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The Mossbauer spectroscopy and X-ray diffraction techniques have been used to investigate the effect of
boron concentration on the structural and magnetic properties of as-quenched and heat-treated melt-spun al-

loys Nd7.5Pr2 5Fego—.By

(z = 6, 8, 10) produced by melt-spinning technique. X-ray diffraction and Mdssbauer

spectroscopy results indicate that as-prepared samples are completely amorphous in nature. The X-ray diffrac-
tion patterns of samples heat-treated at 700 °C are indexed as FesB, a-Fe, (NdPr):Fe14B and Fez3sBg phases.
The Mossbauer spectra of heat-treated samples are very complex and constituted a number of sextets and a
quadrupole doublet. Two main phases are (NdPr)2Fe14B hard and t-FesB soft magnetic phases while a-Fe and
NdasFes are detected as minor phases. The average internal magnetic field decreases with the increase of boron
content; more sharply in as-prepared and comparatively slowly in heat-treated samples. The X-ray diffraction and
Moéssbauer spectroscopy results are in good agreement with each other.

DOT: 10.12693/APhysPolA.128.353
PACS: 76.80.+y, 75.50—y, 61.43.-j, 61.05.C—

1. Introduction

Nd-Fe-B permanent magnetic materials are very use-
ful and well established having a number of applica-
tions in different devices like motors, generators, trav-
eling wave tubes, and particle accelerators. These mate-
rials are based on NdyFe14B hard phase which have large
magnetization and high Curie temperature and thus have
outstanding magnetic properties like intrinsic coercivity
and energy product [1, 2].

The usefulness of rapid quenching technology to pro-
duce the high coercive Nd-Fe-B magnets reflects in the
possibility to influence through the cooling rate directly
on the grain size microstructure which can proved max-
imum magnetic energy of final magnetic materials [3-
5]. The nanocrystalline magnetic materials based on
Nd(Pr)-Fe-B alloys with low Nd content are new type
of permanent magnetic materials. These materials are
predominantly known as exchange-coupled nanocompos-
ite hard magnetic materials having high remanence and
magnetic energy despite reduce amount of expensive rare-
earth Nd up to three times compared to classical perma-
nent magnetic materials [6, 7]. The microstructure of
these nanocomposites is a mixture of magnetically hard
and soft phases like FesB, Fe;B, a-Fe and NdyFe 4B.
The presence of soft and hard phases in nanocomposites
poses them to have large saturation magnetization and
enhanced remanence [8].

These nanocomposites have some very important fea-
tures: nanocrystalline grains whose size is of the order
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of a domain wall width, high iron content which gener-
ates high saturation magnetization and makes the mag-
net much less expensive, and a low rare-earth content
which leads to a better corrosion resistant magnets [9].
Pinkerton and Dunham first report the Mdssbauer spec-
trum of NdyFe4B in both single phase ingot and melt-
spun ribbon form. Spectra of melt-spun ribbon show
the transformation from the magnetically soft NdsFeqr
phase in boron-free Ndg 15Feq g5 alloy to the NdyFe4B
phase when 5 at.% boron is substituted for iron [10].

Magnetic nanocomposites containing hard phase in a
soft matrix as RoFej4B/a-Fe, are promising materials for
the production of resin-bonded magnets [11]. The Mdss-
bauer spectroscopy is a very useful and powerful tech-
nique to find the particle size effect and the spin struc-
ture to study the supertransferred hyperfine interactions
in magnetic materials. A Mdssbauer spectrum can be
characterized by the hyperfine parameters like internal
magnetic field (Heg), quadrupole splitting (A) and iso-
mer shift (§). The effect of doping in magnetic materials
can also be studied very effectively by the Mdssbauer
spectroscopy because the interactions can sense minute
changes in the local crystalline structure and in the mag-
netic properties of the system [12-16]. In the present
study we are presenting the effect of boron content and
annealing on the magnetic properties of Nd(Pr)-Fe-B
permanent magnetic materials.

2. Experimental

The ingots of alloys with nominal composition
Nd7'5PI‘2.5Fego_wB6+I (I = 6, 8, 10) were produced
from individual elements having 99.99% purity using a
laboratory scale argon-arc melting furnace with water
cooled copper hearth. The weight of alloy for each melt
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was 10 g. Initially chamber was rough evacuated and
flushed with argon gas 4 to 5 times and then evacuated
to less than 10~* Torr prior to back filling with 1/3 at-
mospheric pressure of high purity argon gas. Titanium
ingot was melted before the alloy melting to reduce the
oxygen partial pressure. The ingot was broken into small
pieces and washed with acetone to remove any oxides
present and placed in a quartz crucible. The ingot was
melted by rf induction heating at 6 kW and the melt was
then ejected under an argon gas pressure onto the Cu
wheel rotating at the speed of 30 m/s to produce over
quenched ribbons. These ribbons were placed in quartz
tubes. The tubes were evacuated to less than 10~* Torr
and back-filled with high purity argon gas to 1 atm and
flushed 3 to 5 times to produce a very low oxygen at-
mosphere. The tubes were then refilled by argon gas at
1/3 atm of pressure. Each sample was heat treated in
a preheated tube furnace at 700°C for 10 min and then
quenched in a water bath. X-ray diffraction studies were
carried out on Rigaku X-ray diffractometer with Cu K,
radiation (1.5406 A), 20 ranges from 20° to 70°, step
size of 0.02° and scanning speed of 1°/min. The mag-
netic properties of these ribbons were measured on a
superconducting vibrating sample magnetometer with a
maximum applied field of 9 T. The transmission electron
microscopy (TEM) of these ribbons was performed at
Philips 200 T. The Md&ssbauer measurements were car-
ried out at room temperature using a ®’Co (Rh-matrix)
source of initially 25 mCi strength, in transmission geom-
etry. The Mossbauer spectrometer was calibrated using
a thin a-Fe foil. The data analysis was performed using
a computer program Mos-90 [17], assuming that all the
peaks are Lorentzian in shape.

3. Results and discussion

XRD patterns of as-quenched samples are shown in
Fig. 1, which are almost amorphous in nature, however,
some singles can be noticed for the appearance of crys-
talline beaks at 20 near 26 deg and 45 deg. This means
that small amount of crystalline phase is going to develop
at these points but not in the matured form. Whereas
the samples annealed at 700 °C for 10 min are fully crys-
talline. In all the annealed samples four phases FesB
(tetragonal), a-Fe (cubic), NdyFe;4B (tetragonal) and
Feg3Bg (cubic) coexists. All these phases matched very
well with the JCPDS card # 39-1316, 06-0696, 80-0870
and 47-1332, respectively. XRD results of heat-treated
samples also reveal that the most dominant peaks be-
longed to magnetically hard phase (NdPr);Fe;4B along
with magnetically soft phases Fe3B, a-Fe and Fey3Bg.

The morphology of grain distribution in annealed rib-
bons of all compositions is found very similar to one an-
other. A typical transmission electron micrograph taken
for x = 10 is shown in Fig. 2a. From this TEM mi-
crograph it can be seen that grains are randomly ori-
ented and are homogeneously distributed throughout
the ribbons. In the inset in Fig. 2a, the broken halo
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Fig. 1. XRD patterns of alloys Nd7.s5PrasFego—2Bs
(a) as-prepared and (b) annealed samples at 700 °C for
10 min.
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Fig. 2. (a) The morphology of grain distribution in an-

nealed ribbons for z = 10, (b) selected coarser grain
region showing hard (A) and soft (B) magnetic phases.

with dotted patterns indicates the combination of very
small amorphous behavior along with these crystalline
phases. In Fig. 2b, a selected coarser grain region is also
shown and two different phases observed are marked as:
(A) hard magnetic phase and (B) soft magnetic phase.
The details are given in another publication of some of
the authors of present study [18].
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Fig. 3. Modssbauer spectra of Ndr s5Prs sFego—,B, al-
loys, (a) as-prepared and (b) annealed samples at 700 °C
for 10 min.
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Fig. 4. Variation of (NdPr)zFei4B hard magnetic

phase with B content in annealed Nd7 sPr2 sFego_.Bax
melt-spun alloys at 700 °C for 10 min.

300 + Heat-treated
275
0
o ]
=
% 250
x -
) As-prepared
225
200 T T r
4 6 8 10 12

Boron content (%)

Fig. 5. Variation of average internal magnetic field
with B content.

TABLE I

Méssbauer parameters of Nd7.s5PrasFess—:Beta
(z = 6, 8, 10) melt-spun amorphous alloys.

Boron | Heg A ) T Area
(9% | [KOe] | [mmy/s] | mmy/s] | fmm/s] | (%]
6 239 0.00 -0.03 1.28 60
195 | -0.03 | -0.09 1.20 40
8 260 0.06 -0.03 1.14 48
212 —-0.06 -0.09 1.52 52
10 270 0.05 0.18 1.24 30
229 -0.12 -0.04 1.66 70

The Mossbauer spectra of as-quenched
Nd7 5ProsFegy ,Bgyrn, (x = 0, 2, 4) alloys have
been shown in Fig. 3a and their parameters are as
summarized in Table I. The spectra of these samples
show the characteristic features of amorphous materials,
which are quite broad due to hyperfine field distribution.
Each spectrum is well fitted with two magnetic sextets
having very broad line widths indicating the amorphous
nature of both iron sites. The immature crystalline
peaks observed in XRD patterns of these alloys do
not confirm the presence of any crystalline phase by
the Mossbauer results. The average internal magnetic
field increases with the increase of boron content as
shown in Fig. 4. The Maossbauer spectra of annealed
samples are shown in Fig. 3b. These spectra have
very complex structure and contain a large number of
components (subspectra) representing each iron site
according to its environment. It is very difficult to
fit such a complex spectra, however, with our past
experience on these materials [19] we have succeeded to
analyze these spectra. After a number of trials suitable
fitting has been obtained. Ten magnetic sextets and
one quadrupole doublet have been fitted in all samples.
There are two main phases, (NdPr)sFe 4B and t-Fe3B,
and two minor phases a-Fe and a paramagnetic phase
probably Fes3Bg [20-22]. The appearance of a small
amount of non-magnetic boride phase is due to the fact
that all samples contain equal or greater than 6 at.%
boron content [22]. More than 50% contribution is due
to (NdPr)sFeq4B phase in each sample. It has tetragonal
crystal structure [23-26] in which iron occupies six sites
and one for boron and two for rare earth elements, Nd
and Pr. The six iron sites are 8j;, 8jo, 16ky, 16ks, 4c,
and 4e. The assignment of these sites is based on the
number of Fe atom as nearest neighbours and the fact
that rare earth and boron atoms tend to decrease the
magnetic moment of neighbouring Fe atoms. Different
authors have used different criteria to assign these sites
however we have used the scheme of Fruchart et al. [27]
i.e. th(Sjl) > th(4e) > th(lﬁkl) > th(lﬁkg) >
Hyt(4c) > Hypt(8j2). The amount of this phase increases
with the increase of boron content, shown in Fig. 4.
The «-Fe phase has different amount in all samples.
The isomer shift values of all sextets are small and
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close to electronic configuration of the iron atoms in
the metallic iron. The average magnetic field of as-cast
melt-spun ribbons decreases slowly, whereas it decreases
more rapidly in heat-treated samples as shown in Fig. 5.
In the Fe-B based amorphous or crystalline alloys
B atoms occupy the central place of trigonal prism
constituted by the Fe nearest atoms. If some fluctua-
tions exist in the nearest-neighbour of B atoms, they
bound to influence the electronic structure of B atoms,
and consequently, change the hyperfine field and its
distribution at B sites [28]. This indicates that boron
atom lowers the internal magnetic field of the system in
agreement with one of our earlier study [29]. Details of
the Mossbauer parameters of annealed samples are given
in Table II.

TABLE II

Mossbauer parameters of Nd7 sPrasFess—;Beya
(z = 6, 8, 10) melt-spun alloys annealed at 700 °C;
bold parameters are of a-Fe and bold italic are pa-
rameters are of t-FesB.

Boron | Heg A 1) T Area
[%] | [kOe] | [mm/s] | [mm/s] | [mm/s] | [%]
346 0.6 -0.01 0.3 8

334 0 -0.13 | 0.21 6
324 0.2 0.19 0.35 10
298 0.19 -0.13. 0.56 21
281 0.24 0 0.4 14
6 272 0.2 -0.12 0.35 3
270 -0.09 0.21 0.33 5

262 | —0.04 | —0.26 | 0.78 19
258 0.28 0.09 0.48 8
230 0.25 0.21 0.35 3

— 0.49 0.03 0.35 3

346 0.67 -0.02 0.3 8
333 | —0.01 | —0.12 0.3 18
323 0.22 0.16 0.35 8
299 0.08 -0.2 0.35 17
288 0.28 0.02 0.32 12

8 281 0.12 0.34 0.27 4

275 0.29 -0.07 0.4 14
269 | —0.29 | —0.24 | 0.58 10
253 0.42 -0.07 0.25 2
232 0.31 0.21 0.3 4
— 0.52 0.02 0.35 3
351 0.65 0.1 0.3 07
336 028 | -0.11 0.55 8
322 0.15 0 0.35 9
302 0.26 -0.16 0.34 10
293 0.12 —0.1 0.35 7
10 284 0.02 -0.08 0.4 8
277 0.22 -0.05 0.35 8
270 0.23 —0.1 0.73 25
249 0 0 0.57 9
225 0.17 0 0.35 3
— 0.54 0 0.35 6

4. Conclusions

XRD results indicate that as-prepared samples are
amorphous with some indication of small crystalline
phase, whereas annealed samples are fully crystalline.
Both studies reveal that annealed samples contain
(NdPr)oFe14B and t-FesB, FegsBg and a-Fe phases
with some quantitative variation. The Mdossbauer spec-
troscopy results also show that the average internal mag-
netic field of as-cast melt-spun ribbons decreases slowly,
whereas, it decreases more rapidly in heat-treated sam-
ples with the increase of boron content. TEM micrograph
shows that grains are round shape, randomly oriented
and are homogeneously distributed throughout the rib-
bons. A selected coarser grain region shows the presence
of two different phases: a hard magnetic phase and a soft
magnetic phase.
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