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Abstract

Gas-atomized Nd—Fe—B droplets of non-peritectic chemical compositiop&&lgBs, Nd;7Fe,45Bg 5, and NdgFe;sBg were undercooled
and solidified in an 8 m drop tube filled with helium. The microstructure of the received particles was investigated by means of scanning electron
microscopy and powder X-ray diffractometry. It was found that in each alloy composition, in excess of 71% of the particle population shows
a microstructure comprising primary bek;B, dendrites plus interdendritic MBe4B grains plus intergranular NdFe;B, and Nd-rich
grains, where the metastable i¥&,;B, dendrites are partially or completely decomposed into a mixtusefeg plus NdFe;4,B depending on
particle size. There is often a certain amount of Nal,B dendrites in these particles, resulting in a dual microstructure. On the other hand, the
rest of the particle population shows a microstructure consisting of primaglyé\dB grains, either columnar or dendritic, plus intergranular
Nd, 1FeB4 and Nd-rich phase grains. Additionally, a tiny amountefFe dendrites is formed in some of the particles independent of the
type of the microstructure. They are exclusively distributed near the particle surface, and are surrounded eithEekB Nichins or by
Nd,Fe;B, grains in individual particles.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction dritic growth morphology, they have been assumed to trans-
form from high temperaturg-Fe dendrites. The extended
Liquid undercooling often leads to metastable solidifi- formation of primaryy-Fe, followed by peritectic formation
cation reactions such as formation of metastable phases imf a metastablg-phase, into non-peritectic Nd—Fe—B com-
preference to the equilibrium orid]. Previous work[2] positions has been reported by Schneider et al. in their early
has shown that a metastable compound:Fég;B, (x ~ 1), work for construction of the ternary Nd—Fe—B alloy phase
will be primarily crystallized in electromagnetically levitated diagram[3]. Because of similar chemical compositions, the
Nd-Fe—-B samples of non-peritectic chemical compositions, x-phase has been assumed identical tofgB,. [4]. In the
provided a critical bulk undercooling is exceeded. The grains levitated samples, however, there is no evidence for peritectic
of Nd>Fei7B,, however, are decomposed into an intimate formation of the metastable NHe; 7B, grains around the-
mixture ofa-Fe plus NdFe; 4B because of slow coolingrates  Fe dendrites, thus showing a disagreement with the result of
during solidification. In addition, a few-Fe dendrites have  those researchers. In present work, gas-atomized Nd—-Fe—B
been observed in some of the samples. In terms of the den-melt droplets of three non-peritectic chemical compositions
were undercooled and solidified using the drop tube tech-
- _ o nique in order to understand this discrepancy.
* Corresponding author. Present address: Northe_astern University, P.O. The drop tube technique has at least three advantages over
Box 314, 3-11 Wenhua Road, Shenyang 110004, China. Tel.: +86-24-8368- . L . } .
1915: fax: +86-24-8368-1758. the electromagnetic levitation technique. First, it allows un-
E-mail addressjgao@mail.neu.edu.cn (J. Gao). dercooling and solidification of humerous samples in one
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experiment, thus enabling investigations of solidification was placed in a quartz tube with an orifice of 0.5 mm opened
statistics of samples of different sizes. Secondly, it allows at the bottom. The quartz tube was positioned in a copper
cooling of the samples at a rate on the order GftbaL0* K/s coil fixed at the top of an 8 m drop tulj6]. After evacua-
depending on the sample sif&l, which is at least by one  tion to a vacuum pressure in the order of $®a, the drop
order higher than that of the levitated samples. Such a hightube was backfilled with pure helium (99.999% purity) to a
cooling rate reduces temperature rise during recalescencepressure of about 50 kPa. The alloy was inductively melted,
and hence, helps to preserve initially solidified microstruc- and heated to a temperature of 100-200 K above its liquidus.
ture down to room temperature. Thirdly, it achieves under- By introduction of an argon gas flow into the quartz tube,
cooling of melt droplets under a higher gas pressure, thusthe melt was ejected through the nozzle, and atomized into
avoiding any changes in sample composition associated withdroplets of diameter ranging from 0.1to 2.0 mm. The droplets
the evaporation of elemental Nd during levitatif). Be- were containerlessly undercooled and solidified during their
cause of these advantages, drop tube experiments were exree fall in the drop tube. The solidified particles were col-
pected to shed more light into the metastable solidification lected at the bottom of the drop tube, and sieved into several
behavior of non-peritectic Nd—Fe—B compositions. group sizes. The particles of each group size were mounted in
an epoxy resin, ground and polished to a finish of Q.&b
Then, their microstructure was examined using a high res-

2. Experimental olution LEO 1530VP scanning electron microscope (SEM)
under back-scattering conditions. Elemental concentrations,
Alloys with atomic composition of NgsFe;eBg, Ndi7 except for boron, of phase constituents were analyzed us-

Ferss5Bsss, and NdgFessBg were prepared by arc-melting  ing an energy dispersive X-ray micro-analyzer (EDX) fitted
high purity elemental materials (99.9% purity or better) un- to the SEM. Powder X-ray diffraction analysis with FetK
der the protection of an argon atmosphere. In order to com-radiation ¢ = 0.1937 nm) was carried out on the particles
pensate for mass loss during melting, an extra mass of 0.1%extracted from the epoxy resin or obtained under identical
was added both for neodymium and for boron. An alloy of 1 g experimental conditions.

Fig. 1. Back-scattered SEM micrographs illustrating the first type of microstructure, wheNd,Fe; 7B, & = Nd2Fe 4B, m = Nd1.1FesB4, a = bee Fe. (a)
Primaryy dendrites; (b) complete and (c) partial decompositiog ofto « plus¢; and (d) locakb dendrites.
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3. Results

Two types of microstructure were observed in the parti- =%
cles of all three compositions. As illustratedhkig. 1a, the 7
first type of microstructure comprises primary M¥e; 7B,
dendrites plus peritectic N&ej4B grains plus intergranu-
lar Ndi 1Fe4B4 and Nd-rich grains, where the metastable
NdoFe; 7B, dendrites have been subjected to partial or com-
plete solid-state decomposition depending on particle size. Inj:
large particles, the NgFe 7B, dendrites are completely de-
composed into a mixture ef-Fe plus NdFe 4B, as shown z
in Fig. 1b. In small particles, however, the decomposition is
not completed yet. As shown iRig. 1c, there is a remain-
der within the original dendrites, particularly at the dendritic
core, suggesting that the decomposition starts at the dend
dritic periphery and progresses inwards. The EDX analysis @8
shows no substantial differences of Nd and Fe concentra-j#

S

Meanwhile, the high fraction of NgFe;4B in the decom-
posed mixture implies that the in the chemical formula
of NdxFe 7B, is close to 1, though boron concentrations
were not analyzed by EDX. There often exists a consider-
able amount of Ngi-e1 4B dendrites in the particles showing
the first type of microstructure. As illustratedhiig. 1d, the :
microstructure of the particles actually becomes dual, where i@
there is a sharp interface dividing the microstructure into two
distinct zones. A close examination shows that thefég,B
dendrites near the interface are stemmed from neighboring

peritectic NdFe 4B grains, whereas those far away from Fig. 2. Back-scattered SEM micrographs illustrating the second type of mi-
the interface are precipitated directly from the liquid, in- crostructure, wheré = Nd;Fe;4B andm = Ndy.1Fe;B4. () Columnar and
dicative of a transition of the solidification pathway from (®) dendritico grains.

primary N&bFe 7B, formation to primary NdFe 4B forma-

tion. The second type of microstructure is simple compared hand, the total particle population of the first type of mi-
with the first type. It consists of primary MBej4B grains crostructure is even higher, reaching 71%, 86%, and 88%,
plus intergranular Ngi FesB4 and Nd-rich grains. As shown  respectively. Such high NPP values demonstrate that the first
in Fig. 2 the NaFer4B grains exhibit two different mor-  type of microstructure is more popular than the second type.
phologies, columnar and dendritic. In addition, a feve Note that the NPP of the first type of microstructure is lower
dendrites were observed in some of the gas-atomized parti-in composition NdgFe;gBg than in the other two composi-
cles independent of the type of the microstructure. As shown tions. This might result from a statistical deviation, for the
in Fig. 3, they are exclusively distributed near the particle total particle population of composition NgFe;gBg, 107, is
surface, and exhibit a peritectic phase relation either with much smaller than that of the other two compositions, 454
Nd,Fe14B grains or with NdFe 7B, grainsinindividual par-  and 416. By comparing the results of the other two composi-

ticles. Similar to those primary ones showrHig. 1, peritec- tions, one cannot ascertain that either type of microstructure
tic Nd,Fe; 7B, grains are partially or completely decomposed has a strong alloy composition dependence.

into a mixture ofa-Fe plus NdFe 4B depending on particle The results of powder X-ray diffraction analysis are pre-
size. sented inFig. 5 showing the same phase constituerts,

The two types of microstructure were investigated as NdyFey4B, 1-Ndy 1Fe4B4, Nd-rich phaseq-Fe, for the par-
a function of particle size and alloy composition. The re- ticles of different sizes and alloy compositions. Note that
sults were shown irrig. 4, where the normalized particle  the intensity of the diffraction peaks of thephase is very
population (NPP) of each type of microstructure is plotted weak, implying that its volume fraction is limited. Such a
against particle size. It is evident that the two types of mi- result agrees well with the SEM investigations. The miss-
crostructure occur in all particle sizes, and that neither of ing of the diffraction peaks from the metastable,Ne, 7B
them shows a strong particle-size dependence. Within indi- was attributed to two factors. One is that the dendrites of
vidual size groups, the NPP of the first type of microstructure Nd,Fe 7B, are partially or completely decomposed in the
exceeds 54%, 81%, and 71% in compositior éfe;6Bs, particles, and another is that the particles were subjected to a
Nd17Feras5Bg s, and NdgFersBg, respectively. On the other  mass loss during grinding and polishing, thus having a further
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Fig. 3. Back-scattered SEM micrographs illustratiedre dendrites near 100 Total particle number = 416
the particle surface, where = bcc Fe,d = NdyFe4B, x = NdxFe 7By, % :
7 = Ndy 1Fe4B4. The insets show the microstructure in a larger viewo(a) 80 % ; § :
dendrites plus peritectiggrains and (b dendrites plus peritectig grains. %
. £ 60
reduced amount of NdFe 7B, dendrites. The second factor o f
is proven more critical because few diffraction peaks from g s =
NdzFe 7B, were detected for small-sized NfFe;eBg alloy
particles, which were prepared under identical experimen- 20
tal conditions but not subjected to grinding and polishing.
As shown inFig. 6, two additional diffraction peaks appear 0
around the (4 1 0) peak of NBey4B in the diffraction pattern 2.001.60 1.20 1.00 0.80 0.63 0.34 0.25 0.10
of the size group 0.34-0.63 mm, looking like two shoulders. () Particle Size (mm)

By reference to previous resulfe], they were indexed to Fig. 4. Normalized particle population (NPP) of the two types of mi
the (0 0 2) diffraction and to (1 1 1) diffraction of the hexag- crostructure vs. particle size in different alloy compositions, where shad-

Onal_lattice of NdFe; 7By, resPeCtive.I_Y- Similar results were  qgwed columns are for the first type of microstructure, and gridded columns
obtained for the other two compositions. for the second type of microstructure. Composition: (a)d%e7sBs; (b)
Nd;7Fe745Bgs; and (c) NdgFezsBo.

4. Discussion attained a significant liquid undercooling prior to solidifica-
tion. With respect to the levitated samples, grain sizes of the
The two types of microstructure of the gas-atomized parti- present particles are reduced, and the solid-state decomposi-
cles are generally similar to those of levitated bulk samples of tion of the metastable Née; 7B, is partially inhibited, par-
the same alloy compositiofig]. For this reason, the firsttype ticularly in the particles of smaller sizes. These two changes
of microstructure can be related to a large droplet undercool- can reasonably be related to higher cooling rates of the gas-
ing, whereas the second type to a small droplet undercooling.atomized particles. In addition, the present results show that
The more popular formation of the first type of microstruc- the minora-Fe dendrites are surrounded either by peritec-
ture implies that the majority of the atomized particles has tic NdFe 4B grains or by peritectic NgFey 7B, grains in
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_ \ Al J“ b AJ M’g ! .20w1 0 "”", On the other hand, the second explanation is well supported
zj 15} by the present results directly. It is evident in the micrograph
z e Ay ,}l I h]lm\ 100120 mm of Fig. 3a that many NgFe;7B, dendrites are nucleated in-
= ok 080100 mm dependently close to the particle surface, though peritectic
5 Ak M%AJUUMJWW grains of the same species in a very limited amount are nu-
= L Lk 052080 mm cleated around the-Fe dendrites. More clear evidence was
SE £ shown by the micrograph &fig. 7, where onex-Fe dendrite
L I i g, 016-083mm and one NdFe; 7B, dendrite are formed close to each other,
030 40 50 60 70
(c) 20 (deg.)

Fig. 5. Powder X-ray diffraction patterns of the particles of different alloy
compositions, wheré = Nd;Fep 4B, = Ndj 1 Fe4B4, Nd = Nd-rich,a = bcc
Fe. Composition: (a) N@FezeBs; (b) Ndy7Fer45Bg 5; and (c) NdgFe;3Bg.

individual particles. Although the conditions under which
the two species of peritectic grains occur have not been de
termined yet, such a finding conciliates the disagreement be
tween the early work of Schneider et @] and our previous
work [2] regardingy-Fe solidification, which is implied by
the occurrence of the low temperaturé-e dendrites. In pre-
vious work[2], v-Fe solidification has been explained in two
differentways. Based on a calculated peritectic liquid compo-
e £ Sadscatire SEN g shoving st
! Nd>Fe 7B, dendrites in one particle of composition {Née745Bg 5, where

solidification product within remaining liquid after a strong = pcc Fey = NdbFei7B,, & = NdoFer4B. Note that there are no peritectic
recalescence event (namely, both primarygRN&4B and pri- X grains around the dendrite.
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but there are no peritectic NHe; 7B, grains around the-Fe by peritectic NdFe 4B grains or by peritectic Ngre 7B,

dendrite. Such a microstructure, though observed only in agrains in individual particles. Such results not only concili-

few particles, clearly demonstrates that under certain condi- ate the disagreement between the early work of Schneider et

tions, the high temperaturgFe phase and N&e 7B, can al. and the previous work with respectye-e solidification,

be simultaneously nucleated from undercooled liquids, i.e. but also verify the simultaneous and independent nucleation

both of them are primary phases. It should be pointed out of y-Fe and NdFe;7B, in non-peritectic Nd—Fe—B compo-

that a solidified microstructure is determined not only by nu- sitions.

cleation, but also by growth, of crystalline phases. Due to

the fact that crystal growth in undercooled melts is strongly
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