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We investigate the effect of the optimized aging processing on magnetism and mechanical property of the sintered Dy-
doped Nd–Fe–B permanent magnet. The experimental results show that the magnetism, especially intrinsic coercivity, of
the optimized aged Dy-doped Nd–Fe–B magnet is more excellent than that of the sintered one, but the former’s strength and
hardness are lower than that of the latter. It was observed that the optimized aged Dy-doped Nd–Fe–B magnet have more
uniform grain size, thinner (Nd, Dy)-rich boundary phase. By means of the EBSD technology, the number of larger angle
grain boundaries in the optimized aged Dy-doped Nd–Fe–B magnet is more than that of the sintered one. The reasons for
the increased intrinsic coercivity and decreased mechanical properties of the optimized aged Dy-doped Nd–Fe–B magnet
are also discussed.
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1. Introduction
It is well known that the sintered (Nd, Dy)–Fe–B mag-

nets have high corrosion resistance and a high intrinsic coer-
cive force,[1] and thus have been widely used in many fields
of aviation and navigation, electronic information technology,
green energy, transportation, communications, health, etc. In
view of the development trend, the application areas of perma-
nent magnetic material with desirable properties will continue
to expand. In the future, they will be used under more and
more harsh conditions, such as the motor vehicle with a speed
over 10 kr/min. As a result, severe working conditions raise
higher requirements to the strength and toughness to prevent
the cracking of the served magnet.[2] Therefore, the study on
mechanical properties of sintered Nd–Fe–B alloy has attracted
more attention in recent years.

Horton et al.[3,4] discussed the mechanical properties of
the Nd–Fe–B magnet in different processing routes. Zhang et
al.[5] studied the failure mechanism of sintered Nd–Fe–B mag-
nets from the view of a fracture model and fracture mechanism
as well as the effect of alloying on strength and toughness. The
results showed that intercrystalline fracture is the main frac-
ture model and cracks are elongated along the interface be-
tween the Nd2Fe14B phase and Nd-rich phase. Rabinovich et
al.[6] examined the strength, fracture toughness, Young’s mod-
ulus, hardness, as well as the other physical properties of sin-
tered Nd–Fe–B series with different compositions. The results
revealed that the bending strength σbb measured with three-

point-bend method of ternary NdFeB magnets is about 200–
250 MPa and the fracture toughness KIC with the single-edge-
notched-bend (SENB) method is about 2.5–3.7 MPa·m1/2.
Jiang et al.[7,8] checked that the strength σbb of magnets could
be improved to 400 MPa by Co element alloying, but KIC

(tested also by the SENB method) is even lower than that of
the ternary NdFeB magnet. Liu et al.[9] reported a significant
improvement of impact toughness by the compositional modi-
fication with Nd content variation and/or a small amount of Ti,
Cu, and Nb addition. Li et al.[10] also presented the positive
effect of proper Nd content in grain boundary phase on the
mechanical properties of sintered Nd–Fe–B magnets by the
dual-alloy sintered process. Liu et al.[11] examined the me-
chanical properties including bending strength (σbb) and frac-
ture toughness of sintered Nd–Fe–B magnets with Dy, Co, Nb
additions, and discussed the fracture mechanism.

However, there has been less work on the magnetism and
mechanical property of Dy-doped Nd–Fe–B permanent mag-
net alloys in the literature. In this paper, the difference of the
magnetic and mechanical properties between the sintered and
the optimized aging processed Dy-doped Nd–Fe–B permanent
magnets is compared and analyzed by means of the FESEM
observation on the fracture and grain boundaries analysis by
EBSD technology in order to provide a basis for the develop-
ment of high-performance sintered Nd–Fe–B permanent mag-
nets.
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2. Experimental details
2.1. Materials preparation and magnetic properties

The Dy-doped Nd–Fe–B magnets with the commercial
serial number of N35TH was employed. The mass percent-
age of Dy of the Dy-doped Nd–Fe–B magnets was 3%–5%.
The coercive force of the optimized aged Dy-doped Nd–Fe–
B magnet with this composition is the best and its mechan-
ical properties were studied. The samples were prepared by
the standard powder metallurgy method using multiple alloy
powders doped Dy–Fe alloy powders. After magnetic field
alignment and pressing, the green compacts were sintered at
1050 ◦C for 2 h. After the sintering process, the two stages
of aging heat treatments were employed. In order to find the
most appropriate temperature, several aging treatments were
applied for the sintered magnets by using an electric tube fur-
nace under the condition of 10−3 Pa vacuum. In the first stage
of the high-temperature aging, the aging temperatures were se-
lected between 600 ◦C and 1050 ◦C with an interval of 50 ◦C
for 2 h. In the second stage of the low-temperature aging, the
aging temperatures were selected between 430 ◦C and 560 ◦C
with an interval of 10 ◦C for 2 h. Then the optimized aging
processing consists of 2 h first aging at 800–950 ◦C and 2 h
second aging at 430–500 ◦C. All of the aged samples were
cooled to room temperature slowly.

Magnetic measurements were performed with the NIM-
2000 type magnetic measuring instrument made by National
Institute of Metrology of China. The magnetic parameters
such as intrinsic coercive force (Hcj), magnetic induction co-
ercive force (Hcb), bending point (Hk), remanence (Br), max-
imum energy product ((BH)max), and the squareness can be
obtained from the measured demagnetization curves.

2.2. Mechanical properties test

Bending strength tests were performed with an Instron
8502 servo-hydraulic fatigue testing system with the three-
point bending. The three point bending was made in accor-
dance with the GB/T 14452-93 procedure. The three-point
bending specimen was fixed on a specifically designed jig for
three-point bending tests in a fatigue testing machine. The test
samples are the Dy-doped NdFeB magnets with the size of
5 mm × 5 mm × 35 mm. The span width is L = 25.7 mm. The
loading rate is 0.3 mm/min. Examinations of the sintered and
optimal aged Nd–Fe–B magnets were repeated five times and
the average results are given because of larger random error.
The bending strength is calculated via international standard
BS EN ISO 3327:2009, [12]

Rtr =
3PL
2bh2 , (1)

where P is the load required to fracture the test specimen
(N), L is the distance between supports (25.7 mm), b is the
width of the test beam (5 mm), and h is the height of the
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Fig. 1. Schematic diagram of the three point bending test (in unit of mm).

test beam (5 mm). Surface preparation is an important variable
and should be standardized to ensure that consistent results are
obtained. Figure 1 is a schematic diagram of the three point
bending test.

Compressive strength tests were performed on an
SCHENCK TREBEL testing machine made in Germany in
accordance with the GB/T 10424-12002 procedure. The test
samples are the Dy-doped Nd–Fe–B magnets with the size of
Φ10 mm×8 mm. The loading rate is 5 mm/min. A minimum
number of five specimens were examined for each condition
and the average results are given. Compressive strength is cal-
culated by

δs =
4F
πd2 , (2)

where F is the load required to fragment the test specimen (N),
and d is the diameter of the samples.

Vickers-hardness tests were performed with a DV-1000
model of hardness tester under a test load of 2.94 N for 10 sec-
onds. All the experiments were repeated at least ten times to
characterize the dispersion of the experimental results.

2.3. Fracture and EBSD test

In this study, the fracture surface morphology was ob-
served by a UC-70 model of thermal field emission scanning
electron microscopy (TFESEM) made in Japan and the bound-
aries analysis was used by EBSD technology.

3. Results and discussion
3.1. Magnetic test

The main magnetic parameters such as intrinsic coer-
civity, remanence, and squareness of Dy-doped Nd–Fe–B
magnets treated by the optimal aging process are measured.
These values are also compared with that of the sintered Dy-
doped Nd–Fe–B magnets. Figure 2 shows the demagnetiza-
tion curves of the sintered and the optimal aged Dy-doped
Nd–Fe–B magnets and Table 1 lists the main magnetic param-
eters of the two samples. The data in Table 1 and Fig. 2 show
that compared with the sintered sample, the intrinsic coerciv-
ity, the energy product, and the remanence of the optimal aged
Dy-doped magnets are all improved greatly. It is worth noting
that the intrinsic coercivity, Hcj, is increased remarkably, from
19.912 kOe for the sintered magnet to 24.949 kOe for the op-
timal aged magnet. The Hcj is obviously increased by 25.3%
after the optimized aging treatment.
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Table 1. Comparison of magnetic properties between the sintered and
the optimized aging processed Dy-doped magnets.

Sample Sintered Optimal aged
Br/kGs 12.263 12.318

Hcb/kOe 11.851 12.105
Hcj/kOe 19.912 24.949
Hk/kOe 19.420 23.708
Hk/Hcj 0.975 0.950

(BH)max/MGsOe 36.032 37.152

30 20 10 0
0

3

6

9

12

as sintered
optimal aged

H/kOe

B
/
k
G

s

Fig. 2. (color online) Demagnetization loops of the sintered (a) and the
optimal aged Dy-doped magnets (b).

3.2. Mechanical properties

The bending strength, compressive strength, and Vick-
ers hardness of the sintered magnets are 381.27 MPa,
1299.58 MPa, and 613.2 HV, respectively, while the corre-
sponding values of the optimized aging processed magnets are
298.16 MPa, 1021.87 MPa, and 561.8 HV. After optimized
aging, the bending strength of the Dy-doped Nd–Fe–B per-
manent magnets falls by 21.8%, the compressive strength by
21.4%, and Vickers hardness by 8%, respectively. However,
the bending strength of the Dy-doped Nd–Fe–B magnets is
higher than that of the Dy-free Nd–Fe–B magnets as reported
in Ref. [6]. This result is in agreement with that of Liu.[11]

Mechanical properties of the Dy-doped Nd–Fe–B magnets are
shown in Table 2. From the magnetism and mechanical prop-
erties, it can be seen that after the optimal aging processing,
the intrinsic coercivity of the sintered Dy-doped Nd–Fe–B per-
manent magnets is obviously increased, but the compressive
strength, bending strength, and hardness decrease. In order
to study the property change of the Dy-doped Nd–Fe–B per-
manent magnets, the microstructure observation and fracture
analysis are performed.

Table 2. Comparison of mechanical properties between the sintered and the optimized aging processed Dy-doped Nd–Fe–B magnets.

Sample Bending strength/MPa Compressive strength/MPa Vickers hardness/HV

Sintered 381.27 1299.58 613.2

Optimized aging processed 298.16 1021.87 561.8

3.3. Microstructure observation and fracture analysis

Figures 3(a) and 3(c) show the fractographs of the sin-
tered Dy-doped Nd–Fe–B magnet and figures 3(b) and 3(d)
show the fractographs of the optimized aging processed Dy-
doped Nd–Fe–B magnet. As shown in Figs. 3(a) and 3(b),
after the optimized aging treatment, the grain size of the Dy-
doped Nd–Fe–B permanent magnets becomes uniform; si-
multaneously Nd-rich phase that is mainly distributed along
the grain boundary becomes thinner, as shown in Fig. 3(c)
and 3(d). Therefore, there are three reasons responsible for
the increase of Hcj. Firstly, Hcj is related to the anisotropy
field HA of the main phase in the magnets. The anisotropy
field of Dy2Fe14B (HA = 15.0 T) is much higher than that of
Nd2Fe14B (HA = 7.6 T).[13] Secondly, Hcj is closely related to
the grain size of the magnets, and the small grains are in favor
of high Hcj.[14] Thirdly, the grain boundary (GB) phase plays
an important role in determining the Hcj. The thinner film of
the Nd-rich phase has been formed in the GB during optimized
aging processing. This kind of GB can effectively separate the
magnetic grains, weaken the static magnetic coupling demag-
netization effect, and improve the Hcj of magnet.

Intercrystalline fracture is the main fracture model, which
can be concluded from the micrograph of the fracture surface
as shown in Fig. 3. The thin film Nd-rich phase uniformly
distributed around the matrix grain plays a significant role

in increasing the coercive force, but it is also the main rea-
son for the intergranular fracture of the Dy-doped Nd–Fe–B
magnet since it has a much lower hardness than that of the
matrix phase. Therefore, a crack easily expands along the
grain boundary in the Nd-rich phase.[15] The grain boundary
strength of magnets with heterogeneous grain size is always
higher owing to bigger grain boundary sliding resistance than
that of the magnets with uniform grain size. At the same time,
the grain boundary strength is also enhanced by the Nd-rich
phase because the Nd-rich phase is ductile phase and always
forms large particles in the crystal, while the grain boundary
strength becomes smaller when the Nd-rich phase in the mag-
nets forms mainly in the thin grain boundary. Therefore, the
sliding resistance along the grain boundary of the main crystal
phase (Nd, Dy)2Fe14B particle is larger and the grain bound-
ary strength is higher; while for the magnet after aging treat-
ment, the sliding resistance along the grain boundary of the
main crystal phase particles decreases and the grain bound-
ary strength is lower. From the backscattered images and im-
age analysis system for quantitative analysis of the Nd rich
phase, it is found that the proportion of the Nd-rich phase in
the sintered magnets is 16.28%, while the proportion of the
optimized aging processed magnets is only 11.51%. Zeng et
al.[16] found that cracks are elongated in the intercrystalline
Nd-rich phase since this phase is weak. Liu et al.[9,17] showed

037506-3



Chin. Phys. B Vol. 24, No. 3 (2015) 037506

that the strength of the Nd-rich phase is lower than that of
the Nd2Fe14B phase, but the toughness of the former is bet-
ter. Therefore, the mechanical strength and hardness of the
sintered Dy-doped Nd–Fe–B magnets are higher than that of
the optimized aging treated one.

(a) (b)

(c) (d)

Fig. 3. Fracture morphology of (a, c) sintered and (b, d) optimized aging
processed Dy-doped magnets.

3.4. EBSD analysis

EBSD orientation data are represented by the Euler an-
gle. Misorientation (including shaft and angle of misorienta-
tion) can be computed by two orientations. The grain bound-
ary which has a 15 degrees or bigger misorientation is a
large-angle grain boundary, otherwise it is a small-angle grain
boundary. A small-angle grain boundary is a representation
of one status in the interior of a grain, while a large-angle
boundary corresponds to two different grains. Differences in
distribution and types of large and small angle grain bound-
ary caused by different treatment processes influence the al-
loy performance to a certain extent. Figure 4 shows the grain
boundary analysis results by the EBSD of the sintered and op-
timized aging processed magnets. The small-angle boundary
of about 5◦–15◦ is shown as red, while the large-angle bound-
ary exceeding 15◦ is shown as yellow. After two stages of
aging treatment, the amount of small-angle grain boundary de-
creases, while that of the large-angle grain boundary increases.
The increase in the large-angle grain boundary is conducive to
the liquidity of the Nd-rich phase in the grain boundary, so

(a) (b)

Fig. 4. (color online) EBSD diagrams of (a) sintered and (b) optimized
aging processed Dy-doped magnets.

that the lamellar structures are formed, which improves the
coercivity of the magnets. On the other hand, the increase
of large-angle grain boundary reduces the sliding resistance
of the main crystalline phase of the (Nd, Dy)2Fe14B particles
along the grain boundaries. Therefore, the optimized aging
Dy-doped Nd–Fe–B magnet’s magnetic properties are better
than that of the sintered ones, but the bending strength, com-
pressive strength, and Vickers hardness of the former are lower
than those of the latter.

4. Conclusion
The experimental results show that the magnetism, es-

pecially intrinsic coercivity, of the optimized aged Dy-doped
Nd–Fe–B magnet is more excellent than that of the sintered
one and the Hcj value of the former is increased by 25.3%
compared with the latter. The strength and hardness of the
optimized aged Dy-doped Nd–Fe–B magnet are lower than
those of the sintered one. The bending strength, compres-
sive strength, and the Vickers hardness of the former fall by
21.8%, 21.4%, and 8%, respectively. It is observed by TFE-
SEM that the optimized aged Dy-doped Nd–Fe–B magnet has
more uniform main crystal grain size and thinner (Nd, Dy)-
rich boundary phase which are the main reason for improving
its magnetism. By means of the EBSD technology, the num-
ber of larger angle grain boundaries in the optimized aged Dy-
doped Nd–Fe–B magnet is much more than that of the sintered
one so as to lower the strength and hardness of the optimized
aged Dy-doped Nd–Fe–B magnet due to the sliding resistance
along the grain boundary falling.
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