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Ferromagnetic Grain Boundary Signature in

Die-Upset RE-Fe-B Magnets

L. Henderson Lewis, Yimei Zhu and D. O. Weich,
Materials Science Division, Department of Applied Science,

Brookhaven National Laboratory, Upton, N.Y. 11973

Abstract

Previous nanostructural and nanocompositiona! studies performed on
the boundaries of deformed grains in two die-upset rare earth magnets with
bulk compositions Nd,; ssFeg0 25Bs and Pry; 75Fegq 2586 indicate that the
intergranular phase in many grain boundaries is enriched in iron relative to the
bulk. We present here preliminary magnetic data that provide further evidence
that this grain boundary phase is indeed iron-rich, and in fact appears to be
ferromagnetic. Hysteresis loops were performed at 800 K on die-upset magnets
with the above compositions. Each sample showed a clear hysteresis with
coercivities between 34 and 40 Oe average remanence 4nMg of €.8 G for the
Nd-based sample and 10.3 G for the Pr-based sample. The ferromagnetic
signals measured at high temperature in these magnets are attributed to the
iron-rich grain boundary phase. The implications of this conclusion with respect

to coercivity are discussed.

Introduction:

Coercivities of magnets based on the 2-14-1 rare earth - iron - boron
phase are typically in the range of 12 - 16 kOe, with reports ranging to over 24
kOe for a melt-spun then hot-pressed magnet with the complex composition

(Pry3.75F€0.05C00.05)80.25B6)0.996Ga0 004 (1). However, the anisotropy field of M ASTER
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Nd2Fe14B at room temperature is around 90 kOe (2), a value that is over four
times larger than the typical magnet coercivities; cleariy a lower-energy route for
magnetic reversal is operative in these magnets. This relatively low value of
coercivity contributes to energy products that are only roughly two-thirds of the
theoretically possible energy products.

in order to engineer Fe-Nd-B magnets with improved energy products, it
is necessary to identify the correct mechanism by which magnetic reversal
occurs. There is a consensus within the literature that sintered magnets based
on the 2-14-1 phase achieve their coercivity via the nucleation of reversed
domains (3); however, the picture is not so clear-cut in the case of those
magnets produced by melt-quenching and die-upsetting. Researchers from
General Motors Corporation Research and Development Center believe that
the coercivity in these magnets is deterrnined by strong pinning of domain walls
by a non-magnetic intergranular phase (4, 5). in contrast, studies that compare
the hysteretic properties fit to theoretical models as well as calculated activation
volumes of both sintered and melt-spun magnets have prompted some
researchers (6-8) to conclude that the nucleation mechanism is dominant in
both die-upset and sintered magnets. Recent data obtained from magnetic
viscosity measurements (9) on melt-quenched magnets agree with this claim.

Nanostructural, nanocompositional and initial magnetization studies (10)
were recently performed on two rare-earth magnets based on the 2-14-1
composition produced by melt quenching followed by die-upsetting. The results
of these studies indicate that the dominant contribution to coercivity seems to be
the nucleation of reversed domains. These reversed domains are hypothesized
tc originate in the lower-anisotropy, iron-rich regions that surround the grains of
the main 2-14-1 phase. We present here further evidence of the existence of
iron-rich grain boundaries in these magnets. Moreover, it appears that the grain
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boundary phase is ferromagnetic, a result that has important implications for the

magnetic coupling between the grains.

Experimental Procedures:

The hysteresis loops of two die-upset rare-earth magnets obtained from
General Motors Research and Development Center were measured using a
SQUID magnetometer manufactured by Quantum Design. The bulk compositions
of the magnets are Ndy3 75Fegg 25Bg and Pry3 75Fegp 25B¢: they were fabricated
by standard hot deformation processing methods (11) in which overquenched
melt-spun ribbons were hot pressed at 750°C and then further deformed at 800°C
to produce oriented die-upset magnets. Additional processing details are
outlined in references 1 and 12.

Each sample was machined down to the appropriate dimensions to fit inside
a quartz capillary tube of 2 mm (i.d.) x 3 mm (0.d.). The samples were cut using a
stainless-steel wire saw and were subsequently polished with 600 grit silicon
carbide paper; the final dimensions were 1.423 mm x 1.217 mm x 1.933 mm for
the Nd-based sample and 1.264 mm x 1.255 mm x 2.008 mm for the Pr-based
sample (measurerﬁents are estimated to be accurate to +0.001 mm). Solid quartz
rods of average 1.56 mm diameter were used on either side of the specimen for
support within the capillary tube. Zirconium turnings were added as a getter and
the tubes were evacuated to a base pressure of 5.6 x 10°5 torr then sealed to
avoid the possibility of oxidation during measurement. Prior to each hysteresis
loop measurement the magnets were brought to a temperature of 800 K and then
saturated in an applied field of +55 kG. The resultant hysteresis loops were
corrected for demagnetization using the equations (13):

Hint = Happl - Hdemag (1)
Hdemag = 4®Mg x (2/r) x arcsin(1/1+q) (2)
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In the above expression Mg is the magnetization and q is the dimensional ratio;
Hdemag Was further multiplied by a constant correction factor of 0.815 that was
obtained from a measurement of very low coercivity nickel. The maximum
standard deviation in the measurement of the sample moment is about 0.3%. In
order to compute the magnetization in Gaussian units, the measured moment

was divided by the total volume of the specimen.

Results:

The magnetic hysteresis loops obtained at T = 860 K, corrected as
discussed above, are displayed in Figures 1a and ib. Both hysteresis loops
show cooperative ferromagnetic behavior that begins at an internal field of 300
G. The coercivity Hc, taken as half of the loop width, is 34 Oe for the Nd-based
sample and is 40 Oe for the Pr-based sample. The remanent magnetization
4xMR, taken as half of the loop height, is 6.8 G for the Nd-based sample and is
10.3 G for the Pr-based sample. The origin of the asymmetry in the loops is
unknown, although it could result from slight movement of the specimens within
the quartz tube. The surface condition of the samples appeared to be
unchanged from that prior to measurement, but a portion of the zirconium getter
in the Pr-based sample acquired a goldish tint, indicative of ZrO2 formation.
The magnetization in either specimen does not saturate with increasing applied

field, but rather continues to increase in a paramagnetic manner.

Discussion:

The following results are summarized from previous work (10, 14, 15)
that characterized the die-upset magnet samples with high-resolution TEM and .
SQUID magnetometry performed at elevated temperatures: The

microstructures of both the Nd-based and the Pr-based die-upset magnets are

L.Henderson Lewis, Yimei Zhu and D. O. Welch: "Novel Magnetic Structures and Properties” - Acta Met. Meeting;
Santa Fe, June 24-25, 1994



very similar and are highly anisotropic, consisting mostly of 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 in some, but not all, grain boundaries
The interior of some of the grains contains a speckling of RE-rich precipitates,
as shown in Figure 2; however, the more platelet-shaped grains with a higher
aspect ratio than those shown in Figure 2 are largely free of such precipitates.
The microstructure is also decorated with large pockets of Nd7gFe3q at triple
junctions as well as rare-earth oxides that seem to congregate along the
constituent ribbon boundaries (16). In many grain boundaries the intergranular
phase is amorphous, iron-rich relative to the bulk grain composition, and its
presence is dependent upon the relative orientation of the 2-14-1 platelets (10).
The relative concentrations of boron were not examined. The average width of
the intergranular phase is 8 - 12 A in the Nd-based magnet and is 15 - 20 A in
the Pr-based magnet. 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 same trend is also
illustrated in the development of the coercivity with applied field. The magnetic
results are characteristic of nucleation-controlled coercivity development (17).

The present work was motivated by a desire to investigate whether or not
a magnetic signature of the grain boundary phase is detectable. We believe
that the origin of the ferromagnetic signal obtained at 800K in these samples is
the iron-rich grain boundary region. The signal is not from the main 2-14-1
phases themselves because the reported Curie temperatures are T¢ = 565 K for
ProFe14B and T¢ = 585 K for Ndz2Fe14B (18). The reversible rise of the
hysteresis loop with applied field for Hagp) > 300 G or Hagp < -300 G probably
originates from the paramagnetic response of the main 2-14-1 phases above
their respective Curie temperatures.
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Other phases present in the die-upset magnets, either reported or
hypothesized, might be magnetic but it is unlikely that most of these phases
would contribute to the ferromagnetic signal found at 800 K. Crystalline FeB
has a Curie temperature of 598 K (19), while the amorphous iron-borides all
have Curie temperatures in the range of 500 K to 600 K (20). It is possible,
however, that a form of Fe;B (T¢ = 1013 K (21)) is represented within the grain
boundary phase. Rare-earth - iron intermetallic phases such as NdFeq7 and
PraFeqy7 have Curie temperatures near room temperature (22), and disordered
forms of these compounds would be expected to have yet lower Curie
temperatures.

The presence of ferrimagnetic iron oxides, in the form of either y-Fe203
(Tc =948 K ) or FegO4 (T¢ = 858 K) (23), would indeed provide a ferromagnetic
contribution to the hysteresis loop at high temperatures; traces of these iron
oxides could have been formed in any of the many processing steps that occur
before the final die-upset magnet is formed. However, the standard enthalpy of
formation (AH,gg) Of the rare-earth oxides, which are not ferromagnetic, is
much larger than that of analogous iron oxides. For example, the standard
enthalpy of formation of o.-Fe203, the most stable form of iron oxide, is -196.3
kcal/mol, while that of ProOg is -436.8 kcal/mol and Nd203 is -432.1 kcal/mol
(24). This thermodynamic principle, combined with the fact that the magnets'
starting compositions are approximately 20% richer in the rare earth component
than the stoichiometric composition, renders the formation of magnetic iron
oxides an urnlikely event.

Other factors implicate the grain boundary phase as the source of the
ferromagnetic hysteresis loop. The remanence of the Pr-based sample is larger
than that of the Nd-based sample, a difference which is reflected in the larger
thickness of grain boundary phase measured for the Pr-based sample. It is
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doubtful that the signal originates from a surface contamination, because the
larger signal derives from the sample with the smaller surface area.
Conclusions:

We present here further evidence that the intergranular phase in die-
upset magnets with bulk compositions Nd,; 7sFegq 2B @and Pry3 75F€gq 2584 iS
iron-rich, and additionally appears to be ferromagnetic. These two conclusions
have important ramifications with regards to the engineering of melt-quenched
magnets with optimal properties based on the 2-14-1 composition. The
existence of ferromagnetic grain boundaries wouid promote strong exchange
coupling between the grains themselves, and thus cause the grains to act
cooperatively during magnetic reversal. Recent micromagnetic calculations
(25) of nucleation fields of 2-D magnetic structures conclude that grains with
direct exchange interactions can easily cause catastrophic demagnetization of
the entire sample after the reversal of one grain. Additionally, the presence of a
ferromagnetic intergranular phase allows for the existence of lower-anisotropy
sites for reverse domain nucleation while at the same time it reduces the
probably of domain wall pinning to occur at the intergranular phase.

An ideal microstructure for a nucleation-type magnet consists of grains of a
magnetically hard phase that are exchange-isolated from one another (26),
ideally by a thin coating of a non-magnetic phase. Therefore, segregation of non-
magnetic atoms to the ferromagnetic grain-boundary phase via metallurgical
manipulation might serve to disrupt the intergranular exchange coupling and
therefore would be expected to produce higher-coercivity, and thus higher energy

product, magnets.
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Figure Captions:

Figure 1a: Hysteresis loop measured at 800 K for die-upset Nd13.75Fegp.25B6

Figure 1b:  Hysteresis loop measured at 800 K for die-upset Prq3.75Fegg.25B¢

Figure 2. Transmission electron micrograph illustrating Nd-rich precipitates
within equiaxed grains of the Nd13.75Fegg.2sBs magnet. The white

scale marker represents 100 nm.
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