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Abstract. NdzFe14B/Fegs Coss hard magnetic ribbons were fabricated by melt-spinning technique
using NdieFereBs and Fegs Coss pre-alloys as starting materials. The results showed that the
formation of the interactive hard/soft nanocomposite with the homogeneous distribution of the Fe-
Co phase throughout the Nda Fei14 B matriz provided the Curie temperature (Ic) as high as 747K,
the magnetic remanence (By) of 8.88 kG and the mazimum energy product, (BH)maz, of 16.75
MG. Oe for the fabricated Ndz Feira B/Fegs Coss ribbons at the optimal speed of 25 m/s. In addition,
the intrinsic coercivity (;Hc) of 9.27 kOe and remanence coercivity (ybH:) of 6.94 kOe were found
for these ribbons. The roles of the soft Fess Coszs phase in the increasing of T.,B, as well as in
the (001) preferred crystallographic orientation of hard magnetic grains on the free surface side of
the fabricated ribbons were also discussed.

I. INTRODUCTION

Melt-spun NdsFeq4B-based nanocomposite ribbons have been studied for almost 30
years [1]. The major research on these materials was focused to improve their magnetic
properties by controlling the melt-spinning process, changing the ratio of component ele-
ments of the original alloy and annealing regime to optimize nanocomposite microstruc-
ture. In general, the (BH)yqzcould get value beyond the threshold of 20 MG.Oe, but
mainly the values were given in the range of 12 — 18 MG.Oe [2-12]. As reported the
(BH ) ez threshold values were achieved by using complex technologies [13, 14]. For exam-
ple, the value of 20.3 MG.Oe was achieved in [13] by using a diversity of original alloy (Pr,
Tb)o(Fe, Nb, Zr)14B/a-Fe and with a strict control of microstructure to get an uniform
distribution of a-Fe, but the repetition of this technology faces many difficulties.

The value of 22 MG.Oe given for a sample with single-phase microstructure and
nanocrystalline exchange interaction was reported in the work [15]. The (BH)pq: of
about 20-22.5 MG.Oe for rapid quenched ribbons was also reported in [16]. However, to
achieve these values, a combination of Pr, Dy, and Co elements have been used by many
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authors. These elements increase the freedom degree and thus reduces the stability of
the technology processing. Anyway, an important finding by the authors in ref. 16 is
that a uniform microstructure of particles in size of 20-35nm would significantly improve
the quality of the rapid quenched ribbons. Especially, the maximum energy product
of 26.2 MG.Oe at room temperature was found for the as-spun PrgFe7s5Co;gNbB5C. It
was assumed to be originated from contibutions of the doping of Pr, Co, Nb and C
elements and the homogeneous distribution of NbC phase at grain boundaries of the hard
magnetic grains [17]. These above-mentioned preparative techniques that provide such
large (BH)maq value, however, it is difficult to be applied.

In this paper, we present the new results in preparation of the melt-spun Nd;gFe7Bg/
30%wt. FegsCoss ribbons at optimal speed of 25 m/s. The addition of FegsCogss alloy with
high saturation magnetic (240 emu/g) has improved the remanence of NdaFe 4B/ Fegs Coss
ribbons. Besides the role of FegsCoss in the increasing of 7. and magnetic properties of
NdyFe;4B/FegsCoss ribbons also were observed and discussed in details.

II. EXPERIMENTS

The pre-alloys with nominal compositions of FegsCos; and NdigFersBs were pre-
pared by an arc-melting method from Nd, Fe, Co powders and a FeB alloy under Ar
atmosphere. The ingots were melted three times to obtain a high homogeneity. In a
typical procedure, 20-22g pre-alloy mixture with FegsCoss amount of 30% in weight of
NdigFe7¢Bs was melted spun onto a cooper wheel under 0.05 MPa Argon atmosphere
from a quartz tube. The melt-spinning was operated at the wheel speed ranged from 20
to 30m/s to find an optimal wheel speed. The quartz tube orifice diameter was fixed at
1.0 mm, the distance between the nozzle and the wheel surface was kept constant by 4mm.
Structural and surface morphological studies were carried out using a SIEMENS D5000
X-ray diffractometer (XRD) with Cu-Ka radiation. Phase composition analysis using the
JADE software with Rietveld refinement option for the full width half maximum (FWHM)
analysis of peaks taken in the 20 range from 22° to 88°. The morphology of ribbon was
studied by using Hitachi-S4800 field emission scanning electron microscopy (FESEM). The
hysteresis loops of ribbons were measured by the physical property measurement system
(PPMS 6000). A vibrating sample magnetometer (VSM) was employed to measure the
thermal magnetization curve of ribbons.

III. RESULTS AND DISCUSSION

Fig. 1 shows the XRD pattern of NdygFe7sBg alloyed using arc-melting. The diffrac-
tion peak at 2-theta angle of 31° was assigned to elemental Nd phase, while all other
diffraction peaks belong to the NdyFe14B phase. The excess Nd amount of about 3% wt.
of NdgFergBgpre-alloy was derived from Rietveld analysis.

From the diffraction diagram of FegsCoss pre-alloy sample showed in Fig. 2, one can
realize that all diffraction peaks were assigned to FegsCoss phase and no other impurity
phase was detected. Saturation magnetization of this pre-alloy was measured by using
PPMS 6000 and Mg value of 240 emu/g was achieved (Fig. 5a).
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Fig. 1. XRD diagram of Nd;¢Fe;sBg alloy sample.
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Fig. 2. XRD diagram of the Feg5Coss phase.

Fig. 3a and Fig. 3b, present XRD diagrams of the rapid quenched Nd;sFe76Bg/
Feg5Cos5(30%wt) measured at the wheel-contacted surface and free surface sides of the
ribbon sample. It revealed that the NdyFe4B — based crystalline phase was observed only
in the two sides of ribbon, while FegsCoss phase was found only at the free surface side.
It is clearly seen that while the random distribution of crystalline grain was found at the
contacted surface side of the ribbons (Fig.3a), conversely the (001) preferred orientation
growth of crystalline grains at opposite side was clearly observed with a significant increase
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Fig. 3. XDR diagrams of the rapid quenched NdigFe7sBs/30% wt. FegsCoss
ribbon: a) Wheel contacted surface, b) free suface.

in intensity of (004), (006) and (008) peaks (Fig.3b) [18]. This crystallographic preferred
orientation along c-axis perpendicular to the plane of the ribbon can be explained as a
result of the presence of FegsCoss in the melt-mixture used with a wheel speed of 25m/s in
the spinning technique. With these selected melt-spinning conditions, a suitable thermal
gradient rate was achieved and, consequently facilitated the growth processing in the
preferred direction. In the case of the thermal gradient rate was not large enough for the
grains nucleation a growing the crystalline grains with preferred c-axis orientation were
observed also in the wheel-contacted surface side of the ribbons.

To demonstrate the combination of nano-fabrication of ribbons, temperature de-
pendence measurement of magnetization was conducted following a scanning cycle up and
down. Representative results of M (T) curve of NdjgFe76Bg/30% wt. FegsCoss ribbon are
shown in Fig. 4. The curve shows clearly a paramagnetic - ferromagnetic phase transi-
tion occurred at temperature of 747K by substituting Co for Fe in the NdoFe4B phase.
Beside the curve also shows the existence of the soft magnetic phase a-Fe (Fe-Co) with
the increase in magnetization at temperature over 7, value (747K) of the hard magnetic
phase.

Fig. 5 displays hysteresis loops measured on FegsCoss, NdjgFer6Bg and NdjgFe76Bg/
Feg5Co35(30 %wt) samples. The soft magnetic phase FegsCosshas saturation magnetiza-
tion, M valued at 240 emu/g and intrinsic coercivity, ;H. = 0. The magnetic properties
of as-spun NdjsFe76Bg ribbons at optimal speed, v = 18m/s, with saturation magnetiza-
tion (Mj), remanence magnetization (M, ), intrinsic coercivity (;H.) and energy product
(BH ) oy are 108.4demu/g (at H = 40 kOe), 66.8emu/g (6.41 kG), 14.5kOe and 8.1MG.Oe,
respectively. For the fabricated NdoFe4B/FegsCoss ribbons at optimal speed, Curie tem-
perature (7.), saturation magnetization (M), remanence magnetization (M, ), intrinsic
coercivity (;H.) and remanence coercivity (,H,.) values of 747K, 130,6 emu/g (at H = 40
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Fig. 4. Thermal magnetic analysis curve of the Nd;sFer6Bsg/30% wt. FegsCogzs sample.

kOe), 89.1 emu/g (M, = 8.88 kG ; M,/2 of hard magnetic phase, NdyFe 4B, with M, =
1.61 kG), 9.27 kOe and 6.94 kOe, respectively, were obtained. Thus, for these nanocom-
posite ribbons, as significantly improving in the maximum energy product (BH )z up to
16.75 MGOe was achieved.

Based on the Kneller-Hawig theory [19], it is clear that the quality of nanocomposite
magnets depends mainly on the two parameters of the soft magnetic phase: volume fraction
and grain size. The volume fraction must be large enough to increase the remanence
and the grain sizes must be small enough for strengthening the hardening process. The
hysteresis loop of the NdjgFey6Bg/Fegs Cos5(30% wt) ribbons with high squareness, non-
kink and smooth was indicating the coexistence of an exchange coupling between the hard
and soft magnetic phases.

From FESEM image of NdjsFe76Bs/FegsCoss (30% wt). ribbon showed in Fig. 6,
the nano-sized feature of particles was revealed with sizes fell in the range of 50 to 100
mm.

IV. CONCLUSION

NdyFe4B/FegsCoss ribbons were fabricated by rapid quenching technology with an
optimum speed of 25 m/s. Nanocomposite structure consists of a hard magnetic and a
soft magnetic phase which was identified by the XRD, FESEM, M (H) and M(T) mea-
surements. The optimization of technological conditions provided rapid quenched ribbons
having a high value magnetic energy of 16.75MG.Oe. Specially, the Curie temperature
and the intrinsic coercivity reached 747 K and 9.27 kQe, respectively. This good quality
ribbon nanocomposite is promising to produce the bonded magnets for applications.
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Fig. 5. Hysteresis loops of samples: (a) - FegsCoss, (b) - NdjgFersBs and (c) -
Nd16F676B8/30% wt. F6650035.

Fig. 6. FESEM micrograph of the as-spun Nd;sFez6Bg/30% wt. FegsCogs sample
with speed wheel v=25m/s.
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