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Abstract

Considerable enhancement of magnetic properties was attained in initially stoichiometric nanophase RE,Feg,Bg melt-spun alloys
(RE = Nd, Nd + Pr) by means of an excess B content (10 at%) and additions of Zr and Co (2% and 7%, respectively). The intrinsic coer-
civity exhibited a marked improvement (with respect to the stoichiometric 6 at% B alloy), within the range 50-65%, with a maximum of
1161 + 14 kA m~"' for the B-rich and Zr-containing alloy, together with an excellent combination of remanence and energy density val-
ues of 0.90 + 0.01 T and 137 + 4 kJ m >, respectively. Further Co addition led to a Curie temperature increase, while preserving high
coercivity (1176 & 31 kA m™!) and useful energy densities (119 & 4 kJ m~). Results were interpreted on the basis of alloy microstruc-

tural features and on variations of the intrinsic magnetic properties, supported by micromagnetic calculations.
© 2008 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Rare earth (RE)-iron-boron hard magnetic alloys have
been the subject of intense study since their first announce-
ment in 1984 [1,2] due to their outstanding combination of
magnetic properties such as: high intrinsic coercivity ;H.
(3001500 kA m ™', depending on RE content) and high
maximum energy densities (BH)max (between 100 and
170 kI m > for isotropic alloys) [3-5]. These alloys are
the precursor materials for fabrication of permanent mag-
nets, which can be used for a very wide range of applica-
tions: loudspeakers, uniform and non-uniform magnetic
field sources, magnetic separation, magnetic bearings and
couplings, levitation systems, actuators, sensors (aniso-
tropic magnets), motors (dc, synchronous, stepping: isotro-
pic magnets) and more recently, for biomedical devices,
such as: cardiac valves, magnetic catheters, dental care
and for “magnetotherapy” [6-9].
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It is well established that the microstructure and mag-
netic properties of RE-Fe-B alloys are very sensitive to
both the alloy composition and the processing parameters
[3-6,9,10]. For melt-spun alloys, the stoichiometric compo-
sition (with RE content ~11.7 at%) results in isotropic
alloys with a microstructure comprising uniaxial, randomly
oriented crystallites and typical magnetic properties of ;H,
between 700 and 800 kA m ™' and (BH),y within the range
110-170 kJ m~* [3-5,9] (depending on the remanence J,
values, since (BH)nax 1S approximately proportional to
J.2 for materials with uo;H, > J./2 [11,12]). Reduction in
the mean grain size d, leads to an increasing degree of
exchange interaction between magnetic moments on adja-
cent grains surface, which in turn leads to enhanced J; val-
ues (well above the 0.5/, limit expected for non-interacting,
uniaxial, randomly oriented particles), though accompa-
nied by reduced coercivities [3-5,9,13]. On the other hand,
mixed rare-earth Nd—Pr—Fe-B based nanocomposite mag-
nets are of interest because of the larger anisotropy con-
stant K; for the Pr,Fe4B phase than for its Nd
counterpart (which results in higher ;H. values [3,9,14—
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16]) and the absence of the spin reorientation phenomenon
in PryFe 4B [6,11-15], in addition to the potential economic
benefit (i.e., lower cost) of employing didymium having
Nd:Pr ratios that correspond to those that occur naturally
in rare-earth ores (typically 3—4:1) [17]. In the present work,
we report and discuss the effects of excess B and of Zr—Co
additions on the magnetic properties of initially stoichiom-
etric, isotropic melt-spun (NdPr)-Fe-B alloys.

2. Experimental details

Initial alloy ingots having compositions Nd,Feg,Bg,
RE12F682B6, RE12F378B10, RE12F676ZY2B10 and RElz(Feoig_
Cog.1)76Z1>B19 (RE = Ndg 75Prg5), were prepared using
commercial-grade materials by arc-melting the constituents
in a Ti-gettered, high-purity Ar atmosphere. Nanocrystalline
alloy samples were obtained by a devitrification annealing
(10 min at 700 °C, with ribbon samples sealed in a silica tube
under argon) of initially fully amorphous alloy ribbons pro-
duced by chill block melt spinning using a roll speed of
30 m s~ '. The microstructure and d,, for selected ribbon sam-
ples were monitored by X-ray diffractometry (Bruker
Advance D8 with monochromatic Cu-Ka radiation) and
by transmission electron microscopy (Jeol 1200 TEM, with
thin foils prepared by ion-beam thinning). The magnetic
properties J,, {H. and (BH)max (computed from the B—H
loop) were determined on at least 8 different samples with
variable dimensions: 5-10 mm length and 20-25 pm thick,
by using an Oxford Vibrating Sample Magnetometer with
a maximum field of 5 T. Demagnetization field corrections
were performed for M—H loops with demagnetizing factors
between 0.000090 and 0.000014 corresponding to aspect
ratios between 200 and 500 [18]. The reported value for mag-
netic properties was determined as an average, and the corre-
sponding standard deviations were associated to the error
intervals. The Curie temperature was estimated by means
of magnetic thermogravimetric analysis (MTGA) with an
applied magnetic field of 0.20 T. Micromagnetic simulations
were performed by using time integration of the Landau—Lif-
shitz-Gilbert equation together with a hybrid FEM/BEM
method [19] on realistic alloy models in the form of cubic
structures of dimensions 100 x 100 x 100 nm?* and compris-
ing 216 irregular grains in intimate contact, with the follow-
ing intrinsic magnetic properties: J;"9 = 1.61 T, crystalline
anisotropy K;™4 =4.3 x 10° J m~* and exchange constant
ANY =77 x 10" J m~! for the Nd,Fe4B phase; and J,”" =
1.56 T, K;P"=56x 10°Tm 2 and 47" =12 x 102 Jm™!
for the ProFe 4B phase [12].

3. Results

X-ray diffractograms for Nd;,Feg,B¢s, RE ;Fe;sB;o and
RE »(Fep9Cog.1)76Z1,B1( alloys are shown in Fig. 1. All
the peaks present correspond to the tetragonal RE,Fe 4B
phase, as is expected for their stoichiometric 12 at% RE
content. The same peak distribution was observed for the
RE|,Feg;Bg and RE|,Fe;Zr,B;y alloy samples (not

shown). The mean grain sizes d, for the complete alloy ser-
ies, determined by means of the Scherrer formula for at
least ten different peaks, are displayed in Table 1. A grain
size refinement was observed after Pr addition (from
49 + 7 nm to 35 & 3 nm), followed by a general d, coarsen-
ing for the B-enriched alloys (with the exception of the
RE,Fe;sZr,Bg alloy, which in fact exhibits the smallest
d, throughout the alloy series). TEM micrographs of
selected samples corresponding to Nd;,Feg,B¢ and to the
B-enriched RE;,Fe,sBig alloy ribbons are shown in
Fig. 2. For the Nd;,Feg,B¢ reference alloy sample
(Fig. 2a) an isotropic distribution of 2/14/1 grains is man-
ifested, with an approximate d, value of 46 £ 4 nm, which
is in good agreement with the grain size determined by
XRD results (Table 1). Similar characteristics are displayed
for the RE,Fe;gB1 alloy ribbon (Fig. 2b), with the pres-
ence of few fine precipitates (of about 10-20 nm) inter-
spersed around the hard RE,Fe4B grains as additional
feature. These small crystallites would be afforded by the
excess of B (probably as an iron boride [20]), thus forming
a minor secondary phase with a volume fraction lower than
the 5% minimum for XRD detection.

Magnetic TGA traces for the complete alloy series are dis-
played in Fig. 3. For the base Nd,Feg,Bg ribbon sample, 7
was 310 °C, in accord with the reported value of 312 °C for
the 2/14/1 phase [21]. A slight decrement of T, (down to
307 °C) was recorded upon 3 at% Pr substitution, which
can be associated with the lower T for the Pr,Fe;,B phase
than for its Nd,Fe 4B counterpart [21]. The same T, value
was observed for the boron-enriched RE|,Fe;sBq alloy,
which would imply that the excess of B is segregating outside
the 2/14/1 grains. A significant reduction is exhibited for the
Zr doped ribbon sample (282 °C) due to the deleterious effect
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Fig. 1. X-ray diffractograms for: (a) Nd,Feg,Bs. (b) RE;,Fe;5Bg, and
(C) RE]Q(F60_9C00'1)7521"2310 alloys.
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Table 1
Magnetic properties of RE|,Feg,Bg-based alloys (RE = Nd 75Prg»5) and micromagnetic data (*) for the corresponding alloy models
Alloy He (kAm™") . (T) Js (T) (BH)max (KIm ™) S T.(°C)  dy(nm) HS (kAm™') /IS
Nd,Feg,Bg 713 +£7 0.91 £0.01 1.41 £0.02 120 +-4 0.47 310 49+7 1042 0.61
RE|>Feg,Bg 792 £ 15 0.98 +0.02 1.47 £0.02 146 + 6 0.48 307 35+3 1050 0.61
RE,FessBo 842 £ 10 0.91 £0.01 1.39 £0.02 12943 0.53 307 4346 1082 0.61
RE,Fe;Zr,B g 1161 + 14 0.90 +£0.01 1.38 £0.03 137+ 4 0.58 282 34+3 1488 0.60
RE5(Fe,Co)76Zr,B1g 1176 + 31 0.83 +0.01 1.31 £0.02 11944 0.58 350 586 1433 0.60
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Fig. 2. TEM micrographs of selected samples corresponding to:
(a) Nd,Feg;Bs and (b) RE ,Fe;sB) alloys (very fine precipitates are
circled in white).

of the incorporation of Zr atoms into the RE,Fe 4B unit cell
[22,23]; this is followed by a substantial increase in T
improvement (up to 350 °C) on partial substitution of Fe
by Co, reflecting the stronger Fe—Co exchange interactions
[3-5,21]. Demagnetizing J—H curves for all the alloy ribbon
compositions are shown in Fig. 4, for which an increasing
trend of ;H_ is observed for the composition sequence shown
in Table 1, starting at 7134+ 7kA m™"' for the reference
Nd;,Feg,Bg alloy, to a maximum of 1176 4+ 31 kA m~! for
the RE (Fey9Coq.1)76Z12Bo ribbon sample. On the other
hand, the remanence exhibited an initial enhancement from
0.91 +0.01t00.98 = 0.02 T after Pr substitution for Nd, fol-
lowed by a monotonically diminishing J, trend for the
remaining compositions, to a minimum of 0.83 +0.01 T

T T T
200 250 300 350 400

T(C0)
Fig. 3. Magnetic TGA traces for: (a) Nd,Feg;Bs, (b) RE;>Feg,Bg,

(c) RE;FesBig, (d) REsFes6ZrByo, and (e) RE;x(Fep9Coo.1)76Z12B1o
alloys.
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Fig. 4. Demagnetizing J(H) curves for: (a) Nd,Feg,Bg, (b) RE|,Feg,Bg,
(c) REjyFesBio, (d) REjyFessZryBig, and (€) RE;x(Fep9Coo.1)76Zr2B1o
alloys.

-350 0

for the Co-containing alloy. The (BH)ma.x values were
120kJ m~® for all the alloys, with a maximum of
137+4kIm~> for the RE,Fe;sZr,B, ribbon sample.
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Fig. 5. Henkel 0M(H) plots for: (a) Nd,Feg,Bs, (b) RE;,Feg,Bg,
(c) REsFessBio, (d) RE2Fez6ZrByg, and (€) REix(Fep.9Coo.1)76Zr2B1o
alloy ribbons.

The squareness S of the demagnetizing section of J-H curves,
calculated as (JH)max/(JriH:) [14], displays an overall
increasing tendency from 0.47 to 0.58, which contributes to
maintain high-energy densities in spite of the reducing J; val-
ues. A summary of magnetic properties is given in Table 1.
Additionally, Henkel o M(H) plots, calculated from the
Wohlfarth relation dM = mg(H) —[1 — 2m(H)] (where mqy
is the reduced demagnetization remanence and m, is the
reduced magnetization remanence, [9,24-26]) are displayed
in Fig. 5. A predominant positive part is observed for all
the alloys, reflecting the leading role of the intergranular
exchange coupling over the magnetostatic interaction, which
is associated with the negative deviation in the 0 M(H) plot
[9,24-26].

4. Discussion

The initial remanence enhancement observed upon par-
tial replacement of Nd by Pr can be ascribed to the significant
grain size refinement observed for the RE ,Fe;gBq alloy.
The subsequent J, diminishing tendency can be attributed
to the progressive reduction in Fe content, since all the com-
position changes after Pr addition were effected by substitu-
tion of Fe. However, the remanence ratio J,/J; ~0.65
remains almost constant throughout the alloy series. The ini-
tial (BH)max iImprovement after Pr addition results from the
high remanence, since (BH)ax is proportional to J,% [11,12];
while the reduced (BH) .5 observed for the B-enriched alloys
are a consequence of lower remanences. In spite of these
diminished J,, the energy density remains well above
120 kJ m ™2 for the RE,Fe;sB, alloy, and even increases
up to 137kJ m~? for the RE ,Fe;sZr,B, sample. This
behaviour is a consequence of the improved S of the second

quadrant of the J-H loop (Fig. 4, Table 1) which, in turn,
results from more homogeneous and refined grain size distri-
butions. These microstructural features are also supported
by the increasing maximums observed for the Henkel plots
of the alloy series, which reflect an initial enhanced intergran-
ular exchange interaction (i.e., a higher maximum in S M( H))
after Pr addition in the reference Nd;,Feg,B¢ alloy. For the
Zr-doped, B-rich ribbon sample, a maximum height in
OM(H) is observed, which results from enhanced intergran-
ular exchange coupling afforded by the reduced d,, which
also contributes for preserving same J, values (within error
intervals) as the RE|,Fe;5B alloy, in spite of the reduced
Fe content after Zr addition. For the Co-containing, B-rich
alloy, a considerable broadening of its Henkel plot is
observed, probably as a consequence of the grain size coars-
ening promoted by Co (Table 1). This variation of the inter-
granular exchange interaction and its broadening effect on
0M(H) plots has been reported previously in polycrystalline
Co-based thin films [27].

On the other hand, the initial increment of ;H, for the Pr
substituted alloy (relative to the Nd,Feg,Bs sample) can
be ascribed to a higher K constant, afforded by the incorpo-
ration of Pr atoms into the 2/14/1 crystal structure, as it is
confirmed by the reduced T value of this alloy. Concerning
the B-enriched alloys, the ;H. improvement recorded for
RE,Fes3B1g alloy (with respect to the RE;,Feg,Bg sample)
can be explained on the basis of the grain size coarsening
observed after B enrichment (which causes a concomitant
noticeable reduction in J;, with respect to the RE;,Feg,Bg
alloy, Table 1) and on the interaction of secondary phases
with the nucleation of reverse domains process, as it is
described in the next paragraph. The observed ;H. enhance-
ment after Zr addition is in accord with previous reports for
Nd;,Feg,_Zr B¢ alloys [22,28], for which higher anisotropy
fields Ha were reported as a result of the replacing of Nd
atoms by Zr within the RE,Fe 4B unit cell [22,23]. This intro-
duction of Zr into the 2/14/1 cell is also reflected by the con-
siderable reduction in 7, determined for the RE|,Fe;sZr,B,
alloy sample (See Table 1). Finally, although the RE»(Feg o.
Cog.1)76Z1>B1g alloy sample exhibits a slight improvement in
iH. (~1.2%) relative to the RE,Fes¢Zr,B;q ribbon, the dif-
ference is barely significant, considering the experimental
uncertainty in measurements. The interesting point here is
that, according to previous reports, the addition of Co to
Nd;,Fe4B¢ alloys decreases the H,, which, in fact, leads
toreduced ;H, values[3,4,21,22]. This implies, for the present
case, that the Zr addition, together with the increased mean
grain size promoted by Co, are able to counterbalance the
deleterious effect of the Co substitution on H, with a con-
comitant beneficial 7, increment (up to 350 °C, Table 1).

Micromagnetically simulated J-H curves are shown in
Fig. 6 for all the alloys in the series. For the initial
Nd,,Feg,B¢ alloy model, an ;H, of 1042kAm~' was
observed, which is considerably larger (46%) than the
experimental value, due to the fact that the cubic alloy
model assumes the ideal nucleation field for reverse
domains corresponding to a perfect grain structure without
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defects. Nevertheless, the simulated J-H plot reflects the
intergranular exchange coupling, with a J,/J; ratio (0.61)
very similar to the measured J,/J; (of 0.64). Although con-
sistently higher ;H. values were obtained for the remaining
alloy models relative to the corresponding experimental
values, a progressive ;H. enhancement equivalent to the
increasing sequence displayed in Table 1 was attained by
assuming, for the alloy models, the same experimentally
observed microstructural and intrinsic magnetic properties
variations. Firstly, the initial Pr substitution was simulated
by means of a linear interpolation of the intrinsic proper-
ties of Nd,Fe 4B and Pr,Fe 4B, which mimics the compo-
sitional variation, ie., K; = 0.75KN+0.25K" =
462 x10°ITm> and correspondingly, J,=1.59T,
A=877x10"2Jm™". In this way, a primary ;H.
improvement was observed. Further increase in ;H. for
the B-enriched RE,Fe;sB;g alloy model was attained by
assuming the presence of magnetic Fe;B grains (K} =—
322%x10°Tm ™2, Jo=162T, 4=125x10"Jm™") as
secondary phase, which, according to Ref. [20], are
expected to form as a consequence of the excess content
of B. This secondary phase was included within the mag-
netic model as a volume fraction of 2%, which is lower than
the detection limit of the XRD analysis (~5%). This alloy
model showed an ;H. enhancement of 3% with respect to
the stoichiometric RE|,Feg;Bs composition, which is simi-
lar to the 6% experimentally determined (Table 1). This ;H.
improvement can be partially associated to the effect of the
secondary grains on the nucleation of reverse domains, as it
is shown in Fig. 7a, for which the equilibrium magnetiza-
tion distribution for the Nd;,Feg,B¢ alloy model at H = —
398 kA m~' exhibits the beginning of the magnetization
reversal for some few spins along the grain boundary (cir-
cled in white), where the competition between magneto-
crystalline anisotropy and the exchange interaction
affords the rotation of the magnetization away of the grain
easy axis [12,29-31]. In Fig. 7b, the onset of magnetization

0.6

0.4+

1/]

T

0.2 4

0.0

Fig. 6. Micromagnetically simulated J(H) curves for: (a) Nd,Feg,Bg,
(b) REjoFeg:Bg, (¢) REjpFesBio, (d) REjpFesZrBig, and (e) REj;
(Fe0_9C00_1)762r2B10 alloy models.

Fig. 7. Magnetization distribution for: (a) Nd,Feg,Bs alloy model
(at H=398kAm™) and (b) RE;,FessB;, alloy model
(at H=-485kAm™"). The cube model shows a (100) face, with
the magnetic field H applied along the z direction.

reversal for the RE|,Fe;3B( alloy model starts at a higher
field (H =-485kA m™ '), within a hard grain (circled in
white) adjacent to a secondary phase grain (whose shape
is white labelled) which exhibits a vortex-like spin configu-
ration. This alloy model does not include the grain-size
coarsening observed for the RE|,Fe;sB( alloy (Table 1),
which has also an influencing role in achieving high values
of ;H, [12-14]. Additionally, comparable J,/J, enhance-
ment was obtained (Table 1).

For the RE;Fe;Zr,B;g composition, the same
RE,Fe;sB1g alloy model was used but with modified
intrinsic magnetic properties. The variations of K;, J; and
A were estimated from experimental reports of Zr substi-
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tuted Nd-Fe-B and Pr-Fe-B alloys [22] as follows: higher
K, constant (5.71 x 10°J m ™3, calculated from an enhance-
ment of 23.8% of the anisotropy field H,) and decreased J
and A values (1.56 T and 8.57 x 10> Jm™', respectively,
estimated from reductions of —1.56% in J; and of —-2.17%
in T.). These modified intrinsic parameters led to an ;H,
enhancement of 37.5% (relative to the RE ,Fe;,gB;q alloy
model), which was very close to the experimental value of
38.0% determined from Fig. 4 (see Table 1). Finally, for
the co-containing composition, reduced K; values, relative
to the RE,Fe;4Zr,B;g alloy model (K; = 5.58 x 10T m—3,
calculated from an Hu reduction of —2.25%) with concur-
rent J, and A increases (1.57 T and 9.83 x 1072Jm™!,
respectively, estimated from increments of 0.52% and
14.6% in Jg and T, respectively) were assumed, based also
on experimental reports [22,32,33]. An effective decrease in
iH. of -3.6% with respect to the RE|,Fe;sZr,B;, alloy
model was predicted, preserving a J,/J; enhancement of
0.60, comparable to the experimental J./J, = 0.63 (Table
1). This disagreement in calculated coercivity values with
the experimental data can be ascribed again to the grain-
size coarsening observed after Co addition (Table 1), since
a coarser d, distribution plays an important role in preserv-
ing high values of ;H. [12-14], in a concomitant way to the
intrinsic magnetic property variations proposed for the
corresponding alloy model.

5. Conclusion

Considerable enhancement of intrinsic coercivity
(between 50% and 65%) in RE;,Feg,B¢-base melt-spun
alloys (RE = Nd, Nd + Pr) is attainable by means of excess
of B content (up to 10 at%) and Zr—Co additions, together
with excellent J, values (>0.90 T) and useful energy densi-
ties over 120 kJ m .
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