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Insight into the solidification behavior of Nd2FeMB-based materials processed by rapid so-
lidification techniques has been obtained by a systematic experimental study of the Curie
temperatures of selected phases found in these materials. Nd2Fei4B-based materials fabri-
cated by two disparate rapid solidification techniques, inert gas atomization (IGA) and melt-
spinning, has been studied. The compositions of the starting materials have been altered
with additions of the refractory elements Ti and C which are known to alter the solidifica-
tion behavior of these materials. Special emphasis has been placed on trying to understand
the effect of alloying additions upon the nature of the quenched glass, the distribution of the
elemental additions within the Nd2Fe14B lattice and the evolution of the elemental partion-
ing with quench rate and annealing condition. The experimental Curie temperature data
obtained using thermal analysis methods from the particles produced by gas-atomization is
consistent with both an ejection of quenched-in refractory species from the crystalline
Nd2Fe(4B lattice and with increased crystallographic order as particle size, and hence grain
size, increases. Magnetic ac susceptibility measurements performed on nominally-
amorphous Nd2Fei4B ribbons produced by melt-spinning indicate a decrease of the Curie
temperature with increasing quench rate, a result that may be attributed either to the degree
of Ti/C retention in the glass or to the degree of disorder in the glass, independent of Ti/C
retention.

1. Introduction: Permanent Magnets

Advanced permanent magnets are integral to modern industrial society: they allow for
the conversion of electrical to mechanical energy, assist microwave devices in telecommu-
nications, and are essential in data storage systems. Permanent magnets are characterized
by a high coercivity Hci, or "magnetic hardness", which allows them to retain their mag-
netization when subjected to internal or external demagnetizing fields, or to changes in
temperature. Rare-earth-based permanent magnets, with coercivities H^ generally ex-
ceeding 5000 Oe (~4 xlO5 A/m), are found in a very wide variety of applications, and the
demand for rare-earth permanent magnets is growing by 10-15% per annum [1]. Presently
the largest demand for high-quality permanent magnets is found in the computer industry
for computer disk-drive voice-coil motors; sensors and consumer electronics also utilize
these magnets [2]. Rare-earth magnets based on the composition RE2M14B (where RE is a
rare earth element such as Nd or Pr, M is a transition-metal element such as Co or Fe)
presently have the highest magnetic energy product (BH)max of any permanent magnet
material, an attribute that has lead to extensive commercialization of Nd2Fei4B-based
magnetic materials [3]. ___

^



2. Microstructure — Magnetic Property—Processing Connections in

Practically speaking, coercivity is an extrinsic property because it is determined largely
by microstructural factors in bulk materials. The theoretical limit to coercivity is deter-
mined by a material's intrinsic anisotropy field H^; however, in practice it is extremely dif-
ficult to attain coercivities even close to the anisotropy field because features such as mi-
crostructural defects and/or minor phases often provide low-energy routes for the nuclea-
tion of magnetic reversal. It is the goal of the magnetic materials scientist to understand
and control the microstructural development to yield optimal magnetic properties.

The search for links that connect coercivity to the microstructure is a challenging task
that becomes increasingly so as the microstructural scale descends into the nanometer
range, as is the case for Nd2Fei4B-based materials fabricated by rapid solidification tech-
niques. Rapid solidification describes a family of techniques that furnish extremely fast
quenches, on the order of 105—106 K/sec, to access thermodynamically metastable material
states and structures [4]. It has been empirically determined in a number of studies that
coercivity in Nd2Fei4B-based materials produced by rapid solidification techniques is a
sensitive function of quench rate and hence degree of crystallinity and crystallite size [5-7].
Thus an optimal microstructure is projected to consist of a homogeneous, single-phase
nanocrystalline material, ideally obtained via controlled devitrification of an amorphous
precursor. In reality, however, it is very difficult to control the microstructural develop-
ment from the glassy to the nanocrystalline state in a bulk sample.

Recent work has demonstrated that minor additions of the selected refractory elements
to Nd2Fei4B-based compounds prior to rapid solidification result in a significant en-
hancement in the glass-forming ability of the melt, furnishing a wider processing zone in
these alloys via the promotion of an amorphous structure from the melt [8]. The over-
quenched material is then amenable to the development of a nanocrystalline microstructure
and associated optimal hard magnetic properties by judicious annealing. Efforts are un-
derway to understand the precise effect that these alloying additions, principally titanium
and carbon, have upon the Nd-Fe-B melt and the rapidly-solidified product [9]. Of special
interest is the effect the alloying additions have upon the nature of the quenched glass, the
distribution of the elemental additions within the Nd2Fei4B lattice and the evolution of the
elemental partioning with quench rate and annealing condition. These issues have been
explored in Ti/C-modified Nd2Fei4B-based materials produced by two different types of
rapid solidification: inert gas atomization (IGA) and melt-spinning.

Selected results obtained on Nd2Fei4B-based materials produced by these two rapid
solidification methods are presented in the following sections. In both instances, meas-
urements of the Curie temperatures of selected components in the quenched products are
presented. The Curie temperature is very sensitive to the local crystallographic environ-
ment and is expected to provide information about the elemental partioning present in the
samples.

3. Elemental partitioning in crystalline, gas-atomized Ti/C-modified Nd2Fei4B

Inert gas atomization (IGA) describes the process in which finely-dispersed, micron-scale
droplets are created by the expulsion of a molten alloy through a nozzle into a quenching
gas stream. The resultant quench rates experienced by the particles are dependent upon
such factors as the diameter of the particle, the atomization gas utilized and the surface ten-
sion of the melt; typical atomization quench rates range from 104 to 105 K/sec [10], with
the smaller particles achieving a significantly more rapid quench rate than larger particles.



To investigate the distribution of the elemental additions Ti and C within the
lattice and its evolution with quench rate and annealing condition, the Curie

temperature (Tc) of Nd2Fei4B present in various size fractions of IGA powders processed
with and without Ti and C were measured using Differential Thermal Analysis (DTA). A
laboratory-scale atomizer was used to produce inert gas-atomized powder in batches of 4
kg. The master alloy compositions, denoted A and B, were chosen to approximate melt-
spun commercial composition and differ significantly from one another only in the pres-
ence of the alloying additions Ti and C. The master alloy compositions were verified by
inductively-coupled plasma (ICP) techniques and are given in weight percentages as fol-
lows:

Alloy A (Ti/C-free): 29.58% Nd, 0.44% Pr, 2.77% Dy, 63.91% Fe, 0.11%Al, 1.12%B;
Alloy B (with Ti/C): 27.40% Nd, 2.2% Dy, 66.63% Fe, 1.17% B, 1.9% Ti, 0.7%C.

The quenched powders were sieved in air to produce a number of size fraction categories.
Isothermal annealing of the powders was performed in an inductively-heated vacuum fur-
nace (0.1 MPa) at a temperature of 800 °C for 10 minutes to develop high coercivities.
Differential thermal analysis (DTA) was performed using a TA Instruments Model SDT
2960 Simultaneous DTA/TGA to measure the Curie temperatures of the alloys. All meas-
urements were made using a ramp rate of 20°/min. in the temperature range 375 K < T <
700 K in an atmosphere of high-purity Ar with 1% hydrogen, to act as an oxygen getter.
The Curie temperature transition produces a change in the slope of the DTA curve with
both heating and cooling, and is identified with the minimum in the temperature derivative
of the DTA cooling curve, Fig. 1.

Fig. 2 illustrates the variation of the Curie temperature with particle size fraction for
as-quenched and annealed powder size fractions of the Ti/C-free and Ti/C-modified alloys
A and B. The measured Curie temperatures are found to be dependent upon the average
particle diameter, starting composition of the alloy, and distance from thermodynamic
equilibrium, as manifest by the degree of glassiness or atomic disorder of the Nd2Fei4B
compound. The variation of the Curie temperature with particle size is more pronounced
for the quenched fractions than for the annealed fractions, tending to increase with the as-
atomized particle size for both Alloys A and B, but becoming approximately constant for
the various particles sizes of the annealed powders. The Tc of large particles of the Ti/C-
containing sample, Alloy B, approaches 310 °C, which is approximately 15 degrees lower
than the measured Tc of 325 °C characterizing the larger particles of the Ti/C-free Alloy A.

The Curie temperature data strongly suggest that the elements Ti and C enter the
Nd2Fei4B lattice at high temperature and remain quenched into the crystalline lattice to
various degrees upon particle atomization. An ejection of quenched-in foreign elemental
species from the crystalline Nd2Fei4B lattice appears to occur with increased crystallo-
graphic order. The increased crystallographic order is manifest in increased grain size and,
equivalently, increased atomized particle size. The effect of the annealing treatments is to
produce a structural and chemical relaxation in the micro- and crystal structure of the parti-
cles towards their thermodynamic equilibrium state; thus the annealed particles show a
much smaller variation of Tc with particle size. Increased crystallinity and rejection of
impurity interstitial species are both expected to strengthen Fe-RE, Fe-Fe and RE-RE in-
teratomic bonds, reinforcing the exchange interactions that control the Curie temperature in
these alloys [11]. Although it is accepted within the literature that Nd2Fei4B is a line
compound in the true ternary compound, it is possible that rapid solidification may allow
the lattice to retain its metastable high-temperature character down to room 'temperature
and accomodate limited interstitial or substitutional occupancy by Ti and/or C. Substitu-
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tional incorporation of the Ti and C alloying additions into the Nd2Fei4B crystal structure
would correspond to replacement of 6%-12% of the atoms in the unit cell, an amount that
is large but not expected to destroy the ferromagnetism of the compound. The increased
stability of the quenched, chemically-modified Nd2Fei4B glass has been previously attribu
ted to complications that Ti and C produce in the local stereo-chemical bonding environ-
ment, rendering compound formation extremely difficult [9]. Considerable atomic rearran-

gement would be re-
quired to form the 2-14-1
phase from the glass and
thus retention of foreign
impurity atoms in the
intersitces or in the lat-
tice itself is likely, a re-
sult supported by the
present work. Current
working models of so-
lidification in this system
maintain that as the pri-
mary Nd2Fei4B phase
crystallizes the excess
Ti/C is rejected to the
liquid ahead of the crys-
tal-liquid/glass interface.
The melt in front of the
interface is supersatu-
rated in Ti/C and thereby
restricts the continued
progress of the crystal-
line interface [12].
Taken together, these
two effects combine to
produce an effectively
lower critical quench rate
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Fig. 1. DTA cooling trace and its temperature derivative of the an-
nealed 30-50 nm IGA powder portion.
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Fig. 2. Curie temperature determinations derived from DTA data for
IGA alloy powders A and B as a function of powder particle size.

4. Curie temperatures in amorphous melt-spun Ti/C-modified Nd2Fei4B

There is a clear need to understand the solidification path taken by Nd2Fei4B-based
melts during rapid solidification at different quench rates and/or with various chemical
modifications, such as additions of Ti and C. Efforts to understand the solidification route



of rapidly-solidified Nd2Fei4B-based melts have produced a successful model that incorpo-
rates both the degree of undercooling of the melt and the recalesence of the solidified
phases [12,13] to supply a qualitative connection to observed quenched microstructures. It
is important to understand the effect that alloying additions have on the glass-forming
ability and stabilization of the quenched glassy phase in this system. To provide insight
into these issues, the Curie temperatures of the glassy component of Ti/C-modified
Nd2Fei4B subjected to different quench rates were measured.

Melt-spun ribbons of stoichiometric Nd2Fei4B containing 3 wt% each elemental Ti
and C were prepared at Ames Laboratory from high-purity elements, including Ames
Laboratory Nd. The melt was ejected with a 125 Torr over-pressure of Ar onto a copper
chill wheel with tangential wheel speeds of 40, 35 and 20 m/sec to produce ribbons. In
their as-quenched state the ribbons all appeared to be amorphous upon examination with
standard Cu-Ka x-ray diffraction (XRD), transmission electron microscopy (TEM) bright-
field imaging and differential thermal analysis (DTA) procedures [14]. However, detailed
elevated temperature magnetic measurements indicate that the as-quenched materials actu-
ally contain small clusters of a-Fe and Nd2Fei4B with diameters on the order of 50 A [15].
The existence of these clusters has also been confirmed using conical dark-field imaging
techniques in the transmission electron microscope. Measurements of the ac susceptibility
were made using a Quantum Design SQUID magnetometer temperature in an applied dc
field of 0 G and a driving field of 3.0 G at 10 hz in the temperature range 300 K < T < 780
K. To avoid oxidation during measurement, the samples were mounted for elevated tem-
perature SQUID magnetometry in silica glass tubing and sealed in a nominal vacuum of 1
x 10"6 Torr [16]. The Curie temperatures are identified as the minima in the temperature
derivatives of the in-phase (real) portions of the ac susceptibility data, Figure 3. An analo-
gous measurement made on a TiC-free, stoichiometric sample of melt-spun Nd2Fei4B indi-
cated that the pure Nd-Fe-B glassy phase possessed a Curie temperature of 413 K. The ap-
propriateness of this
technique was confirmed
by using ac susceptibility
techniques to measure
the Curie temperature of
a gadolinium standard.

The Curie tempera-
tures associated with the
amorphous component
of the three samples are
indicated in the legend of
Fig. 3. It is interesting to
note that the Curie tem-
peratures of the glassy
component of the alloys
increase with decreasing
quench rate. It is not
clear if this result is a
consequence of the
amount of retained Ti/C
in the glass, or if it is an
indication of the "degree
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Fig. 3. Temperature derivatives of the in-phase portion of the ac magnetic
susceptibility. The minima of the signals are associated with Curie tem-
peratures of the glassy component of the Nd2Fei4B-based samples modi-
fied with 3 wt% Ti and C, subjected to different quench rates. Determined
Tc's are included in the legend.



of glassiness" of the amorphous phase, independent of variation in the content of retained
alloying additions. Results obtained on these same samples with positron annihilation
spectroscopy (PAS) indicate that additions of Ti and C to stoichiometric Nd2Fei4B produce
an increase in the average size of the open free volume sites in the quenched glass [9]. At
the same time, it is known that Ti and C additions to melt-quenched stoichiometric
Nd2Fei4B act to stabilize the quenched glass. This stability is manifest in an increase in
crystallization temperature with increase in amount of Ti/C alloying additions.

At first thought these experimentally-derived results are contradictory because an in-
creased free volume is consistent with easy pathways for thermally-activated atomic diffu-
sion and subsequent crystallization, thereby destabilizing the glass. This apparent paradox
may have its resolution in an examination of the concept of "defects" in amorphous mate-
rials. Amorphous materials may be visualized as consisting of distorted random networks
that lack both long-range order and a well-defined lattice constant. Bond angles and bond
lengths may assume a range of values rather than the well-defined values associated with a
crystalline structure. The notion of atomic volume in amorphous materials must be rede-
fined as an "average" volume, or free volume, associated with the random atomic-core
network. Defects may be generated in amorphous materials, as in crystalline materials, by
the removal of atoms and by the introduction of substitutional and interstitial atoms. This
idea is illustrated in Figure 4, which schematically depicts a structurally "perfect" two-
dimensional diatomic glass and a defect-filled two-dimensional diatomic glass.

a).

Fig. 4. Schematic illustration of a diatomic two-dimensional glass that is a), defect-free and b). containing
atomic vacancies and interstitials.

The observed phenomena, that Ti and C additions increase the stability of the
quenched glass, is consistent with the possibility that additions of Ti and C significantly
complicate the local stereo-chemical/bonding environment in the glass, rendering inter-
metallic compound formation extremely difficult. Ti and C additions effectively create
defects in the amorphous Nd-Fe-B material, accompanied by an increased atomic-core
network volume. The introduction of defects results in an increased stability of the glassy
phase and greater ease of formability from the melt. In this case the increase in free vol-
ume is largely irrelevant to the quenched materials' stability against crystallization.
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