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The magnetic characteristics of anisotropic MM-FeB- (Al, Ti and Al-Co) permanent magnets
have been investigated by using hot-pressing and die-upsetting process. The best magnetic
properties obtained in these studies were HC = 5.1 kOe, Br = 5.4 kG with (BH)max = 5.1 MGOe
for hot-pressed MM-FeB-Al-Co magnets and HC = 3.6 kOe, Br = 6.7 kG, (BH)max = 6.8 MGOe
for die-upset MM-FeB-Al-Co magnets. Higher squareness of demagnetization curve was
obtained in anisotropic die-upset MM-FeB- (Al, Al-Co) magnets. X-ray diffraction and STEM
investigations revealed that the higher magnetic properties in die-upset magnets were
resulted from alignment of the c-axis along the die-upsetting direction. The magnetic
anisotropy of the die-upset magnets and the densification of the hot-pressed magnets were
increased by partial substitution of Al and Al-Co for Fe.
C© 2002 Kluwer Academic Publishers

1. Introduction
The more abundant and inexpensive Mischmetal (MM)
and Ferroboron (FeB) -substitutions, respectively, for
Nd and Fe on the Nd-Fe-B magnets can provide low-
cost rare-earth permanent magnets which can com-
pete strongly with ferrites. Both La and Ce elements
form a tetragonal R2Fe14B compound [1] and the
anisotropy field is maximum at the composition of
about (La0.4Ce0.6)2Fe14B [2]. Melt-spun MM16Fe75B9
[3] and MM-FeB [4] alloys produced with wheel
velocity of 20–30 m/sec exhibited HC = 9.4 kOe,
Br = 6.2 kG, (BH)max = 8.1 MGOe and HC = 5.7–5.8
kOe, Br = 5.0–7.9 kG, (BH)max = 7.6–8.9 MGOe, re-
spectively. The addition of Co element in the Nd15
(Fe77.5 − xCox) Al2B5.5 permanent magnets increased
the coercivity linearly in the range of 0–10 at.% Co
preventing the formation of magnetic impurity phase
[5]. Recently, Ko et al. [6] showed that the magnetic
anisotropy in die-upset and the densification of the hot-
pressed in MM-FeB- (Al) permanent magnets are in-
creased by Al-substitution for Fe. In spite of possibility
for practical use, MM-FeB permanent magnets have
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been investigated by relatively small number of re-
searchers. In this paper, the magnetic properties and
microstructures of hot-pressed and die-upset MM-FeB-
(Al, Ti and Al-Co) permanent magnets and effects of
substitution of Al, Ti and Co for Fe are reported.

2. Experimental methods
MM-FeB- (Al, Ti and Co) alloys were melted in an ar-
gon arc furnace from 99.5% Al, 99.5% Ti, 99.5% Co,
commercial grade mischmetal (MM) and 10wt% fer-
roboron with the chemical composition shown in
Table I. The actual atomic compositions of the alloys
fabricated are as follows:

TABLE I Chemical analyses of mischmetal and ferroboron

Ferroboron (FeB)
Elements Fe B C Si Al
Wt% 85.5 9.0 1.0 4.0 0.5

Mischmetal (MM)
Elements Ce La Nd Pr Fe Ba Others
Wt% 51.90 26.09 14.25 5.33 1.43 0.12 0.88

0022–2461 C© 2002 Kluwer Academic Publishers 1421



Specimens MM Fe B Al Ti Co

MM-FeB 12.5 78.9 8.6 – – –
15.0 77.0 8.0 – – –

MM-FeB-Al 12.5 77.9 8.6 2.0 – –
15.0 76.0 8.0 2.0 – –

MM-FeB-Ti 12.5 76.9 8.6 – 1.0 –
15.0 75.0 8.0 – 1.0 –

MM-FeB-Al-Co 12.5 71.9 8.6 2.0 – 5.0
15.0 69.0 8.0 3.0 – 5.0

Small pieces of the crushed master alloy were put
into quartz tube having a 0.7 mm hole in a high vacuum
(10−6 torr) induction furnace and then melt-spun in
an argon atmosphere ∼70 mmHg using a rotating Cu
wheel with 200 mm. The wheel speed was varied in
the range of 10–45 m/s. The thicknesses and widths
of the ribbons were about 25–40 µm and 2 ∼ 3 mm
respectively, depending on the wheel velocity. Ribbons
for hot-pressed magnets were made with a surface
velocity of about 40 m/sec. The melt-spun ribbons were
crushed into powder with sizes less than about 150 µm
under argon atmosphere using a mortar. Hot-pressed
magnets were made into tablet forms of 4 ∼ 5 mm high
using a die with 8 mm bore, by 100 MPa pressure for
2–5 min. at about 700◦C under argon atmosphere.
MoS2 lubricant was used to prevent the magnets from
sticking to the punch and die. Die-upset magnets were
made in an over-sized die with 20 mm bore. Die-upset
magnets were made by re-pressing the hot-pressed
magnets at about 730◦C and 350 MPa under argon
atmosphere.

The magnetic parameters were measured using a vi-
brating sample magnetometer (VSM) having a super-
conducting magnet with a maximum field of 12 T and/or
Toei VSM B-H tracer at room temperature on samples
pre-magnetized in a magnetic field of 2–3 kOe. X-ray
diffractometry was used to determine the crystal struc-

Figure 1 X-ray diffraction patterns of melt-spun MM-FeB ribbons with wheel velocity. (a) 10 m/sec, (b) 20 m/sec, (c) 25 m/sec, (d) 40 m/sec.

ture of the master alloys, melt-spun ribbons, and hot-
pressed and die-upset magnets at room temperature.
Electron microscopy (Phillips 200CX, VG microscope
HB601 STEM/Liverpool University, Joel 2000 TEM)
and EPMA were used to examine their microstructures
and phase analyses.

3. Results and discussions
Fig. 1 show the X-ray powder diffraction patterns of
the melt-spun MM-FeB ribbons with function of wheel
velocity. The major phase in all samples is the tetrag-
onal R2Fe14B phase with lattice parameters of about
a = 8.77 Å, c = 12.20 Å. As the wheel velocity in-
creased, the peak intensities decreased and a completely
amorphous state is assumed for the high velocity above
40 m/sec.

Fig. 2 show the high resolution STEM and EPMA
results of the melt-spun ribbons with wheel velocity
of about 25 m/sec appearing randomly oriented grains
with sizes in the range of 30–100 nm. Some of the
grains were of polygonal structures with sharp grain
boundaries as in the hot-pressed Nd-Fe-B magnet [7] in
contrast to the melt-spun Nd-Fe-B ribbons which have
nearly spherical grains with curved grain boundaries
[8]. Also, R-rich R-Fe-B second phase appeared with
higher La concentration than matrix as shown in Fig. 2.
All the phases appeared to have oxygen probably,
strongly bound to the rare earth elements. This may
support the possibility of an oxygen stabilized R-Fe-O
phase that is magnetically anisotropic as suggested
in Ref. [9, 10]. These results of microanalysis for
ribbons are very similar to results of SEM for master
ingots except that oxygen can not be detected by SEM.
The presence of oxygen may cause a decrease in the
coercivity if it forms paramagnetic oxides since it
could act as a nucleation site for reverse domain [11].
Fig. 3 show X-ray diffraction patterns for hot-pressed
and die-upset MM-FeB, MM-FeB-Ti, MM-FeB-Al
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Figure 2 Transmission electron microscopy with microanalyses of melt spun MM-FeB ribbon with wheel velocity of 25 m/sec. (a) ×200,000,
(b) ×390,000.

Figure 3 X-ray diffraction patterns of hot-pressed and die-upset (a) MM-FeB, (b) MM-FeB-Ti, (c) MM-FeB-Al and (d) MM-FeB-Co-Al magnets.

1423



Figure 4 Hysteresis loops of melt-spun MM12.5Fe78.9B8.6 ribbon with
surface velocity of 25 m/sec.

(a)

Figure 5 Optical and transmission electron microscopy of hot-pressed and die-upset (a) MM-FeB-Al and (b) MM-FeB-Co-Al magnets. (Continued.)

and MM-FeB-Co-Al magnets. All but a few lines could
be indexed as the tetragonal R2Fe14B phase with lattice
parameters of a = 8.81 Å and c = 12.21 Å. It is also
seen that the relative intensity of the (006) peak for the
die-upset magnets is higher than that for the hot-pressed
magnets. This indicates that c-axis alignment occurs
during die-upset to the direction of die upsetting. Some
extra peaks were common to all samples. These lines
belong to second phases of R-rich phase and/or B-rich
phase, probably RFe4B4 phase as shown in Figs 1
and 2. The optimal wheel velocity for the melt-spun
ribbons to show good magnetic properties was found
to be in the range of 20–30 m/sec. A typical hysteresis
loop of the melt-spun MM12.5Fe78.9B8.6 alloy ribbons
is given in Fig. 4 showing HC = 5.8 kOe, Br = 5.0 KG
and (BH)max = 7.6 MGOe. The ratios of remanent to
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(b)

Figure 5 (Continued.)

saturation magnetization (Mr/Ms) of the ribbons
showed values in the range of 0.6 – 0.8, which is higher
than those for (Ce, La) -Fe-B quenched ribbons [12] and
heat-treated MM17Fe75B8 ribbon [13]. It is reported
that the high remanence might be due to the presence
of Si contained in ferroboron since Si element keeps
ultra-fine grain sizes [14]. The coercivities obtained
were similar to those of (Ce, La)-Fe-B ribbons [3].
The densities of hot-pressed MM-FeB, MM-FeB-Al,
MM-FeB-Co-Al and MM-FeB-Ti magnets were
estimated to be about 7.23 g · cm−3, 7.24 g · cm−3,

7.37 g · cm−3 and 7.17 g · cm−3, respectively. The
height reductions by die-upsetting were measured
as about 9.7%, 23%, 23% and 23% in MM-FeB,
MM-FeB-Al, MM-FeB-Co-Al and MM-FeB-Ti
magnets, respectively. Fig. 5a and b showed optical
and STEM micrographs for hot-pressed and die-upset
MM-FeB-Al and MM-FeB-Co-Al magnets. This shows
that for the die-upset magnets grains are flattened in
the directions perpendicular to the pressing direction.
Typical demagnetization curves of the hot-pressed
and die-upset MM-FeB-Al and MM-FeB-Co-Al
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(a) (b)

Figure 6 Demagnetization curves of hot-pressed and die-upset (a) MM-FeB-Al and (b) MM-FeB-Co-Al magnets.

magnets are given in Fig. 6a and b. The results for
MM-FeB magnets were HC = 3.7 kOe, Br = 5.0 kG,
(BH)max = 4.1 MGOe for hot-pressed and HC =
2.6 kOe, Br = 5.9 kG with (BH)max = 4.1 MGOe
for die-upset. The MM-FeB-Al magnets gave HC =
5.1 kOe, Br = 4.8 kG with (BH)max = 3.3 MGOe
when hot-pressed and HC = 3.6 kOe, Br = 6.4 kG with
(BH)max = 6.3 MGOe when die-upset. The MM-FeB-
Al-Co magnets gave HC = 5.1 kOe, Br = 5.4 kG with
(BH)max = 5.1 MGOe when hot-pressed and HC =
3.6 kOe, Br = 6.7 kG with (BH)max = 6.8 MGOe when
die-upset. These results are tabulated in Table II. The
remanences of the die-upset MM-FeB, MM-FeB-Al,
MM-FeB-Co-Al and MM-FeB-Ti magnets were
improved by 19.6%, 29.5%, 16.7% and 8.7%, respec-
tively, compared to the corresponding hot-pressed
magnets. The coercivities of the die-upset MM-FeB,
MM-FeB-Al, MM-FeB-Co-Al and MM-FeB-Ti mag-
nets were improved by 40%, 23.3%, 27.9% and 13.2%
than those of hot-pressed magnets, respectively. In the
case of MM-FeB-Al magnets, Al substitution for Fe
increased both of the remanence and coercivity by 3.6%

TABLE I I Summary of magnetic parameters determined for the ma-
terials under investigation

Parameters

Br iHc bHc (BH) max
Specimens (KG) (kOe) (kOe) (MGOe)

Hot-pressed magnets
MM-FeB 4.6 3.0 2.1 2.9

5.0 3.7 2.5 4.1
MM-FeB-Al 4.4 3.0 2.1 2.8

4.8 5.1 2.5 3.3
MM-FeB-Ti 4.6 3.8 2.1 2.8

5.3 4.8 3.0 4.3
MM-FeB-Al-Co 4.8 4.3 2.7 3.8

5.4 5.1 3.3 5.1

Die-upset magnets
MM-FeB 5.5 1.8 1.8 3.4

5.9 2.6 2.0 4.1
MM-FeB-Al 5.7 2.3 2.1 4.8

6.4 3.6 2.9 6.3
MM-FeB-Ti 5.0 3.3 2.3 3.5

5.4 4.0 2.7 4.1
MM-FeB-Al-Co 5.6 3.1 2.8 5.3

6.7 3.6 3.1 6.8
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and 27.8% in die-upset magnets, though it did not make
much improvement in the hot-pressed magnets. The
substitution of Al for Fe seems to increase the me-
chanical deformation and magnetic anisotropy during
die-upsetting. In the case of MM-FeB-Co-Al magnets,
Co-Al substitution for Fe showed improvement in re-
manence and coercivity; 4.3% and 43.3% respectively
for hot-pressed magnets and 2.2% and 72.2% respec-
tively for die-upset magnets. MM-FeB-Co-Al magnets
exhibited higher magnetic properties than MM-FeB-Al
magnets, in both hot-pressed and die-upset. Partial Co-
substitution for Fe in MM-FeB-Al magnets results in
increase in magnetic anisotropy and Curie temperature
(580 K) as suggested in Nd-Fe (Co, Al)-B permanent
magnet systems [5]. In the case of hot-pressed
MM-FeB-Ti magnets, the coercivity was increased by
26.7% and the remanence was nearly unchanged com-
pared with MM-FeB magnet. The remanence of the
die-upset MM-FeB-Ti magnet was decreased by 9.1%,
and coercivity was 83.3% higher than that of MM-FeB
magnet. The small cracks existed in hot-pressed
MM-FeB-Ti magnets and it might result in lower (BH)
max values than those of MM-FeB magnets. The mag-
netic properties of MM-FeB-M alloys, in general, are
much lower compared with Nd-Fe-B (C) permanent
magnets [5]. This is mainly because of lower mag-
netocrystalline anisotropy of tetragonal (La, Ce)-Fe-B
compounds [1]. Higher squareness (∼0.8) of demag-
netization curve of the die-upset MM-FeB-Al and
MM-FeB-Co-Al magnet suggests that die-upsetting
could be a useful tool for fabrication of anisotropic
MM-FeB-(Al, Ti and Al-Co) magnets competing with
ferrite systems. Bonded magnets were fabricated using
polyamide binder. From SEM micrographs (not given
in this paper), it was seen that densification was not sat-
isfactory. Densities were about 5.5 g · cm−3 which are
roughly 75% of attainable values in this systems. Bond
magnets were magnetically isotropic with properties;
HC = 2.3–3.5 kOe, Br = 3.1–4.0 kG and (BH)max =
1.2–2.4 MGOe depending on alloy composition.

4. Conclusions
The hot-pressed MM-FeB-Al-Co magnets showed
HC = 5.1 kOe, Br = 5.4 kG with (B H )max = 5.1 MGOe
and die-upset magnets HC = 3.6 kOe, Br = 6.7 kG,
(B H )max = 6.8 MGOe. The higher magnetic proper-
ties of die-upset magnets over hot-pressed magnets

are mainly due to the alignment of the c-axis. Higher
squareness (∼0.8) of demagnetization curve was ob-
tained in anisotropic die-upset (MM)-FeB-(Al, Al-Co)
magnets. HC = 2.3–3.5 kOe, Br = 3.1–4.0 kG and
(B H )max = 1.2–2.4 MGOe depending on alloy compo-
sition were obtained in bond magnets. The substitution
of Co and Al for Fe resulted in increases of the densifi-
cation in hot-pressed magnets and magnetic anisotropy
of the die-upset magnets.
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