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Abstract 

The relationships that link microstructural properties of advanced permanent magnet materials 
with magnetic properties such as the coercivity are often difficult to quantifv, especially in materi- 
als with nano-scale structures. Recent work on RE2Fel4B-based powders fabricated with rapid- 
solidification techniques such as inert gas atomization (IGA) and melt-spinning provide insight 
into the nanostructural features which affect the acquisition and stability of coercivity. In all cases 
the coercivity is found to be a function of both the scale of the constituent microstructure and of 
the presence and distribution of minor phases. 
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Introduction 

Coercivity, or "magnetic hardness", describes the ability of a magnetized magnetic material to 
resist the demagnetizing effects of an external field. Practically speaking, coercivity is an extrinsic 
property because in bulk materials it is determined largely by microstructural factors. The theoret- 
ical limit to coercivity is determined by a material's intrinsic anisotropy field Hk; however, in 
practice it is extremely difficult to attain coercivities even close to the anisotropy field because 
features such as microstructural defects and/or minor phases often provide low-energy routes for 
the nucleation of magnetic reversal. 

Rare-earth-based permanent magnets, with coercivities Hd generally exceeding 5000 Oe, 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 disk-drive voice-coil motors; sensors and consumer 
electronics also utilize these magnets. The quality of permanent magnetic materials is quantified 
by the parameter "energy product", ( B H ) m a  , which is determined by both extrinsic and intrinsic 
material parameters. The energy product is defined as the largest possible value of magnetic in- 
duction B multiplied by internal field H, (B-H), found in the second-quadrant (BH) demagnetiza- 
tion curve, and is thus determined by the remanence Br and the coercivity HCi of a given magnet. 
The energy product describes the amount of energy stored in a magnet and thus provides an esti- 
mation of its strength. 

Today, the permanent magnet of choice for most of the above-described applications is based 
on the intermetallic compound Nd2Fel@. Depending upon processing route and elemental addi- 
tions, the ( B H ) m a  for commercial products can go as high as 45 MGOe; laboratory magnets with 
energy products as high as 50-52 MGOe have been reported (2). While these are strong magnets 
indeed, it is interesting to note that the theoretical energy product of Nd2Fe14B is 64 MGOe, -1.4 
times the energy product of the best commercial magnets produced today. Realization of energy 
products closer to the theoretical values in magnets fabricated from the 2-14-1 composition would 
result in significant weight and size reductions in  the components that use these magnets. One 
reason for the discrepancy between the theoretical and the actual energy product is due to defi- 
ciencies in coercivity: at room temperature, the remanence of aligned Nd-based 2-14-1 magnets is 
approximately 80% of the saturation magnetization, while the highest coercivities are only on the 
order of 30% of the anisotropy field (3). 

The search for the links that connect coercivity with the microstructure is a challenging task 
that becomes increasingly so as the microstructural scale descends into the nanometer range, as is 
the case for magnetic materials fabricated by rapid solidification processing methods such as melt- 
spinning (4) and inert gas atomization (5). It has been empirically determined in a number of 
studies that coercivity in 2-14-1 materials produced by melt-spinning is a sensitive function of 
quench rate and hence, degree of crystallinity and crystallite size (4,6,7). Other factors that affect 
the coercivity are the presence, size and degree of crystallinity of minor phases as well as the ori- 
entational relationships amongst constituent major and minor phases. The extremely small scale 
of microstructures produced by rapid solidification techniques approaches that of domain walls 
widths in the materials and thus it is possible for exchange interactions, in addition to the ever- 
present magnetostatic interactions, to magnetically couple majority and minority phases. Such ef- 
fects can create magnetic mesostructures that consist of many exchangecoupled grains, producing 
"interaction domains" (8,9) that are much larger than the individual crystallographically-defined 
grains. In many instances it is desirable to interrupt the exchange coupling between grains in or- 
der to isolate them magnetically and restore coercivity to that expected in single-domain material. 
However, in other instances the intergranular exchange coupling is exploited to create two-phase 
"exchange-spring" magnets (10) that consist of a magnetically soft phase intimately mixed with a 
hard phase to form a magnetic composite that possesses the best properties of each constituent 
phase. An unfortunate property of "exchange-spring" magnets fabricated thus far is that they al- 
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ways possess a low coercivity, which renders them useful only for operations limited to the 
neighborhood of 80 "C (11). This deficiency exists in exchange-spring alloys fabricated in many 
laboratories, even though estimates of coercivity based on theoretical calculations indicate that it 
should be on the order of 25% of the theoretical coercive limit 2Kl/Ms (12). 

New insights concerning factors that affect coercivity in magnetic materials fabricated by rapid 
solidification methods will be illustrated by recent results obtained from three types of magnetic 
materials, all based on the composition Nd2Fe14B (2-14- 1): magnetically-isotropic spherical 
powders produced by inert gas-atomization (IGA); thermomechanically-deformed and crystallo- 
graphically-aligned (MQ-3) magnets, and powders of low rare-earth-content ("exchange-spring") 
alloys. It is hoped that new ideas of how to modify and control coercivity will result from de- 
tailed analyses of the microstructure-property interactions in these materials. 

I. Particles Produced bv Inert Gas Atomization 

For many years, inert gas atomization (IGA) has been examined as a processing route for the 
production of rare earth permanent magnet materials such as Nd2Fe14B (13-16). Similar to the 
commercially-viable technique of melt spinning, IGA involves rapid solidification from the melt 
and can result in a homogenous microstructure for fine powders. As in the case of melt-spun rib- 
bons, gas-atomized powders are magnetically isotropic, potentially making them suitable for 
compaction into isotropic bonded and hot pressed magnets. 

Previous efforts to produce IGA powders with suitable properties have been plagued by nu- 
merous problems which prevent their use in bonded magnets. One problem is the deleterious 
presence of a-Fe which lowers the coercivity in the final atomized product by providing low- 
anisotropy regions for reversal under relatively small reverse fields (17). Analysis of the phase 
diagram indicates that the 2-14-1 phase is a line compound and congruent solidification requires 
cooling rates that are typically higher than those normally achieved during gas atomization, which 
is on the order of 104 - 105 K/sec. Atomization of alloy compositions similar to those used in 
melt spinning results in the precipitation of a-Fe because the cooling rate provided by IGA is too 
slow to bypass the properitectic a-Fe region. While the use of higher rare earth concentrations in 
the initial melt can produce powders with improved magnetic properties, such particles have an 
unsuitable coarse, multiphase microstructure in all but the finest powder size fractions (4 pm). 
A second drawback to the atomization of nominally-pure 2-14-1 alloys is that the product has an 
unacceptably high degree of crystallinity. In powders produced by melt-spinning, a homoge- 
neous microstructure is achieved by quenching the melt at a rate sufficient to produce a structure 
which is overquenched, i.e., at least partially amorphous, which is then heat-treated to yield a 
nanocrystalline structure with optimal magnetic properties. This level of cooling may be realized 
with the IGA process only for extremely fine (4 pm) powders, prompting efforts to design at- 
omization facilities which specifically produce powder batches that largely consist of such small 
powders. This route may result in a product which is susceptible to corrosion (because of the 
high surface-to-volume ratio), dangerous to handle (because of the pyrophoric nature of rare earth 
elements), and possesses unfamiliar bulk flow characteristics, requiring magnet manufacturers to 
redesign existing equipment for powder compaction into isotropic magnets. 

An alternate approach for the improvement of the properties of IGA-processed Nd2Fel4B 
powder is to alter the solidification characteristics of the melt itself to yield a product with a fine- 
scaled, homogeneous microstructure that persists to the larger-sized powder particles. It is found 
that the addition of specific elements - Ti and C - to the starting material increases the glass 
forming range of the 2-14-1 melt such that a large fraction of the as-quenched product possesses 
an amorphous or nanocrystalline structure. Since an increased proportion of the Tic-modified 2- 
14-1 powders exist in an overquenched state, relative to the unmodified powders, their magnetic 
properties may be more successfully optimized by brief annealing treatments. 



ExDerimental Details: 

Compositions near RE2Fe14B were prepared from commercial grade materials by induction 
melting into an ingot. Several weight percent of Ti and C were also incorporated into some alloys 
at this point to alter the solidification characteristics (18). The ingot was broken up and induction 
melted at T - 1450 "C in the crucible of a small-scale gas atomizer using a close-coupled nozzle 
configuration with helium was as a cooling gas. The quenched powder size distribution was 
characterized by sonic sieving in air. In some cases powders were heat mated in an infrared vac- 
uum furnace at 10-6 torr at 650 "C for a average of ten minutes. Magnetic properties of powders 
were determined with a vibrating sample magnetometer (VSM) after immobilization in wax and 
saturation in a capacitive magnetizer (6.5 Tesla field), as well as with a SQUID magnetometer 
using a maximum field of 5 T in the temperature range 10 K I T I 3 0 0  K; no demagnetization 
corrections were used. Powders were examined with a number of microscopy techniques: scan- 
ning electron microscopy (SEM) with standardless energy-dispersive spectroscopy (EDS); 
transmission electron microscopy (TEM) and tapping-mode magnetic force microscopy (MFM). 
Phase identification and analysis was done with x-ray diffraction using standard Cu-Ka radiation 
and at the National Synchrotron Light Source using x-ray wavelengths in the range 0.90 8, I h I 
1.19 A, chosen so as to avoid the excitation of Fe fluorescence. Differential thermal analysis 
(DTA) was used to examine crystallographic and magnetic phase transformations as a function of 
temperature. 

Tic-Modified vs. Unmodified NdzFeMB TGA Particles 

Over a period of several years many different alloy formulations have been atomized to de- 
termine the effect of composition, processing conditions, and atomizing gas on the powder mi- 
crostructure and magnetic properties. The addition of Ti and C to the Nd2Fe14B starting compo- 
sition prior to atomization results in a fundamental change in the nature of the resultant melt, ef- 
fectively reducing the quench rate necessary for the formation of the amorphous phase and 
thereby suppressing the formation of properitectic a-Fe. The microstructural and magnetic prop- 
erties of the unmodified and the Tic-modified powders are discussed below: 

. 

Microstructure: In general, powders from both composition types have microstructures that de- 
pend on the cooling rate, which in turn depends upon the particle size. Large particles (> 100 
pm) have an iron-rich dendritic microstructure which is surrounded by a rare-earth-rich matrix, 
with the volume fraction of the compositionallydistinct phases depending upon the specific parti- 
cle size. Small particles (e1 pm) generally show an amorphous or nanocrystalline microstructure, 
attesting to their very rapid quench rate. The differences in the powder microstructure between 
the two composition types, however, are manifest in the intermediate particle size fractions, 5-75 
pm. The atomized particle size distribution indicates a mean powder size of 50 microns in the 
unmodified 2-14-1 melt versus a mean powder size of 14 microns found in the Tic-modified ma- 
terial. Particles formed from the unmodified 2-14-1 composition show a distinctly crystalline 
character in the relatively small size fraction 10-20 pm, whereas the Tic-modified powders of this 
size range still possess a significant amorphous content. Fig. 1 shows SEM images of an as- * 

quenched 20 pm-sized particle both with and without the Tic addition; the differences in crys- 
tallinity and macroscopic phase segregation are pronounced. DTA and XRD data show that the 
presence of a significant glassy component in the Tic-modified powders persists up to a size 
fraction of 75 - 100 pm. Pronounced differences in minor phase content between the two com- 
position types are also apparent. Properitectic a-Fe is always detected by XRD in particles 
quenched from the unmodified composition, which is oxidized to form y-Fe203 upon annealing 
(17). In contrast there is no XRD evidence of a-Fe in the Tic-modified particles; however, E M  
investigation of submicron-sized particles shows the presence of a-Fe nanocrystallites in a glassy 



Figure 1. SEM micrograph of as-atomized particles of equivalent size illustrating characteristic crystallinity 
difference: a). unmodified Nd2Fq@ composition; b). Tic-modified composition. 

matrix (19). As the Tic-modified as-quenched particle size is increased to 10-20 pm, the glassy 
matrix transforms to 2-14-1 grains with an average size of 60 nm, but the a-Fe phase is no long 
detected by TEM selected-area electron diffraction. Tic precipitates are found on the 2-14-1 in- 
tergranular boundaries in the Tic-modified IGA particles of larger size (>20 pm), in agreement 
with the results found in melt-spun ribbons of analogous composition (20). The powders appear 
to be nominally environmentally stable, suffering no loss in properties after exposure to normal 
laboratory conditions for 3 years. Auger electron spectroscopy indicates that a naturd oxide layer 
is developed on the surface from trace impurity gases during atomization, such that no special 
handling or coating is necessary. 

Mametic Prouerties: A strong dependence of the magnetic properties on the powder size is noted 
for as-quenched powders produced from both composition types, a dependence that is reduced 
following heat treatment. The second quadrant of the room-temperature demagnetization curve 
from as-atomized Tic-free particles has a poor shape for alI but the smallest (= 1 pm) sized parti- 
cles, suggesting the.presence of multiple magnetic phases. The alloys modified with Tic exhibit 
much softer magnetic properties in the as-quenched state, with coercivities &i near 100 Oe for the 
smallest particles. As the powder size increases for heat-treated Tic-free particles the energy 
product (BH)ma always decreases with increasing particle size, Fig. 2(a). This is in contrast to 
the behavior of the Tic-modified particles for which a maximum in the energy product (BH)max is 
reached before decreasing again for the largest particles, Fig. 2@). These results are consistent 
with the production of completely amorphous powders made from the Tic-modified composition 
in the finer size fractions, particles with an amorphous + microcrystalline structure up to the 75- 
100 pm size range, and particles with an underquenched (ie., crystalline) structure in the largest 
size range. This “bell” shaped dependence of the magnetic properties upon the cooling rate, via 
the powder size, is very reminiscent of the behavior observed in melt spun ribbons as the cooling 
rate is changed by alteration of the wheel speed. 
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As in overquenched melt-spun ribbons, overquenched as-atomized IGA powders of both 
compositional types are easily crystallized by heat treatment to yield optimized magnetic proper- 
ties. Although a much higher annealing temperature (T = 800 "C) is needed to optimally crystal- 
lize the Tic-modified material, it is much less sensitive to the heat treatment temperature than ma- 
terials prepared by melt-spinning or the unmodified IGA powders. In the Tic-free particles coer- 
civities as high as 20 kOe may be found, depending upon the powder size, but the maximum en- 
ergy products (BH)max do not exceed 7-9 MGOe after heat treatment. In contrast, upon heat 
treatment the the magnetic character of the Tic-modified powders in the < 30pm size transforms 
from magnetically-soft to to magnetically-hard and attain an energy product of 10.3 MGOe. From 
comparison with the much-studied behavior of melt-spun ribbon, this transformation indicates 
that the IGA particles of this size range are overquenched and/or amorphous. Upon annealing, 
the larger size fractions of IGA Tic-modified powder exhibit a decrease in (BH)max, whereas the 
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Figure 3. Second-quadrant demagnetization curves from annealed samples of a) Tic-free (unmodified) IGA powder; 
b) Tic-modified powder, c) commercial melt-spun ribbon. 



larger size fractions of IGA unmodified powder exhibit an improvement in (BH)ma. This phe- 
nomenon is currently under investigation. While the gas-atomized Tic-modified alloy has a lower 
Hci than the melt spun ribbon, Br is unchanged, and (BH)ma is quite high, Fig. 3. The ability to 
atomize alloy compositions with a lower rare-earth content (and consequently, a higher Fe con- 
tent) with a fine microstructure results in an increase in Br and (BH)max over that of the unmodi- 
fied particles. 

An important clue to the differences in the behavior of bonded magnets formed from powders 
produced from both compositions can be obtained from their domain structure as observed by 
MFM. The unmodified, Tic-free powder particle exhibits a coarse microstructure constituted of 
primary dendrite arms that contains many large (approximately 1 pm) domains. The MFM image 
of the Tic-modified powder particle shows a much smaller domain size and a yniform domain 
structure that has an unknown amount of correlation with the very fine microstnicture. This do- 
main structure resembles very closely that of optimally quenched melt spun ribbons (21) and ap- 
pears to be responsible for the good performance of bonded magnets made from these new mate- 
rials. 

1 

TI. Effects of Minor Ferromapnetic Phases on Coercivitv in Thermomechanicallv-Deformed 
RIE$3.@-ba=d M a g n a  

Although magnets based on the RE2Fe14B compounds are more economical to manufacture 
than are other m-earth-based magnetic compounds and exhibit impressive energy products, they 
also possess a high temperature coefficient of coercivity which causes the coercivity to fall 
steadily to unacceptably low values for temperatures much above 400 K. Any efforts to remedy 
this unfavorable coercivity behavior require the definitive identification of the dominant mecha- 
nism of magnetization reversal in these magnets, a topic that is still open to debate within the lit- 
erature (22-26). In order to identify, understand and manipulate the reversal mechanism opera- 
tive in the 2-14- 1-based melt-quenched and thennomechanicallydeformedt (die-upset or MQ-3) 
magnets, it  is necessary to investigate simultaneously the microstructural and the magnetic prop- 
erties. Moreover, it is advantageous to study magnets formed from compounds that are largely 
free of the trace-level dopants such as Ga, Dy, Co, and Cu that are often added to commercial 
magnets, in order to reduce the experimental variables. To this end, a number of experiments 
have been performed on 2-14-1-based rare-earth magnets, both isotropic and aligned, obtained 
from the General Motors Research and Development Center with bulk compositions 
Ndl3~~Fe80.@6 and Pf13.75Fe80.&36. Nanostructural and nanocompositional evidence ob- 
tained on these samples with high-resolution TEM methods coupled with investigations into the 
initial and high-temperature behavior of the magnetization reveals the presence of a previously- 
unobserved ferromagnetic grain boundary phase. The presence and distribution of this phase is 
expected to geatly affect the global reversal behavior and mechanism in these magnets. In related 
investigations, calculated hysteresis loops were fit to experimental loops obtained from the above- 
described materials using an algorithm based on the Jiles-Atherton theory (27). The calculated 
model parameters were correlated with the physical attributes of the magnets; interpretations of the 
information thus yielded provides substantial insight into the hypothesized reversal mechanisms 
and internal coupling found in these magnets. The results of all data obtained from studies of this 
set of meltquenched, deformed magnets suggest that the dominant reversal mechanism is the nu- 
cleation of reversed domains. 

Experimental Details: 

Analytical electron microscopy was performed on the intergranular phases and the boundaries 
of deformed grains using both a VG Instruments HB-501 and a JEOL 2000 FX transmission 
electron microscope; the probe size used in the HB-501 instrument was on the order of 5 A. Over 



30 unique grain boundary regions were examined in the Pr-based sample while 10 were examined 
in the Nd-based sample (22,28). Additional electron microscopy studies were done on the grain 
boundaries of these materials using a method based on high-resolution inner-potential-difference 
imaging and diffraction analyses (29). Magnetic investigations were performed with a SQUID 
magnetometer: initial magnetization curves and the dependence of the coercivity upon mdximum 
magnetizing field at elevated temperatures in the temperature range 350 K I T 5 425 K were ex- 
amined (22). Each sample was sealed in an evacuated (P - 5 x 10-6 Torr) quartz capillary tube to 
avoid the possibility of oxidation during measurement (30). Prior to each minor loop measure- 
ment the magnets were thermally demagnetized by heating to 30 degrees above their nominal 2- 
14-1 Curie temperatures and then cooled in zero field to the measuring temperature; hysteresis 
loops were also measured at higher temperatures, 750 K - 800 K,(31,32). 
Results and Discussion: 

The microstructures of both the Nd-based and the Pr-based die-upset magnets are very simi- 
lar. As described by other authors, (33, 34) the materials largely consist of highly anisotropic 
platelet-shaped grains of the 2-14-1 phase stacked parallel to their c-axes and separated from one 
another by a thin intergranular phase. The average dimensions of the deformed grains are 600 nm 
f 150 nm in length by 150 nm f 75 nm in width, The microstructures of the materials are sur- 
prisingly inhomogeneous and contain regions of large, undeformed grains. During the course of 
our studies it was found that the intergranular phase is amorphous and does not evenly wet all 
surfaces of the 2-14-1 grains; its presence is dependent upon the nature of the grain boundary in 
question. For example, there appears to be no intergranular phase in (001) twist boundaries 
parallel to the tetragonal basal plane. We found the average width of the intergranular phase to be 
8 - 12 8, in the Nd-based magnet and 15 - 20 8, in the Pr-based magnet. Although previous re- 
searchers, using lower-resolution methods, have reported that the intergranular phase coats all 
surfaces and possess a composition close to the pseudobinary eutectic composition RE7oFe30, all 
high-resolution analytical electron microscope studies reported here clearly show that, for both the 
Nd-based and the Pr-based compositions, regions of the most narrow intergranular phase are en- 
riched in iron relative to the bulk grain composition. Figure 4 a) illustrates the iron concentration 
profile in Pr-Fe-B upon traveling from one grain to another across the intergranular phase; it is to 
be noted that the iron concentration in the bulk grain is near 80%. Figure 4 b) gives a histogram 
of the relative ratio Fe:Pr in the grain boundary region versus that in the p i n  interior for a sam- 
pling of 30 grain boundaries. The trends for iron in the Nd-based sample were found to be very 
similar to those shown here for the Pr-based sample. 
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The initial magnetization curves at various temperatures for Nd-Fe-B are illustrated in Fig. 5a); 
Fig. 5b) shows the development of the coercivity with maximum applied field; the results for the 
Pr-Fe-B sample look very similar. In all cases, the initial magnetization curves of both samples 
show a steep temperature-independent rise in the magnetization, followed by an approach to 
saturation that is temperature-dependent. The coercivities show the same trend, initially develop- 
ing rapidly, with a common, temperature-independent slope that levels out to a constant, tempera- 
ture-dependent value. These results are consistent with coercivity determined by nucleation: mag- 
nets with a high initial susceptibility have domain walls that move easily, implying that no do- 
main-wall pinning occurs inside the crystallite (35). Additionally, in nucleation-dominated mag- 
nets the coercivity Hci increases linearly with magnetizing field and then saturates, whereas in 
those magnets characterized by pinning the coercivity is almost negligible up to a critical field and 
then it suddenly increases to saturation (35). The common slope of the Hci vs. Ha curve implies 
that these nucleation sites are structural features &at are thermally sensitive. Fig. 6 shows a hys- 
teresis loop from Nd13.75Feg0.25B6 measured at T = 800 K. The sigmoidal shape of the high- 
temperature hysteresis loop indicates that another ferromagnetic phase, in addition to 2-14-1, is 
present in these materials; the size of this high-temperature magnetic signal is consistent with that 
expected from a ferromagnetic grain boundary phase with dimensions and distribution of that de- 
termined by the TEM studies (32). 
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The micromagnetic origins of the coercivity in fine-grained material strongly depend upon the 
type of coupling between the grains. The presence of excess iron in the grain boundary phase has 
several important consequences with regards to intergrain interactions: the grains are likely to be 
exchange-coupled as well as magnetostatically coupled. Such a hypothesis would presuppose the 
existence of interaction domains, much like those observeh by Kerr microscopy and MFM in 
similar meltquenched, thermomechanically-deformed magnetic materials (37). Numeric micro- 
magnetic calculations (38) of nucleation fields of 2-D magnetic structures demonstrate that if 
grains have direct exchange interactions, the entire sample can easily demagnetize after reversal of 
one grain. 

Another possible consequence of the presence of a ferrous, ferromagnetic intergranular phase 
is the existence of lower-anisotropy sites for reverse magnetization nucleation. At the same time, 
such a characteristic may reduce the probability of domain wall pinning at the intergranular phase. 
However, it is recognized that pinning must be operative also: as stated by Livingston (39), pin- 
ning is a necessary requirement, even in nucleation-controlled magnets, to avoid catastrophic re- 
versal originating at low-coercivity regions. A likely place for pinning to occur is at the larger 
RE-rich non-magnetic particle pockets found along some of the grain boundaries and at grain- 
boundary triple points (22,28,34). Although our results concerning the microstructure of these 
magnets differ considerably from those of previous researchers (33,34) obtained by lower-reso- 
lution methods, we do not doubt that a phase with a composition close to Nd7oFe30 does exist in 
these materials, especially since the excess rare-earth present in these magnets must be present 
somewhere in the microstructure. However, the exact distribution within the microstructure of 
rare-earth-rich and iron-rich grain boundaries, as well as intragranular phases, remains to be de- 
termined. 

The above experimental results suggest methods to improve the temperature coefficient of co- 
ercivity in die-upset FE2Fel4B magnets.. An ideal microstructure for a nucleation-type magnet 
consists of grains of a magnetically hard phase that are exchange-isolated from one another (39). 
Therefore, segregation of non-magnetic atoms to the grain-boundary phase via metallurgical ma- 
nipulation would be expected to produce higher-coercivity magnets via destruction of the ferro- 
magnetic exchange coupling. This argument is supported by the results obtained from hysteresis 
loops calculated from an algorithm based on the Jiles-Atherton theory (27). The Jiles-Atherton 
theory is based on considerations of the dependence of energy dissipation within a magnetic ma- 
terial resulting from changes in its magnetization. Model parameters were calculated from the al- 
gorithm and linked with the physical attributes of a set of three related melt-quenched permanent 
magnets based on the Nd2Fel4B composition: hot-pressed (MQ-2) Nd13.75Fe80~B6, die-upset 
(MQ-3a) Nd13.75Fe80.25B 6 and elementally-modified die-upset (MQ-3b) 

(9). The measured room-temperature saturation magneti- 
zations, remanences and intrinsic coercivities were used as inputs into the model to reproduce the 
experimental hysteresis curves. The calculated results show that two of the calculated parameters, 
the saturation magnetization Ms and the effective coercivity k, agree well with their directlyde- 
termined analogs. The calculated a and Q parameters, which are interpreted to represent the "ef- 
fective domain" density and the mean exchange coupling strength between the "effective do- 
mains", provide support for the concept of increased intergranular exchange-coupling upon ther- 
momechanical deformation, and decreased intergranular exchange-coupling with the addition of 
gallium. The notion of the "effective domains" may be associated or equated with that of interac- 
tion domains. For example, the decrease in the Q parameter from the relatively high value of 
13920 Oe in MQ-2 sample to the low value of 1247 Oe in MQ-3(a) sample represents a decrease 
in the density of effective domains, which is consistent with a change in the microstructure that 
promotes exchange coupling among the grains in the die-upset sample, as would be expected if a 
significant portion of intergranular phase changed in composition from rare-earth-rich to iron- 
rich. The increase of the Q parameter in DU2162, the sample doped with both cobalt and gallium, 
relative to that of DU1418, is consistent with a certain amount of exchange decoupling between 



the grains that serves to produce a greater density of "effective domains". Many researchers (40- 
43) believe that when gallium is added to 2-14-1-based magnets it segregates to the grain bound- 
ary phase; such a segregation would be expected to decrease the intergranular coupling by diluting 
the magnetic properties of the intergranular phase. 

I 

m, hvesb 'gations Into Coerc iv ip  Mec hanisms in "Exchanee-SDrine" Nd-Fe-B Allovs 

Some researchers (44) believe that the next generation of permanent magnets may not stem 
from an as-yet undiscovered intermetallic composition but rather will be a magnetic composite 
comprised of an aligned hard-magnet skeleton phase filled in with a soft-magnetic phase of high 
saturation magnetizgtion, known as an aligned "exchange-spring" magnet (10). Micromagnetic 
calculations (45) indicate that energy products in suitably-structured Sm2Fe17N3/Fe65Co3~ 
aligned magnets may reach 137 MGOe. Even isotropic two-phase "exchange-spring" permanent 
magnets hold great commercial promise if they can be fabricated so as to take full advantage of the 
optimal properties of each constituent phase. However, in practice it seems that such composites 
always possess a low coercivity, regardless of method of fabrication or elemental make-up. Both 
experimental (46,47) and theoretical (48-50) studies conclude that the coercivity is a sensitive 
function of the dimension of the soft phase. Theoretical calculations indicate that ideal exchange- 
spring magnets should possess coercivities on the order of 25% of the theoretical coercive limit 
2K1/Ms (12), where K1 is the first-order anisotropy constant and Ms is the saturation magnetiza- 
tion. The,disparity between theoretical and empirical results indicates that the details of the inter- 
actions inherent to real magnets are not represented perfectly in the modeling efforts. 

Experimental Dew 'Is; 

To clarify factors affecting coercivity, investigations were performed on the nature and evolu- 
tion of the magnetic interactions in three 2-14-Ila-Fe magnetic composites that differ in the a-Fe 
phase content. The alloys were made from commercial-grade materials by standard meltquench- 
ing techniques and were annealed for four minutes at 690 O C  to optimize their magnetic properties. 
The starting compositions are given in Table I in both wt% and stoichiometry; henceforth the al- 
loys will be identified by their excess iron enrichment 6, defined as Nd2Fel4+$. Powders were 
verified by synchrotron x-ray diffraction (XRD) using h = 0.90 8, - 1.18 8, to consist of only two 
phases: Nd2Fel4B and a-Fe. Lattice parameters (Table I) were obtained using a least-squares-fit 
algorithm, and the approximate particle size was determined with the Schemr formula from the 
peak full-width at half-maximum. Magnetic measurements were made on isotropic cylindrical 
powder compacts in the temperature range 275K I T  5 350K with a MPMS SQUID magnetome- 
ter. The data were corrected for demagnetization effects, and room-temperature demagnetization 
curves were extrapolated to an infinite internal field to calcuIate the remanence enhancement. 
Isothermal remanent magnetization (IRM) studies (51) monitored the development of the coerciv- 
ity and magnetization from an ac-demagnetized state. DC-demagnetization (DCD) studies (51) 
were done on samples saturated at -5 T and then subjected to increasingIy positive fields until re- 
versal and saturation in the positive direction was achieved. The reversible (Mrev(H)) and irre- 
versible (B,(H)) components of the magnetization were determined with the relation Mt,t(H) - 
BdH) = Mrcv(H), where B,(H) is the value of the remanence at zero internal field and Ml,t(H) is 
the measured magnetization. The data are often represented by the susceptibility x,  where x = 

, which provides an easily-visible signal with which to monitor the magnetization changes. 
dM - 
JHht 



Table I: Alloy Characterization. 6 characterizes the iron enrichment, defined as Nd2Fe14+$. 
Sample/ Composition 2-14-1 Lattice Grain Sizes Remanence 
Stoichiometry (RE = rare earth) Parameters (A) R atio(Br/?ds) 

MQP-A (64) RE = 30 wt% u = 8.8012k.0020 2-14-1: = 300 A 0.53 
Nd2.39Fe14B0.9s B = 0.9 wt% ' c = 12.2608k.0046 

Fe = 68.6 wt% 

MQ182 (64.6) 
Nd2Fe18.6B2.38 

RE = 21.3 wt% 
B = 1.90 wt% 
Fe = 76.8 wt% 

u = 8.7905k.0012 2-14-1: = 500 A 
c = 12.1697f.0023 a-Fe: = 130 A 

0.52 

MQ174 (6-9.3) RE = 18 wt% a = 8.8052rt.0023 2-14-1: = 300 A 0.60 
NdzFei3.3B 1 .*S B = 0.99 wt% c = 12.2135k.0053 a-Fe: = 150-250A 

Fe = 81.0 w!% 

Results and Discussion: 

Table I shows that the three samples studied possess similar, but not identical, lattice constants 
and average constituent phase sizes. The alloys have smooth second-quadrant demagnetization 
curves and exhibit a modest remanence enhancement compared to the value of 0.5 calculated for 
an isotropic compact of isolated particles. It was not possible to ac-demagnetize the 6 = 0 sample 
in this study, therefore no IRM data from this sample are displayed. 

The reversible and irreversible parts of the magnetization and their derivatives reveal the nature 
of magnetic reversal. The irreversible part of the magnetization describes the relative ratio of re- 
versed grains or domains as a function of internal field and is, by definition, associated directly 
with the coercivity. By extension, the irreversible susceptibility x h  depicts the degree of collec- 
tiveness of the reversal process: very narrow xh peaks indicate a highly collective reversal that . 
occurs at one well-defined field, whereas broad and xhpeaks signal a non-collective reversal 
process that extends over a large field range. Figs. 7 a)-c) display the irreversible components of 
the susceptibility, xirr (DCD) and xi, (IRM), at various temperatures. The trends observed in the 
development of xh(IRM) (Fig. 7 b), c)) are also evident in the development of coercivity with 
field, Fig. 8. Both figures indicate that the domain reversal from a demagnetized 0 state in 
the two-phase alloys is bimodal and broad, signifying that two processes are present and operate 
over an extended field range. The two xh (IRM) maxima likely stem from the two constituent 
phases of the alloy: the low-field maximum in the vicinity of Hint = 2000 G corresponds to the 
reversal of the soft a-Fe phase, whereas the higher-field maximum around Hht = 4OOO G corre- 
sponds to the reversal of the hard 2-14-1 phase. Equivalent conclusions have been drawn by 
Feutrill et al. (52) on similar materials. The reversible magnetization component Mi, for both 
DCD and IRM processes is shown in Fig. 9 for various temperatures as a function of internal 
field. The maximum moun t  of DCD reversible magnetization increases with the a-Fe content in 
the alloy, and temperature increases cause the peaks to sharpen up and move to lower fields. (The 
Mi, (IRM) data are shown only for T = 300 K because they exhibited very little temperature de- 
pendence; Mrev @CD) for the 6 = 0 sample is small up to 5 T.) 

Once all the grains are magnetically aligned (Le., in a saturated state), Fig. 7a), the peaks of 
Mi, (DCD) and the coercivity €&i are no longer bimodal and occur at precisely the same fields as 
do the peaks in the Mrev (DCD) signals. These results demonstrate that the two constituent phases 
in the sample reverse coherently, Le., are exchange-coupled. The heights of the DCD xh data 
exceed those of the analogous IRM data by approximately 50 times, Fig. 7, much larger than the 
factor of two that describes interactionless process (53). In contrast, the Xin (DCD) data of the 
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Figure 9. The reversible magnetization Mrev@CD) and Mrev(IRM) as functions of internal field and temperature. 

nominally single-phase sample 6 = 0 show very broad peaks (= 10 kG) with a maximum suscep- 
tibility value of 5 that occurs in the range 10 kG S H S 15 kG. 

Fig. 10 shows the dependence of xirr on temperature and internal field, along with the theoreti- 
cal anisotropy fields (=2K1/Ms) for a-Fe (54) and Nd2Fel4B (55); all data have been normalized 
to their values at 275 K. The approximate room-temperature values of the anisotropy fields of a- 
Fe and Nd2Fela are 150 Oe and 89500 Oe, respectively. 

The exchange coupling in these alloys is due to the a-Fe phase, manifest in the behavior of the 
irreversible magnetization Mh, Fig. 8. Current theoretical models (48-50) all emphasize that the 
nanocomposite phases will be exchange-coupled if the dimension of the soft phase does not ex- 
ceed the domain wall width in the hard phase. Reversal from a saturated state is hypothesized 
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Figure 10. Normalized critical fields for reversal from a saturated state as a function of temperature. 



to initiate in the exchange-isolated center of the soft phase and catastrophically proceed throughout 
the sample when the internal field exceeds the nucleation field of the magnetically-soft phase, HN, 
which is computed to decrease as the size of the soft precipitates increases. However, the results 
of this study indicate that the critical reversal field HN cannot be a simple function of the con- 
stituent phase anisotropy fields. Fig. 9 illustrates that both the temperature dependence of the 
anisotropy and the values of the critical reversal field of the alloys are intermediate to those of the 
pure constituent phases, but closer to that of Nd2FelJ3. If reversal does initiate in the exchange- 
isolated regions of the soft a-Fe precipitates, it would be expected that the temperature depen- 
dence of xh (DCD) would more resemble that of pure a-Fe; however, the temperature depen- 
dence is closer to that of the 2-14-1 phase. Thus it appears that the hard 2-14-1 phase participates 
in the irreversible magnetic reversal even at very low fields, a conclusion also reached by other re- 
searchers (56). 

To explain this phenomenon it is hypothesized that a nanostructural feature, such as a gradual 
crystallographic or chemical transition between the two phases, produces a region with a gradu- 
ally-changing anisotropy constant of intermediate value. While preliminary electron microscopy 
performed on other samples with similar compositions (57) has not found such a proposed phase, 
it is likely to be manifest in other effects: for example, Dahlgren er al. (58,59) investigated the 
spin reorientation temperature TS of compositionally-related nanocomposite samples with ac sus- 
ceptometry and found that Ts was depressed relative to the value found in single-crystal 
NdzFe14B by as much as 17 degrees. 

Recent results obtained from the three types of rapidly-solidified materials based on the 
RE2Fel4B compound illustrate how the scale of the microstructure as well as the presence and 
nature of secondary phases can affect coercivity. Such knowledge may then be used to manipu- 
late the detailed microstructure of the material to yield desired coercivities. The rapid-solidifica- 
tion process of inert gas atomization (IGA) has proven to be a promising method to produce 
REzFeldB-based isotropic magnetic powders with acceptable coercivity values. To compensate 
for the relatively slow quench rate provided by this method it has proven necessary to alter the 
composition of the starting material in order to increase the quenchability of the melt. It has been 
demonstrated that elemental additions of Ti and C alter the solidification process of the melt such 
that a large fraction of the atomized product is produced in the overquenched state, ready to be 
optimized into nominally single-domain-sized nano-scale grains by judicial heat treatment. The 
discovery of a ferromagnetic grain boundary phase in thennomechanically-defomed melt- 
quenched (MQ-3) magnets of selected compositions not only requires the alteration of some 
prevalent concepts of the micromagnetic organization of such systems, but also reveals possible 
metallurgical schemes with which to alter the coercivity of the system. Measurements of the tem- 
perature dependence of irreversible magnetization in two-phase "exchange-coupled" magnets in&- 
cate that the detailed of the exchange coupling between the constituent phases - Nd2Fel4B and 
a-Fe - is more complicated than previously thought. In specific, it appears that all stages of re- 
versal are largely governed by the 2-14-1 hard phase, with the a-Fe phase playing a relatively mi- 
nor role. It is clear that new ideas must be explored to define the interactions that govern the 
magnetic behavior in this new class of magnetic materials. 
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