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The melt-spinning technique offers an opportunity for tailoring magnetic properties by controlling the structures and
microstructures in both single-phase and composite magnets. This review first broadly discusses the principle of cooling
control, amorphization, crystallization, annealing, and consolidation of the melt-spun ribbons. The phase, microstructure,
and magnetic properties of popular single-phase nanocrystalline magnets are reviewed, followed by the nanocomposite
magnets consisting of magnetically hard and soft phases. The precipitation-hardened magnetic materials prepared by melt
spinning are also discussed. Finally, the role of intergrain exchange coupling, thermal fluctuation, and reversible/irreversible
magnetization processes are discussed and correlated to the magnetic phenomena in both single-phase and nanocomposite

magnets.
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1. Melt-spinning technique

Melt spinning is a technique used for rapid cooling of
molten liquids to produce metallic metastable solid solutions,
which was introduced in 1960.!-?! Both twin-roller and single-
roller methods were introduced to produce rapidly solidi-
fied metallic ribbons, although the single-roller method is
most widely used nowadays because of its simplicity and
reproducibility. Figure 1 illustrates basic configuration of
the single-roller melt-spinning apparatus. In a typical melt-
spinning process, a rotating wheel is cooled internally, usually
by water or high thermal conductive materials, such as cop-
per. A thin stream of molten liquid is then dropped onto the
surface of the rotating wheel. The heat of the molten liquid
is absorbed into the roller rapidly and a cooling rate is on the
order of 10*~107 K/s, which is large enough to prevent nu-
cleation and growth of stable phases from crystallization for
some materials. It should be noted that the cooling rate is not
a linear function of time, which was confirmed through the
measurement by utilizing a digital thermograph recording and
analysis technique. !

The melt-spinning technique is widely used to develop
materials that require extremely high cooling rates in order to
form metallic glasses or materials with extremely small grains
or nanocrystals. The structure of final products formed by
melt-spinning depends on the cooling rate, which can be de-
scribed by continuous cooling transformation (CCT) curves. !
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Figure 2 schematically illustrates a CCT behavior for an
amorphous-forming alloy and a composite alloy with crys-
tallization processes on the time-temperature plot. For curve
(a), the cooling rate is large enough to prevent any phase
from crystallization and growth, therefore the rapidly solidi-
fied structure is amorphous. For curve (b), the rapidly solidi-
fied structure is a mixture of an amorphous phase and fine crys-
talline of phase A, because the cooling rate is not fast enough
to form amorphous for phase A, but still quick enough for po-
tential phase B. Curve (c) is the CCT behavior for a compos-
ite structure via a single quenching operation. The cooling
rate must be carefully optimized in order to avoid unfavorable
grain growth, which is a key to achieve the desired material
properties for melt-spun ribbons.

The cooling rate of the melt-spinning process depends on
the following factors: the thickness of the melt to be cooled,
which is normally controlled by changing the revolution rate
of the quenching roller; the pour rate of the molten alloy,
which is normally controlled by the opening diameter of the
ejecting nozzle and pressure; the heat transfer from the melt to
the roller surface, which depends on interface energy between
the melt and the roller surface, heat conductivity of the roller
material, heat transfer between the roller and cooling water,
and so on. After the rapidly quenched material leaves the ro-
tating wheel, it is further cooled down by radiation and heat
transfer to the surrounding gas, which is normally inert gas
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such as Ar or N, for air-sensitive materials. Therefore, all the
above factors need to be considered when the experiment is
designed and performed during the melt spinning process.
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Fig. 1. (color online) Basic configuration of a single-roller melt-
spinning apparatus.
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Fig. 2. (color online) Schematic illustration of CCT behaviors in

melt-spinning process. Ty, is melting point; T is glass-transformation
temperature. B3l

The commercial and technological interests of melt spin-
ning have been initially paid to soft amorphous and nanocrys-
talline magnetic materials prior to hard magnetic materi-
als. The first ferromagnetic melt-quenched glassy alloys
Pd;»CoggSizg were reported by Tsuei and Duwez.[*! The rapid
quenched soft magnetic materials exhibit very low coerciv-
ity, which originates from the absence of magnetocrystalline
anisotropy in these amorphous alloys.>! Special attention has
also been paid to the study of nanocrystalline phases ob-
tained by suitable annealing of amorphous metallic ribbons.
Such nanocrystalline magnetic materials exhibit excellent soft
magnetic properties such as high saturated magnetization,
high permeability, and low core loss simultaneously as the
grain size below 10 nm, which was theoretically estimated
by Herzer.!9! The melt-spinning technique is a great method

to produce such nanocrystalline soft magnetic materials, and

thus leads to the successful development of Fe—Cu-Nb-Si-B
alloys (a trade name of “FINEMET"). (7]

The application of melt spinning on producing perma-
nent magnets began on the demand of reducing the particle
size of polycrystalline permanent magnetic materials, where
their coercivity, H, is strongly dependent on the size of parti-
cles or grains. It is often agreed that the coercivity increases
with decreasing particle size as it approaches the single do-
main particle size. The two common ways to decrease parti-
cle size or grain size are ball-milling and melt-spinning pro-
cesses. The ball milling route seems very attractive since it
is a simple process and it may produce single crystals which
can be aligned by a magnetic field. Unfortunately, the conven-
tional milling method cannot produce particles smaller than
0.5-1 um. Moreover, the surface of the as-milled particles
is very sensitive to air and thus having poor magnetic perfor-
mance unless they are post-processed. A majority of contem-
porary nanocrystalline hard-magnetic materials are produced
by the melt-spinning process, which is capable of producing
both laboratory-scale and industrial-scale quantities of mate-
rials in the form of flakes or ribbons. The early studies on a
nanoscale magnetically hard system using the melt-spinning
process were made on RE-Fe—B alloys with large coerciv-
ity at room temperature, where RE represents rare earth el-
ements such as Nd and Pr, right after the discovery of Nd—
Fe-B magnets. The larger coercivity was due to the highly
anisotropic 2:14:1 tetragonal phase, which was produced dur-
ing melt spinning or after crystallization. It was found that
coercivity of nanocrystalline RE,Fe 4B-based alloys is much
larger than that of the corresponding sintered magnets. For
example, melt-spun Nd,Fe 4B magnets can easily attain a co-
ercivity of 1190 kA/m®! whereas the coercivity of sintered
magnets reaches only 960 kA/m. ")

In addition to the superior of coercivity, the remanence
is also enhanced in the isotropic nanocrystalline permanent
magnet, which is known as remanence enhancement. Within
the framework of the Stoner—Wohlfarth theory, the rema-
nence is half of the saturated magnetization (M), i.e., M, =
M;/2, or the normalized remanence M;/Mj is Y, for an as-
sembly of non-interacting and randomly oriented single do-
main particles.!'”) However, the intergrain exchange interac-
tion in nanocrystalline magnets, even in single-phase mag-
nets, usually leads to a M, /M larger than 1/2, i.e., remanence
enhancement.!'!l Numerical simulations show that a rema-
nence could be enhanced by more than 40% as compared to
the non-interacting particles if the grain size is in the order of
10-30 nm. 2!

The exchange interaction not only exists in single-phase
nanocrystalline magnets, but also in nanocomposite magnets
consisting of a magnetically hard phase such as Nd—Fe-B and
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a magnetically soft phase such as o-Fe. Actually, the inter-
phase exchange interaction has bigger impacts on the rema-
nence enhancement than the intergrain exchange interaction
in single phase due to the low magnetocrystalline anisotropy
of the magnetically soft phase. In the meantime, the inter-
phase exchange interaction also prevents the reversal of the
magnetic moments in the soft phase and thus retains a compa-
rable coercivity to the original hard phase. This is the key idea
of the nanocomposite permanent magnet which was proposed
by Kneller and Hawig in 1991.113] The theoretical prediction
shows that the energy product of nanocomposite permanent
magnet could be double compared to the theoretical limit of

(141 Micromagnetic simulations confirm

single-phase magnet.
that the inter-phase exchange interaction could enhance the
remanence with respect to non-interacting particles.!'>-17 Ex-
tensive research has been devoted to this topic in the past 25
years for both experimental and numerical studies.

This article is organized as follows. Section 2 intro-
duces the unique characteristics in melt-spun materials such
as amorphization, crystallization, and consolidation. Section
3 reviews the melt-spun permanent magnetic materials includ-
ing single-phase, nanocomposite and precipitation-hardening-
type magnets. Section 4 discusses the magnetic phenomena
in the melt-spun materials, including single-phase magnetic
behavior, remanence enhancement, microstructure parameters
of coercivity, reversible and irreversible magnetizations. The
summary and outlook of melt-spun permanent magnets are

given in the final section.

2. Uniqueness in melt-spun materials

For melt-spun materials, there are many parameters to ex-
plore in order to achieve a certain magnetic phase and optimize
the magnetic performance. First of all, the composition of the
alloy is of major importance, not only considering the main
elements Nd, Fe, and B, but also the additives, such as Nb,
Al Cu, etc. Secondly, there are many quenching parameters
to be precise, which were mentioned in section 1.2. Thirdly,
the ribbons obtained by melt spinning can be used directly or
with subsequent heat treatment, such us post-annealing, hot
pressing, or die upsetting. In the latter case, the pressure and
temperature are critical and must be carefully controlled.

This section will discuss the unique characteristics of
melt-spun materials using Nd-Fe-B as an example. Figure 3
shows a typical phase diagram of Nd-Fe-B alloy system.
From the phase constitution point of view, the Nd-Fe-B al-
loys for permanent magnets are categorized according to the
Nd content: (i) near-stoichiometric alloy that corresponds to
the 2:14:1 phase; (ii) alloy with high Nd content that contains
the 2: 14:1 phase and a Nd-rich phase such as Nd ¢ Fe4B4 or

Nd,Fe3B4 phase; and (iii) alloy with low Nd content that con-
tains 2:14:1 and a soft magnetic phase such as a-Fe or Fe;B
phase. At a slow cooling rate, the stoichiometric Nd,Fe 4B al-
loy solidifies according to the following sequence based on the
phase diagram: initial Fe nuclei forms first in a Fe-depleted
liquid matrix. The Fe-depleted liquid matrix then forms the
Nd,Fe 4B grains and an Nd-rich phase. Therefore, the as-cast
Nd,Fe 4B ingot consists of NdyFe 4B grains, a-Fe residual
crystals, and Nd-rich grains, so they have to be followed by a
long period homogenization annealing at high temperature.
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Fig. 3. A vertical section of Nd—Fe—-B phase diagram.

2.1. Cooling control

The melt-spinning process is different from the conven-
tional casting and sintering process. The super high cool-
ing rate could prevent the eutectic crystallization and thus no
residual a-Fe and Nd-rich grains in the quenched ribbons even
in the stoichiometric Nd,Fe 4B alloy. However, rapidly solid-
ified Nd,Fe 4B alloys may have different microstructural fea-
tures depending on the thermal history of melt before ejec-
tion. To better understand the process of melt spinning, a
CCT diagram is much better than the phase diagram since
the phase diagram only indicates the equilibrium phases. Un-
der no equilibrium conditions, kinetic as well as thermody-
namic factors determine what phases and the microstructure
will form. Although the development of quantitative CCT dia-
gram is difficult for melt-spinning process due to the extremely
high cooling rate, the qualitative representations of the process
in Nd-Fe-B system are still possible and are conceptually use-
ful. Branagan and McCallum developed such a CCT diagram
in order to interpret the impact of cooling rate on the phase
formation in the Nd;Fe 4B system near stoichiometric 2:14:1
phase, 3291 a5 shown in Fig. 4. Seven regions are indicated
which are representative of different phase reactions and are
given in Table 1.
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Fig. 4. (color online) CCT diagram for stoichiometric Nd,Fe4B. Re-
produced from Ref. [18].

Table 1. Reaction regions of CCT diagram for stoichiometric
Nd,Fey4B.118:20]

Region Reaction Type Description
1 L — Fe, L, Peritectic ~ Properitectic iron reaction
2 L—T Transition  Direction crystallization
3 L,Fe — T, Peritectic  Peritectic reaction
4 L—T, L Peritectic ~ Hyperperitectic reaction
5 L—T;,Ty,L; Eutectic Proeutectic reaction
6 L —T;,To,Nd Eutectic Ternary eutectic reaction
7 L — Glass Transition Liquid to glass transition

Six representative cooling curves are drawn on the CCT
diagram, starting from the ejection temperature (7;z) of the
melting spinning, which are summarized below.

(i) For cooling curve A, the sufficiently high cooling rate
makes it possible to form a 100% amorphous structure as the
alloy is cooled below the glass transition temperature before
crystalline phases can nucleate.

(i1) On the other hand, the cooling curve F on the right-
hand of the diagram is near equilibrium cooling. Fe begins to
precipitate at the liquidus. Once the peritectic temperature is
reached, the Fe and the liquid react to form the 2:14:1 phase.

(iii) In the powder metallurgy route, solidification rates
during casting occur between cooling curves D and E. The so-
lidification sequence begins with the properitectic reaction and
Fe formation (region 1), followed by the peritectic reaction
(region 3) which requires bulk diffusion and is very sluggish.
The cooling rates are fast enough in this region to allow only
limited diffusion, which causes bulk segregation in both the
liquid and solid phases. The solidification sequence after the
peritectic reaction occurs through the hyperperitectic (region
4), proeutectic (region 5), and ternary eutectic reaction (region
6) as shown in Fig. 4.

(iv) When the cooling rate is sufficient to undercool
below the peritectic temperature, direct solidification of the
2:14:1 phase occurs. Cooling curve B gives a fully crystal-
lized 2:14:1 single-phase microstructure, while cooling rate
between A and B causes partially crystallization and repre-
sents an overquenched condition. The optimum cooling rate,

which is slightly faster than cooling curve B, will generate the
ideal microstructure consisting of an almost completely crys-
tallized nanostructure and a small amount of amorphous grain
boundary phase. The grain boundary amorphous phase is im-
portant for magnetically decouple adjacent grains, similar to
the Nd-rich grain boundary in sintered magnets. The 2:14:1
phase content decreases with increasing cooling rate from B
to A, while the amorphous content increases. (211

(v) In cooling curve C, a completely crystalline 2:14:1
structure can be formed but the alloy is in the under quenched
condition. Therefore, the grains have time to grow above the
optimum grain size during cooling.

The CCT diagram has been used to explain the effects
of cooling rate and the alloy modifications on phase forma-
tion in 2:14:1 alloys through experiments by Branagan and
McCallum. "8 A series of wheel speed (vys) from 5 to 30 m/s
were controlled while other melt-spinning parameters are fixed
same. The analysis shows that the cooling rate achieved in the
< 17.5 m/s sample is equivalent to a cooling rate slower than
cooling curve D. The formation of large inclusion of free iron
grains is the reason for the very low coercivity in the melt-spun
ribbons. Region 7 of glass formation need an approximately
30 m/s wheel speed, i.e, the cooling rate is larger than that of
cooling curve A. The cooling rates equivalent to wheel speed
between 17.5 and 30 m/s (i.e., between cooling curves B and
D on the model CCT diagram) leads to region 2 where grain
nucleation and growth of the magnetically hard phase happen
along with grain growth during self-annealing. The highest
coercivity of the stoichiometric 2:14:1 ribbon is obtained in
the samples with wheel speed of about 20-22.5 m/s, which
is consistent with some recent works in mischmetal 2:14:1
alloys.*?! Tt should be noted that the optimum cooling rate can
be changed by more than a factor of two through appropriate
alloying additions.

Besides the cooling rate, the melting temperature prior to
ejection, T, also plays an important role on the microstruc-
ture of quenched ribbons. Tang et al. studied the impact of
T. varying from 1300 °C to 1500 °C, as well as the cool-
ing rate, on the phase formation of the stoichiometric 2:14:1
alloys through thermal analysis and transmission electron mi-
croscopy (TEM) analysis.!?!! Tt was observed that a lower melt
ejection temperature around 1300 °C produced a nanocrys-
talline microstructure, while higher melt ejection temperatures
above 1450 °C largely eliminated the presence of nuclei and
associated nanophases and thus produced an amorphous prod-
uct. Therefore, an increase in the ejection temperature leads to
a decrease in the wheel speed necessary to attain an optimum
microstructure and thus energy product, as shown in Fig. 5. In
another word, the quench ability and glass phase content in the

ribbons are enhanced by increasing the ejection temperature.
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Fig. 5. (BH)max of as-spun ribbons produced under different ejection
temperatures and wheel speed conditions.?!]

2.2. Amorphization and crystallization

Although directly quenching into nanocrystalline mag-
net has less processing steps, forming an amorphous or
overquenched structure is easier to control for melt-spinning
procedures. It also represents a wider processing zone for
post-treatment after quenching. In thermomechanical pro-
cessing, such as hot pressing, the overquenched materials al-
low more time for compaction to reach full density before
Therefore, the

overquenched approach is more popular than direct solidifi-

the grains growth above the optimum size.

cation into nanocrystalline. The glass-forming ability of al-
loys is then very important for this approach. Brangan et al.
investigated the effects of Ti and/or C additions on the solidi-
fication behavior of Nd,Fe 4B alloys.[!82324] They found that
the glass-forming ability of the Ti/C added materials substan-
tially increases, as the wheel speed drops from 30 m/s down
to 12 m/s in order to form the amorphous. The addition of Ga
based on the Nd-Fe-B-Ti—C alloy could further reduce the
glass forming ability and refine the magnetically hard grains
in the final materials.>! Shen e al. found that a wheel speed
of only 6.6 m/s could produce an amorphous structure in the
rapidly quenched high B content Nd—Fe—B alloys. [26-2]

40

- = -first heating
——second heating

20

Heat flow [ mW ]
exothermic

. . . . L
200 300 400 500 600 700
Temperature [°C]

Fig. 6. DSC curves of amorphous Nd—Fe-B alloy showing the exother-
mic crystallization peak at 608 °C, where the onset temperature is
590 °C during the first heating. The second heating curve indicates
the Curie temperature at 7, = 315 °C.[28!

In addition to improving the glass forming ability of
alloys, controlling the post-annealing condition is one of
the key factors to optimize the microstructure and mag-
netic properties of the NdyFe;4B ribbons. The annealing
temperature is usually guided by the crystallization temper-
ature of the amorphous, T, which is typically determined
by differential scanning calorimetry (DSC) curve, or differ-
ential thermal analysis CDTA curve. Figure 6 illustrates
the crystallization behavior of a typical amorphous Nd—Fe—
B alloy where the strong exothermic peak indicates the on-
set of crystallization at a temperature close to 590 °C.[28!
The presence of a second-order thermodynamic phase tran-
sition around 315 °C during second heating corresponds to
the Curie temperature of the 2:14:1 phase. It should be no-
ticed that T, is affected by many factors, such as preparation

methods, 2%

composition, and ejection temperature during
melt-spinning.[?!3°1 For example, T;; of melt-spun ribbons
is 2040 °C higher than that of ball-milled powders with
the same composition, while T, of the Nd-based alloys is
25-50 °C higher than that of Pr-based alloys. Shen et al.
systematically studied the effect of composition on the crys-
tallization temperature of Nd,(Fej_,By)100—y alloys,?7-31-34]
as given in Fig. 7. It is observed that T, depends strongly
on B content. The substitution of B for Fe significantly en-

hances the thermal stability of amorphous Nd-Fe—B alloys.

Table 2. Impact of additives on crystallization temperature of
Nd,Fe 4B alloys.

Additive element Additive amount/at% AT /°C Reference
Nb 1 16 [36]
Zr 1 21 [36]
Dy 4 11 [37]
Si 3 30 [38]
Cr 10 10 [39]
Co 5 -26 [40]

750 T T T T
(Fe1-xBx)100-yNdy
700 E
8 650 - -
5
[
600 -
550 E
1 1 1 1
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X

Fig. 7. (color online) Dependence of crystallization temperature of

amorphous Nd,(Fe;_,B;)100—y alloys on B content with y =4, 7, and
12.127.31-34] :
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A maximum crystallization temperature is observed in the
Ndj>Fe73B 5, which is exactly the eutectic composition of the
ternary Nd—Fe—B system. It is believed that a small amount of
Nd addition into the Fe—B alloys leads to the increase of alloy
viscosity and reduction of diffusion coefficient, and thus the
enhancement of thermal stability of amorphous alloys. This
is why the crystallization temperature of Nd-Fe-B is about
120-210 °C higher than that of Fe-B alloys.3!-*3 The effects
of other elements on the crystallization temperature have also
been studied, with some of the results are summarized in Ta-
ble 2.

2.3. Phase formation

The optimum annealing temperature for overquenched
RE-Fe-B ribbons is slightly higher than the crystallization
temperature, i.e., in the range of 650-800 °C, which leads
to the formation of an optimum microstructure for magnetic
hardening. Particularly, it eliminates a-Fe or Fe;B phase,
which is usually the first product of the crystallization pro-
cess. Gu et al. studied the crystallization and magnetic prop-

erties of amorphous Nd,Feg;B19_, alloys systematically.*!!

Table 3. Phase components in annealed Nd,Feg;B9_; alloys.

Table 3 summarizes the phase components in the annealed
ribbons from amorphous alloys, which are confirmed by the
nuclear magnetic resonance (NMR) and Mossbauer effect re-
ported by Cheng et al.'*?! As one can see that the amorphous-
crystalline transition occurs at temperature as low as 600 °C.
The crystalline phases vary with both annealing temperature
and materials composition, while the ribbons have multiple
phases in most cases. A single-phase Nd; F4B magnet with
the highest coercivity was obtained by a 800 °C annealing of
the Nd;,Feg;B7 ribbon, which is close to the stoichiometric
composition of the 2:14:1 phase.

Besides annealing temperature, the annealing time affects
the phase formation as well. A melt-spun amorphous ex-
hibits formation of various phase as time elapses in isother-
mal annealing and are shown in Table 4.3 The result clearly
indicates that the coexistence of Fe3B and Nd,Fe;4B is
only metastable and the thermodynamically stable phases are
NdFe4B4 and «-Fe. Therefore, both annealing temperature
and time should be carefully controlled in order to obtain mag-
netically hard Nd,Fe4B phase.

[41]

X 600 °C 700 °C 800 °C 900 °C
0 o-Fe, Fe;B a-Fe, FesB o-Fe, FesB o-Fe, Fe3B, Fe,B
3 a-Fe, FesB a-Fe, FesB o-Fe, FesB, T, a-Fe, FesB, T,
8 am, a-Fe, T a-Fe, Ty, UP a-Fe, Ty, T, a-Fe, Ty, Ty
10 a-Fe, Ty a-Fe, Ty o-Fe, Ty a-Fe, T;
12 o-Fe, Ty o-Fe, Ty T, a-Fe, Ty
15 am, o-Fe a-Fe, Ty, NdyFe 7, Nd Ty, NdyFe7, Nd T;, NdyFe;7, Nd
15 o-Fe, NdyFey7, Nd a-Fe, NdyFe7, Nd NdyFe;7, Nd Nd,Fe;7, Nd
Note: am, UP, Ty, and T, represent amorphous, unidentified phase, Nd,Fe 4B, and Nd; ;Fe4By4, respectively.
Table 4. Crystalline phases in Nd4 5sFe77B 5.5 during isothermal annealing. (3]
Temperature Time (minutes)
10 180 360
600 °C o-Fe, Fe3B, Ty, Nd2F623B3 o-Fe, Fe3B, T a-Fe, FesB, T
630 °C FC3B, T] N Nd2F623B3 o-Fe, FB3B, T] o-Fe, FB3B, T]
680 °C o-Fe, Fe3B, Ty a-Fe, Fe; B, NdFe4B4 o-Fe, Fe3B, NdFesBy

The crystallization also depends on the initial phase struc-
ture of the quenched ribbons. Men et al. prepared a set of
ribbons with different initial phase structure, i.e., amorphous,
TbCu;-type Nd,Fe 7B,, a-Fe, and their mixture, by varying
wheel speed from 15 to 40 m/s.[*3! They used the theory of en-
ergy barrier to interpret the crystallization process, as schema-
tized in Fig. 8. It is known that the metastable Nd,Fe;B, or
Nd,Fey3B3 phase has a higher energy than Nd;Fe 4B phase
and the larger amorphous content leads to a higher system en-
ergy. Like other chemical reactions, the crystallization pro-
cess has to absorb enough external energy to overcome the

potential barrier until a more stable state is formed. Assuming

the system energy of the sample prepared at 15 m/s is lower
than that of pure Nd,Fe 7B, phase, reaction (1) can hardly
occur while reaction (2) do happen. The amorphous content
increases while the Nd,Fe 7B, phase content decreases with
increasing wheel speed from 18 to 27 m/s. Therefore, the
proportion of reaction (1) increases correspondingly. A rib-
bon with complete amorphous, which is prepared by wheel
speed above 27 m/s, requires a higher energy than the potential
barriers of the transition from Nd,Fe 7B, or Nd,Fe 4B phase.
Hence, the crystallization process follows reaction (3) instead

of the reactions (1) or (2).
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30m/s sample i

AH3

24m/s sample

18m/s sample

15m/s sample

Nd,Fe,,B

Fig. 8. (color online) The crystallization mechanism of as-quenched
ribbons with different initial phase structure. AH|, AH,, and A H3 are
the enthalpy change of the reactions: (1) amorphous — Nd,Fe7B,,
(2) NdyFe;7B, — NdyFe4B, and (3) amorphous — Nd,Fe 4B,
respectively. (43!

2.4. Consolidation

Most applications required a bulk-shaped permanent
magnet, instead of ribbons, flakes or powders. Bulk nanos-
tructured magnets can be produced through direct casting,
compression molding, injecting molding, hot compaction, hot-
deformation and other technologies. The direct casting pro-
cess requires the remarkable glass-forming ability of the al-
loys in order to cast them into amorphous or nanocrystalline
tubes or rods with 0.5-2 mm in diameter, followed by crys-
tallization annealing to form the appropriate nanocrystalline
structure and hard magnetic properties.[*4*71 Although it is
feasible to make bulk magnets through direct casting, the pop-
ular bulk nanostructured permanent magnets are still bonded
magnets and hot-deformed magnets.

Bonded magnets can be manufactured by compression
molding, extrusion, injection molding or calendering pro-
cesses. In their most basic form bonded magnets consist of
two components: a hard magnetic powder and a non-magnetic
polymer or rubber binder.!*®! For bonded magnets utilizing
melt-spun products, the powders are general in a small flake
shape such as the Magnequench powders. The binder that
holds the magnetic particles in place can produce either a flex-
ible or rigid magnet. Bonded magnets are usually isotropic
due to the naturally isotropic grain structure of the melt-spun
ribbons. However anisotropic bonded could be produced as
well, if the texture is obtained in the melt-spun ribbons, ]
or if single crystal powders can be produced by special crash-
ing methods.>°! The processes and magnetic properties of RE
bonded magnets have been thoroughly reviewed by Liu and
Walmer. 5!

Compression molding is the process which produces the
best magnetic properties. The processed melt-spun powders
are coated by a thin film of thermoset epoxy, hardener and
other additives. The encapsulated powders are then fed into a

press cavity and compacted under pressure, followed by curing

at a temperature about 150-175 °C. One major advantage of
compression bonding is that the volume of magnetic powders
can be as high as 85%, resulting in a higher flux density than
other methods. The maximum energy product of compression
molded isotropic Nd—Fe-B magnets is about 10-12 MGOe.
Injection molding is the process of injecting a molten, highly
filled thermoplastic compound into mold cavities where it is
allowed to cool and solidify. Both Nd-Fe-B, Sm—Co, and
ferrite powders are commonly used as the magnetic powder
in the compound. The injection molding process has the ad-
vantage of producing complex-shaped components with con-
sistent accuracy. Typical magnetic powder volume is around
65%, with an energy product of about 5-6 MGOe for isotropic
Nd-Fe-B bonded magnet. Extrusion and calendering are com-
monly used for flexible bonded ferrite magnets, while it may
be used for melt-spun powders as well. The advantage of these
processes is the continuous production of magnets of two-
dimensional geometries, such as strips or sheets of virtually
unlimited length with a typical sheet thickness of 0.3 — 6 mm.

While bonded magnets could be made from differ-
ent magnetic powders, hot compaction is more suitable to
nanocrystalline magnetic powders, especially for isotropic
magnets. Hot compaction is a high-pressure, low-strain-rate
powder metallurgy process for forming of powder compact
at a temperature high enough to induce sintering or creeping
processes. Within hot compaction technology, three distinctly
different types of heating can be applied: inductive heating,
indirect resistance heating, and direct heating. Among these
three methods, inductive heating, where the heat is generated
by using an induction coil, is rarely used for hot compaction
of permanent magnetic materials.

With indirect resistance heating technology, the mold is
placed in a heating chamber, which is powered by heating ele-
ments, as shown in Fig. 9(a). This is the most common method
used in hot compaction of bulk nanocrystalline magnets. To
produce a fully dense magnet, the typical compaction temper-
ature is about 700 °C under 100-500 MPa pressure.>>33] Typ-
ical grain size is about 30—-100 nm and maximum energy prod-
uct could reach ~ 20 MGOe in such hot-compacted Nd-Fe-B
magnets.

For direct hot pressing, the mold is directly connected to
electrical power. The resistivity of the mold and the pow-
der part generates the heat directly in the mold, as shown in
Fig. 9(b). It results in very high heating rates and a significant
increase in fine metal powder aggregation which makes com-
paction time of a few minutes possible. Further, this process
lowers the compaction temperature and pressure compared
to that required in conventional sintering processes. Spark
plasma sintering (SPS) is one of the direct heating methods
which has been used to compact the nanocrystalline permanent
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magnetic powders. The main characteristic of SPS is that the
pulsed DC current directly passes through the graphite die, as
well as the powder compact, in the case of conductive samples.
The magnetic properties and structure of the SPS compacted
Nd-Fe-B magnets have been compared with those of conven-

[34-571 Although the pressure of

tional hot compaction recently.
SPS is usually lower than that of conventional hot compaction
due to the limitation of graphite die, the unique feature of the
direct heating still results in fast consolidation of the pow-
ders at similar or lower compaction temperature. More impor-
tantly, the shortened cycle time of the SPS technique then ef-
fectively avoids grain growth which makes it specially suitable
to prepare nanocrystalline permanent magnets. The grain size
of 20 nm or even smaller can be achieved in nanocrystalline
Nd-Fe-B magnets, which ensures the effective exchange cou-
pling in the materials. The SPS technique has also been ap-
proved useful to compact other magnetic materials, such as
Fe-Pt nanoparticles,”® and Sm—Co powders.[>”!

(a) Pressure

Pressure

Pressure '\

) Die
Furnace & Die AC/DC Current

Fig. 9. (color online) Schematic of hot compaction through two differ-
ent heating methods: (a) indirect resistance heating; (b) direct heating
such as Joule-heating or SPS heating.

Instead of using pulsed DC current in SPS technique,
Rong et al. developed a similar but simplified hot press using
AC current as a heating source, which could reach a heating
rate of 300 °C/min. The fast heating benefits the controlling
of grain size and nanostructure in the compaction processes,
especially for the hard/soft nanocomposite magnets where the
grain size of the magnetically soft phase is critically impor-
tant. Another improvement of this instrument is the much
higher pressure up to 2 GPa, comparing to the SPS press with

60611 The higher pressure could further lower the

graphite die.!
compaction temperature, which is in turn to prevent excessive
grain growth. A maximum energy product of 18.5 MGOe is
obtained in the fully dense SmCos / o-Fe nanocrystalline mag-
net with magnetically soft grains of 8—15 nm by compaction
at a temperature as low as 540 °C.[0"]

The explosive or shock compaction is a technique of con-
solidating powders using high-pressure shock waves, which is

considered as a potential method to consolidate hard-to-sinter

powders and amorphous or fine nanocrystalline powders. Ex-
tremely high pressures up to 20 GPa can be applied to the pow-
ders in a very short time, even within several milliseconds. (621
The amorphous or nanocrystalline has no time to gain growth
in such a short period. The shock compaction has been
successfully used to produce bulk nanocrystalline perma-
nent magnets in the past 20 years, including Nd,Fe4B,[63]
Pr,Fe4B/o-Fe, %4 Sm—Fe-N,[%] and Fe 4Nj.[00]

Besides sintering technology, hot-deformation-induced
texturing of nanocrystalline materials is another option for
producing fully dense, anisotropic magnets with maximized
energy products. Hot deformed Nd-Fe-B magnets have at-
tracted attention not only because of their good magnetic prop-
erties but also due to their exceptional corrosion resistance,
thermal stability, and fracture toughness compared to sintered
magnets.[%”] The hot deformation process usually starts from
the preparation of a fully dense isotropic precursor. The pre-
cursor is then placed in an oversized die-cavity where die-
upsetting is carried out at similar temperatures, as schema-
tized in Fig. 10(a). It was found that grain growth occurs much
more rapidly to the perpendicular direction of crystallographic
c-axis than the parallel direction during die upsetting. This
anisotropic grain growth results in platelet-shaped Nd,Fe 4B
grains, surrounded by continuous films of a Nd-rich grain
boundary phase. The Nd-rich phase is molten during die up-
setting and thus serves to enhance grain boundary sliding and
allows the platelet-shaped grains to slip until they end up with
their wide flat faces normal to the axis of compression.[68:6%]
Therefore, the anisotropic magnet is obtained with the align-
ment of the crystallographic c-axis parallel to the pressing di-
rection after die upsetting. A typical microstructure is given in
Fig. 10(c). Up to now, the largest reported value of (BH)max
for hot deformed magnets is ~ 50 MGOe, which was achieved
in a Nd-Fe—-Co-Ga-B alloy.[""]

Alternatively, backward extrusion can be utilized to pro-
duce near-net shape ring magnets, especially for small dimen-
sions. Backward extrusion offers many advantages, includ-
ing lower materials consumption, higher dimensional accu-
racy, and surface quality, adequate mechanical properties and
the elimination of subsequent operations. The ring magnets
produced by backward extrusion have superior magnetic prop-
erties to sintered magnets, which have been already used in
electrified vehicles directly. Similar to die upsetting, a fully
dense precursor need to be produced by hot compaction be-
fore backward extrusion, as schematized in Fig. 10(b). The
preferential orientation of platelet-shaped Nd,Fe 4B grains is
radially-oriented after extrusion. Small variations in the mag-
netic properties have been observed along the cross-section
and along the axial direction of the ring magnets which were
attributed to inhomogeneities in materials flow inherent to the
deformation process.[”!-7?!

117502-8



Chin. Phys. B Vol. 27, No. 11 (2018) 117502

Fig. 10. (color online) Schematic of hot deformation: (a) Die-upsetting; (b) backward extrusion; (c) typical microstructure of hot-deformed

magnet.[01]

3. Melt-spun materials
3.1. Single-phase nanocrystalline magnets

The single-phase magnetic materials usually have a
chemical composition very close to the stoichiometric com-
position to minimize the presence of secondary phases. The
nanostructure is obtained either by direct quenching into
nanocrystalline through optimum melt-spinning parameters,
or by crystallization of the precursor amorphous alloys formed
through over quenching process. The single-phase magnets
with different phase structure are reviewed below.

3.1.1. 2:14:1 phase

The 2:14:1 phase has a P4, /mnm tetragonal space group
with four formula units or 68 atoms per unit cell. Nd,Fe 4B
is the most common studied material with 2:14:1 phase struc-
ture. The microstructure of single-phase Nd,Fe 4B melt-spun
materials is fairly uniform, consisting of randomly oriented
grains of the magnetically hard phase as shown in Fig. 11(a).
In the single-phase stoichiometric Nd,Fe{4B magnets, the

magnetically hard grains are directly connected without grain
boundary phase and therefore they are magnetically coupled
by exchange interaction, which is symbolized by a spring in
Fig. 12(a).I”>74 High coercivity can be easily obtained in the
single-phase Nd,Fe 4B magnets with grain sizes below 80 nm.
This grain size is far below the single domain particle size,
which is a fraction of 1 um for most of the high anisotropy
materials. Figure 11(b) shows the high-resolution TEM micro-
graph of a stoichiometric NdyFe 4B magnet with an average
grain size of 20 nm.!”>! No grain boundary phase is observed.
Since the magnetically hard grains are directly contacted in the
stoichiometric magnets, a significantly enhanced remanence
(m; is larger than 0.5) and a slightly reduced coercivity are
observed as a consequence of exchange coupling between the
grains, as shown in Fig. 12(d), which will be discussed in de-
tails in Section 4. As the exchange interaction is a short-range
interaction, which is in the order of ~ 4 nm for Nd,Fe 4B, the
grain size should be smaller than 50 nm in order to notice the

remanence enhancing effect macroscopically.!!”)

Fig. 11. (a) Typical microstructure of nanocrystalline Nd;Fe 4B;!7%! high-resolution TEM of (b) stoichiometric and (c) decoupled

2:14:1 magnets.m]

To achieve even higher coercivity in a permanent magnet,
the magnetically hard grains need to be decoupled. Although
an amorphous grain boundary can be formed by optimum the
cooling conditions in the as-spun ribbons, most commercial
alloys contain excess Nd. The resulting microstructure ob-
tained by melt-spinning qualitatively agrees with the situation
in sintered permanent magnets where the single crystallites of
the magnetically hard phase are more or less magnetically de-
coupled by a paramagnetic RE-rich boundary phase. How-

ever, the scale of the melt-spun microstructure is about a factor
of 100 smaller than sintered magnet and the easy axes of the
nanograins are isotopically distributed instead of aligned. The
high-resolution TEM micrograph in Fig. 11(c) presents the in-
tergranular film with a thickness of about 2 nm as a bright

(751 Figure 12(b) schematizes

region between the nanograins.
the decoupling RE-rich grain boundaries. The grain size in
such decoupled magnet ranges from 50 to 200 nm, which

guarantees that mainly single-domain particles exist. There-
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fore, a coercivity higher than 2.5 T can be achieved, which is
larger than the stoichiometric single-phase magnet, as schema-
tized in Fig. 12(d). However, since the easy-axis direction
of the grains are isotopically distributed and magnetically de-
coupled, the maximum normalized remanence of 0.5 can only
be achieved in such magnets according to Stoner—Wohlfarth
model. "]

If the alloy composition is chosen near to the two-phase
line Fe—T; on the left region bordering the stoichiometric T
phase (as shown in Fig. 3), a so-called composite magnet can

be obtained, showing a further significant remanence enhance-
ment, accompanied by a reduction of the coercivity as can be
seen from Fig. 12(d). In such two-phase magnets, nanocrys-
talline soft magnetic a-Fe grains arise in addition to the mag-
netically hard 2:14:1 grains from the melt-spinning process
as a consequence of the over-stoichiometric ¢-Fe, as schema-
tized in Fig. 12(c). Thus, the remanence enhancement is due
to the exchange coupling among the grains but also to the very
large spontaneous polarization of the a-Fe grains. The com-
posite magnets will be discussed in Section 3.2 in details.

(a) (b)

(c)

Fe

H
N ™.
Hecoupled
*stoichiometric
- “Fe-rich

Fig. 12. Schematic of microstructure for the remanent state of (a) stoichiometric and (b) decoupled 2:14:1 based nanocrystalline magnets, (c) nanocom-

posite magnet, and (d) their hysteresis loops at room temperature.

The Nd;Fe 4B phase is the most widely studied perma-
nent magnetic materials by melt spinning as well as other
techniques due to the excellent magnetic properties, i.e.,
high anisotropy field (> 7 T), and high saturated magne-
tization (~ 1.6 T). Croat et al. reported the single-phase
Nd,Fe 4B melt-spun materials having coercivity of about
1.5 T and energy product of about 14 MGOe under an opti-
mum wheel speed of 16-20 m/s as early as 1984.[8 However,
the Nd,Fe 4B magnets have two major disadvantages com-
pared to other permanent magnets. The Curie temperature of
Nd;Fe 4B magnet is only about 315 °C, which results in large
negative temperature coefficients of remanence and coercivity,
and therefore limits their application to 80 °C or lower. The
material cost of Nd—Fe-B magnet is still far higher than that of
ferrite magnets. Therefore, many 2:14:1-type magnets derived
from Nd,Fe 4B are developed through elemental additions or
substitutions. They can be classified into the following cate-
gories based on the type of element substitutions:

(i) RE substitution for Nd

Replacing Nd by HRE such as Dy or Tb is an effec-
tive to raise the coercivity for higher temperature application
since Dy;Fe4B and TbyFe4B have much higher anisotropy
field comparing to Nd,Fe 4B magnets, as seen in Table 5.
Larger coercivity of up to 64 kOe at room temperature are re-
ported for Dy, Fe 4B and Tb,Fe 4B alloys magnetically hard-
ened by melt spinning technique,””! which is over three times
larger than that of Nd,Fe 4B ribbons. Even though they may
have similar negative temperature coefficient of coercivity as
Nd,Fe 4B, they can provide relatively large coercivity to sat-
isfy the higher temperature applications. However, it has to
be borne in mind that there is normally a trade-off between

higher coercivity and higher costs for the HRE substitutions.
In addition, the antiferromagnetic HRE sublattice may lead to
a strong magnetization reduction, as also given in Table 5.

Besides high-temperature application, element substitu-
tion is also useful for low-temperature application. For exam-
ple, ProFe 4B magnets can be used at low temperature because
there is no spin reorientation, while they have similar magnetic
properties to those of Nd,Fe 4B. Hadjipanayis et al. reported
a coercivity of 2 T and energy product of 12 MGOe in the
melt-spun single-phase ProFe 4B ribbons.[”®!

Although RE elements are not truly rare geologically,
they are expensive due to the extraction process, which makes
the rare-earth magnets much more expensive than those of fer-
rite magnets. In order to reduce the material cost while uti-
lize the still high magnetocrystalline structure of 2:14:1 phase,
La/Ce based RE,Fe 4B magnets attract the interests recently.
Significant cost reduction can be achieved due to the much
cheaper price of La/Ce by slightly sacrificing magnetic prop-
erties. An energy product of 8.6 MGOe is achieved in the
Ce-Fe-B melt-spun ribbons as reported by Zhou et al.l””!
If Nd is only half replaced by Ce, the energy product of
14.3 MGOe can be obtained through melt spinning as reported
by Li et al.'®1 The magnetic properties of the Ce-substituted
Nd,Fe 4B ribbons are summarized in Table 6. More com-
monly, the so-called mischmetals (MM) which contains ~
50 wt% Ce and ~ 25 wt% La, are used to prepare 2:14:1-
type magnets in order to further reduce cost by avoiding the
extraction of Ce/La from each other. Zhang et al. reported
an energy product of about 8.3 MGOe in the single-phase
(Lag.35Ceq.65)2Fe14B ribbons prepared at a wheel speed of
20 m/s.3!" Hussain et al. recently reported a La/Ce/Lag 5Ce 5
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substituted Fe-rich 2:14:1 ribbons with improved magnetic
properties (oM, = 1.07 T, upH. = 0.59 T, and (BH)max =
18.4 MGOe), although it is a nanocomposite instead of single-
phase magnet.[8?] The relatively high coercivity in these rib-
bons may be attributed to the phase segregation with certain
La or LaCe content.

Table 5.
compounds.

Intrinsic properties theoretical (BH)max limits of 2:14:1
[83-86]

T./°C poMyJT K /MI-m™3  poHA/T Theo. (BH)pa/MGOe

RE

RE,Fe4B
Y 298 1.38 1.06 1.9 48
La 243 1.38 1.10 2.0 48
Ce 260 1.17 1.7 3.7 34
Pr 292 1.56 5.6 9.0 61
Nd 315 1.60 5 7.6 64
Sm 345 1.50 -12 -20.1 56
Gd 387 0.84 0.67 2.0 18
Tb 356 0.70 59 212 12
Dy 320 0.71 4.5 159 13
Ho 301 0.81 2.5 7.8 16
Er 284 0.90 -0.03 -0.1 20
Tm 267 1.15 -0.03 0.1 33
Lu 266 1.17 1.17 2.6 34

RE2F614C
Pr 239 1.67 9.8 14.8 70
Nd 262 1.65 6.2 9.5 68

Table 6. Magnetic properties of melt-spun Ndj,_,Ce,Feg,Bg
ribbons. 80!

X T./°C UoM,/T UoH /T (BH)imax/MGOe

0 366 0.98 1.09 20.9

1 357 0.93 1.04 18.0

2 348 0.91 0.96 17.2

4 331 0.87 0.84 16.0

6 313 0.84 0.77 14.3

8 298 0.77 0.68 12.1

10 279 0.74 0.52 10.8

11 268 0.68 0.41 8.04

12 253 0.64 0.32 5.54

(i1) Co substitution for Fe

Replacing Fe by Co substitution is an effective way to
raise Curie temperature and potentially reduces temperature
coefficients of coercivity and remanence. It is known that
Nd,(Co,Fe;_,)14B pseudo-ternary systems form the 2:14:1-
type crystal structure for all levels of cobalt substitution, with
T, increasing monotonically to ~ 722 °C for Nd,Co4B.[3"]
It is found that the desirable enhancement of 7; is accompa-
nied by improved temperature stability of the remanence in
the Nd;(Co,Fe|_,)14B melt-spun ribbons if the Co content is
less than 30%.%81 However, the coercivity deteriorates dra-
matically as the Co content increases above 40% due to the
easy formation of Nd,Co17 rather than Nd>Co14B. By system-

atically varying the composition of Nd—Co-B alloys, Fuerst

and Herbst successfully developed melt-spun Nd;Co4B rib-
bons with a coercivity of 1.02 T and energy product of
5.2 MGOe.3" The authors also fabricated the ribbons com-
prised principally of Pr,Coj4B with a coercivity of 2.5 T and
energy product of 5.5 MGOe.! It should be mentioned that
RE>Co14B compounds do not form for all rare earths but only
for R=7Y, La, Pr, Nd, Sm, Gd, and Tb. Unfortunately, none
of them has attracted much attention due to their unsatisfied
properties for permanent magnetic applications. In advanced
Nd-Fe-B permanent magnets, Fe is only partially substituted
by Co.

(>iii) C substitution for B

The magnetic properties of the carbide and boride
2:14:1 compounds are almost same. Typically, carbides have
slightly lower Curie temperatures and saturation magneti-
zations, slightly higher magnetocrystalline anisotropies, as
shown in Table 5. The interest of RE>Fe4C phases is not
only because of their intrinsic properties but also the pres-
ence of solid-state transformation, which offers the possibil-
ity of generating small-particle microstructures by controlling
transformation of the high-temperature phase into the low-
temperature phase. In another words, the nucleation and grain
growth of the 2:14:1 phase in the RE-Fe—C systems is lower
than that of RE-Fe-B systems, which should lead to finer mi-
crostructures. It has been found that Nd,Fe 4C fabricated by
melt spinning could easily provide a relatively high coerciv-
ity (~ 10 kOe) without the aid of other additives.°!! With a
small portion of Co, Dy adoption, Zhang et al. reported an
energy product of 11.5 MGOe with a coercivity of 2.7 T in
the Nd;3Dy;Feg7Co19CeB> melt-spun ribbons. 1921 The energy
product was further improved to 14.4 MGOe through optimiz-
ing post-annealing conditions. >3] Zhang et al. also studied the
magnetic properties of PrjsFe77Cs_,B, (x = 0-8) ribbons and
found the high coercivity of 2.4 T in the Pr;sFe;7C4B4 ribbons
without any heat treatment. 4

(iv) Other additives

With no substantial cost increase, researchers found that
the magnetic properties are improved by means of small
amounts of additives in the 2:14:1 base materials. The most
common additives are Ti, V, Cr, Mn, Co, Ni, Cu, Zr, Nb, Mo,
Ru, W, Al Ga, Si, etc. According to the summary in Ref. [83],
the additions of Co, Ni, Cu, Ga, and Si increase the Curie tem-
perature, while the additions of Nb, Al, and Si increase the
magnetocrystalline anisotropy of Nd,Fe4B phase. More im-
portantly, the additives can modify the microstructure in order
to achieve desirable magnetic properties. For example, Herbst
et al. found that the addition of 0.5 at.% Cu enhances the in-
trinsic coercivity as much as 30% over that of Cu-free materi-
als, which is attributed to the Cu preferential segregation in the
intergranular regions.>>! El-Moneim e al. observed that par-
tial substitution of Fe with Co and Ga leads to an improvement
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in corrosion resistance.!”®! Chen et al. found that a small sub-
stitution of Nb for Fe results in an uniform microstructure with
average grain size of only 10-20 nm, which is much smaller
than the Nb-free ribbons.®”]

It should be emphasized again that the melt-spun materi-
als based on 2:14:1 phase are typically isotropic which limits
the maximum achievable energy products far lower than the
theoretical value given in Table 5. Therefore, 2:14:1 phase
usually exists as the magnetically hard phase in their nanocom-

posite magnets, which are discussed in section 3.2.

3.1.2. 1:5 phase

The CaCus-type 1:5 phase can be formed in the RE-Co
and RE-Ni compounds with the composition of RE(Co, Ni)s.
However, the highest Curie temperature of —240 °C is found
in the RENi5 series for GdNis, which makes them not prac-
tical for permanent magnet applications. On the other hand,
Curie temperatures of most RECos compounds are higher than
500 °C, as shown in Table 7. In addition, the extra-large mag-
netocrystalline anisotropy and the large magnetic moment of
Co in the RECos compounds make them good candidates for
permanent magnets.

Table 7. Intrinsic magnetic properties and theoretical (BH)max limits of 1:5, 2:17 and other phases. 199891

Compound T./°C HoM /T Ki/MJ-m—3 HoHA/T Theo. (BH)max/MGOe
YCos 630 1.06 5.5 13.0 28
LaCos 567 0.91 6.3 17.5 20
CeCos 380 0.77 6.4 21.0 15
PrCos 620 1.20 8.1 17.0 36
NdCos 637 1.22 0.24 5.0 37
SmCos 727 1.14 11-20 25.0-44.0 32

SmCo4B 237 1.25 32 6.5 39
Sm;yCoy7 920 1.25 32 6.5 39
sz(COOV7COO.3)17 840 1.45 3.0 5.2 52
szFCl7N2.94 473 1.51 8.4 21.0 57

SmypFe;C 279 1.24 2.6 53 38

SmFe;; Ti 312 1.16 34 7.36 34

SmFe o V2 337 1.10 2.1 4.80 30

Sms(Fe, Ti)yN 475 1.18 5.6 12 35
SmsFe7 280 0.95 >34 >9.0 23

3.1.2.1. SmCo;s

Among RECos compounds, SmCos compounds are ob-
vious candidates for developing coercivity, owing to their
extraordinary magnetocrystalline anisotropy. However, the
CaCus-type 1:5 phase is stable only at temperature above

[100] pelow which

805 °C according to Sm—Co phase diagram,
it decomposes into SmyCo7 and SmyCo17 phases. The magne-
tocrystalline anisotropies of the 2:7 and 2:17 phases (~ 20 T
and ~ 6-11 T, respectively) are less than that of 1:5 phase
(25-44 T). In addition, the 2:7 phase can act as nucleation site
of reversing domain wall, which decreases the coercivity of
the SmCos magnets. Therefore, fast cooling rate is necessary
to obtain a pure single phase SmCos magnet by suppressing
the formation of the 2:7 and 2:17 phases, which makes the
melt-spinning technique very suitable to fabricate the 1:5-type
magnets.

Takahashi et al. prepared the melt-spun SmCos ribbons in
1985,1101 where they found that the columnar structure with
c-axis aligned parallel to the ejecting direction of the ribbons
at relatively low wheel speed below 18 m/s. This is the so-
called preferred crystallographic orientation or texture. In the
ribbons fabricated at higher wheel speed, only homogenous

spherical fine particles with random orientation of c-axis were

observed. Since the Co-rich part of the Sm—Co phase dia-
gram does not have a deep eutectic, the melt spinning does
not lead to an amorphous structure or even a very fine crystal-
lized microstructure, which is the requirement for high coer-
civity. The coarse microstructure in typical Sm—Co melt-spun
ribbons leads to a coercivity lower than that expected for a
material with such a large anisotropy field. Therefore, it un-
derstandable that the above work only achieves a coercivity
up to 1.5 T,[1%1 which is even lower than of the melt-spun
Nd,Fe 4B ribbons, although SmCos has much higher magne-
tocrystalline anisotropy. Ding et al. optimized the melt spin-
ning process for SmCos ribbons and confirmed the dendritic
structure with needle-like crystallites aligning preferentially in
the ribbon plane in the low-speed prepared ribbons (vys < 20—
30 m/s).!'%%] The coercivity of ribbons with such structure only
have a low value of 0.96 T. Increasing wheel speed to > 30 m/s
leads to significantly increase of coercivity to 3.1 T due to the
decrease of crystallite size, while with the sacrifice of texture
in the ribbons. Suresh et al. reported a high coercivity of 5.3 T
in the SmCos ribbon melt-spun at 50 m/s, which has a small
grain size of about 55 nm. 103!

Between the texture and the coercivity of melt-spun
SmCos ribbons, texture attracts more attention due to the de-
mand of higher energy products. Therefore, most of the re-
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cent efforts were focused on solidification at relatively low
speeds. Actually, Ding et al. reported an energy product of
18 MGOe in the SmCos ribbons prepared at wheel speed of
6 m/s."% Yan et al. also reported the formation of crystallo-
graphic texture during melt-spinning process using low wheel

1041 The degree of the preferential alignment decreases

speed.!
at high wheel speed, while the ribbons prepared at vy, >20 m/s
are completely isotropic. Figure 13 shows the typical x-ray
diffraction (XRD) patterns of the melt-spun SmCos ribbons
prepared at low and high wheel speeds. The low-speed pre-
pared ribbons clearly give very strong reflections of (200) and
(110), while those of (111) and (002) are greatly weakened,
comparing to the isotropic sample. This implies that the c-axis
of crystallites prefers to be parallel to the longitudinal axis of
the ribbon, which is different from the results reported for the
Nd,Fe4B ribbon with the easy magnetization oriented normal

1051 However, a higher wheel speed leads

to the ribbon plane.|
to an XRD pattern with isotropic characteristic, as shown in
Fig. 13(b). The authors also found that post-annealing signif-
icantly improves the magnetic properties. Owing to this tex-
ture, the performance of the ribbons is comparable with that of
the anisotropic sintered SmCos magnets with poM; = 0.91 T,

UoH:. = 1.62 T, and (BH)pax = 18.2 MGOe.
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Fig. 13. XRD patterns of SmCos ribbons prepared at (a) 5 m/s and (b)
25 m/s. 11041

The element substitutions in SmCos ribbons influence
both the microstructure and magnetic properties. Zhang et al.
reported that Gd substation of Sm could effectively suppresses

1061 which usually exists in the

the formation of 2:7 phase,!
anisotropic SmCos ribbons without element substitution.[!%7]
The improved microstructure leads to the increase of both co-
ercivity and squareness of the M—H curve significantly. A high
remanence ratio of 0.95 has been attained in Smg 5Gdg 5Cos
ribbon with an energy product of 16 MGOe at room temper-
ature. In addition, the temperature coefficient of remanence

increases from —0.09% per °C for SmCos to +0.02% per °C

for Smg 5Gdy 5Cos ribbons. This behavior could be attributed
to the ferromagnetic coupling between HRE and Co atoms,
which results in an increase of magnetization with increasing
temperature in a given temperature range.

Enhanced saturated magnetization can be expected
through Fe substation to Co, as Fe has larger magnetic mo-
ment than Co. Tung et al. found that M of as-spun SmCos
ribbons is only 0.42 T, while that of as-spun SmCoszFe; rib-
bons is 1.20 T.!'% This huge enhancement cannot be only
attributed the large magnetic moment of Fe. The TEM and
energy dispersive analysis (EDX) analyses shows that a large
portion of SmCos grain exists in the SmCos ribbons, which
leads to low saturated magnetization in the ribbons. For the
SmCosFe, ribbons, the majority phase is Sm(Co, Fe)s with a
small portion of Sm;(Co, Fe); and Sm(Co, Fe); phases at the
grain boundaries. In addition, XRD suggests the existence of
a-Fe(Co) grains although it is not detected by TEM. Com-
bining the grain refinement induced by the Fe substitution,
a coercivity of 0.82 T and an energy product of 16 MGOe
are obtained in the as-spun Sm(CoFe)s ribbons without post-
annealing.

The nonmagnetic element substitution for Co has also
been studied in the SmCos ribbons. Yan et al. studied
the effects of Cu and Sm doping on the magnetic prop-
erties of the oriented melt-spun ribbons with composition
Sm1+y(C01,xCux)5, fabricated with a wheel speed of 5 m/s,
followed by an optimized post-annealing.!'%!11 The room
temperature coercivity is significantly enhanced to 2.1 and
1.24 T by Sm additions and Cu substitution, respectively. In-
terestingly, it is found that the coercivity mechanism of the
Sm-doped and Cu-substituted ribbons are completely differ-
ent, i.e., the Sm-doped ribbon has a nucleation-type while Cu-
substituted ribbon has a domain-wall pinning type coercivity
mechanism. In addition, compared with the Sm-doped rib-
bons, Cu-doped ribbons exhibit a better thermal stability of
coercivity and a high coercivity of 0.52 T even at 300 °C.
Fukuzaki ef al. investigated the effect of nonmagnetic element
M (M = Zr, V, Nb, Mo, and Ta) substitutions on magnetic
properties and microstructure of Sm(Cog7Cug 3)sFeq 54— My
ribbons. ' Tt is observed that the coercivity increases ini-
tially with increasing the substitution content, reaches a max-
imum value at x = 0.2—0.3, and then decreases for all studied
element except Zr, as shown in Fig. 14. The high melting point
of Mo and Ta prevents the diffusion of these substitution ele-
ments from grain boundaries to SmCos grains, resulting to a
high coercivity of 2.45 T in the Mo and Ta substituted ribbons.

Boron substitution of Co not only promotes amorphiza-
tion in rapidly solidified Sm—Co alloys but also the forma-
tion of Sm—Co boride structures. The SmCo4B compound, in
which the B atoms replacing Co in the parent SmCos struc-
ture, has a magnetocrystalline anisotropy even higher than
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SmCos.'"” This makes SmCo4B a promising candidate for
nanocrystalline hard magnet.

2.5}
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\
0.5} Zr
Sm(Cog.7Cuy.3)5Feq 54—y M,
0

(I) Ol.l OI.2 OI.3 OI.4 OI.5 0.6
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Fig. 14. Coercivity of Sm(Cog7Cuq 3)sFeq s4—xMyx (M = Zr, Nb, Mo,
Ta) ribbons as a function of substitution element content.!'!1]
Unfortunately, the Curie temperature of SmCoyB is far

lower than that of SmCos. Two methods are utilized in or-
der to improve the Curie temperature. Saito et al. found that
melt spinning can stabilize the disordered SmCos_, B, struc-
ture even with x < 1.1112] The value of T, for the disordered
compounds rapidly increases with decreasing B content from
197 °C atx = 1.0 to 557 °C at x = 0.6. Besides the adjustment
of B content, Satio et al.l'!?! and Gong et al.1'31 both ob-
served the increase of Curie temperature with Fe substation for
Co. Particularly, T. of 472 °C is obtained in the SmCo,Fe,;B
ribbons. Therefore, there is a possibility of optimum hard-
magnetic properties in metastable Sm(FeCo)s_,B, nanocrys-
talline alloys, though the realization of high-energy production
is not likely to happen in these materials.

3.1.2.2. PrCos

Hexagonal PrCos has comparable anisotropy field and
saturated magnetization to those of SmCos, as shown in Ta-
ble 7. It is the second choice among the RECos compounds
for permanent magnetic applications because of it large theo-
retical energy product of 36 MGOe and moderately high Curie
temperature of 620 °C. However, the coercivity of PrCos ma-
terials is rather low in comparison with the anisotropy field. A
coercivity of only 0.6 T is achievable in the melt-spun PrCos
ribbons, as reported by Fuerst et al.!!''¥l This mainly arises
from the existence of impurity Pr,Coj7 and PrsCoj9 phases
with low anisotropy field, which are generated by the eutectoid
reaction at 846 °C, according to the Pr—Co phase diagram.[!!3]
Carbon addition could retard the formation of impurity phases
and thus significantly improves coercivity, but decreases re-
manence. The highest coercivity obtained in the PrCos and its
carbon-doped ribbons is only 1.65 T with a rather low energy
product of 7.4 MGOe so far.[!!*! To understand the reason for
the low coercivity and investigate the possibility to improve
it, Zhang et al. designed an melt spinning experiment with a

wheel speed up to 70 m/s.!'!6] Figure 15 compares the TEM
images of melt-spun ribbons prepared by 30 m/s and 70 m/s
and the corresponding statistical grain size distributions. The
30 m/s prepared ribbons give two characteristic maxima in
the grain-size distribution where the first maximum represents
impurity phases PryCoy7/PrsCoj9 with average grain size of
about 110 nm and the second maximum originates from PrCos
phase with average grain size of about 290 nm. With increas-
ing wheel speed to 70 m/s, only one maximum is observed in
the grain size distribution, implying that the ribbons only con-
sist of PrCos phase with an average grain size of 19 nm. This
indicates that the large increase of wheel speed fully impedes
the formation of impurity phases and refines the nanostructure.
Therefore the energy product of the 70 m/s ribbons increases
almost twice compared to that of 30 m/s ribbons. A coercivity
of 1.03 T and an energy product of 13.7 MGOe are achieved,
which are the highest among the isotropic PrCos ribbons. The
coercivity value is close to that of nanocrystalline ProFe 4B,
while the energy product is lower due to the lower saturated
magnetization of PrCos phase. However, PrCos has much
higher 7. than that of Pr,Fe 4B, making melt-spun PrCos rib-
bon a potentially good candidate for high-temperature appli-
cation.

It is interesting to know that the texture could be de-
veloped through die-upsetting method for the PrCos ribbons,
which is similar to that of the Nd-Fe-B ribbons through
plastic hot deformation procedure. Fuerst and Brewer ob-
served this behavior in both Pr—-Co and Pr—Co—C nanocrys-
talline ribbons with PrCos as the major phase.!!!7-118] Al
though the texture is not as perfect as that in Nd-Fe—B mag-
nets, it induces marked increase of remanence. The greatest
alignment was obtained in the die-upset magnets with low-
carbon compositions; in particular, PrjgCog;C produced a re-
manence of 0.87 T and an energy product of 16.9 MGQOe.!!!”!
Through further partially substituting Sm with Pr, coercivities
near ~ 2.0 T were achieved in thermally quenched die-upset
(Pro.6Smg 4)13Cog; C magnets, while maintaining remanences
above 0.8 T.['18] However, for unknown reasons, the Sm-Co
alloys with much higher coercivity do not develop texture dur-
ing die upsetting.

3.1.3. The 1:7 phase

1:7-type RECo7 is a metastable phase in the RE—Co bi-
It has a TbCuy
crystal structure which can be derived from RECos when RE

nary systems such as Sm—Co and Pr—Co.

atoms are randomly substituted by Co pairs, confirmed by
TEM study performed by Yu et al.!'1°! It should be noted that
RE>Co17 can also have the 1:7-type structure when they are
prepared appropriately. A third doping element such as Ti, Zr,
Cu, is helpful to stabilize the 1:7-type phase if they are used
to substitute Co. Among the 1:7-type RE—Co alloys, SmCo7
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is the most studied materials. The SmCo; compound has
saturation magnetization and Curie temperature lower than a
Sm,Co;7 but higher than a SmCos compound. The anisotropy
field of TbCus-type Sm—Co alloys is reported to be 10.5-
14.0 T, which is about more than 1.6 times of the Sm>Co;7;

1201 I fact, the metastable SmCo; phase can be ob-

121]

phase.!
tained by various methods, such as arc melting,[ mechani-
cal alloying,['??! and melt spinning which is summarized here.

Various additions were tried to stabilize the 1:7 phase and
refine the microstructure of SmCoy ribbons. Guo et al. in-
vestigated the effect of transition metals (TM), such as Nb,
Ta, Cr, and Mo, on the crystal structure and magnetic prop-
erties of melt-spun SmCo7_, TM,.[123:124] Tt was found that a
pure TbCuy-type structure is formed in the SmCo7_,Nb, and

SmCo7_,Ta, ribbons, while minor amount of impurity 2:17

phase appears for the that of Cr or Mo substituted ribbons,
implying that the elements in VIB group (Cr and Mo) are
inferior to the element in VB group (Nb and Ta) in stabiliz-
ing metastable 1:7 phase. The impact of phase impurity is
also reflected by the coercivity in the TM-substituted ribbons.
The Nb/Ta substitution leads to the coercivity enhancement of
0.83-0.94 T, while Cr/Mo only leads to an enhancement of
0.47-0.56 T. The effect of Si and Al substitution in SmCo~
alloys has been investigated but the coercivity enhancement
is much lower than that of Nb, Ta, Cr, and Mo.[!?5] Recent
study shows that the coercivity can be highly enhanced in the
SmCo7_,Zr, ribbons only if the wheel speed is high enough.
Particularly, a high coercivity of 1.72 T is achieved in the
SmCog 7Zrg 3 ribbon with a fine grain structure around 3 pum
if the wheel speed is 60 m/s and above. 129

Grain number
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Grain size (nm)

d . =19nm

3 (d)
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Fig. 15. (color online) TEM images of nanocrystalline PrCos prepared at (a) 30 m/s, (b) 70 m/s, and statistical grain size distribution

of () 30 m/s, (d) 70 m/s.[11°]

Carbon in combination with some transition metal ele-
ment can produce fine 1:7 microstructures with further en-
hancement of coercivity. Du et al. found that carbon addi-
tion helps the formation of homogeneous microstructure with
grain size around 60-70 nm in the Sm(Cog 9Feq |)6.8Zrp2Cy
ribbons, which results in a coercivity of 1.43 T and an en-
ergy product of 11 MGOe.!"?”] With an optimized Fe con-
tent, the energy product is improved to 13.7 MGOe in
the Sm(Cop 75Fe0.25)6.7Z10.3C0.06 ribbon, while coercivity is
slightly dropped.[!?8] Similar grain refinement and coercivity
enhancement are observed in the NbC-doped ribbons as re-
ported by Hsiao et al., confirming the role of carbon in the
melt-spun 1:7-type alloys.!'?°! In fact, Li et al. found that
the grain size of the melt-spun SmCo7_,(Cr3C,), ribbons de-

creases with the increase of Cr3C, content.!'*®) The amor-
phous state is achieved in the ribbons with 0.15 < x < 0.25
when wheel speed is larger than 40 m/s. Magnetic properties
can be further optimized by post-annealing of the amorphous
ribbons.

Alternatively, boron can be doped into 1:7-type ribbons
and significantly improves the coercivity. Makridis et al.
reported that the as-spun Sm(Cog 74—,Feo 1 Cug.12Zr9.04Bx)7.5
ribbons contains mainly TbCus-type phase with an average
grain size of 60-100 nm.['3!1 A record high coercivity of
3.85 T at room temperature is achieved in these ribbons. It
should be noted that excessive amount of B may lead to dete-
rioration of the hard-magnetic properties. Kim et al. found

that the magnetically soft SmyFe 4B phase with a planar
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anisotropy can be formed in the Sm,(CoFeMn);7B, ribbons
if B is over-doped. (13!

TbCus structure is observed in the Pr—Co alloys as well.
Zhang et al. reported the stabilized 1:7 phase in both com-
pound through arc melting!'33! and nanocrystalline powders
with an average grain size of 20 nm through mechanical
alloying of PrCo;_,Ti, alloys with an energy product of
10.6 MGOe.[34 With the assistance of C addition, Kosto-
gorova et al. successfully fabricated the (PryCoj_,)94TizC3
ribbons consisting of 1:7 phase with a coercivity around 1.0 T
through melt spinning and post-annealing.[!3%]

Besides microstructure refinement, the improvement of
crystallographic texture in the melt-spun ribbons is also an
effective way to promote the properties of 1:7-type magnets.
Yan et al. observed a high degree of texture in the melt-spun
Sm(CoFeCuZr)7 4 ribbons prepared at low wheel speed such
as 5 m/s.13%] The formation of the crystallographic texture,
with c-axis parallel to the longitudinal direction of ribbon,
is attributed to a directional solidification process resulting
from a temperature gradient. Maximum energy product of
12.3 MGOe is obtained in such highly-textured ribbons. Yan
et al. also found that the C addition to Sm(CoZr); alloy not
only significantly enhances the coercivity of the ribbons but
also affects the crystallographic texture. The preferred orien-
tation changes from parallel to the ribbon plane for carbon-free
ribbon, to normal to the ribbon plane for the SmCog¢ 5Zr( 5Co 5
ribbon. ['37) Figure 16 shows the scanning electron micrograph
(SEM) images of ribbons with and without carbon. The anal-
ysis shows that a dendrite structure was presented in the Sm-
CoZr ribbon surface, while C addition leads to the diminishing
of the dendrite and the grains become equiaxial. A higher en-
ergy product of 8.6 MGOe is observed in the C-added ribbon
prepared at 5 m/s.

Fig. 16. SEM micrographs on the surface of (a) SmCog 5Zr( 5 and (b)

SITIC06.5ZI'0.5 C0.5 ribbons. [137)

3.1.4. The 2:17 phase

Since the SmyCo17 and especially Smy(CoFe);7 have sat-
urated magnetization substantially higher than that of SmCos,
it seems natural to increase (BH)max in the Sm>Co17 magnets.
Another advantage of SmyCoj7 is the higher Curie tempera-
ture compared to SmCos phase, as seen in Table 7. Unfortu-
nately, Chen et al. found that the coercivity of Smy(Co, Fe);7

ribbons is less than 0.3 T, although they found that the coerciv-
ity increase with increasing wheel speed and a crystallographic
texture formed during the melt-spinning process,!!3% which
is similar to the behaviors observed in SmCos ribbons. The
low coercivity might be expected, since the anisotropy field of
Sm,Coy7 is only about one-fourth of that of SmCos. However,
the major reason for the low coercivity appears to be related to
a coarse dendritic microstructure with their long axis parallel
to the longitudinal direction of the ribbons.!!3°! The size and
alignment of the dendritic grains can be significantly modified
through Cu and Zr substation for Co. With an appropriate an-
nealing, a coercivity of over 2.5 T has been obtained in the Cu
and Zr substituted Smj(CoFe)7 ribbons. However, these high
coercivities cannot be attributed to the 2:17 solely. Instead, it
should be attributed to the two-phase cellular structure, similar
to that of conventional precipitation-type Sm(Co, Cu, Fe, Zr),
magnets, which leads to the domain-wall pinning mechanism
in the ribbons. 3! On the other hand, Crabbe et al. studied the
melt-spun Sm(Cog 704Cug 061 Fe0 200Zr0.025)7.61 ribbons with
a single-phase 2:17 microstructure and a grain size of about
30 nm, through controlling wheel speed and nozzle diameter
during melt-spinning process. Unfortunately, their magnetic
properties are still at the low end with puoM, = 0.52-0.75 T,
UoH. = 0.3-0.5 T, (BH)pax = 4.4-10 MGOe.!'#%l There are
not many researches on the melt spinning of Smy(CoFe);7 al-
loys with single-phase microstructure due to their poor hard
magnetic properties and thus lack of potential applications. In
fact, the melt-spun 2:17 ribbons with two-phase cellular mi-
crostructure have attracted interests, which will be discussed
in Section 3.3.

3.1.5. The 2:17 interstitial phase

SmyFej7 compound has high saturation magnetization
but shows low Curie temperature and planar anisotropy likely
due to the strong Fe sublattice anisotropy. However, in-
terstitial modification of the SmyFe7 compounds can leads
to uniaxial anisotropy and dramatically change their mag-
netic properties.”®!14!l Owing to a volume expansion of the
atomic lattice caused by the absorbed N, C, or H atoms, the
Curie temperature increases by more than 300 °C. In addi-
tion, both magnetocrystalline anisotropy and saturation mag-
netization also increase significantly, as shown in Table 7. For
SmyFe 7N7 04, a value for the anisotropy field of 21 T at room
temperature has been reported by Katter et al.1”! These excel-
lent magnetic properties were immediately realized in high-
performance nanocrystalline magnets. However, these nitrides
or carbides prepared by gas-phase interstitial modification are
metastable, and decompose into Sm—N or Sm—C and o-Fe
upon heating to about 700 °C and cannot be used for the de-

velopment of anisotropic sintered magnets.
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3.1.5.1. Sm,Fe;7 nitride

Pinkerton and Fuerst obtained magnetically hard Sm—Fe—
N ribbons with a room-temperature coercivity of 2.3 T by ni-
triding melt-spun Sm—Fe precursor ribbons. To facilitate the
absorption of nitrogen, the ribbons were ground to powder
with particle size less than 25 pum, then heat treated in vac-
uum for 1 h at 700 °C prior to nitriding in N, gas at 450—
480 °C.['42] Katter et al. studied the structure and magnetic
properties of the Sm—Fe ribbons in the as-quenched state and

1431 Tt was found that a hexagonal TbCuy-type

after nitriding. !
phase only shows up in melt spun ribbons with a stoichiom-
etry of about SmFeg and at wheel speed above 15 m/s. At
higher Sm concentrations or lower quenching rates the struc-
ture changes to the ThyZn;7-type. Both phases give very low
coercivity, while nitrogenation leads to an expansion of the lat-
tice and to an overall improvement of the hard magnetic prop-
erties for both phases, i.e., their Curie temperatures increase
to 470 °C and the saturated magnetizations raise to 1.40 and
1.51 T for the TbCuy-type and the ThyZn;7-type phases, re-
spectively. It was also found that Nb or Zr additions can sta-
bilize the 1:7 structure in the melt-spun Sm—Fe ribbons, while
the samples without substitutions crystallize in the ThyZn;7-
type structure, [144]

Shield et al. found that melt spinning of the Smj;Fegg
alloys usually results in grain sizes at or above the single do-
main limit which is around 360 nm.!'"*3 The addition of Ti
and C leads to an order of magnitude refinement at the mi-
crostructural scale, resulting in the coercivity enhancement
in the SmyFe 7N, ribbons. Omatsuzawa et al. investigated
the isotropic TbCu;-type Sm-Zr-Fe—Co-N materials pre-
pared by the melt spinning and following nitrogenation.146]
They found that the grain size decreased monotonically with
the increase of the wheel speed, which leads to the in-
crease of both remanence and coercivity. A compression-
molded bonded magnet using the melt-spun powders at a
wheel speed of 40 m/s showed excellent magnetically hard
properties: UoM; = 0.83 T, upH. = 0.9 T, and (BH)max =
14.2 MGOe.
(Smg 7Zrg 3)(Fep §Cop.2)9Bo.1N, ribbons with a single-phase
TbCus-type structure: poM; = 1.07 T, upH. = 0.98 T, and
(BH)max = 22.6 MGOe.

Even better properties were reported in the

3.1.5.2. Sm,Fe;; carbide

The effect of interstitial carbon on SmyFe7 is similar to
that of nitrogen. However, the number of the C atoms per
formula unit after a solid—gas carburization usually does not
exceed 2. This means a lesser volume expansion of the 2:17
lattice and thus lesser gain in the magnetic properties. As
one can see in Table 7, both Curie temperature and anisotropy
field of Sm—Fe—C are lower than those of Sm—Fe-N. How-
ever, there are several advantages of Sm—Fe—C comparing to

Sm-Fe-N: i) the SmyFe;C, system can be directly produced
by the simple melt spinning without the two-step procedure in
Sm-Fe-N system. ii) The melt-spun Sm—Fe—C ribbons have
better phase thermal stability compared to the alloys prepared
by solid—gas reaction. iii) The interstitial carbides SmyFe;7C,
with higher carbon concentration can be formed by melt spin-
ning, which leads to higher Curie temperature and larger mag-
netocrystalline anisotropy.

Shen and his group have systematically studied the struc-
ture and magnetic properties of the RE,Fe7C, (RE = Dy,
Er, Ho, Er, Ge, Tm, Y) ribbons prepared by melt spin-

147-157) The Curie temperatures of

ning and other approaches.!
RE>Fe|7C, are summarized in Fig. 17. A considerable en-
hancement of T is observed when x increases from O to 2.0.
For small x-values, the Curie temperature increases with in-
creasing carbon concentration more drastically than for larger
x-values. In addition, there is a linear relation between 7, and
the corresponding unit cell volumes, as shown in Fig. 17(b).
It demonstrates the dependence of the exchange interaction on
unit cell volume in the 2:17 structure. Figure 17(c) summa-
rizes the dependence of room-temperature saturated magneti-
zation on carbon concentration of RE,>Fe;7C, ribbons. It was
found that M; increases with increasing x for low carbon con-
centration, while it becomes flat for high carbon concentra-
tion. The increase of M; at lower carbon concentration is due
to the enhancement of the Curie temperature which shifts the
thermomagnetization curve to higher temperature. It should
be noted that the substitution of Ga in SmpFe7 also increases
Curie temperatures and develops a room temperature uniax-
ial anisotropy without introducing interstitial carbon or nitro-

158] Unfortunately, no considerable coercivity is re-

gen atom. |
ported in the above mentioned Sm—Fe based ribbons.

Among all RE,Fe;7C, alloys, SmyFe7C, is the best can-
didate for permanent magnets due to their high saturation mag-
netization and relatively high Curie temperature. It was found
later by Shen et al. that substituting Fe partially with Ga,
Al, Si, or Cr in SmyFe7C, helps the formation of Sm-Fe
compounds of even higher carbon content with the 2:17-type
structure. 1391611 The excellent magnetic properties of these
2:17-type carbides results from not only the interstitial carbon
atoms but also the substitutional Ga, Al, or Si atoms, which
leads to a significant increase in the uniaxial anisotropy field.

Figure 18 summarizes the intrinsic magnetic properties of
SmyFesM,C, (M = Ga, Al, Si) alloys, which were reported
in Refs. [161]-{163] Similar to the contribution of carbon ad-
dition to SmyFe7C, ribbons, carbon leads to the increases of
Curie temperature in all SmyFe|5M,C, alloys and reaches the
maximum around x = 1.5 ~ 2.0. The Ga, Al, and Si sub-
stitutions themselves also enhance the Curie temperatures, as
shown in Fig. 18(a). Figure 18(b) presents the dependence of
anisotropy field Hx on carbon content. It shows that carbon
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addition leads to dramatic increase of Ha as x < 1.0, and then
increases slowly or even deteriorates with excess carbon ad-
dition. Unfortunately, carbon addition leads to the monotonic
decrease of saturated magnetization for all Ga, Al and Si sub-
stitution, although it benefits the SmyFe7C, alloys, as shown

in Fig. 18(c). For this reason, the carbon content was usually
chosen between x = 1.0-2.0 to gain the benefits of 7. and Hp
but not scarify too much saturated magnetization. Comparing
with Nd,Fe 4B, the SmyFe|5Ga,C, materials have higher 7.
and Hy, but lower saturated magnetization.
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Fig. 17. (a) Curie temperatures of RyFe[7C, ribbons (x =0, 1.0, 1.5, and 2.0); (b) Curie temperatures versus unit cell volume of Er,Fe;7C,

and TmyFe 7Cy; (c) dependence of My on carbon content of RyFe 7C, ribbons. !
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Fig. 18. Effect of carbon addition on (a) T¢, (b) Ha, and (c) My of SmyFe[7C, and SmyFe|5M>C, alloys.[161-163]

With an optimized carbon content, Shen and his group
further optimized the Ga, Al, and Si substitutions on intrin-
sic magnetic properties of SmyFesM,Cqo-15 alloys,[164’165]
as shown in Fig. 19. It was found that maximum Curie tem-
perature and anisotropy field are obtained in the alloys with x
around 2, while they drop quickly with excess Ga/Al/Si sub-
stitutions. The saturated magnetization decrease almost lin-
early with the amount of substitution in a fast manner. Fur-
ther substitution for Fe with transition metals such as Cu,

Nb, V, Mo, Zr, Ti in Smy(Fe, TM);5Ga,C ribbons shows

that they all deteriorates the Curie temperature, anisotropy
field, and saturated magnetization.““l It should be noted
that the Co substitution for Fe leads to monotonic increases
of both Curie temperature and saturated magnetization in
SmyFe;5_,Co,Si>C ribbons if x < 5, while anisotropy field

11671 Additional studies have also been

does not change much.
conducted on the effect of Ga substitution on the intrinsic mag-
netic properties of RyFejs_,Ga,C, (R = Gd, Y, Ho, Er) alloys,
while similar behaviors as those in Sm—Fe—Ga—C system are

observed. [164,168-171]
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Fig. 20. (color online) Dependence of coercivity on wheel speed of
Sm;Fe;s_,Cu,GayCy (x = 0-2.0) and Sm;Fe;5Ga,C ribbons. !
Compared with SmyFe;7C,, the further advantage of
Sm,Fe sM,C materials is the developed coercivity and energy
products. Zhang et al. studied the effects of wheel speed of
melt spinning as well as the carbon content on the coercivity
of the SmyFe 4 5Cug 5Ga,C, ribbons, 74! as shown in Fig. 20.
The coercivity increases significantly with increasing carbon
content and reaches a maximum at x = 1.0-1.5 for an opti-
mized wheel speed of about 12.5-15 m/s. The maximum coer-
civity at room temperature is 2.2 T for SmyFe 4 5Cug 5GayCy 5
ribbon. It should be noted that the coercivity shown in Fig. 20
is measured by a vibrating sample magnetometer (VSM) with
a maximum applied field of 1.9 T, without reaching the sat-
uration magnetization of the samples. The coercivity could
be further improved to 2.6 T if the ribbon was annealed in a

1751 With a small portion of Sm substituted

Sm atmosphere. !
by Pr, energy product of about 8.9 MGOe was obtained in
the single-phase Sm—Fe—Ga—C ribbons.!!”®! For Sm—-Fe-Si—

C ribbons, a coercivity about 1.5 T and an energy product of

about 7.2 MGOe are achieved through Cu or Co substitution
with optimized melt-spinning process.!'®”-177] Such melt-spun
Sm-Fe—(Ga, Si)-C ribbons usually have a fine microstructure
with grain size of about 45-60 nm while the magnetic domain
size is about 100-500 nm, indicating the effective exchange
coupling between grains.

3.1.6. The 1:12, 3:29, and 5:17 phases

Sm(Fe, M), (M = Ti, V, Mo, Si) compounds with the
tetragonal ThMn, structure possess a uniaxial anisotropy at
room temperature, which is large enough for the develop-
ment of permanent magnet materials. Both melt spinning and
ball milling were utilized to produce nanocrystalline Sm(Fe,
M)1, magnets. The SmFej,_.M, magnets with the desired
1:12 structure can be obtained if x > 1 for Ti-substitution
and if x > 1.5 for V-substitution magnets. SmFe;_,M, is
metastable phase which makes melt spinning suitable for de-
velopment of such materials with nanostructures. Wang et al.
studied the effects of V substitution on the magnetic prop-
erties of Sm—Fe-Ti—V melt ribbons. A coercivity of about
1.07 T is obtained in the melt-spun SmgFe7s 5Gag 5TigVg with
a ThMnj,-type structure after post annealing, which is far
higher than that of bulk magnets prepared by the powder
metallurgy technique.!'”® A higher coercivity is reported in
the SmFeoTiV ribbons after annealing in Sm atmosphere,
where such annealing technique is specially aimed to pre-
vent the evaporation losses of Sm.[!”?! Pinkerton et al. also
reported a bulk Smq goFe oV, magnet prepared by hot com-
paction of the overquenched ribbons with bulk magnetic prop-
erties: oM, = 0.54 T, poH, = 0.78 T, (BH)max = 4 MGOe.
With partial Co substitution for Fe, an energy product of about
8.4 MGOe is obtained in the Sm(Fe, Co, Ti);, ribbons. 8]

Interstitial modification of the Nd(Fe, M);» compounds
changes their intrinsic magnetic properties in a way very sim-
ilar to that of SmyFe;7. The room-temperature coercivity of
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about 0.6-0.9 T are obtained by nitriding the melt-spun Nd(Fe,
Mo);; ribbons which only have coercivity less than 0.05 T

1811 The magnetic properties and interstitial

prior to nitriding.!
atom effects in the R(Fe, M)2 compounds have been reviewed
in Ref. [182].

R3(Fe, Ti)yg is a novel intermetallic which crystallizes
into a monoclinic structure with a space group of A2/m.
The unit cell can be described as an alternate stacking of
the tetragonal ThMnj,-type and the rhombohedral ThyZn7-
type structures. There is a strong enhancement in saturated
magnetization and Curie temperature (7; > 450 °C in the ni-
tride) upon nitrogenation while the easy magnetization direc-
tion changes from planar to uniaxial. The anisotropy field
about 12 T at room temperature is reported in the Smj(Fe,
Ti)zg nitrides."'83] Chen er al. fabricated the SmsFey7 5Ti; s
ribbons via melt spinning with controlled cooled rate.[!841 Tt
was found that 3:29 only forms at low wheel speed of 5—
10 m/s, while 1:7 phase was developed at higher wheel speed
of 20-25 m/s and amorphous phase became dominant with
increased speed to 40 m/s. The best magnetic properties
SmjzFe,7 5Ti; 5 ribbons are oM, = 0.72 T, upH, = 0.15 T,
(BH)max = 2.9 MGOe, which is not very promising, even after
optimized post-annealing and nitrogenation.

NdsFe;; phase was found to be a stable intermetallic
compound with a hexagonal structure in the binary Nd-Fe sys-
tem. Although the NdsFe;7 phase has a high saturated magne-
tization of 1.52 T at 4 K and a Curie temperature of 230 °C, it
does not possess c-axis anisotropic, which is essential for per-
manent magnet materials. On the other hand, SmsFe;7 phase
is a metastable phase with a Curie temperature around 280 °C
and an anisotropy field > 9 T. The single-phase SmsFe;7 with
two elements was first observed in the sputtered films with a
coercivity of 1.47 T at room temperature.''83] Although it was
found later that SmsFe;7 phase can be obtained through melt
spinning,! %! partial replacement of Fe by Ti and/or V could
greatly favor the formation of the 5:17 phase. The ternaries
around SmygFe7(Tig are the most studied alloys with the 5:17
structure. Saito et al. reported a coercivity of 4.0 T in the
SmsFe 7 ribbons consisted of grains around 50-100 nm.[187]
Unfortunately, the remanence of these ribbons is only about
0.48 T, which does not favor the permanent magnet applica-
tions.

3.1.7. RE-free phases

Recent constraints on availability and cost increase of RE
elements have stimulated a strong interest in the discovery of
RE-free materials with excellent permanent-magnet proper-
ties. Many RE-free candidates with high magnetic anisotropy
and high Curie temperature have been proposed and studied
in the past years. Here we only briefly reviewed some of them
such as MnBi, Co-rich Hf~Co/Zr-Co, Fe-Pt-B, Mn—Al-C and
Alnico, which are prepared by melt spinning.
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Fig. 21. (color online) The magnetic properties of nanocrystalline
MnBi. (a) The hysteresis loops of MnBi at room temperature along the
directions parallel and perpendicular to the c-axis; (a) the temperature
dependence of coercivity. 1)

The low temperature phase (LTP) MnBi compound is of
interest not only because of its RE-free feature, but also be-
cause of its magnetic properties. The magnetic anisotropy
constant of MnBi is negative below —170 °C but increases
with increasing temperature and attains its maximum value
of 2.2 x 10° J/m3 at 220 °C. Actually, the high tempera-
ture anisotropy constant of MnBi is much higher than that
of Nd,Fe 4B phase, although its room temperature value is
lower. This made MnBi a good candidate for high tempera-
ture applications. However, the maximum energy product of
MnBi at room temperature is much lower than most other per-
manent magnet materials, due to its low saturated magneti-
zation. Guo et al. prepared the LTP MnBi by melt spinning
and found a maximum anisotropy field of about 9 T at 257 °C
and a Curie temperature of about 500 °C.I'®8] Following the
above method, Saha er al. produced the MnBi powders with
a coercivity of about 2.6 T at 280 °C by a ball milling pro-
cess following the melt-spinning.['8° The saturated magneti-
zation and remanence of these ribbons or powders are rela-
tive low. Yang ef al. optimized melt spinning and annealing
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processes of the MnBi ribbons.!!?") They found that the grain
size of 200 nm in the 20 m/s spun ribbons can be reduced
to 20-30 nm with increasing wheel speed to 65 m/s. With a
grinding process followed by alignment under magnetic field,
an anisotropic nanocrystalline MnBi magnet is obtained with
an energy product of 7.1 MGOe. The hysteresis loops of the
anisotropic MnBi magnets are given in Fig. 21(a) along the
directions parallel and perpendicular to the c-axis. The tem-
perature dependence of the coercivity is shown in Fig. 21(b),
which exhibits a positive temperature coefficient. The coer-
civity reaches a maximum of 2.5 T at 267 °C. The positive
temperature coefficient of coercivity can be explained by the
temperature dependence of the magnetocrystalline anisotropy
field. It should be noted that MnBi compound is sensitive to
oxygen and temperature. Cui et al. found that oxygen is the
driving force for MnBi decomposition when subjected to a
temperature higher than 200 °C. Once decomposed, the Mn
reacts with oxygen forming MnO, causing irreversible loss
of magnetic properties.!!'’!] The authors also reported an en-
ergy product of 11.9 MGOe for the MnBi magnet, although
it is prepared by ball milling, not melt spinning. To improve
the room temperature coercivity, Kharel et al. studied the ef-
fect of Pr substitution and found that the coercivity increases
by a factor of 9 from 0.26 for Pr-free to 2.3 T for 9 at.% Pr
substitution, 1]

Recently, the Co-rich transition-metal alloys such as
HfCo7 and Zr,Coq; have attracted interests to develop new
RE-free magnetic materials with high-energy products. The
metastable nature and/or the requirement of high formation
temperature of about 1050-1230 °C for HfCo; phase indi-
cate that melt spinning process is suitable to make such alloy
with good phase purity. Although Zr,Co;; phase has a wider
temperature range of about 300-1254 °C, a high-temperature
growth or annealing process followed by melt spinning was
generally used to obtain high-anisotropy crystal structures in
the alloys. Balasubramanian et al. fabricated the nanocrys-
talline Cojgp—xT M, alloys (TM = Zr, Hf, and 10 < x < 18) by
melt spinning with varied wheel speed from 25 to 70 m/s.[1%3]
For the Zr—Co alloys, the grain size of the melt-spun ribbons
is reduced from 120 to 50 nm with increasing wheel speed
from 45 to 70 m/s. The ribbons majorly consist of both rhom-
bohedral and orthorhombic Zr,Coq;, with the minor cubic
ZrgCoosz and Co phases. Although there are both magnetically
hard and soft phases in the ribbons, the hysteresis loop of the
70 m/s melt-spun ribbon exhibits nearly a single-phase behav-
ior and shows a coercivity of 0.24 T and an energy product
of 4.3 MGOe. These properties have been slightly improved
to 0.30 T and 4.6 MGOe by the same research group for co-
ercivity and energy product, respectively.!'**! For the Hf-Co
alloys, an energy product of 5.2 MGOe was achieved in the
HfCo7 ribbons. Besides the HfCo; phase, McGuire et al. re-

ported a Hf>Coj1B-type nanocrystalline by melt spinning with
the best magnetic properties of oM, = 0.62 T, uoH, = 0.45 T,
and (BH)max = 6.7 MGOe.[1%]

Several RE-free magnets have Lly-type structure, such
as Fe-Pt and Mn-Al. Zhang et al. studied the phase evolu-
tion, thermal stability and magnetic properties of the melt-
spun Fe;o_,Pt,B3g ribbons.'%! It was found that the amor-
phous forming ability increases with small amount addition
of Pt into the Fe79B3g alloy and a complete amorphous phase
is obtained in the alloys with x = 5 and 10 and wheel speed
of 33 m/s. However, further increase of Pt content results
in the formation of fcc-FePt, Fe,B with or without L1-FePt
phases. A homogenous microstructure, consisting of magnet-
ically hard L1y-FePt and soft Fe,B phases with an average
grain size of 30-50 nm, is formed in the ribbons with x = 10—
20 after appropriate annealing. The coercivity of Fe7_,Pt,B3g
ribbons increases while remanence decreases with increasing
Pt content. Good magnetic properties were obtained in the
Fe70_,Pt; B3¢ ribbons with poM; =0.81-1.20 T, poH, = 0.22—
0.65 T, and (BH)ax = 8.0-11.0 MGOe.

Liu et al. studied the effects of C, B, and RE doping in
phase transitions and magnetic properties of Mn—Al alloy.[!%7]
The as-spun Mn—-Al, Mn-Al-C, and Mn—-Al-C-RE ribbons
possessed a hexagonal € phase. The € to L1 phase transition
occurs at ~ 500 °C, which is of interest as it could develop
hard magnetic properties in the ribbons. Moderate carbon ad-
dition promotes the formation of the desired magnetically hard
L1y phase and improves the hard magnetic properties. The
best magnetic properties, oM, = 0.3 T, uoH. = 0.15 T, and
(BH)max = 1.5 MGOe, were obtained in Mn—Al-C ribbon with
C content of 1.7 at.% annealed at 650 °C, though they are quite
low compared to other permanent magnets.

Lowe et al. studied the magnetic properties of melt-spun

Alnico ribbons.[198

I The grain size of the ribbons decreases
from 5-10 pm to about 1 um by increasing the wheel speed
from 5 m/s to 60 m/s, and further decreases by addition of
1 at.% B to less than 1 um. The size of the spinodal features
was about the same in the ribbons without B, which means
that grain size above a certain threshold does not influence the
spinodal decomposition anymore. The coercivities obtained in
all samples are about 0.04 T, only half of those in anisotropic
bulk samples, even though the aspect ratio of spinodals is the

same as in bulk.

3.2. Nanocomposite magnets

Advanced permanent magnet applications always require
materials with high remanence, high coercivity, and high Curie
temperature. Although most single-phase permanent mag-
nets have large coercivity, their saturation magnetization is
relatively low compared to that of magnetically soft materi-

als such as Fe or Fe—Co. In addition, the rare-earth magnets
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are chemically reactive and expensive on account of a sub-
stantial content of rare-earth elements. It is natural to think
that the combination of magnetically hard and soft materi-
als should give higher magnetization and thus a potentially
higher energy product with lower material cost. Coehoorn
et al.'"=2911 and Shen et al.3%202-2041 first reported the pi-
oneering researches on the NdyFe 4B/FesB composites with
FesB as the magnetically soft phase and with the microstruc-
ture in nanoscale. The nanocomposites with the magnetically
hard and soft phases have attracted tremendous attention in
searching for novel permanent magnets, especially after the
concept of exchange-spring magnets was first introduced by
Kneller and Hawig in 1991.1"3! In such exchange-spring mag-
nets, the magnetically hard phase provides a high coercivity
and the magnetically soft phase provides high magnetization.
If the two phases are magnetically coupled together in an ef-
ficient way, the resultant composites can have both high coer-
civity and high magnetization, which eventually give a higher
maximum energy product than the single-phase hard magnets.
The concept was further developed by Skomski and Coey!!'*!
who showed that the length scale of the soft phase should be
smaller than twice of the domain wall width (8g) of the mag-
netically hard phase. For example, 8g of Nd;Fe4B is about
4.2 nm which leads to a critical size smaller than 10 nm for the
magnetically soft phase. The magnetically soft phase becomes
a slave to the magnetically hard phase and follows its magne-
tization direction, as illustrated in Fig. 22. The exchange cou-
pling interaction between the magnetically soft and hard com-
ponents, is the key in determining the overall magnetic prop-
erties of the composite magnets. Based on the micromagnetic
analysis model, Skomski and Coey pointed out the giant en-
ergy product of about 137 MGOe can be achieved with align-
ment of magnetically hard grains and controlled microstruc-
ture in the SmyFe 7N3/FegsCoss system, which is more than
twice of theoretical limit of Nd,Fe 4B magnet. [14]
The magnetic properties of the exchange-coupled
nanocomposite magnets depend sensitively on both the ma-
terial parameters, such as the magnetocrystalline anisotropy
and saturated magnetization, and the microstructure, such as
the grain size, soft-phase content and soft phase distribution.
In principal, the nanocomposite could be made of any mag-
netically hard phase discussed in Section 3.1, and any mag-
netically soft phase with high magnetization such as Fe, Fe—
Co, Fe-N, etc. It is a general trend that a larger amount of
magnetically soft phase leads to a higher magnetization at the
expense of coercivity reduction. The proper control of the
In the
last decades, many nanocomposite magnets have been studied
intensively, including Nd;Fe 4B/Fe3;B, Nd,Fe4B/a-Fe(Co),
PryFe 4B/o-Fe(Co), NdyFe 4C/a-Fe(Co), SmyFe 7N,/ a-Fe,
SmyFe sM,C,/a-Fe (M = Ga, Si, Al), SmCos/a-Fe, and L1

microstructure then leads to the optimum (BH)max-

FePt/FesPt. Significant progresses have been made on improv-
ing the magnetic properties of the nanocomposite magnets in
the past years. It should be noted that we only summarized
some representative nanocomposites prepared by melt spin-
ning in this review.

exchange _
coupling

M

il im k"l ‘

Fig. 22. (color online) Schematic of the exchange-spring principle from
Ref. [205]. A magnetically hard phase possessing a wide hysteresis loop
exchange couples to a magnetically soft phase possessing a tall hystere-
sis loop, forming a composite magnet that has both a wide and tall hys-
teresis loop. The image to the right illustrates a bilayer structure. If the
soft layer thickness exceeds a critical size, the magnetization reversal
happens first in the soft layer.

3.2.1. Nsze14B/FegB

Coehoorn et al. first obtained this novel nanocomposite
magnet consisting mainly of FesB with Nd,Fe4B as a sec-
ondary phase.!!°°! The amorphous alloy with composition of
NdsFe73B1g was produced by melt spinning, followed by post
annealing at 670 °C for 30 minutes. The annealing process
consists of two steps: the metastable phase Fes;B is crystal-
lized with a small amount of a-Fe phase at a lower tem-
perature at first, while the hard-magnetic phase Nd,Fe4B
is formed at a higher temperature. The annealed ribbons
consist of 73% Fe3B, 12% o-Fe, and only 15% magneti-
cally hard phase Nd,Fe4B. The saturated magnetization of
FesB and Nd;Fe;4B are both 1.6 T at room temperature,
while Fe3B has a higher Curie temperature of about 513 °C,
nearly 200 °C higher than that of NdyFe4B. The annealed
ribbon gives a coercivity of 0.3 T, which may be due to
the presence of Nd,Fe4B since Fe;B has much lower mag-
netocrystalline anisotropy. The most remarkable property
in this material is the normalized remanence, which is as
high as 0.75 and much higher than 0.5 predicted by Stoner—
Wohlfarth model. The large remanence enhancement is at-
tributed to the fine microstructure with Fe3B grains of 30 nm
and Nd,Fe 4B grains of 10 nm plus the exchange coupling be-
tween them. Owing to the large remanence, the energy prod-
uct of 11.9 MGOe is obtained.?”"] With partial substitution
of Nd by Tb or Dy, the coercivity of the melt-spun ribbons

201] Simultaneously, Shen et al.

can be improved to 0.45 T.!
studied the amorphization and crystallization of the rapidly

quenched M;_,(Nd;Fe 4B), ribbons (M = Fe3B, Fe;B; 0 <
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x < 1.0).[203] By the analyses of phase components and mag-
netic properties, it was found that the Fe;B-based materials
have superior properties than the Fe,B-based materials. A
coercivity of 0.3 T and an energy product of 13 MGOe in
NdsFe77 5B13s.5 alloys are achieved at room temperature by an-
nealing at 670 °C for a short time.

Kim et al. studied the ferromagnetic phase diagram of the
Nd,Fe,B; (2 <x<13,76 <y <88,5.5 <z<22) melt-spun

2061 Most of the as-spun ribbons prepared at 35 m/s are

alloys.!
found to contain amorphous phase. Depending on the com-
position, the main phases of the optimally annealed ribbons
are found to possess one or more the following phase: o-Fe,
Fe3;B, Nd;Fe;3B3, and Nd,Fe 4B phases. It was found that
the Fe3B phase precipitates only appears in the alloys with
high boron content and low Nd content. Figure 23(a) sum-

marizes the ferromagnetic phase diagram of the optimally an-
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nealed Nd,Fe,B, melt-spun alloys: (i) for Nd-rich alloys with
x > 12, NdyFe 4B appears to be the main phase; (ii) for Fe-
rich alloys with y > 83 and x < 11, the major phase is o-Fe
with NdyFe 4B as a secondary phase; (iii) for B-rich alloys
with x < 11,76 <y <82, and 7 < z < 22, the major phase is
FesB with o-Fe and Nd;Fe4B as minor phases; (iv) for the
NdgFe77B;5 alloy, the major phase is NdyFe,3B3 with minor
phases of Fe3B and a-Fe, showing no evidence of the presence
of Nd,Fe4B; (v) for the Nd;;Fe77B1, alloy, the major phase
is Nd,Fe 4B with precipitation of Fe;3Bg and o-Fe. The co-
ercivity of alloys with different phase components has a wide
distribution, strongly depending on the Nd content, as shown
in Fig. 23(b). A high coercivity of about 2.9 T was observed in
the Ndj3Fe77B1¢ alloy, while it dramatically dropped to 0.01 T
due to the formation of magnetically soft phase Nd,Fe3B3 in-
stead of Nd,Fe 4B phase in the NdgFe77B ;5 alloy.

\/ \ /
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Fig. 23. (a) Ferromagnetic phase diagram and (b) coercivity contour of the optimally annealed Nd,Fe,B; (2 <x <13,76 <y <88,5.5 <
7 < 22) melt-spun alloys. It is noted that the unit of coercivity is kOe, where 1 kOe=0.1 T.[20¢]

The substitutions for either rare earth or transitional metal
elements could affect the magnetic properties of melt-spun rib-
bons. Cheng et al. reported that the substitution of R (R =Y,
Pr, Gd, or Dy) for Nd in R,Nd4_,Fe775Bg 5 alloys results in
the decrease of coercivity with Y, Pr, Gd substitution. [172,207]
A small amount of Dy addition improves the coercivity but full
substitution of Dy also decrease coercivity due to the presence
of magnetically soft phase DysFeg;B14. It was interesting that
the melt-spun Nd-Fe-B alloys annealed at 670 °C for 2 min-
utes consist of only body-centered-tetragonal (bct) Fe;B and
a few percent of a-Fe but no NdyFe4B phase. In addition,
about 5 at.% Fe atoms in the Fe;B phase are replaced by Nd
in the annealed ribbons, which enhanced the hard-magnetic
properties of Fe3B. It was further found that the substitutions
of Pr, Gd, and Dy do not influence the hyperfine field for
>TFe in a-Fe, but increase the hyperfine field for !'B in bct-
Fe3B. This leads to a conclusion that the hard-magnetic prop-

erties of melt-spun Nd—Fe-B result from bct-FesB contain-

ing Nd atoms, but not from the presence of the magnetically
hard Nd,Fe;4B phase.?’’! Kanekiyo et al. further improved
the magnetic properties of the Fe3B/Nd,Fe 4B nanocomposite
by Dy addition with remanence of 1.15 T, coercivity of 0.5 T
and energy product of 16.5 MGOe. 208!

Xiao et al. studied the effects of grain size and anisotropy
of magnetically hard phase on the magnetic properties of B-
rich Nd4_,Sm,Fe775B1g5 (x = 0-0.5) alloys through anneal-
ing control and Sm substitution for Nd.[?%! It was found that
the grain sizes of the soft phase Fe3B is about 16 nm and
23 nm for 670 °C and 760 °C annealed ribbons, respectively.
These grain sizes are larger than the critical size of about
10 nm for magnetically soft phase, predicted by the Kneller—
Hawig model.['3] However, effective exchange coupling was
observed in the Sm-substituted ribbons, which indicates that
the Sm substitution reduced the anisotropy constant of mag-
netically hard phase and thus caused the extension of critical

length for magnetically soft phase.!?%%)
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Shen et al. studied the Co substitution for Fe in the
Nd4(Fe;_,Coy)775B13.5 alloys and found that the Curie tem-
peratures of both the as-quenched amorphous and annealed
ribbons increase with Co content.[?*! Interestingly, it was ob-
served that the magnetic moment of Fe atom increases with in-
creasing Co content from x = 0 to x = 0.4, while the magnetic
moment of Co atom keeps a constant value over the whole
concentration range. Unfortunately, the coercivity decreases
monotonically with increase of Co concentration. A still good
magnetic property was observed in the ribbons with x < 0.2,
which have coercivity of 0.23-0.30 T and energy products of
11.6-13.5 MGOe. The benefits of Co addition on the mag-
netic properties of the FezB-based nanocomposite were con-
firmed in Nd4Fe77 5 Co,(HfGa),B1g5 (0 <x <5,y=0,0.5)

2101 The Co addition retarded the crystallization of

ribbons. |
both a-Fe and Fe3B phases, but accelerated that of Nd,Fe 4B
phase. As a result, the coercivity increased slightly with the
addition of Co and an energy product of about 14.4 MGOe
was obtained.
Kanekiyo et al.
Ga, Ag, Au

size of (Fe,Co);B/NdyFe;4sB nanocomposite based on

have reported that Al, Si, Cu,

additives considerably reduce grain

NdsFe7; 5CosB g sM alloy, where M is the above-mentioned

2111 For example, the optimally heat-treated rib-

elements.|
bons of NdsFe¢ 5B g5 have grains around 40-50 nm, while
the Ga or Al combined with Co addition could reduce the
grain size down to 10-20 nm in the NdsFe;; 5CosBg.5M rib-
bon. The grain refinement increases the remanence from
1.0 T for NdsFes5Big5 ribbon to 1.08-1.20 T for the
NdsFe7; sCosBgsM ribbons, where Si additive gives the
highest value. The Cu additive provides the lowest rema-
nence among the M-added samples, but it generates the largest
coercivity around 0.45 T. On the other hand, Ga-added rib-
bons have the largest energy product of about 16 MGOe.
Ping et al. found that Cu and Nb can refine the microstruc-
ture of the Fe3;B/Nd,Fe;4B using TEM and atom probe
field ion microscopy (APFIM).[>!?] Figure 24 shows the
TEM micrographs of alloys with and without Cu and Nb
additions. This indicates that Cu addition to the ternary

alloy causes significant reduction of the grain size of the

optimum nanocomposite microstructure. The combination
of Cu and Nb can reduce the grain size down to 12 nm,
where Cu is dissolved in the Nd,Fe4B phase. However,
Nb mainly exists in the Fe;3Bg phase. The crystallization pro-
cess in Ndy sFes5 §B1g.5Cup,Nb; ribbons are: amorphous —
Fe3;B +amorphous — Fe3B + NdyFe4B + FeysBg.  An even
higher remanence about 1.25 T is obtained in these ribbons
with an energy product of about 15.6 MGOe. Rajasekhar ef al.
studied the Mn substitution of Fe in the Nd4 sFe77_,Mn,Big 5
(x = 0-2) nanocomposite magnets and found that 1 at.% Mn
addition could improve both coercivity and the normalized

remanence. 213

TEM bright field micrographs of (a) NdssFe77Biss,
(b) NdgsFeq68Big5Cupa, (c) NdysFezsgBigsCupaNby, and (d)
Nd,4 5Fe76B1g.sNb; alloys annealed at 660 °C for 10 min. The aver-

Fig. 24.

age grain size is about 30, 17, 12, and 43 nm, respectively. [212]

Cheng et al. reported that the carbon substitution for
B reduces the crystallization temperature of the as-spun
Nd4Fe77 5B1gs amorphous alloy.>'%! Unfortunately, the co-
ercivity of the crystallized ribbons decreases with increas-
ing carbon content, with a simultaneous development of an
orthorhombic Fe3B (o-Fe3B) phase, instead of the bct-FesB
phase.

Table 8. uoM;, toH., and (BH)max of Fe3B/Nd,Fe 4B nanocomposite magnets with different compositions.

Composition HoM/T UoH/T (BH)max/MGOe Reference
Nd4Fe73Bg 1.20 0.40 11.9 [200]
Nd4FC77_5B13»5 1.20 0.30 13.0 [203]
Nd4(FB()_94C00‘06)77.5B13.5 1.20 0.3 13.5 [204]
Nd4Fe775-CoHfysGapsBs.5 1.15 0.35 14.4 [210]
Nd4_5Fe73C03Ga1B]g_5 1.20 0.42 16.0 [21 l]
Nd3‘5Dy|Fe73C03Ga1B13,5 1.15 0.50 16.5 [208]
Nd4.5FC75AgBlg.5CuO42Nb1 1.25 0.34 15.6 [212]
Nd4_5FC75_gB13_5Cu0A2Nb1 1.25 0.34 15.6 [212]

117502-24



Chin. Phys. B Vol. 27, No. 11 (2018) 117502

Although researches still occasionally occur recently,
it is concluded that the energy product of Fe;B/Nd,Fe;4B
nanocomposite magnets is relatively low due to the relatively
low saturated magnetization of FesB phase. Their coercivity
is relative low comparing to other nanocomposites, so it is not
critical to understand where is the coercivity from, either the
bet-FesB phase or NdyFe4B phase. The magnetic properties
of some typical Fe3B/Nd,Fe 4B nanocomposite magnets pre-
pared by melt spinning are summarized in Table 8.

3.2.2. Nsze14B/Oc—Fe

The «-Fe phase is actually often observed in the
Fe3B/Nd,Fe 4B nanocomposite as mentioned in Section 3.2.1.
Since ¢-Fe has a higher saturated magnetization (about 2.2 T)
than those of FesB and Nd,Fe 4B phases (both about 1.6 T),
it is expected that Nd,Fe4B/x-Fe magnets have higher
remanence and thus higher energy product than those of
Nd,Fe 4B/Fe;B magnets. Moreover, Nd,Fe 4B/o-Fe mag-
nets also have higher coercivity than Nd,Fe4B/FesB. There-
fore, Nd,Fe 4B/a-Fe magnet is superior to Nd,Fe 4B/Fe;B
for hard magnetic applications. It is true that most of inves-
tigations on exchange-coupled nanocomposites are based on
Nd,Fe4B/a-Fe magnets recently. To form the nanocompos-
ite magnet with ¢-Fe as the magnetically soft phase instead
of FesB, the B content is usually controlled to be about or
less than 10 at.%, which is much lower than 18-20 at.% of
the Nd,Fe4B/Fe;B magnets.
causes one shortcoming, i.e., the difficult in controlling the

However, the low B content

microstructure of the Nd,Fe 4B/o-Fe because of the low glass
forming ability in such alloys. Because of this, the production
of NdyFe 4B/o-Fe nanocomposite materials in an industrial
scale with good reproducibility is challenging. The elemental
additives are usually used in the production in order to con-
trol the microstructure, which is a major topic of this type of
magnets.

The microstructure control, such as grain size, is one of
the key factors to achieve high remanence and coercivity in
the nanocrystalline and nanocomposite magnets. Davies et al.
studied the effects of grain size on the remanence and coer-
civity of the single-phase nanocrystalline Nd;3 sFe79 ¢BgSi 2
magnets.?13] Tt is observed that remanence enhancement be-
gins when grain size falls below ~ 30 nm for both surfaces
of the melt-spun ribbons, i.e., roller and free surfaces. The
phenomenon is believed to result from exchange coupling be-
tween grains when they are free of non-magnetic intergran-
ular phase. This condition correspondingly leads to reduc-
tion of coercivity since it lowers the resistance to reverse
magnetization, as shown in Fig. 25(a). Based on the con-
trolled grain growth, Davis et al. first reported the formation
of Nd,Fe4B/a-Fe nanocomposites from the Ndg. Fegg_ B¢
alloys by varying the alloy composition and processing condi-
tions of the melt spinning.[>!>! It is found that the remanence

is consistently above 0.8 T even for the stoichiometric com-
position Ndj;Feg,Bg and increases monotonously to > 1.1 T
for NdgFegsBg with decreasing Nd content. The two-phase
structure forms in the alloys of Nd content less than 11 at%
and NdyFe 4B grains smaller than 30 nm interspersed with
smaller isolated a-Fe grains typically ~ 10 nm. Thus, the high
remanence for these alloys is believed to arise from a combina-
tion of the remanence enhancement observed in single-phase
Nd;Fe 4B nanocrystalline and an increase in saturated mag-
netization due to the presence of o-Fe, whose volume frac-
tion increases with decreasing Nd content. As remanence in-
creases, the coercivity decreases. However, it should be noted
that this decrease is only gradual instead of collapse because of
the exchange coupling between the magnetically hard and soft
phases. Therefore, high energy products around 20 MGOe
with coercivity of about 0.6 T are obtained for the isotropic
nanocrystalline ribbons with Nd less than 9.5 at%. The de-
pendences of remanence, coercivity and energy product on Nd
content are given in Fig. 25(b). Similar results are also re-

ported in the work from same research group.[?!6]
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Fig. 25. (color online) (a) Dependence of remanence and coercivity on
grain size of melt-spun Nd;32Fe79 ¢BgSij 2 ribbons. (b) Dependence
of magnetic properties on Nd content of melt-spun Ndg Fegs_Bg rib-
bons. The figures are reproduced from Ref. [215].

Besides the grain size control, the soft-phase component
is another key factor to achieve good magnetic properties in
nanocomposite NdyFe4B/o-Fe magnets. Bauer et al. stud-
ied the effect of o-Fe phase content (up to 40 vol.%) on

magnetic properties of the composite magnets, starting from
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nearly single-phase Nd,Fe14B magnets.!”3] The maximum re-

manence oM, = 1.25 T with pgH. = 0.53 T and (BH)pax =
23.2 MGOe were achieved in nanocomposite magnets con-
taining 30 vol.% a-Fe (as shown in Fig. 26). It should be noted
that demagnetization factor N of the ribbons, which is on the
order of 0.01, was calculated based on the dimensions of the
flakes. A representative TEM micrograph of a nanocomposite
NdjoFegsBg magnet with 14.2 vol% o-Fe is given in Fig. 27.
The microstructure analysis reveals two characteristic maxima
in the grain distribution at about 15 nm and 25 nm correspond-
ing to the t-Fe phase and to the Nd,Fe 4B phase, respectively.
Further high-resolution TEM analysis confirmed that smaller
and larger grains represent the o-Fe and Nd;Fe 4B phases, re-

spectively.
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Fig. 26. (color online) Dependence of magnetic properties of NdFeB-
based nanocomposite magnets on ¢-Fe content at room temperature.
The figure is reproduced from Ref. [73].
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Fig. 27. (a) TEM micrograph and (b) grain size distribution of melt-
spun Nd;oFegyBg ribbon with 14.2 vol.% o-Fe.[3]

The element substitutions in the Nd,Fe;4B/a-Fe affect

the microstructure and thus magnetic properties, which are

categorized into RE substitution, refractory element substitu-
tion and other element substitution, as summarized below. The
magnetic properties of the element substituted melt-spun rib-
bons are also summarized in Table 9.

RE substitution.  Betancourt er al. studied the Nd:
Pr ratio on the magnetic properties of (NdPr),Feqs_ B¢
ribbons.?!7] Remanence enhancement was observed for all
compositions studied, arising from intergrain exchange cou-
pling between the (NdPr),Fe4B crystallites with an average
grain size of ~ 40 nm and «a-Fe grains. An excellent com-
bination of (BH)pax about 23 MGOe and coercivity about
1.0 T was observed for the (Prg75Ndg 2s)2Fe 4B alloy. Zhang
et al. reported a similar enhancement of magnetic proper-
ties through Pr substitution for Nd in the (Nd;_,Pr,)9FegsBs
ribbons. 2181 The best magnetic properties with remanence of
1.14 T, coercivity of 0.62 T, and energy product of 19 MGOe
are achieved in the sample with x = 0.6. Wang et al. re-
ported that 1 at.% Dy substitution for Nd could improve co-
ercivity of Nd;Fe4B/a-Fe nanocomposite magnets, which is
understandable because Dy,Fe;4B has higher magnetocrys-
talline anisotropy than that of Nd,Fe4B.[?!°! With optimized
composition and annealing conditions, the magnetic proper-
ties of remanence, coercivity, and energy product are 1.02 T,
0.88 T, and 16.8 MGOe in Ndg 14Dy Fegs26Nb1B4 58 alloy.
Because it is believed that La is helpful to improve the glass
forming ability due to its large atomic size and thus to reduce
the optimum wheel speed required to prepare Nd,Fe4B/a-
Fe nanocomposites, Change et al. studied the effect of La
substitution for Nd on the microstructure structure and mag-
netic properties of Nd,Fe4B/a-Fe magnets.??’ Unfortu-
nately, it was found that the grain size increases from 20—
30 nm for both phases of the Ny sFegy 5B ribbons to 70-80
and 30 nm of the (Ndy.gsLag o5 )9.sFe7s.5CraB1o, respectively.
Interestingly, a further increase in total rare earth content to
(Ndp.95Lag 05)11Fe77CraB g resulted in fine grains with aver-
age grain size around 20-30 nm again. A remanence of 0.92—
0.97 T, coercivity of 1.11-1.32 T, and energy product of 16.5—
18.0 were obtained in the La substitution ribbons.

Refractory elements The melting points of the refractory
metals (Cr, Ti, Nb, V, Mo, Zr, Hf, Ta, Mn, and W) are the high-
est for all element except C, Os, and Ir. It was found that the
refractory element substitution for Fe can effectively reduce
the grain size of the NdFe 4B/c-Fe nanocomposite as they
are not easy to be dissolved in both Nd;Fe 4B and «-Fe phase.
In other words, these elements usually stay at the grain bound-
aries and thus improve the coercivity of the magnets. The ef-
fect of Nb on the microstructure of Nd,Fe4B/a-Fe nanocom-

posites has been widely studied and it has been approved as
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one of the effective elements to improve the magnetic prop-
erties. Chang et al. have confirmed that Nb is the best ele-
ment among Ti, Nb, V, Cr, and Mo to improve the coercivity
of Nd;oFepMCB ¢ 5 ribbons. 22!l The Nb-substituted ribbons
have a coercivity of 1.5 T, which is much larger than the sec-
ond best of Ti-substituted ribbons with a coercivity of 1.2 T.
The coercivity enhancement through Nb-substitution is again
confirmed by Chen et al. in the Ndj>Feg; (Nb,Bg (x = 0,
1.5, and 3) ribbons.[*??! A coercivity of 1.24 T in ribbons
with 1.5 at.% Nb is much larger than that of Nb-free ribbons
with a coercivity of 0.86 T. In addition, the thermal stability
is significantly improved with Nb substitution. As compared
with the ternary Ndj,Feg,Bg, the temperature coefficient of
coercivity is reduced from —0.36%/°C to —0.32%/°C. TEM
and energy dispersive spectroscopy (EDS) analyses show that
Nb atoms are expelled during melt-spinning and annealing
processes, resulting in the enrichment of Nb atoms in the
grain boundary region and the generation of Nb-rich phase
along grain boundary, which inhibits the grain growth and fi-
nally refines the microstructure. The enrichment of Nb atoms
at the grain boundary may weaken the exchange coupling
between the phases in the above magnets, which causes a
higher coercivity but lower remanence. As a result, the Nb-
substituted nanocomposite magnets do not have best energy
products. Recently, Zhang et al. reported that enhanced rema-
nence and energy product could be achieved in Nb-substituted
magnets if the microstructure are fine controlled in the melt-
spun ribbons.??3! Figure 28 compares the TEM images of
the Ndj,Feg,Bg and NdjgNb,FesyBg ribbons spun at 15 m/s.
The grain size decreases from 120 nm for Ndj,Feg;Bg to
20 nm for Nd;oNb,Feg;Bg. The grain refinement promotes
intergrain exchange coupling and leads to the remanence en-
hancement from 0.84 T to 0.99 T and energy products in-
crease from 15 MGOe to 20 MGOe. It should be noted that
Ti substitution has similar function as Nb. Chang et al. re-
ported that Ti substitution in the Nd,Fe;4B/a-Fe nanocom-
posite ribbons could result in an even finer grain structure than
that of Nb substation, i.e., average grain size of about 10—

[221] Therefore, a higher energy product

20 nm is achievable.
is achieved in the Ti-substitution nanocomposites, although
it accompanies a slightly lower coercivity. Zhang et al. in-
vestigated the effect of Ti content on magnetic properties
of ngDy0,4Feg1.24_XTibe().36CO3B6 ribbons and found that
the coercivity and energy product increases from 0.74 T and
15.8 MGOe to 1.20 T and 21.9 MGOe, respectively.”?*] Be-
sides Nb and Ti, Ta is another element proved to be an effective
element to improve microstructure and magnetic properties of

the nanocomposite magnets. Zeng et al. found that the average

grain size of 3040 nm of Ta-free Ndg sFeg4Bg 5 ribbons can
be reduced to 20-25 nm with 1.5 at.% Ta substitution.>?>! Al-
though the remanence is reduced from 1.07 T to 0.94, the coer-
civity increases from 0.64 T to 0.94 T. The refined microstruc-
ture improves the intergrain exchange coupling and leads to an
energy product about 19.8 MGOe. Hashino et al. have found
that Zr addition improves the glass forming ability and retards
the formation of ¢-Fe phase in the NdoFeg;_,Zr,B¢C; rib-
bons, which results in a finer microstructure in the melt-spun
ribbons. 2?1 Wang er al. confirmed that a small amount of Zr
addition can inhibit the prior precipitation of the magnetically
soft a-phase and refine the microstructure.3®! A combination
of Zr and Nb could further improve the maximum energy prod-

uct.

Fig. 28. TEM images for the (a) Nd]zFngB@ and (b) NdloNb2F682B6
ribbons spun at 15 m/s.[223

Other element substitutions Liu and Davis studied the
substitution of Fe by Co and found that Co improves rema-
nence, coercivity, and Curie temperature in certain concen-
tration range. The 10-20 at.% Co substitution could lead to
the best magnetic properties with oM, = 0.97 T and ypH, =
0.55 T in the nanocomposite Nd,Fe4B/a-Fe alloys produced
by melt spinning.?*”! Ji ez al. found that 1 at% indium (In)
addition in the NdoFegs_yBgIn, nanocomposites significantly
enhances the hard magnetic properties.>?®! The coercivity in-
creases from 0.5 T to 0.6 T, while remanence ratio also in-
creases from 0.71 to 0.83, accompanying improvement of
squareness of hysteresis loop, indicating a strong inter-phase
exchange coupling in the nanocomposite magnets. Therefore,
the maximum magnetic energy product increases remarkably
from 12 to 18 MGOe. The origin for these enhancements is
mainly attributed to the magnetically softened grain bound-
aries and enhanced crystallographic coherency by indium ad-
dition. Ma et al. found Zn addition could help on developing
texture in the hot-deformed (NdDy);; sFegys—.Nb,Bg mag-
nets, because the combination of Nb and Zn promotes the vol-
ume fraction of the intergranular phase where Zn prefers to
diffuse into.[**°! The combination of Nb and Zn addition in-
creases the coercivity of alloys up to 22% and a maximum
energy product of 20.6 MGOe is obtained.
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Table 9. uoM;, uoH., and (BH)max of NdyFe4B/a-Fe nanocomposite magnets with different compositions and different element

substitutions.

Composition UoM/T UoH/T (BH)max/MGOe Reference
Nd9‘5F634.5B6 1.10 0.6 20 [215]
Nd;,Feg>Bg (stoichiometric) 1.02 1.05 21.2 (73]
ngFeg7B5 1.25 0.53 23.2
(Prg.7sNdg 25)2Fe 4B 1.05 1.01 23 [217]
(Nd044Pr0.6)9FegﬁB5 1.14 0.62 19 [2] 8]
Nds 16Dy Fegs.26Nb; By s 1.02 0.88 16.8 [219]
Nd;oFe775TiCB g 5 0.92 121 16.2
Nd;oFe77sNbCB 5 0.85 1.50 1.45
Nd;oFe775VCBigs 0.87 1.04 14.3 [221]
Nd10F677.5C1‘CB10.5 0.92 0.99 13.2
Nd10F€77‘5M0CB10A5 0.81 0.99 11.6
Nd;oNb,Feg2Bg 0.99 1.18 20 [223]
ngDy0_4Fe76.24Ti5Nb0v36C03B6 0.91 1.20 21.9 [224]
Nd9.5F632A5B6A5TaL5 0.94 0.94 19.8 [225]
NdloFegozl‘3B6C1 1.00 0.94 18.1 [226]
Nd,oFeg3Bgln; 0.83 0.58 18 [228]
(NdDy); 5Fe79.5sNb1Zn,;Bg 1.14 0.83 20.6 [229]

Fig. 29. TEM images of Nd;sFe77Bg ribbons melt-spun at the wheel
speed 25 m/s (a) without a field and (b) in the field of 0.15 T which is

perpendicular to ribbon plane.230!

It is interesting to note that the magnetic field during melt
spinning process may also reduce the grain size in the rib-
bons. Nguyen et al. customized a melt spinner which could
provide a magnetic field up to 0.32 T parallel or perpendicular
to the ribbons plane during the melt-spinning process. 2302311
The grain refinement effect was proved by TEM observations
in the single-phase Nd;sFe;7Bg ribbons, as shown in Fig. 29.
The average grain size of 22 nm for the ribbons prepared un-
der zero field is reduced to 19 nm for the one prepared un-
der a magnetic field of 0.15 T with the field direction per-
pendicular to the ribbons plane. In addition, the morpholo-
gies of the two ribbons are also different. It is observed that
the separated small grains are embedded in a matrix with
dislocations for the regular ribbons, while only homogenous
grains exist in the field-assisted melt-spun ribbons. The rea-
son for the grain size reduction may be explained by the mag-
netic field induced seed-size reduction effect. Since the iron-
rich seeds are formed on the wheel surface where the tem-
perature is far below the Curie temperature of Fe (770 °C),
they can be magnetized and absorb energy from an external
magnetic field, which could result in the changes in solid-
ification process.!?*”! Similar procedures have been applied

to the field-assisted melt-spun Nd,Fe4B/Fe—Co ribbons with
nominal composition Nd;gFe7sBg + 40 wt.% Fegs5Co35.123!]
A higher magnetic field of about 0.32 T perpendicular to the
wheel surface reduces the grain size, increases the texture, im-
proves the exchange coupling, and in sequence, increases the

energy product (BH)pax from 16 to 17.5 MGOe.

3.2.3. PryFe;4sB/a-Fe

The intrinsic magnetic properties of PryFe 4B are simi-
lar to those of Nd,Fe 4B, but PryFe4B does not have spin
reorientation behavior, so it can be used at low temperature.
In addition, PrpFe 4B has slightly higher anisotropy field than
Nd;Fe 4B, as shown in Table 5. Therefore, PryFe 4B is a good
candidate for the magnetically hard phase in nanocomposite
magnets. To gain best magnetic properties, the optimizations
on microstructure such as grain size of both magnetically hard
and soft phase, soft phase distribution, grain boundary control
are all very important, which is very similar to those observed
in Nd,Fe4B/o-Fe nanocomposites. The magnetic properties
of melt-spun PryFe 4B/o-Fe nanocomposites with different
element substitutions are summarized in Table 10.

Goll et al. studied the effects of composition on mi-
crostructure and magnetic properties of ProFe4B/a-Fe two-
phase magnets from the stoichiometric ProFe 4B to a nominal

e.[”*] The room temperature

composition with 54.2 vol% «-F
magnetic properties of the PrpFe 4B/a-Fe ribbons are sum-
marized as a function of the «-Fe concentration, as shown in
Fig. 30. With an increasing amount of ¢-Fe phase, an en-
hancement of the remanence is achieved, but a decrease of the
coercivity is observed. For the energy product, a maximum
value of 22.6 MGOe is found at 30.4 vol% «-Fe where the
balanced remanence and coercivity are approached. At low

a-Fe concentrations (< 30 vol%) the coercivity is higher than
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one half of the remanence, (BH)nax sensitively depends on the
remanence according to the theoretical upper limit of isotropic
sample, i.e., (BH)max < [.L()Mr2 /4. On the other hand, if at
high a-Fe concentrations (> 30 vol%), the coercivity is too
small so (BH)max is limited by irreversible demagnetization
processes, leading to a drastic decrease energy product. The
microstructure of PrgFeg;Bs magnet containing 30.4 vol% «-
Fe is very fine grain, as shown in Fig. 31(a). Even with high-
resolution TEM one cannot observe any boundary phase. This

microstructure is clearly different from the decoupled single-
phase PrisFe;sB7 magnet. Two characteristic maxima in the
grain size distribution are observed in the grain size distribu-
tion of PrigFeg4Bg ribbon containing 14.0% «-Fe, as shown
in Fig. 31(b), which correspond to Pr,Fe 4B (20-30 nm) and
a-Fe (~ 15 nm) phases, respectively. This behavior is very
similar to that of exchange coupled Nd,Fe 4B/o-Fe compos-
ite magnets.[”>! This fine microstructure is the key factor to
gain such a high energy product in the melt-spun ribbons.

Table 10. poM;, poH;, and (BH)max of ProFej4B/o-Fe nanocomposite magnets with different compositions and different element

substitutions.
Composition UoM/T HoH/T (BH)1ax/MGOe Reference
Pri;Feg>Bg (stoichiometric) 0.95 1.2 19.5 (74]
PrgFeg;Bs (30.4 vol% a-Fe) 1.17 0.59 226
Pr10F634B6 1.16 0.81 21.3 [240]
Pr;Dy; FegsBg 1.14 0.66 16.9 [234]
(Pr0,75Nd0425)2Fel4B 1.06 1.01 23.1 [217]
Pl‘gFC76C010B5 1.15 0.63 17.3 [235]
Pr9_5F67g_5CI'2B1() 0.89 1.16 14.7
Pr9_5Fe7845Nb2B10 0.90 1.32 16.9
Prg sFe7s 5TizB1o 0.88 1.28 16.3 [236]
Prg sFes35V2B1o 0.89 1.11 15.5
PI‘945FB73.521‘2B|0 0.88 1.01 14.5
PrgFegaNb,yBg 1.08 0.65 17.9 [97]
PrgFe74C012GaB5 1.22 0.65 222 [239]
Pr8F€3644B5MHO'6 1.33 0.58 23.1 [237]
PrsFe35VB6 1.25 0.62 234 [238]
Pl‘gFCg5VB5C 1.22 0.69 21.7
PrgDy1F674_5C010Nb0_5B() (125 MPa) 1.03 0.87 17.1 [23,;]
PrgDy;Fe74.5Co10Nbg sBg (5 GPa) 1.11 1.02 23.6 i
125 ing from the higher anisotropy field of the PryFe4B phase.
2 (BH)max increases with remanence up to 30 vol% o-Fe con-
- 3 tent, beyond this point it falls, which agrees with the conclu-
N 15 2 sion reported by Goll et al.[!
g ; It is interesting to note that high pressure leads to grain
t: 10 g refinement and thus more efficient exchange coupling in
< Q .
~ the PrpFej4B/o-Fe nanocomposites. Wang et al. reported
{5 . .
this high pressure effects in the PrgDy;Fe745Co019Nbg5B¢
ribbons. 233 The grain size of PrpFe 4B phase decreases from

A A A A A 0
10 20 30 40 50 60
Content of a-Fe [ vol% ]

Fig. 30. (color online) Magnetic properties as a function of the o-Fe
phase content of nanocomposite PryFe14B/a-Fe magnets.[74]

The effects of the grain size on magnetic properties
of a series of nanocrystalline melt-spun Pr,Fegs_,Bg alloys
(6< x < 20) have been investigated by Mendoza—Sudrez and

(2321 1t is found that the remanence increases with de-

Davies.
creasing grain size up to a maximum at which vitrification is
initiated for all cases with different compositions. The intrin-
sic coercivity also rises with decreasing grain size except for
the single-phase near-stoichiometric alloys. The significantly
better combinations of coercivity and maximum energy prod-

uct are obtained for the Pr-Fe—B than for the Nd—Fe-B result-

22.5 to 8.7 nm, while the grain size of a-(FeCo) phase also
drops from 30.3 to 10.1 nm, when increasing pressure from
125 MPa to 5 GPa. As a result, the magnetic properties are
improved from 1.03 T, 0.87 T, and 17.1 MGOe to 1.11, 1.02 T,
and 23.6 MGOe for remanence, coercivity, and energy prod-
uct, respectively. However, when hot pressing under even
higher pressure, the crystallization is constrained and the hot-
pressed magnets retains a certain amount of amorphous phase
besides the PryFe4B and o-(FeCo) phases, which results in
the deterioration of the magnetic properties.

Similar to Nd,Fe4B/a-Fe, element substitutions, such
as RE, refractory elements, and other elements, can help
on grain refinement and grain boundary modifications of the
PryFe 4B/a-Fe magnets, leading to improved magnetic prop-
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erties. Chen et al. found that Dy substitution for Pr not only
increases the coercivity because of the much higher magne-
tocrystalline anisotropy of Dy,Fe 4B alloys, but also leads to
the microstructure refinement in the PrpFe;4B/o-Fe nanocom-

2341 An optimum coercivity of 0.66 T is ob-

posite magnets.|
tained in the Pr;Dy;FegeBg magnet as compared to 0.43 T
in the PrgFegsBg magnet. As a result, the energy product in-
creases from 9.1 MGOe in the Dy-free magnet to 16.9 MGOe
in the 1 at.% Dy magnets, due to the enhanced exchange cou-
pling between the magnetically hard and soft phases. As men-
tioned in Section 3.2.2, a Pr:Nd ratio of 3:1 in the RE,Fe 4B
magnets generated the best magnetic properties with an energy

product of 23.1 MGQe.[?!7]

(b) 50

number
A
=

grain size [nm]

Fig. 31. (a) TEM image of a melt-spun PrgFegyBs ribbon containing
30.4 vol% «a-Fe; (b) grain size distribution of a melt-spun PrjoFegsBg
ribbon containing 14.0 vol% a-Fe.[74!

Zhang et al. investigated the Co substitution for Fe in the
melt-spun PrgFegg_,Co,Bs (x = 0-16) nanocomposites. (2351 1¢
was found that Co obviously raises the saturated magnetiza-
tion from 1.50 T for PrgFeggBs5 to 1.80 T for PrgFe;6Co;0Bs5
(measured under an applied field of 6.5 T), which may be at-
tributed to the formation of a-(Fe, Co) phase. At the same
time, the remanence, coercivity, and maximum energy product
changes from 0.96 T, 0.57 T, and 11.8 MGOe to 1.15 T, 0.63 T,
and 17.3 MGOe, respectively. Further substitution of Co for
Fe results in a decrease of magnetic properties because of the
presence of minor amounts of 1:5 and 2:17 phases. It was also
observed that the Curie temperature of the magnetically hard
phase increases linearly by increasing Co-substitution at the
rate of AT, =9 °C/at%.

Chang et al. found that both Pr,Fe;3sBs and FesB
phases have been completely suppressed and the volume frac-
tion of magnetically hard phase ProFe 4B increases in the
Prg sFe73 sM>B1g (M = Cr, Nb, Ti, V, and Zr) ribbons with
all the selected refractory element substitutions.?30! Accord-
ingly, the coercivity of the ribbons is improved remarkably
from 0.83 T for ternary Pry sFegg sB1g ribbons to 1.01-1.32 T
for all chosen refractory element-substituted nanocomposites.
The optimal magnetic properties with an energy product of
16.9 MGOe is obtained in Nb-substitution Prg sFe7g sNbyB g
ribbons. Chen et al. confirmed that the largest property en-
hancement is obtained in Nb-substituted PrgFegsNb,Bg mag-
nets with a coercivity of 0.65 T and a maximum energy prod-
uct of 17.9 MGOe, as compared to the coercivity of 0.43 T and
the energy product of 9.1 MGOe in the PrgFegsBs magnets. 7]
The gain of the magnetic properties is attributed to the most
uniform microstructure with the smallest average grain size of
10-20 nm in the Nb-substituted magnets. Ti substitution has a
very similar role as Nb substitution in the ProFe 4B/o-Fe but
with a slightly poorer performance, which is also similar to
their function in the Nd,Fe 4B/o-Fe nanocomposite magnets.

Yang et al. reported significant improvements of mi-
crostructure and magnetic properties of PrpFej4B/a-Fe
nanocomposite magnets by Cu and Mn substitutions for
Fe.[?37] Tt was found that Mn is more effective on the en-
hancement of coercivity than Cu. The remanence has maxi-
mum values when the content of Cu and Mn reaches 0.2 and
0.6, respectively. The remanence of the ribbons with Mn sub-
stitution again has higher value than that with Cu substitu-
tion, which may be attributed to magnetic dilute effect of non-
magnetic element Cu. The saturated magnetization decreases
from 1.68 T for PrgFeg7Bs to 1.61 T for PrgFegs 4BsCug¢
ribbons, while that of PrgFegs4BsMngg only deceases to
1.65 T. In comparison with Cu substitution, the Mn substitu-
tion significantly improves the (BH)max, which mainly results
from the stronger exchange-coupling effect due to fineness of
grain in the melt-spun PrgFeg;_,BsMn, ribbons. Excellent
magnetic properties with remanence of 1.33 T, coercivity of
0.58 T, and energy product of 23.1 MGQe are obtained in the
PrgFegs 4BsMng ¢ ribbons. The authors also studied the effects
of addition of V or C or the combined addition on the structure
and magnetic properties of melt-spun PrgFegs_ViBs—,Cy
ribbons. 238 Compared with addition-free ribbons, 1 at.% V
addition is found to reduce the grain sizes and improve their
magnetic properties due to a strong exchange coupling be-
tween the magnetically hard and soft phases. A normalized
remanence of 0.82, a coercivity of 0.62 T, and a maximum
energy product of 23.4 MGOe in melt-spun PrgFegsVBg rib-
bons are obtained at room temperature. The combined ad-
dition of V and C leads to the formation of an intermediate
phase of VC at grain boundaries, which appears as a pinning
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barrier during magnetization and results in a slight increase of
the coercivity value to 0.69 T for melt-spun PrgFegs VB5C rib-
bons. However, energy product drops to 21.7 MGOe for the
ribbons with C substation. Zhang et al. studied the effect of
Ga additive on the microstructure and magnetic properties of
nanocomposite Pra(Fe, Co);4B/a—(Fe, Co) ribbons.>*°! The
microstructure refinement by introducing 1 at.% Ga leads to
a stronger exchange coupling between the magnetically hard
and soft phases in comparison with that in Ga-free sample.
Therefore, the remanence and energy product increase from
1.14 T, 17 MGOe for Ga-free ribbons to 1.22 T, 22.2 MGOe
for the Ga-added ribbons.

3.2.4. szFelsMZC/a—Fe

The compound Sm;Fe 5GayC has an anisotropy field ex-
ceeding 12 T at room temperature, which is much larger than
those of Nd,Fe 4B and PrpFe 4B (7.6 and 9.0 T, respectively).
However, the introduction of nonmagnetic Ga atoms decreases
the saturated magnetization monotonically. As a result, the
saturated magnetization is only about 1.0 T, which is much
lower than those of Nd,Fe 4B and Pr,Fe;4B. In order to ob-
tain high-energy product, it is necessary to improve the sat-
urated magnetization and remanence, while keeping the co-
ercivity sufficiently high. Exchange coupled nanocomposite
magnets meet this requirement as magnetically hard phase
SmjFe|5Ga;C can provide large coercivity while magnetically
soft phase o-Fe can provide high magnetization.

Since Sm is easy to evaporate during alloying, it may be
difficult to control the grain size and its distribution precisely
by directly melt spinning, especially for the SmyFe;5Ga,C-
based nanocomposite with low Sm concentration. Cheng et al.
first fabricated the SmyFe;sGa,C/a-Fe nanocomposites with
low Sm contents directly by melt spinning without a sub-

2411 The alloy with nominal

sequent heat treatment in 1998.!
composition SmgFe7,GagC1y was melt-spun at a wheel speed
of 15-35 m/s. It was found that the wheel speed affects the
microstructure sensitively. The ribbons quenched at 15 and
17.5 m/s are composed of a phase with the ThyZn7-type struc-
ture and o-Fe, while those quenched at 25 m/s and above
show nearly complete amorphous state. The average grain
size of SmyFe 5Ga,C and a-Fe are found to decrease with
increasing the wheel speed from 140 and 50—60 nm for 15 m/s
to 60-70 and 20-30 nm for 18.5 m/s, respectively. A maxi-
mum energy product of 5.9 MGOe was obtained for ribbons
spun at 17.5 m/s with remanence of 0.71 T and coercivity of
0.55 T. The authors further found that Zr additive in the above
nanocomposites could lead to the microstructure refinement
and significantly improve the magnetic properties.>*?! Fig-
ure 32 presents the TEM micrographs and the grain size dis-
tributions of the Zr-free and Zr-containing samples. It shows
that the ribbons contain two different phases, i.e., the major

phase SmyFe|5GayC with larger grains and the minor phase
a-Fe with smaller grains. The a-Fe grains are located as iso-
lated particles at the grain boundaries of the major phase. The
grain size of the Zr-free sample has very broad distributions
from 50 to 140 nm for 2:17 phase and from 20 to 50 nm for
a-Fe. The Zr additive appears to be very successful in retard-
ing the grain growths during crystallization. The grain size
of the Zr-containing sample becomes more homogeneous and
distributes in the range of 40—70 nm for the 2:17 phase and 13—
30 nm for a-Fe. The improved microstructure therefore leads
to a smoother hysteresis loop and higher remanence in the Zr-
containing ribbon, as shown in Fig. 33. As a result, magnetic
properties with remanence of 0.72 T, coercivity of 0.77 T, and
energy product of 9.0 MGOe were achieved through Zr sub-
stitution in the SmyFe5Ga;C/a-Fe nanocomposites.

L] L] L] T L] 1 L]
15 Zr-free
o-Fe 2:17 .
) ——p|
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1 L] L} L]
15 a-Fe 2:17 Zr-containing ]
R
o
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Zr-containing X=q -Fe
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Fig. 32. (a) TEM images and (b) grain size distributions for the Zr-
free (SmgFe72GagCiz) and Zr-containing (SmygFe713Ga;9Zr;Cyy9)
ribbons. 242
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Fig. 33. Room-temperature hysteresis loops of the Zr-free
(SmgFe72GagC12) and Zr—containing (Sm7‘9Fe71A3Ga7‘92r1CUAg)
ribbons. 2421

M(kG)

Zhang et al. studied the magnetic properties of

SmyFe;5Sio C/a-Fe nanocomposites with Cu additive, which
are prepared by melt spinning at wheel speed of 20 m/s.[**3]

The average grain size of 2:17 carbides and a-Fe in the rib-
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bons is about 50 and 30 nm, respectively. The ribbons ex-
hibit a single hard magnetic phase behavior and remanence
enhancement due to inter-grain exchange coupling between
magnetically hard and soft phases. The remanence increases
with the increase of -Fe phase content in ribbons, while the
coercivity decreases rapidly, which agrees with the correla-
tion between remanence and coercivity in other nanocompos-
ite magnets. The highest maximum energy product around
10.7 MGOe was obtained for SmgFe75CuySigCy ribbons with
a coercivity of 0.5 T.

The effect of pressure on the microstructure of
Smy(Fe,Si)17C,/ o-Fe nanocomposite magnets has been stud-
ied by Zhang et al through pressing the amorphous
SmgFegsSi,Cs alloy under pressures up to 6 GPa at
650 °C.[>*1 The grain size of a-Fe and Smj(Fe,Si);7C, de-
creases from 30.6 to 6.4 and from 28.5 to 5.8 nm, respec-
tively. The volume fraction of the 2:17-type carbide increases
with increasing pressure. A significant increase in both re-
manence and coercivity, comparing to those prepared under
normal pressure, is observed in the nanocomposites prepared
under high pressure. As a result, an energy product is signif-
icantly improved in the Smy(Fe,Si);7C,/a-Fe nanocompos-
ites.

Table 11. uoM;, tuoH,, and (BH)max of SmyFesM,C/a-Fe (M = Ga, Si)
nanocomposite magnets with different compositions and different element
substitutions

Composition HoM/T uoH /T (BH)max/MGOe Reference
SmgFe;,GagCa 0.71 0.55 59 [241]
Sm7,gFe71A3Ga7;)Zr1 C1 1.9 0.72 0.77 9.0 [242]
SmgFe76CuySigCy 0.78 0.50 10.7 [243]
SmgFegsSi>, Cs (4 GPa) 0.88 0.62 N/A [244]

3.3. Precipitation-hardening ribbons

The 2:17-type Sm(CoFeCuZr), magnets, having the high-
est Curie temperature among the commercial rare-earth per-
manent magnets, have attracted considerable interest for high-
temperature applications since 1970 s, because of their large
energy products and high temperature performance.?*>! Their
high coercivity is widely believed to be domain-wall-pinning
control, which is attributed to the cellular microstructure hav-
ing a 2:17 matrix and 1:5 precipitates around the grain bound-
aries of the 2:17 phase. Therefore, these 2:17-type magnets
are also called as precipitation-hardened magnets. In addi-
tion to the cellular microstructure, a platelet phase of few
nanometers in width which is orientated perpendicular to the
¢ axis is superimposed on the cellular microstructure. This so-
called lamellar Z phase extends through quite a lot of cells and
cell boundaries and is believed to be of the hexagonal 2:17
structure or of the rhombohedral 1:3 structure. The special
microstructure in the conventional sintered magnets is usu-
ally obtained through a complex heat treatment, as schema-
tized in Fig. 34, following the sequences: homogenizing at

Tn, = 1100-1200 °C for hours and quenching to room temper-
ature, the magnets are isothermally aged at 7, = 800-900 °C
for t; = 10-25 h, succeeded by a slow cooling rate of v = 0.5—
1 °C/min down to 400 °C or lower, then finished by quench-
ing to room temperature. Each step is very important in or-
der to achieve the desired microstructure and magnetic prop-
erties. Besides the heat treatment, the chemical composition is
also very important for the microstructure and thus magnetic
properties. Each element plays its own unique roles in the
Sm(CoFeCuZr), magnets. Besides the high temperature per-
formance, it is interesting to note that an abnormal temperature
dependence of coercivity, i.e., the coercivity increasing with
temperature and reaching a maximum at around 500 °C, is ob-
served in the Sm(CoFeCuZr), magnets with low Cu content,
which could be attributed to the change of coercivity mecha-

[246.247] The research progresses

nism at different temperature.
and the details of the sintered Sm(CoFeCuZr), precipitation
hardened magnets are summarized in the article reviewed by
Liu.[?*8] This review only focuses on the recent developments
on the melt-spun precipitation-hardened magnets, which at-
tracts the interests of researchers due to the simplified routes,

comparing to conventional sintered magnets.

T

Temperature
=

VL‘

Time
Fig. 34. Typical temperature profile of the heat treatment for sintered

precipitation-type magnets.

3.3.1. Simplified process

Doll et al. fabricated the precipitation-hardened ribbons
through the melt spinning process and appropriate post heat

2491 Although the alloys are pre-

treatment for the first time.!
pared by melt spinning, however, the annealing procedure
is very similar to that of conventional sintered magnets, i.e.,
T, = 1160 °C, t, = 30 min, T, = 840 °C, ¢, = 19 h, and cool-
ing rate of 0.75 °C/min. TEM analysis shows that a rhombic
structure parallel to the c axis and a hexagonal network in the
basal plane are formed in the ribbons after annealing, which
is very similar to the microstructure of the sintered magnets.
The characteristic cell size is about 50-70 nm, which depends
on the composition. Figure 35 shows the temperature depen-
dence of the coercivity for both magnets in comparison with
three other common permanent magnetic materials, namely
Nd;Fe 4B, Sr ferrite and AINiCo, respectively. For the Cu/Fe-
rich sample, the coercivity decreases with increasing temper-
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ature, i.e., a normal behavior of coercivity with negative tem-
perature coefficient. In contrast, the coercivity of the Cu/Fe-
poor magnet changes only slightly from room temperature to
500 °C and even shows a positive temperature coefficient in
the temperature range between 227 °C and 427 °C. The coer-
civity reached a maximum of 0.4 T at 427 °C. To understand
the different coercivity behavior, EDX was scanned from one
2:17 cell over a 1:5 cell boundary into another 2:17 cell for the
Cu/Fe-poor magnet. It is clear that Cu have much higher con-
centration in the grain boundary 1:5 phase than the cell 2:17
phase. Although the mechanism is still a matter of debate, it is
agreed that the abnormal coercivity behavior is related to the
Cu-profile along the grain boundary phase.

Nd,Fe,,B (a)

3.0
—8— Sm(Co,,, CUy sFe) 2T 0255

—— Sm(Cobawcuo.osFemozro.oa)s.s

2.0

1.5

poH:/T

1.0

AINiCo

0.5}
ferrite

0.0 L
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0.3 ; —— .
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Fig. 35. (color online) (a) Temperature dependence of the coercivity
of Cu/Fe-rich and Cu/Fe-poor in comparison with other common per-
manent magnetic materials; (b) EDX profiles of Sm, Cu, Fe, and Zr
(contents standardized to the Co content) in the vicinity of a 2:17/1:5
phase boundary in Cu/Fe-poor magnet.[>4]

Yan et al. further simplified the process for the melt-
spun Sm(CoFeCuZr), ribbons and found that the homog-
enizing process (solid solution treatment) actually is not

2501 They compared the magnetic hardening pro-

necessary.!
cesses of the Sm(Cog 74Feg 1Cug 12Zrg 04)7.5 ribbons with and
without solid solution treatment (homogenizing at 1160 °C
for 4 hours). The coercivity of the ribbons with solid solu-

tion treatment continues to increase with longer isothermal

aging time and a value of 2.4 T is obtained after aging for
12 h at 850 °C, as shown in Fig. 36(a). This behavior is very
similar to that found in conventional precipitation-hardened
Sm(CoFeCuZr), magnets. However, quite different behavior
is observed in the ribbons without solid solution treatment. A
very high coercivity of 2.8 T is developed by simply slow cool-
ing from 850 to 400 °C, without isothermal aging, which is
much higher than that of homogenized ribbons subjected to
the same aging process (1.64 T). A short aging time about 3 h
could bring the coercivity to its maximum of about 3.0 T. This
behavior could be attributed to the already formed 1:7 phase
in the melt-spun ribbon which is the final product with super-
saturated Cu and Zr in the phase of the homogenizing process
for the conventional Sm(CoFeCuZr), alloys. The 1:7 phase
is believed to play important roles in developing the cellu-
lar/lamellar microstructure and high coercivity. TEM images
shown in Fig. 36(b) confirmed that the microstructure, consist-
ing of cellular and lamellar phases, was formed in the ribbon
without solid solution treatment. Therefore, the time consum-
ing and intricate aging regimen, which is normally required to
develop high coercivity for bulk Sm(CoFeCuZr), permanent
magnets, is significantly simplified in melt-spun materials, i.e.,
the precipitation hardening is realized in melt-spun ribbons by
simply slow cooling from 850 to 400 °C.

(a) 3.2 7
| "
28 L) \-\I
E 04 1
© A% _
L
" MQ’QNFSM |zzraot)15
—— A without solution treatment
1 6 —@— B: with solution treatment

0 2 4 6 8 10 12 14

Fig. 36. (a) Evolution of the coercivity dependent on the isothermal ag-
ing time at 850 °C for the Sm(Cog74Fe 1ug.12Zr 04)7.5 ribbons with
and without solid solution treatment; (b) typical TEM micrographs of
samples without solution treatment. 23]

It is very interesting that Yan er al. observed the
disappearance of the large coercivity in the above melt-
spun Sm(CoFeCuZr), magnet by an additional short time
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aging.[>>!1 Figure 37(a) shows the coercivity dependence of
the ribbons on the aging temperature of the additional aging
process while the aging time is fixed at 5 min. One can see
that higher aging temperatures lead to a more significant loss
in the coercivity and the ribbons subjected to aging at 850 °C
for only 5 minutes showed a very low coercivity of 0.16 T,
which is far lower than the coercivity of 3.0 T of the original
ribbon without aging. It should be noted that no change in
the coercivity was observed after further increasing the aging
time. The dramatic change of coercivity should be attributed to
the Cu distribution across the 1:5 grain boundary phase. Fig-
ure 37(b) shows the nanoprobe EDX microanalysis profiles

the 2:17 matrix and the 1:5 in the ribbons with and without
additional aging process. A very sharp peak of Cu content
(24 at.%) was detected in the middle of the 1:5 phase indicat-
ing that the Cu distribution in the cell boundary is highly in-
homogeneous, which is similar to that observed in Ref. [249].
After the additional short-time aging at 850 °C, the Cu distri-
bution in the 1:5 boundary phase becomes more homogenous
and the large gradient of Cu content is no longer detectable.
Therefore, the high coercivity in the melt-spun precipitation
hardened magnet is proposed to be originated from the large
gradient of domain wall energy within the 1:5 grain boundary
phase and not from the Cu diffusion from 2:17 phase to 1:5

of Cu obtained by a line scan across the interface between  phase.
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Fig. 37. (a) Dependence of the coercivity of Sm(Cog 74Feq.1Cug.12Zr0.04)7 5 ribbons on aging temperature (additional isothermal aging
for 5 min); (b) nanoprobe EDX profiles of Cu across the interface between the 2:17 matrix and the 1:5 grain boundary of the ribbons
before (sample A) and after (sample B) additional aging at 850 °C for 5 min.[?>!]

Fig. 38. TEM micrographs of the Gd(Cog sg—xCuyFeq 09Zro 03)7 ribbons. (a) As-spun; (b) precipitation-hardened without isothermal

aging; (c) and (d) one 1:7 region of (b) which is observed perpendicular and parallel to the c axis, respectively.
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Fig. 39. (color online) Temperature dependences of remanence and coercivity of the precipitation-hardened Gd(Cog gs—xCuyFep 09Zro.03)7

ribbons without isothermal aging. 232!
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Rong et al. found that the TbCuy-type 1:7 phase is formed
by direct melt spinning in the Gd(Cog s3—xCu,Feo 09Zrp.03)7
alloy as well.[>>?! It is confirmed that solid solution treatment
and the isothermal aging are not necessary for precipitation
hardening in the melt-spun materials, i.e., high coercivity can
be obtained by simply slow cooling the ribbons from 850 to
400 °C. Figure 38 shows the microstructure of the as-spun and
precipitation-hardened Gd(Coyg gg—Cu,Fep 09Zrg 3 )7 ribbons.
TEM studies reveal that the as-spun ribbons are quite hetero-
geneous consisting of large crystalline areas, which mainly
have a TbCu;-type structure, as shown in Fig. 38(a). The
grain boundaries remain in the precipitation-hardened ribbons,
as shown in Fig. 38(b). EDX analysis shows that the 1:7 phase
boundary is composed of a Gd-rich phase and its composition
is almost unchanged before and after the heat treatment. The
mean size of the 1:7 regions is about 1 pm. The microstruc-
ture of one 1:7 region, as presented in Figs. 38(c) and 38(d),
shows clearly that the cellular structure, which consists of a
Fe-rich 2:17 cell phase, a Cu-rich 1:5 cell boundary phase, and
a Zr-rich platelet phase, is obtained by the simple annealing
treatment. Interestingly, the cell size is only about 10-20 nm
which is much smaller than that of typical sintered magnets.
The cell boundaries are about 2—5 nm in width and are coher-
ent to the cellular grains. However, no cellular microstructure
is formed in the 1:7 phase boundaries. The temperature depen-
dences of remanence and coercivity of precipitation-hardened
Gd(Coy gs—»CuyFeq 09Zrp 03 )7 ribbons without isothermal ag-

ing are given in Fig. 39. All ribbons exhibit a positive tempera-
ture coefficient of remanence from RT to about 400 °C. This is
a consequence of the antiparallel coupling between Gd and Co
magnetic moments. Since the rare-earth sublattice disorders
rapidly increase with temperature, the ferromagnetic coupling
of Gd—Co magnets results in an increasing magnetization with
increasing temperature. Abnormal coercivity (positive tem-
perature coefficient) is only observed in ribbons with x = 0.10.
Further addition of Cu causes the monotonic temperature de-

pendence of coercivity.

3.3.2. Texture development in melt-spun ribbons

Besides the simplified precipitation hardening process,
texture can be developed in melt-spun Sm(CoFeCuZr), rib-
bons, without the conventional sintering process. Therefore,
a relatively high energy product can be obtained in such rib-
bons. Rong et al.>>32341 and Yan er al.!'3%) have studied the
effects of composition on the crystallographic texture of the
precipitation-hardened Sm(Col_o,x,y,WCuxFeerw)z (x=0-
0.25,y=0-0.30, w = 0-0.10, and z = 6.5-7.5) ribbons, which
were melt-spun at low wheel speed of 5 m/s. The results are
summarized below.

Effect of z value (or Sm content). The studies show that
the z value or Sm content has little influence on the crystallo-
graphic texture of the melt-spun ribbon, as reported by both
Rong et al.*>31 and Yan et al.['*]
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Fig. 40. XRD patterns of melt-spun and precipitation-hardened Sm(Cog g7—Cuy,Feg 1 Zrg 3 )7 ribbons with different Cu contents.

Effects of Cu. Figure 40 shows the typical
XRD patterns of the melt-spun and precipitation-hardened
Sm(Cog g7-xCuyFeg 1Zrg 93)7 ribbons with different Cu con-
tents. The significantly enhanced intensity of the (200) and

[253]

(110) peaks for the Cu-free ribbon suggests that they are crys-
tallographically anisotropic with easy magnetization direction
parallel to the longitudinal direction of the ribbons. However,
a small quantity of Cu substitution (x = 0.05) leads to a sig-
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nificant increase in the intensity of (111) reflection, which is
close to that expected for isotropic materials, indicating that
no crystallographic texture is present in the ribbons. Further
addition of Cu leads to stronger intensity of (111) peak and
disappearance of (200) and (110) peaks, indicating that the de-
gree of crystallographic texture increases with increasing Cu
content. After precipitation hardening through isothermal ag-
ing at 850 °C for 3 hours, the 1:7 phase is segregated into 1:5
and 2:17 phases. The broadened peaks of the precipitation-
hardened samples indicate that phase transformation leads to
the formation of a fine microstructure. The crystallographic
texture is preserved in ribbons after precipitation hardening.

Effects of Fe. Figure 41(a) shows the XRD patterns of the
melt-spun Sm(Cog 37—yFe,Cuo. 1 Zro.03)7 ribbons with different
Fe contents. The as-spun ribbons consist mainly of a single
TbCus-type phase. The intensity of the diffraction peaks of
the Fe-free ribbons is close to those of isotropic materials, in-
dicating no obvious texture in the ribbons. The addition of Fe
leads to significantly enhanced intensity of (111) peak in the
ribbons with y = 0.2, which indicates the increase of texture
degree with increasing Fe content. However, further addition
of Fe leads to the disappearance of crystallographic texture in

the ribbons.

(a) Fe effect (b) Zr effect
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Fig. 41. XRD patterns of the melt-spun ribbons (a) Sm(Cog.g7—,Fe,Cuo.1Zrg.03)7 with different Fe contents; (b) Sm(Cog.g_,,Feo. 1Cug.1Zry)7

with different Zr contents. [253-254]

Fig. 42. (color online) SEM images of the free surface of melt-spun
Sm(Cog g Feo.1Cug 1 Zry,)7 ribbons: (a) w = 0.01, (b) w = 0.04, and
(c) w=0.08.23

Effects of Zr. Figure 41(b) shows the XRD patterns of
the melt-spun Sm(Cog g—,,Feo1Cug 1Zr,,)7 ribbons with dif-
ferent Zr contents. Again, all as-spun ribbons consist of a sin-
gle TbCuy-type phase. The significantly enhanced intensity of

the (200) and (110) peaks for the Zr-free ribbons suggests that
they are crystallographic anisotropic with easy magnetization
direction parallel to the longitudinal direction of the ribbons.
However, no obviously preferential orientation is observed in
the samples with w < 0.03, which agrees with the results re-
ported in Ref. [139]. It is interesting to note that partially pref-
erential orientation starts to form with Zr content w = 0.04.
Further Zr substitution leads to a more pronounced increase
in the intensity of (110) peak and the perfect crystallographic
texture is obtained in the ribbons with w = 0.08. Due to the ap-
pearance of 2:7 phase, the crystallographic texture disappears
in the ribbons with w > 0.09. It is also found that Zr substitu-
tion results in a significant modification to the microstructure
of the ribbons surface. Figure 42 shows the SEM micrographs
of the free surface of the as-spun ribbons with different Zr
content. The small grains of approximately 1 pm in diameter
are obtained in the isotropic ribbon with w = 0.01. Whereas,
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the columnar dendrite grains, with their long axes mainly par-
allel to the longitudinal axes of the ribbons, start to form in
the ribbon with w = 0.04. The average grain size is about 2—
15 pm. With further Zr substitution, it can be found clearly
that the columnar dendrite grains arrange more formally and
compactly than those of low Zr content ribbons. It is suggested
that the Zr addition favors the formation of preferential orien-
tation, which agrees closely with the XRD analyses given in
Fig. 41(b).

3.3.3. Optimization of magnetic properties

The desired magnetic properties of Sm(CoFeCuZr), rib-
bons are controlled not only by the composition and texture,
but also by the heat-treatment process, i.e., the isothermal tem-
perature and time, the cooling rate, and the final quench tem-
perature. The systematically work to optimize the magnetic
properties of Sm(CoFeCuZr), melt-spun ribbons was reported
in Refs. [253] and [255].

Figure 43 summarizes the compositional dependence

Sm(Col'o_x_y_WCuxFeerW) . ribbons. It should be noted that
the remanence is determined by both the composition and tex-
ture. As a general rule, remanence increases with increasing
the content of Fe/Co content and the preferred crystallographic
texture, while decreases with increase of Zr/Cu content, as
shown in Fig. 43(a). Coercivity, on the other hand, mainly
relies on the composition and its related effects on the mi-
crostructure, but not the texture. As one can see in Fig. 43(b),
all elements play an important role in the development of co-
ercivity, which has been reported in both melt-spun ribbons
and conventional sintered Sm(CoFeCuZr), magnets. The co-
ercivity is less than < 0.5 T if any of the elements is missed.
Among the elements, Cu has the biggest impact on coercivity
of the precipitation-hardened magnets. The ribbons without
Cu show coercivity about zero, while a high Cu content about
x = 0.15-0.20 can lead to a coercivity about 3.0 T at room
temperature. With a controlled composition and related tex-
ture, the maximum energy product around 11 MGOe at room
temperature is achieved in the Sm(Co; _y—,—,Cu,Fe,Zr,).

of uoM;, H., and (BH)n.x of precipitation-hardened  ribbons by the above-mentioned simple process.
p p y ple p
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Fig. 43. (color online) The compositional dependence of (a) poM;, (b) HoH., and (c) (BH)max of precipitation-hardened

Sm(Coy 0—x—y—wCusFe,Zr,), ribbons. (2331

Besides the composition, the control of precipitation
hardening process is another critical factor for the coercivity
development in Sm(CoFeCuZr), ribbons. Figure 44 shows the
room-temperature coercivity of Sm(Cog g7—xFeo.1 CuyZro.03)7
ribbons as a function of isothermal aging temperature (73),
aging time (f,), cooling rate (v.), and quenching temperature
(T). It should be noted that the results in Fig. 44 give one fact
at a time, i.e., all other parameters are fixed when one factor is
studied. The coercivity dependences on these parameters are
summarized below.

(i) Coercivity is low when 7, is lower than 750 °C, while
it increases quickly with varying 7, up to 900 °C. Further in-

crease of T, to 950 °C and above leads to a drop of coercivity.

(i) The optimized t, depends on the composition. For
example, the coercivity of the ribbons with Cu content x =
0.15 increases monotonically until #, = 3-5 h and then rarely
changes with longer aging time. However, the coercivity of
the ribbons with x = 0.25 reaches a maximum at 7, = 1 h (not
shown in the figure), i.e., a short-time aging is enough to de-
velop the coercivity and a long-time aging deteriorates the rib-
bons.

(iii) The coercivity increases monotonically with reduc-
ing the cooling rate v, although degree of influence may rely
on the composition, such as Cu content. This is understand-
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able as Cu diffusion happens at this stage. For the ribbons
with larger Cu content, the Cu concertation in the 1:5 bound-
ary phase may be saturated faster, so an extremely low v, may
not help to increase the coercivity. However, for the ribbons
with lower Cu content, a very low v, could lead more Cu dif-
fused into the 1:5 boundary phase and thus significant increase
of coercivity.

The coercivity increases fast with a decrease in the
quenching temperature 7. Similar to the effects of v. during
the slow cooling, the decrease in Tj leads to an increase of Cu
concentration in the 1:5 boundary phase and thus an increase
in coercivity.
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Fig. 44. (color online) The effects of isothermal aging temperature
(T), aging time (z,), cooling rate (v¢), and quench temperature (7g)
on the room-temperature coercivity of Sm(Cog 72Feg 1Cug 15Zr0.03)7
ribbon. 25!

As mentioned above, the composition affects tempera-
ture dependence of coercivity H.(T). In fact, all parameters
of the precipitation hardening process affect the temperature
dependence of coercivity as well. Figure 45 shows the H.(T)
curves of the Sm(Cog 77Fep.1Cug 1Zrp.03)7 ribbons quenched
at different temperature 7j, as an example. The anomalous
temperature dependence of coercivity can be obtained in the
ribbons with 7Ty > 500 °C. In addition, the tendency of the
abnormal temperature dependence of coercivity gradually dis-
appears with decreasing T;. Besides the quenching tempera-
ture, other annealing parameters such as 7, f,, and v, signif-
icantly affect the H.(T) curves as well. The details can be

found in Ref. [255]. All relations between H.(T') curves and
the annealing parameters may be explained by the change of
microstructure and microchemistry, which leads to a variation
of the distribution and amount of Cu in the 1:5 cell boundaries.
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Fig. 45. (color online) H(T) curves of the Sm(Coyg 77Fe.1 Cug.1 Zro.03 )7
ribbons with different quenching temperatures. 23!

4. Magnetic phenomena in melt-spun magnets

Exchange coupling is the way in which two magnetic
atoms in a material interact with each other. When two mag-
netic atoms are situated very close together, their electrons can
interact directly, in the same way as when forming a chemical
bond. This type of exchange coupling is the way happened in
the magnetic materials. The generalized intergrain exchange
coupling (IGEC) actually includes inter-phase exchange cou-
pling which happens between two phases in the nanocompos-
ite magnets, and the inter-grain exchange coupling between
the grains with the same phase which could happen in either
single-phase nanocrystalline magnets or nanocomposite mag-
nets. The IGEC plays the key role in determining the magnetic
properties for nanostructured magnetic materials, especially
for nanocomposite magnets. It should be noted that the dis-
cussions in this section are not limited to the melt-spun mate-
rials but they may be extended to any nanocrystalline magnets
fabricated by other techniques, such as ball milling, thin-film
technologies, self-assembly.

4.1. Single-phase magnetic behavior

If a two-phase nanocomposite magnet has microstruc-
ture with fine grains and homogenous distributed magnetically
soft-phase together with strong IGEC, it should demonstrate a
one-step reversal behavior in the demagnetization curve, i.e.,
there is no “kink” in the curve, which is the so-called single-
phase magnetic behavior. However, if the IGEC is not efficient
or the microstructure is not well controlled, the demagnetiza-
tion curve often shows a two-step reversal behavior, i.e., there
is a “kink” in the curve. This method is widely used to in-
spect the effects of IGEC in the nanocomposite magnets in a
simple way. Figure 46(a) shows the demagnetization curves
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of the SmCos / a-Fe nanocomposites which are ball milled for
different time.!>*2>7 It can be clearly seen that the curves for
samples milled less than 2 h have a noticeable kink indicative
of a decoupled two-phase magnet. Samples milled longer than
2 h exhibit smooth demagnetization curves, which indicates
that a good microstructure is obtained and therefore effective
IGEC exists in the nanocomposites. This is understandable
if one studies the evolution of the microstructure of the sam-
ples. The microscopic studies show that the initially equiaxial
a-Fe grains in microns became narrow and elongated with in-
creasing milling time, as shown in Figs. 46(b) and 46(c). With
further milling, the nanoscale o-Fe strips become thinner and
break up into isolated equiaxial nanoscale grains, as shown in
Fig. 46(d).[»%>7] After ~ 4 h of milling, the result was a ho-

M (emu/g)

mogenously distributed magnetically soft phase particles em-
bedded in the hard-phase matrix with size smaller than 15 nm,
which could be effectively exchange-coupled by the magneti-
cally hard SmCos phase. This is reflected by the demagnetiza-
tion curve of the sample milled for 4 hours. In addition, if one
compares the demagnetization curves of the samples milled
for 30 min and 1 hour in Fig. 46(a), it should be noted that
the 1 hour milling sample has better magnetic properties than
the 30 minutes milling sample, which is reflected by the mi-
crostructure modification. The good correlation between the
demagnetization behaviors and microstructures indicates this

“kink” method is useful in studying the IGEC in nanocompos-

ite materials.

Fig. 46. (color online) (a) Demagnetization curves of the composite samples milled for different time; energy-filtered transmission electron microscopy

(EFTEM) images of Fe maps for the samples milled for (b) 30 min, (c) 1 h, and (d) 4 h. High Fe-content regions have bright contrast.
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Fig. 47. Demagnetization curves at different temperatures of PrgFeg7Bs5
nanocomposite magnets prepared by melt spinning. [>5%]

It should be noted that exchange-coupled magnets exhibit
a strong temperature dependence of their hysteresis loops.
Some nanocomposite magnets may have a smooth hysteresis
loops at room temperature, but their low-temperature loops
show a two-phase demagnetizing behavior. This could be
explained by the reduction of exchange length lx = \/14/7
as the anisotropy constant increase quickly at low tempera-
tures. Although the grain size of magnetically soft phase does
not change, the reduction of exchange length leads to an in-
efficient exchange coupling at low temperature. Therefore,
the low-temperature measurement is also used to identify the
IGEC in the magnets. Figure 47 shows the demagnetization

[256,257]

curves at various temperatures of the PrgFeg7B5 nanocompos-
ite magnets prepared by melt spinning.[?>8! The demagnetiza-
tion curves behavior like a single-phase magnet at room tem-
perature but a two-phase behavior is observed at low tempera-
tures.

While the method of single-phase magnetic behavior can
provide an intuitive information, it only provides qualitative
information of the strength of exchange coupling in the mag-
nets. In addition, this method cannot provide good informa-
tion for single-phase nanocrystalline magnets as there is no
kink even there is no exchange coupling.

4.2. Remanence enhancement

According to the Stoner—Wohlfarth (SW) model, for an
assembly of non-interacting and randomly oriented grains, the
ratio of the remanence to the saturation magnetization (nor-
malized remanence) is

M, JF ST sin6cosdOde 1

m -, 1
Z Iy dede > O

where 0 and @ are the polar and azimuth angles of the mag-
netic moment to the easy axis of uniaxial particles. How-
ever, nanocrystalline isotropic permanent magnets show an en-
hanced remanence in which the ratio is larger than 0.5, which

was observed in experiments 30 years ago,!'”” since IGEC
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makes the magnetic moments of a grain parallel to the neigh-
boring ones. This behavior is called remanence enhancement.

To quantitatively analyze the effect of IGEC on the nor-
malized remanence, Zhang et al. estimated the maximum i,
assuming that the mean magnetization direction of each hard
grain boundary region is in the middle orientation between
easy magnetization axis of the grain and that of its neighbor-
ing hard grain, while the magnetization direction of soft grain
(such as a-Fe) is assumed to be in the same mid-way. (2581 The
sum of all such regions for the remanence is

1 21 "TT/2 )
my = E/o dq)z{./o sin 6,
1 21 /2
X {/ do; (/ sin@lcoseodelﬂ } 2)
21 Jo Jo

Here, 6, 7 and ¢, » are the angles of the easy axes of hard grain
1 and 2, respectively. 6y is the middle direction of easy axes
of grain 1 and 2 and expressed as

V2 (cos 6 +cos 6,)
2\/1 + cos 6 cos 8, +sin 0; sin 6, cos (@) — ¢2)

cos Gy =

.(3)

The value of m, is about 2/3, which is obviously higher than
the normalized remanence 1/2 for noninteraction isotropic
Stoner—Wohlfarth particle assembly.

Zhao et al. studied the remanence enhancement in a grain
chain through a more complicated analytical model.[>>°! Tn
this model, the magnetic moments near the grain boundaries
point to the directions which gradually change from the easy
direction of one grain to that of a neighboring grain, instead
of the simple average of two directions of the easy axes, while
those in the grain center point to the direction of the easy axis.
The two-dimensional analytical model generates a normalized
remanence given by

2 lex
_ (14 4
e n(+L>’ “)

where L is the length of the studied cubic grain, i.e., equiva-
lent grain size. lex = \/14/7 is the exchange length. It should
be noted that 8,, = 7l is the Bloch wall width for 180° do-
main wall. For NdyFe;4B, the exchange length and Bloch
wall width is 1.34 and ~ 4.2 nm, respectively. With consid-
eration of each cubic grain having six neighboring grains for
three-dimensional model, the calculated relation between m;,
and lex /L follows

I
;m=05+L&%. (3)

The constant term on the right-hand side corresponds to the
bulk contribution as given by the SW model and the second
term reflects the contribution from the grain boundaries due to
IGEC.

Rong et al. studied the contribution of IGEC on the
remanence of the isotropic nanocrystalline magnets using
micromagnetic finite element analysis (FEA).!'S] Figure 48
shows the dependence of m; on the grain size of the single-
phase nanocrystalline magnets, comparing the FEA, analytical
model using Eq. (5), and experimental results. As one can see
m, increases quickly when the grain size approaches to 10 nm
and below. This agrees with the theoretical prediction that the
IGEC affects the magnetic moments majorly near the grain
boundary within a region of twice of the domain wall, which
is about 8.4 nm for Nd;Fe 4B magnets. It should be noted that
the FEA results fit the free-surface experimental results of the
melt-spun ribbons quite well. Although it is slightly higher
than that of roll-surface results, the trend is similar to that of
micromagnetic FEA simulation. The analytical results based
on Eq. (5) are similar to the FEA simulation when the grain
size is larger than 30 nm. However, the deviation between
them increases fast with reducing grain size.
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Fig. 48. (color online) Dependence of m; as a function of grain size
in the single-phase nanocrystalline magnet. FEA results are from
Ref. [15]; analytical results are based on Eq. (5) from Ref. [259];
experimental results of the roller and free surfaces of the melt-spun
Nd;3.2Fe79 6B6Si; 2 magnets are from Ref. [215].

The analysis of remanence enhancement in the nanocom-
posites is much more challenge than that in the single-phase
nanocrystalline magnets, as the magnetically soft grains are
more easily affected by the dipolar interactions comparing to
the magnetically hard grains. This complex makes the accu-
rate analysis of remanence enhancement by analytical model
almost impossible. On the other hand, micromagnetic FEA
simulation could provide a much better estimation on the re-
manence enhancement.!!5-172%01 Figure 49 shows the effects
of both grain size and soft phase content (vg) on the normal-
ized remanence under two cases, i.e., with and without con-
sidering the dipolar interactions in the nanocomposite perma-
nent magnets. Since the anisotropy field of magnetically soft
phase is small, the magnetizations in soft grains rotate out of
the easy axis easily and are parallel to the easy directions of
the neighboring magnetically hard grains owing to the contri-
bution of IGEC. As a result, m, should increase with increasing
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vs, which is confirmed in Fig. 49 for all grain sizes if dipolar
interaction is not considered. Thus, the addition of soft phase
is an important way to obtain the remanence enhancement in
nanocomposite magnets. When the dipolar interaction is con-
sidered in the micromagnetic FEA simulation, the monotonic
relation between m, and vy for the magnets with grain size
smaller than 20 nm is similar to the results neglecting dipo-
lar interactions. This means that IGEC plays a decisive role in
the magnets with small grains. However, the above laws are
no longer suitable for the magnet with both large grain size
and soft-phase content. The m; begins to decrease when the
soft-phase content is higher than a special value, which de-
creases with increasing grain size. For example, m; is only
0.39 for the magnets with 50 vol% «-Fe and grain size of
40 nm. This value is lower than the Stoner—Wohlfarth limita-
tion of 1/2. In this situation, the exchange interaction between
the soft and hard phases cannot suppress dipolar interaction
when both grain size and soft-phase content are too large. That
is to say, redundant soft phase is not helpful to improve mag-
netic properties. In addition, it also proves that both IGEC and
dipolar interaction are important in the nanocomposite perma-
nent magnets.
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Fig. 49. (color online) Calculated m; of the isotropic nanocomposite as
a function of soft phase content, vs, with and without considering the
dipolar interactions.!!

4.3. Henkel plot

Measurements of remanence are a well-known tool to
characterize IGEC in the nanocrystalline magnets by compar-
ison with an ideal Stoner—Wohlfarth (S—W) assembly. The re-
manence enhancement mentioned in Section 4.2 is only one
of the methods which only considers the saturated remanence,
i.e., remanence measured after saturating the magnet first.
Henkel plot is another useful and popular way to investigate
the IGEC inside magnetic materials. In this method, two types
of remanence must be measured. One is the magnetizing re-
manence M;(H) which is acquired after the application and
subsequent removal of a direct applied field H. It should be
noted that M;(H) must be measured from the specially pre-
pared initial zero-magnetization state, such as thermally de-

magnetized. The other is demagnetizing remanence My(H)
which is obtained after saturation in one direction and the sub-
sequent application and removal of a demagnetizing field H in
the reverse direction. The relation between M;(H) and My(H)
is then used to determine IGEC in magnetic materials. For an
assembly of small non-interacting particles, Stoner—Wohlfarth
theory shows

Md(H) :Mr(w)_zMr(H)7 (6)

where M; (e0) is the saturated remanence and is denoted as M;
for convenience in the following. Henkel first proposed that
the deviation from this behavior in real systems is caused by
the interactions between particles. The expression of a Henkel
plot is as follows:

Sm(H) = [My (H) — My +2M, (H)] / M, %

For an S—W system of an assembly of small non-interacting
particles, dm(H) is zero in entire range. The positive values
of dm(H) are due to the interactions promoting the magne-
tized state, such as IGEC, while negative values of dm(H) are
caused by interaction tending to assist magnetization reversal,
such as dipolar interaction.

To describe the reason of the positive value and peak of
the dm(H) curve, a system with two grains are considered, as-
suming that the magnetic reversal field is Hy for the two iden-
tical grains with easy axes are parallel to each other.[?°!! At
the initial state, the magnetic moments are on the opposite di-
rections in order to simulate the thermal demagnetized status.
As the IGEC favors the parallel magnetic moments in order to
reduce the exchange energy, an applied field (H;) smaller than
H) is then required to align the thermal demagnetized system.
When a demagnetizing field is applied, the magnetic moments
in both grains will not reverse until the field reaches Hy, as
IGEC does not play a role in the system already having min-
imum exchange energy. Therefore a m(H) curve, as shown
in Fig. 50, is expected with positive values when the magnetic
field is in the range of H; < H < Hj.

om
—

H, Hy
H

Fig. 50. m(H) curve of a two-grain system. 2611

117502-41



Chin. Phys. B Vol. 27, No. 11 (2018) 117502

R T T o S A o B o

L A .
16 (a) A A +Ahy°'=0.2A°°m_
L I(v’? - Ahyer=0'5Aoove 4
1oL S R Ay Ao
g X A .
< 08 k- o -
04 |- -
0.0 fu"1 -
2.0 [~
16 | (b)
£ R ( .
w
08 | i
04 |- /A -
0.0 »—/"QAA P, .
A PR PR PR TR o w3

00 02 04 06 08 10 12 14 16 18
H/H,

Fig. 51. The plots of om vs. H/H, for the variation of (a) exchange
constant and (b) anisotropy constant of the grain boundary layer. 262!

Zhang et al.®®?! and Rong et al.*°!! studied the de-
pendence of dm(H) on microstructure characteristic of the
nanocrystalline and nanocomposite magnet.  Figure 51
shows the dependence of dm on the normalized magnetic
field (H/H.) for the samples with different exchange and
anisotropy constants in the grain boundary layer, i.e, Ajayer and
Kiayer, respectively. The plot of 6m vs H/H. shows a peak
and the maximum value of 8m is obtained at the field around
coercivity, which is consistent with many experimental obser-
vations. As shown in Fig. 51, the maximum Om decreases
with reducing Ajayer, Which means that the om value could re-
flect the strength exchange coupling in the magnets between
grains. On the other hand, the maximum 8m seems to remain
unchanged, while the width of the peak is extended to low ap-
plied field with the drop of Kj,yer, which is caused by the larger
M, (H) obtained at small applied field for reduced Kiayer. This
is understandable as a smaller Kj,ye; means that the IGEC can
affect the magnetic moment easier even the exchange constant
is kept same. If we use the two-grain system to explain this be-
havior, it means the applied field H; in Fig. 50 is smaller, and
therefore, the dm peak is broadened. The FEA analysis also
pointed out that m; is 0.65, 0.69, and 0.72 for Kjayer = 1.0, 0.5,
and 0.2, respectively. This means that remanence enhance-
ment can result from the decrease of Kiaye, only; that is, with-
out the change of Ajaye,. Therefore, remanence enhancement
is not the best to determine IGEC, while it can be easily exan-
imated by Henkel plot. For the nanocomposite magnets, if the
magnetically soft phase is completely coupled by the magnet-
ically hard phase, the Henkel plot only show one sharp peak.
However, a broadened peak or even two separated peaks ap-

pears if the two phases are not well coupled. 261!
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Fig. 52. (color online) (a) ém plots of the samples compacted at 400
and 600 °C from the fcc FePt nanoparticles. (b) ém plots of the iso-
lated L1 particles and samples compacted under 2.5 GPa at 200 °C
as well as the post-annealed samples. The insets are the corresponding
demagnetization curves. ?63]
The effective of Henkel plot could be verified by experi-
ments. Here two examples are given to compare the Henkel
plots, normalized remanence, hysteresis loops and therefore
to correlate the Henkel plot and IGEC in the nanocomposite

[263] Figure 52(a) compares the §m plots of the 400

magnets.
and 600 °C compacted FePt/Fes; Pt samples prepared from the
face-centered-cubic (fcc) nanoparticles. The dm value for the
600 °C compacted sample with higher density is positive and
much higher than that for the 400 °C compacted sample with
lower density. This indicates the stronger exchange coupling
in the denser compact compared to the looser compact. The
stronger IGEC is reflected by the shape of the demagnetization
curves, as shown in the inset of Fig. 52(a). The denser com-
pact has a smoother demagnetization curve and better square-
ness. In addition, the normalized remanence (0.63) of the
600 °C compacted sample is higher than that of 400 °C com-
pacted (0.58), which is also consistent with the §m measure-
ment. This dm effect is even more pronounced for the Ll
particle samples. Figure 52(b) compares the Henkel plots for
15 nm L1y FePt nanoparticles and their compacts. Here the
FePt nanoparticles are prepared by the salt-assisted anneal-

ing method which ensures that the nanoparticles are isolated
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after annealing but the fcc structure is transferred to face-
centered-tetragonal (fct) structure.** It was found that the
Om of the nanoparticles before compaction is a large negative
value. This is because of the fact that only dipolar interac-
tion but no IGEC exists between the particles. After the com-
paction at 2.5 GPa and 200 °C, dm changed its sign to posi-
tive, indicating the exchange interaction between the particles.
Annealing of the compact at 1000 °C for 1 h led to further in-
crease in dm value and thus an enhancement of the exchange
coupling. As the annealing causes almost no obvious grain
growth, the strong increase in dm can be attributed to im-
provement in interface conditions upon the high-temperature
annealing. The inset in Fig. 52(b) shows the hysteresis loops
of the L1( nanoparticles and its compacts. It shows that the en-
hanced exchange coupling significantly improves the square-
ness of the hysteresis loops. The remanence of the sepa-
rated nanoparticles, 200 °C compacted sample and 1000 °C
annealed sample are 0.50, 0.54, and 0.63, respectively. This

agrees with the conclusion from the Henkel plots.

4.4. Recoil loop

The recoil loops represent the variations of working
points in the application of permanent magnets, such as in a
permanent magnet motor or generator. The enclosed area of
the recoil loop means energy loss after one cycle. This energy
is typically very small in sintered magnets. From the point
view of material research, the recoil loops are measured by re-
moving and re-applying a demagnetizing field to a magnetic
material, as the demagnetizing field is increased successively.
Recently researchers found that the recoil loops are quite
open for nanocrystalline magnets, especially for nanocompos-
ite magnets. Therefore, the recoil loop measurements are also
often used to characterize the IGEC in nanocrystalline mag-
netic materials.

Physically, the open recoil loops can be composed of a
time-dependent component and a time-independent one. The
time-dependent component is contributed by magnetic viscos-
ity, i.e., thermal relaxation/fluctuation. The time-independent
component is majorly contributed from the IGEC, especially
for the single-phase nanocrystalline magnets as the energy bar-
rier for the magnetic reversal in the magnetically hard phase is
quite large. Both components are discussed below.

Rong et al. studied the effect of thermal fluctuation on the
recoil openness of an exchange-coupled FePt/Fes; Pt nanocom-
posite system with well-defined magnetically hard/soft two-
phase morphology, which was prepared by reducing re-
action of chemically synthesized FePt/FezO4 bimagnetic

nanoparticles.!?®3] TEM analysis shows that the grain size of

650 °C annealed sample is only 8—13 nm, while serious grain
growth was observed in the 800 °C annealed sample. In addi-
tion, both magnetically hard L1¢-FePt phase and magnetically
soft phase FesPt exist in the 650 °C annealed sample, while
only single phase L1y-FePt is found in the 800 °C annealed
sample. XRD analysis confirms that the volume fraction of the
FesPt phase decreases from 28 3% to 8 2% with increasing
annealing temperature from 500 to 650 °C. The recoil loops
were then measured with different sweep rate (1) of applied
magnetic field from 1 = 1o to n = 107*ny, where 7 is the
limit of sweep rate of the instrument. Figure 53 compares the
major and recoil loops of the 550 and 800 °C annealed sam-
ples with n = 19 and 1 = 10~*19. Open recoil loops were
observed for both samples. However, the open areas of the
550 °C annealed sample are larger than that of the 800 °C an-
nealed sample. More interestingly, the open areas of the fast
measurements are larger than those of the slow ones for the
550 °C annealed sample, indicating that the openness of the
recoil loops is related to the field sweep rate.
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Fig. 53. (color online) Recoil loops of the (a) 550 and (b) 800 °C an-
nealed samples with different sweep rates: (black) n = 1 and (red)
1 = 10"*no. The inset defines My (H), Myw (H), and AMyc(H ), which
are the magnetizations of the upper and lower branches, and their differ-
ence, respectively. The maximum normalized recoil loop openness in
each recoil loop was then defined as Am%(Hg ), where Hy is the applied
reversal field.[263]
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To analyze the relation between the recoil loop open-
ness and the thermal fluctuation quantitatively, two different
methods were used to measure the activation volume, i.e., the
sweep-rate dependence of the coercivity, and magnetic vis-
cosity measurements. The activation volumes obtained by
these two methods are quite similar. Figure 54(a) shows
the dependence of normalized coercivity H.(n)/H.(1o) on
the sweep rate of the applied field as an example. It was
found that the coercivity decreases fast with decreasing 17 for
the low-temperature annealed samples while slowly for the
high temperature annealed samples. The inset of Fig. 54(a)
gives the dependence of the slope, i.e., kgT /V,cH., on the
annealing temperature, where kg and V. are the Boltzmann
constant and activation volume, respectively. One can see
that kg T /V,H. decreases fast when annealing temperature is
lower than 650 °C and slowly when annealing temperature is
higher than 650 °C. Figure 54(b) shows the dependence of the
maximum openness of the recoil loops on kg T /V,H, for dif-
ferent sweep rates of the applied field. The square and circle
symbols represent the data of the samples annealed at 500—
800 °C for = 1o and 7 = 101, respectively. It was found
that maximum openness of the recoil loops increases with the
increase of kg7 /VycH..
between the recoil loop openness and kgT'/V,.H. was also ob-
served. To confirm this correlation, the 550, 650, and 800 °C

annealed samples were measured by a superconducting quan-

In addition, a rough linear relation

tum interference device (SQUID) magnetometer at tempera-
tures ranging from 5 to 390 K. It was found that the fitting line
is consistent with the SQUID measured data as well. It should
be noted that similar conclusion is also made in the SmCos/a-
Fe nanocomposite magnets. 260!

The correlation between the recoil loop openness and
thermal fluctuation can be understood as follows: in a
hard/soft nanocomposite, the magnetic moments in the soft
phase are exchange coupled by the magnetically hard grains,
while they tend to be unstable under a moderate reverse field
and are easy to thermally reverse, especially for those in the
center of soft grains due to the lower energy barrier compared
to those near the hard phase.['>! The unstable moments are
then affected sensitively by thermal fluctuation and contribute
to the large openness in the recoil loops of the nanocompos-
ite magnets. Larger openness is normally observed in the re-
coil loops of nanocomposite magnets compared with single-
phase magnets since the magnetic moments in the soft phase of
nanocomposites are more unstable than those in grain bound-
ary regions in single-phase hard magnets.

While thermal fluctuation does contribute to the recoil
loop openness as discussed above, it is not the only major
factor, as one still see the open recoil loop in single-phase
nanocrystalline magnets. Here the micromagnetic FEA sim-
ulation is used to investigate the origin of recoil loop open-

ness in exchange-coupled nanocrystalline magnets where the

2671 An isotropic single-

thermal fluctuation is not considered. !
phase magnet was constructed by assembling of 64 cubic
Nd,Fe 4B grains with random orientation, as shown in the in-
set of Fig. 55(a). A hard-soft phase nanocomposite magnet
was constructed by filling the magnetically soft o-Fe phase
into the space between the Nd,Fe 4B hard-phase grains, as
shown in the inset of Fig. 55(b). The size (L) of the Nd,Fe 4B
grains varies from 10 to 50 nm, while the thickness of the a-Fe

layers (¢) varies from 0 to 6 nm.
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Fig. 54. (color online) (a) The dependence of coercivity on sweep rate
for different samples. The inset gives the dependence of kg T /VycH, on
the annealing temperature. (b) The dependence of recoil loop openness
on kgT /ViacH, for different samples and different sweep rates. (265

Figure 55 compares the simulated recoil loops of the
single-phase (L = 20 nm) and the nanocomposite (L = 20 nm
and t+ = 3 nm) samples. It is observed that the recoil loops
of a single-phase magnet are also open, though the openness
of the simulated nanocomposite magnet is larger than that
of a single-phase sample. Figures 56(a) and 56(b) show the
dependence of the recoil loop openness of the single-phase
with different grain size and nanocomposite samples with dif-
ferent soft-phase layer thickness, respectively. Interestingly,
it has been observed that the recoil loop openness increases
with decreasing grain size, confirming that the intergranular
exchange-coupling interactions in single-phase magnets also
play an important role in the occurrence of open recoil loops.
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For the nanocomposite magnets, the recoil loop openness in-
creases with increasing soft-phase thickness (soft-phase con-
tent), which confirms that the soft phase contributes to the
open recoil loops. In addition, the absolute openness of the

2.0

HoM (T)

nanocomposite is much larger than the single-phase magnet,
further confirming that the magnetically soft phase has more
significant contribution to the openness comparing to magnet-

ically hard phase.
2.0 r—r—
150 ®
10k L=20nm

-3

KoM (T)

Fig. 55. (color online) The recoil loops with maximum openness of (a) the single-phase magnet with L = 20 nm and (b) the nanocomposite magnet
with L =20 nm and ¢t = 3 nm. The insets shown in the third quadrant are the 3D model of single-phase and hard-soft phase nanocomposite magnets.
The insets in the right side give the magnetization distributions at different magnetic history, i.e., upper and lower branches of recoil loop under field
H = Hg /2. The color red and blue in the distributions represent the magnetic moments with deviation to up and down, respectively. To illustrate the
magnetization distributions clearly, the slice plane of only four grains was selected instead of the whole sample. 7]
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Fig. 56. (color online) The dependence of Mt (Hg) on the maximum reversal field Hg for (a) the single-phase magnets with different grain size and (b)
the nanocomposite magnets with different soft-phase layer thickness while keeping L =20 nm. The exchange energy distribution along (c) two adjacent
hard grains for the single-phase magnet and (d) two adjacent hard grains through the soft-phase layer for the nanocomposite magnet. 6 is the angle
between two easy-axis directions of the adjacent magnetically hard grains. 2]

Since the intergrain exchange coupling either between the
grains in the same phase or different phases always leads to
the deviation of magnetic moments in grain boundary regions
from easy-axis directions of the grains in order to reduce the
exchange energy and thus system Gibbs free energy, it is nat-

ural to assume that the exchange energy distribution over a

nanocrystalline is related to the origin of open recoil loops.
Figures 56(c) and 56(d) show the exchange energy distribution
along two adjacent hard-phase grains in a single-phase mag-
net and along the soft-phase layer in a nanocomposite mag-
net. It is found that the exchange energy increases very fast

when approaching a grain boundary for both single-phase and
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nanocomposite magnets, especially when two adjacent grains
have large angle between two easy-axis directions. Surpris-
ingly, the increase is much dramatic in case of single-phase
magnets. It is not difficult to imagine that the high local ex-
change energy in grain boundary regions makes the magneti-
zation configuration unstable.

The origin of an open recoil loop can be better understood
by comparing the magnetization distributions in the single-
phase and nanocomposite magnets, as shown in the insets of
Fig. 55. First, the unstable magnetic moments in the grain
boundary and soft-phase regions reverse under an applied rel-
atively large external field. These magnetic moments keep re-
versed with removing external field unless the external field
is small enough or is totally removed (lower branch of recoil
loops). The unstable magnetic moments are now exchange-
coupled with those in the adjacent hard grains if the exter-
nal is removed. They will not reverse easily by reapplying
a small external field (upper branch of recoil loops). Thus,
an open recoil loop is formed owing to the irreversible mag-
netic moments in the grain boundary and in the soft-phase re-
gions. The irreversible magnetization behavior is in turn due
to the competition of exchange coupling between the adjacent
hard grains which have large deviation angle between the sta-
ble magnetic moments in each grain core. Therefore, the more
adjacent hard grains with large deviation angle are, the larger
the recoil loop openness will be. This explains why the largest
openness is always taking place when the applied reverse field
is around the coercive field. It is also important to mention that
the magnetic moments in the soft phase may be more unstable
by nature since the magnetocrystalline anisotropy of soft phase
is much lower than that of hard phase even the exchange en-
ergy in the soft-phase region is lower than that in grain bound-
ary region in single-phase hard magnets.

In summary, the open recoil loops in the nanocrystalline
and nanocomposite magnets are majorly caused by the IGEC
and thermal fluctuation. Zheng ef al. reported similar micro-
magnetic simulation and also attributed the open recoil loop
to the strong intergrain exchange coupling, which results in
the magnetization reversal in some hard grains during the re-
coil processes./?%81 The chance of the magnetization reversal
in magnetically soft grains is larger, leading to a larger of re-
coil loops of the nanocomposite magnets. On the other hand,
Li et al. confirmed the dependence of recoil loop openness
on the sweep rate of magnetic field, the correlation between
the recoil loop openness, activation volume and reversible

susceptibility. 26!

4.5. First-order reversal curve

Although the magnetic characterization of materials is

usually made by measuring a hysteresis loop, it is not pos-

sible to obtain information of interactions or coercivity distri-
butions from the hysteresis loop solely. First-order-reversal-
curves (FORC) provide insight into the relative proportions of
reversible and irreversible components of the magnetization of
a material. In addition, the magnetostatic and exchange inter-
actions between the magnetically hard and soft phases can be
mapped using FORC diagrams for the exchange-coupled mag-
nets. An FORC measurement begins by saturating the samples
with a large positive applied field. The field is decreased to a
reversal field, and then the FORC is defined as the magneti-
zation curve measured with increasing applied field back to
saturation. The measurement procedure is repeated for differ-
ent values of reversal fields to obtain a suite of FORCs and a
two-dimensional distribution function. The FORC diagram is
defined as the mixed second derivative of the applied field and
the reversal field. A detailed description of FORC distribution
can be found in Refs. [270] and [271].

Rong et al. studied the correlation between FORC
diagrams and the microstructure of the SmCos/a-Fe
nanocomposites,?’?! which are the same samples shown in
Fig. 46. The microstructures given in Fig. 46(b) show how the
magnetically soft phase gradually distributed into the magnet-
ically hard phase matrix through the ball milling process. The
grain size of SmCos and a-Fe phases are only about 12 nm
for the annealed powders after milling for 240 minutes and
after annealing, which is very close to the critical dimension
of effective exchange coupling. Without grain size reduction
through sufficient ball milling, the soft magnetic phase would
be too large to effective exchange coupling, such as in sam-
ples milled for 30 and 60 minutes. Figure 57 shows the 2D
and 3D FORC diagrams of the powders milled for 30, 60, and
240 minutes after annealing.’?’?! The FORC diagrams of the
mixture without milling are also given for comparison. The
FORC distribution of the samples and its correlation with the
microstructure are summarized below.

(i) There is only one major peak around the origin for the
un-milled sample since both the raw a-Fe and SmCos pow-
ders have near zero coercivity. No useful information could be
detected for this case.

(i) Ball milling reduces the grain size while post-
annealing restores the crystallinity for the SmCos phase,
which in turn raises the coercivity. As a result, there are two
completely separated peaks along the bias axis for the sample
milled for 30 minutes, one near origin and one near 15 kOe,
which represent the magnetization reversals of the magneti-
cally soft and hard phases, respectively. The separated magne-
tization reversal indicates weak exchange interaction between
the two magnetic phases. A distinct ridge is observed at an
angle of ~ 135° across the lower half of the FORC diagram,

which could be attributed to the magnetostatic interaction be-
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tween the magnetically soft and hard phases. However, a large amount of ¢-Fe phase is still in a form of

(iii)) The two peaks along the bias axis merge when  strips and not exchanged coupled, therefore there is still a
milling time is increased to 60 minutes, which is attributed to  strong peak around the origin in the FORC diagram. The ridge
the grain refinement of a-Fe phase. The magnetic moments  around ~ 135° becomes weak with increasing milling time
in the o-Fe grains are partially exchange-coupled and thus  since the exchange interaction starts to dominate the magne-
the switching field of the magnetically soft phase increases.  tization behavior with grain refinement.
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Fig. 57. (color online) The 2D and 3D FORC diagrams of the samples (a) without milling, and milled for (b) 30, (c) 60, and (d) 240 minutes
after annealing at 525 °C for 30 minutes. Left column is the colored FORC curves with the FORC distribution plotted inside the hysteresis
loop. The middle column is the 2D FORC diagrams and right column is 3D FORC diagrams. 272!
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(iv) Extending milling time leads to further grain refine-
ment and homogeneously distributed a-Fe grains are obtained
when the milling time is longer than 4 hours. The soft phase is
completely exchange-coupled and thus there is only one major
peak in the FORC diagram around pgH. = 0.8 T. The mag-
netic reversal happens simultaneously in both hard and soft
magnetic phases, i.e., a single-phase magnetization reversal
behavior is observed in the nanocomposite SmCos/Fe system
with homogeneously distributed magnetically soft phase.

Based on the analysis of FORC diagrams and microstruc-
tures, it is found that FORC can provide deeper information
on the magnetic interactions inside of exchange-coupled mag-
nets than the simple hysteresis loop, remanence enhancement
and even Henkel plot, although the measurements of FORC
diagram is usually time-consuming.

4.6. Coercivity and microstructure parameters

Coercivity is one of the most important extrinsic param-
eters that characterizes permanent magnets, since it reflects
the ability of the magnet to resist magnetization reversal under
the application of an external field. For conventional sintered
magnets, the coercivity mechanisms are dominant by either
nucleation-type or domain-wall pinning-type. In nucleation-
type magnets, such as Nd,Fe 4B, SmCos, or hard ferrite sin-
tered magnets, the magnetic domain walls can move easily
within the grains, so that the magnetization increases steeply
even in small magnetizing fields for a thermal demagnetized
magnet. However, a large demagnetizing field is required in
order to form the nuclei of reversed domain in every saturated
grain during demagnetizing process. In pinning-type mag-
nets, the magnetic domain walls are pinned at phase bound-
aries, precipitates, or planar crystal defects, for instance, in
Sm(CoCuFeZr), sintered magnets. In order to saturate or de-
magnetize a pinning-type magnet, the domain walls must be
removed from the pinning sites, which requires magnetizing
fields larger than the pinning field strength. Therefore, a large
magnetic field has to be applied in order to overcome the pin-
ning force for both magnetizing and demagnetizing processes.
The initial or virgin magnetizing curve of a magnetic material
from the thermally demagnetized state indicates which coer-
civity mechanism prevails, as shown in Fig. 58. As one can
see that the pinning-type magnet requires a field at least twice
of the coercive field in order to fully saturate the magnet, while
the nucleation-type magnet only needs a much smaller field,
although a field strength of twice the saturated magnetization
is still required to gain a perfect saturation technically.>’3! Be-
sides the virgin magnetizing curve, there are several methods
could be used to identify the coercivity mechanism including

273]

the shape of minor hysteresis loop,?’3! coercivity, and/or re-

manence of minor hysteresis loops as a function of applied
field, [>74-277] angular dependence of coercivity.[?33-27827% Un-

fortunately, these methods are not very effective to identify the

coercivity mechanism for nanocrystalline magnets especially
for nanocomposite magnets. Since the melt-spun magnets are
typically isotropic instead of anisotropic, probably only those
grains whose easy axes are aligned parallel to the magnetiz-
ing field strength are easily saturated, whereas in all other
grains the polarization must be rotated parallel to the mag-
netizing field. The rotation of the magnetization against the
magnetocrystalline fields requires strong magnetizing fields.
Therefore, there is only a flat increase in the magnetization
from the thermally demagnetized state, while it does not mean
the coercivity of the magnet is controlled by domain-wall pin-
ning. On the other hand, the melt-spun magnets usually have
a grain size at nanoscale, which is far smaller than the sin-
gle domain size of about hundreds of nanometers. This means
that each domain has multi-grains, therefore the grain bound-
aries and the intergrain exchange coupling affects the coer-
civity mechanism. In fact, the coercivity mechanism in most
nanocrystalline and nanocomposite is a mixture of nucleation
and domain-wall pinning.
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Fig. 58. (color online) Virgin magnetizing curves of typical nucleation-
type and pinning-type sintered permanent magnets.

The general equation that proved to be applicable to a vast
majority of hard-magnetic materials presents the coercivity as

He = aHa — chfMS7 (8)

where the parameters o and N describe the effects of mi-
crostructure (including grain size, phase distribution, etc.) and
the local stray fields (which are also dependent on the mi-
crostructure), respectively. Hy is the anisotropy field of the
material, which can be expressed as Hy = 2K / oM;. The pa-
rameter @ can be written in the form o = o x 0, where i
depends on the nature and size of the defect regions in which
nucleation or pinning takes place, and oy takes account of the
misalignment of the grains in the magnet. The discussions of
how the defects and misalignment affect these two parame-
ters have been discussed for sintered magnets in Refs. [280]
and [281]. For typical isotropic ribbons, there is a rather good
approximation @, for ¢ = 45°; that is, oty = 0.5. However,
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these parameters do not consider the effects of IGEC on the co-
ercivity while IGEC may force magnetization deviation some-
what from the local easy axis, leading to decrease of effective
anisotropy and coercivity. Zhang et al. proposed a coercivity

formula for nanocrystalline magnets as follows: 28?1
(07401 N,
He = —t—Hy— —5—M, ©)
1+ 6ﬁklex 14+ 6ﬁslex
d d

where e is the ferromagnetic exchange length, d is the grain
size, B and B depend on the nature of the grains boundary
concerning anisotropy field and stray field, respectively. Both
the values of fB; and f are less than 1. As 6lex/d < 1, the
above equation can be expressed in the form of Eq. (8). As for
the nanocomposite magnets, it is suggested that §; = s = 1,
due to the good exchange coupling between the hard and soft
phases. In addition, as the demagnetizing behavior of the soft
phase is similar to that of a mechanical spring in the nanocom-
posite magnet, lex /d can be approximately changed to the fol-
lowing expression if the magnetic soft phase is small enough

which can be efficiently exchange coupled!?83]

loo I +d

— = 10
d 2ds+2d, (10)

Equation (9) can be used to explain the dependence of co-
ercivity on grain size. Figure 59 compares the normalized
coercivity (H./Hpa) as a function of grain size for the FEA
simulations!!3! and their fitted curves using Eq. (9). Assum-
ing the Ngg term is zero, the fitted microstructure parameter
o = 00y is 0.297 and 0.186 for single-phase and nanocom-
posite magnets, respectively. As one can see that the FEA
simulated and Eq. (9) predicted coercivities agree quite well.
The small discrepancy between them may be attributed to the
ignorance of Ngg term. It should be noted that the nanocom-
posite magnet does not give good fitting results using Eq. (10)
because the magnetically soft grains cannot be well exchange
coupled when the grain size is too large.

0.3 T T T T T
-5~ o
-1a”
o- ~
0.2} b |
o -
< d
T ‘ __e--—o
< J PUSEE
T 4 o
o1t r & |
! s o single-phase: FEA
go - — single-phase: fitting by Eq. (9)
O 20 vol% a-Fe: FEA
- = 20 vol% a-Fe: fitting by Eq. (9)
O 1 1 1 1 1
0 10 20 30 40 50

Grain size/nm

Fig. 59. (color online) Normalized coercivity (H./Ha) as a function
of grain size. The scattered squares and circles are the FEA simulation
data!'! for single-phase and 20 vol% c-Fe nanocomposite. The dashed
lines are the fitting curves using Eq. (9).

4.7. Reversible and irreversible magnetization

Magnetization reversal includes reversible and irre-
versible processes in nature. Irreversible processes are char-
acterized by a free energy barrier which can only be overcome
by increasing the applied field or through thermal activation.
Reversible magnetization processes, on the other hand, do not
require a critical field for initiation. The reversible magneti-
zation is back to its original status after the applied field is
removed. The reversible susceptibility can be determined at
any point along a magnetization curve by the measurement of
a minor loop associated with a small reversing field increment,
AH. The slope of the minor loop, AM /AH is defined as the in-
cremental susceptibility and, in the limit of AH — 0, is equal

to the reversible susceptibility Yey.[>**

0.10 T T
0.08
TQ)
0.08+ o© 1
<
- = 0.04
. :
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=
Eﬁ 250 —2.5
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5 —8— sample A
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0.02 —e— sample C 1

H/kOe

Fig. 60. (color online) The reversible susceptibility Yey/Ms Vs the ap-
plied field at room temperature for the ProFegs 5Bs 5 nanocomposite rib-
bons melt-spun at (A) 20.5, (B) 21.5, and (C) 23 m/s. The inset shows
irreversible susceptibility i /Ms vs the applied field. 83

In nanocomposite magnets, reversible magnetization
mainly originates from the effect of exchange coupling es-
pecially in the magnetically soft component, and irreversible
magnetization results from magnetization reversal in magnet-
ically hard grains. Therefore, the reversible or irreversible
susceptibilities can be used to investigate the intergrain ex-
change coupling. Li et al. compares the reversible and irre-
versible susceptibilities of the under-quenched, optimal and
over-quenched nanocomposite ProFegs sBss magnets which
are melt-spun at 20.5, 21.5, and 23 m/s, respectively.!?®3 The
grain size of PryFe 4B is 21.9, 17.5, and 16.8 nm and that of
a-Fe is 18.7, 16.4, and 15.3 nm, respectively. Figure 60 com-
pares the Yrev/Ms and i /M; versus applied field for all the
three samples. For the over-quenched sample, the magneti-
zation is most reversible at low applied field, suggesting the
existence of exchange coupling. For the under-quenched sam-
ple, the magnetization is more reversible than that of optimal-
quenched sample at low demagnetizing field, which should be
attributed to the exchange coupling between soft-hard grains.
However, the irreversible magnetization is the most dominant
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at low demagnetizing field for the under-quenched sample, in-
dicating a weak resistance against magnetization reversal in
some magnetically hard grains and the decoupled effect be-
tween hard-hard grains, although the magnetically soft grains
are still coupled with the hard grains. With these Yy ~ H
curves, the demagnetization process in the nanocomposite is
clear.

The relationship between reversible and irreversible mag-
netizations can be used to distinguish the magnetic harden-
ing mechanism of permanent magnets, which was proposed
and applied to both Sm(CoCuFeZr), and NdFeB magnets by

Crew ef al..1286-288

I Rong et al. applied this method to ana-
lyze the coercivity mechanism of the Sm(CoCuFeZr), melt-
spun ribbons.[?8%2%01 Figure 61 shows the normalized re-
versible magnetization myey (= Miey/M;) versus normalized ir-
reversible magnetization my, (= Mi/M;) of the melt-spun
Sm(CoCuFeZr)¢ s ribbons at different temperatures. The
curves display a behavior characteristic of domain wall pin-
ning at temperature below 527 °C. At low field, myey, which is
proportional to the amount of domain-wall bowing, increases
due to the fast increases of the domain walls nucleate and the
domain-wall area. After a certain stage in reversal, the total
area of domain walls reaches a maximum and m,., decreases
as reversal proceeds further. Thus, mye, versus m;; curves ex-
hibit a minimum and are very similar to the results of Crew et
al.1?881 1t is interesting to note that the value of the minimum
mrey decreases with the increase of temperature. This means
that the pinning field in the Sm(CoCuFeZr)g 5 magnets weak-
ens with elevating temperature. By further increasing the tem-
perature above 527 °C, mye, decreases linearly with increasing
mir. This suggests that the reversal mechanism at high tem-
perature is primarily associated with nucleation, and domain
walls play a negligible role in the reversible magnetization
component. The results successfully identified the transition

of coercivity mechanism from low temperature to high tem-

perature.
—0.03 ; :
—a— RT —o— 427 °C
—A— 527 °C —v—627°C
o006k ——727°C |
5
£ —0.09f .
—0.12} .
01572975 —0.5 0 0.5 1.0
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Fig. 61. (color online) myey vs. mj,; of Sm(CoCuFeZr)g s melt-spun
ribbons at different temperatures. [23%-290]

5. Summary and outlook

The developments of single-phase nanocrystalline and
nanocomposite magnets prepared by melt spinning technique
have been reviewed in this article. Although partially crystal-
lographic texture can be developed in the melt-spun ribbons
with special controls on the process and composition, most
nanocrystalline and nanocomposite are isotropic, which lim-
its the energy product to ~ 25 MGOe. While the concept
of exchange coupling has been widely accepted, the magnetic
phenomena in the nanocrystalline and nanocomposite magnets
are not understood thoroughly. With the hot deformation of
the single-phase melt-spun ribbons, desired texture could be
developed in the magnets with an energy product approach-
ing to ~ 50 MGOe. However, no sufficient magnetically soft
phase can be implanted into the magnetically hard phase ma-
trix in order to form an anisotropic nanocomposite magnet
with enhanced magnetic properties. Further studies are still
required to understand the correlations between exchange cou-
pling, thermal activation, and magnetic reversal in order to
guide the future magnet design.

Although attempts to fabricate anisotropic nanocompos-
ite bulk magnets have been made via hot deformation of the
(Nd, Pr, Dy),Fe4B/a-Fe nanocomposite materials, the en-
ergy product is still low. > Future success on the anisotropic
nanocomposite magnets may be established on different tech-
nologies, but the main ideas are to align the magnetically hard
phase and possibly increase the content of magnetically soft
phase, while neither of them is technically easy. On the other
hand, magnets with low cost always attract attention especially
for industrial applications. Therefore, cheap RE-substituted
magnets and even RE-free magnets should be a research topic
as long as a trade-off on the magnetic properties is acceptable.
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