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A B S T R A C T   

The substitution of Nd by misch-metal (MM) in Nd-Fe-B permanent magnets has attracted extensive attention due 
to the effective reduction of production cost and rational utilization of rare earth resources. In particular, multi- 
main phase (MMP) magnets prepared by dual alloy method possess a higher permanent magnetic performance 
than that of single main phase (SMP) magnets. However, the coercivity mechanism of MMP magnets is different 
from the nucleation and propagation of SMP magnets, especially the interactions of different 2:14:1 main phases 
have not been clarified. In this study, we investigated the temperature dependence of magnetization reversal 
mechanism in (MM,Nd)-Fe-B magnets by using recoil loops, minor hysteresis loops, first-order and second-order 
reversal curves. It found that with the increase of temperature, the magnetic moments motion is mainly affected 
by long-range magnetostatic interaction rather than exchange coupling. The weakened coupling interaction 
makes the demagnetization process of softer and harder magnetic phases asynchronous. The thermal activation 
energy barrier index related to coercivity mechanism is 1.45, 1.18 and 1.0 at 200 K, 300 K and 380 K, respec-
tively. It indicates that nucleation and expansion of reversed domains are the main mechanisms controlling the 
magnetization reversal process at low temperature. While the coercivity at high temperature is mainly deter-
mined by the domain wall pinning mechanism. In addition, we noted that both two coercivity mechanisms 
coexist in MMP magnets at 300 K. Micromagnetism has also been used to verify the coercivity mechanism of 
(MM,Nd)-Fe-B magnets sintered by dual alloy method, which is of great significance for improving the magnetic 
properties of high abundance rare earth magnets.   

1. Introduction 

Nd2Fe14B-based magnets have been the most widely used permanent 
magnets since they were discovered due to their excellent permanent 
magnetic performance at room temperature [1–3]. In order to rationally 
utilize rare earth resources and effectively reduce production cost, the 
replacement of Nd by misch-metal (MM) has become the focus of 
attention [4,5]. However, the magnetic properties of (MM,Nd)-Fe-B 
magnets deteriorate drastically due to the inferior intrinsic properties of 
MM2Fe14B. Compared with the traditional single alloy method, the dual 
alloy method by mixing MM2Fe14B with Nd2Fe14B powders has an 
obvious advantage in preparing high performance rare earth permanent 

magnets [6–8]. The mixed sintering of two powders can form the 
microstructure of multi-main phase (MMP) magnet, which greatly im-
proves its coercivity and magnetic properties. The different interactions 
between internal grains and grain boundaries will make the permanent 
magnets have a more special coercivity mechanism. It is essential to 
understand the magnetization reversal process, which has a significant 
impact on the development of new permanent materials and provides 
guidance for improving the performance of magnets. 

According to the different characteristics of magnetization reversal 
process, the coercivity mechanism can be divided into uniform rotation, 
nucleation, domain wall pinning and thermal activation. For traditional 
sintered Nd-Fe-B magnets with single phase, the coercivity mechanism is 
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generally considered to belong to the nucleation type [9]. Anisotropy, 
surface defects, grain boundary conditions and magnetism are the key 
factors that affect the properties of magnets. However, most relevant 
reports are based on phenomenological empirical formulas, which are 
difficult to penetrate to the microscopic level. The inconsistency of 
macroscopic manifestation and microscopic interpretation makes the 
coercivity mechanism of traditional SMP magnet not universal [10–12]. 
Meanwhile, the reports on MMP sintered magnets mostly focus on the 
permanent magnet properties such as magnetic energy product and 
coercivity, and rarely involve the magnetization and demagnetization 
process [11,13]. Xiong et al. preliminarily studied the magnetization 
reversal of (MM,Nd)-Fe-B magnets with different MM contents through 
the phase structure, microstructure structure and magnetic properties 
[14]. It is considered that domain nucleation and growth are the main 
factors controlling the magnetization reversal process of (MM,Nd)-Fe-B 
MMP magnets. However, since (MM,Nd)-Fe-B is temperature sensitive, 
it is difficult to determine the coercivity mechanism of MMP magnets 
only from demagnetization process at room temperature. It is urgent to 
explore the changes of interactions within magnets at different tem-
peratures and their effects on the coercivity mechanism, to understand 
the magnetization reversal process of high-abundance rare earth per-
manent materials, especially MMP sintered magnets. 

In this work, the effect of temperature on magnetic properties and 
magnetization reversal process of (MM,Nd)-Fe-B magnets have been 
studied. The magnetization behavior and interaction between grains 
were analyzed from the initial magnetization curves, the recoil loops 
and the minor hysteresis loops. In addition, first-order and second-order 
reversal curves are powerful techniques for qualitative and quantitative 
identification of magnetic phases, which are very sensitive to the dis-
tribution of irreversible magnetization and reversed field [15–18]. The 
magnetism and interaction mechanism between different main phases 
were evaluated from multiple perspectives to fully understand the 
magnetization reversal process of high abundance rare earth magnets. 

2. Experimental and simulation methods 

The raw materials of MM14Fe79.9B6.1 and Nd13.5Fe80.5B6 were pre-
pared by induction melting, strip casting, hydrogen decrepitating and jet 
milling. These two powders were mixed evenly at a mass ratio of 30:70 
using the 3D mixer. The mixed powders were pressed and aligned under 
a pressure of 5 MPa and a magnetic field of 1.8 T, followed by isostatic 
compacting under a pressure of 160 MPa. Then the green compacts were 
sintered and annealed. An alloy with the atomic composition of 
La1.18Ce2.18Pr0.21Nd10.08Fe80.32B6.03, hereinafter defined as MM30, was 
prepared by a dual alloy method [14]. 

In order to study the coercive mechanism of magnets, several 
magnetization curves have been measured in this paper. Recoil loops 
refer to the changing process of magnetization with the external mag-
netic field increasing from zero to a certain value and then gradually 
decreasing to zero. Minor hysteresis loop is a series of hysteresis loops 
under different maximum magnetic fields, whose maximum external 
magnetic field is smaller than the saturation field of the sample. A single 
FORC is measured by the magnetization curve from a reversed magnetic 
field (HR) to saturation in the positive direction [16]. The family of 
FORCs can be collected to fill the major loop by changing the HR. The 
measurements and analysis methods of second-order reversal curve 
(SORC) are similar to FORC. The SORC measurement begins with a 
saturated magnetization state under a large positive external field. The 
field is reduced to a reversed field HR1, and then increased to another 
field HR2. The hysteresis curve between HR1 and HR2 is one of the SORCs. 
A series of SORCs with reversed fields HR1 can be obtained by changing 
the value of HR2 [19]. The sample used in the FORC measurement was 
formed into a cuboid of 0.8 × 0.8 × 3 mm3, with a geometrical long axis 
parallel to the z-axis. Different hysteresis loops were measured at 200 K, 
300 K, and 380 K using a superconducting quantum interference device 
vibrating sample magnetometer (SQUID VSM, Quantum Design 

MPMS-3). The magnets were demagnetized by high-frequency oscil-
lating attenuated magnetic fields before the experiments. And the grains 
inside the magnet can maintain a single domain state during demag-
netization and remagnetization after they are completely magnetized to 
saturation [9,20,21]. 

The theory of micromagnetism is an effective method to investigate 
the exchange coupling mechanism and coercivity mechanism of per-
manent magnets [22,23]. As shown in Eq. 1, the total Gibbs free energy 
(Etot) of the system can be expressed by exchange energy Eex, anisotropy 
energy Eani, demagnetization energy Ed, and external field energy Eext 
[24]: 

Etot = Eex + Eani + Ed + Eext, (1)  

Etot=

∫ {

A
[
(∇mx)

2
+
(
∇my

)2
+(∇mz)

2
]
− K1m2

z −
1
2
μ0M⋅Hd − μ0M⋅Hext

}

dV.

(2)  

Where A, K1 and V are the exchange integral constant, magneto-
crystalline anisotropy constant and total volume of magnetic material, 
respectively. Magnetization M is used to describe the state of magneti-
zation, which is a continuous function of position. mx =Mx/Ms, my =My/ 
Ms, and mz =Mz/Ms are the components of normalized magnetization. 
The demagnetization process and equilibrium domain structure of per-
manent magnet can be obtained by solving the minimum Gibbs energy 
of the system. 

The model containing 100 irregular grains was constructed by Neper 
and the simulation was performed by finite element micromagnetics 
package Magpar [25,26]. The model is a cube with an edge length of 
3000 nm, and 166460 cells are obtained by tetrahedral adaptive 
meshing method based on Delaunay algorithm [27]. In order to simplify 
the model, Nd2Fe14B and (Nd0.2Ce0.8)2Fe14B were selected to represent 
Nd-Fe-B and MM-Fe-B, respectively. Material parameters used for the 
calculation are as follow [28,29]: for Nd-Fe-B, the anisotropy constant 
K1 = 4.30 MJ/m3, the saturation magnetization Js = 1.61 T, and the 
exchange integral A = 7.70 pJ/m; for MM-Fe-B, K1 = 2.06 MJ/m3, Js =

1.25 T, and A = 2.48 pJ/m. Consistent with the experiment, the ratio of 
these two grains in MM30 is 70:30. 

3. Results and discussion 

As shown in Fig. 1, the recoil loops of MM30 at different tempera-
tures were obtained from the demagnetization state. During the initial 
magnetization process, the magnetization increases rapidly with the 
external field and changes slowly around the coercive field. As the 
external field continues to increase, the magnetization continues to in-
crease until magnetization saturation, which is consistent with the 
nucleation mechanism. With the increase of temperature, the field 
required to achieve magnetization saturation increases and the step of 
initial magnetization curve gradually disappears. By comparing the ar-
rows in Fig. 1(a) to (c), it can be seen that the recovery curve changes 
from flat to incline and the demagnetization curves become less steep at 
high temperature, which is a typical two-phase composite permanent 
magnet [7]. The magnetization reversal process of different phases is not 
consistent due to the weakening of coupling effect. The δm curves in 
Fig. 1(d) is defined as δm = [Md(H)+2Mr(H)]/Mr(∞)-1, which can be 
used to qualitatively characterize the interaction between uniaxial 
anisotropic particles with single domain [24]. Where Mr(H) is 
isothermal remanent magnetization, obtained after the application and 
subsequent removal of a direct field H. And Md(H) is direct current 
demagnetization remanence, obtained after direct current saturation in 
one direction and the subsequent application and removal of a direct 
field H in the reverse direction. The intergrain interactions mainly 
include the long-range magnetostatic interaction and the exchange 
coupling interaction of neighboring grains. A positive value of δm means 
the exchange coupling plays a dominant role in magnetization reversal, 
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otherwise it is the long-range magnetostatic interaction. At 200 K, δm 
has a large positive value and only a small negative value even after 
H>Hc. However, the positive peak becomes very weak at high temper-
ature, much smaller than the negative one. It shows that the coercivity 
mechanism of MM30 is changed and the motions of magnetic moments 
are mainly affected by long-range magnetostatic interaction rather than 
exchange coupling. 

Since the first-order reversal curve (FORC) can completely record all 
irreversible magnetization processes, it is more conducive to under-
standing the intergrain interactions of MMP magnets. The normalized 
FORC distribution in Fig. 2 is defined as the mixed second order deriv-
ative of M (HR, H) with respect to H and HR [30–32]: 

ρ(HR,H) = −
1

2Ms

∂2M(HR,H)

∂HR∂H
. (3) 

Any nonzero ρ in this two-dimensional contour map corresponds to 
an irreversible magnetization process. As we can see, the FORC distri-
butions at different temperatures have similar overall shapes except for 
their relative positions and sizes. One peak located at the lower H cor-
responds to the irreversible magnetization of softer magnetic grains 
(MM2Fe14B), while the other peak corresponds to the harder magnetic 
grains (Nd2Fe14B). At 200 K, the peak of the former is very weak and 
almost negligible, which indicates that the magnetization reversal pro-
cesses of two main phases are consistent and difficult to be distinguished 
by FORC distribution. The blue and red circles at high temperature 
represent the independent demagnetization process of different main 
phases. As shown in Table 1, the relative integral intensity of the softer 
main phase gradually increased from 8.95% at 200 K to 30.93% at 380 
K. In other words, the irreversible magnetization component ratio of 
softer and harder phases is close to 3:7 at 380 K, which is in good 

agreement with the mass ratio (30:70) of MM2Fe14B and Nd2Fe14B in 
MM30 magnet. 

The region above the Hc-axis corresponds to the irreversible process 
in which the reverse field during remagnetization is greater than that 
during demagnetization. According to Table 1, the higher the temper-
ature, the lower the relative integral intensity beyond Hc-axis, indicating 
that the coupling within the magnet becomes weaker. Fig. 2 (a) shows a 
very narrow distribution along the left diagonal (Hu-axis). When the 
temperature increases, the distribution along the Hu-axis becomes 
obvious, that is, the orientation or exchange coupling of the magnet has 
changed. Since the orientation of the same magnet is less affected by 
temperature, it is mainly caused by the change of exchange coupling 
between grains. The orientation of the grains along the easy axis is al-
ways about 14◦ at different temperature. However, when the exchange 
coupling is weak, the angular distribution will be clearly reflected near 
the diagonal. Therefore, the contour line near the Hu-axis also proves the 
exchange coupling inside the magnet gradually weakens with the in-
crease in temperature. 

Compared with the FORC diagram, the one-dimensional irrevers-
ibility distribution can be used to represent the magnetization reversal 
process more intuitively. The integral of ρ with respect to external 
magnetic field is also known as FORC switching field distribution (SFD) 
[15,24]: 
∫ ∂2M(HR,H)

∂HR∂H
dH =

∂M(HR)

∂HR
. (4) 

The SFD in Fig. 3 shows the contribution of exchange coupling be-
tween the two main phases to the magnetization reversal. Red and blue 
dots are the reversed field distribution of harder and softer magnetic 
grains, respectively. The upper horizontal axis HR/Hc represents the 

Fig. 1. Recoil loops of MM30 under different external magnetic fields were obtained at (a) 200 K, (b) 300 K, (c) 380 K. Blue and red arrows are used to characterize 
the trend of demagnetization curve and recovery curve, respectively. (d) δm curve is used to represent the interaction form within the material. The initial state of the 
magnet is an alternating current demagnetization state. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 

D. Liu et al.                                                                                                                                                                                                                                      



Acta Materialia 246 (2023) 118710

4

reversed field normalized with respect to the corresponding coercive 
field. As shown in Fig. 3(a), the SFD of harder main phase almost co-
incides with that of the total magnet, indicating that MM2Fe14B grains 
and Nd2Fe14B grains can be well coupled at 200 K. The SFD of the 
magnet exhibits axisymmetric along the coercivity, which is single- 
phase behavior [14]. However, with the increase of temperature, SFDs 
of two kinds of grains gradually deviate from the symmetric distribution 
and become very dispersed. It means that the interaction within the 
magnet has changed and the magnetic domain of softer main phases 
cannot rotate consistently with harder main phase which supports the 
results of FORC distribution. In addition, the SFD corresponding to softer 
main phase has a negative value at |HR/Hc| > 1, which also confirms the 
exchange coupling has weakened. 

The interaction within the material changes significantly with tem-
perature, which has a great impact on the magnetization reversal 
mechanism. The minor hysteresis loops in Fig. 4(a)~(c) can be used to 
reflect the gradual magnetization process of MM30 magnet at different 
temperatures. With the increase of temperature, the step near zero field 
becomes less obvious, and the coercivity and squareness of magnet 
become worse. The squareness is the ratio of Hk to Hc, where Hk is the 

magnetic field corresponding to 0.9Br in the demagnetization curve. The 
squareness ranges from 0 to 1. The closer it is to 1, the better the anti- 
demagnetization ability of the magnet. The minor hysteresis loop is 
composed of a group of hysteresis loops with the magnetic field less than 
the saturation field. Fig. 4(d) shows the coercivity Hc

minor of each minor 
hysteresis 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 Hc

minor at 200 K has reached 80% of the maximum coercivity, 
and rapidly reaches the maximum value with the external field in-
creases. In this case, the nucleation and expansion of reversed domains 
are the main mechanisms controlling the demagnetization process. 
However, the Hc

minor at high temperature is less than 20% of the 
maximum coercivity when H/Hc = 1, and increases more slowly. The 
variation trend of the normalized remanence Mr

minor/Mr is similar to that 
of Hc

minor/Hc, indicating that the coercivity mechanism changes from the 
nucleation type to the pinning type with the temperature increases. 

In essence, magnetization reversal is the process by which the 
magnet overcomes the energy barrier (Eb) from a metastable state to a 
steady state. When Eb is close to the thermal disturbance energy (kBT) 
under the effect of external magnetic field, the magnetization reversal 
can be directly induced by crossing the Eb. The relationship between the 
energy barrier and the external magnetic field is [33]: 

Eb(H) = E0(1 − H/H0)
n
. (5) 

Taking the derivative of Eq. (5) with respect to external magnetic 
field H, the change rate of the energy barrier at the coercivity with the H 
can be obtained: 

∂Eb

∂H

⃒
⃒
⃒
⃒

H=Hc

= − n
E0

H0

(

1 −
Hc

H0

)n− 1

. (6)  

Where E0 is the energy barrier without external magnetic field, and H0 is 

Fig. 2. Two-dimensional FORC distribution of MM30 at (a) 200 K, (b) 300 K 
and (c) 380 K. The corresponding FORC distributions are shown as contour 
plots after demagnetization correction. The blue and red solid lines represent 
peaks corresponding to magnetization reversals of most softer and harder 
magnetic grains. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 

Table 1 
Relative intensities of integrals in different regions of the FORC distribution 
map.  

Temperature (K) Intensity of softer main phase Intensity beyond the Hc-axis 

200 8.95% 28.32% 
300 21.58% 20.01% 
380 30.93% 13.89%  

Fig. 3. FORC switching field distribution (SFD) of MM30 at (a) 200 K, (b) 300 
K, and (c) 380K. The red, blue and black dotted lines are the reversed field 
distribution curves of the harder magnetic grains, softer magnetic grains and 
total magnet, respectively. The reversed field HR and the normalized reversed 
field HR/Hc are taken as the lower and upper abscissa respectively. (For inter-
pretation of the references to colour in this figure legend, the reader is referred 
to the web version of this article.) 

D. Liu et al.                                                                                                                                                                                                                                      



Acta Materialia 246 (2023) 118710

5

Fig. 4. Minor hysteresis loops of MM30 at temperatures of (a) 200 K, (b) 300 K and (c) 380 K. Trends of (d) normalized coercivity and (e) normalized remanence 
with the normalized external magnetic field. The horizontal and vertical coordinates are normalized with respect to the corresponding coercive field Hc. (f) Hysteresis 
loops of MM30 at different temperatures. Insets show the coercivity and squareness of the demagnetization curve as a function of temperature. 

Fig. 5. (a)~(c) Time-dependent relaxation of magnetization under several external magnetic fields (near coercive field). (d)~(f) Relaxation of coercivity with time at 
different temperatures. (g)~(i) The coercivity and energy barrier without thermal disturbance as a function of exponent n. 
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the coercivity without thermal disturbance. The index n is related to the 
coercivity mechanism of the magnet, which is an effective way to 
identify the coercivity mechanism. The theoretical values of n are 2, 1.5 
and 1 for uniform rotating, nucleating and domain wall pinning 
mechanisms. 

For a magnet with an energy barrier of Eb, the perturbed magnetic 
field (Hf) caused by thermal perturbation for magnetization reversal is 
[34]: 

Hf = −
kBT

(∂Eb/∂H)
. (7) 

According to the thermal activation theory, thermal disturbance can 
be obtained by Hf = S/χirr, where S is the magnetic viscosity coefficient 
and χirr is the irreversible susceptibility. The magnetization of the 
magnet will gradually decrease with time, as shown in Fig. 5(a)~(c). 
The time t required for the magnetization relaxation to zero is related to 
the external field as follows: 

H(t) = H0

{

1 −
[

kBT
E0

ln
f0t

0.693

]1/n
}

. (8) 

Where f0 is the trial frequency of 1011 Hz. Fig. 5(d)~(f) shows that 
there is a good linear relationship between Hc and the logarithm of time 
lnt. The variation of coercivity and energy barrier with n without ther-
mal disturbance were obtained by numerical fitting. Compared with Eq. 
(6), the n values of 200 K, 300 K and 380 K can be determined to be 1.45, 
1.18 and 1.0, respectively. It indicates that the magnets do have 

different coercivity mechanisms at different temperatures. Consistent 
with the previous conclusions, the magnetization reversal is dominated 
by nucleation and pinning mechanism at 200 K and 380 K. However, the 
coercivity mechanism at 300 K is quite complex, and it is difficult to 
describe the magnetization reversal process by a single mechanism. 

The coercivity mechanism of (MM,Nd)-Fe-B at 300 K was further 
studied to fully understand the process of magnetization and demag-
netization of MMP magnets. Since the dependence of reversed magnetic 
field and angle θ (between the easy axis and the external field) can 
reflect different coercivity mechanisms, such as nucleation and pinning, 
the magnetization reversal processes at different θ were tested. As shown 
in Fig. 6(a) and (b), the HR of two main phases and the coercivity of 
MM30 magnet increase with θ increases. It can be seen from Fig. 6(c) 
that the reversed field HRpeak corresponding to SFD peak moves toward 
the direction of high field when θ becomes larger. Especially when θ >
60◦, the peak value decreases rapidly and the distribution becomes more 
diffuse, that is, pinning effect is more obvious at large angles. However, 
FORC switching field distribution only changes slightly when θ is low, 
which has a great deviation from the angle relationship of the pinning 
mechanism. It also indicates that the external magnetic field will affect 
the magnetization reversal process of MM30 magnet at 300 K. 

The demagnetization of MM30 magnets at 30◦ and 75◦ were also 
revealed by micromagnetic simulation. Multi-grain microstructure is 
constructed by centroidal Voronoi tessellation, which can better reflect 
the actual particle shape [35–37]. Fig. 6 is the magnetization reversal 
process of magnets under different external magnetic fields. The 

Fig. 6. (a) Reversed magnetic field of two main phases and (b) the coercivity of magnet as a function of angle θ between the easy axis and external field. (c) FORC 
switching field distribution (SFD) at different angles. Magnetization reversal process of MM30 magnet with magnetic field at (d) θ = 30◦ and (e) θ = 75◦. The 
magnetization in z-direction is represented by regions in red (+z) and blue (− z). (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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coercivity of the simulated magnet is generally higher than that of actual 
magnet, mainly because the grains are uniformly refined and there are 
no defects, which also indicates that the performance of MMP magnets 
can be further improved by forming better microstructure. The light 
colors (light red and light blue) represent the softer main phase, while 
the dark colors (dark red and dark blue) represent the harder main 
phase. As shown in Fig. 6(d), magnetization reversal occurs preferably 
inside the softer grains and then rapidly expands to the surrounding 
grains, resulting in magnetization reversal of the entire magnet. By 
comparing the domain configurations in Fig. 6 (e) and (d) under the 
same magnetic field, it can be seen that the reversed domain is difficult 
to be driven when the magnetic field is relatively small and swerve off 
the easy axis. Only the color of the magnet becomes lighter as the 
magnetic field increases, indicating that the magnetization changes very 
slowly. The weak exchange coupling inhibits the domain propagation 
between different phases, which makes the reversed domains nucleate 
mainly at the softer magnetic phase and boundaries. When the external 
magnetic field overcomes the pinning effect, the magnetic moments of 
the magnet are reversed and magnetized to saturation. 

In addition, the intensity of reversed field will also affect the for-
mation of effective exchange coupling between grains by affecting the 
domain directions of different grains. The second-order reversal curve 
(SORC) can be used to reflect the information of demagnetization under 
a specific reversed field HR1. Fig. 7(a)~(c) are the SORCs of MM30 
magnet at 300 K under -656 kA/m, -800 kA/m and -1600 kA/m. Two- 
dimensional SORC distribution is obtained according to the following 
equation [19]: 

ρ(HR2,H) = −
1

2Ms

∂2M(HR1,HR2,H)

∂HR2∂H
. (9) 

Effective exchange coupling between two grains requires that the 
magnetic domains of MM-Fe-B grains are oriented in the same direction 
as all surrounding Nd-Fe-B grains. When the magnetic domains of MM- 
Fe-B and Nd-Fe-B grains are in opposite directions, the exchange 
coupling fails. As shown in Fig. 7, when HR1 = -656 kA/m (around Hc), 
the domain directions of MM-Fe-B grains are not aligned with all the 

surrounding Nd-Fe-B grains, that is, the two grains cannot be coupled to 
each other. Since there is no effective exchange coupling and MM-Fe-B 
has a low reversed field, the peak of reversed field of most MM-Fe-B 
grain is near the zero magnetic field. There is only one peak in Fig. 7 
(d) except the peak near zero field, which also indicates that the softer 
magnetic phase is completely decoupled from the harder one. The 
former reverses quickly at a very low field, while the latter has a 
reversed field of 880 kA/m. When HR1 = -800 kA/m (slightly larger than 
Hc), the domain directions of some MM-Fe-B grains are aligned with all 
the surrounding Nd-Fe-B grains, that is, some of MM-Fe-B grains are 
coupled with Nd-Fe-B grains. Thus, the reversed field of the MM-Fe-B 
grains is increased to 400 kA/m. When HR1 = -1600 kA/m (obviously 
larger than Hc), the domain directions of almost all MM-Fe-B grains are 
in the same direction as surrounding Nd-Fe-B grains. There is an effec-
tive exchange coupling between the two grains, and the reversed field of 
the MM-Fe-B grains is increased to 560 kA/m. The nucleation and 
propagation of reversed domains in most MM2Fe14B grains are signifi-
cantly suppressed by the exchange coupling with Nd2Fe14B grains, 
which makes the magnetization reversal process of different grains more 
synchronous. 

The magnetization reversal process of MM30 magnet at 300 K was 
clearly characterized in Fig. 8. Blue grains represent softer main phase 
with low anisotropy, while red grains represent harder main phase with 
high anisotropy. Assumed that softer magnetic phases are distributed 
around the harder magnetic phase and magnetized to saturation in a 
positive direction (Fig. 8(a)). The demagnetization process of magnet is 
represented longitudinally, and the recovery process of magnet is rep-
resented transversely. When the reversed field is very low, the two main 
phases are weakly coupled with each other. The magnetization reversal 
of the two phases is relatively independent, especially in the recovery 
process. As shown in Fig. 8(b) and (c), the softer magnetic phase reverses 
before the harder magnetic phase. When the reversed field increases, 
there is an effective exchange coupling between the two main phases. 
Grains with small anisotropy and those with large anisotropy are 
partially coupled and magnetized in the opposite direction. Coupled 
grains are also rotated uniformly during the recovery process. Fig. 8(d) 

Fig. 7. The second-order reversal curve (SORC) of MM30 magnet at 300 K under different HR1: (a) -656 kA/m, (b) -800 kA/m, and (c) -1600 kA/m. The corre-
sponding SORC distribution (d), (e) and (f) are shown as two-dimensional contour maps with (HR2, H) as the coordinates. The red and blue dashed lines correspond to 
the reversed magnetic field in which most Nd2Fe14B and MM2Fe14B grains are magnetized. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 
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and (e) correspond to the situation in Fig. 7(e) and (f). The change in 
interaction results in the coexistence of two coercive mechanisms in the 
MMP magnet at 300 K. The effective exchange coupling between grains 
is affected by the domain directions of grains, which can be influenced 
by the applied magnetic fields. When the intensity of magnetic field or 
the angle with easy axis is large, the nucleation and diffusion of the 
reversed domain are hindered, and the pining mechanism dominates the 
magnetization reversal process. 

4. Conclusions 

In this paper, the magnetization reversal mechanism of MMP magnet 
is investigated by studying the interaction between the grains and the 
dynamic magnetization at different temperatures. It is found that the 
interaction is weakened with the increase of temperature, which makes 
the demagnetization process of softer and harder main phases becomes 
inconsistent. Compared with low temperature, the movements of mag-
netic moments are mainly affected by long-range magnetostatic inter-
action rather than exchange coupling at high temperature. According to 
the thermal activation theory, the n values related to the coercivity 
mechanism at 200 K, 300 K and 380 K are 1.45, 1.18 and 1.0, respec-
tively. The main mechanism controlling the magnetization reversal 
process is the nucleation of reversed domains at low temperature and 
domain wall pinning at high temperature. However, the magnetization 
reversal of MMP magnet at 300 K is difficult to be described by a single 
coercivity mechanism. FORC with different angles and the correspond-
ing 2D distributions confirm the coexistence of two coercivity mecha-
nisms. Micromagnetism and SORC were also used to understand the 
coercivity mechanism of (MM,Nd)-Fe-B magnets sintered by dual alloy 
method, which is of great significance to improve the magnetic prop-
erties of high abundance rare earth magnets. 
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