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The phase structure and magnetic properties of high-Co containing permanent magnets with high thermal stability
have been systematically studied in this work. It is abnormal that the coercivity of annealed samples was slightly lower
than that of sintered samples, while the coercivity was usually enhanced after annealing in conventional Nd–Fe–B samples.
Further analysis showed that in addition to RE2(Fe,Co)14B main phase and RE-rich grain boundary phase, there were also
new Co-rich magnetic phases located in the grain boundary. During annealing, the phase structures of high-Co containing
magnets were readjusted, especially the increasing Co-rich magnetic phase and emerging RE-rich particles precipitated
from the main phase. Eventually, the isolated RE-rich particles would act as the pinning center of the domain wall movement
in demagnetization process. It was confirmed that the coercivity of annealed high-Co containing magnets was controlled
by both nucleation and pinning. Pinning mechanism can partially compensate for the weakening of magnetic isolation due
to increased Co-rich magnetic phase, which explained the moderate decrease in coercivity of annealed high-Co containing
magnets. The discovery of new coercivity mechanism contributed to in-depth understanding of high-Co containing magnets.

Keywords: Co-rich phase, pinning, coercivity mechanism, high-Co containing magnets
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1. Introduction
Due to superior magnetic properties, sintered Nd–Fe–

B magnets have attracted much attention and been widely
used in hybrid and electric vehicles, wind power generators,
electronic appliances, etc.[1–5] With the rapid development of
modern industries, both excellent magnetic properties and en-
hanced thermal stability of permanent magnets at higher oper-
ating temperatures are required for extensive applications.[2,6]

However, the relatively low Curie temperature of 312 ◦C in
pure ternary Nd–Fe–B system is a primary drawback imped-
ing their operations at elevated temperatures.[7,8] It is strongly
desired to develop higher thermal stability and reliability Nd–
Fe–B magnets to meet the fast-growing demand for high-
temperature permanent magnets. Thus, improving Curie tem-
perature while maintaining high intrinsic coercivity has be-
come a focus of current research in conventional Nd–Fe–B
magnets.

Compared with Tb2Fe14B (Tc = 620 K) and Dy2Fe14B
(Tc = 598 K), Curie temperature of Nd2Co14B is surprisingly
up to 1000 K.[9–11] It was reported that the temperature co-
efficients of remanence and coercivity almost decreased lin-
early with increasing Co substitution in the range of 1%–10%
(atomic fraction).[12–14] Adequate Co substitution would en-
sure comparable temperature stability.[15,16] However, on the

one hand, the anisotropy field and the saturation magnetiza-
tion of Nd2Co14B phase were significantly lower than those
of Nd2Fe14B phase.[3,9] On the other hand, the addition of
excessive Co elements inevitably entered the grain boundary,
bringing about some variation of phase constituent. Relevant
studies have confirmed that there may be complicated phases
including RE(FeCo)2, RE2Co17 and RE(FeCo)3 appearing in
high-Co containing Nd–Fe–B magnets,[17,18,20] which were
proved to be magnetic with Curie points above room temper-
ature. It is the occurrence of these magnetic grain boundary
phases that significantly weakened the magnetic properties,
especially the coercivity of high-Co containing Nd–Fe–B sys-
tem.

In order to reduce the deterioration of coercivity caused
by increasing Co substitution, appropriate heavy rare earths
are usually added for performance balancing. Many schol-
ars tried to optimize the ratio of HRE to Co in order to ob-
tain the best stability matching magnetic properties.[15,21,22]

The existing research focused more on the preparation of high
thermostability magnets, and seldom studied the mechanism
of high-Co containing Nd–Fe–B system in detail. Accord-
ing to Xu et al.’s studies,[21] the presence of (Nd,Dy)(Fe,Co)3

phase in Co13 magnet with Curie temperature of 454 ◦C led
to reduced coercivity. Zhang et al. believed that Co-rich phase
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components were related to heat-treated states in high-Co con-
taining Nd–Fe–B magnets with 13 wt.%.[17] Co substitution.
RE(Fe,Co)2 Laves phase tended to occur under water quench-
ing condition, while RE2(Fe,Co)17 appeared easily in air cool-
ing condition. Based on these adverse effects, an appropriate
method was explored to eliminate or reduce Co-rich phase.
Jin et al. adopted dual-alloy process to inhibit the formation of
Co-rich phase, thereby maximizing coercivity while ensuring
the same stability.[18] Zhang et al. improved the distribution
uniformity of Co at the grain boundary with Pr80Cu20 addi-
tion in high-Co containing magnets, which effectively elimi-
nated Co-rich phase, and increased its coercivity.[22] Xu et al.
found that Ga addition can effectively transform soft-magnetic
Laves phase into paramagnetic (Nd,Dy)(Fe,Co,Ga)2 phase,
improving grain boundary wettability.[23] In recent years, Wu
et al. found that the underlying mechanism of deterioration in
magnetic property of high-Co containing magnets was over-
neglected.[24] A lot of research was done on the phase for-
mation, resultant microstructure and their correlation with the
coercivity mechanisms of high-Co containing hot-compacted
magnets, which has brought us much inspiration.[19,24,25] Up
to now, the mechanism of complicated Co-rich constituent on
coercivity is still inexplicit in high-Co containing sintered Nd–
Fe–B magnets.

In this work, conventional Nd–Fe–B magnets and high-
Co containing magnets were obtained by the same preparation
process. Among these, a conventional Nd–Fe–B magnet was
used as a reference. The phase structure evolution of a high-Co
containing magnet and its relationship with magnetic proper-
ties during annealing were systematically studied. Eventually,
the internal effect mechanism of grain boundary phase on co-
ercivity was elucidated.

2. Experimental details
Strip-casting flakes with a high-Co-containing compo-

nent (NdPr)28Tb3Co22M0.45B0.94Febal (M = Cu, Al, Zr) were
prepared by induction melting under Ar atmosphere. Af-
ter hydrogen decrepitation and jet milling, the fine powders
were produced with an average particle size of 3 µm. Subse-
quently, these powders were aligned in a mold and pressed
in a magnetic field of 2 T. The aligned magnets were fur-
ther compressed via isostatic pressing at 200 MPa. Finally,
the green compacts were sintered at 1050 ◦C–1070 ◦C for
2 h in a vacuum atmosphere (< 3× 10−3 Pa), and high-Co-
containing magnets in sintered state were obtained (hereafter
named as sintered Co22 sample). Then, post-sinter anneal-
ing (PSA) was further carried out. The choice of consec-
utive PSA was conducted at 900 ◦C for 2 h (1st anneal-
ing) and 450 ◦C–720 ◦C for 4 h (second annealing) (here-
after named as annealed Co22 sample). As a reference, con-
vention Nd–Fe–B magnets with the nominal composition of

(NdPr)31Co1.5M0.45B0.94Febal (M = Cu, Al, Zr) were prepared
in the same sintering process (hereafter named the sintered
Co1.5 sample). In contrast, subsequent consecutive PSA was
only conducted at 900 ◦C for 2 h and 500 ◦C for 4 h (hereafter
named the annealed Co1.5 sample).

The samples for magnetic properties tests were cylinders
with a size of Φ10×10 mm3. The demagnetization curves of
magnets in different states at room temperature were measured
by a NIM-500C hysteresis-graph analyzer system. The ini-
tial magnetization curves and minor hysteresis loops were ob-
tained by vibrating sample magnetometer (VSM, LakeShore-
7410). To identify the phase compositions, x-ray diffrac-
tometer (XRD-D8 ADVANCE) was performed on the pow-
der samples, and a Rietveld refinement by Fullprof software
further confirmed the ratio of constituent phase. The melt-
ing points of different phases were analyzed by differential
scanning calorimeter (DSC, NETZSCH 214). Scanning elec-
tron microscopy (SEM, FEI Quanta FEG 250) with an energy
dispersive x-ray spectrometer (EDS) was used for microstruc-
ture observation and element analysis. The detailed nanos-
tructure was investigated by transmission electron microscopy
(TEM; Talos F200X) equipped with an EDS signal detection.
Meanwhile, in situ magnetic domain observation was carried
out by Lorentz transmission electron microscopy (LTEM, The-
moFisher Talos F200x).

3. Results and discussion
Figure 1(a) shows the demagnetization curves of sintered

and annealed magnets with different Co content, and the corre-
sponding magnetic properties are listed in Table 1. First, com-
pared with sintered samples, it is found that Br and (BH)max of
annealed samples varied very slightly. However, the variation
in coercivity of corresponding magnets with different Co con-
tent is completely different. It is indicated that the coercivity
of Co1.5 sample increases substantially to 12.94 kOe with an
obvious increment of 3.51 kOe after annealing. Nevertheless,
the coercivity of Co22 sample with post-sintering treatment
decreases to 12.96 kOe, which shows moderate reduction of
1.8 kOe compared with its sintered sample. Figure 1(b) fur-
ther complements the coercivity values of high-Co-containing
magnets over a wider annealing temperature range. On the
whole, with increasing annealing temperature, coercivity first
increases and then decreases. Even at the optimum annealing
temperature, the (Hcj)max of magnets is not enhanced signif-
icantly or even slightly lower than that of sintered magnets.
However, it was evident that the temperature coefficients of
remanence and coercivity of annealed Co22 sample increased
from −0.104 %/◦C and −0.649 %/◦C to −0.067 %/◦C and
−0.568 %/◦C, respectively, as shown in Figs. 1(c) and 1(d).
Higher magnetic stability is obtained in high-Co-containing
magnets.
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Fig. 1. Demagnetization curves at sintered and annealed states of Co1.5 and Co22 samples (a), the dependence of coercivity on second annealing
temperature for Co22 sample (b), demagnetization curves at room temperature and 150 ◦C for annealed Co1.5 sample (c) and annealed Co22
sample (d).

Table 1. The Br, Hcj and (BH)max for sintered and annealed Co1.5 and
Co22 samples.

Samples Br (kGs) Hcj (kOe) (BH)max (MGOe)

Co1.5
sintered 14.20 9.43 49.55
annealed 14.17 12.94 49.98

Co22
sintered 12.81 14.76 38.24
annealed 12.79 12.96 37.74

According to the above, it was confirmed that moder-
ate reduction of coercivity did occur in annealed high-Co-
containing magnets, which is totally different from conven-
tional Nd–Fe–B magnets.[26] It is obvious that the introduction
of large quantities of Co elements has brought about some sub-
stantial difference in new-style high-Co-containing Nd–Fe–B
magnets, which may be related to its internal phase structure
and coercivity formation mechanism.

In order to further understand the inherent structural char-
acteristics, high-Co-containing magnets (Co22 samples) were
selected as main research objects in the later section. Through
the abnormal performance differences in sintered sample and
the optimal annealed sample, the internal relationship between
the microstructure and the performance mechanism is system-
atically explored in new-style high-Co-containing Nd–Fe–B
magnets.

Figure 2(a) presents the XRD patterns of powder sam-
ples in Co22 magnets under different heat-treated conditions.

The results show that both sintered and annealed samples are
composed of 2:14:1 main phases and two intergranular phases
(RE(Fe,Co)2 phases and RE-rich phases). No new diffrac-
tion peaks were found in annealed magnet, which indicates
that no phase transition occurs during annealing. It is well
known that conventional Nd–Fe–B magnets were composed
of 2:14:1 main phases and RE-rich phases. However, in high-
Co-containing magnets, due to the introduction of too much
Co, on the one hand, Co entered the main phase and replaced
Fe element partly, forming RE2(Fe,Co)14B phase, which may
result in a reduction in lattice parameters of main phase. Ac-
tually, the shift of the main peak towards lower angles in an-
nealed sample can be clearly observed in the local magnifi-
cation. Following the Bragg equation 2d sinθ = nλ ,[27] it is
indicated that the crystal plane spacings and lattice parame-
ters increased,[28] which may imply that part of Co element
came out of the main phase after annealing. On the other
hand, excess Co would enter the grain boundary phase in high-
Co-containing magnets, partially changing the composition of
the original RE-rich phase in conventional Nd–Fe–B magnets.
At the same time, a new ferromagnetic Co-rich RE(Fe,Co)2

phase is formed. Figure 2(b) lists the Rietveld refinements for
each sample, and the refined results of XRD patterns are also
shown in Fig. 2(c). It is found that the content of the three
component phases is adjusted slightly after annealing in high-
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Co-containing magnets. The volume fraction of main phases
decreased from 95.27 wt.% to 93.25 wt.%, while the content
percentage of RE-rich intergranular and RE(Fe,Co)2 phases
increased from 1.68 wt.% and 3.05 wt.% to 2.17 wt.% and

4.58 wt.%, respectively. In addition, the refined results also
show that the lattice parameters of the main phase in the an-
nealed sample slightly increased, which corresponds well with
the movement of diffraction peaks.
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Fig. 2. (a) XRD patterns and local magnification for the powder samples of sintered and annealed Co22 magnets. (b) The refined lattice
parameters a and c, observed patterns, calculated patterns and both differences for sintered and annealed samples are given in black, red, and
blue colors. (c) The fraction of constituent phases for sintered and annealed Co22 samples.
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Fig. 3. DSC curves and local magnification of sintered and annealed Co22
samples.

As previously mentioned, it was proven that the redistri-
bution of phase content occurred after annealing, which ulti-
mately affected the magnetic properties. In order to under-
stand the coercivity mechanism in high-Co-containing mag-
nets in depth, it was necessary to investigate the basic physi-

cal properties of these constituent phases, especially the newly
emerging Co-rich phase. Figure 3 shows the differential ther-
mal analysis curve of Co22 magnets under different heat-
treated states. The melting points of each phase were charac-
terized by these protruding peaks. It is obvious that the high-
est and most prominent peak represents the melting heat ab-
sorption of main phase, and the other three small peaks shown
in magnification correspond to the curie temperature, RE-rich
and Co-rich melting points. respectively. The Curie temper-
ature of Co22 samples is as high as 486 ◦C due to a lot of
Co entering the main phase, which is the fundamental rea-
son for its higher temperature stability. Generally, the melt-
ing point is closely related to the phase composition, and the
level of the endothermic peak represents the phase content.
There is no difference in the melting temperature of RE-rich
phase between sintered and annealed samples, which is about
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540 ◦C. Nevertheless, the melting points of Co-rich phase in
sintered and annealed magnets are 833 ◦C and 851 ◦C, respec-
tively. Both increased melting temperature and distinct peak
shape of Co-rich phase indirectly indicated that its composi-
tion changes while its content increases slightly.

Figures 4(a) and 4(b) depict the cross-sectional mor-
phologies of Co22 magnets before and after annealing. It is
clearly observed that both magnets are composed of the dark
gray 2:14:1 main phases, bright white RE-rich phases (marked
with a red arrow) and light gray Co-rich phases (marked with
a blue arrow). Among them, the two grain boundary phases
distributed in blocky morphology are often joined together.
It is even difficult to distinguish them with the naked eye in
most situations. Combined with energy spectrum analysis as
listed in Table 2, it was found that the main difference between
RE-rich phase and Co-rich phase is the proportion of ferro-
magnetic elements. Usually, RE-rich phases containing a low
proportion of ferromagnetic elements are nonmagnetic, while
Co-rich phase is ferromagnetic due to a higher proportion of
ferromagnetic elements. In addition, Co-rich phase was also
named as 1:2 phase, because the atomic ratio of rare earth ele-
ments to ferromagnetic elements is very close to 1:2. However,
in careful comparison with the EDS results, it is found that the
proportion of Co in Co-rich phase tends to increase, and the
atom ratio of Fe+Co to RE is slightly more than 2 in the an-
nealed samples. It was further proved that the diffusion of Co
element to the grain boundary phase did occur during anneal-
ing, which may also explain the increasing melting point of
Co-rich phase. Figure 5 shows a more detailed nanostructure
morphology by TEM. Unexpectedly, isolated spheroid parti-
cles were observed in the main phase of annealed samples.
The EDS results indicate that these particles enriched in Nd/Pr
elements are also RE-rich phase. So far, it has been confirmed
that RE-rich phase in annealed samples is composed of two
parts. One is distributed at the grain boundaries connecting
to Co-rich phase. The other part usually precipitates from the
main phase during annealing.

Table 2. The EDS results of RE-rich and Co-rich phases marked in Fig. 4.

Location Phase
Nd Pr Tb Fe Co

RE/Fe+Co
(at%) (at%) (at%) (at%) (at%)

1 Co-rich 22.6 8.9 0.9 29.5 37.4 1/2.06
2 Co-rich 22.3 9.6 0.4 28.0 36.4 1/1.99
3 Co-rich 23.59 10.54 0.3 29.61 35.96 1/1.92
4 RE-rich 64.6 21.0 6.8 5.0 1.7 13.79/1
5 Co-rich 21.3 9.2 0.6 29.0 39.8 1/2.21
6 Co-rich 20.8 8.1 0.2 34.4 36.6 1/2.44
7 Co-rich 18.7 7.4 0.7 37.3 34.6 1/2.68
8 RE-rich 58.1 19.3 2.9 1.4 18/1

Based on the previously mentioned situation of phase
variation, the evolution of the phase structure during annealing
is explored in detail. It is worth noting that the melting point

of the Co-rich phase is much higher than that of the RE-rich
phase. According to DSC curve, the main phase was mostly
solid, while RE-rich and Co-rich phases were totally liquid
at the primary annealing temperature of 900 ◦C. Co and Fe
elements at the edge of main phase would diffuse into the sur-
rounding liquid phase, while RE element in the grain bound-
ary phase would spread in the opposite direction due to suf-
ficient concentration gradient. This process would inevitably
lead to the reduction of the main phase content. At the same
time, an excessive rare earth element is inside the main phase.
Moreover, the content of Co and Fe increases while the content
of RE decreases in some liquid grain boundary phase, which
was transformed into new Co-rich phase, preferentially solid-
ified with the original Co-rich phase after subsequent cool-
ing process. Obviously, part of original RE-rich phase was
transformed into new Co-rich phase, which contained slightly
higher Co content. The variation in the Co-rich phase con-
stituent of the annealed sample also explained the difference
of peak pattern in DSC curve.

Fig. 4. SEM images of (a) sintered and (b) annealed Co22 samples.

Fig. 5. HAADF images and the corresponding STEM-EDS mapping for
Nd, Pr, Tb, Co and Fe elements of (a) sintered and (b) annealed Co22
samples.
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At the second annealing temperature, only RE-rich phase
was still liquid while the main phase and Co-rich phase were
already solid. In this process, RE-rich phase structure is
mainly adjusted. On the one hand, the preferential solidified
Co-rich phase at the grain boundary prevented RE-rich phase
from forming an isolation layer to wrap the main phase. On
the other hand, saturated RE elements would directly precip-
itate from the main phase in the form of spherical particles.
It is summarized that the thermal diffusion of Co (Fe) and
RE elements along the opposite direction occurred in the heat-
ing and holding process, which resulted in the adjustment of
grain boundary phase distribution after cooling. Eventually,
the content of both grain boundary phases increased after sec-
ond annealing. The results indicated that the microstructure of
high-Co-containing magnets is completely different from that
of conventional Nd–Fe–B magnets.

It is well known that the coercivity is usually affected
by low-temperature annealing in conventional Nd–Fe–B mag-

nets, in which the optimization of grain boundary phase mor-
phology is crucial for improving magnetic properties. How-
ever, the nonmagnetic RE-rich phase of high-Co-containing
magnets was distributed at both the grain boundary and the
main phase. The effective magnetic isolation layer was not
formed due to the morphology of large block distribution and
spherical particles. On the contrary, the coupling effect be-
tween the main phase was enhanced because of ferromagnetic
Co-rich phase at the grain boundary. The increasing ferromag-
netic phase is the reason for the deterioration of the magnetic
properties. It is worth noting that the coercivity was obvi-
ously affected by the second annealing temperature according
to Fig. 1(b), while the second annealing process is mainly re-
lated to the distribution of RE-rich phase. It was confirmed
that RE-rich phase played a certain role in coercivity of an-
nealed high-Co-containing magnets. The mechanism of coer-
civity formation needs further investigation.
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Fig. 6. Room temperature out-of-plane normalized initial magnetization curves (a1) and the corresponding first derivative curves (a2) of sintered
and annealed Co22 samples, Minor hysteresis loops of Co22 samples in sintered (b1) and (b2) annealed states, normalized coercivity (c1) and
normalized remanence (c2) with the normalized external magnetic field.
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Usually, the initial magnetization curve had an impor-
tant effect on explaining the magnetization reversal of perma-
nent magnet materials. Figure 6(a1) shows the dependence of
the normalized initial magnetization curve on different heat-
treated state, which starts at the thermally demagnetized state.
The corresponding first-order derivatives were also indicated
in Fig. 6(a2). The sintered samples showed a relatively large
susceptibility which is similar to that of conventional Nd–Fe–
B magnet. At a low magnetic field, sintered samples mag-
netized rapidly from 0 T to 0.3 T and a slow magnetization
process occurred from 0.3 T to 2 T, which shows a very steep
slope and then slope decreases significantly in the first-order
derivative curve. This steep initial magnetization curve indi-
cates that its magnetization reversal is mostly controlled by
nucleation, in which the domain wall motion is easy. How-
ever, an S-shaped two-stage magnetization was observed in
annealed magnets. It started with high-susceptibility region
to the magnetic field of 0.7 T and then changed to relatively
lower susceptibility. After reaching a critical field, it again
possessed a sharp rise. As a result, the presence of mini-
mal values was seen in the corresponding first-order derivative
curves, as shown in Fig. 6(a2). Such a step-behavior curve
indicates that annealed sample shows signs of domain wall
pinning during magnetization.[29] The initial high susceptibil-
ity meant that the domain wall first moved freely within the
grains, which is similar to that of sintered samples. Then,
the decrease in susceptibility suggests that some of the do-
main walls in the thermally demagnetized stage are obviously
pinned. Thus, a higher magnetic field is required to magnetize.
After the depinning of the magnetic domain walls, the sus-
ceptibility continued increasing to the saturation magnetiza-
tion. The depinning fields for the annealed samples were about
1.2 T, as seen from Fig. 6(a1). It is evident that the internal in-
teraction of the material changes significantly under different
heat-treated states. The minor hysteresis loops in Figs. 6(b1)
and 6(b2) can be used to reflect the gradual magnetization pro-
cess. These minor hysteresis loops are composed of a group
of loops with the magnetic field less than the saturation field.
Figure 6(c1) shows the coercivity Hcminor of each minor loop
as a function of magnetic field H, where the horizontal and
vertical coordinates are normalized with respect to Hc. When
H/Hc = 1, the Hcminor in sintered sample has reached 78%
of its maximum coercivity, and rapidly reaches the maximum
value with the external field increases. In this case, the nucle-
ation and expansion of reversed domains are the main mech-
anisms controlling the demagnetization process. However,
Hcminor in annealed sample is only 22% of its maximum coer-
civity when H/Hc = 1, and increases slightly slowly. The vari-
ation trend of the normalized remanence Mrminor/Mr is similar
to that of Hcminor/Hc as shown in Fig. 6(c2), indicating that
the coercivity of the annealed samples is controlled by both
nucleation and pinning, which is consistent with the results of
the initial magnetization curves.

Fig. 7. (a)–(f) Dynamic observation of domain wall movement in the
region around quasi-circular phase by Lorentz transmission electron mi-
croscope with increased external field.

In order to observe the pinning effect in an intuitive way,
Lorentz transmission electron microscope (LTEM) was used
to track the domain motion in annealed magnets. Figures 7(a)–
7(f) show the magnetization reversal process under different
external magnetic fields. In the beginning, the domain walls
move easily almost without hindrance. As the applied field
increased, evident phenomenon of domain wall pinning ap-
peared in the annealed sample. When the applied magnetic
field is large enough, the domain walls can be depinned. It is
found that the center of the pinning is a quasi-circular phase.
Combined with EDS results in Fig. 5(b), it is confirmed that
RE-rich particle precipitated from the main phase would be-
come the later pinning center. It is interesting that different co-
ercivity mechanism appeared depending on heat-treated pro-
cess in high-Co-containing magnets. In fact, the existence of
Co-rich phase has an important effect on phase redistribution
after annealing, which eventually leads to different demagne-
tization behavior. That is, the coercivity of sintered samples is
still controlled by single nucleation, while it is determined by
both nucleation and pinning in annealed samples.

Combined with coercivity mechanism mentioned above,
their magnetic properties in high-Co-containing magnets were
discussed with different heat-treated states. Due to the less-
ened content of the 2:14:1 main phase, the remanence Br de-
creased a bit in the annealed magnets. However, the influenc-
ing factors of coercivity are slightly complicated. On the one
hand, part of the nonmagnetic RE-rich phase was transformed
into ferromagnetic Co-rich phase, and the direct increase of
magnetic phase at the grain boundary significantly weakened
the isolation between the main phase. Once the magnetiza-
tion reversal domain appeared, it was easier to expand rapidly
under the control of nucleation mechanism, resulting in signif-
icant decrease in coercivity. On the other hand, nonmagnetic
RE-rich particles precipitated from the main phase acting as
the pinning center in annealed high-Co-containing magnets,
effectively inhibiting the magnetic domain motion, which may
be beneficial to improve coercivity under the control of pin-
ning mechanism. Considering the synergistic effect of mixed

117503-7



Chin. Phys. B 33, 117503 (2024)

mechanism, the emergence of the pinning phenomenon effec-
tively offset part of the reduction in coercivity due to enhanced
exchange coupling. Therefore, the limited reduction of about
1.8 kOe was found in annealed high-Co-containing magnets.
For the annealed magnets in this paper, increased ferromag-
netic phase interfaces provided a large number of nucleation
sites, which plays a dominant role in coercivity. However, reg-
ulating the second annealing temperature affected the distri-
bution of RE-rich phase directly, especially the spheroid RE-
rich particle precipitation from the main phase. The resulting
pinning effect is changed, and then the coercivity is also af-
fected. The variation of coercivity in high-Co-containing mag-
nets with second annealing temperature further confirmed the
existence of pinning mechanism. In other words, exploring
the appropriate heat-treated schedule to improve the pinning
effect would be crucial for improving coercivity of high-Co-
containing magnets.

4. Conclusion
In this work, the microstructure and magnetic properties

of high-Co containing magnets with high thermal stability un-
der different heat-treated conditions have been systematically
studied. The results show that sintered magnets were mainly
composed of hard magnetic 2:14:1 main phase, ferromagnetic
Co-rich phase with high melting point and nonmagnetic RE-
rich phase with low melting point. Among these, the two
grain boundary phases were almost connected together and
distributed in blocky form at the grain boundary. After anneal-
ing, both the content and distribution of constituent phase were
adjusted in high-Co containing magnets. On the one hand, the
decrease of main phase content was accompanied by the in-
crease of the content of the other two grain boundary phases.
On the other hand, a small amount of RE-rich phase with the
morphology of spherical particles precipitated from the main
phase in addition to that distributed at the grain boundary.

For high-Co containing magnets, the regulation of mi-
crostructure eventually led to different coercivity mechanisms
between sintered and annealed magnets. The former is con-
trolled by a single nucleation, while the latter is controlled by
both nucleation and pinning. After annealing, the increase of
ferromagnetic Co-rich grain boundary phase further enhanced
the contact of main phase, which caused a significant reduc-
tion in coercivity. However, the newly precipitated spherical
RE-rich particles would become the nailing center of the do-
main wall, which hindered the movement of domain wall dur-
ing the process of reverse magnetization. The emergence of
the pinning effect certainly contributed to the improvement of
the coercivity. Eventually, the strengthening effect of pinning
partially compensated for the weakening effect of magnetic
isolation, and the coercivity of annealed high-Co containing
magnets in this paper appeared to decrease moderately. The
essence of improving coercivity by optimizing the second an-
nealing temperature is to obtain the maximum pinning effect.

Our results are expected to provide important references for
understanding the magnetic mechanisms in high-Co contain-
ing magnets and designing high-performance magnets.
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[24] Wu Y Y, Skokov K P, Schäfer L, Maccari F, Aubert A, Xu H, Wu H C,

Jiang C B and Gutfleisch O 2022 Acta Mater. 235 118062
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