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Coercivity enhancement of sintered Nd–Fe–B magnets by grain
boundary diffusion with Pr80−𝑥Al𝑥Cu20 alloys
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A grain boundary diffusion (GBD) process with Pr80−xAlxCu20 (x = 0, 10, 15, 20) low melting point alloys was
applied to commercial 42M sintered Nd–Fe–B magnets. The best coercivity enhancement of a diffused magnet was for the
Pr65Al15Cu20 GBD magnet, from 16.38 kOe to 22.38 kOe. Microstructural investigations indicated that increase in the Al
content in the diffusion source can form a continuous grain boundary (GB) phase, optimizing the microstructure to enhance
the coercivity. The coercivity enhancement is mainly due to the formation of a continuous GB phase to separate the main
phase grains. Exchange decoupling between the adjacent main phase grains is enhanced after the GBD process. Meanwhile,
the introduction of Al can effectively promote the infiltration of Pr into the magnet, which increases the diffusion rate of
rare-earth elements within a certain range. This work provides a feasible method to enhance coercivity and reduce the use
of rare-earth resources by partial replacement of rare-earth elements with non-rare-earth elements in the diffusion source.
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1. Introduction
Nd–Fe–B permanent magnets are widely used in wind

turbines and traction motors of electric/hybrid vehicles due to
their excellent magnetic properties such as a high energy prod-
uct. But the intrinsic coercivity deteriorates with increasing
working temperature, which greatly limits high-temperature
applications.[1,2] Therefore, the coercivity of Nd–Fe–B sin-
tered magnets at room temperature should be enhanced to
meet high-temperature requirements. Various attempts have
been made to increase coercivity and retain the remanence (Br)
of sintered Nd–Fe–B magnets. It became clear that the coer-
civity of sintered Nd–Fe–B magnets is controlled by the nucle-
ation of reversed magnetic domains on the surface of Nd–Fe–
B main phase grains.[3] The grain boundary diffusion (GBD)
process was then developed to enhance the anisotropy field at
the magnet surface and the coercivity, in addition to reducing
the cost of the final magnet.[4] Heavy rare-earth (HRE)-rich
alloys were coated on the magnet surface followed by heat
treatment, causing diffusion into the magnets along the grain
boundary (GB) and forming a (Nd, Dy/Tb)2Fe14B hardened
shell at the near surface layer to enhance the coercivity. How-
ever, the antiferromagnetic coupling of the HRE atoms and Fe
atoms inevitably caused a decrease in the saturated magneti-
zation MS for the main phase grains.[5]

Recently, GBD process technology with HRE-free diffu-
sion source has been developed to conserve HRE resources
in response to the substantial price increase in heavy rare-
earths. The properties can be enhanced effectively by mi-
crostructural optimization in HRE-free sintered magnets.[6,7]

Magneto-optical Kerr effect microscopy analysis has shown
that exchange-decoupled Nd–Fe–B sintered magnets with op-
timized microstructure can hinder the extension of the reversed
magnetic domain and achieve better magnetic properties.[8]

Therefore, for the GBD process it has been reported that
Nd70Cu30,[9] Pr–Cu[10] and Pr–Al–Co[11] low melting point
HRE-free eutectic alloys have been applied in sintered Nd–Fe–
B magnets to modify the microstructure and enhance the prop-
erties. The enhancement of coercivity is mainly due to the for-
mation of a continuous Nd-rich GB phase. Exchange decou-
pling between adjacent grains can be improved by microstruc-
tural optimization.[12] Further research found that coercivity
enhancement can be influenced by the Al/Cu ratio in the dif-
fusion source.[13] Besides, Al can improve the wettability of
the GB phase to enhance the diffusion rate, while replacement
of some of the Fe by Al can further improve coercivity, al-
though the anisotropy field of the Nd–Fe–B sintered magnets
decreases slightly.[14,15] Thus Al has been widely used in the
design of the diffusion source. To enhance coercivity, the light
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rare-earth element Pr was chosen because the anisotropy field
of Pr2Fe14B is higher than that of Nd2Fe14B.[16] It has been
reported that substitution of Nd by Pr in sintered Nd–Fe–B
magnets cause the GBs to become clear and smooth.[17] Cu
was chosen as the other component of the diffusion source be-
cause Al/Cu co-added alloy can effectively improve the mobil-
ity of the diffusion source over Nd2Fe14B grains and enhance
the coercivity.[15] In this work, we replaced a small amount of
Pr with Al in the Pr–Al–Cu low melting point alloy diffusion
source to carry out GBD for a good relative performance of
the Nd–Fe–B sintered magnets. The effect of GB optimiza-
tion is discussed based on the microstructure and the element
distribution.

2. Experimental details
Commercial 42M HRE-free sintered Nd–Fe–B mag-

nets of size 6 mm× 6 mm× 5 mm were prepared as the
original magnets. Diffusion sources with compositions of
Pr80−xAlxCu20 (at.%; x = 0, 10, 15 and 20, named PC, PAC-
10, PAC-15, and PAC-20, respectively) low melting point eu-
tectic alloys were prepared by electric arc melting in an ar-
gon atmosphere. These alloys were then cut by wire-electrode
cutting into flakes of size 6 mm× 6 mm× 0.2 mm for use
as the diffusion sources. The flakes were polished with abra-
sive paper and cleaned in alcohol then put on the upper and
lower surfaces of the magnets and placed in crucibles. Fi-
nally, the GBD process was carried out at 700 ◦C for 10 h
with subsequent annealing at 500 ◦C for 2 h in a high-vacuum
atmosphere. The magnetic properties of the original magnet
and the diffused magnets were measured at various temper-
atures using a pulsed-field magnetometer (PFM14.CN). The
backscattered electron (BSE) images and element distribution
of the annealed magnets were observed by a scanning elec-
tron microscope (SEM; Quanta FEG 250) equipped with an
energy dispersive spectrometer (EDS; Oxford INCA system).
The compositions of the original magnet and PAC-15 GBD
magnet obtained in this work were determined by induction
coupled plasma optical electron spectroscopy (ICP).

3. Results and discussion
Figure 1(a) shows the room temperature demagneti-

zation curves of the original and diffused magnets with
Pr80−xAlxCu20 alloys. The coercivity of the magnets was en-
hanced from 16.38 kOe to 17.67 kOe, 21.65 kOe, 22.38 kOe,
and 21.51 kOe for the PC, PAC-10, PAC-15, and PAC-20 GBD
magnets, respectively. The maximum percentage enhance-
ment in coercivity Hcj was found for the PAC-15 GBD magnet,
being 36.63% higher than that of the original magnet. Mean-
while, remanence Br decreased from 13.37 kG to 12.82 kG,
12.74 kG, 12.69 kG, and 12.69 kG for the PC, PAC-10, PAC-
15, and PAC-20 GBD magnets, respectively. The decrease

in Br was attributed to infiltration of the non-ferromagnetic
phase. To further study the function of Al, figure 1(b) shows
the magnetic properties of the diffused magnets with different
Al contents. It can be clearly seen that Hcj increases enor-
mously with increase of the Al content to 15 at.% compared
with the PC GBD magnets, but Hcj decreases slightly with fur-
ther increase in the Al content. In addition, Br and (BH)max de-
crease continuously with increase in the Al content. Addition
of Al to the diffusion source is beneficial for enhancing the co-
ercivity of the diffused magnets. The coercivity enhancement
may be caused by microstructural optimization.

For daily application in high-temperature conditions, the
high-temperature properties of the GBD magnets are also cru-
cial. Figure 2 summarizes the temperature dependence of re-
manence and coercivity from 20 ◦C to 160 ◦C for the origi-
nal and Pr80−xAlxCu20 GBD magnets. The temperature coef-
ficients of remanence (α) and coercivity (β ) were calculated
according to the following formulae:

α =
Br (T2)−Br (T1)

Br (T1)(T2−T1)
×100%,

β =
Hcj (T2)−Hcj (T1)

Hcj (T1)(T2−T1)
×100%,

where T2 is 120 ◦C, T1 represents room temperature (20 ◦C),
Br (T2) is the remanence at 120 ◦C, Br (T1) is the remanence at
20 ◦C, Hcj (T2) is the coercivity at 120 ◦C and Hcj (T1) is the
coercivity at 20 ◦C. The coercivity coefficient (β ) is enhanced
from −0.6254 %·◦C−1 to −0.6062 %·◦C−1. In addition, the
remanence coefficient (α) is enhanced from −0.1399 %·◦C−1

to −0.1240 %·◦C−1 for the PAC-10 GBD magnet. However,
the value of β decreased slightly when the Al content reached
20 at.%. It is interesting that the thermal stability of coerciv-
ity and remanence was not improved with an Al content of
15 at.% compared with the PAC-10 GBD magnet. This result
suggests that the appropriate Al ratio in the diffusion source
plays a critical role in the high-temperature properties of GBD
magnets which can improve the high-temperature properties
of the diffused magnets. However, the high-temperature prop-
erties will deteriorate with further increase in the Al content.
Detailed coefficient values are listed in the top right corners
of Figs. 2(a) and 2(b). To further compare individual mag-
netic properties of the original and PAC-10 GBD magnets at
different test temperatures, detailed test values are listed in
Table 1. From this table it is clearly seen that the coercivity
of the original magnet decreased from 16.44 kOe at 20 ◦C to
3.96 kOe at 160 ◦C, while the coercivity of the PAC-10 GBD
magnet decreased from 21.54 kOe at 20 ◦C to 5.16 kOe at
160 ◦C. Meanwhile, (BH)max of the PAC-10 GBD magnet is
still higher than that of the original magnet at 160 ◦C, indicat-
ing that the diffused magnet can provide a higher energy for
high-temperature applications.
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Table 1. Magnetic properties of original and PAC-10 GBD magnets at 20 ◦C–160 ◦C.

T (◦C)
Original magnet PAC-10 GBD magnet

Br (kG) Hcj (kOe) (BH)max (MG·Oe) Br (kG) Hcj (kOe) (BH)max (MG·Oe)

20 13.34 16.44 40.88 12.71 21.54 38.78
60 12.73 11.41 37.13 12.16 15.63 35.46
80 12.38 9.34 34.99 11.86 13.03 33.63
100 11.99 7.59 32.05 11.52 10.63 31.65
120 11.50 6.16 27.61 11.16 8.48 29.68
140 10.98 4.96 23.84 10.75 6.71 27.21
160 10.44 3.96 18.73 10.20 5.16 22.91
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Fig. 1. (a) The room temperature demagnetization curves of the original magnet and the magnets diffused with the Pr80−xAlxCu20 (x = 0, 10, 15,
20) alloys. (b) The properties of the original magnet and the magnets diffused with the Pr80−xAlxCu20 (x = 0, 10, 15, 20) alloys.
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Fig. 2. Temperature-dependent properties of the original and Pr80−xAlxCu20 diffused magnets: (a) remanence, (b) coercivity. The corresponding
temperature coefficients are listed in the top right corners.

To observe the structural transformation of the diffused
magnets, figure 3 shows BSE images of the Pr80−xAlxCu20

GBD magnets at various depths. The dark region represents
the Nd–Fe–B main phase grains and the white region repre-
sents the GB phase. In the PC GBD magnet, a Nd-rich phase
exists in the form of a triple junction phase (TJP) for all dif-
fusion depths. There is no obvious continuous GB phase; this
is not conducive to demagnetization coupling between the ad-
jacent main phase grains and thus excellent coercivity cannot
be obtained. However, at 50 µm in the PAC-10, PAC-15, and
PAC-20 GBD magnets, a continuous thin GB can be distin-
guished clearly along the main phase grains. This microstruc-
ture can effectively enhance the magnetic decoupling between
the main phase grains and then increase the coercivity. Mean-

while, it is noted that a continuous GB phase is still not visible
in the PAC-10, PAC-15, and PAC-20 GBD magnets even at
900 µm. It was worth noting that the thickness of the contin-
uous thin GB phase at depths between 100 µm and 900 µm
in the PAC-20 GBD magnets is wider than that of the PAC-
10 GBD magnets. These results show that a diffusion source
with Al can effectively promote the formation of the contin-
uous GB phases compared with PC and PAC GBD magnets.
The decreased remanence is not only caused by the increased
GB phase but also by the partial replacement of Fe by Al in
the matrix phase during the GBD process. However, the co-
ercivity of the PAC-15 magnet has not been further enhanced.
Thus it can be deduced that an appropriate Al content in the
diffusion source can improve the coercivity by contributing to
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microstructural optimization.

50 mm 100 mm 300 mm 500 mm 700 mm 900 mm

Fig. 3. Backscattered SEM images of the Pr80−xAlxCu20 diffused mag-
nets at various depths (50 µm–900 µm) from the surface: (a) Pr80Cu20, (b)
Pr70Al10Cu20, (c) Pr65Al15Cu20, (d) Pr60Al20Cu20.

Fig. 4. Back-scattered SEM images of the Pr80−xAlxCu20 diffused magnets
at 100 µm — (a) PC, (b) PAC-10, (c) PAC-15, (d) PAC-20 — together with
EDS elemental mappings of the corresponding area.

Figure 4 shows the microstructure and corresponding
EDS Pr, Nd, Fe, Cu, and Al distribution maps at 100 µm
from the surface of the magnets diffused by Pr80−xAlxCu20

alloys. In the PC GBD magnet shown in Fig. 4(a) it can
be seen that, judging by the EDS mappings, the TJPs are
mainly aggregates of Pr and a small amount of Cu and Al.
For PAC-15 GBD magnets, the Nd2Fe14B main phase iso-
lated by the continuous GB phase can be clearly distinguished.
The GB phase is rich in Pr, Al and Cu elements due to the
increase in Al content in the diffusion source. Al plays a
role in improving the wettability of the GB phase during
the diffusion process. In addition, the (Nd, Pr)2Fe14B shell
on the outer layer of the main phase grains can also be ob-
served. With further increases in the Al content in the diffu-
sion source, the thickness of the (Nd, Pr)2Fe14B shell tends to
increase. Meanwhile, the proportion of Al in the GB phase
is increased. The gray contrast in the TJP can be distin-
guished; EDS analysis shows this to have the chemical compo-
sition Pr21.43Nd15.72Fe49.90Al8.31Cu4.63 (at.%). The formation
of this phase may be beneficial to coercivity enhancement. In
addition, by comparing the Al element maps for the PAC-15
and PAC-20 GBD magnets, partial replacement of Fe by Al

in the main phase grains can enhance Hcj. However, Hcj can
decrease slightly as the Al content in the main phase continues
to increase.

As mentioned in a previous study,[18] excessive accumu-
lation of rare-earth elements in the surface and lack of a Nd-
rich phase as a diffusion channel are not conducive to enhance-
ment of the coercivity. In this work, coercivity enhancement
is attributed to microstructural optimization which can be in-
fluenced by the diffusion coefficients of Pr and Al. There-
fore, figure 5 shows the concentration distribution of Pr and
Al determined by EDS analysis in the Pr80−xAlxCu20 GBD
magnets at various depths. The Pr concentration of the PC
GBD magnet at 50 µm is only 4.14 at.%, much lower than the
8.90 at.% of the PAC-10 GBD magnet, the 9.63 at.% of the
PAC-15 GBD magnet and the 8.78 at.% of the PAC-20 GBD
magnet, indicating that the diffusion process cannot be facil-
itated without Al in the diffusion source. When the diffusion
depth increases from 50 µm to 300 µm, the Pr concentration
decreases to 4.79 at.%, 5.74 at.%, and 5.75 at.% for PAC-10,
PAC-15 and PAC-20 GBD magnets, respectively. Meanwhile,
the Al concentration also shows same tendency. However, we
note that the Pr concentration in the PAC-15 diffusion source is
lower than the PAC-10 diffusion source, but the PAC-15 GBD
magnet has the largest Pr concentration at any diffusion depth.
Thus, it can be deduced that Al has an effective role in promot-
ing the infiltration of Pr into the magnet. This can explain why
the room temperature coercivity of the PAC-15 GBD magnet
is larger than that of the PAC-10 GBD magnet. This provided
a reliable reason for the use of non-rare-earth elements to re-
place rare-earth elements in GBD. Nevertheless, the coercivity
deteriorates slightly with further increase in the Al content in
the diffusion source due to more Fe being replaced by Al.[19]

As shown above, the Al concentration of the PAC-15
GBD magnet at various depths is largest among all the GBD
magnets. To quantitatively analyze the Pr concentration gra-
dient influenced by Al in the diffusion process, the Pr profile
follows Fick’s second law with diffusion depth (x) and time
(t), described as

c(x, t) = cs− (cs− c0)erf
(

x
2
√

Dt

)
,

where cs and c0 are the surface concentration and the inside
concentration, respectively, and D is the diffusion coefficient.
To satisfy the requirement for block magnets, we selected the
greatest distance (x = 900 µm) for calculation. The detailed
data on the Pr diffusion coefficients obtained at 700 ◦C for
various Al contents are listed in Table 2. These indicate defini-
tively that Pr infiltration into the sintered magnets can be pro-
moted by the introduction of Al within a certain range, and
is beneficial in enhancing the coercivity of the block magnets.
The diffusion coefficient of Pr is largest when the Al content
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is 15 at.%. These data further support the SEM results on opti-
mization of the microstructure and formation of a Pr-rich shell
structure, and explain the reason for the coercivity enhance-
ment.

Table 2. Grain boundary diffusion coefficients of Pr in different diffusion
sources at 700 ◦C.

PC PAC-10 PAC-15 PAC-20

DPr (10−8 cm2·s−1) 2.0242 2.2306 2.8213 2.4703
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Fig. 5. The concentration distribution of Pr (a) and Al (b) in the
Pr80−xAlxCu20 diffused magnets at various depths from the surface.

The present experimental results provide a feasible guide-
line for the design of the diffusion source for sintered Nd–Fe–
B magnets. Replacement of Pr in the diffusion source by the
non-rare-earth element Al can reduce the use of rare-earth re-
sources and enhance the coercivity, and is also beneficial in
promoting infiltration of Pr into the sintered Nd–Fe–B mag-
nets and improving utilization of rare-earth elements in the
diffusion source.

Figure 6(a) summarizes rare-earth introduction, Hcj en-
hancement and Br reduction in this work compared with
Pr–Cu GB reconstruction and PrAl GBD. The concentra-
tion of the original magnet and PAC-15 GBD magnet in
this work is Pr6Nd23.6FebalCu0.1Al0.5M1.2B0.95 (wt.%) and
Pr7.87Nd22.16FebalCu0.35Al0.57M1.2B0.96 (wt.%) obtained by
ICP testing. The rare-earth content has increased by 0.5 wt.%,
while the coercivity has increased by 6 kOe (16.38 kOe to
22.38 kOe). Figure 6(a) summarizes the rare-earth increment,
coercivity increment and Br decrement of the GBD magnets

from HRE-free eutectic alloys.[10,20] Compared with the val-
ues for the magnet with introduced Pr83Cu17 (wt.%) alloy
reported by Tang et al.,[10] the coercivity increment of the
Pr65Al15Cu20 magnet in this work is higher than that of Pr–
Cu diffused magnet with a low rare-earth increment. A mag-
net diffused by Pr80Al20 (at.%) alloy has been reported by
Cao et al.[20] Although the increase in rare-earth content in
Pr–Al diffused magnets is larger than in Pr–Al–Cu diffused
magnets, the increase in coercivity in Pr–Al diffused magnets
is lower than that in Pr–Al–Cu diffused magnets. Figure 6(b)
shows the relationship between the coercivity enhancement
and magnet thickness for Dy-containing powder and low melt-
ing point alloys.[9,13,21–25] By controlling the microstructure of
the diffused magnets, the coercivity shows a great increase for
a thickness of about 5 mm. The coercivity enhancement is
equivalent to that of a 3 mm magnet diffused with Dy pow-
der. Therefore, a higher coercivity is anticipated for PrAlCu-
diffused magnets due to a combination of the introduction of
rare-earths and magnet thickness.
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Fig. 6. (a) Comparisons of rare-earth introduction (black), Hcj en-
hancement (red) and Br reduction (green) among PAC-15 (Pr65Al15Cu20),
Pr68.77Cu31.23, and Pr80Al20 (at.%) processed magnets. (b) Coercivity
enhancement of the magnets diffused by PAC-15 (Pr65Al15Cu20), PAC-
20 (Pr60Al20Cu20), DyF powder,[22] Pr81.5Ga14.5Cu5,[23] Dy powder,[21]

Nd70Cu30,[9] DyH,[24] Dy70Cu30,[25] and Pr70Al20Cu10.[13]

4. Conclusion
In summary, 42M sintered magnets diffused with

Pr80−xAlxCu20 low melting point eutectic alloys have been
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fabricated. The coercivity of the Pr80−xAlxCu20 diffused mag-
nets was enhanced from 16.38 kOe for the original magnet to
17.67 kOe, 21.65 kOe, 22.38 kOe, and 21.51 kOe for x= 0, 10,
15 and 20, respectively. The above results show that the best
magnetic properties are obtained when x = 15. Combined with
microstructural analysis of the PC and PAC-15 GBD magnets,
the coercivity enhancement resulted from the enhancement of
magnetic decoupling due to the formation of a continuous GB
phase. The formation of a GB phase can effectively increase
magnetic decoupling between the adjacent main phase grains.
With further increase in the Al content in the diffusion source,
all the magnetic properties of the PAC-20 GBD magnet de-
creased slightly. This is due to the infiltration of a lot of Al
into the main phase grains. When the Al content is within a
certain range, it benefits the infiltration of Pr into the magnet
so as to enhance the coercivity according to the concentration–
depth analysis. So, our work suggests that the replacement of
an appropriate amount of Pr by Al in the diffusion source can
be beneficial for improving the magnetic properties and reduc-
ing the use of rare-earth resources.
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