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In the present paper, the phase structure, magnetic properties, and magnetization reversal processes
in the (Nd10Fe67B23)93Nb7 alloy ribbon were investigated. The X-ray diffraction analysis revealed a
coexistence of the following phases: hard magnetic Nd2Fe14B, metastable soft magnetic Nd2Fe23B3,
and paramagnetic Nd1+εFe4B4. Moreover, the changes in phase composition were noticed after heat
treatment. In order to check magnetic measurements, the hysteresis loops were collected. The magne-
tization reversal curves were studied by constructing the reversible part of magnetization dependence
on the irreversible part of magnetization.
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1. Introduction

Although the Nd–Fe–B permanent magnets have
been well-known for over forty years, they are
still intensively studied. Moreover, magnets of this
type, due to their excellent properties and relatively
low price, are widely used in the latest technolo-
gies [1–4]. The good magnetic properties of the Nd–
Fe–B alloys, such as coercivity JHC, remanence Br,
or maximum energy product (BH)max, are related
to the appropriate structure and phase composi-
tion of these alloys. For some time, they have been
produced using rapid quenching methods such as
suction casting, melt-spinning, or injection casting.
Selective modification of chemical composition and
specific annealing conditions are required to achieve
the best magnetic properties [5]. For many years,
the chemical compositions of the Nd–Fe–B-type
alloys have been selectively modified in order to
change their phase structure and magnetic prop-
erties. Among others, the Nb alloying has been in-
tensively studied due to its influence on glass form-
ing ability or reduction of growth of nanocrystalline
grains formed during heat treatment [6–9] and, in
consequence, modification of magnetic properties.
The time and temperature of heat treatment are
also extremely important, taking into account the
formation of the microstructure and specific phase

constitution. These two parameters have significant
influence on the coercivity of produced magnets.
The mechanisms of coercivity could be better un-
derstood by investigation of magnetization reversal
processes.

According to that, the structure, magnetic prop-
erties, magnetic interactions, and coercivity mech-
anisms of the (Nd10Fe67B23)93Nb7 alloy ribbons.

2. Material and experimental techniques

The ingot sample with nominal composition
(Nd10Fe67B23)93Nb7 was produced by arc-melting
of the high purity (min. 4 N) elements under low
pressure of inert gas (Ar). Boron was added in the
form of Fe–B alloy with a well-known composition.
Ribbons were produced by the melt-spinning tech-
nique under low pressure of a protective atmosphere
(Ar). Produced ribbons were sealed off in quart
tubes under a low pressure of Ar gas and annealed
in a wide range of temperatures for 5 min. The X-
ray diffraction (XRD) studies were performed using
Bruker D8 ADVANCE diffractometer with Cu Kα

radiation and LYNXEYE semiconductor detector.
Magnetic properties were measured using the Lake
Shore 7307 vibrating sample magnetometer working
in an external magnetic field up to ∼ 2 T.
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3. Results and discussion

Fig. 1 shows the X-ray diffraction pattern of the
(Nd10Fe67B23)93Nb7 alloy ribbon in an as-cast state
and after heat treatment at 1003 K for 5 min.
The analysis revealed that the sample in an as-cast
state is partially amorphous. However, a coexistence
of the expected ferromagnetic Nd2Fe14B phase,
paramagnetic Nd1+εFe4B4 phase, and metastable
Nd2Fe23B3 phase was detected. A significant in-
crease in the content of the Nd2Fe14B phase at the
expense of the amorphous phase was observed after
annealing at 1003 K for a relatively short time.

Magnetic hysteresis loops of the
(Nd10Fe67B23)93Nb7 alloy were collected in Fig. 2.
Hysteresis loops of the studied sample in an
as-cast state and annealed at 923 K are typical
for soft magnetic materials (Fig. 2a). However, a
heat treatment at 943 K induces some changes in
the shape of hysteresis loops. The shape of the
hysteresis loop (at 943 K) is called a wasp-waisted
loop [10] and is typical for samples with a small
content of ferromagnetic phases in phase consti-
tution and multiphase samples. The minority

Fig. 1. XRD patterns of the (Nd10Fe67B23)93Nb7

alloy ribbon in as-cast state and after heat treat-
ment at 1003 K for 5 min.

TABLE I

Magnetic parameters of the (Nd10Fe67B23)93Nb7 al-
loy ribbon annealed at 963–1063 K with step 20 K for
5 min.

Annealing
temperature

[K]

Jr

[T]
JHC

[kA/m]
(BH)max

[kJ/m3]

963 0.42 1083 30.7
983 0.44 835 27.1
1003 0.36 924 34.0
1023 0.45 852 30.4
1043 0.51 856 38.6
1063 0.50 702 30.6

Fig. 2. Magnetic hysteresis loops of the
(Nd10Fe67B23)93Nb7 alloy ribbon in as-cast
state and after heat treatment in the temperature
range from 923 to 1063 K for 5 min.

content of the hard magnetic Nd2Fe14B phase with
the majority content of soft magnetic Nd2Fe23B3

phase and paramagnetic Nd1+εFe4B4 phase causes
a contraction of the hysteresis loop in the vicinity
of coercivity. An increase in temperature of heat
treatment caused the broadening of hysteresis
loops, which resulted in an increase in hard
magnetic phase content. Moreover, the shapes of
hysteresis loops in the range 963–1063 K are typ-
ical for multiphase samples, which was confirmed
by the XRD studies. Basic magnetic properties
determined from hysteresis loops are summarized
in Table I.
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Fig. 3. Magnetization virgin curves of the studied
alloy ribbon in the as-cast state and after heat treat-
ment at selected temperatures.

Fig. 4. The Mrev vs Mirr curves constructed for
studied (Nd10Fe67B23)93Nb7 alloy ribbon annelaed
at 1003 K for 5 min.

Maximum coercivity was revealed for the sam-
ple annealed at 963 K. However, the highest re-
manence and maximum density of magnetic en-
ergy were detected for ribbon heated at 1043 K.
Magnetization virgin curves for the sample in an
as-cast state and for selected annealing tempera-
tures were plotted in Fig. 3. Measurements of the
virgin curves were carried out for thermally demag-
netized samples. The shape of virgin curve for the
sample in an as-cast state is typical for soft mag-
netic materials. Short time (5 min) annealing at
963 K and higher temperatures induces noticeable
changes in the shape of magnetization virgin curves,
and a characteristic inflection point was observed.
Such behavior is typical for materials in which the
magnetization reversal process is based on the pin-
ning of domain walls. Based on them, a further anal-
ysis of the magnetization reversal curves was carried
out [11–13]. These data were used for the calcula-
tion of the dependence of the irreversible part of
magnetization on the reversible part of magnetiza-
tion [14] under the change of several values of an
external magnetic field. These curves were collected
in Fig. 4.

Fig. 5. Henkel plot constructed for studied alloy
annealed at 1003 K for 5 min.

A trend of the Mrev vs Mirr curves is related to
the distribution of nucleation fields HN and pin-
ning field HP and the degree of overlapping be-
tween these fields [15]. Observed curves were not
characterized by any visible minimum. The analysis
of the curves indicated that the nucleation process
started at stronger magnetic fields, while the pin-
ning field was weaker than the nucleation field. The
reversible part of magnetization decreased mono-
tonically, while an increase in the irreversible part
of magnetization was observed.

The magnetic interactions between grains in the
investigated alloy were studied by the construction
of δM(H) dependence, called the Henkel plot (see
Fig. 5).

The XRD studies confirmed the coexistence of
the Nd2Fe14B and Nd2Fe23B3 phases. An occur-
rence of these two phases induces interactions be-
tween them. A sharp increase in the range of
field 0–800 kA/m in the δM(H) curve suggests
the strengthening of exchange interactions between
grains of these two phases. Positive values of the
Henkel plot are caused by strong exchange interac-
tions between soft and hard magnetic phases, while
the negative ones are related to weak dipole inter-
actions lowering the magnetization. The observed
maximum of the Henkel plot is related to the en-
ergy of the interactions.

4. Conclusions

In the present studies, the magnetic proper-
ties, magnetization reversal processes, and mag-
netic interactions were investigated. The XRD mea-
surements revealed the coexistence of the hard
(Nd2Fe14B) and soft (Nd2Fe23B3) magnetic phases.
The ribbon in an as-cast state was soft magnetic,
however, annealing induced changes in the phase
constitution, which caused an improvement in mag-
netic properties. The analysis of magnetic reversal
processes revealed the pinning mechanism as a dom-
inant in produced material.
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