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In this study, FeNi-based amorphous alloys having crystallization temperature (7,) close to FeNi order-disor-
der transition temperature were developed. Through an extended annealing process at around the crystalliza-
tion temperature, an ordered phase, L1,-FeNi, was formed. Structural characterizations of annealed ribbons
confirmed the formation of L.1)-FeNi phase through observation of a weak superlattice peak. Measured coer-
civity (H,) also indicated formation of the ordered L1,-FeNi phase, which increased up to 744 Qe after the

annealing process.
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1. Introduction

Demand for permanent magnets has rapidly increased
with growing demands on electrical applications such as
motors, automobiles, and renewable-energy devices [1-5].
Rare earth compounds are well known as suitable
materials for permanent magnets owing to their superior
magnetic properties, such as high saturation magnetization
(M;) and high maximum magnetic energy product (BH ).
However, rare earth materials as indicated by their name
are not abundant on earth resulting in an unbalanced
supply-demand relationship [6]. In addition, severe
environmental pollution has occurred by the excessive
use of rare earth resources [7]. Therefore, development of
novel rare-earth-free permanent magnets is crucial to
reduce the dependence on rare-earth resources. Rare-
earth-free permanent magnetic materials such as ferrite,
LTP (Low temperature phase)-MnBi, L1,-FePt, a’-FeN,
and L1y-FeNi have been extensively studied [8-12].
Among these materials, L1y-FeNi phase appears one of
the strongest candidates. L1,-FeNi phase exhibits superior
magnetic properties, exhibiting a large M, (~1270 emu/
cm®), large uniaxial magnetic anisotropy (K, of ~1.3x10’
erg/cm®), and high theoretical BH,,,, (~42 MG Oe) [13,
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14]. Furthermore, Curie temperature (7;) of L1o-FeNi is
higher (~550 °C) than that of NdFeB-based magnets [15].
In addition, L1,-FeNi phase is cost-effective because it
consists of Fe and Ni, which are both abundant and
inexpensive compared to other non-rare earth elements
[16].

L1o-FeNi phase was first discovered in a meteorite
named NWA 6259 [17]. In this meteorite, the ordered
L1o-FeNi phase appeared together with a disordered
(Face-centered Cubic, FCC) FeNi phase as a result of
phase transition from the fcc phase to the ordered (L1y)
phase through an extremely slow cooling rate of approxi-
mately 1 °C/10° years of the universe [18]. The order-
disorder transition temperature at which the phase tran-
sition from FCC- to L1y-phase appears is relatively low
(~320 °C) [19], at which the diffusion coefficients of Fe
and Ni are also very low [18]. Therefore, it is difficult to
artificially form the L1y-FeNi phase for a bulk-shaped
magnet based on the previously reported methods, such as
high-energy ball milling, thin film growth, irradiation with
high-energy beams, or high-energy torsion techniques
[18, 20-23]. As an alternative way to acquire the product
of transformation of extremely slow kinetics, researchers
fabricated an amorphous ribbon of an FeNi-based alloy
by melt-spinning and carried out heat treatment carefully
to induce crystallization from amorphous state at around
the order-disorder ftransition temperature [18, 24-27].
Motivated by those pioneering works, to further develop
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the idea in this study, FeNi-based alloys with a crystalli-
zation temperature (7y) of approximately the same value
as that of the order-disorder transition temperature were
developed. Herein, the enhancement of hard-magnetic
properties, such as coercivity (H.), was addressed, and the
obtained value was compared with previously reported
data (~700 Oe) [27].

2. Experimental

Fe-Ni-based ingots with nominal compositions of
[FeoA5Ni0'5]x[P0.65C0A25]loo,x (X = 81, 82, and 83 at%) were
prepared by induction melting of mixtures containing
high-purity elemental materials, which were re-melted
using an arc melter in a Ti-gettered Ar atmosphere to
ensure homogeneity. Amorphous ribbons were produced
by melt-spinning under Ar atmosphere with a wheel
speed of 56.3 m/s. The width and thickness of the ribbons
were 2 mm and 20-30 pm, respectively. Prior to the
annealing treatment to produce the crystalline phase, the
as-spun ribbons were sealed in a quartz tube containing
Ar and annealed in a box furnace that was preheated to
annealing temperature. The annealing temperature was set
to be around 7y of the as-spun amorphous ribbons. The
values of 7, were measured by differential scanning
calorimetry (DSC) at a heating rate of 0.34 °C/s. The
structural properties of both the as-spun and annealed
ribbons were observed by X-ray diffraction (XRD). The
microstructures of the annealed ribbons were examined
by transmission electron microscopy (TEM). Further,
magnetic properties of the alloys, such as M, and H,, were
measured using a vibrating sample magnetometer (VSM)
at room temperature. These magnetic properties were
recorded in a maximum applied field of 10 kOe at
different incident angles (6).

3. Results and Discussion

To optimize the annealing conditions, thermal properties
of the as-spun [Fe0,5Ni0A5]X[P0,65C0.25]10(H (x = 81, 82, and
83 at.%) alloys were investigated to determine the anneal-
ing temperature (7). Figure 1 shows the DSC curves of
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Fig. 1. (Color online) DSC curves of the as-spun [Fe,sNig s],-
[P0,65C0A25]100—x ()C = 81, 82, and 83 at%) ribbons.

the alloys. The difference between the first crystallization
temperature (7x;) and the second crystallization temper-
ature (7T,) increased with increasing FeNi content, as
shown in Fig. 1. In addition, as the Fe content increased,
Ty, decreased to approach closer to the order-disorder
transition temperature of L1¢-FeNi (~320 °C). When the
temperature interval between different crystallization
peaks increases, the first crystallization (which is ex-
pected to be the formation of FCC FeNi solid solution
phase) dominates the early stage crystallization and,
therefore, the formation of the L1o-FeNi phase could
possibly be favored. It has been reported that the crystalli-
zation temperature intervals might increase as the Fe
content increases [28]. Annealing treatments on the
amorphous ribbons were carried out at different temper-
atures close to Ty, of each alloy for 288 h as shown in
Table 1.

Makino et al. also reported that the annealing around
the first crystallization onset temperature worked success-
fully for the synthesis of L1¢-FeNi, which was indirectly
proven by that the annealed alloys exhibited high hard-
magnetic properties [18]. The values of 7y and 7, are
summarized in Table 1. Figures 2(a) and (b) show the
XRD patterns of the as-spun samples. In Fig. 2(a), broad
humps without the presence of crystalline peaks are
observed for all three ribbons indicating that the struc-

Table 1. Crystallization and annealing temperatures at different compositions of the [Feg sNig5].[Po.s5Co.25]100- alloy (x = 81, 82, and

83).
Composition (at. %)
. Txl (OC) A(TXI_TXZ) TxZ Tx3 Tx4 Ta
[Feq.sNig.s]i[Po.6sCoz2s] 100«
x=28l1 362 15 377 431 - 360
x=82 356 18 474 416 - 355
x=83 347 32 479 413 435 350
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Fig. 2. (Color online) XRD patterns of (a) the as-spun and (b) annealed [FeysNigs5]:[Po.s5Co.25]100x (x = 81, 82, and 83 at.%) ribbons.

tures of the samples are dominantly amorphous. As
shown in Fig. 2(b), crystalline peaks were observed for
the annealed ribbons, including the disordered (FCC)
FeNi, the ordered L1,-FeNi, nickel phosphide (FeNi,P),
and cohenite (Fe;C). XRD was conducted to observe the
formation of the L1y-FeNi phase by detecting superlattice
peaks of the ordered phase because the XRD pattern of
the L1,-FeNi phase was similar to that of the disordered
(FCC) phase of FeNi with only difference in the
superlattice peaks [12, 29].

However, those superlattice peaks were not evident in
the XRD data because of the limited intensity of the
superlattice peaks compared to other regular peaks.
Therefore, characterization using a synchrotron X-ray
diffractometer equipped with high beam flux was carried
out (Fig. 3) to observe the superlattice peaks of annealed
[Feol5Ni0'5]g1[P0A65C0'25]19 ribbon. As shown in the Syn-
chrotron XRD pattern of [FeysNigs]si[PossCoaslio With
wavelength of 0.152250 nm which is close to that of Cu
Ka radiation (0.154059 nm), the (100) superlattice peak
appeared at ~35.2°, which is a right shoulder of a peak at
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~35° (Figs. 3(a) and (b)) (Please note that (100) indicates
the plane of a tetragonal system, P4/mmm, a=0.2533 nm
and ¢=0.3607 [16]).

Figure 4 shows the magnetic hysteresis loops of the as-
Spun [Feo,5Ni0,5]x[P0A65C0,25]10(H (X = 81, 82, and 83 at%)
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Fig. 4. (Color online) Hysteresis loops of the as-spun
[Fe()'5Ni0_5]x[P0.65C0'25]10(yx ()C = 81, 82, and 83 at%) I'ibel’lS.
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Fig. 3. (Color online) (a) Synchrotron XRD patterns of the annealed [FegsNigs]si[Po.s5Co2s]10 ribbon and magnified view at sur-

rounding regions near 26 of (b) 35°.
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Table 2. H, values of the annealed [FegsNigs].[Po.65Co25]100-x
(x = 81, 82, and 83 at.%) ribbons.

[Feo.sNios]:[Po.ssCoz2s]i00-x

Degree (°) x=281 x=282 x=283
H.(Oe)
0 (in-plane) 299 306 238
10 309 326 245
20 326 330 262
30 351 347 300
40 386 380 338
50 449 441 386
60 553 547 502
70 581 698 586
80 744 700 664
90 (out-of-plane) 491 472 503

ribbons measured by VSM. The M; values of the as-spun
ribbons ranged from 90 to 108 emu/g with increasing
FeNi ratio. The H, values were low, ranging from 37 to
34.5 Oe, which confirmed the presence of typical soft-
magnetic materials. However, after the annealing process,
both the in-plane and out-of-plane data showed signifi-
cantly increased H.. As listed in Table 2, the highest H,
values of [Feg sNigs][PossCo2s]ioor (x = 81, 82, and 83
at.%) alloys annealed at T, 360, 355, and 350 °C for 288
h were 744, 700, and 664 Oe, respectively. The highest H,
for all alloy samples were observed at 80° (Table 2).
These results were similar to previously reported data
from a meteorite analysis, which exhibited an optimum
magnetization curve at 82° [30]. The H. enhancement
(Fig. 5) was possibly because of the formation of the L1,-
FeNi phase (i.e., the hard-magnetic phase) after anneal-
ing, which was further confirmed by the structural
analysis. When a magnetic field was applied at about 80°
with respect to the ribbon plane, the large magnetization
increase at lower magnetic field was possibly owing to
the c-axis magnetic anisotropy of the L1,-FeNi phase. In
addition, a-Fe and Fe;B phases, although those phases
were not observed in this study, which have magnetic
easy axes at the ribbon plane could contribute to linear
increase in magnetization at higher fields [18]. Such a
linear increase in magnetization was also observed for the
meteorites.

The phases other than L1,-FeNi, such as the nickel
phosphide (FeNi,P) and cohenite (Fe;C) phases, are not
hard-magnetic. Also, it should be noted that iron with
BCC structure, which is a strong hard-magnet, was not
formed by annealing in this study. Studies regarding the
phases that can affect H, in FCC Fe have been reported
previously. Jiles et al. obtained a maximum H, value of
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Fig. 5. (Color online) Hysteresis loops of the annealed (a)

[FeosNios]gi[Po.ssCo.slo, (b) [Feo.sNigs]sa[PossCozshis, and (c)
[Feo.sNigs]g3[Po.ssCo.s]i7 ribbons.

~2 Oe (FCC Fe phase) when the phase diameter was in
the range of 8-11 um [31]. Carbide inclusions in carbon
steels can also increase the H, value, leading to a maximum
value of ~10 Oe [32]. However, these H. values are
significantly low compared to those of the annealed
[FeosNigs]:[Po.ssCo25]100— (x = 81, 82, and 83 at.%) ribbons
(H. in the range of 664-744 Oe). The higher H, values are
most likely to indicate the formation of the L1¢-FeNi



-398 -

N
! MAG: 640kx HV: 200kV

e f

MAG: 640kx HV: 200kV

P

MAG: 640kx HV: 200kV

n
| MAG: 640kx HV: 200kV

Fig. 6. (Color online) (a) STEM-HAADF image and (b-f)
EDS elemental maps of the annealed [Feo,sNioj]g][P0'65C0_25]19
ribbon prepared at 360 °C (7y) for 288 h.

phase. Thus, it was concluded that the L1,-FeNi phase
precipitated in the annealed [FeqsNigs][PossCo2s]i00x (x
= 81, 82, and 83 at.%) ribbons, which was reflected by
the highest H. value at 80°.

For microstructural investigation of the L1y-FeNi phase,
TEM and EDS were performed. Figure 6 shows the
STEM-HAADF (Scanning Transmission Electron Micro-
scopy — High Angle Annular Dark Field) image and EDS
maps of the major elements of the [Fey sNigs]s1[Po.ssCo2slio
ribbon annealed at 360 °C for 288 h. EDS mapping
provided the distribution of Fe, Ni, and P; however, the
distribution of C was not clearly observed. In the integ-
rated EDS map (Fig. 6(b)), the nearly equiatomic FeNi
phase was observed in the center part of the figure. The
quantified compositions of the Fe- and Ni-rich regions
were consistent with the indexing results of XRD for
cohenite (Fe;C, Fig. 6(c) and (f)) and nickel phosphide
(FeNi,P, Fig. 6(d) and (f)), respectively, as shown in Figs.
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Fig. 7. (Color online) (a), (b) Bright field TEM images; (c)
SAED pattern; (d) FFT diffraction patterns of the annealed rib-
bons at 360 °C (7y;) for 576 h.

2 and 3. The chemical composition of the FeNi equi-
atomic phase was calculated to be ~39, ~58, and ~3 at%
for Fe, Ni, and P, respectively, which is comparable to the
ideal Fe:Ni ratio of the phase [28]. Similar results for the
phase distribution and chemical compositions of the
constituent phases were also acquired for the ribbon
specimens of x=82 and 83 annealed at 355 and 350 °C,
respectively, for 288 h. Figures 7(a) and (b) (marked
regions) correspond to the FeNi equiatomic phase based
on the composition data (same location as the one shown
in Fig. 6). Figure 7(b) is a high-resolution image of Fig.
7(a) providing diffraction pattern created by fast Fourier
transform (FFT) of Fig. 7(b) (Fig. 7(c)). In Fig. 7(c), the
fce-lattice spots can be clearly observed with (111) and
(020) reflections along the (110)-zone axis as confirmed
by calculated diffraction pattern shown in Fig. 7(d).
However, the superlattice reflections were quite weak and
not visible in this observation (Fig. 7(c)). The reason for
not being able to detect the ordering of the FeNi phase
from TEM observation could be that the ordering could
have taken place only partially in every FeNi precipitates
that the diffraction from the ordered part is too weak to be
detected from the conventional TEM work. The grain size
of the annealed ribbons was rather small (~60 nm) and a
wide defect zone (Moire fringes) appeared because of the
grain overlapping along the thickness direction of the
TEM specimen. Although the L1, phase formation was
not detected by TEM, the synchrotron XRD patterns (Fig.
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3) and the values of H, (Fig. 5) comprised experimental
evidence of the precipitation of the L1, phase.

4. Conclusion

Herein, [FeosNigs].[PossCoaslioor (x = 81, 82, and 83
at.%) amorphous alloys with enhanced hard-magnetic
properties were fabricated through crystallization heat
treatment which is believed to have induced the formation
of the L1y-FeNi phase in the ribbons. To artificially pro-
duce the hard-magnetic L1y-FeNi phase, the amorphous
ribbons produced by melt-spinning were annealed at
different 7, values that almost corresponded to the 7 of
each alloy. And, 7 of the alloys was not much different
from the known order-disorder transition temperature of
FeNi alloy. The results of this study are summarized as
follows:

(1) As-spun [Feg sNigs][Po.6sCo2sli00« (x = 81, 82, and
83 at.%) ribbons exhibited a typical amorphous structure.
However, the ribbons annealed at different 7, for 288 h
were comprised of crystalline peaks of different phases
including disordered FCC FeNi, Fe;C, FeNi,P, and
ordered L1,-FeNi. To confirm the superlattice peaks of
the ordered L1,-FeNi phase, structural analyses were
conducted using synchrotron XRD. The (100)-superlattice
peaks were observed through the high beam flux of the
irradiating synchrotron X-ray. Thus, the precipitation of
the ordered L1y-FeNi phase was confirmed.

(2) Among the annealed [Feg sNigs][Po.6sCo2s]i00« (x =
81, 82, and 83 at.%) ribbons, the ribbons containing the
L1o-FeNi phase with c-axis magnetic anisotropy had
lower H. values along the in-plane direction of the ribbon.
However, they exhibited the highest H, values at 80° with
respect to the ribbon plane. The H. enhancement also
supports the formation of a hard-magnetic phase (L1o-
FeNi phase) after annealing.

(3) For microstructural analysis, the annealed ribbons
were examined by TEM observation together with EDS
mapping. Fe-rich, Ni-rich, and almost FeNi equiatomic
regions were observed in the annealed [FeqsNigs],-
[PossCosnslioor (x = 81, 82, and 83 at.%) ribbons. High
resolution imaging and FFT for detecting the L1y-FeNi
phase in the FeNi equiatomic regions turned out not to
work which might suggest that ordering of FeNi pre-
cipitates took place only partially.
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