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The magnetic ﬁeld stability of the PrFeB magnets is one of the key points which affect its application in
such devices as cryogenic permanent magnet undulators. In this study, the magnetic properties and
microstructure of PrFeB magnets, which were developed by the grain boundary diffusion, were examined. The demagnetizing ﬁeld distribution of the cryogenic permanent magnet undulator made using the
PrFeB magnets was simulated by Radia, and the change mechanism of the irreversible demagnetization
following treatments at high temperatures was experimentally studied. The results show that the
intrinsic coercivity of the PrFeB magnets can be increased by diffusion of Tb. Meanwhile, the remanence
of the magnets displays almost no loss, and the increasing range is closely related to the orientation
thickness of the PrFeB magnet. Therefore, the PrFeB magnets developed using grain boundary diffusion
are found to have extremely high comprehensive magnetic properties. The irreversible demagnetization
of the PrFeB magnets developed by grain boundary diffusion for the CPMU is determined to be significantly improved following high-temperature treatments.
© 2018 Chinese Society of Rare Earths. Published by Elsevier B.V. All rights reserved.
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1. Introduction
Undulators are the key equipment for synchrotron radiation
facilities and free electron lasers.1e3 The NdFeB are currently one of
the main magnetic ﬁeld sources for undulators,4,5 and the crystal
structures of the PrFeB are similar to the NdFeB. Also, their theoretical remanence (Br) and intrinsic coercivity (Hcj) are similar at
room temperature. However, the PrFeB have excellent cryogenic
magnetic properties for no spin reorientation (SRT), which makes
them more suitable as a magnetic ﬁeld sources for a cryogenic
permanent magnet undulators (CPMU).3,6 In recent years, Spring-8
of Japan, ESRF of Europe, and SSRF of China have completed some
research studies regarding the magnetic properties of the
PrFeB.7e10 The operating temperature of the CPMU is approximately between 10 and 80 K, which means the PrFeB have a very
high Hcj at cryogenic temperatures, and thereby have good low
temperature magnetic ﬁeld stability. However, the magnetic ﬁeld
stability of the PrFeB magnets at the room and higher temperatures
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has been found to be very poor. This is one of the key problems
affecting their applications for CPMU. The main reasons for this
instability are as follows:
1) The manufacturing method for the PrFeB magnets is not yet
mature, there are many reverse magnetic domains in the magnets which make them more likely to demagnetize at higher
temperatures;
2) The temperature coefﬁcients of the PrFeB are much larger than
those of the NdFeB and SmCo;
3) The short cycle magnet design of the CPMU, which makes the
working points of the PrFeB magnets is close to safety point Hk3;
4) The CPMU will usually be installed at room temperature, which
causes the PrFeB magnets to be required to withstand a large
reversed magnetic ﬁeld;
5) In order to achieve the ultra-high vacuum of the CPMU, it is the
often required that the PrFeB magnets have less irreversible
magnetic ﬁeld loss under the high-temperature conditions for
the removal of the surface residual gas from the magnet, while
the Hcj of the PrFeB magnets has been found to be signiﬁcantly
reduced in high-temperature environments.
The magnetic ﬁeld stability of the PrFeB magnet is closely
related to the Hcj.5 The increasing Hcj can improve the magnetic

https://doi.org/10.1016/j.jre.2017.09.011
1002-0721/© 2018 Chinese Society of Rare Earths. Published by Elsevier B.V. All rights reserved.

386

Y.Z. He et al. / Journal of Rare Earths 36 (2018) 385e389

ﬁeld stability of the CPMU made with the PrFeB magnets. At the
same time, the irreversible demagnetization experimental data are
also very important for the development of the CPMU. The Hcj and
the Br of the PrFeB magnets are contradictory concepts. A higher Hcj
means signiﬁcantly reduced Br by traditional powder metallurgy
preparation method.5 A grain boundary regulation is an effective
method to improve the comprehensive magnetic properties of rare
earths permanent magnets.11,12 Also, the Hcj can be greatly
improved without reducing the Br of magnets by saving valuable
Dy/Tb using a grain boundary diffusion (GBD).13e15 In this study, a
GBD method was used to prepare the PrFeB permanent magnets
with extremely high comprehensive magnetic properties. The
magnetic property change mechanism of the PrFeB magnets and
the irreversible demagnetization of the CPMU20 made with the
PrFeB magnet developed by GBD were examined in depth in this
study.
2. Experimental
2.1. Grain boundary diffusion
The PrFeB magnet which was developed by GBD was codeveloped by the SSRF and Ningbo Yunsheng Group. Three types
of rectangular PrFeB magnets with a major composition of
(Nd0.1Pr0.9)2Fe14B were used as the substrate, the sizes were
50 mm  25 mm  6.6 mm, 50 mm  25 mm  3.3 mm, and
50 mm  25 mm  2.2 mm (6.6 mm, 3.3 mm, and 2.2 mm were the
magnetization direction of these magnets), respectively. In this
study, the code names of these PrFeB magnets were A, B, and C,
respectively. Following the special pre-treatment, the surface of the
magnets was coated with a TbF3 and alcohol mixture, and placed in
a vacuum furnace at 890  C for a 10-hour diffusion heat treatment.
They were then removed and subjected to a tempering treatment at
465  C for 4 h. The Ni-coated PrFeB magnets developed by GBD as
well as the non-GBD are saturation magnetization, and then aged at
50  C for 2 h, in order to conduct an irreversible demagnetization
experimental study.
2.2. CPMU20 prototype
The PrFeB magnets' array of CPMU20 prototype with periodic
lengths of 20 mm for irreversible demagnetization experiment, are
shown in Fig. 1, the poles are pure iron DT4C with size
43 mm  20 mm  3.4 mm. Radia was used to calculate the
demagnetizing ﬁeld of the CPMU20 magnets' array at temperatures
of 23, 75 and 100  C, respectively. The total magnetic moment (Mr)
of the PrFeB magnets was measured by the Helmholtz coil of the
SSRF. The experimental procedure as follows:

assembled, as shown in Fig. 1. The prototype was then treated at
23  C for 1 d, 75  C for 1 d, and 100  C for 1 d;
3) Three pieces of the C magnet were ﬁt together into one “A”
magnet, and then ten pieces of “A” magnets' array were
assembled, as shown in Fig. 1. The prototype was then treated at
23  C for 1 d, 75  C for 1 d, and 100  C for 1 d.
The magnetization direction of one “A” magnet, which included
a number of B or C magnets, is shown in Fig. 1(left).
3. Results and discussion
3.1. Magnetic properties
Fig. 2 illustrates the magnetic properties of the PrFeB magnets
with and without GBD. It can be seen that the Br was approximately
13.85 kGs, and no obvious changes were observed. However, the Hcj
of the PrFeB magnets with GBD displayed a large increase in
different degrees. The smaller orientation direction thickness of the
magnet resulted in a larger increase of the Hcj, from 20.08 to 23.69,
26.42 and 26.79 kOe. As shown in Table 1, (BH)max þ Hcj ¼ 74.7, and
the comprehensive magnetic properties of the PrFeB magnets have
not been previously reported in the related literature.
Fig. 2 shows the average JeH of the PrFeB magnets (the JeH of
each point for the PrFeB magnet could not be accurately obtained). The depth of the Tb, which diffused into the interior of
the PrFeB magnets was found to be basically the same for the
three types of PrFeB magnet developed by GBD. However, the
thicker magnet, such as the A magnet, displayed a larger volume.
Also, the proportion between the effective Tb inﬁltrated volume
of the PrFeB and the total volume of the PrFeB was found to
decrease. Therefore, the average Hcj of the PrFeB magnets
developed by GBD was not signiﬁcantly increased, while the Hcj
for the thinner C magnet developed by GBD is very obviously
improved. If J ¼ 90%*Br corresponds to the magnetic ﬁeld Hk, then
the value of the Hk had experienced a large increase, but the
squareness Q of the magnet had become slightly worse. Also, as
shown by the true bend point of the JeH curve as Hk, the
increased value of the Hk became more obvious. This was found
to be very beneﬁcial to the magnetic ﬁeld stability of the CPMU
made of the PrFeB developed by GBD.

1) Ten pieces of the A magnet with GBD or non-GBD were installed,
and the prototype was treated at 23  C for 1 d, 75  C for 1 d, and
100  C for 1 d;
2) Two pieces of the B magnet were ﬁt together into one “A”
magnet, and then ten pieces of the “A” magnet array were

Fig. 1. Magnet arrays of a ﬁve-cycle CPMU20.

Fig. 2. The JeH curves of the PrFeB magnets.
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Magnet

Br (kGs)

Hcj (kOe)

(BH)max þ Hcj

Pr2Fe14B
with Dy GBD
(Nd0.2Pr0.8)2Fe14B
with Dy GBD
(Nd0.1Pr0.9)2Fe14B
with Tb GBD

13.0
@300 K
14.1
@273K
13.8
@300 K

23.7
@300 K
20.0
@273 K
26.8
@300 K

66.0

with the TbF3 to produce a single metal Tb. Then, the single metal
Tb replaced some or all of the Pr in the Pr2Fe14B to form
(Pr,Tb)2Fe14B. The mechanism of the chemical reaction process may
be shown as follows in Eqs. (1) and (2):

70.8

TbF3 þ 2Pr/Tb þ Pr2 F3

(1)

Tb þ Pr2 Fe14 B/ðPr1x Tb2 ÞFe14 B ðx ¼ 0e1Þ

(2)

Table 1
Magnetic properties of the PrFeB developed by GBD.

SOLEIL
Hitachi
ESRF
VAC
SSRF
Yunshe
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74.7

As can be seen in Fig. 3, in the boundary backscattered photos of
the C magnet with and without GBD, the dark gray area corresponds to the (Pr,Tb)2Fe14B magnetic phase; and the bright white
area corresponds to the Pr/Tb-rich. Also, it can be seen that the Tb
diffuses into the boundary edge region of the Pr2Fe14B phase
substituted partial Pr, and forms (Pr,Tb)2Fe14B phase, the partial Pr
of the Pr2Fe14B enter the Pr-rich leading to enhanced Pr-rich phase.
After GBD, the area of the bright white Pr-rich phase increased
signiﬁcantly.
It was determined that, when the diffusion temperature was
higher than 600  C, the Pr-rich phase became active, and reacted

The edge and grain boundary of the Pr2Fe14B phase displayed a
certain thickness transition zone that was the non-equilibrium
eutectic products. The anti-magnetization mechanism of the
PrFeB magnets was nucleation. The anisotropy ﬁeld HA and the
spurious magnetic ﬁeld for the Pr-rich of the edge and grain
boundary transition were found to be higher, which made it easy to
form nucleation, as shown in Fig. 4(left). This became more pronounced in the vicinity of the PrFeB magnets' surfaces. The
maximum Hcj was the anisotropic ﬁeld HA as follows:

Hcj ¼ HA ¼ 2ðK1 þ K2 Þ=m0 Ms

(3)

where K1, K2 and Ms are the anisotropic constants and the saturation magnetization of the PrFeB magnets, respectively. Eq. (3) was
used to obtain the maximum Hcj of the Pr2Fe14B and the Tb2Fe14B,
which were 5970 and 17,512 kA/m respectively (commercial magnets affected by the process resulted in Hcj far from theoretical
value). The maximum Hcj of the (Pr,Tb)2Fe14B was between 5970
and 17,512 kA/m. The GBD resulted in a Tb preferential segregation
in the grain boundary transition region of the Pr2Fe14B phase.
During GBD process, the Pr in the outer region of Pr2Fe14B was
substituted by the Tb, then formed (Pr,Tb)2Fe14B phase with a
higher HA. The large amount of existing the (Pr,Tb)2Fe14B phase
resulted in the improvement of the anisotropy ﬁeld HA of the grain
transition.
It was determined that a small amount of Tb effectively inhibited the formation of the reverse magnetization domain (Fig. 4 left),
and also signiﬁcantly increased the Hcj of the PrFeB magnets. Since
only the transition zone near the grain boundary displayed a large
phase change, and the grain boundary layer occupied a small proportion of the main magnetic phase, and therefore the reduction of
the Br of the PrFeB magnets was very small.
3.2. Demagnetization ﬁeld
Fig. 5(a) shows the Radia demagnetizing ﬁeld H calculation
model of the ﬁve cycle CPMU20 made of ten pieces of the “A”
magnets. The results showed that surfaces of the PrFeB magnets
near the pole for the CPMU20 had the largest demagnetization
ﬁelds. Fig. 5(b) displays the distribution of the demagnetizing ﬁeld
for the magnets' array near the poles along the Y-direction. From

Fig. 3. Back-scattering photos of the PrFeB magnets. (a) The boundary before GBD; (b)
The boundary after GBD.

Fig. 4. The Hcj enhancement mechanism of the PrFeB magnets developed by GBD.
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Br and the Hcj were 0.12%/ C and 0.70%/ C between 20 and
150  C, respectively; and mr was approximately 1.05). The following
can be seen in Table 1:
1) For the A magnet with no GBD, the Hmax at 23  C did not exceed
the bending point Hk value of the JeH curve. However, at 75 and
100  C, the demagnetization ﬁeld was larger than the Hk;
2) For the A magnet with GBD, at 23  C, the difference between the
Hmax and the Hk of the JeH curve was found to be greater. This
indicated that the magnet was safe. However, at 75  C, the
demagnetization ﬁeld was close to the Hk, and at 100  C, the
demagnetization ﬁeld was found to signiﬁcantly exceed the Hk;
3) For the B and C magnets with GBD, at 23  C, the differences
between the Hmax and the Hk of JeH curve were very large, these
ﬁndings indicated more security. However, at 75  C, the Hmax
distance from the Hk reached a certain safety threshold, and at
100  C, the Hmax of the two magnets exceeded the Hk. Therefore,
at 75  C, the C magnet was found to be safer relative to the B
magnet.

3.3. Demagnetization experiment
Fig. 6 shows the total Mr irreversible demagnetization results of
the ﬁve-cycle CPMU20 made from the PrFeB magnets following the
high-temperature treatment:

Fig. 5. CPMU20 made from the PrFeB magnets. (a) Radia model; (b) Demagnetization
ﬁeld distribution along the Y direction.

the surface to the interior demagnetization ﬁeld of the PrFeB
magnet for CPMU20 a gradual decrease trend was observed. The
surfaces of all the magnets had the largest demagnetization ﬁelds
(Hmax), and the centers of all the magnets had the smallest
demagnetizing ﬁelds.
Table 2 shows the Hmax of CPMU20 with the A, B, and C magnets
at 23, 75, and 100  C (The values of temperature coefﬁcients of the

Table 2
The Hmax of the CPMU20 made from the PrFeB magnets.
Magnet

T ( C)

Br
(kGs)

Hk
(kOe)

Hmax
(kGs)

A with no GBD

23
75
100
23
75
100
23
75
100
23
75
100

13.85
13.02
12.60
13.82
12.99
12.58
13.80
12.98
12.56
13.83
13.00
12.59

17.54
11.40
8.33
21.00
13.65
10.25
23.00
14.95
10.93
24.00
15.60
11.40

14.5
13.6
13.2
14.2
13.5
13.1
14.0
13.5
13.0
14.2
13.6
13.2

A with GBD

B with GBD

C with GBD

1) From (a) and (b) it can be seen that the irreversible demagnetization rates of the A magnets were between 2.40% and 27.80%,
and 15.43%e31.84%, following the treatments at 75  C for 1 d,
and at 100  C for 1 d. The demagnetization rate of the A magnet
with GBD had obviously decreased, and the irreversible
demagnetization rates were 1.73%e12.91%, and 9.61%e24.05%,
respectively, following the treatments at 75  C for 1 d, and at
100  C for 1 d;
2) It can be seen from (c) and (d) that the B and C magnets with
GBD displayed considerable improvements in their antidemagnetization abilities. They displayed larger Hcj, and the
irreversible demagnetization rates of C magnets with GBD were
0.43%e1.30%, and 2.7%e3.9%, respectively, following the treatments at 75  C for 1 d, and at 100  C for 1 d. These results were
found to be much better than those of the A magnets with no
GBD;
3) From (a), (b), (c), and (d), it can be seen that all the edges of the
magnets of the CPMU20 prototype were subjected to demagnetizing ﬁelds in only one direction, and the irreversible
demagnetization rate after the high-temperature treatments
was signiﬁcantly smaller than the intermediate magnets. The
anti-demagnetization ability of the A magnet with no GBD was
found to be lower than that of the B and C magnets. The
fundamental reason for these results was that, under the same
thermal power, in the A magnet with the thicker magnetization
direction, the Tb elements could not be completely diffused into
interior of the magnet. Meanwhile, almost all the regional grain
boundaries of the B and C magnets with thinner magnetization
directions displayed different degrees of Tb element
distribution.
The Mr irreversible demagnetization rate of the PrFeB magnets
under the high-temperature treatments directly affected the higher
precision shining of the magnetic ﬁeld for the CPMU. The magnets
or poles displaying larger shining were not allowed in the running
of the CPMU. At the same time, the Mr consistency of the PrFeB
magnets had an important effect on the phase and integral ﬁeld
error of the CPMU. When a comparison was made between the A
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Fig. 6. Irreversible demagnetization of the ﬁve-cycle CPMU20 made from the PrFeB magnets.

magnets with GBD and without GBD, the irreversible demagnetization rates of the B and C magnets obtained substantial improvements. These results were very favorable for the realization of
the magnetic ﬁeld design for the CPMU.
4. Conclusions
In this research study, a grain boundary diffusion Tb treatment
was carried out on a domestic PrFeB permanent magnet with a
major composition of (Nd0.1Pr0.9)2Fe14B. It is found that the Hcj has
been greatly improved, while the Br exhibits no loss. The PrFeB
magnets (P48UH) with higher magnetic properties along with their
application value are found to be developed by GBD, its comprehensive magnetic property (BH)max þ Hcj is approximately 74.7. The
average Hcj increase rate of the PrFeB magnets with GBD is found to
be closely related to the thickness of the magnetization direction of
magnets. It is determined that a thinner magnetization direction
thickness results in more obvious effects of the GBD. For example,
the maximum average Hcj of the PrFeB magnet increases from 20.08
to 26.79 kOe. The experimental results show that the Mr irreversible demagnetization amplitude of the CPMU20 with the PrFeB
magnets developed by GBD, is greatly improved following the hightemperature treatments. It is determined that the smaller the
magnetization thicknesses, the smaller the observed magnetic ﬁeld
loss of the PrFeB magnets, which was found to be very important
for higher precision measurement padding, as well as the entire
magnetic ﬁeld design of the CPMU. The PrFeB magnets developed
by GBD are found to be able to withstand the appropriate hightemperature baking, and are also very conducive to the ultra-high
vacuum control and access of the CPMU. Therefore, the results of
this study provide important experimental data for the future applications of short-period CPMU in SSRF and Free Electron Lasers in
China.
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