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The e�ect of tungsten addition on phase constitution and magnetic properties of the bulk Fe65Pr9B26−xWx

(where x = 2, 4, 6, 8) alloys was studied. The base alloys were prepared by arc-melting of the high purity
elements under Ar atmosphere. Samples were produced by suction of an arc-molten alloy to a water-cooled copper
mould (the suction-casting method). In order to develop nanocrystalline structure, the samples were subjected
to annealing. Heat treatment resulted in an evolution of the phase constitution that caused changes in magnetic
properties of the alloys. X-ray di�ractometry was used to determine the phase composition of annealed samples.
The analysis showed presence of hard magnetic Pr2Fe14B, paramagnetic Pr1+xFe4B4 and soft ferromagnetic α-Fe
phases of annealed samples. The room temperature magnetic properties were determined from hysteresis loops
measured by VSM magnetometer in the external magnetic �eld up to 2 T. The highest hard magnetic parameters
were measured for the rod sample of Fe65Pr9B20W6 annealed at 1003 K for 5 min.
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PACS: 75.50.Ww, 75.50.Kj, 71.20.Eh

1. Introduction

The rapidly solidi�ed bulk RE�Fe�B (RE = rare earth)
magnets are of considerable interest due to their poten-
tial magnetic applications. Interesting properties in this
group of alloys were observed in Pr�Fe�B-type systems,
in which Pr2Fe14B phase is responsible for the high coer-
civity [1]. Values of saturation magnetization and the
Curie temperature of the Pr2Fe14B phase are compa-
rable to this obtained for the Nd2Fe14B [2]. However,
it has a higher value of magnetocrystalline anisotropy
�eld [3] and does not undergo a spin reorientation down
to 4.2 K [4]. This factor causes that at low temperatures
the Pr2Fe14B phase exhibits superior magnetic proper-
ties. Therefore the Pr�Fe�B magnets are attractive for
applications in wide range of temperatures. To improve
the magnetic properties the composition of Pr�Fe�B al-
loys was modi�ed many times. One of alloying elements,
which is very interesting due to its in�uence on forma-
tion of hard magnetic RE2Fe14B phase and improving
the glass forming ability in iron alloy, is tungsten [5�
11]. Furthermore, to obtain optimal magnetic proper-
ties, a selection of suitable conditions of technological
process is crucial [12�16]. New methods for producing
magnetic materials have been successfully implemented
in recent years at the Institute of Physics of the Cz¦s-
tochowa University of Technology, namely the suction-
casting method [17]. In the present paper, ferromagnetic
bulk alloys of the following compositions: Fe65Pr9B24W2,
Fe65Pr9B22W4, Fe65Pr9B20W6 and Fe65Pr9B18W8 have
been studied. The magnetic properties and analysis of
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phase structure of the alloys in their as-cast state and
after short-time annealing are presented.

2. Experimental

Samples of the Fe65Pr9B26−xWx (where x = 2, 4, 6, 8)
alloys were produced by arc-melting the high purity con-
stituent Fe, Pr, W elements together with the pre-alloyed
Fe�B of known composition under an Ar atmosphere.
The ingot samples were re-melted several times in or-
der to get homogeneity. From the base alloys, the 1 mm
diameter rods and 0.5 mm thick plates were produced
by suction-casting of the melt into the water cooled cop-
per die. The process was carried out under Ar atmo-
sphere. Subsequently, the bulk samples were sealed in
a quartz tube, under low pressure of Ar and annealed
at 1003 K for 5 min. The X-ray di�ractometry (XRD)
was used to determine the phase constitution of the sam-
ples. The XRD scans were measured using Bruker D8
Advance di�ractometer with Cu Kα radiation. The sam-
ples were crushed to powder in order to obtain XRD
data representative for their entire volume. The mag-
netic properties at room temperature were measured us-
ing LakeShore 7307 vibrating sample magnetometer at
external magnetic �eld up to 2 T.

3. Results and discussion

The X-ray di�raction patterns recorded for the as-
cast 1 mm rod and 0.5 mm thick plate samples of
Fe65Pr9B26−xWx (where x = 2, 4, 6, 8) alloys are shown
in Fig. 1. It was shown that for the as-cast bulk samples
crystallization of hard magnetic Pr2Fe14B and paramag-
netic Pr1+xFe4B4 phases took place. Furthermore, the
increase of W contents resulted in signi�cant decrease of
peaks intensities corresponding to the α-Fe phase. Due
to the low volume fraction of the crystalline phase, only
XRD peaks of high intensities are observed, while the
lower intensity peaks are di�used within the background.
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Fig. 1. XRD di�raction patterns of as-cast 1 mm
rods (a) and 0.5 mm thick plates (b) of Fe65Pr9B26−xWx

(where x = 2, 4, 6, 8) alloy.

In Fig. 2 the XRD scans recorded for the 1 mm rod and
0.5 mm thick plate samples of Fe65Pr9B26−xWx (where
x = 2, 4, 6, 8) alloys, subjected to annealing at 1003 K
for 5 min, were shown. The phase analysis con�rmed
the presence of hard magnetic Pr2Fe14B, paramagnetic
Pr1+xFe4B4 and α-Fe soft phases. For the annealed sam-
ples, the peaks were more pronounced, that suggested
growth of the crystalline phases during annealing. For
samples containing 6 and 8 at.% of W, no evidence of
presence of α-Fe phase was shown.

Fig. 2. XRD di�raction patterns of 1 mm rods (a) and
0.5 mm thick plates (b) of Fe65Pr9B26−xWx (where x =
2, 4, 6, 8) alloys annealed at 1003 K for 5 min.

The magnetic hysteresis loops measured for the as-
cast and annealed at 1003 K for 5 min rods of all al-
loys compositions are shown in Fig. 3. The as-cast rods
of Fe65Pr9B24W2 and Fe65Pr9B22W4 alloys had low co-
ercivity JHc. Short time annealing of those samples in
1003 K for 5 min does not improve their magnetic proper-
ties. This behavior suggests that annealing of those sam-
ples did not a�ect in signi�cant extent the phase constitu-
tion and their microstructure. The wasp-waisted shape of
hysteresis loop measured for the as-cast Fe65Pr9B20W6

rods suggests a presence of low fraction of hard mag-
netic phase embedded in the amorphous matrix. How-
ever, annealing of samples containing 6 and 8 at.% of W
at 1003 K for 5 min resulted in rise of the coerciv-
ity JHc and signi�cant change of the shape of hysteresis
loop and thus increase of the maximum magnetic energy
product (BH)max. This is due to the nucleation and
growth of hard magnetic Pr2Fe14B phase during anneal-
ing. Especially, the Fe65Pr9B20W6 alloy rods subjected

Fig. 3. The hysteresis loops measured of rod samples
Fe65Pr9B26−xWx (where x = 2, 4, 6, 8) in as-cast state
and annealed at 1003 K for 5 min.

Fig. 4. The hysteresis loops measured of plate samples
Fe65Pr9B26−xWx (where x = 2, 4, 6, 8) in as-cast state
and annealed at 1003 K for 5 min.

to annealing at 1003 K for 5 min has the highest coercive
�eld JHc = 580 kA/m and (BH)max ≈ 14 kJ/m3 in a
group of rod samples were measured.

Similar shapes of the hysteresis loops were observed
for plates of Fe65Pr9B26−xWx alloys (Fig. 4). For the
lowest W contents (2 at.% of W) the annealing had no
e�ect in the change of their magnetic properties. This
suggests no change of their phase constitution during an-
nealing. Lower coercivity of the as-cast Fe65Pr9B24W4

alloy, in comparison to JHc measured for rods of the same
composition, is due to higher cooling rate of the plates.
Therefore annealing leads to increase of their coercivity
caused by signi�cant change of their phase constitution.
In the case of higher W additions, an increase in the co-
ercive �eld JHc and magnetic energy product (BH)max

is observed. The maximum values of these parameters



106 K. Filipecka et al.

reach plate sample of the Fe65Pr9B20W6 alloy annealed
at 1003 K for 5 min.
The magnetic properties of Fe�Pr�B�W type alloys ob-

tained by suction-casting method, are collected in Table.

TABLE

Magnetic properties of the bulk samples of
Fe65Pr9B26−xWx (where: x = 2, 4, 6, 8) alloys in
as-cast state and after annealing.

Material and heat
Magnetic properties

treatment
JHc Jr (BH)max

[kA/m] [T] [kJ/m3]

Fe65Pr9B24W2

rod as-cast 34 0.1 0.04

1003 K/5 min 81 0.15 0.3

plate as-cast 53 0.23 2.9

1003 K/5 min 66 0.23 3.4

Fe65Pr9B22W4

rod as-cast 74 1.13 1.4

1003 K/5 min 108 1.18 2.4

plate as-cast 39 0.16 1.2

1003 K/5 min 151 0.30 7.0

Fe65Pr9B20W6

rod as-cast � � �

1003 K/5 min 580 0.34 14.1

plate as-cast 60 0.18 1.6

1003 K/5 min 210 0.41 12.2

Fe65Pr9B18W8

rod as-cast 219 0.14 2.5

1003 K/5 min 354 0.29 10.9

plate as-cast 145 0.29 8.4

1003 K/5 min 193 0.35 10.9

4. Conclusion

The paper presents the results of the structural and
magnetic studies of bulk Fe65Pr9B26−xWx (where x = 2,
4, 6, 8) alloys produced by suction-casting technique. X-
ray di�raction patterns showed a presence of hard mag-
netic Pr2Fe14B and paramagnetic Pr1+xFe4B4 phases in
samples in the as-cast state and subjected to anneal-
ing. Furthermore, for the x = 2 and 4 alloys the pres-
ence of soft magnetic α-Fe phase was revealed. How-
ever, for samples containing 6 and 8 at.% of W, no evi-
dence of a presence of α-Fe phase was shown. The bulk
Fe65Pr9B24W2and Fe65Pr9B22W4 alloys in as-cast state
and subjected to annealing had a low coercivity JHc and
magnetic energy product (BH)max. Addition of tung-
sten to the base composition of the alloys resulted in
increase of the magnetic parameters. The maximum

JHc and (BH)max were measured for the rod sample of
Fe65Pr9B20W6 annealed at 1003 K for 5 min.
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