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In the present work the magnetic properties and phase constitution of (Nd10Fe67B23)100−xNbx (where x = 1,
2, 4) alloys in the form of ribbons were investigated. The base alloys were prepared by arc-melting the high
purity elements with pre-alloyed Fe�B under an Ar atmosphere. The ribbon samples were obtained by controlled
atmosphere melt-spinning technique. In order to generate the nanocrystalline microstructure and hard magnetic
properties, samples were annealed at various temperatures (from 923 K to 1023 K) for 5 min. The aim of the
present work was to determine the in�uence of Nb admixture and annealing conditions on the phase constitution
and magnetic properties.
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1. Introduction

The Nd�Fe�B permanent magnets are widely used in
the latest technologies and their importance is still grow-
ing for they exhibit excellent magnetic properties [1�3].
The appropriate structure and phase constitution of
these materials have a signi�cant impact on the value
of coercitivity JHc, remanence Br and maximum energy
product (BH)max. In recent years, one of the most com-
monly used methods of processing such magnets is the
melt spinning rapid solidi�cation technique. Appropri-
ate composition and annealing conditions are crucial for
obtaining the best magnetic properties [4]. Interesting
results for magnets produced from base RE�Fe�B alloys
doped with Nb are presented in [5�8]. The Nb addition
has not only a signi�cant in�uence on the glass forming
ability, but also reduces the growth of nanocrystalline
grains formed during heat treatment [8]. The annealing
process is also an important factor in formation of the mi-
crostructure and tailoring of magnetic properties. There-
fore, it is crucial to determine the e�ect of Nb admixture
and heat treatment conditions on the phase constitu-
tion and magnetic properties of (Nd10Fe67B23)100−xNbx
(where x = 1, 2, 4) alloys in a form of ribbons.

2. Samples preparation

and experimental method

Base alloys with nominal compositions of
(Nd10Fe67B23)100−xNbx (where x = 1, 2, 4) were
produced from the high purity elements and pre-alloyed
Fe�B alloy of known composition by arc-melting under
an Ar atmosphere. Samples were re-melted several
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times in order to get better homogeneity. Subsequently,
ribbons were produced by the melt-spinning technique
under the Ar atmosphere at linear velocity of the copper
roll surface of 35 m/s. The samples were annealed at
various temperatures from 923 K to 1023 K for 5 min
under protective argon atmosphere.
The phase analysis was carried out using X-ray di�rac-

tometry (XRD) with Cu Kα radiation. Thermal param-
eters of alloys were determined using di�erential scan-
ning calorimetry (DSC) and di�erential thermal analy-
sis (DTA). Both the DSC and DTA measurements were
carried out at a constant heating rate of 10 K/min.
Room temperature hysteresis loops were measured by
LakeShore 7307 vibrating sample magnetometer at ex-
ternal magnetic �eld up to 2 T.

3. Results and discussion

The X-ray di�raction for (Nd10Fe67B23)100−xNbx
(where x = 1, 2, 4) alloy ribbon samples in the as-cast
state revealed their amorphous structure, as shown by
the lack of peaks corresponding to crystalline phases. An-
nealing at 923 K and 943 K for 5 min resulted in some
changes in the crystal structure of the material. Broad-
ened peaks corresponding to the crystalline phases are
shown in the XRD scans. Small intensity of these peaks
in comparison with the level of background does not al-
low clear identi�cation of crystalline phases present in
the samples.
The XRD patterns measured for

(Nd10Fe67B23)100−xNbx (where x = 1, 2, 4) alloy
ribbons annealed at 963 K for 5 min, are shown in
Fig. 1a. The short time annealing for 5 min at 963 K
and at higher temperatures led to nucleation and growth
of the crystalline phases. The Nd2Fe14B hard magnetic
phase is observed in all tested samples. For an alloy
containing 1 at.% of Nb, short time annealing also led
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Fig. 1. X-ray di�raction patterns measured for
(Nd10Fe67B23)100−xNbx (where x = 1, 2, 4) alloy
ribbon samples annealed at 963 K for 5 min (a) and for
Nd9.6Fe64.32Nb4B22.08 alloy ribbon samples annealed
at 963�1023 K for 5 min (b).

to formation of the Nd2Fe23B3 metastable phase [9].
However, at higher contents of Nb (2, 4 at.%) a presence
of the Nd1+εFe4B4 paramagnetic phase was revealed.
The increase of annealing temperature does not change
the phase constitutions of alloys (Fig. 1b). Furthermore,
the intensity of the peaks corresponding to observed
crystalline phases also does not signi�cantly change.
In case of Nd9.6Fe64.32Nb4B22.08 alloy ribbon annealed
at 1023 K the XRD peaks corresponding to the soft
magnetic α-Fe phase were also presented.
The DSC curves obtained for the

(Nd10Fe67B23)100−xNbx (where x = 1, 2, 4) alloy
ribbon samples are shown in Fig. 2.

TABLE

The crystallization temperatures Tx1 and Tx2

and melting temperatures Tm determined for
(Nd10Fe67B23)100−xNbx (where x = 1, 2, 4)
alloy ribbons in as-cast state.

x Tx1 [K] Tx2 [K] Tm [K]

1 943 973 1427

2 960 977 1381

4 963 975 1379

Fig. 2. DSC curves measured for the
(Nd10Fe67B23)100−xNbx (where x = 1, 2, 4) alloy
ribbon samples after annealing.

Fig. 3. The hysteresis loops measured for the
(Nd10Fe67B23)100−xNbx (where x = 1, 2, 4) alloy
ribbon samples annealed at 963 K for 5 min.

From the DSC and DTA curves, the crystallization
temperature (Tx1, Tx2) and melting temperature (Tm)
were determined. The values of these parameters are
shown in Table. A small peak of crystallization on the
DSC curve measured for the Nd9.9Fe66.33Nb1B22.77 alloy
ribbon con�rms a presence of the Nd2Fe23B3 metastable
phase [9] (Tx1 = 943 K), while a large peak corresponds
to crystallization of the Nd2Fe14B hard magnetic phase
(Tx2 = 973 K). In case of 2 and 4 at.% of Nb con-
taining alloys two-stage crystallizations con�rm di�erent
phase constitution of these alloys. The hysteresis loops
of ribbon after annealing at 963 K for 5 min, are shown
in Fig. 3.
The increase of Nb content in the alloy composition

results in signi�cant increase of the coercivity �eld JHc

from 44 kA/m for the alloy containing 1 at.% of Nb to
882 kA/m for the ribbon containing 4 at.% of Nb. Fur-
thermore, saturation magnetization decreases with in-
crease of Nb contents. This is somehow related to the
increase of the volume fraction of hard magnetic phase.
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The dependence of polarization remanence Jr, the
maximum magnetic energy product (BH)max and coer-
civity JHc on the annealing temperature for the investi-
gated alloys are shown in Fig. 4.

Fig. 4. The in�uence of Nd addition and annealing
temperature on the remanence Jr (a), maximum energy
product (BH)max (b) and coercivity JHc (c).

The samples of all alloys annealed at temperatures
lower than 963 K reveal soft magnetic properties. For
higher annealing temperatures (above 963 K) hard mag-
netic properties are induced. It was shown that 2 at.%
and 4 at.% of Nb admixture resulted in signi�cant rise
of coercivity and (BH)max for annealed samples. This is
probably due to more re�ned microstructure of annealed
samples.

4. Conclusions

It was shown that the rapidly solidi�ed
(Nd10Fe67B23)100−xNbx (where x = 1, 2, 4) alloy
ribbons have an amorphous structure and soft magnetic
properties. The heat treatment of these ribbons at
temperatures higher than 963 K leads to the nucleation
and growth of the Nd2Fe14B hard magnetic phase.
XRD and DSC studies showed that during annealing
of ribbons of low Nb content (1 at.%) the Nd2Fe23B3

metastable phase is formed. However, in samples with
higher Nb content (2 and 4 at.%) the Nd1+εFe4B4

paramagnetic phase is formed for samples annealed
above 963 K. Furthermore, larger doping of alloy with
Nb results in gradual increase of coercivity. Addition of
2 at.% of Nb causes signi�cant increase of (BH)max to a
value of about 25 kJ/m3.
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