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Abstract

In a composition range along the tie line betweesB-and NdFe 4B with Nd concentration between approximately 6 and 9 at%, it has been
found that addition of a few atomic percent of Ti suppresses formation and growtirafi and promotes the formation of bk 4B. This
lead to development of a new series of nanocomposite permanent magnet materials on the Nd—Fe—B-Ti—C system, for which the strip-castir
technique can be applied in the rapid solidification process. The newly developed Nd—Fe—B-Ti—C nanocomposite permanent magnets cov
a wide range of magnetic properties and include a high-coercivity grade with coerélyjjyof about 1 MA/m and remanencs, of 0.8 T
and a high-remanence grade wif; =500 kA/m andB, =0.86 T. The high coercivity owes its origin to a larger volume fraction of the hard
magnetic NdFe 4B phase compared to the previougB&Nd,Fe 4B hanocomposite permanent magnets in which the volume fraction of the
Nd,Fe 4B phase is limited by disappearance of this phase in Nd concentration range beyond about 5 at%. Resin-bonded magnets fabricate
using these powders show excellent stability against oxidation under a humid, high-temperature atmosphere.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction production of high-end Nd—Fe-B sintered magriéis SC

is basically a process to obtain a continuous strip by extract-

Recent investigations have shown that, in a composi- ing a molten alloy from a pool of liquid by using a moving

tion range along the tie line betweensBeand NgFe 4B surface of a chilled drum. Upon contact with the drum sur-
with Nd concentration between approximately 6 and 9 at%, face, the alloy quickly solidifies and is extracted from the
addition of a few atomic percent of Ti suppresses forma- melt pool as strips. The SC process differs from the melt-
tion and growth ofy-iron and promotes the formation of  spinning process in that the molten alloys are simply poured
NdzFe4B on the course of rapid solidification and that upon aguide and lead to a chilled roll whereas in the MS pro-
excellent nanocomposite permanent magnet materials carcess the alloys are ejected from a small orifice by applying
be obtained1-3]. These investigations have also revealed pressure.
that addition of a small amount of C refines the microstruc-  Together with the previously developedsBéNdzFe 4B
ture, which results in realization of a high coercivity. The nanocomposites with Cr—Co additiof§, the strip-castable
excellent glass-forming ability of these alloys allows adop- nanocomposite permanent magnets now cover magnetic
tion of a high-throughput rapid solidification technique called properties ranging fronB; =0.92 T andH.3=360 kA/m to
“strip-casting” (SC), which has been used increasingly in B,=0.8 T andH.;=1000kA/m. This paper reports mag-

netic properties of the Fe—B/NHe; 4B-based nanocomposite

* Corresponding author. Tel.: +81 75 961 5351; fax: +81 75 962 9690,  P€rmanent magnet powders produced by means of the strip-
E-mail address: HIROSAWA.S@neomax.co.jp (S. Hirosawa). casting and a subsequent heat-treatment. Also reported are
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magnetic and other physical properties of their resin-bonded
magnets.

2. Experimental procedures

For a preliminary research using the melt-spinning pro-
cess, melt-spinning process using a Cu wheel was used
Phases existing in the melt-spun ribbons were identified with
powder X-ray diffraction (XRD) technique using CukPor-
tions of the melt-spun ribbons were heat-treated in an argon
atmosphere to generate hard magnetic properties. For th

strip-casting experiments, a vacuum furnace equipped with a
water-cooled Cudramwas used. The density of the flakes was

determined to be 7.46 Mgfby means of the Archimedean
method using relatively bulky nano-structured cast flakes pro-

duced by the casting apparatus. Magnetic properties of the

ribbons were measured at room temperature with a vibrating
sample magnetometer (VSM) after magnetizing the ribbons
with a magnetic field of at least 3.2 MA/m. Resin-bonded
magnets were produced by using an ordinary epoxy binder
for the compression-molding and polyamide (Nylon-12) for
the injection-molding processes.

3. Results

The phases observed by means of powder X-ray diffrac-
tion analysis on melt-spun flakes of Nd—Fe—B—Ti alloys are
shown on (Fe—Ti)-Nd-B concentration map§&ig. L In the
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compounds and NitFe 4B in the Nd-poor and B-rich com-
position rangeKig. 1c).
The effects of Ti and C on the phase formation behaviors

in the B-rich and Nd-depleted composition range provides a
possibility of applying the strip-casting process to produce
nanocrystalline alloys for the FB/NdyFe; 4B nanocompos-
ite permanent magnets. Several alloys with different Nd con-
centrations ranging from 4.5 to 9 at% were processed into
nanocomposite permanent magnets via the SC process. Typ-
ical average thickness of SC-processed flakes obtained in the

resent investigation ranged from about 70 to aboutdrfG0

owder particles obtained by crushing annealed thick flakes
have morphology quite different from a platelet morphology
of powder particles produced by melt-spinning and pulver-
ization.Fig. 2compares the powder particle morphology of
these powders.

Table 1shows magnetic properties of JBINdyFe 4B-

type nanocomposite hard magnetic powders obtained by
means of strip-casting and annealing. A wide range of mag-
netic properties was generated by compositional modifica-
tions. Powder no. 1 is a Cr—Co-addegBANd>Fe 4B-type
and nos. 2-5 are the Nd—Fe—-B-Ti—C-type nanocomposites.
The intrinsic coercivity is governed principally by Nd con-
tent (seeTable 1), being larger for the larger Nd content.
This is reasonable because the larger Nd content leads to
the larger volume fraction of the hard magnetic,Ne 4B
phase. The Fe—B phase in the alloy no. 1 with Nd content of
about 4.5% is almost exclusively &, whereas the crystal-
lographic structure of the Fe—B phases in powders nos. 2-5

as-spun state, the Nd-poor composition range of the ternarywith Nd concentration ranging from about 6 at% (powder no.

alloys containsx-Fe and NdFe 4B crystalline phases and a
small amount of an amorphous phase (not indicated in the
figure) for Vs of 20m/s Fig. 1a). With 3 at% addition of

Ti, which partially replaces Fe, formation afFe (which is
believed to be originallyy-Fe on crystallization and trans-
formed on cooling to th&-Fe) and a significant amount of
the amorphous phase remains with the primary crystals of
Nd2Fe 4B (Fig. 1b) at the samé&s of 20 m/s. The excellent
glass-forming ability of the B-rich Nd—Fe—B alloys is seen
when Vs is lowered down to 10 m/s. In this condition, the
alloys with 3 at% of Ti crystallizes into a mixture of Fe—B

Nd-Fe-B
Vs =20 m/s

Nd-Fe-B-3Ti
V,=20m/s

amorphous +

2) to about 9 at% (powder no. 5) are expected to be one of or
combination of FgB, Fe;B, and Fe3Bg. Demagnetization
curves of these powders are showrfig. 3.

The low concentration of rare earth elements in the
powder provides better stability against an oxidizing atmo-
sphere in comparison to conventional Nd—Fe—B powders with
near-stroichimetric NgFe;4B compositionsFig. 4a shows
demagnetisation curves of the Nd—Fe—B-Ti—C powder no.
4 after exposure to the ambient air at elevated temperatures
for various duration of time. For comparison, demagnetisa-
tion curves of a conventional Nd—Fe—B powder (commercial

Nd-Fe-B-3Ti
V, =10 m/s

NdaFey4B
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®)
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Fig. 1. Phases observed by means of powder X-ray diffraction analysis on melt-spun flakes of Nd—Fe—B-Ti alloys.
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Fig. 2. Scanning electron microscopic images of pulverized powders of (a) a strip-cast Nd—Fe—B—-Ti—C alloy and (b) a nearly singlefaaBeriédt-spun

alloy.
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Fig. 3. Demagnetization curves of powders nos. 1-5 listéihbie 1

Table 1
Typical magnetic properties of Fe—B/pfek; 4B nanocomposite permanent
magnet powders obtained via strip-casting

Powder Type Nd B (T) Hgy (BH)max
no. (at%) (KA/m)  (kJ/nP)
1 Nd-Fe-B-Cr—Co & 0.94 380 80

2 Nd-Fe-B-Ti-C 6 B6 500 98

3 Nd-Fe-B-Ti-C 7 ®B1 640 103

4 Nd-Fe-B-Ti-C & 0.82 725 99

5 Nd-Fe-B-Ti-C 9 B0 1000 104

powder is more suitable for the high temperature applications
than the conventional type of powder.

The significant difference in the sensitivity to the high-
temperature ambient environment may be attributed to the
difference in sensitivity of the powder to oxygen. The
Nd—Fe-B-Ti-C nanocomposite powder no. 4 and the con-
ventional powder contain, respectively, approximately 7.5

grade MQP-O powder purchased from Magnequench Inter-and 12 at% NdFig. 5a shows weight gain due to oxida-
national Corporation), after a similar oxidising test, are shown tion of the powders during exposure to the ambient air at
in Fig. 4b. This experiment suggests that the magnetic proper- elevated temperatures for ten minutes, as measured using a
ties of the nanocomposite magnet are much insensitive to highthermo-gravimetry. Above about 30Q, there is a significant
temperature air in comparison to the conventional Nd—Fe—B difference between these two kinds of powders in the oxygen
powder, which showed marked breakdown of second quad-pick-up, which is shown irfrig. Sb for the same powders as
rant demagnetisation curves. Therefore, the nanocompositea function of temperature.

Nd-Fe-B-Ti-C Powder No.4

Before heating

250 °C 10 min.
—====300 °C 5 min.

====300 °C 10 min.
=== 300 °C 15 min. 24
e 320 ©C 10 min. Al

J

Conventional Nd-Fe-B Powder

Before heating
— 250 °C 10 min.
—==== 300 °C 5 min.

—====300 °C 10 min.
=== 300 °C 15 min.
s 35() ©C 10 min.
=== 400 °C 10 min
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Fig. 4. Demagnetisation curves of the Nd—Fe—B-Ti—C powder no. 4 (left panel) and conventional Nd—Fe—B isotropic powder (right panel) aftetoexposure

ambient air at elevated temperatures for various duration of time.
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Fig. 5. Weight gain (a) and oxygen content (b) of powders during exposure to ambient air at elevated temperature for 10 min.

Magnetic properties of resin-bonded magnets of the pow-
ders shownifable lare summarised ifable 2 These values
are comparable to those obtained from conventional nearly
single-phase Ng-e;4B-based isotropic powders.

Fig. 6a and b show time dependence of flux losses
for, respectively, compaction-molded magnets (with 2.5 wt%
epoxy and with a permeance coefficie:) of approxi-
mately 2) and injection-molded magnets with=1 under
an 80°C, 90 relative humidity air. The magnets were with-
out surface coating and the result may be subject to sample
preparation conditions such as selection of the resin and
molding pressures. The larger initial thermal losses in the
injection-molded magnets are due to the smatlevalue of 0 f ' '
the specimensA; = 1) than the compression-molded speci-
mens ¢ =2). The decay of magnetic flux density after the
initial loss is due to both the magnetic after effect and the
structural losses. The former is also dependent oHghand
P¢values, ormore precisely onthe irrevesible susceptibility at
the operating line. The structural losses are material sensitive.
The comparison between powder nos. 3 or 4 and MQP-B, an

Change in Flux (%)
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EN

industrial standard material for Nd—Fe—B resin-bonded mag- —#=5 \
nets, reveals that the nanocomposite powders with less Nd -12 ]'_‘_MQ"'B . P~ —
contents have better stability in the long-run exposure test. (b) Time (hours)

The initial thermal losses are principally determined by the
HcjandPcvalues. The dependence of initial thermal losses of Fig. 6. Changes in magnetic flux in a 80-90% RH exposure test for (a)
these compaction-molded magnets on temperature to whichcompression-molded magnets with an outer diameter of 10 mm and a height

the magnets were exposed for 1h are ShOV\F‘i(jﬁ;. 7 and 8 of 7mm (P.=2) and (b) injection-molded magnets with an outer diameter
of 1I5mm and a height of 5mnP{ =1).

Table 2 for, respectively, injection-molde#l. =1 magnets with the
Typical magnetic properties of resin-bonded magnets made of powders ~’ ) L Jc
shown inTable 1 polyamide binder and compression-moldegd=2 magnets
Molding process _ Powder Density B, (T)  Hey EBH)moe with epoxy bln_der. The high C(_)erC|V|ty powder (no. 5) shows
no. (Mg/m?) KA/M)  (KI) excellent persistence up to high temperatures relevant even
Compaction 1 6.1 34 370 66 to automobile applications (160-200).
2 6.1 Q70 500 69
3 6.1 Q70 620 78
4 6.1 067 725 72 4. Discussion
5 6.1 064 1000 67
Injection 1 5.2 060 345 38.2 With addition of Ti, the primary formation of the-Fe was
2 5.2 0556 503 45.1 completely prevented from occurring for the cooling rates
3 5.1 0546 625 46.9

relevant to formation of the nanocomposikég. 1b and c),
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0.0 T { electron microscopic investigation revealed that the thickness
o 20 N of the Fe—B intergranular phases is around 5nm or smaller,
£ 40 R I~ which is suitable for generation of a high coercivity accord-
EE ol +1 N <l ing to the above-mentioned argument. This microstructure is
% E 8.0 —:i \\; also favorable for obtaining good corrosion resistance.
5 gn-m.o o NN Being strip-castable for preparation of rapidly-solidified
=120 ﬁj;‘“ i precursor alloy production, the Nd—Fe—B-Ti—C alloys have
-14.0 I practical impacts as a hard magnetic powder for making
160 isotropic resin-bonded magnets. First of all, the powder can
20 40 60 80 100 120 140 160 180

be produced in an industrial scale with a far greater through-
put in comparison to the conventional Nd—Fe—-B powders,
Fig. 7. Initial thermal flux losses of injection-molded resin-bonded magnets which are produced by means of the melt-spinning pro-
with a permeance coefficient of 1. cess. After the preparation of the rapidly solidified precursor
alloys, they are simply heat-treated and pulverized to be used
as the hard magnetic powder for production of the resin-
resulting in the direct formation of Nére; 4B from the deeply bonded magnets.
under cooled liquid phase as the primary phase. The remain-  Secondly, the low rare-earth concentrations in the powder
ing liquid phase may either remain as an amorphous phase oand aforementioned microstructure of the Nd—Fe—-B-Ti—C
crystallize into one of Fe—B compounds, such a&frevhich nanocomposites have provided greater stability against hot
may be taken over by metastable;Beor Fe3Bg for higher ambient air and a highly humid environment in comparison to
cooling rates. In the subsequent annealing procedure, thesehe conventional Nd—Fe—B powders with near-stroichimetric
grain boundary phases are transformed into a fully crystal- Nd,Fe; 4B compositions particularly above about 3@
lized phase surrounding the pfek;4B crystals. These characteristics of the Nd—Fe—-B-Ti—C powders may
One of the implications that stems from this argument make them unique for production of thermo-plastic com-
is the morphology of the nanocomposite structure that is pounds for the injection-molding process particularly when
created during rapid solidification. With the primary phase resins with high melting temperatures such as polypheny-
in the Nd—Fe—B-Ti system being bfée14B, the remainder  lene sulfide (PPS) resins or liquid crystal polymers are
crystallizes as intergranular phase in a thin, film-like mor- uysed.
phology[1-3]. This is in a sharp contrast to the previously Thirdly, the particle shape of ground powders of the strip-
developed F¢B/Nd;Fe 4B-type alloys, which are prepared cast nanocomposites is brick-like, quite different from the
from an amorphous phase via primary crystallization @B-e  flaky shape of conventional Nd—Fe—B powders. This differ-
and subsequent crystallization of 4B [5,6]. For hard ence arises from the difference in thickness of the original
magnetic properties, the interior volumes of the magnetically rapidly solidified alloys, which stems from the large dif-
softer phase should be within the exchange correlation lengthference in the glass-forming ability of each alloys system.
Lex= (AluoM?2)Y'?; the length scale over which the ferromag-  Generally, particles with aspect ratio close to unity are more
netic coupling overwhelms static magnetic interactioh®(  suitable to obtain high melt flow rates in compounds for the
exchange stiffness ands is saturation magnetic moment). injection molding process than the flaky one, although com-
Values ofLex are about 2—-3 nm for ferromagnetic phases of pound compositions and kneading conditions are sometimes
large magnetization with typical values for 8—10 pJ/mand  alsoimportantto this property. A high melt flow is essential to
uoMs=1.6-2T. The previous high-resolution transmission assure successfulinjection of the thermally plastic compound
into narrow or thin cavities.
For the commercial applications, the isotropic hanocom-
o] posite permanent magnets have entered to the stage of indus-
el ] trial utilization as a hard magnetic ingredient for resin-bonded
\!\ e magnets and may penetrate into various application areas of
e resin-bonded magnets.

Temperature(C)

x 1

E‘\? -6 °2 i =
7 sl i,
= Lom3 e
FRUSRY G10x 7 (P =2) 2 5. Conclusion
=% 12k a5 -
S14F LoomoP-B 3 It was shown that, in a composition range along the tie

T line between F¢B and NgFe 4B with Nd concentration,
0 20 40 60 80 100 120 140 160 180 200 - -
Tempersure(0) a new series of nanocomposite permanent magnet powders
can be produced on the Nd—Fe—-B-Ti—C-based alloy sys-
Fig. 8. Initial thermal flux losses of compaction-molded resin-bonded mag- t€mM. The newly developed Nd—_Fe—B—Ti—C nanocomposite
nets with a permeance coefficient of 2. permanent magnets cover a wide range of magnetic prop-
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erties and include a high-coercivity grade with coercivity the brick-like powder morphology may make these powders
(Hcy) of about 1 MA/m and remanencé;{ of 0.8 T and a unigue candidates for various applications.
high-remanence grade wifti.;=500 kA/m andB; =0.86 T

for which the strip-casting process is used for the produc-
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