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Characterization of phase constitution
and magnetic properties of the hard
magnetic nanocrystalline Nd, sFe; 4B ssNbs

alloy ribbons

Malgorzata Szwaja,
Katarzyna Pawlik,
Jerzy J. Wyslocki,
Piotr Pawlik,

Piotr Gebara

Abstract. In order to investigate the phase constitution of the nanocrystalline Nd, sFeg; 65B21.5sNDs alloy ribbons in the
as-cast state and after short-time annealing Mdssbauer study has been carried out. In as-cast state, ribbon samples
were not fully amorphous but revealed soft magnetic properties. X-ray diffraction analysis showed the presence of
hard magnetic Nd,Fe,sB, metastable Nd,Fe»;B; and paramagnetic Nd,..Fe,B, phases in annealed samples. Mdssbauer
spectroscopy was used to determine the fractions of constituent phases formed during annealing of ribbons. Magnetic
measurements were made with a vibrating sample magnetometer (VSM) and have shown that with increasing annealing
temperature the remanence polarization J, and maximum energy product (BH).m. values were increasing.
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Introduction

Recently, there has been a great increase of interest in
the study of phase constitution and magnetic proper-
ties of the Nd-Fe-B alloys doped with Nb, with a high
content of boron [7, 10]. It has been shown that an
admixture of the alloys with niobium retards grain
growth and facilitates the formation of a more perfect
nanocrystalline structure, which favors an increase in
the coercivity [4]. In our previous works [5, 6], we have
studied the phase constitution and magnetic properties
of melt-spun (Nd;oFegBas)100.Nb; alloys (where x = 1,
2, 3, 4) in the form of ribbons. Heat treatment led to
nucleation and growth of the hard magnetic Nd,Fe,,B,
paramagnetic Nd.,,;Fe,Bsand metastable Nd,Fe;B;
phases.

In the present work combined XRD and Mdssbauer
spectroscopy studies of the ribbon samples containing
5 at.% of Nb are presented. Furthermore, the influ-
ence of annealing conditions on phase constitution and
magnetic properties is discussed.

Experimental

Base alloywith nominal composition of Ndy sFe; 6sB21.5sNbs
was produced from the high purity elements and pre-
-alloyed Fe-B of known composition by arc-melting
under an Ar atmosphere. Samples were re-melted sev-
eral times in order to get better homogenization. Sub-
sequently, ribbons were produced by the melt spinning
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technique under the Ar atmosphere at a linear speed
of the copper roll surface of 35 m/s. The samples were
annealed at various temperatures from 923 K to 1063 K
for 5 min under protective argon atmosphere.

X-ray diffractometry (XRD) and Mossbauer spec-
troscopy were used to determine phase composition of
the samples. The XRD patterns were measured using
CuKoa radiation. Transmission Mossbauer spectra were
obtained using a constant acceleration spectrometer
which utilized a rhodium matrix Co*” source and was
calibrated at room temperature with an a-Fe foil.
The Mossbauer spectra analysis was carried out using the
Normos software. The estimated errors of the hyperfine
parameters were at most: +0.1 T for hyperfine fields (B),
+0.02 mm/s for isomer shifts (IS) and +0.05 mm/s
for quadrupole splitting (QS). Weight percentage was
calculated assuming equal recoil free fractions for all
structural sites based on the known sample stoichiometry.
In calculation the abundance of Fe atoms in the constitu-
ent phases was taken into account. Room temperature
hysteresis loops were measured with a LakeShore 7307
vibrating sample magnetometer at external magnetic
fieldupto2 T.

Results and discussion

The phase constitution of the nanocrystalline
NdysFes;.65B2155Nbs alloy ribbons in the as-cast state and
annealed at various temperatures from 923 K to 1063 K
for 5 min was determined from X-ray diffraction data.
The selected XRD patterns are presented in Fig. 1.
The X-ray diffractions obtained for the alloy rib-
bon sample in the as-cast state (Fig. 1) consists of wide
bump corresponding to the amorphous phase and
superimposed numerous low intensity peaks related
to precipitates of crystalline phases. However, small
intensity of these peaks in comparison with the level of
background does not allow unambiguous identification
of crystalline phases present in the samples. Annealing
at 923 K and higher temperatures for 5 min, resulted
in significant changes in the crystal structure of the
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Fig. 1. X-ray diffraction patterns measured for

NdysFegs65B21.5sNbs alloy ribbon samples in the as-cast state
and annealed at 923, 1043 and 1063 K for 5 min.

material. The main crystalline phase observed in the
investigated specimans was the hard magnetic Nd,Fe,,B
having a tetragonal structure (space group P42/mnm)
[2]. Additionally, the phase analysis indicated the pres-
ence of the paramagnetic Nd, ;Fe,B, [1, 8] and the soft
magnetic Nd,Fe»;B; phases represented by three Zee-
man lines corresponding to magnetically non-equivalent
positions of Fe atoms [1, 4, 8]. Furthermore, one can
expect precipitates of the soft magnetic a-Fe phase.
However, due to overlapping of XRD peaks positions
its presence was not evident. In order to estimate the
volume fractions of constituent phases and verify the
presence of a-Fe, the Mdssbauer spectra analysis was
performed. In the fitting procedure the existence of
Nd,Fe,sB phase was represented by six Zeeman lines
corresponding to the magnetically non-equivalent Fe
atom positions in the unit cell. Those sites in the Wyck-
off notation are denoted as 16k,, 16k, 8ji, 8., 4e, 4c.
Relative intensities ratios of the corresponding sextets
were set as 4:4:2:2:1:1. Furthermore, the paramagnetic
Nd, ;Fe;B, phase was represented by one doublet. The
soft magnetic Nd,Fe,;B; phase was described by three
sextets with a relative intensity ratio 1:1:1, that cor-
respond to the three magnetically non-equivalent Fe
atoms positions. Mdssbauer spectra analysis was carried
out for as-cast sample and annealed ribbons at tempera-
tures for which the best magnetic properties were found.
The Mossbauer spectrum of NdgsFegs 5B21ssNbs alloy
ribbons in the as-cast state is shown in Fig. 2.

Rough overview of the spectrum suggests the exist-
ence of large fractions of ferromagnetic disordered
and paramagnetic phases. However, based on the
XRD and magnetic studies, the precipitation of hard
magnetic phase cannot be excluded. Therefore in the
analysis a minor fraction of the Nd,Fe;,B was taken
into account. The hyperfine parameters for this phase
were adopted from the literature [3, 9]. Furthermore,
the experimental data were fitted taking into account
the presence of paramagnetic Nd, ;Fe B, crystalline
phases and an additional component corresponding
to the continuous distribution of hyperfine fields. This
continuous component is attributed to the presence of
amorphous phase formed during rapid solidification
of the alloy. This is also in agreement with XRD results.
The calculated hyperfine parameters (B — hyperfine
field, IS - isomer shift, QS — quadrupole splitting)
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Fig. 2. Transmission Mdssbauer spectrum of Ndy sFe; 6sB21 ssNbs
alloy ribbon in the as-cast state with hyperfine field distribution
for continuous component.
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Table 1. The hyperfine parameters of the Mossbauer spectrum of Ndy sFeg; 6sB21.5sNbs alloy ribbons in the as-cast state (B —
hyperfine field, IS — isomer shift, QS — quadrupole splitting, I/ — fractions of constituent phase)

As-cast ng5F€53'65B21,86Nb5 Bh[ (T) IS (mm/s) QS (mm/s) V(Wt%)
16k, 27.9 -0.12 0.30
16k, 29.8 -0.28 0.29
Nd,Fe,;,B 8 26.8 -0.23 0.28 35
[3, 9] 8> 33.1 0.03 0.27 ’
4e 24.3 0.06 -0.67
4c 27.9 -0.44 -0.45
Nd,, Fe,B, - -0.09 0.77 11.1
Disordered phase - - - 854
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Fig. 3. Transmission Mossbauer spectra of NdysFeg 65B21.5sNbs alloy ribbon annealed at 1043 K (a) and 1063 K (b) for 5 min

with hyperfine field distribution for continuous component.

corresponding to the constituent phases of the as-cast
ribbons were collected in Table 1.

It was shown that the majority of the sample con-
sists of the amorphous phase (~85 wt.%). The rest of
the fractions was occupied by the crystalline Nd,Fe ;B
and Nd,,Fe,B, phases. The Mdossbauer spectra of
NdysFeq 65B21ssNbs alloy ribbons annealed at 1043 K
and 1063 K were shown in Fig. 3.

In the fitting procedure for the spectrum obtained
for the ribbon annealed at 1043 K apart from Nd,Fe ;B
and Nd, ;Fe,B, contributions, the additional three sex-
tets were incorporated. These lines correspond to the
Nd,Fey;B; phase. For the ribbons annealed at 1063 K a
good fitting of calculated spectrum to the experimental
data was achieved by taking into account the presence of

a-Fe phase. The hyperfine parameters values obtained
for the samples annealed at 1043 K and 1063 K are
collected in Table 2.

It was shown that the hard magnetic and paramag-
netic phases precipitated during rapid solidification
(Fig. 2). The subsequent annealing resulted in evolution
of the phase constitution. The volume fraction of both
Nd,Fe,B and Nd, ;Fe,B4 phases rised with the annealing
temperature in the expense of the disordered component.
Furthermore, the Nd,Fe,;B; phase was found during
annealing. Additionally, the heat treatment at 1063 K
resulted in formation of a-Fe. In case of disordered phase
it was shown that the decrease of its volume fraction was
accompanied by the shift of the maximum in the hyperfine
field distribution towards higher fields.

Table 2. The hyperfine parameters of the Mossbauer spectrum of NdysFeg; 6sB.1 ssNbs alloy ribbons annealed at 1043 K and
1063 K (B — hypetfine field, IS — isomer shift, QS — quadrupole splitting, I — fractions of constituent phase)

By (T) IS (mm/s) QS (mm/s) V (wt.%)
NdysFees.65B21.8NDs
1043 K 1063 K 1043 K 1063 K 1043 K 1063 K  1043K 1063K
16k, 27.7 28.3 -0.16 -0.15 0.30 0.30
16k, 29.6 29.8 -0.22 -0.20 0.29 0.29
81 26.1 26.8 -0.16 -0.11 0.28 0.28
Nd:Fe.B 8, 32.0 32.4 -0.05 -0.05 0.27 0.27 213 30.1
de 23.8 24.3 0.20 0.25 -0.67 -0.67
4c 27.6 279 -0.38 -0.51 -0.35 -0.21
48e, 34.3 34.5 -0.10 -0.06 -0.15 0.40
Nd,Fe»;B; 48e, 272 28.3 -0.33 -0.33 -0.14 -0.28 9.1 11.7
48e; 279 27.5 -0.04 -0.04 0.02 -0.07
Nd,..Fe,B, - - —-0.07 -0.07 0.53 0.55 40.2 42.6
a-Fe - 33.1 - -0.11 - 0.003 - 29
Disordered phase - - — - - - 29.4 12.7
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Fig. 4. The hysteresis loops measured for the Ndg sFe; 6sB21 ssNDs
alloy ribbon samples in the as-cast state and annealed at
1043 and 1063 K for 5 min.
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Fig. 5. The influence of annealing temperature on the
maximum magnetic energy product (BH)... (2), remanence
polarization J, (b), coercivity field ;H, (c).
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For all samples the measurements of magnetic
hysteresis loops at room temperature were carried out.
Selected hysteresis loops were presented in Fig. 4.

The evaluation of magnetic parameters values (max-
imum magnetic energy product (BH)u., remanence
polarization J,, coercivity field ;H.) with the annealing
temperature was shown in Fig. 5.

The results of magnetic measurements showed soft
magnetic properties of the as-cast sample. The changes
of the shapes of hysteresis loops with the annealing
temperature confirmed both the multiphase constitution
of the samples and increase of the volume fraction of
hard magnetic phase. The rise of annealing temperature
resulted in the increase of the remanence polarization
J, from 0.19 T for 923 K to 0.50 T for 1063 K. The
maximum value of the coercive field is achieved for the
sample annealed at 1043 K and equals ;H, = 1176 kA/m.
The emerging of a-Fe phase seems to be advantageous
for the remanence of the sample annealed at 1063 K.
Gain in the remanence allowed to compensate the loss
in coercivity for this sample that resulted in the highest
(BH) i value of 27.4 kJ/m?.

Conclusion

In the present work, the phase constitution and mag-
netic properties of the NdgysFeg;5B21ssNbs alloy rib-
bons annealed at various temperatures from 923 K to
1063 K for 5 min were studied. It was found that the
NdysFeg;.65B21.5sNbs alloy ribbon, produced by the free
jet melt-spinning technique was not fully amorphous,
however revealed soft magnetic properties. Heat treat-
ment of these ribbons led to nucleation and growth of
the hard magnetic Nd,Fe4B, paramagnetic Nd, ;Fe,B,
and soft magnetic Nd,Fe»;B; phases. Furthermore, the
X-ray diffraction patterns obtained for the ribbons an-
nealed at 1063 K shown the presence of additional peaks
originating from the soft magnetic o-Fe phase. It was
shown that the heat treatment leads to nanocrystalline
structure of ribbon samples and good hard magnetic
properties.
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