Single crystal magnets
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Single crystals of the Fe~Cr~Co alloys without and with 3% Mo were prepared by a
recrystallization process. The microstructures and the magnetic properties of (100, (110), and
(111) single crystals were investigated after the heat treatment in the ridge region of the
miscibility gap. The magnetic properties of the Fe-22 Cr-17 Co ridge single crystals were not
affected very much by the crystal orientation. However, the Fe-23 Cr-20 Co-3 Mo alloys show
the crystal orientation dependence of the magnetic properties. The single crystal alloys are aged in
a magnetic field, the direction of which is varied around (100) axes. The magnetic properties are
measured parallel to the applied field directions and are summarized in view of deviated angle
from a {100) axis. The greater the deviation of the applied field direction from a (100) axis, the
poorer are the magnetic properties of the Mo single crystal alloy. The best magnetic properties are
achieved with Fe-22 Cr-18.5 Co-3 Mo (100) ridge single crystal as Br = 1.58 T (15.8 kG),
bHc =72.8 kA/m (910 Oe), and (BH )max = 91.2 kJ/m” (11.4 MGOe), which is the highest
energy product reported for the Fe-Cr—Co magnet family.

PACS numbers: 81.540.Ef, 81.40.Rs, 75.30. — m, 61.50.Jr

INTRODUCTION

Fe-Cr—Co alloys are potential permanent magnets be-
cause of their good ductility and excellent magnetic proper-
ties.'~'" The magnetic hardening of the alloys is performed
by heat treating within the miscibility gap, producing modu-
lated structures consisting of two phases, an iron-rich phase
{a,) and a chromium-rich phase {@,).!'""*

Recently, Minowa, Okada, and Homma experimental-
ly identified the existence of the ridge of the miscibility gap in
an Fe—Cr—Co system suggested by Nishizawa ez al.'* which
is the part of the protrusion of the miscibilty gap.'>""” It was
also reported that the magnetic properties of the polycrystal-
line Fe~Cr—Co alloys were remarkably improved by heat
treating within the ridge region of the miscibility gap. An
Fe-22 Cr-15 Co alloy achieves the magnetic properties as
Br=1.56 T, bHc = 51.6 kA/m, and (BH )max = 66.4 kJ/
m? (8.3 MGOe). The improvements of the magnetic proper-
ties of the ridge alloys were believed to be due to the highly
elongated and aligned FeCo rich particles parallel to the ap-
plied magnetic field direction in the Cr rich phase, indepen-
dently of grain crystal orientations.'” However, this had not
been confirmed so far in using the single crystal alloys. An-
other reported approach to improve the magnetic properties
was to add the Mo to the alloys, which makes the anisotropic
decomposition along (100) directions'® and utilize the an-
isotropic decomposition to more efficiently elongate and
align the FeCo rich phase in the applied field direction in a
(100) texture sample. This was done with the Fe-24 Cr-
15 Co-3 Mo alloy in developing the (100) columnar struc-
ture, which gave the magnetic properties as Br = 1.54 T,
bHc = 67.2kA/m, and (BH )max = 76 kJ/m" (Ref. 10). But,
the columnar grain of the alloy was not perfectly oriented to
the (100) crystallographic axes.
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Thus, the purposes of this work are the following: (1) to
study the crystal orientation dependences of the magnetic
properties of the single crystal alloys heat-treated in the
ridge region of the Fe—-Cr—Co system and to clarify whether
the FeCo particles are aligned and elongated parallel to the
applied field direction, independently of the crystal orienta-
tion; (2) to further improve the magnetic properties of Fe—
Cr-Co-Mo alloys in developing the {100) single crystal al-
loys and also study their crystal orientation dependence of
the magnetic properties. These results are discussed in con-
junction with their microstructures.

EXPERIMENTAL PROCEDURE

Alloys with the following compositions {in wt %) were
chosen for this investigation: Fe-229% Cr-17%Co, Fe-22%
Cr-18.5% Co — 3%Mo, and Fe-23% Cr-20% Co-3% Mo
alloys. The alloys were melted in an induction furnace from
99.9% electrolytic iron, 99.9% electrolytic chromium,
99.5% cobalt, and 99.8% molybdenum with 1 wt. % titan-
ium as the nitrogen excluding element in air and cast into a
cylindrical specimen in a sand mold with an inside diameter
of 14 mm. Chemical analysis verified that the final alloy was
within 1% of the desired composition. In order to prepare
the single crystals, the recrystallization process was used.
The preparation of single crystals was described in else-
where.’

The optimum condition of the heat treatment for the
ridge single crystals was at first determined by the procedure
schematically shown in Fig. 1. After the solution treatment
at 1250-1300 °C, the single crystal alloys were aged at 640—
730 °C for 10-30 min in a magnetic field of 160 kA /m (2 kOe)
and were held at 620 and 600 °C for 1 h each, respectively,
followed by the controlled cooling at a rate of § °C/h to
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FIG. 1. Schematic diagram of heat treatment.

500 °C and then held at 500 °C for 5 h. This heat treatment is
also used to define the temperature of the miscibility gap by
monitoring the magnetic properties of the alloys. '

Electron microscopy disc specimens were thinned in an
automatic jet polisher using an electrolytic solution of 20%
perchloric acid and 80% acetic acid. The magnetic proper-
ties were measured with an automatic fluxmeter.

RESULTS AND DISCUSSION

The electron micrographs of Fig. 2 show the micro-
structures of the Fe~22 Cr-17 Co (100} [Fig. 2 (a) and 2 (b)]
and (110) [Fig. 2(c) and 2(d)] single crystal alloys heat-treat-
ed shown in Fig. 1, taken from planes parallel [Fig. 2(a} and
2(c)] and perpendicular [Fig. 2(b), 2(d)] to the direction of the
magnetic field. These (100) and (110) single crystal alloys
were aged at 695 °C for 12 min in the magnetic field along the
(100) and (110) axes, respectively. The phase with light
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FIG. 2. Bright field micrographs of the Fe-22 Cr-17 Co (100) [(a),(b}] and
(110) [{c),(d)] single crystal alloys aged at 695 °C for 12 min in a magnetic
field, followed by the heat treatment shown in Fig. 1. The plane of foils are
(a), (c) parallel and (b), (d} perpendicular to the applied field direction (1 M).
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contrast is the FeCo-rich (a,) phase, and the phase with dark
contrast is the Cr-rich (a,) phase.>!" Referring to Fig. 2, the
final product microstructure of (100) and {(110) single crys-
tal alloys is such that the rod-like ferromagnetic (a,) phase
with a diameter of about 40 nm, a volume fraction of approx-
imately 70%, and a ratio of length to diameter (aspect ratio)
of about four is embedded in the (a,) phase. These micros-
tructural characteristics agree well with reported ones.'” A
similar morphology of the microstructure is observed in the
micrograph of the (111) single crystal alloy. It is important
to note that the a, particles of the Fe-22 Cr-17 Co single
crystal alloys, as shown in Fig. 2(a) and 2(c), are elongated
parallel to the direction of the magnetic field, (100) and
(110), respectively, independent of crystal orientation. In
fact, there are practically no differences in the magnetic
properties of the Fe-22 Cr-17 Co (100), (110}, and (111)
single crystal alloys, as shown in Table I.

Although the similar results have been obtained with
the Fe-30 Cr-23 Co-1 Si single crystal alloys published in
Ref. 5, the Fe—22 Cr—17 Co single crystal alloys yield a high
degree of alignment of the a, particles induced by thermo-
magnetic treatment. This higher alignment can be explained
by the small difference in the composition of the two phases
formed within the ridge region where elastic energy which
favors (100) decompositions is small.'"” Then, the Fe—
22 Cr-17 Co single crystal alloys show the excellent square-
ness of the demagnetization curve defined by Br/Is, as
shown in Table I.

Figure 3 shows the electron micrographs of the micro-
structures of the Fe—23 Cr—-20 Co~3 Mo (100) {Fig. 3(a) and
3(b)], (110} [Fig. 3(c) and 3(d)], and (111) [Fig. 3 (¢) and 3(f)]
single crystal alloys taken from planes parallel [Figs. (a), 3(c),
and 3(e)] and perpendicular [Fig. 3(b), 3(d), and 3(f)] to the
applied field direction. These single crystals were aged at
670 °C for 12 min in the magnetic field, followed by the heat
treatment. The directions of the applied field (1M) of the
(100), {(110), and (111) single crystal alloys are parallel to
{100), (110), and (111) axis, respectively. The microstruc-
ture of Fig. 3(a) and 3(b) shows the preferential alignment of

TABLE I. Magnetic properties of the Fe—-Cr-Co single crystal alloys with-
out and with 3%Mo.

Br bHc (BH )max Br/Is
Specimens  (T) {(kA/m) (kJ/m?) (%)
Fe-22 Cr-17 Co
(100) 1.60 51.7 69.6 97.6
(110) 1.57 50.2 64.0 96.6
(111) 1.57 48.8 61.6 95.7
Fe-22 Cr-18.5 Co-3 Mo
(100) 1.58 72.8 91.2 98.1
(110) 1.50 54.4 49.6 93.1
(111) 1.36 48.7 36.4 844
Fe-23 Cr-20 Co-3 Mo
(100) 1.48 76.0 88.0 96.2
(110) 1.36 51.2 45.6 89.0
(111) 1.23 45.6 33.6 80.5
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FIG. 3. Bright field micrographs of the Fe~23 Cr-20 Co-3 Mo (100)
{(a),(b)], (110) {(c),(d)], and {111) [(e),(f)] single crystal alloys aged at 670 °C
for 12 min in a magnetic field, followed by the heat treatment shown in Fig.
1. The plane of foils are (a), (c), (e) parallel and (b}, (d), {f) perpendicular to the
applied field direction (1M ).

the elongated ferromagnetic @, particles parallel to the
(100) direction which coincides with the magnetic field di-
rection. The volume fraction of the elongated a, particles
with the diameter of about 37 nmis approximately 68%. The
aspect ratio of the particles is nearly five. On the other hand,
Fig. 3(c), which is the electron micrograph taken from the
Fe-23 Cr-20 Co-3 Mo (110} single crystal aged in the mag-
netic field parallel to a (110) axis, shows that the alignment
of the ferromagnetic a, particles deviates from the direction
of the magnetic field shown by arrow (1M ) and the ¢, parti-
cles are not exactly aligned along (100) directions and ap-
pear to form the interconnecting network along the applied
field direction. These morphologies suggest that during de-
composition the elastic energy along {100) directions in the
Fe-Cr—Co alloys with Mo is higher than the applied magne-
tostatic energy. A similar morphology of the structure is
observed in the micrograph of the Fe-23 Cr-20 Co-3 Mo
{111) single crystal alloys shown in Fig. 3{e). The character-
istics of those morphologies of the microstructures in Fe-
Cr—Co-Mo alloys reflect their magnetic properties.

Figure 4 summarizes the crystal orientation depen-
dence of the magnetic properties of the Fe-23 Cr-20 Co—
3 Mo and Fe-22 Cr-18.5 Co-3 Mo single crystal alloys in
comparison with those of the Fe-22 Cr—17 Co single crystal
alloy. The figure indicates that the (100) single crystal alloys
with added Mo have the best magnetic properties and that
the greater the deviation from the (100) axis, the poorer are
the magnetic properties of the Mo single crystal alloy. From
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FIG. 4. Effect of angle deviated from a (100) axis on the magnetic proper-
ties of the Fe-22 Cr-17 Co, the Fe-22 Cr-18.5 Co-3 Mo, and the Fe-
23 Cr-20 Co-3 Mo single crystal alloys. The direction of the applied field is
parallel to angle deviated from a (100) axis.

the practical point of view in developing the (100) columnar
grain structures, it is noteworthy that the Fe-22 Cr~18.5 Cr—
3Mo single crystal alloys yield energy products of
(BH )max >80 kJ/m>, as long as the direction of the applied
field is within about 12° from a (100) axis. In contrast to the
Mo addition alloys, the Fe~22 Cr-17 Co alloy shows almost
no orientation dependence of the magnetic properties, which
is already stated in Table I.

The best magnetic properties obtained with the Fe-
23Cr-20Co-3 Mo (100) single crystal are given as
Br =148 T (14.8 kG), bHc = 76.0 kA/m (950 Oe), and
(BH )max = 88.0 kJ/m® (11.0 MGOe). The Fe-22 Cr-
18.5 Co-3 Mo (100) single crystal alloy further improved
the magnetic properties up to Br=1.58 T (15.8 kG),
bHc =72.8 kA/m, and (BH)max =91.2 kJ/m? (11.4
MGOe). The corresponding magnetic hysteresis loop of this
alloy is shown in Fig. 5 in comparison with that of the Fe—
22 Cr~17 Co (100) single crystal alloy. The magnetic prop-
erties obtained with Mo addition {100) single crystal alloys
are almost comparable to those of a {100) single crystal of an
Alnico 8 magnet.'® It should be mentioned that the optimum
procedure of the Fe-22 Cr-18.5 Co-3 Mo single crystal al-
loys is that the alloys are aged at 675 °C for 12 min in the
magnetic field, followed by the heat treatment shown in Fig.
1.
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FIG. 5. Magnetic hysteresis loops of the Fe-22 Cr—17 Co and the Fe-
22 Cr-18.5 Co-3 Mo (100) single crystal alloys.

The summary of the present investigation is as follows.
The Fe-22 Cr-17 Co ridge single crystal alloys show the ex-
cellent squareness and magnetic properties, independent of
crystal orientation. The Fe-Cr—Co-3 Mo single crystal al-
loys show the clear orientation dependence of their magnetic
properties and the more the angle deviated from a (100) axis
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increases, the lesser the magnetic properties are resulted.
The best magnetic properties are achieved with the Fe—
22 Cr-18.5 Co-3 Mo (100) single crystal alloy as
(BH )max~91.2 kJ/m? (11.4 MGOe).
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