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Enhanced coercivity in B-rich nanocomposite a-Fe/(NdPr),Fe,,B/Fe;B

hard magnetic alloys
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The structures and magnetic properties of melt-spun B-rich (10 at. %) and Nb-containing

nanocomposite alloys, with compositions based on the formula (Nd75Prj2s),Fego,

Nb,Bo (y

=X

=8, 10; x=0, 2, 4) have been studied. Considerable enhancement of the intrinsic coercivity, (of
657 kA/m) together with excellent energy density (of 113 kJ/m?), were observed for y=8, x=4;
while for y=10 and x=2, values of 912 kA/m and 140 kJ/ m? were attained. Results are interpreted
in terms of a grain size refining effect of the Nb addition and to the more complete exchange
coupling of the soft grains to the hard phase grains afforded by reduced grain sizes. © 2005
American Institute of Physics. [DOI: 10.1063/1.2106004]

Nanocomposite exchange-enhanced hard magnetic al-
loys have been intensively studied since their first experi-
mental and theoretical des.cription.l_3 These alloys are com-
prised of a fine mixture of hard magnetic crystallites
[RE,Fe,,B,> RE,Fe,;N,.* or RE,Fe,,C,, (Ref. 5) rare earth
(RE)=Nd or Pr] interspersed with soft magnetic grains [ @-Fe
(Refs. 3-5) or Fe;B.%) The corresponding soft/hard mean
grain sizes should ideally be of 10 nm for the soft phase and
20 nm for the hard phase, according to numerical
simulations,® in order to avoid independent magnetization
reversal at the soft grains and thus, promote optimum ferro-
magnetic exchange coupling between hard and soft magnetic
phases. Such exchange interaction leads to enhanced values
of remanence, J,, to well above the Stoner—Wohlfarth value
of 0.5/, but with reduced intrinsic coercivity ;H, (within the
range of 250-500 kA/m, depending on composition). Fur-
thermore, their reduced RE content decreases the raw mate-
rial cost, which represents a useful advantage for commercial
purposes. For the melt-spun alloys with intermediate RE
concentrations (8—11 at. %) and a stoichiometric B content
of ~6 at. %, produced by direct quenching from the liquid
state, the high cooling rate during the rapid solidification
facilitates very large undercoolings and very high nucleation
frequencies for both RE,Fe;4B and a-Fe crystallites. This
yields very fine-grained structures with optimum magnetic
properties. However, a major practical impediment for the
full exploitation of this class of nanocomposite alloy is the
narrow process window and the tendency to produce a range
of ribbon thicknesses in a batch, and thus with variable mi-
crostructure and properties.7 An alternative process route is
to “overquench” the alloy to the fully amorphous state fol-
lowed by a devitrification anneal. This has been shown to
give broadly comparable microstructures and magnetic prop-
erties to those obtained by direct quenching for stoichio-
metric RE,Fe,B alloys.g’9 However, for overquenched ini-
tially amorphous REFeB alloys with Fe-rich compositions
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(RE content <11.7 at. %), the microstructural evolution
upon annealinig begins with the precipitation and growth of
a-Fe grainslo_ % followed by the formation and growth of the
RE,Fe 4B crystallites. This process tends to result in unde-
sirably coarse a-Fe crystallites, which leads to incomplete
exchange coupling to the hard phase grains and, thus, to
inferior magnetic properties for the composite structure.'*"?
The addition of small concentrations of refractory elements
(Zr or Nb) has been reported to be useful for controlling the
growth of the soft phase.M’15 Moreover, an excess of B con-
tent has also been reported as having an enhancing effect on
intrinsic coercivity for nancomposite a-Fe/REFeB alloys
with RE concentrations =10 at. %.'®!” In the present letter,
we report the effects of both an excess concentration of B
(10 at. %) and of Nb additions (up to 4 at. %) on the micro-
structure and magnetic properties of nanocomposite
a-Fe/REFeB alloys with RE=8 and 10 at. %.

Ingots of the alloys, with compositions of
REyFe()()—y—bexBlO (REZNd0_75Pr0_25, y=8, 10, x=0, 2, 4),
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FIG. 1. XRD traces for ribbon samples of the alloy series

(Ndg 75Pr.25) 10Fego-_«Nb,B, spun at 30 m/s and annealed at 700 °C for 10
min: (a) x=0, (b) x=2, and (c) x=4.
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FIG. 2. TEM micrograph for selected OA nanocomposite: (a) REgFeg,B,
and (b) REgFe;sNbyB |, ribbon samples.

were prepared using commercial grade materials by arc melt-
ing the constituents in a high-purity Ar atmosphere. Over-
quenched and annealed (OA) samples were obtained by a
devitrification anneal (10 min at 700 °C with material sealed
in a silica tube under argon) of initially fully amorphous
alloy ribbon, produced by melt spinning at 30 m/s. The
magnetic properties of J, and ;H,, and the maximum energy
product (BH) .« Were determined using an Oxford vibrating
sample magnometer with a maximum field of 5 T. The mi-
crostructure of selected ribbon samples was monitored by
x-ray diffraction (XRD) analysis with Cu K« radiation and
transmission electron microscopy (TEM).

Diffractograms for the RE,yFeg,_,Nb,B;, (x=0, 2, 4) se-
ries are shown in Fig. 1. For the Nb-free alloy, the presence
of the body-centered-cubic a-Fe phase is manifested as a
strong diffraction peak at 26=44.6° [corresponding to the
(110) reflection] together with peaks for the 2/14/1 hard
phase. In addition, a peak at 260=42.99° can be indexed as
(321) for the Fe;B phase, which has the highest intensity for
this phase. As the Nb content increases, the intensity of the
a-Fe peak exhibits a progressive decrease, reflecting the ef-
fect of Nb as a grain size controller. Similar results were
observed for the alloy series with RE=8 at. % (not in-
cluded). Transmission electron micrographs for two selected
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FIG. 3. Demagnetizing curves for OA ribbon samples of alloys in the sys-
tem REgFeg, Nb. B, : (a) x=0, (b) x=2, and (c) x=4.

nanocomposite alloys, REgFeg,B;, and REgFe,sNb,B,, are
displayed in Fig. 2. For the Nb-free sample, Fig. 2(a) shows
a nanostructure comprised of smaller grains (<15 nm, pre-
sumably hard 2/14/1 phase) and much larger crystallites
(>50 nm, evidently a-Fe, due to their dislocated internal
structure), while for the alloy with 4 at. % of Nb [Fig. 2(b)],
a homogeneous grain size distribution, with mean grain di-
ameters for both soft and hard phases of <25 nm, reflects the
grain size controlling effect of the Nb addition. The second
quadrants of the J-H loops for all alloys investigated are
shown in Figs. 3 and 4. For the RE=8 at. % series (Fig. 3),
. increases progressively as the Nb concentration in-
creases, from 228 kA/m (x=0) to 657 kA/m (x=4), though
with a marked reduction in J, between 2 and 4 at. % Nb.
(BH) oy is increased significantly upon adding Nb, from
60 kJ/m? up to 117 kJ/m? for the 2 at. % Nb alloy, with a
slight drop upon increasing to 4 at. %. The observed values
of J, and ,H,, and the derived values of (BH),y, for each
composition are given in Table I. For the RE=10 at. % se-
ries (Fig. 4), consistently larger ;H, values were observed,
ranging from 619 kA/m for the Nb-free alloy to 1060 kA/m
for the 4 at. % Nb composition, reflecting the smaller volume
fraction of soft magnetic phases present, and with (BH) .y
being as high as 140 kJ/m? for the 2 at. % Nb alloy. Table I
summarizes these experimental data.

It is observed that the addition of up to 4 at. % Nb sub-
stantially enhances .H ., and improves the squareness of the
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FIG. 4. Demagnetizing curves for OA ribbon samples of alloys in the sys-
tem RE (Feg,  Nb,B, : (a) x=0, (b) x=2, and (c) x=4.
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TABLE I. Magnetic properties of OA ribbon samples of alloys in the system
(Ndy 75Prg25),Fegg_,_,Nb,B o (mean values for ten samples in each case).

RE content y,

Nb content x  ,H, (kA/m) J. (T) J, (T) (BH) o (KJ/m?)
y=8, x=0 228+10 1.04+£0.06 1.75+0.04 60+7
y=8, x=2 420+20 0.98+0.04 1.56x0.06 117£5
y=8, x=4 657+10 0.87+0.01 1.31x0.01 113£2
y=10, x=0 619+24 1.05£0.02 1.60+£0.02 128+9
y=10, x=2 912+5 0.96+0.01 1.47+0.02 140+6
y=10, x=4 1060+18 0.81+0.01 1.24%0.01 109+3

loops due to a narrow grain size distribution, which explains
the good (BH),,,, values, in spite of the modest J, values
attained. These modest J, values result from a moderated
diluting effect of the 2/14/1 phase induced by the rising Nb
concentration. The ;H_ increment, observed with increasing
Nb content, can be ascribed to the considerable grain size
refinement—notably of the soft phase—promoted by the Nb.
This effect has been described by micromagnetic simulations
for nanocomposite a-Fe/Nd,Fe,B alloys.lg’19 According to
these simulations, ;A is predicted to increase with decreas-
ing soft’/hard mean grain sizes due to the enhanced intergrain
exchange interactions between the two phases. This is ex-
pected to suppress the nucleation of reverse domains within
the soft grains, thus retarding the magnetization reversal of
the neighboring hard grains to higher applied fields and giv-
ing rise to improved ;H, values. The tendency for ;H, to
increase with decreasing grain size was previously observed
experimentally for Nb-free intermediate H,. (<400 kA/m)
nanocomposite a-Fe/Nd,Fe 4B alloys with a soft phase vol-
ume fraction of 30%.%

In summary, a marked enhancement of H, (up to
1060 kA/m) was observed upon the addition of Nb to B-rich
melt-spun nanocomposite RE,Fe,B/a-Fe/Fe;B alloys.
TEM observations revealed a considerable grain size refining
effect promoted by the Nb additions, which is considered to
be responsible for the increased ,H,. This ;H, enhancement,
in addition to the improved squareness of the demagnetizing
curves, resulted in good maximum energy densities (up to
140 kJ/m? for the RE,Fe;4Nb,B,, composition), thus ren-
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dering this alloy series a promising candidate for bonded
magnet applications.
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