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Introduction 

Modern Re-Fe-B hard magnetic materials, produced 
using rapid quenching technique, taking into ac-
count variations in chemical composition, can be 
divided into three groups i.e. of stoichiometric, 
Re2Fe14B composition, and with excess of rare earth 
or iron [1–3]. 

Materials, composed of Re-Fe-B compound with 
overstoichiometric rare earths, typically are char-
acterized by worse glass transition ability, smallest 
Mr/Ms ratio and large coercivity. Their properties are 
shaped by exchange interactions between Re2Fe14B, 
which are weakened by an increased distance be-
tween the grains. Enlarged distance between grains 
is resulting from the presence of a thin boundary 
formed from an amorphous matrix of redundant rare 
earths. Additionally, the presence of such a boundary 
causes an increase in coercivity due to the strong 
bonding of domain walls at the grain boundaries [4]. 
The stoichiometric composition causes increase in 
glass transition ability, Mr/Ms ratio but also causes 
deterioration of coercivity. These changes are a re-
sult of a reduction in the distance between grains, 
by removing the paramagnetic amorphous matrix, 
and fi ner structure as a result of increase in glass 
transition ability [5]. The highest glass transition 
ability, fi ner structure and highest Mr/Ms ratio is 
met in Re-Fe-B compound with overstoichiometric 
iron. The signifi cantly higher value of the Mr/Ms ratio 
results from the presence of the strong exchange in-
teractions, between particles that differ in magnetic 
hardness. The grains, of soft magnetic phase, have 
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a much smaller size and are completely covered 
by the exchange interactions. Unfortunately, these 
materials have the lowest coercivity [6]. In order 
to compensate the decreasing in coercivity caused 
by the exchange interaction, the typically used rare 
earths atoms (Nd, Pr) are replaced by a small amount 
of terbium (Tb = 0.5–2 at.%), since the anisotropy 
fi eld of Tb2Fe14B phase is higher than the anisotropy 
fi eld of Nd2Fe14B phase [7, 8]. 

A slightly stronger exchange coupling as for 
group of crystalline materials based on a Re-Fe-B 
compound with an excessive amount of iron is 
observed for partly crystallized materials with the 
same composition. 

This work is focused on the study of effect of the 
copper drum linear speed on the phase composition 
of the alloy with an excess amount of iron. Proper 
selection of the linear velocity allows obtaining 
content ratio of the Nd2Fe14B crystalline phase to 
the amorphous matrix, which enables coupling of 
the magnetic moments of amorphous matrix and of 
Nd2Fe14B grains by strong exchange interactions. 
Through an existence of such coupling it is possible 
to obtain a material with extremely good and hard 
magnetic properties. 

Experimental procedure 

The samples of Nd8.5Tb1.5Fe83Zr1B6 were obtained 
from high purity elements using the arc melting in 
the protective argon atmosphere. A small amount of 
Zr (1 at.%) was added in order to hinder the grain 
growth. The nanocomposite ribbons were prepared 
by rapid quenching of the liquid alloy on a rotating 
cooper wheel for three different linear velocities 20, 
30, and 35 m/s. Both ingots and the samples were 
prepared in protective gas atmosphere under the 
pressure inside the chamber of 0.4 × 105 Pa. 

The XRD patterns were carried out using a 
‘Bruker’ X-ray diffractometer equipped with a Lynx 
Eye semiconductor counter. Diffraction patterns were 
made using CuK radiation source of characteristic 
wave length 1.541 Å in Bragg–Brentano geometry. 
Samples for X-ray measurements were scanned in 
2 range from 30° to 120° with angle step 0.02° and 
exposition time 3 s. The Mössbauer spectra were 
recorded using a conventional POLON spectrometer 
with constant acceleration and the 57Co source in a 
rhodium matrix. The spectrometer was calibrated 
using Fe foil. The diffraction pattern and Mössbauer 
spectra were obtained for samples in the form of 
thin ribbons using a fully automatic setup. Hyperfi ne 
parameters were derived using the NORMOS fi tting 
program. Both, the Mössbauer spectra and X-ray pat-
terns were recorded at room temperature. 

The magnetic measurements at room tem-
perature were performed by a LakeShore vibrating 
sample magnetometer with a maximum applied 
magnetic fi eld of 2 T. Sample used for magnetic 
measurements had a ribbon shape of known dimen-
sions. The demagnetization fi eld resulting from its 
shape was taken into account and evaluated by the 
method described in [9].

Results and discussion 

The analysis X-ray diffraction patterns of 
Nd8.5Tb1.5Fe83Zr1B6 alloy in the as-cast state, re-
vealed, that all obtained patterns were composed of 
halo and sharp peaks (Fig. 1a–c). The presence of 
such a halo is typically met in amorphous materials 
and the area below it, indirectly indicates a volume 
content of the amorphous phase in the alloy. The 
analysis of the positions and intensities of the sharp 
peaks at diffraction patterns were made using the 
EVA software by comparison with a PDF 2 database. 
Basing on these results it was found, that all peaks 
present on the XRD pattern can be assigned to the 
(Nd,Tb)2Fe14B phase. The accuracy of the method 
and a large number of peaks originating from the 
Nd2Fe14B phase of nanometric grain size, addition-
ally broadened by the presence of Tb, does not al-
lowed to reveal the presence of -Fe phase, despite 
the excess amounts of Fe in the alloy composition. 

Basing on qualitative X-ray studies, the pres-
ence of Nd2Fe14B superstructure was revealed. Ad-
ditionally, due to overstechiometric Fe content in 
alloy composition, the potential presence of -Fe 
phase was also examined by the use of Mössbauer 
spectroscopy. 

The Mössbauer spectra of partially crystallized 
alloys were treated as a superposition of spectra 
emanating from amorphous matrix and of situated 
therein crystalline phases. 

For ordered, constituent phases, were assumed 
ratios of the intensities of particular components, 
corresponding to the ratio of crystallographically 
non-equivalent iron sites in the superstructure. In 
Nd2Fe14B, iron atoms occupy six non-equivalent 
positions, of the assignment ratio equal to 1:1:2:2: 
4:4. Therefore, parts of Mössbauer spectra resulting 
from presence of Nd2Fe14B superstructure were de-
scribed as a sum of six elementary Zeeman sextets 
of intensities, same as the assignment ratio of iron 
atoms in described elementary cell. 

-Fe superstructure was described by one el-
ementary Zeeman sextet. 

Fig. 1. X-ray diffractograms of Nd8.5Tb1.5Fe83Zr1B6 ribbons 
in the as-cast state for samples produced at three different 
linear velocities (a) 35, (b) 30, and (c) 20 m/s.
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For amorphous matrix, the fi nding probability 
of 57Fe atoms in vicinity, characterized by Bm value 
of hyperfi ne fi eld induction, was estimated by the 
method described in [10]. The applied method relied 
on approximation to continuous spectrum, of the 
amorphous matrix, a set of dozens Zeeman sextets 
with hyperfi ne fi elds Bi and isomeric shifts ISi: 

(1)

where B is the sharing step of variation area of 
hyperfi ne fi eld induction (1 T), and a is the propor-
tionality factor chosen in the approximation process. 

The relative share of approximation sextets 
represents searched probability of fi nding iron sur-
roundings of given Mössbauer parameters Bm, ISm. 

Moreover, it was assumed that the line intensity 
ratios in all Zeeman sextets were equal to 3:A2–5:1:1: 
A2–5:3. The value of line intensity A2–5 was estimated in 
matching procedure and difference from value 2, was 
resulting from magnetic anisotropy. Samples used for 
measurements had ribbon shape and were obtained 
in rapid solidifi cation process which can result in 
formation of mentioned anisotropies. 

Figure 2 presents Mössbauer spectra of 
Nd8.5Tb1.5Fe83Zr1B8 solidifi ed at various speeds. 

Basing on results obtained from the analysis of 
Mössbauer spectra it was found that all measured 
samples had multiphase structure composed from 
two superstructures: Nd2Fe14B and -Fe dispersed 
in amorphous matrix. The -Fe phase content was 
so small, that its presence was not detected by X-ray 
studies. The relative content of the superstructures Vn 
of ordinal number n was estimated from the formula: 

(2)

where Rn meant surface part of the spectrum attrib-
uted to the superstructure, R was the total area of the 
spectrum, cFe was the concentration of iron atoms in 
the sample, cFe,n was the concentration of iron atoms 
in superstructure. 

The relative content of the amorphous matrix Vam 
was estimated by the formula: 

(3)

and the concentration of iron atoms in it by the 
formula: 

(4)

Selected results obtained from the match-
ing of Mössbauer spectra, and determined using 
Eqs. (2)–(4) are summarized in Table 1.

As can be seen from data collected in Table 1, the 
slower the linear speed of copper wheel, the slower 
is the crystallization process and the higher is the 
content of the crystalline phases. This in turn results 
in a reduction of the B and Re content in a volume 
of the amorphous matrix, which is confi rmed by the 
higher value of Beff,Am and an increase in Fe content 
in amorphous matrix. 

In Fig. 3 are presented the initial magnetization 
curves and major hysteresis loops measured for all 
investigated samples. 

The sample solidifi ed with the lowest cooling 
rate was characterized by a smooth single-course 
hysteresis loop. This behavior, together with the 
multi-phase structure of the sample (two phases with 
different magnetic hardness), demonstrates a strong 
coupling of the magnetic moments of both phases by 
short-range exchange interactions [11–13]. Samples 
solidifi ed with higher cooling rates, have magnetic 
properties typical for the half-hard magnetic ma-
terials and the shape of the wasp-waist hysteresis 
loop. Such a type of hysteresis loop was attributed 
by [14] to materials with grains of crystalline phase 
fi ne dispersed in amorphous matrix. 

Fig. 2. Mössbauer spectra of Nd8.5Tb1.5Fe83Zr1B8 ribbons 
in the as-cast state for samples produced at three different 
linear velocities (a) 35, (b) 30, and (c) 20 m/s.

Table 1. The set of parameters determined from the matching of Mössbauer spectra for all studied samples 

Linear velocity 
of copper wheel 

[m/s]

A2–5 line 
intensity 

[a.u.]

Phase content
Beff, Am 
[T]

Fe content 
in amorphous 

matrixRe2Fe14B 
[%]

-Fe 
[%]

amorphous 
[%]

20 2.67(3) 66 3 31 22.66    83.2
30 2.38(2) 21    2.5    66.5 22.45    82.6
35 2.48(1) 13    1.5    85.5 22.15 80
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Conclusion 

The analysis X-ray diffraction patterns of 
Nd8.5Tb1.5Fe83Zr1B6 alloy in the as-cast state, re-
vealed that studied material was composed of the 
(Nd,Tb)2Fe14B phase dispersed in amorphous ma-
trix. The accuracy of the method and a large number 
of peaks originating from the Nd2Fe14B phase of 
nanometric grain size, additionally broadened by 
the presence of Tb, do not allow to reveal the pres-
ence of -Fe phase, despite the presence of excess 
amounts of Fe in the alloy composition. 

The analysis of Mössbauer spectra, revealed that 
all measured samples had multiphase structures 
composed from two superstructures: Nd2Fe14B and 
-Fe dispersed in amorphous matrix. The -Fe phase 
content was so small, that its presence was not de-
tected by X-ray studies. Additionally, it was shown 
that the slower the linear speed of copper wheel, the 
slower is the crystallization process and the higher 
is the content of the crystalline phase. This in turn 
results in a reduction of the B and Re content in a 
volume of the amorphous matrix, which was con-
fi rmed by the higher value of Beff,Am and an increase 
in Fe content in amorphous matrix. 

The 66% content of Re-Fe-B phase resulted 
in strong exchange coupling between amorphous 
matrix and Re2Fe14B grins, what in turn resulted 
in good hard magnetic properties. Materials pro-
duced at higher linear speeds of copper drum were 
composed of too small amounts of the magnetically 
hard phase, to form a strong coupling between the 
amorphous matrix and Re2Fe14B grains. Observed 
hysteresis loops had wasp–waist shape, and samples 
had half-hard magnetic properties. 
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