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Evidence for the stable existence of the Fe ,Nd phase in the Fe—Nd system
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We did directional solidification experiments on,fédg, alloys at several low cooling rates in

order to observe the solidification sequence, displayed along the length of the sample. We also took
measurements of the transition temperatures around the eutectic temperature using a Calvet type
calorimeter. Our results show that the formation of the eutéctiogNd)+Fe;sNd, occurs first, and

is followed by the eutectit. < (Nd)+Fe,Nd. The calorimetric measurements give the temperature

of the first eutectic to be 688 °C, the temperature of the peritectic formation of the phae tee

be 682°C and the temperature of its eutectoid decomposition as 659 °C. Thermomagnetic
measurements give the Curie temperature of thil&@hase as 250 °C. A new phase diagram for

this system is proposed. @999 American Institute of Physid$50021-8979)05516-4

I. INTRODUCTION kinetic reasons™° The first eutectic would give the origin

to the feathered morphology and the second the globular one.

The phase relations for the Fe—Nd system have been af was clear that the study of the phase relations in this region

great interest since the discovery of the /Nel,B compound  of the phase diagram would require experimental techniques
and the powder metallurgical process for permanent magneible to cope with phenomena occurring in a small tempera-
fabrication from it! since the eutectic binary liquid plays an ture interval and able to produce morphologies coarser than
important role in the sintering and in overall magnetic per-the ones obtained in the usual melting procedures. Experi-
formance of the magnétThe first experimental studies of ments on directional solidificatidh reveal three types of
the system pointed out the existence of thegNekephase, and grain structure for ternary system Fe—Nd-B; fine and coarse
two thermal events around the Nd-rich eutectic were reportedrains and columnar grains are observed. Columnar grains
in differential thermal analysi€TA) measurementSLater,  are found in the central portion of the samples, where direc-
it was verified that the phase was not stable in the systemional solidification takes place. The increase of these grains
and instead, the phase;fdds was confirmed®The FgNd  leads to a higher Band BH . in this cast ingot. The objec-
phase was obtained in high-pressure experimefist the  tives of this work is to report results obtained in alloys with
as-cast samples, the eutectic always showed a very fine miomposition around the eutectic studied using directional so-
crostructure, with at least two morphologies: one of themlidification (DS) and very slow Calvet-type calorimetric
termed “feathered” and the other globufar® Measure- measurements and to propose one new equilibrium phase
ments of hysteresis cycles showed that as-cast alloys contaidiagram for the binary system Fe—Nd.
ing substantial amounts of the eutectic presented high coer-
cive fields, and the phase responsible for the magnetic
properties presented Curie temperature around 240 °C, adti EXPERIMENTAL PROCEDURES
was metastable under 600 °C heat treatm&hfdDue to the
very fine morphology, it was not possible to determine th

stoichiometry of this oitzzlered phaseermed P2 Re- o ihe DS experiments, samples were housed in, CaF
cently, Obrucheveet al.™* analyzed Nd-rich as-cast alloys (jyjes. Directional solidification was done for the composi-

with x-ray microdiffraction and electron microprobe and ;o Fe,Nds, (at%) in a rf furnace in argon at 2 atm pres-
strongly suggested that the, phase have stoichiometry gre Cooling rates, measured as the speed of the vertical
Fe;Nd. movement of the crucible, were 1, 10, and 20 mm/h. As the
It was then supposed that a metastable ordered phaggs echnique makes the microstructure of the sample change
.form'ed during the solidification .of the eutectic liquid. This along its length according to the sequence expected from the
implied that a metastable eutectic reaction (Nd)+ Py 0c-  yhage diagram, we divided our samples in three parts: the

curred together with a second metastable eutecliGyerior (the first one to solidify, medium and superioithe

L~ (Nd)+Fe;Nd, (the truly stable eutectic should be |45t 1o pe solidifieyl This division is valid for all the char-
L« (Nd)+Fe;;Nds, usually not observable due to nucleation ;terization techniques used.

Our calorimetric experiments were done in a Calvet-type
dElectronic mail: pias@iris.ufscar.br calorimeter, model HT1000D, from Setaram, run in the scan-

Samples were obtained by arc melting appropriate pro-
®ortions of 99.99% pure iron and 99.9% pure neodymium.

0021-8979/99/86(4)/2334/3/$15.00 2334 © 1999 American Institute of Physics
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FIG. 1. Microstructure of 20 mm/h BgNdgy DS sample(upper park (1) Temperature ( C)

FeNd phasej2) Fe;Nd, phase;3) primary Nd.
FIG. 3. TMA pattern of the sample containing the phaseNge (T,
=250°C). A second transitiofdenominated byy) at 166 °C could not be

. : .addressed to a known phase in the microstructure.
ning mode. The scanning rate used for most of our experi- P

ments was 0.05 °C/min in the temperature range of interest.

All samples directionally solidified and run in the calo- to the interpretation that even with very low cooling rates
rimeter were characterized by metallography. We also usedchieved in the DS experiments, we have first the precipita-
thermomagnetic analysi§MA), consisting of the measure- tion of the eutectic comprising the Fdld, phase, followed
ment of the ac susceptibility as a function of the temperaturepy the precipitation of the eutectic comprising the,I¥e
TMA runs were done up to 400°C at rates of 40 °C/min.phase that seems to be stable and that forms peritectically
Some of the samples were analyzed in an electron microrom the Fg,Nd, and (Nd) phasegFig. 1).
probe in order to determine the chemical composition of the  This interpretation of the sequence of microstructures

phases of interest. observed in the DS experiments is confirmed by calorimetric
measurements performed in the alloys with compositions
Ill. RESULTS AND DISCUSSION FesoNdyo (hypoeutectig and FeoNdsg, (hypereutectic The

o ) _ Calvet signal showed three thermal events for the 30-70

All the DS samples showed similar microstructures, d'f'sample afon average of several run€59, 682 and 687 °C
fering only in the coarseness as the cooling speed decreasgghy o) For the hypereutectic alloy the Calvet signal shows
We observed the precipitation of the globular eutectic de'only one event afon average688 °C. Tentatively, we ad-
scribed by the reactioh — Fe;;Nd,+(Nd) followed by the \ance the following interpretation of these data: the small
feathered eute_ctlc, now in sizes big enough to identify thesignal at 659 °C is the eutectoid decomposition of theNie
phases unambiguously. We observed also the phase comprisase the 682 °C signal corresponds to the peritectic forma-
ing the feathered eutectic in a peritectic morphology with th&;s reaction of the F&ld phase and the signal at 688 °C is
Fe;7Nd, and (Nd) phases(Fig. 1). Using the slowest speed e eytectic reactioh < Fe,Nd,+(Nd). In this context it is
DS samples that provided the biggest grains of this phase, Wejissing the explanation of the appearance of the eutectic
did electron probe microanalysis and determined its compoy,,g|ying the phase F&ld that reveals it to be metastable. It
sition to be FgNd with high confidence. These results point i jnteresting to note that in the DS samples the first part to
cool displays the globular eutectic, while the medium and
superior parts show essentially the feathered eutectic, as if
there is a sequence of two eutectics.

Fe Nd Cn_ul;rlagoz Samples containing almost only the,Nel phase, chosen
30 70 m=1.9929 by metallographic examination, show a Curie temperature of

g
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FIG. 2. Calvet measurement of thesféd,, sample at 0.05 °C/min. The
small signal at 659 °C is the eutectoid decomposition of theNBephase
(inset curve, the 682 °C signal corresponds to the peritectic formation re-
action of the FeNd phase, and the signal at 688 °C is the eutectic reactionFIG. 4. Microstructure of the 1 mm/h kfdg, DS sample, showing mag-
L« Fe;Nd,+(Nd). netic domains in the Eald phaseD).
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1800 L 1800 samples in a coarser form and whose microstructure changes
6004 = = % 1600 along the length of the samples. The obtained sizes were big
= - enough to allow a very precise determination of the stoichi-
A1400-m L 1400 ometry of the phase participating in the second eutectic as
O 1200 1200 being FeNd. This experiment also showed very clearly the
%1000 000 peritectic formation of this phase. The Calvet-type scanning
= e /‘ calorimeter allowed us to obtain thermal events that can be
= 39 I ~ L™ ascribed, tentatively, to the eutectic temperat6&s °0, the
3 700] \ ’:7.,0 peritectic temperature of the pha@82 °Q and to its eutec-
g 689°C - J -690 toid decomposition(659 °Q, TMA measurements give the
g 6754 » 2’7’3 Curie temperature of the phase as 250 °C and metallographic
659 660 examination under polarized light shows the phase to be
650+ :ﬁ magnetically ordered, with domains indicative of axial an-
| 630 isotropy. Our data lead us to propose a new phase diagram
625"'"1[5"2'6 =00 e0 08090 0h for this system, however x-ray microanalyses of this new
Fe Atomic % Nd Nd phase are necessary for a possible identification of its struc-
ture.
FIG. 5. New binary phase diagram proposed for Fe-Nd system.
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