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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.[1,7−9] 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] It is 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.[3,10] 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.[1,3−6,11]

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.[12−15] So, three-dimensional (3D)
micromagnetic FEM simulation is usually used to
analyse the magnetic behaviour in PMs.[16−21] 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.[19−21]

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,[22] 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 ΦH, the dipolar en-
ergy ΦD, the anisotropic energy ΦK and the exchange
energy Φex,[23,24] i.e.,

G = ΦH + ΦD + ΦK + Φex. (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 investigation of the microstructure
Sm(Co,Fe,Cu,Zr)z PMs by the transmission electron
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).[3−5,25,26] Therefore, a cubic model con-
sisting of 5× 5× 5 cells is built in the present paper.
Figure 1 gives the simulation model. As shown in
figure 1, the small cubes represent the Sm2Co17-type
cells, each of which is surrounded by the SmCo5-
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 σ is adopted to describe
the orientation degree of every cell. And the standard
deviation σ is adopted to describe the orientation de-
gree of each cell. A detailed description is given in
reference [27].

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 t = 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 (J2:17

s = 1.24 T, K2:17
1 = 2.9 M·J/m3, A2:17 =

9.5 × 10−12 J/m) and cell boundary phase (J1:5
s =

0.66 T, K1:5
1 = 8.1 M·J/m3, A1:5 = 7.7× 10−12 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 Js 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:

JS(T ) = CJ(1− T/TC)β ,

K1(T ) = CK(JS(T ))3,

A(T ) = CA(JS(T ))2. (2)

Here, β = 0.5 for the molecular field theory and
β = 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 t changes from 2 nm to 8 nm. The coerciv-
ity µ0Hc increases from 2.88 T at t = 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 t 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 t = 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

given by Scholz et al,[29,30] 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 µ0Hc 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 vex is defined as
follows:

vex =
[(

D + δ1:5
B

)3 − (
D − δ2:17

B

)3
]
/(D + t)3, (3)

where δ1:5
B and δ2:17

B 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.

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. σ = 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 σ varying from 0◦ to 30◦ in steps of 5◦.

Fig.3. Demagnetization curves for different cell alignment

degrees.

For the ideal anisotropic magnet, σ = 0◦ and the
demagnetization curve shows an observable plateau at
external field µ0H ≈ 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-

vious simulation results[21] where the coercivity mech-
anism was related to the crystalline orientation.

Figure 4 shows the curves for remanence ratio
mr, coercivity µ0Hc and maximum energy product
(BH)max versus standard deviation σ, and the the-
oretical mr in the Stoner–Wohlfarth model is also
shown in figure 4(a) for comparison. The value of
mr monotonically decreases with the value of σ 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 mr 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 µ0Hc = 5.87 T when σ ≤
15◦ as shown in figure 4(a). Because the value of µ0Hc

is much larger than Jr/2, the value of (BH)max is de-
termined by the Jr and the dependence of energy prod-
uct on σ is similar to that of mr on σ (figure 4(b)). In
addition, the squareness of the demagnetization curve
deteriorates with the value of σ 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.

Fig.4. Remanence ratio mr, coercivity µ0Hc (a) and maximum energy product (BH)max (b) versus standard

deviation σ.
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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 t = 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 T 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).

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

According to the theory of domain wall pinning,[5,11,31,32] 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 γ1:5

changes from larger to less than that of 2:17 cell phase γ2:17 with temperature increasing. At the critical
transition temperature (about 575 K in this work), γ1:5 is equal to γ2:17 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 K2:17

1 is very close to that of the cell
boundary phase K1:5

1 . That indicates that the pinning field is determined by the difference in magnetocrystalline
anisotropy ∆K1 between the cell phase and the cell boundary phase. At T > 650 K, ∆K1 < 0.4×106 J/m3, 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.[29,30]

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.

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 σ increasing. Because of the IGEC, the coercivity mechanism is determined by the difference in
magnetocrystalline anisotropy ∆K1 rather than the difference in domain wall energy density ∆γ 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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摘要 : 烧结钕铁硼永磁材料被发明以来 , 以其优越的磁性能得到了广泛的应用 , 目前成为永磁产业的支柱。但是其耐腐蚀性能差 , 大大限制

了其使用范围。因此 , 近 20多年来如何改善其抗腐蚀性能成为烧结钕铁硼材料生产和使用的重要问题。总结了烧结钕铁硼腐蚀失重的机制 ,

制备低失重烧结钕铁硼的方法和工艺 ,对如何提高烧结钕铁硼磁体的耐腐蚀性 , 降低腐蚀失重进行了综述。从磁体成分设计和微观结构方面

总结了几条提高烧结钕铁硼磁体耐蚀性的原则 , 其关键是对晶界相的成分和微观结构进行合理的控制。
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Progress of S in tered Nd FeB M agnets w ith L ow W e ight L oss

D ing Yong3 , Chen Renjie, Yan A ru, Lee Don

( Zhejiang P rovince Key L abora tory of M agnetic M a teria ls and A pplica tion Technology, N ingbo Institu te of M ateria ls

Technology and Engineering, Chinese Academ y of Sciences, N ingbo 315201, China)

Abstract: Sintered NdFeB magnets were app lied widely because of their excellent magnetic performance. A t p resent, NdFeB mag2

nets were the key materials in permanent magnet industry. Their poor corrosion resistance, however, was a major impediment for app li2

cation. So, how to imp rove corrosion resistance was a key point for sintered NdFeB manufacture and app lication. The corrosion weight

loss mechanism of sintered NdFeB magnets and the p rocess for p roducing low weight loss of sintered NdFeB magnets were summarized.

An overview how to imp rove corrosion resistance and reducing weight loss was outlined. It was found that composition and m icrostruc2

ture control of grain boundaries phase was a key point for low weight loss sintered NdFeB magnets.

Key words: sintered NdFeB; corrosion resistance; low weight loss

　　NdFeB永磁材料自 1983年诞生以来由于其突

出的磁性能而被深入研究和广泛的应用 , 它的发

展带动了整个下游产业 , 如通讯、电子、医疗和汽

车行业的进步和产品更新 , NdFeB 产业已成为国

民经济发展的重要组成部分。烧结钕铁硼具有优

异的磁性能 , 但是其抗腐蚀性能较差 , 大大地限制

了它的应用范围 , 因此 , 如何改善其抗腐蚀性能成

为烧结钕铁硼材料生产和使用的重要问题。

钕铁硼系永磁体的腐蚀主要来源于两个方面 : 一

是氧化腐蚀 ; 二是电化学腐蚀。测定氧化腐蚀的速度

有两种 : 一种是增重法 , 即测量腐蚀过程中磁体质量

的增加 ; 另一种方法是失重法 , 即在腐蚀过程 , 将腐

蚀产物清除 , 然后测量磁体质量的减少 (即质量损

失 )。通常采用加速实验法来测量其腐蚀速度。

最近 20年以来人们对提高烧结钕铁硼的耐腐

蚀性 , 降低失重做了大量的工作 , 取得了很大的进

展。但是目前还没有专门的烧结钕铁硼低失重综

述性的文献 , 本文在总结了提高烧结钕铁硼耐蚀

性的基础上 , 对低失重烧结钕铁硼进行了综述 , 提

出了合理设计低失重烧结钕铁硼实验的原则。
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1　烧结钕铁硼腐蚀失重机制

烧结 NdFeB 磁体耐腐蚀性能差主要有以下 3

个原因 :

(1) 材料自身的结构。烧结 NdFeB 永磁合金

具有多相组织 , 且各相的氧化能力不同 , 分布在晶

界处的富 Nd相和富 B相易于优先发生氧化 , 形成

晶间腐蚀。另外磁体的致密度不高 , 加上氧化物较

疏松 , 孔隙率大 , 磁体的表面很难形成氧化物保护

膜 , 一旦氧化就造成连锁反应 , 加速氧化。而且由

于磁体主相 Nd2 Fe14 B相的体积分数一般都在 90%

以上 , 当形成电化学局部腐蚀电池时 , 具有小阳极

大阴极的特点 , 晶界处富 Nd相和富 B相的腐蚀电

流密度较大 , 加速了晶间腐蚀和破坏。

(2) 合金中存在的杂质。烧结 NdFeB 永磁合

金中可能存在的污染杂质主要有 O, H, N, C, Si,

Cl及氯化物等 , 其中对腐蚀性能危害最严重的是

氧、氯和氯化物。磁体的腐蚀主要表现为氧化过

程 , 而氯及氯化物特别是氯化钠的污染将加速磁

体的氧化过程。

(3) 工作的环境。温度环境、介质条件以及湿

度和压力等对磁体的腐蚀行为有较大的影响。钕

铁硼磁体是由主相 Nd2 Fe14 B、富硼相 Nd1 +ξ Fe4 B4

和富钕相组成的多相合金 , 富钕相作为晶界相包

围着主相 , 而富硼相绝大多数也存在于晶界中以

及晶界交汇处。这些区域是易发生腐蚀的区域。烧

结 NdFeB磁体容易发生腐蚀失重 , 一方面是由于

元素 Nd是化学活性最高的金属元素之一 [ 1 ]
, 其标

准电势 E0 (Nd
3 +

/Nd) = - 2. 431 V; 另一方面与磁

体的多相结构以及各相间电化学电位的差异有

关 [ 2 ]。研究结果表明 , NdFeB磁体的腐蚀主要发生

在以下两种环境中 :

高温环境。在干燥的环境下 , 当温度低于

150 ℃时 , NdFeB磁体的氧化速度很慢 , 但在较高

的温度下 , 富 Nd区会发生如下反应 [ 3, 4 ]
:

4Nd + 3O2 = 2Nd2O3 (1)

随后 , Nd2 Fe14B相会分解生成 Fe和 Nd2O3。进一步氧

化 , 还将出现 Fe2O3 等产物 , 使其磁性能下降。

湿热环境。在湿热的条件下 [ 5～7 ]
, NdFeB永磁

体表层的富 Nd晶界相首先与水蒸气按下式发生腐

蚀反应 :

3H2 O +Nd =Nd (OH) 3 + 3H (2)

反应生成的原子 H渗入到晶界中 , 与富 Nd相发生

进一步的反应 , 造成晶界的腐蚀 , 其反应式如下 :

Nd + 3H =NdH3 (3)

NdH3 相的生成会使晶界相的体积发生膨胀 , 造成

晶界应力 , 导致晶界破坏和 Nd2 Fe14 B主相的迁移 ,

严重时会使晶界发生断裂而造成磁体的粉化失效。

而在潮湿的环境中生成的氢氧化物或其他含氢化

合物则不具备这种保护作用 , 特别是当环境湿度

过大时 , 磁体表面有液态的水存在时 , 将会发生电

化学腐蚀 [ 8 ]。Chang等 [ 9, 10 ]研究了 NdFeB合金在水

溶液中的吸氢行为对腐蚀的影响。研究表明 , 吸氢

量随着合金中稀土元素总含量的升高而增多 , 且

腐蚀速率随着吸氢量的增多而增加。文献 [ 11 ]中

也提到了同样的结果。NdFeB 永磁体发生电化学

腐蚀时 , 各相的电化学电位不同 , 富钕相和富硼相

相对于 Nd2 Fe14 B主相来说作为阳极 , 将会优先发

生腐蚀 [ 12, 13 ]
, 形成局部腐蚀的微电池 , 由于阳极相

与阴极相的体积差别较大 , 这种微电池具有小阳

极大阴极的特点 , 少量的富钕相和富硼相作为阳

极承担了很大的腐蚀电流密度 , 而它们是分布于

晶界处的 , 这样就加速了晶界腐蚀。图 1为 NdFeB

磁体在潮湿气氛中的腐蚀机制示意图 [ 14 ]。

L i等 [ 15 ]研究了 NdFeB磁体在 335～500 ℃温

度范围内空气中氧化动力学行为。图 2
[ 16 ]是 NdFeB

磁体在 500 ℃, 24 h氧化后的背散射电子 SEM形

貌图 , 可以看出在磁体表面有约 40μm厚、连续分

布的灰色层 , 如箭头标注所示 , 另外在灰色层外有

一层厚度约为 1μm的黑色层 (图 2 ( b) )。图 3是

NdFeB磁体在 410 ℃, 48 h氧化后表面的 TEM照

片 , 显示出了两层外表面氧化层和部分内部氧化

区域 , 结合 XRD测试结果 , 表明外表面氧化层中

的黑色层 Fe2O3 , 灰色层为 Fe3 O4。其中导致 Nd2
FeB 磁体腐蚀失效的主要过程是磁体内部区域的

氧化 , 且内部氧化区的深度与暴露时间成抛物线

性关系 , 即与时间的平方根成正比。

综上所述 , NdFeB 磁体的腐蚀失重有两种机

制 : 一是氧化剥落 , 二是吸氢粉化 , 究竟是哪一种

占主导地位 , 现在还在研究之中。笔者认为 , 这两

者都对磁体的腐蚀失重起作用 , 但在特定的环境

条件下 , 可能是以某种机制的作用为主。
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2　低失重烧结钕铁硼制备方法研究

NdFeB 材料的腐蚀主要表现为主相晶粒之间

的晶间腐蚀 , 其腐蚀原动力在于主相与富钕相、富

硼相之间的化学电动势差。因此 , 从合金的成分设

计着手 , 要改善晶间相的成分、腐蚀电位和导电

性 , 尽量减少不同相之间的腐蚀电位差 , 避免或者

减弱晶间腐蚀 , 降低腐蚀电流密度。
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2. 1　合金化法

通过对磁体中稀土总含量与氧含量对大块烧

结 Nd2Fe2B系永磁材料氧化速度的影响的研究表

明 , 磁体的腐蚀速度随稀土总含量的降低而降低 ,

随氧含量的升高而降低 [ 17, 18 ]。采用添加元素的方

法影响 Nd2Fe2B系永磁材料氧化行为已经有大量

的研究报道。文献 [ 19 ]中提到 , 根据 Fidler的研

究 , 将 NdFeB 磁体的掺杂元素分为两类 : M1 =

(A l, Cu, Zn, Ga, Ge, Sn)低熔点合金元素 ; M2 =

(V, Mo, W , Nb, Ti, Zr)高熔点合金元素。其中第

一类形成 Nd2M1 或 Nd2M1 2Fe晶间相 , 第二类形成

M2 2B或 Fe2M2 2B晶间相。与没有掺杂时的相相比 ,

这些在晶间区形成的新相具有较正的腐蚀电位 ,

可以减弱晶间区相的反应分解 , 延缓晶界腐蚀的

产生。Bala等 [ 20 ]研究了 1%～6% A l (原子分数 )的

添加对 NdFeB磁体耐腐蚀性的影响 , 研究表明 A l

的加入能够形成钝化膜 , 抑制磁体在空气中的进

一步氧化。Fernengel等 [ 21 ]的研究表明通过添加元

素 Co可以形成某些晶间相 , 尤其是 Nd3 Co相具有

更高的化学稳定性 , 当 Co的掺入量达到 3. 5%时 ,

能够改善 NdFeB磁体的耐腐蚀性能。文献 [ 16 ]中

提到 , 根据山本等的研究 , 在烧结钕铁硼成分内加

人 Zr , V, Nb, Ta, Mo, W , A l的一至二种 (不超

过 2% )取代 Fe, 可改善磁体的耐蚀性 ; Ma, Yu和

El2Moneim [ 22～24 ]亦认为在烧结磁体内加人 Nb, Ta,

V, Ti, A l的 1或 2种元素 , 使之在晶界上偏析 , 减

少晶界上富稀土相而提高晶界的耐氧化腐蚀性能。

Teyaert等 [ 25 ] 研究了添加元素 (A l, Co, V, Nb,

Mo)后 NdFeB磁体的氧化腐蚀行为 , 提到元素 V

在晶界形成 (V1 - x Fex ) 3 B2 沉淀相并夹杂有 Fe2V沉

淀颗粒。Mo则形成 (Mo1 - x Fex ) 3 B2 沉淀化合物 , 添

加 Co以后 , 在富钕晶界相中形成含 Co的富钕相

或 Nd3 Co。这些金属间化合物在晶界上部分地取代

了富钕晶界相 , 改善了富钕晶界相的耐腐蚀性差

的弱点 , 一定程度上提高了磁体的耐腐蚀性。同时

A l和 Co也会取代 Nd2 Fe14 B相中的 Fe的位置 , 它

们的取代对于主相在 200 ℃以上的氧化腐蚀行为

起到了较大的抑制作用。Kim的研究工作表明 [ 26 ]
,

在烧结 Nd2Fe2B中添加 1% (原子分数 ) Cr后 , 可

提高其抗腐蚀性能 , 这是因为 Cr进入了 Nd2 ( Fe,

Cr) 14 B相 , 提高了基体的抗氧化能力。Kim的另一

项研究表明 [ 27 ]
, 在 (Nd, Dy) FeB合金中适当的添

加微量的 Cu, Co 和 O可以在不降低剩磁的前提

下 , 大幅度提高磁体的矫顽力和耐腐蚀性能 , 如表

1所示。他们还发现含有高 C, N , O的磁体具有较

好的耐蚀性 , 他们认为当氧含量为 0. 6%～1. 2% ,

炭含量为 0. 06%～0114% , 氮含量为 0. 05%～

011%磁体的失重达到最小 [ 28 ]。其原因是磁体中

C, N , O元素增加后晶界相的化学稳定性增加 , 从

而减缓了晶间腐蚀。Grieb[ 29 ]的研究表明 , 在 30%

稀土含量的钕铁硼磁体中添加一定量的 Dy, Co,

A l, Ga, Nb和 Cu可以提高耐腐蚀性和高使用温度

下稳定性。显微结构观察显示 , 在晶界处形成了稳

定的金属间化合物 , 它们包围着主相 , 并且相当光

滑 , 同时在晶界处没有发现 Nd3 Co, NdCu和 Nd1 +ε

Fe4 B4 相化合物 , 富钕相的含量也很少 , 这种大量

稳定金属间化合物的存在是其失重降低的主要

原因。

2. 2　双合金法

用双合金法生产的钕铁硼材料的抗腐蚀性

能显著的比单合金法优越。主要通过双合金法

使晶界相富集 M1 等低熔点化合物相和 M2 等高

熔点化合物相 , 这些化合物在晶界处和晶界交

汇处形成稳定的金属间化合物 , 提高了晶界的

抗腐蚀能力。双合金法能使富 N d 相在主相

N d2 Fe14 B晶粒周围均匀包覆 , 并且相当光滑和

平整 , 减少了富 N d相的含量 , 也提高了磁体耐

腐蚀性能。

2. 3　其他因素影响烧结钕铁硼失重的研究

Bala
[ 30 ]研究认为 , 对钕铁硼而言在硫酸介质

中会产生异常溶解 , 即在阴极极化下具有剩磁的

材料溶解速率更低。而 Costa等 [ 31 ]研究表明 , 磁化

表 1　Nd33 B1. 1 Cox Cuy Fe65. 9 - x - y磁体的腐蚀失重 (反应釜试

验 110～115 ℃ ×96 h)

Table 1　Corrosion ra tes ( we ight loss) of Nd33 B1. 1 Cox Cuy

Fe65. 9 - x - y magnets after autoclave tests a t 110～

115 ℃ for 96 h

Co /% Cu /% Loss weight/ (mg·cm - 2 )

0 0 203. 3

5. 0 0 17. 5

0 0. 15 18. 3

1. 2 0. 15 0. 15
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状态下的烧结钕铁硼磁体在 NaCl介质中的腐蚀失

重更大。郑精武等 [ 32 ]对剩磁状态下钕铁硼在活化

介质或易钝化介质中的腐蚀行为及腐蚀机制的系

统性研究 , 认为在硫酸和氯化钠介质中 , 剩磁场提

高了烧结钕铁硼磁体的腐蚀速率 , 这是因为剩磁

促进具有自催化作用的闭塞腐蚀电池的形成 ; 在

磷酸和氢氧化钠介质中因形成钝化膜使得剩磁场

降低 , 使烧结钕铁硼磁体的腐蚀速率降低。

3　结　论

综上所述 , 提高烧结钕铁硼磁体的自身抗腐

蚀性能 , 降低失重 , 主要从磁体的成分设计和微观

组织入手 , 其关键方面是对晶界相的成分和微观

结构进行合理的控制。从理论上可以总结以下几

条原则 : (1) 减小晶界相腐蚀电位与主相腐蚀电位

差 , 从而降低晶间腐蚀 ; (2) 增大晶界相电阻 , 从

而减小晶界相腐蚀电流 ; (3) 添加的晶界相最好也

是单相合金 , 这样在熔炼、粗破碎和制粉过程中其

自身受到的大气腐蚀相对较弱 ; (4) 能满足磁体对

晶界相的要求 , 熔点较低 , 润湿性较好 , 在液相烧

结过程中能起到光滑主相晶粒 , 细化结晶 , 使得晶

界相分布均匀 , 减弱磁交换耦合作用 ; (5) 其本身

是非铁磁性的 ; (6) 晶界相中的某些元素在液相烧

结中能通过扩散作用进入 Nd2 Fe14 B 主相的组织

中 , 部分取代 Nd或 Fe而改善磁体主相的耐腐蚀

性能。同时利用双合金法工艺生产的磁体 , 晶间腐

蚀较弱 , 同时由于辅相润湿性增加和烧结过程颗

粒流动性增强 , 磁体的致密度增加孔隙较少 , 在后

加工过程中受到的腐蚀也较小 , 最后采用表面处

理得到的磁体的腐蚀失重也会更小。
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