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Melt-spun ribbons were produced from the PrgDy;FegoCo7MngB14Zr; Tis base alloy at the surface velocity of
the cooper wheel of 30 m/s. The studies showed amorphous structure of ribbons and their soft magnetic properties.
X-ray diffraction was used to determine phase constitution of all obtained samples. Annealing of ribbons caused
formation of nanocomposite structure, which was a result of coexistence of hard magnetic RE2(Fe,Co)14B and soft
magnetic a-Fe phases. Basic magnetic properties such as: coercivity jHc, remanence J; and maximum energy
product (BH)max were determined from the measured hysteresis loops. The microstructure of selected specimens
was observed by transmission electron microscopy technique.
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1. Introduction

In the past decades the Nd-Fe-B permanent mag-
nets have been widely investigated due to the their ex-
cellent magnetic properties [1, 2] and potential applica-
tions in instruments such as magnetic resonance imag-
ing (MRI) devices and voice coil motors (VCM) for
hard disc drives (HDD) [3]. Despite the similarities be-
tween praseodymium and neodymium in the elemental
state (both of them [4] can form the RE;Fe;4B com-
pounds [5]), the Pr-Fe-B system did not attracted sim-
ilar attention as the neodymium system. The excellent
magnetic properties of NdyFe14B/a-Fe and ProFe 4B/ a-
Fe nanocomposite permanent magnets arise from the ex-
change interaction between magnetically hard and soft
phases. The high anisotropy hard magnetic phase is
responsible for high coercivity while the soft magnetic
phase causes increase of magnetization. Exchange inter-
actions between grains of hard and soft magnetic phases
cause that the magnetization vector of the soft magnetic
phase is exchange coupled with those of the hard mag-
netic phase. It is difficult to exactly calculate the inter-
actions between grains, due to highly complicated mi-
crostructure in this kind of materials. Both the chem-
ical composition and processing technique, can affect
the magnetic properties and their microstructure [6-10].
An experimental method allowing to determine the na-
ture of these intergrain interactions and their effect on
the magnetic properties, 6 M plot technique is commonly
adopted [6, 11-13].

Therefore, in this study, the effects of heat treatment
on the phase constitution, magnetic properties and ex-
change interactions of the PrgDy;FegoCorMngB147Zr; Tis
produced by melt spinning technique, are investigated.
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2. Experimental material and methods

The ingot samples of nominal composition
PrgDyiFegoCo7sMngB14Zr1Tis  were  produced by
arc-melting of high purity constituent elements with
addition of pre-alloyed Fe-B, under an argon atmo-
sphere. To homogenize the alloy, the samples were
re-melted several times. The ribbon samples were
prepared by single wheel melt-spinning technique under
the Ar protective atmosphere. The linear speed of the
copper wheel surface of 30 m/s was used in the process.
Subsequently, the ribbon samples were sealed off in a
quartz tube under a low pressure of argon to maintain
the purity of atmosphere during heat treatment. In order
to obtain a nanocrystalline microstructure, the samples
were annealed at various temperatures ranging from
923 K to 1023 K for 5 min, and subsequently rapidly
cooled in water. The phase structure analysis of ribbons
was studied using Bruker D8 Advance diffractometer
with Cu K, radiation. The room temperature hysteresis
loops were measured by LakeShore 7307 vibrating sam-
ple magnetometer at external magnetic fields up to 2 T.
The minor hysteresis loops were measured to obtain the
field dependences of remanence J, and coercivity jH..
The series of recoil curves were measured for the initially
saturated samples and for the thermally demagnetized
specimens.

3. Results and discussion

The X-ray diffraction (XRD) patterns measured for
PrgDylFeGOCO7Mn6B14Zr1Ti3 alloy ribbons in as-cast
state are shown in Fig. 1. The measurements were car-
ried out on both surfaces of the ribbons: on the side in
thermal contact with copper roll during melt-spinning
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(bottom side) and on free surface of the ribbon (top
side). Lack of peaks on the wide bumps on XRD pat-
terns measured for both side suggest their fully amor-
phous structure.
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Fig. 1. X-ray diffraction patterns measured for

PI‘gDylF660007Mn6B14ZI‘1Ti3 alloy ribbon samples in
as-cast state.
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Fig. 2. X-ray diffraction patterns measured for
PrgDylFe60C07Mn6B14Zr1Ti3 alloy ribbon samples
annealed at (a) 923 K, (b) 943 K, (c) 963 K, (d) 983 K,
(e) 1003 K, (f) 1023 K for 5 min.

The XRD patterns measured for the
PrgDyiFegoCorsMngB14Zr1Tiz alloy ribbon samples
annealed at temperatures from 923 K to 1023 K for
5 min, are shown in Fig. 2. The short time annealing for
5 min at 923 K and higher temperatures led to nucleation
and growth of the crystalline phases. The crystalline
phases observed for the all annealed ribbons were: the
hard magnetic Pry(Fe,Co)14B and soft magnetic a-Fe.
Nanocrytalline microstructure of annealed samples was
confirmed by transmission electron microscopy (TEM)
studies (Fig. 3).

In Fig. 3 the TEM micrographs and corresponding
diffraction patterns for PrgDy;FegoCorMngB14Zr,Tis
melt-spun ribbons annealed at 943 K (a) and 983 K (b)
are shown. The heterogeneous microstructure of the sam-
ple annealed at 943 K with small grains of average size
ranging from 20 nm to 40 nm embedded within the amor-
phous matrix was revealed. Occurrence of the amor-

TEM

Fig. 3. micrograph of the
PrgDylF660C07Mn6B14Zr1T13 melt—spun ribbons
annealed at 943 K (a), 983 K (b) for 5 min and
corresponding diffraction pattern.

phous phase in this sample was confirmed by XRD stud-
ies. Heat treatment of the alloy at higher temperature
causes slight growth of crystallites. For ribbon annealed
at 983 K average grain size ranges from 30 nm to 50 nm.
Furthermore annealing at this temperature led to opti-
mal magnetic properties (Table).

TABLE

Magnetic parameters: the coercivity, the remanence,
maximum energy product (BH)max and reduce rema-
nence J;/Js for all annealed samples.

t:nlfs:jﬁe sHe | Jo|(BH )m;" Jo) Js
IK] [kA/m] | [T] | [kJ/m”]
923 901 [0.44] 29 0.69
943 945 [0.38] 224 0.68
963 780 [0.41] 29.6 0.68
983 925 [0.36] 43.3 0.69
1003 868 |0.52| 383 0.71
1023 747 |0.64| 315 0.69

Magnetic measurements carried out on ribbons in as-
cast state (Fig. 4a) have shown their soft magnetic prop-
erties, which also confirms their amorphous structure
(Fig. 1). Heat treatment led to the improvement of the
magnetic properties (Fig. 4b).

With increasing annealing temperature, an increase of
remanence J; and saturation polarization, while decrease
of coercivity field y H. was observed (Fig. 5). The highest
values of remanence .J; and saturation polarization were
measured for sample annealed at 1023 K. At the major
hysteresis loops, characteristic kinks on demagnetization
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Fig. 4. Major hysteresis loops measured for the
PrgDylFe60C07Mn6B14Zr1T13 alloy in the form of rib-
bons in as-cast state (a) and annealed at 923 K and
1023 K for 5 min (b).
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Fig. 5. Coercivity ;H. (a), remanence J. (b) and
maximum energy product (BH)max (c) vs. the an-
nealing temperature 7' measured for ribbons of the
PI‘gDylF860007Mn6B14ZI‘1Ti3 alloy.

curves around H = 0 was observed (Fig. 4b) which may
indicate a presence of soft magnetic phase.

The basic magnetic properties of the
PrgDyiFegoCorMngB14Zr1Tis ribbon samples were
collected in Table. The enchancement of rema-

nence (J./Js > 0.5) suggest exchange-coupling in the
ribbons [7]. In order to prove the existence of exchange-
coupling the calculation of 0 M plots (6M(H)) [14] were
carried out using formula

M =mgq(H) —[1-2m,(H)], (1)
where mg is reduced demagnetization remanent mag-
netization and m, is the reduced isothermal remanent
magnetization. The positive dM values indicate the
existence of exchange-coupling between magnetically
hard grains or between two kinds of phases [15].
The magnitude of positive JM represents the strength
of intergranular exchange-coupling interaction. The neg-
ative values of M plots suggests that the magnetostatic
interactions are dominant [16, 17]. In Fig. 6, the
0M plots for all investigated ribbon specimens are
shown. For samples annealed at 943 K and higher
temperatures, the values of dM is positive for ap-
plied magnetic fields smaller than the coercivity field.
0M reaches maximum around jH.. For higher magnetic
fields M drops to zero and changes its sign, reaching
negative maximum. The shapes of dM(H) curves
measured for ribbons annealed at 943 K and higher
temperatures, suggest that the exchange interactions
dominate for fields slightly higher than the coercivity
field, while for higher H the magnetostatic interactions
are dominant. Ounly for the sample annealed at 923 K the
values of 0M is initially negative until about 700 kA /m.
Then the dM reaches positive maximum value in
fields close to the coercivity and subsequently drops to
zero. The experimental points for the sample annealed
at 923 K indicate that the dominant interaction in lower
applied reverse fields are the demagnetizing long range
dipolar interactions between grains of hard magnetic
phase. At the higher values of magnetic field the
positive value 6 M corresponds to exchange interactions
stabilizing magnetization.
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Fig. 6. The oM plots for
PI‘gDylF660007Mn6B14ZI‘1Ti3 I‘ibeIlS
various temperatures for 5 min.
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4. Conclusions

The investigated PrgDy;FegoCorMngB14Zr1Tisg alloy
ribbons in as-cast state had fully amorphous structure
and exhibited soft magnetic properties. Subjecting the
alloy to a heat treatment led to nucleation and growth
of the hard and soft magnetic phases. With the increase
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of annealing temperature, no significant changes in the
phase constitution, for all annealed samples was indi-
cated. The application of short time annealing led to
the improvement of the magnetic properties due to the
change in their microstructure. The highest value of the
maximum energy product ((BH )max = 43.3 kJ/m?) and
coercivity field (yH. = 925 kA/m) were measured for
ribbons annealed at temperature 983 K, but polarization
remanence for this sample is the lowest from all measured
specimens. For ribbons annealed at temperatures rang-
ing from 943 K to 1023 K at low reverse fields the short-
range exchange interactions are dominant. In higher
fields the dM plot take negative values suggesting ex-
istence of long-range dipolar interactions between hard
magnetic grains. In case of sample annealed at tempera-
ture 923 K reverse behavior was observed.
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