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Abstract. Theinfluence of Zr and Ti substitutions on the formation d a nanocomposite magnet
was dudied by high-temperature X-ray diffraction and magnetic measurements. It has been
shown that Ti and espedally Zr additions favorably change the aystallization temperatures
and the sequence of phase transformations which leads to an exchange coupled magnet, even

in a compasition range that promotes the precipitation o the detrimental Nd,Fe,3B5 phase.
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The exchange spring phenomena ae related to the pinning of a soft magnetic
(SM) phase by a hard magnetic (HM) phase, via exchange interactions, which
act at the interface between the two pheses in contact. The system has
excellent hard magnetic properties. the hard magnetic phase give rise to a
high anisotropy and coercivity whereas the soft magnetic phase enhances the
saturation magnetization. Due to their unusual high remanence, large energy
product and low cost, the exchange spring magnets provided attradive
potential appli cations as permanent magnets. Micromagnetic cdculations [1]
and experimental results have shown that the exchange coupling is achieved
in nanocomposite materials in which the hard magnetic (RE;Fe4B) and the
additional soft (a-Fe or FesB) nanopheses, are aystall ographic coherent.

Nanocomposite exchange spring magnets may be obtained from amorphaus
ribbons with RE-Fe-B defined composition, using suitable annealing
treatments. By reducing the rare-earth content the aystalizaion process
becomes more complex due to the formation of some metastable phases,
most of them magnetic soft; the decomposition of these phases requires high
temperatures or long hed treatment which leads to crystallites coarsening. In
nanocomposite NdyFe;sB/FesB or a-Fe the magnetic properties are strongly



38¢

A.Jianuetal.

related to the microstructure. The optimum structure cnsists of uniformly
distributed soft and hard magnetic nanophases. In pradice, it is difficult to
control the grain size microall oying elements (e.g. Cu, Nb, Ga, W, and Si [2,
3]) have been used in many cases to optimize the microstructure.

The present work deals with a study of the microall oying effeds of Zr and Ti
substitution on the evolution of crystallization process and the magnetic
hardening of the Nd,;Feg;B1, aloy.

1. EXPERIMENTAL

Ingas with nominal compositions Nd;FegB1,, Nd/FegTioByy and
Nd;FezZr,B;, were prepared by arc melting. Amorphows ribbons (25pum
thicknesy were obtained by melt spinning in argon atmosphere. The
temperature-induced crystallization processes were studied in situ using
synchrotron radiation in high-temperature energy-dispersive x-ray diffraction
experiments (HASY-LAB, F2.1 beam line). Phase composition and magnetic
behavior were analyzed on samples heated for 2-5 minutes, in vacuum, at
temperatures between 650 and 800°C. Conventional XRD measurements
were performed using Cu Ka radiation. Hysteresis loops were obtained by
the extradion method at room temperature, in fields up to 1.8 T, applied
alongthe length of the ribbons.

2. RESULTSAND DISCUSSONS

Hightemperature energy-dispersive x-ray diffradion (EDXRD) using
synchrotron radiation was performed for the evauation of phase
transformations process Fig.1l shows the diffraction petterns of the free
substitution sample (the temperature range 300 - 850°C); even at the highest
temperature, Nd,Fex3B; was detected as a predominant phase. It is to nae
that the Nd fluorescence lines at 36.84, 37.36, 42.27 and 4332 KeV are
superposed on the diffraction spedra. The crystallization process starts at
600°C with the predpitation d the Nd,Fe;B; metastable phases. The first
diffradion pess of the Nd,Fe,B phase become visible a 700C. The
selected composition hes the stoichiometry near that of the Nd,Fe»sB3 phase.
A missing compasition gradient around metastable phase grains induces a
low rate of atomic diffusion. This may explain the high value of the
decomposition temperature.
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In situ high temperature EDXRD measurements of rapidly solidified Nd;Feg;B .

For the Nd,Feg; Ti,B1g sample, the aystallizaion also starts at 600 °C with the
formation of Nd,FexBs, but this phase decomposes into Fe;sB and Nd,Fe,B
at 650°C. The X-ray diffraction patterns for these samples, after 5 minutes of
heat treament at 650°C and 700 °C, ill ustrate this decomposition (Fig 2a and
2b, respedively).
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Fig. 2

X-Ray diffraction petterns for Nd;Feg;Ti,B1 (a and b) and Nd;Fe;oZr,B, (c) aloys
after diff erent anneali ng treatments

This behavior is confirmed by the termomagnetic measurements performed
on a sample annealed at 650C for 5 minutes and presented in Fig.3. During
heating, the metastable phase Nd,FexBg, is gill present, but after reaching ~
800°C, the maling curve shows that Nd,Fe,;B; has fully decomposed.
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Termomagnetic measurements performed on Nd;Feg; Ti,B,osample annealed
at 650C for 5 minutes
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For the sample with Zr substitution, the crystallization processis different:
Nd,Fe;sB and Fe;B predpitate directly from the amorphous phase. This
behavior confirms the influence of Zr atoms in stabilizing the 2:14:1 phase
[2].

The exchange couping between the soft and hard phases was checked by
magnetic measurements on anneded samples. For Nd/FeyB;, and
Nd;Fes; TioB1o, the saturation magnetization deaeases with increasing the
annealing temperature, suggesting the decompasition of Nd,FexBs. The high
temperature aystallization d the hard magnetic phase in Nd;Feg; B, all ows
the grain growth of the Fe;B phase, which becomestoo large for an exchange
couding. Fig. 3 presents the hysteresis loop of Nd;FegB;, with the highest
coercivity obtained after a hea treament of 5 minute at 775°C; it shows a
typical behavior of a hard/soft mixture without exchange coupling.

Ti substitution for boron has a beneficial effed on the exchange wuging, by
reducing the Nd,Fe,3B; decomposition temperature; after annealing for 2 min.
at 725°C (Fig. 4), the remanence ratio Mr/Ms of 0.71 indicates the existence
of intergranular exchange interadions. Nevertheless the shoulder in the
demagnetizaion curve shows an imperfed coupling between the magnetic
phases, the size of the soft one been probably too large.

The best magnetic exchange coupling is obtained for Nd;Fe;Zr,Bp.. An
optimum coercivity of 3.7kOe, a remanence ratio of 0.81 (Fig. 4) and an
energyoprodu:t of 10.9GOe are obtained on a sample anneded for 2 minutes
at 700 "C.
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Room-temperature hysteresis loops after the optimized annealing tregments
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3. CONCLUSION

The selected composition — Nd;Fey; B, —has the stoichiometry near that of the
Nd,FexB3 phase. The predpitation d a Nd,Fe;4B/FesB mixture takes place
by the decomposition of the metastable, primarily formed Nd,Fe,sB; phase. A
ladk of compasition gradient around metastable phase grains induces a low
rate of atomic diffuson during annealing. The high value of the
decomposition temperature induces a final non-uniform microstructure,
unsuitable for an exchange cupled magnet.

2% Ti substitution for B reduced the decompasition temperature preserving
some exchange coupling.

2% of Fe aoms aubgtituted by Zr changed the sequence of the aystalli zation
processpromoting the formation d Nd,Fe4B/Fe;B nanocompositein the first
step, at lower temperatures and the improvement of the magnetic properties.
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