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Bulk nanocomposite permanent magnets produced by crystallization
of (Fe,Co)—(Nd,Dy)-B bulk glassy alloy
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The glass-forming ability, thermal stability, and magnetic properties have been investigated for an
Fe;7Cog JNd; 1Dy sBog glassy alloy with a large supercooled liquid of 48 K before crystallization
prepared by copper mold casting. The glassy phase is formed in a rod form with a diameter of 0.5
mm. The crystallized nanocomposite structure consists g Fa-Fe, and NdFe ,B phases, and

the remanenceR;), coercivity (H.) and maximum energy produdf) axare 1.19 T, 244 KA/m,

and 92.7 kJ/rfy respectively, for the rod of 0.5 mm in diameter annealed at 913 K for 600 s.
© 2002 American Institute of Physic§DOI: 10.1063/1.1456259

In the NdFe ,B-type nanocomposite permanent mag-magnetic properties of a glassygHeo, s/Nd; 1Dyq 5B alloy
nets, two types of composites, Neb,B/FeB and prepared by copper mold casting.
Nd,Fe, B/ a-Fe have been widely studié¢d* These compos- The alloy ingot was prepared by arc melting the mixture
ite materials consist of exchange-coupled nanoscale hard amed pure metals and boron in an argon atmosphere. The ingot
soft magnetic phases. The methods for preparing the permavas crushed into small pieces to accommodate the size of a
nent magnet materials include melt spinning or mechanicaiuartz crucible for copper mold casting. The nozzle of the
alloying. Generally, the melt-spun sheets consisting mainhgrucible is about 0.5 mm in diameter. Bulk rod samples with
of an amorphous phase are crystallized to obtain optima# length of about 12 mm and different diameters of 0.5 to 1.0
hard magnetic properties. However, the ordinary Fe—Nd—Bnm were produced by injection casting of the molten alloy
alloys do not have a sufficiently high glass-forming ability into copper molds in an argon atmosphere. The injection
(GFA) which is enough to obtain nanocomposite permanenpressure was about 200 kPa higher relative to the chamber
magnets in a bulk form. If a similar nanocomposite structuredressure. These rods were sealed in a quartz tube with an
is obtained in a crystallized state of glassy alloys with highevacuated state of %410 ° Pa and then isothermally an-
GFA, a nanocomposite permanent magnet in a bulk form i@ealed at 913 K for 600 s. The structure of the rod Samples

expected to be synthesized by the process of the formation §fas examined by x-ray diffraction (Qg,) using their pow-
a bulk glassy alloy followed by crystallization. der obtained by crushing the rod samples. The microstructure

Glassy alloys with a large supercooled liquid regionOf samples was examined b)_/_transmi_ssion_electron micros-
AT(=T,—T,) defined by the difference between g|asscopy(TEM).The thermal ;tablllty was investigated !Jnder an
transition temperatureT() and crystallization temperature Ar atmosphere at a heating rate of 0.67 K/s by differential
(T,) and/or high reduced glass transition temperaluy&T, scanning can_nme_trYDSC). Magnetic properties were mea-
(T,: liquidus temperatujehave a high resistance against SUred by a vibrating sample magnetometdSM) with a
crystallization leading to high GFA® More recently, we Maximum applied magnetic field of 1274 kA/m. The density
have searched for a glassy alloy in a B-ricRe, Co— of the cast F@,C09,4Nd3_1Dy_0_5Bzo alloy rod was .determmed
Nd(P)-B system where a largaT, and highT,/T, are as 7._60 Mg/m by the Archimedean method using toluene.
obtained’® The B-rich Fe—Re—B amorphous alloys have Figure 1 shows an outer surface appearance of the bulk

some advantage points as compared with the rare €REh F?S7C‘:9.4ngs.1Dyo_5|3rz(;n allltély rocii r\:wthT?] d|§:?ehtte-;i olfdot_r5 rr]nrrr:1 -
rich Fe-RE-B amorphous alloyg~* These include(1) PrcPared by copper moid casting. 1he Bright-lield transmis

o sion electron micrograph and selected-area electron diffrac-
lower RE contents(2) the appearance of glass transition and, !
- . : o tion pattern from center of the rod sample are shown in
supercooled liquid region prior to crystallizatio) lower

. : ) . . Fig. 2@. The x-ray diffraction pattern of the cast
melting points, and4) higher glass-forming ability. Good Fe,C 0y /Nds 1Dyo By alloy rod with a diameter of 0.5 mm

hard magngtic properties magnet in a bulk form are expecteg shown in Fig. 20). The bright-field TEM reveals only a
to be obtained after'heat treatment ff’r,S“Ch glassy aIIOySr,eatureless contrast and no appreciable contrast correspond-
when a nanocomposite structure consisting of hard magnet“:Ig to a crystalline phase is seen. The electron and x-ray

Nsz.el“B loand. soit magnetic RE and a-Fe phases is igraction patterns consist only of halo rings and a broad
obtained™™® This letter intends to present the GFA, thermal peak, respectively. These results indicate that a single glassy
stability of the supercooled liquid, crystallized structure andphase was formed. The further increase in the rods diameter
to 1.0 mm causes the formation of crystalline phases.
¥Electronic mail: wzhang@sendai.jst.go.jp It is therefore concluded that the critical rod diameter for
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FIG. 1. Outer shape and surface appearance of a cg&dgaNd; 1Dy 5B2g
rod with a diameter of 0.5 mm.

melt-spun ribbon T
the formation of the glassy phase lies between 0.5 and g+ J
1 L

1.0 mm. Figure 3 shows DSC curve of a glassy +
Fes7Coy 4Nd; 1Dyq 5B, alloy rod with a diameter of 0.5 mm, AT Tx

together with that of the melt-spun glassy ribbon. The Curie L ,° N

temperature Tc), T4, Ty, AT, and heat of crystallization 500 600 700 800 900 1000
(AH.) were 673 K, 814 K, 862 K, 48 K, and 4.27 kJ/mol,

respectively, for the rod sample and 676 K, 816 K, 865, 49 K Temperature, 7/ K

and _4.42 k\_]/mol, res_pectlvely, for the ribbon sample. NO apy,~ 5 psc curves of a cast €0, Nt 1Dyo B0 glassy rod with diam-
preciable difference ific, Ty, Ty, ATy, andAH, are seen  eter of 0.5 mm. The data of the melt-spun glassy ribbon are also shown for
between these samples, being consistent with the result olbemparison.

tained by x-ray diffraction and TEM.

It has been reported that conventiona}Nel, :B15 sand
FessNdgBg amorphous alloys are formed in the maximum
sheet thicknesst(,,) range below about 60 and 30m,
respectively, by the melt spinning technicf¥-** Conse-

crystallization. The reason for the largexT, for the
(Fe,Co—(Nd,Dy)—B glassy alloy is discussed in the frame-
work of the three empirical rulé$ for the achievement of

quently, it is said that the EgC0, ;Nds 1Dy, &Bso alloy has a high _GFA. The three empirical rules af®) .mu_lt'lcomponer'n
higher GFA which largely exceeds those of the consisting of more than three elemen®, significant atomic

Fe,Nd, :B1s sand FgsNdsBg alloys. The higher GFA for the size _m_ismatches above 12%_, _a(r3)|_ suitable negative hegts
present Fe-based alloy is concluded to originated from th@' MiXing. The base composition in the present alloys is an

higher thermal stability of the supercooled liquid against™©~Nd—B system which satisfies the three empirical rules.
The addition of Co and Dy elements is effective for an in-

crease in the degree of the satisfaction of the empirical rules.
That is, the addition of these elements causes the more se-
quential change in atomic size in the order of>=Ndy> Fe
>Co>B, as well as the generation of atomic pairs with rela-
tively large negative heats of mixing. In the supercooled lig-
uid in which the three empirical rules are satisfied at a high
level, the topological and chemical short-range orderings are
enhanced, leading to the formation of a highly dense random
packed structure with higher thermal stability of the super-

50nm cooled liquid against crystallization.
ey The hysteresisB—H loop of the as-cast glassy
?g CuKa Fe;7C0og JNd; 1Dy, sBog rod with a diameter of 0.5 mm is
2 shown in Fig. 4a). The soft magnetic feature is recognized
€ gast ¢ 05 mni for the rod sample, and no distinct difference in the hyster-
‘; M| \ m" o esis loops is observed between the bulk sample and the melt-
2 ~‘ spun ribbon. A hysteresis loop of the cast
§ Fe;7C0og JNd5 1Dy, sBog glassy rod annealed for 600 s at 913
s K is shown in Fig. 4b). The loop is exhibiting the achieve-
bl L L1 ment of good hard magnetic properties. The remaneBegg (
30 40 50 60 70 reduced remanenceV, /M), coercivity (H.), and maxi-
26 mum energy productBH) ., are 1.19 T, 0.82, 244 kA/m,

FIG. 2. Bright-field TEM and selected-area electron diffraction patteyn and 92.7 k‘J/rﬁ reSpeCtlvely' This material is magnetlcally

and x-ray diffraction pattertib) of a cast FgCoy Nds Dy, By alloy rod  1SOtropic. The x-ray diffraction patterns of the cast glassy

with a diameter of 0.5 mm. Fes7C0y 4Nd3 1Dy sBog rod with a diameter of 0.5 mm an-
Downloaded 19 Feb 2010 to 130.34.135.83. Redistribution subject to AIP license or copyright; see %ttp://apl.aip.org/apl/copyright.jsp
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FIG. 4. Hysteresis loops of the castgfeoy J,Nd; 1Dy, §B,g glassy rod with
a diameter of 0.5 mm(a) cast state antb) annealed state for 600 s at 913

K.
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consist of nanometer-sized crystallites. No distinct difference
in the diffraction patterns is observed between the glassy rod
and the melt-spun ribbons in the annealed statén addi-
tion, although the alloy consists of three magnetic compo-
nents, the smooth hysteresis loop typical of a single compo-
nent system is seen accompanying high remanence value
[Fig. 4(b)]. The high reduced remanendd (/M >0.8) and
reversible demagnetization curves in the isotropic alloy indi-
cates the behavior of the exchange-coupled type madhets.
In conclusion, the bulk glassy F€0q JNd3 1Dy sB5p al-
loy was produced in the diameter range up to 0.5 mm by
copper mold casting. The NBe ,B/(Fe;B and a-Fe) nano-
composite structure was obtained by crystallization of the
bulk glassy alloy. Thé, , iH., and BH) haxare 1.19 T, 244
KA/m, and 92.7 kJ/m) respectively, for the rod alloy an-
nealed at 913 K for 600 s. The bulk g ,B/(FeB and
a-Fe) nanocomposite permanent magnet in the rod form of
0.5 mm in diameter is promising for the bulk magnet pro-
duced by the simple process of copper mold casting and then

nealed for 600 s at 913 K are shown in Fig. 5. The diffractionheat treatment.

pattern is identified as EB, a-Fe, and NdFe ,B phases for
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the sample, but the width of their diffraction peaks is rela- J. Phys.: Condens. Matté; 669 (1988.
tively broad, indicating that the annealed sample material’A. Manaf, R. A. Buckley, and H. A. Davis, J. Magn. Magn. Mate2§,
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FIG. 5. X-ray diffraction patterns of the castg@o, /,Nds 1Dy, 5B, glassy

rod with a diameter of 0.5 mm annealed for 600 s at 913 K.
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