Crystallization and texturing in rapidly guenched Nd,Fe, B, and Nd,;Fe,. B,
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The crystallization and texturing in amorphous Nd, Fe,, B and Nd,;Fe,, By were investigated.
The crystallization kinetics for both compositions were similar with an activation energy of 3.5
eV, an Avrami exponent of 3.4, and crystaliization enthalpy of 5.1 kJ/mol. Extreme texturing,
with the ¢ axis perpendicular to the ribbon plane, is observed in the slow guench materials.
Similar, but less pronounced, effects are seen in the recrystallized alloys. In some cases surface
oxidation was found to give the samples the appearance of texture due to a combination of

Nd, 0, and alpha-iron reflections.

INTRODUCTION

Two methods exist for preparing WNd-Fe-B permanent
magnet material by rapid guenching. The first, and more
widely used, is to produce by relatively slow guench rates a
microcrystalline material with good magunetic properties,
which can further be improved by subsequent thermal treat-
ment.! Alternatively the alloy may be rapidly guenched into
the amorphous state and then crystallized by subsequent heat
treatment to obtain the optimum magnetic performance.®?
For both procedures, the assesment of the composition and
texture of the resultant materials is complicated by the for-
mation of surface oxides during the production and treat-
ment phases. Furthermore, problems arise in the second case
from the difficulty of producing truly amorphous material.
In this paper we present data on the crystallization and tex-
turing of Nd-Fe-B alioys prepared by both methods.

EXPERIMENTAL METHODS

Alloys of the stoichiometric composition Nd,Fe, B
and the off-stoichiometric composition at Nd,; Fe,, B, were
prepared by induction melting appropriate amounts of Nd
{99.9%), Fe (99.99%), and B (99.9% ) on a water-cooled
copper boat under Ti-gettered argon. We find that this meth-
od yields much cleaner samples than conventional arc melt-
ing and leads to essentially no loss of constituents (less than
0.02% after 10 meltings). The alloys were melt spun on a
steel wheel with tangential speeds of up to 45 m/s under
high-purity argon. Inferior results were obtained with the
more usual copper wheel (for which the contact time of the
ribbon is too short) or by using a helium atmosphere. The
crysiallization characteristics were studied by differential
scanning calorimetry {DSC}, using a Perkin-Elmer DSC-
2C and the surfaces of the recrystallized samples were exam-
ined using conversion electron Mossbauer spectroscopy
(CEMS) which is sensitive to only the ocuter 100 nm of the
sample. Ribbens were fixed to aluminum foil using conduct-
ing paint to form the cathode of a flowing gas proportional
counter with a 5% methane/niclium mixture to minimize the
background due to x-ray and gamma-ray photons. Spectra
were recorded on a conventional constant acceleration drive
with a 1GBq °"Fe Pd source.
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RESULTS AND DISCUSSION

Figure 1 shows the x-ray diffraction pattern of a typical
amorphous ribbon of Nd, Fe,, B spun at 45 m/s. No contri-
bution from crystalline phases is seen, even on long exposure
from both the free and wheel surfaces of the ribbon. The
Mossbauer spectrum (not shown) also indicates no crystal-
linity. Similar results are obtained for Nd; Fe,; By. Oncrys-
tallization, a-Nd, Fe,, B produces only Nd, Fe,,B. The ex-
cess Nd and B in «-Nd,;Fe,, By appear as MNd, ,Fe,B,,
which is seen only in transmission MoOssbauer spectra, with,
presumably, some free Nd. DSC isothermal data show that
the kinetics of the crystallization are similar ini both systems.
Figure 2 shows Kissinger and Avrami plots for the two al-
loys.* Not only are the activation energies the same
(3.5 +- 0.1 eV), but also the Avrami exponents are identical,
3.4 4- 0.1. These resuits suggest that crystallization proceeds
by the same polymorphic reaction in the two alloys: diffu-
sion-controlled growth with constant rate of nucleation.
This suggests that crystallization with higher heating rates
will produce a higher density of nuclei which are believed to
be essential for the high coercivity in these materials. This is
supported by our preliminary magnetic measurements. The
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FIG. 1. X-ray diffraction scan for Nd, Fe,, B melt spun at 45 m/s showing
only amorphous material.
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FIG. 2. Kissinger (upper lines) and Avrami (lower lines) plots for
a-Nd,Fe, ;B (open symbols) and a-Nd ;Fe,,B8 (solid symbols).

excess Nd and B in ¢-Nd; Fe,, By donot appear to affect the
early stages of crystallization. The isochronal DSC scans,
however, show significantly different behavior, as is shown
in Fig. 3. The curve for Nd, Fe,, B is symmetrical, as expect-
ed for a polymorphic reaction. That for Nd; Fe,; B, showsa
high-temperature tail, resolved at low scan rates into a sepa-
rate peak. The activation energy for this peak is identical to
that of the main DSC peak. This suggests that this transfor-
mation may be due to different regions of the ribbon crystal-
lizing at different times rather than the formation of a second
phase. The tail may be drastically reduced by etching off a
thin ( =5 um) layer from the surface of the ribbon, confirm-
ing our interpretation. Similar effects have been reported by
Greer® on g-Feg, B,,, where it is suggested that because of
the dynamics of the melt puddle, a thin layer close to the
wheel is quenched much faster than the rest of the sample
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FIG. 3. DSC traces for e-Nd ;s Fe,, By and ¢-Ng, Fe,, B showing the high-

temperature tail on the former sample. The curves have been displaced hort-
zontally for clarity.
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FIG. 4. X-ray diffraction scans for Nd, Fe,, B showing (a) a textured mate-
rial and (b) a material which has oxidized.

and so has fewer nuclei. It is unclear why this effect is seen
only in Nd,;Fe,, By and not in Nd, Fe,, B. The crystalliza-
tion enthalpy for both compositions is 5.1 + 0.1 k¥/mole.
A key question in the formation of Nd-Fe-B is whether
the material may be textured, particularly whether the crys-
tals may be grown with the ¢ axis ( the easy axis of magneti-
zaticn) perpendicular to the ribbon surface. For slow
quenches (less than 15 m/s), where the material is almost
fully crystalline, there is a phenomenal texturing: on the
wheel side ouly crystals with the ¢ axis perpendicular to the
surface are seen, as is illustrated in Fig, 4(a). Similar results
have been reported by Coehoorn,® except that he reports
texturing on the free side. We have not yet determined bow
deeply the texturing extends into the bulk. Crystallization of
fully amorphous samples also leads to some texturing, but
much less pronounced than in the partly amorphous materi-
als. This is shown in Fig. 5, where the enhanced (00 2/)
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FIG. 5. X-ray diffraction scan for recrystallized Nd,, Fe,, By showing some
texturing. The broad peak centered at 26~ 20° is due to the sample holder,
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FIG. 6. Room-temperature conversion electron Mdossbauer spectra for two
samples of Nd, Fe,, B (corresponding to the samples in Fig. 4) showing (a)
a surface composed mainly of Nd, Fe;, B and (b) mainly a-iron.

peaks are indicated. The origin of this texturing is unclear,
but it may reflect internal stresses from the quenching pro-
cess.

In addition to this genuine texture, effects sometimes
appear which are simnilar in appearance but are in fact due to
surface oxidation. Figure 4{b) shows the x-ray diffraction
scan of Nd,;Fe,;, B, which exhibits peaks at the positions
corresponding to the (004) and (006) reflections of
Nd, Fe,,B. While this appears similar tc the textured mate-
rial in Fig. 4(a), the absence of the (002) and (008) reflec-

3332 J. Appi. Phys., Vol. 63, No. 8, 15 April 1988

tions combined with the intensities of the other reflections
clearly indicates that we are not dealing with textured
MNd,Fe,B. The apparent enhancement of the (004) reflec-
tion is in fact caused by the presence of a surface laver of
hexagonal Nd,G, (P3ml, JCPDS #6-408) which has its
principal line at the same angle. Precipitation of «-iron
formed by the oxidation of Nd, Fe,, B leads to a contribution
which overlaps with the (006) reflection of Nd, Fe,,B. This
interpretation is confirmed by CEMS shown in Fig. 6. The
iwo spectra correspond to the two materials in Fig. 4. In
order to obtain estimates of the surface composition, the
data were analyzed as the sum of standard Nd, Fe,, B and a-
Fe subspectra and only the relative areas of the two compo-
nents were allowed to vary. The surface of the truly textured
sample consists of mainly Nd, Fe,, B (over 70% ), whereas
that of the sampie showing only enhanced {004) and (006)
reflections is more than 60% a-iron.
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