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Abstract

The L1y—FePt nanocrystalline phase is directly formed by the rapid quenching of the (FegssPty4s)-M-B (M =Zr, Nb and Ti) alloy melt. The
as-quenched alloys exhibit coercivity higher than 200 kA/m. The direct formation of L.1,—FePt takes place at the compositional range where the
equilibrium disordered fcc phase disappears by decreasing of melting temperature into the L.1p—FePt phase stable region with simultaneous addition
of the M elements and B, presumably because of the strong interaction of Pt—M pairs.
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1. Introduction

The ordered L1p—FePt alloy has long been anticipated as
materials for permanent magnets because of large magnetic
anisotropy (Ky=7 X 10°J/m3 [1]) and good corrosion resis-
tance. However, near equiatomic FePt cast alloys do not exhibit
high magnetic hardness because of their coarsening structure
[2]. On the other hand, the structure of the as-made FePt thin
films produced by vapor-quenching technique is generally dis-
ordered fcc with low coercivity (H.). Heating a substrate during
deposition and/or post-annealing is necessary to obtain the L1
phase with high H [3—7]. However, high-temperature annealing
should cause grain growth, which results in a low H..

Recently, it was found that the melt-spun Fe-rich
(Feg.75Ptp25)—B alloys with 20 at.% B or more have a single
amorphous structure or a mixed structure of amorphous and
nanoscale fcc-FePt. A nanocomposite structure consisting of
L1¢—FePt, fcc-Fe and Fe; B was obtained after annealing [8,9].
The present paper considers the effect of simultaneous addition
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of transition metals (M = Zr, Nb and Ti) and B to near-equiatomic
FePt alloys on melting (Ty,) and order—disorder transformation
(Ty) temperatures. These transition elements have larger atomic
radii [10] than Fe and Pt and exhibit large negative mixing
enthalpy between Pt [11], as shown in Table 1. The formation of
the L1o—FePt phase and the magnetic hardness of the melt-spun
alloys are also described.

2. Experimental procedure

Alloy ingots, which are termed as the Cu mold cast alloys in this paper, were
prepared by arc melting in an Ar atmosphere. A single-roller melt-spinning
method in an Ar atmosphere was used to produce rapidly solidified alloys.
The structure of the samples was examined by powder X-ray diffractometry
(XRD) and transmission electron microscopy (TEM). Magnetic properties were
measured using either a vibrating sample magnetometer (VSM) with a maxi-
mum field (Hy) of 1 MA/m or a superconducting quantum interference device
(SQUID) magnetometer with an Hy, value of 4 MA/m. Thermal properties were
examined by a differential scanning calorimeter (DSC) with a heating rate of
0.17 K/s.

3. Results and discussion
3.1. (Feg.s55Pt9.45)—Zr—B alloys

First, the effect of the simultaneous addition of Zr and B to
the FessPty5 alloy, which is the center of the region where the
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Table 1
Mixing enthalpy [11] and Goldschmidt atomic radius [12] of the constitute
elements

Mixing enthalpy, AHpix (kJ/mol) Atomic radii, r (nm)

Fe Pt B
Fe - - - 0.126
Pt —-13 - - 0.138
B —11 —13 - 0.097
Ti —-17 —74 —43 0.147
Zr —25 —100 —56 0.160
Nb —16 —67 -39 0.147

L1¢—FePt phase is formed [12], was investigated. Fig. 1 shows
the compositional dependence of H. and the structure for the
melt-spun (Feg 55Pto.45)-Zr-B alloys in an as-quenched state.
The mixed structure of disordered fcc and ordered L1¢—FePt
phases is formed in the compositional range 2-8at.% Zr
and 15-24at.% B. The structure composed of the L1o—FePt
phase with a minor segment of the fcc phase (approximately
30vol.% [13]) is formed in the compositional range 2-5 at.%
Zr and 17-20 at.% B where the H. higher than 200 kA/m is
obtained. TEM observation reveals that the structure of melt-
spun (Feq s55Ptp 45)78Zr4B 13 alloy, which exhibits the highest H,
of 649 kA/m among the (Feqss5Pty45)—Zr-B alloys, is mainly
composed of L1¢—FePt grains with sizes of approximately 80 nm
[14,15], smaller than the critical single domain size (340 nm)
[16]. The coercivity of the (Fey s5Ptg.45)78Zr4B1g alloy is much
higher than that of the annealed bulk Feg; sPtsg 5 [2] and melt-
spun (Feg ¢5Pto 35)83B17 [17] alloys previously reported. On the
other hand, most of the Cu mold cast alloys are mainly composed
of compound phases and do not exhibit high H; the maximum
H_ was obtained for the binary Fes5Ptys with a single L1o—FePt
structure [14,15].

With increase in B content, T}, of the (Feg s55Ptg45)—-Zr—B
alloys drastically decreases; the lowest Ty, is 1360K for
(Feg 55Ptg.45)78Z1r4B 3. This Ty, is as much as 473 K lower than
the 1833 K of FessPtys [12], and is also lower than Ty, at 1548 K
for the binary alloy [12]. As already reported [15], in the compo-
sitional range indicated by gray color in Fig. 1, order—disorder
transformation is not observed in the DSC curve, i.e., the melt-
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Fig. 1. Compositional dependence of H. and structure of melt-spun
(Feo s5Ptp.45)-Zr—B alloys in an as-quenched state.
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Fig. 2. Annealing temperature dependence of coercivity of melt-spun
(Feo s55Pto 45)78Zr4B1g and Cumold cast FessPtys alloys. t, denotes the annealing
time.

spun L1p—FePt phase is stable up to Ty,. This compositional
range is found to be almost in agreement with that in which Ty,
is lower than approximately 1400 K [15]. Judging from Ty,—T}r
(=289 K) for (Fe 55Pto.45)78B22, T is also largely decreased by
the addition of approximately 20 at.% B. However, the decrease
in Ty is suppressed by the simultaneous addition of 2—6 at.% Zr.

Fig. 2 shows the annealing temperature dependence of H,, for
binary FessPtss and the melt-spun (Feg 55Ptg 45)78Z1r4B g alloys.
H_ of the melt-spun alloy increases and reaches to 1000 kA/m
after annealing at 623 K for 18 ks, while that of the Cu mold cast
alloy considerably decreases by annealing. This result indicates
that the L1o—FePt structure directly formed by the melt spinning
should not substantially change with annealing; the XRD profile
of the annealed (at 923 K for 1.8 ks) alloy is almost the same as
that of the as-quenched alloy. Therefore, melt-spun L1o—FePt
structure has a higher thermal stability than that of Cu mold cast
FessPtys alloy despite the melt-spun L19—FePt being metastable.

3.2. (Feg.ss5Ptg.4s5)-Nb—B alloys

Fig. 3 shows the compositional dependence of H. and the
structure for the melt-spun (Feg 55Pty.45)-Nb-B alloys in as-
quenched state. T, and Ti could not be measured in the upper
region of the broken line because they are too high. The as-
quenched structure is mainly composed of the L1¢p—FePt phase.
It should be noted that the L19—FePt formation region of the
(Feo 55Ptg.45)-Nb-B alloys is considerably larger than that of
the (Feq 55Ptg.45)—Zr-B alloys; i.e., 2—-8 at.% Nb and 15-24 at.%
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Fig. 3. Compositional dependence of H. and structure of melt-spun
(Feo s5Ptp.45)-Nb-B alloys in an as-quenched state.
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Fig.4. XRD profile of melt-spun (Feg 55Pto 45)72NbgBog alloy in an as-quenched
state.

B, where H. higher than 300 kA/m is obtained. Figs. 4 and 5
show the XRD profile and the TEM image of the as-quenched
(Feo.s5Ptp.45)72NbgBog, respectively. The TEM image reveals
that grain size of L1p—FePt is approximately 100 nm. Selected
area electron diffraction pattern consists of the distinct diffrac-
tion rings of L1p—FePt and the weak rings of the fcc phase,
whereas, only diffraction lines from L1o—FePt are observed
in the XRD profile. These results indicate that the volume
fraction of the fcc phase is much smaller than that of the
(Feg 55Ptg.45)—Zr-B alloys. Fig. 6 shows DSC curves of the
(Feq.55Pt0.45)65NbgB31 and (Feg.s55Pto.45)65NbgB21 alloys. The
former alloy has as-quenched structure composed of the fcc
phase and displays the order—disorder transformation before
melting. On the other hand, the order—disorder transformation
was not observed for the latter alloy, and the L.19p—FePt nanocrys-
talline structure was directly formed by melt spinning. These
results are similar to that of the (Feg 55Ptg.45)-Zr-B alloys.

3.3. (Feg.s5Pt9.45)-Ti—B alloys

Fig. 7 shows the compositional dependence of H; and the
structure for the melt-spun (Fegs55Ptg45)-Ti—B alloys in as-
quenched state. Fig. 8 shows the XRD profile of as-quenched
(Feg.55Pt0.45)33TizB1s. The structure is mainly composed of
L1p—FePt phase with grain size of approximately 100 nm and

Fig. 5. TEM image and selected area electron diffraction pattern of melt-spun
(Feo 55Pto.45)70NbgB2g alloy in an as-quenched state.
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Fig. 6. DSC curves of melt-spun: (a) (FegssPtoss5)ssNbsB3; and (b)
(Feo.55Pt0.45)65Nbg B2y alloys.
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Fig. 7. Compositional dependence of H. and structure of melt-spun
(Feo s5Ptp.45)-Nb-B alloys in an as-quenched state.
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state.
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H_. higher than 200 kA/m is obtained in the wide compositional
range of 2—6 at.% Ti and 3-20 at.% B. It should be noted that the
L1o—FePt formation range is located in the FePt-rich composi-
tion as compared with that of the (Fegss5Ptg45)—(Zr or Nb)-B
alloys.

4. Conclusion

The simultaneous addition of the M elements and B to near
equiatomic FePt alloys strongly decreases Ty,. The Ty is also
strongly decreased by the addition of B, however, the decrease
in Ty, is suppressed by the simultaneous addition of the M ele-
ments. Direct formation of L1g by rapid quenching takes place
at the compositional range where the fcc region, which at equi-
librium exists between liquid and the L1o—FePt phase region
at near equiatomic composition in Fe—Pt system, disappears by
the decrease of T;, by simultaneous addition of the M elements
and B, presumably because of the strong interaction of Pt-M
pairs. These results suggest that rapidly quenching the melt is
useful to realize good hard magnetic properties through grain
size refinement in near equiatomic FePt alloys.
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