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The effects of microstructure, cell orientation and temperature on magnetic properties and the coercivity mecha-

nism in Sm(Co,Fe,Cu,Zr)z with low Cu content are studied by using the micromagnetic finite element method in this

paper. The simulations of the demagnetization behaviours indicate that the pinning effect weakens gradually with the

thickness of cell boundary decreasing and strengthens gradually with the cell size decreasing. Because of the intergrain

exchange coupling, the coercivity mechanism is determined by the difference in magnetocrystalline anisotropy between

the cell phase and the cell boundary phase. And the coercivity mechanism is related to not only the cells alignment but

also temperature. With temperature increasing, a transformation of the demagnetization mechanism occurs from the

domain pinning to the uniform magnetization reversal mode and the transformation temperature is about 650 K.
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1. Introduction

The precipitation-hardened Sm(Co,Fe,Cu,Zr)z
permanent magnets (PMs) have re-attracted much at-
tention due to their very excellent high temperature
magnetic properties since the 1990s.1=6] These ex-
cellent magnetic properties are considered to be re-
lated to the complex cellular microstructure, which
consists of 2:17 rhombohedral cells each with a
size around 100 nm, surrounded by 10 nm 1:5 cell

boundaries. 179

I Recently, many research results in-
dicated that the different temperature dependences
of coercivity had been discovered in this kind of
PM.[1:3-5:10] 1t i5 universally received that the coerciv-
ity mechanism is controlled by domain wall pinning in
this kind of PM, which is determined by the difference
in domain wall energy density between the two phases.
According to the temperature dependence of coer-
civity, the Sm(Co,Fe,Cu,Zr)z PMs are distinguished
from the traditional Sm(Co,Fe,Cu,Zr)z PMs and the
modern Sm(Co,Fe,Cu,Zr)z PMs.[31% The coercivity

of the former deteriorates rapidly and monotonically

with temperature increasing, but the latter exhibits
an abnormal temperature dependence of coercivity in
a certain temperature range. There are several models
to explain the temperature dependence of mechanism
of coercivity in Sm(Co,Fe,Cu,Zr)z. And the Cu con-
tent in cell boundary phase plays an important role in
mechanism and its temperature dependence.[!:3-6:11]
If the Cu content in cell boundaries is large enough
to make the cell boundary nonmagnetic, the mecha-
nism of coercivity should be controlled by nucleation.
But if the Cu content is too low, the cell boundary
should be magnetic and the magnetization behaviour
becomes very complicated because of the complex mi-
crostructure. And thus, the mechanism of coercivity
is unclear in Sm(Co,Fe,Cu,Zr)z PMs with low Cu con-
tent.

Micromagnetics based on the continuum theory
is suitable for the investigation of the magnetization
behaviour in a magnet. Recently, the micromag-
netic finite-element method (FEM), in which the the-
ory of micromagnetics and the finite-element method

combine together, is confirmed to be effective for
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the simulation of a magnetization distribution un-
der a magnetic field.['2=1%] So, three-dimensional (3D)
micromagnetic FEM simulation is usually used to
analyse the magnetic behaviour in PMs.['6=21 We
have studied the mechanism of magnetization rever-
sal in Sm(Co,Fe,Cu,Zr)z PMs with high Cu content
through the micromagnetics FEM simulation.['9—2!]
In the present paper, the magnetization behaviours
of Sm(Co,Fe,Cu,Zr)z PMs with low Cu content are
investigated systematically through the micromag-
netics FEM simulation using the software package
Magpar,??l and the simulation is described in refer-
ence [12]. The effects of microstructure, cells orien-
tation and temperature on magnetic properties and
coercivity mechanism are studied in the present pa-

per.

2. The simulation model

According to the continuum micromagnetic the-
ory, the total magnetic Gibbs free energy of a system
is composed of the Zeeman energy @y, the dipolar en-
ergy @p, the anisotropic energy @i and the exchange
energy Pey,[?324 ie.,

G:¢H+¢D+¢K+¢ex' (1)

This expression is a function of the direction of the
spontaneous polarization Js, and the magnetization
distribution can be obtained by minimizing the Gibbs
free energy. The long-range dipolar—dipolar interac-
tion is solved by introducing a magnetic vector poten-
tial. A more detailed description about this method
is given in reference [12].

The
Sm(Co,Fe,Cu,Zr)z PMs by the transmission electron

investigation of the microstructure
microscopy reveals that the regular rhombohedral
cellular 2:17 phase cell (about 100 nm in size) is sur-
rounded by the 1:5 phase cell boundary (about 10 nm
in thickness).[>=%2%26] Therefore, a cubic model con-
sisting of 5 x 5 x 5 cells is built in the present paper.
Figure 1 gives the simulation model. As shown in
figure 1, the small cubes represent the SmyCoy7-type
cells, each of which is surrounded by the SmCos-
type cell boundaries. The effects of microstructure
and temperature on demagnetization behaviour are
studied by simulating the demagnetization process,
changing the microstructure parameters (the sizes of
cell phase and cell boundary) and magnetic parame-

ters for different temperatures. And the influence of

cell alignment degree on demagnetization behaviour is
also studied. The mean direction of a sample is fixed
on the Z-axis which is parallel to the field direction.
And the standard deviation o is adopted to describe
the orientation degree of every cell. And the standard
deviation o is adopted to describe the orientation de-
gree of each cell. A detailed description is given in

reference [27].

cell boundary phase

cell phase

Fig.1. Simulation model composed of 125 cells.

At room temperature (RT), the cell size D varies
from 30 nm to 50 nm, with fixing cell boundary
thickness ¢ = 6 nm, and the cell boundary thick-
ness changes from 2 nm to 8 nm with fixing cell size
D = 50 nm. The RT magnetic parameters of the cell
phase (J#!7 =1.24 T, K#!7 = 2.9 M-J/m3, A%17 =
9.5 x 1072 J/m) and cell boundary phase (J!° =
0.66 T, Ki® =81 M-J/m3, A5 =7.7x 10712 J/m)
as reported in reference [28] are used in the present
simulation. Because of the low Cu content in the cell
boundary phase, one can find that the magnetocrys-
talline anisotropy of the cell boundary is much larger
than that of the cell phase. And the saturation magne-
tization Jg of the sample is dependent on the fractions
of two phase volumes and related to microstructure as
well. The magnetic parameters at high temperatures
are deduced through the following equations:

J3(T) = C5(1 = T/Tc)",

K1(T) = Cx(Js(T))°,

A(T) = Ca(Js(T)). (2)
Here, § = 0.5 for the molecular field theory and

6 = 0.365 for 3D Heisenberg model. And we adopt
the former in this work.
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3. Results and discussion

3.1. Influence of microstructure

Figure 2 shows the curves for simulated demagne-
tization versus coercivity for several cell sizes at RT.
In figure 2(a), the cell size D is 50 nm and the cell
boundary ¢ changes from 2 nm to 8 nm. The coerciv-
ity puoH,. increases from 2.88 T at ¢ =2 nm to 4.16 T
at t = 8 nm, but it should not increase obviously when
t > 6 nm. It is contrary to the relationship between
coercivity and cell boundary thickness in traditional
Sm(Co,Fe,Cu,Zr)z PMs with high Cu content. Be-
cause of the low Cu content in cell boundaries, the
magnetic anisotropy is stronger in the cell boundaries
than that in the cell phase. And the intergrain ex-
change coupling (IGEC) makes the nucleation field
increase in the cell phase, i.e. the cell phase is mag-
netically hardened by the neighbouring cell bound-
ary phase as done in hard/soft nanocomposite PMs.
When the cell boundary thickness ¢ is less than 6 nm,
the demagnetization curve shows a single phase PM
and no domain wall pinning effect. But a plateau in
the demagnetization curve indicates a two-phase de-
magnetization behaviour and a domain wall pinning
process at ¢ = 8 nm. Because the anisotropy in the
cell boundary is stronger than that in the cell phase,
the magnetic reversal starts with the nucleation of a
reversal domain in the cell phase and the domain wall
is pinned in the cell phase. In the simulation results

=0= 2 nm
0.6F =0°= 4 nm
<8« § M

—-v= 8 nm

0.4F

J/T

0.2

D = 50 nm

0

poH /T

given by Scholz et al,?%3 the similar phenomenon
to the relationship between the effect of domain wall
pinning and the thickness of the cell boundary is ob-
served.

Figure 2(b) shows the curves for simulated de-
magnetization for several cell sizes at cell boundary
t = 6 nm at RT. The domain wall pinning effect
can be observed from all demagnetization curves from
D = 30 nm to 50 nm. This indicates that the de-
magnetization processes are controlled by the domain
wall pinning. Although the coercivity poH. has al-
most no change with cell size D decreasing from 50 nm
to 35 nm, it increases sharply to 4.97 T when the cell
boundary size is 30 nm. It results from two factors:
one is the nucleation field increasing due to the IGEC
as mentioned above and the other is the relative vol-
ume of the IGEC effect vex increasing with the cell
size decreasing. In this paper, the vey is defined as

follows:
ey = |:(D+6]135)3 _ (D - 6]23:17)3:| /(D+t)37 (3)

where §5° and 6517 are the theoretical thicknesses of
domain walls in the cell boundary phase and in the
cell phase, respectively. Accordingly our simulation
results about the microstructure and the impulsive
domain wall pinning are related not only to the cell
boundary thickness, but also the cell size, i.e. the rel-

ative volume vex of the IGEC effect.

=0= 30 nm (b)
| =o= 35 nm

« «fe « 40 nm
04F o 45 nm

[ =¢= 50 nm

0.6

t =6 nm

poH /T

Fig.2. Curves for simulated demagnetization versus coercivity for several different cell boundary sizes (a) and

cell sizes (b).
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3.2. Influence of cell alignment

In order to study the influence of the cell alignment on demagnetization behaviour, the demagnetization

processes are simulated versus orientation distribution of the crystalline anisotropy field in different cells, with

different standard deviation degrees of easy axis, i.e.

o = 0°, 5°, 10°, 15°,

20° and 30°, and 2:17 cell size

D =50 nm, and 1:5 cell boundary ¢t = 6 nm. The demagnetization curves are shown in figure 3 with the value

of o varying from 0° to 30° in steps of 5°.

o /T

Fig.3. Demagnetization curves for different cell alignment
degrees.

For the ideal anisotropic magnet, ¢ = 0° and the
demagnetization curve shows an observable plateau at
external field ugH ~ 6 T, which is greater than the
theoretical nucleation field 5.87 T of the cell phase
2:17 but less than that of the cell boundary phase
1:5. On the one hand, the cell phase is magnetically
hardened by the boundary phase which results in the
increase of nucleation field. On the other hand, the
domain wall is pinned in the boundary phase due to
the higher magnetic crystalline anisotropic field than
that of the cell. With the deterioration of the cell
alignment, the plateau disappears rapidly in the de-
magnetization curve which indicates that the coerciv-
ity mechanism changes from homogeneous pinning to

inhomogeneous pinning. It is consistent with our pre-

|

N

_____ my from S-W mutlcli\-_

=1

my

poH /T

0 5 10 15 20 25 30
a/(°)

[

vious simulation results?!! where the coercivity mech-
anism was related to the crystalline orientation.

Figure 4 shows the curves for remanence ratio
my, coercivity poH. and maximum energy product
(BH)max versus standard deviation o, and the the-
oretical m, in the Stoner—Wohlfarth model is also
shown in figure 4(a) for comparison. The value of
m,; monotonically decreases with the value of o in-
creasing, which results from the deviation of magnetic
moments from the direction of the external field be-
cause of the magnetic crystalline anisotropy in the re-
manence state. The nucleation field decreases with
the deviation from easy axis, which makes the coer-
civity decrease. According to the simulation results,
IGEC leads the value of m, to be larger than that in
the Stoner—Wohlfarth model (the remanence enhance-
ment effect) and the coercivity to be larger than the
cell phase nucleation field pgH. = 5.87 T when o <
15° as shown in figure 4(a). Because the value of poH,
is much larger than J; /2, the value of (BH )pyax is de-
termined by the J; and the dependence of energy prod-
uct on o is similar to that of m, on o (figure 4(b)). In
addition, the squareness of the demagnetization curve
deteriorates with the value of ¢ increasing as shown in
figure 3, which makes the value of (BH )max decrease
too. Obviously, the cell alignment optimization is an
effective way to improve the magnetic properties of
PMs.

26 I—pm (b)

(BH )max
b
]

20 \l

" "

0 10 20 30
a/ (%)

Fig.4. Remanence ratio m;, coercivity poHc (a) and maximum energy product (BH)max (b) versus standard

deviation o.
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4. Simulations of demagnetization at different temperatures

Figures 5(a) and 5(b) show the demagnetization curves of anisotropic and isotropic magnets at different
temperatures for D = 50 nm and ¢ = 6 nm, respectively. For anisotropic magnet, the demagnetization curves
each have a plateau at lower temperatures. This phenomenon is caused by the fact that the domain wall
homogeneous pinning effect gradually weakens with temperature 7" increasing and even disappears at T > 500 K
as shown in figure 5(a). However, no plateau can be observed in the whole temperature range under study for
isotropic magnet as shown in figure 5(b). And comparing figure 5(a) with figure 5(b), one can find that the
nucleation field of the anisotropic sample is much larger than the coercivity of isotropic sample at the same
temperature. It maybe indicates that the coercivity mechanism is controlled by inhomogeneous domain wall
pinning or magnetic moment reversal in the isotropic sample. As mentioned above, the coercivity mechanism
is related to the crystalline orientation. In the isotropic sample, the depinning fields of the cells with different
orientations are different, or even the progress of demagnetization is totally controlled by the magnetic moment
reversal in some cells. This leads the plateau to disappear in the demagnetization curve as shown in figure 5(b).

0.6 —r— 300 K
—o— 400 K
b 500 K
—e— 575 K
—re— G50 K
0.4 ok
=l TH0 K
[ ~ o &0 K
oy e —tr— 850 K
0.2F
(b)
0

Ho L’;"l‘

Fig.5. Demagnetization curves for anisotropic (a) and isotropic samples (b) at different temperatures.

According to the theory of domain wall pinning,[®1131:32] the coercivity mechanism should change from
the repulsive model to the attractive model, if the domain wall energy density of 1:5 cell boundary phase 7.5
changes from larger to less than that of 2:17 cell phase 72.17 with temperature increasing. At the critical
transition temperature (about 575 K in this work), ~1.5 is equal to 79.17 and the domain walls undergo a
motion subject to no resistance. But the domain wall pinning can be observed in the demagnetization curve
at T = 575 K and the pinning effect disappears at T = 650 K as shown in figure 5(a). Obviously, the
demagnetization mechanism becomes of uniform rotation model when temperature is higher than 650 K in
which range the magnetocrystalline anisotropy constant of the cell phase K217 is very close to that of the cell
boundary phase K{:°. That indicates that the pinning field is determined by the difference in magnetocrystalline
anisotropy AK; between the cell phase and the cell boundary phase. At T' > 650 K, AK; < 0.4 x 10° J/m?, the
demagnetization process is controlled by the uniform rotation in the cell phase and the pinning effect disappears
as shown in figure 5(a). Similar phenomena were reported by Scholz et al.[2%:3%]

Figure 6 shows the magnetization distributions in the demagnetization process for the anisotropic sample at
500 K. The magnetization reversal occurs in the centres of the cells firstly due to the action of lower anisotropic
field. And the outer moments of the cells keep in their magnetization states even when the external field
increases to 4.85 T (1.235 times the anisotropic field of the cell phase) as shown in figure6 (a), which is due
to the magnetic hardening effect coming from the cell boundary phase. With external field increasing, these
demagnetization nucleations propagate and the magnetization areas are compressed and then the domain walls
move into the cell boundary phase but are pinned at the cell boundary, which results in the plateaus of the
demagnetization curves as shown in figure 5(a). With external field further increasing, the magnetic moments
of the cell boundary phase further cause the reversal and only the moments in the corners of the cell boundaries
keep in their magnetization states when the external field reaches to 8.27 T (see figure 6(d)). Obviously, in the
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demagnetization process the magnetization reversal mechanism is controlled by the domain wall pinning at the
cell boundary according to the magnetization distribution in the demagnetization process.
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Fig.6. Magnetization distributions in demagnetization process for anisotropic sample at 500 K under external
fields of 4.85 T (a), 5.05 T (b), 5.17 T (c) 8.27 T (d) separately.

5. Conclusion

The effects of microstructure, cells orientation and temperature on magnetic properties and coercivity
mechanism in Sm(Co,Fe,Cu,Zr)z with low Cu content are studied by using the micromagnetic FEM. Because
the magnetocrystalline anisotropy of the cell boundary phase is stronger than that of the cell phase at RT,
the pinning effect weakens gradually with the thickness of cell boundary decreasing, and strengthens gradually
with the cell size decreasing. The IGEC leads the magnetic moments of the cell phase to be hardened and the
coercivity to be higher than the theoretical nucleation field of the cell phase. The study of the cells alignment
influence indicates that the coercivity mechanism is related to the cell alignment and the magnetic properties
deteriorate with ¢ increasing. Because of the IGEC, the coercivity mechanism is determined by the difference in
magnetocrystalline anisotropy AK; rather than the difference in domain wall energy density A~y between the cell
phase and the cell boundary phase. With the increase of temperature, a transformation of the demagnetization
mechanism occurs from the domain pinning to the uniform magnetization reversal mode and the transformation

temperature is about 650 K in this work.
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Abstract: Sintered NdFeB magnetswere gpplied widely because of their excellent magnetic perfomance At present, NdFeB mag-
netswere the key materials in pemanentmagnet industry  Their poor corrosion resistance, however, was amajor impediment for gopli-
cation S, how to mprove corrosion resistancewas a key point for sintered NdFeB manufacture and gpplication The corrosion weight
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