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The properties of rapidly solidified ribbons of ProFes0.4+,Co13Zr1NbsBas_, (where = 2, 5, 8) alloys annealed
at temperatures ranging from 923 K to 1033 K were investigated. The heat treatment of the fully amorphous
as-cast ribbons led to the simultaneous crystallization of the hard magnetic Pr2(Fe,Co)14B, the soft magnetic a-Fe
and the paramagnetic Pri;,Fe B4 phases. However, the crystallization of the a-Fe phase took place as the second
crystallization event at higher temperatures for the x = 8 alloy. The Rietveld analysis of the X-ray diffraction
patterns was used to calculate the crystallite sizes of constituent phases. Additionally, using PONKCS method
the weight fractions of crystalline and amorphous components were quantified. For all alloy compositions the
temperature dependencies of magnetic parameters were determined from the hysteresis loops.
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1. Introduction

Previous studies were focused on determining the
glass forming abilities of the ProFesq4,Co13Zr1NbyBos_,
(where z = 0, 2, 5, 8) alloys [1] and the phase formation
during annealing of the rapidly solidified ribbons. It was
shown that all investigated alloys reveal large supercooled
liquid region before crystallization AT, reaching up to
112 K for the amorphous PrgFessCoi3Zr1NbyBsalloy
ribbon. In [2] detailed studies of the microstructure,
phase constitution and magnetic properties of these al-
loy ribbons subjected to annealing at various tempera-
tures were presented. Furthermore, the magnetic inter-
actions between grains of constituent phases were anal-
ysed. In the present work the research was focused on
comparison of the magnetic properties and formation
of crystalline phases during annealing of ribbons of the
PI‘gFe50+w0013ZI‘1Nb4B23,w (3? = 27 5, 8) alloys.

2. Samples preparation
and experimental methods

The samples were obtained in the form of
melt-spun  ribbons of the nominal compositions
PI‘gFe50+wC013ZI‘1Nb4B23,w (.CL‘ = 2, 57 8) The
specimens were sealed off in the quartz tubes in the
argon atmosphere and annealed at temperatures ranging
from 923 K to 1033 K for 5 min. The phase consti-
tution was analyzed using Rietveld refinement of the
X-ray diffraction spectra. The diffraction patterns
were collected using Bruker D8 Advance diffractometer
operating in the Bragg-Brentano configuration. The
diffractometer was equipped with Cu X-ray tube and
the K filter on detector side. The instrument was also
equipped with Soller slits on incident and diffracted
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beam, the LynxEye detector with linear focus of 25
mm and incident beam divergence slit of 0.6 mm. The
measurements were performed with the 26 step size
of 0.02 deg. and step time 5 s. In order to quantify
the amorphous and crystalline phases the PONKCS
(Partial Or No Known Crystal Structure) method was
applied [3]. The crystallite sizes were calculated taking
into account the instrument contribution to the diffrac-
tion lines broadening. This contribution was determined
by the Rietveld analysis of the diffraction spectrum
measured for the LaBg standard sample. The hysteresis
loops were measured using the LakeShore 7307 VSM
magnetometer operating in the external magnetic fields
up to 2T at room temperature.

3. Results and discussion

The samples of all alloy compositions were fully amor-
phous in the as-cast state and their corresponding hys-
teresis loops were typical for the soft magnetic materi-
als. The saturation polarization (Js) of about 0.87 T
was similar for all alloy compositions. Most of the sam-
ples annealed at various temperatures (T,) ranging from
923 K to 1033 K exhibited hard magnetic properties. The
selected hysteresis loops measured for ribbons of all com-
positions annealed at 923 K are shown in Fig. 1. The hys-
teresis loop for the z = 2 alloy ribbon annealed at 923 K
has characteristic wasp-waisted shape. This indicates
that T, = 923 K was not sufficient to drive the phase
evolution to the point were the hard magnetic properties
are achieved.

The dependences of magnetic parameters on the an-
nealing temperature T, determined for all investigated
ribbons are presented in Fig. 2. For the x = 5 and 8 al-
loys the Js increases with the increase of annealing tem-
perature. This effect is more pronounced for the z = 5
alloy sample where the saturation polarization rises from
0.69 T for T, = 923 K to 0.89 T for T,, = 1033 K. For the
x = 2 alloy annealed at 923 K the J, reaches the highest
value of 0.88 T, while for higher T, the Js decreases to
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Fig. 1. The hysteresis loops measured for ribbons of
r = 2, 5, 8 alloys annealed at 923 K.
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Fig. 2. The dependences of magnetic parameters on
the annealing temperature T, for ribbons of the x = 2,
5, 8 alloys.

0.7 T and remains almost independent on the annealing
temperature.

The remanence (J,.) seams to depend on the alloy com-
position and reaches the highest values for the =z = 8 al-
loy. Furthermore, the annealing conditions do not influ-
ence significantly the remanence for all alloys. In partic-
ular for the x = 8 alloy ribbons the remanence increases
only by ~ 8% when annealed at 1003 K in respect to
J, measured for ribbon annealed at T, = 923 K. All the
annealed samples (except for = 2 alloy, T,, = 923 K) ex-

hibit the remanence enhancement. The highest J,./J; =
0.74 was determined for z = 8 alloy annealed at 983 and
1003 K.

The effect annealing temperature is more pronounced
in case of the coercivity (yH.). For x = 2 and 5 alloys
the ;H. reaches the maximum values after the annealing
at 953 K and then decreases for higher T,. In case of
the z = 8 alloy the highest coercivity is reached for T, =
1003 K. The maximum energy product (BH )yax depends
strongly on the remanence values and is the highest for
the z = 8 alloy, reaching 65 kJ/m? for T, = 1003 K.

It is of great importance to identify and quantify the
constituent phases of the alloys subjected to annealing
in order to understand the temperature dependences of
the magnetic parameters. The XRD studies shown that
the annealed samples consist of three main crystalline
phases: the paramagnetic Priy.Fe B4, the hard mag-
netic Pry(Fe,Co)14B and the soft magnetic a-Fe. A very
small amount of ProOgs oxide for the highest annealing
temperature was also detected. Additionally, depend-
ing on the annealing temperature and the composition
of the alloy a presence of the amorphous phase was also
possible, but not obvious from visual inspection of the
diffraction patterns. In order to determine the fractions
of constituent phases formed during annealing the Ri-
etveld refinement of the spectra was performed. Due
to the fact that in traditional Rietveld analysis quantifi-
cation of amorphous phase is impossible, the technique
known as PONKCS [3] was used. The example of refined
pattern with corresponding difference curve is presented
in Fig. 3.
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Fig. 3. The experimental and calculated diffrac-

tion pattern with corresponding difference curve

for ProFessCo13Zr1NbsB15 alloy ribbons annealed at

1003 K.

Additionally the crystallite sizes of constituent phases
were calculated as the volume weighted coherently
diffracting domain sizes. The dependences of the crys-
tallite sizes and weight fractions of constituent phases on
the annealing temperature are presented in Fig. 4 for all
alloys compositions.

The = = 2 alloy ribbons annealed at 923 K contain
about 60 wt. % of amorphous phase. It was estimated
by Kneller et al. in [4] for nanocomposite hard magnetic
alloys, that the amount of hard magnetic phase sufficient
to attain high coercivity and provide remanence enhance-
ment is about 9 vol.%. However, in case of studied al-
loys low weight fraction of hard magnetic 2:14:1 phase
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Fig. 4. The dependences of the weight fractions
of constituent phases (a) and their crystallite
sizes (b) on the annealing temperature 7, for
Pr9F650+330013ZI‘1Nb4B23_33 alloys (Where xr = 2, 5, 8)

(~ 9.6%) is too small to achieve nanocomposite mate-
rial with good hard magnetic properties. The amount of
hard magnetic phase that crystallizes during annealing
at 923 K depends on the alloy composition. For x = 5
and z = 8 alloys the weight fractions of 2:14:1 phase are
~ 20 and 33 %, respectively. With the increase of the
fraction of this phase the evolution of shapes of the hys-
teresis loops was observed (Fig. 1.). For the z = 8 alloy
ribbon, annealed at 923 K, the 33 wt.% of 2:14:1 phase
and 52 wt.% of soft magnetic amorphous phase yield the
remanence enhancement and high coercivity.

With increase of the annealing temperature the
amount of the amorphous phase decreases and the weight
fractions of the crystalline components rise. The samples
with the highest energy product (for z = 8 alloy ribbons,
annealed at 983 and 1003 K) consist of ~ 57 —65 wt.% of
hard magnetic phase and ~ 32 —26 wt.% of soft magnetic
phases (the amorphous and a-Fe phases).

The grain sizes of the crystalline phases have major
impact on the coercivity of the nanocomposite material

as well as on the remanence enhancement effect [4, 5.
For all investigated ribbons the crystallite sizes of the
hard magnetic phase Pry(Fe,Co)14B remain almost con-
stant (of ~ 40 nm) for all annealing temperatures. How-
ever, for the z = 2 ribbon annealed at 923 K the mean
crystallite size of the 2:14:1 phase is about 20 nm. This
is probably related to the high temperature stability of
the amorphous phase for this alloy composition as was
reported in [1]. The crystallite sizes of the paramag-
netic phase increase with the annealing temperature from
about 10 nm dia. for 923 K to about 40-50 nm for 1003
K. Furthermore, annealing of ribbons at 923 K resulted
in precipitation of very fine crystallites (~ 8 nm dia.)
of the a-Fe phase for z = 2 and 5 alloys. In case of
the x = 8 alloy ribbons the a-Fe crystallizes at 983 K.
Further increase of T, resulted in growth of crystals and
increase of weight fraction of a-Fe phase for all studied
compositions. This has a detrimental effect on the co-
ercivity and maximum energy product of the samples.
The calculated crystallite sizes of constituent phases are
in good agreement with those obtained from the TEM
studies [2].

4. Conclusions

The Rietveld analysis of diffraction patterns using
PONKCS method allowed to determine the phase con-
stitution changes during annealing of ribbons of the
ProFes0:Co13Zr1NbyBos_, (z = 2, 5, 8) alloys as well
as to calculate the crystallite sizes of precipitating phases.
The increase of annealing temperature resulted in the re-
duction of the content of the amorphous phase accompa-
nied by the increase of weight fraction of the hard mag-
netic 2:14:1 and soft magnetic a-Fe phases. The weight
fraction of crystalline phases is strictly controlled by the
chemical composition of the alloy. Especially, the amount
of the paramagnetic Pry.,Fe,B, phase decreases with
the increase of Fe content. Furthermore, the Fe/B ratio
has an effect in the thermal stability of the amorphous
phase. As a consequence, both factors have the influ-
ence on the magnetic properties of the alloys. The grain
sizes of the 2:14:1 phase remain almost unchanged with
the annealing temperature. However, in case of the a-Fe
phase the grain size increases with Ty, for all alloy compo-
sitions. This effect leads to decrease of yH,. and (BH )max
as well as change of the demagnetization curves. The best
magnetic properties were measured for the z = 8 alloy
ribbons annealed at 1003 K.
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