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Abstract

A systematic study of the influence of processing conditions and Zr addition on the magnetic properties of RE-rich, Didymium (Nd/Pr)14Fe80-
B6 (Nd:Pr ratio of 3:1) is reported. For directly quenched alloys, various roll speeds resulted in grain sizesdg within the range 35–50 nm.
Increasing remanenceJr and maximum energy product (BH)max values were observed asdg decreased (up to 0.86 T and up to 124 kJ/m3,
respectively). Small Zr addition (1 at.%) resulted in improvedJr and (BH)max (up to 0.92 T and up to 142 kJ/m3, respectively). For overquenched
and annealed alloys, partial substitution of Fe by Zr (0–4 at.%) indicated a marked dependence of the magnetic properties on Zr content, with
an excellent combination ofJr , (1.0 T),iHc (1574 kA/m) and (BH)max (149 kJ/m3) at 2 at.% Zr. Results are interpreted in terms of variations
in the scale of the nanostructure and of the effects of Zr substitutions into the 2/14/1 unit cell.
© 2003 Published by Elsevier B.V.
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1. Introduction

The processing windows for obtaining optimum nanos-
tructures and magnetic properties by direct quenching via
melt spinning to ribbons in NdFeB-based alloys tend to be
narrow and the properties within large batches are likely
to be rather variable[1]. An alternative process route is
to overquench to a fully amorphous state, followed by a
controlled devitrification anneal to a nanoscale grain struc-
ture. This has been shown, in some cases, to yield mag-
netic properties comparable with those attainable by direct
quenching[2]. Also, the substitution of Nd by Pr in nanos-
tructured RE2Fe14B hard magnetic alloys is of interest be-
cause the anisotropy field HA and the intrinsic coercivity
iHc, are increased[3]. For RE-rich compositions (y > 12 in
REyFe94−yB6 alloy systems) having already largeiHc val-
ues (typically above 1000 kA/m) this substitution is expected
to increaseiHc values for similar processing conditions[3].
Moreover, Zr additions in stoichiometric RE2Fe14B alloys
have been reported as increasing the anisotropy fieldHA,
since Zr enters the RE2Fe14B unit cell [4–6].
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In this paper, the effect of processing conditions and Zr
addition on the magnetic properties of RE-rich, Didymium
(Nd/Pr)14Fe80B6 (Nd:Pr ratio of 3:1) alloys, produced by
direct quenching and by overquenching and annealing, is
presented.

2. Experimental techniques

Ingots of the alloys were prepared using commercial
grade materials by arc-melting the constituents in a high
purity Ar atmosphere. The compositions of the alloys were
(Nd0.75Pr0.25)14Fe80−xZrxB6 (x = 0–4). Nanocrystalline
directly quenched (DQ) ribbon samples with thicknesses
and mean grain sizes in the range 20–40�m and 35–50 nm,
respectively, were produced by chill block melt spinning at
various roll speeds (16–25 m/s), under a protective argon
atmosphere. Overquenched and annealed alloys (OA) were
obtained by devitrification of fully amorphous alloy spun at
45 m/s (annealed 10 min at 700◦C with material sealed in
a silica tube under argon). The magnetic propertiesJr, iHc
and (BH)max (computed from the BH loop) were determined
using an Oxford Vibrating Sample Magnetometer with a
maximum field of 5 T. Measurements were made in the
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plane of the ribbon samples and transverse to the spinning
direction so that no correction for self-demagnetisation was
necessary. The Curie temperatureTc of the 2/14/1 phase
was determined by DSC, using a heating rate of 40 K/min.
The structures of selected ribbon samples were monitored
by X-ray diffractometry and the mean crystallite diameter
dg for the 2/14/1 phase was estimated by line broadening
analysis, using the Scherrer formula[7].

3. Results and discussion

XRD diffractograms for nanocrystalline (Nd0.75Pr0.25)14-
Fe80B6 alloys, melt spun at various roll speedsvr, are
shown inFig. 1. For increasingvr, a slight broadening of
the peaks is manifested, which results in decreasingdg
values. Also included inFig. 1 is the diffractogram of a
Zr-containing sample, which exhibits a further peak broad-
ening as a consequence of an additional grain size refine-
ment. The effects of varyingdg on the magnetic properties
of DQ (Nd0.75Pr0.25)14Fe80B6 alloys are plotted inFig. 2.
Jr increases progressively rapidly asdg decreases up to
0.86± 0.03 T for dg = 36 nm, reflecting the increasing de-
gree of intergranular exchange coupling. The magnitude of
Jr for any givendg is lower than for the lower RE-containing
(≤12 at.%) alloys because of the dilution of the 2/14/1
phase by the paramagnetic RE-rich grain boundary phase
[8]. (BH)max follows the same trend, as is expected for al-
loys in whichiHc ≥ Jr/2 [9], up to 124± 3 kJ/m3 at dg =
36 nm. Unlike stoichiometric alloys[8], iHc also increases
as dg decreases, up to a maximum of 1500± 30 kA/m at
dg = 38 nm. Such highiHc can be ascribed to the signifi-
cant role of grain boundary phase in damping the nucleation
of reverse domains. This grain boundary effect is likely to
be strengthened asdg decreases due to increased boundary
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Fig. 1. XRD diffractograms for nanocrystalline DQ (Nd0.75Pr0.25)14Fe80B6

alloys, melt spun at variousvr , showingdg variations: (a)vr = 18 m/s,
dg = 42 nm; (b)vr = 22 m/s,dg = 39 nm; (c)vr = 25 m/s,dg = 36 nm;
(d) vr = 25 m/s, 1 at.% Zr,dg = 28 nm.
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Fig. 2. Magnetic properties of (Nd0.75Pr0.25)14Fe80B6 DQ alloys as a
function of dg.

area per unit volume, though it may be in competition with
the effect of increasing exchange coupling in decreasing
iHc. Such a competition may explain whyiHc manifests
a maximum value. Upon substituting 1 at.% Zr for Fe, a
significant refinement ofdg down to 28 nm was observed
for samples melt spun at 25 m/s. This resulted in increased
remanence enhancement up to 0.92 ± 0.01 T and, thus, in
an improved (BH)max of 142± 2 kJ/m3, with only a small
attenuation ofiHc (1322± 20 kA/m). These represent an
excellent combination of magnetic properties.

The mean grain size diameterdg of the 2/14/1 phase as a
function of Zr concentration for OA (Nd0.75Pr0.25)14Fe80−x-
ZrxB6 (x = 0–4) alloy ribbons are shown inFig. 3. Un-
like the 0 and 1 at.% Zr DQ ribbons, the initial Zr addition
(1 at.%) gave an increaseddg, though further Zr substitu-
tions led to reduction ofdg. The magnetic properties as a
function of Zr content are shown inFig. 4. For the Zr-free
OA alloy, an enhancedJr of 0.84± 0.03 T, compared with
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Fig. 3. Mean grain size diameter of the 2/14/1 phase as a function of
Zr concentration for OA (Nd0.75Pr0.25)14Fe80−xZrxB6 (x = 0–4) alloy
ribbons.
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Fig. 4. Dependence of magnetic properties on Zr content for OA
(Nd0.75Pr0.25)14Fe80−xZrxB6 (x = 0–4) alloy ribbons.

the DQ counterpart with a (BH)max of 117± 11 kJ/m3 were
attained, for an equivalentdg of 47 nm.iHc, in contrast, is
very high (1553± 15 kA/m) and is about 12% larger than
for the DQ equivalent. For Zr-containing samples, the ini-
tial Zr addition (1 at.%) gave little significant change inJr
(from 0.84 to 0.85 T), whilst, at 2 at.% Zr, a clear maxi-
mum (Jr = 1.00 ± 0.02 T) was observed, presumably be-
cause of the reduceddg promoting increased intergranular
exchange interaction. Further increase in Zr concentration
results in decreasingJr, in spite of concomitant reduced
dg, evidently because of a diminishing saturation polariza-
tion Js. As expected, (BH)max follows the same trend asJr
(since (BH)max is dominated byJr at this level ofiHc) with
a maximum of 149± 9 kJ/m3 at 2 at.% Zr. Overall, up to
3 at.% addition of Zr results in an increase iniHc, in spite
of the decreasingdg, which is consistent with an enhance-
ment of HA for the 2/14/1 phase[4], though initially, up
to 1 at.% Zr, there is a slight decrease ofiHc, presumably
due to the increaseddg. The maximumiHc at 3 at.% Zr is
1610± 10 kA/m. However, the best (BH)max/iHc combina-
tion (149 kJ/m3/1574 kA/m) correspond to the 2 at.% Zr al-
loy, which are outstanding properties and exceed those of the
1 at.% Zr DQ sample, referred to above. The Curie tempera-
tureTc of the 2/14/1 phase as a function of Zr concentration
is shown inFig. 5. For the Zr-free sample, a slightly reduced
Tc (306◦C) compared with the Nd2Fe14B phase (310◦C)
is observed as a consequence of the partial substitution of
Nd by Pr. A monotonic decrease ofTc with increasing Zr
content is observed, which we conclude is evidence for the
Zr entering into the RE2Fe14B unit cell, and influencing the
inter-atomic exchange interactions. Thus, for the alloy hav-
ing the most favourable (BH)max/iHc combination (2 at.%
Zr) the reduction inTc is ∼12◦C. This could be compen-
sated for by small substitution of Co for Fe.
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Fig. 5. Tc of the 2/14/1 phase, as a function of Zr concentration for OA
(Nd0.75Pr0.25)14Fe80−xZrxB6 (x = 0–4) alloy ribbons.

4. Conclusions

Excellent combinations of coercivity and maximum
energy product have been achieved for nanocrystalline
mixed rare earth melt spun (Nd0.75Pr0.25)14Fe80B6-based
alloys through small substitutions of Zr for Fe. For di-
rectly quenched (Nd0.75Pr0.25)14Fe79Zr1B6 the (BH)max
and iHc were 142 kJ/m3 and 1322 kA/m, respectively,
while, for the overquenched and annealed (700◦C for
10 min) (Nd0.75Pr0.25)14Fe78Zr2B6 ribbon, the values were
149 kJ/m3 and 1574 kA/m, respectively.
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