhancement in the Pr;90Co;sAljs GBD magnet, mainly
due to fact that the exchange-decoupling effect is obviously
strengthened. The Pr-rich shell is also helpful for the coer-
civity enhancement. In addition, the addition of Co in the
diffusion source inhibits the deterioration of remanence to a
certain extent. In general, in the GBD process, the magnetic
properties of the sintered Nd—Fe—B magnet can be effectively
improved when Pr;0Co;sAl;s alloy is used as the diffusion
source, which provides a certain reference for the subsequent
diffusion source design.
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