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Microstructure and magnetic properties of nanocrystalline Feg,(ZryNb3)B;oCu; and Fegy(ZrsMn3)B;,Cuy
alloys with different content of the crystalline phase have been investigated. Changes in the microstruc-
ture with progressing crystallization were observed by the room temperature Mdssbauer spectroscopy.
Good soft magnetic properties and frequency characteristics were found in the nanocrystalline
Feg,(ZryNb3)B;(Cu, and Fegy(ZrsMn;)B,Cu; samples with 50-60% of the crystalline a-Fe phase.
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1. Introduction

Nanocrystalline Fe—Zr—B—(Cu) alloys patented under the trade name NANOPERM
with bce Fe grains of about 20-30 nm exhibit good soft magnetic properties i.e., high
saturation magnetization, low coercivity and good frequency characteristics [1-3] re-
sulting from the presence of fine grains magnetically interacting with each other [4].
Moreover, magnetic properties of nanocrystalline Fe—Zr—B—(Cu) alloys strongly de-
pend on the microstructure of precursors which can be modified by the conditions
during the sample preparation. Addition of Nb, Hf, Mn, Ti and other metalloid atoms
to the NANOPERM type alloys during fabrication leads to an improvement of their
soft magnetic properties [5, 6].
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The aim of this paper is to study effects of Nb and Mn addition on the formation
of nanocrystalline structures and magnetic properties of partially crystallized Fe—
Zr-(Nb, Mn)-B-Cu alloys.

2. Experimental

Rapidly solidified ribbons of Feg,(ZryNb;)BoCu; and Fegy(Zry;Mn;)B,Cu; alloys
were obtained by a single roller melt-spinning method in argon protective atmosphere.
The width and thickness of the investigated samples were 2.20 mm and 0.02 mm, re-
spectively. Ribbons in the as-quenched state were partially crystallized which was
confirmed by X-ray diffraction using a URD-6 (VEB Carl Zeiss, Jena) diffractometer.
The changes in the microstructure were examined at room temperature by the Mdss-
bauer spectroscopy in a transmission geometry using a >'Co source in a Rh matrix.
Mossbauer spectra obtained for Feg,(ZrsNb3;)B;oCu, and Fegy(Zrs;Mn;)B;,Cu, alloys in
the as-quenched state and after heat treatment were evaluated by hyperfine field distri-
butions using the NORMOS package program [7]. Isothermal annealing was per-
formed at 773 K and 823 K under the vacuum of about 5x10~° Pa for various time
periods. AC and DC magnetic measurements were carried out upon 100 mm long
ribbons using a M-H Loop Tracer (Tesla) and equipment for magnetic measurements
MMS-4001 (Ryowa Electronics).

3. Results and discussion

Precursors of Feg,(Zr,Nb;3)B1oCu; and Fegy(Zr;Mn;)B;,Cu; alloys were partially crys-
tallized already in the as-quenched state as confirmed by X-ray diffractometry and Moss-
bauer spectroscopy. X-ay diffraction patterns show narrow peaks corresponding to the
crystalline o-Fe phase superimposed upon a broad amorphous reflection. Mossbauer spec-
tra of as-quenched (a.q.) and annealed Feg)(ZryNb;)B(Cu, and Fegy(ZrsMn;)B;,Cu, alloys
are shown in Fig. 1 together with their spectral components. Corresponding hyperfine
field distributions P(B) are drawn alongside each spectra. The spectra consist of broad,
overlapped lines assigned to disordered structural positions of resonant atoms,
whereas sharp narrow lines indicate a presence of bce-Fe crystallites. The experimen-
tal data were fitted by separate independent blocks of hyperfine field distributions and
a sextet of Lorentzian lines using the NORMOS package program.

Magnetic properties of the NANOPERM type alloys strongly depend on their micro-
structure [8, 9]. Both investigated samples of Fegy(Zr,;Nbs)B1¢Cu; and Fegy(ZrsMn;z)B,Cu,
alloys show rather poor soft magnetic properties in the as quenched states. Dependences of
magnetic flux densities on magnetic field obtained for the investigated samples are
presented in Fig. 2 in the form of magnetic hysteresis loops. The as-quenched Nb- and
Mn-containing ribbons exhibit the saturation magnetic flux density (B;) of about 1.3 T
and 1.0 T, respectively. The coercivity (H.) of the as-quenched Fegy(ZrsMn;)B;,Cu,
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alloy is equal to 30 A/m being three times lower than that of the Fegy(ZrsNb;)B;,Cu,
alloy. Upon increasing annealing temperature up to 823 K (Feg,(ZrsNb;)B,oCu,) and
773 K (Fego(ZrsMn;)B,Cuy), an increase of B, and decrease of H,. for both investi-
gated samples is observed. The maximum saturation magnetic flux density of about
B,=1.6 T was achieved for the Mn-containing ribbon annealed at 773 K for
0.5h, and B;=1.4 T was found for the Nb-containing ribbon annealed at 823 K for
0.5 h. Furthermore, optimum annealing conditions lead to a decrease in the coercivity
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Fig. 1. M0ssbauer spectra and hyperfine field distributions
of the Fegz(Zr4Nb3)B10Cu1 and Fego(Zr4Mn3)B12Cu1 alloys
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Fig. 2. DC hysteresis loops for the Fegy(Zr4Nb3)BoCu, (a, b, ¢) and Fegy(Zr4Mn;)B,Cu, (d, e, f)
alloys in the as-quenched state (a, d) and after 0.5 h annealing at 773 K (b, ¢) and 823 K (c, f)
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to 40 A/m and 20 A/m for the Feg)(ZrsNb3;)B;oCu; and Fego(ZrsMn;)B;,Cu; alloys,
respectively. DC hysteresis loops obtained for the Fego(ZrsMn;)B;,Cu, alloy after
0.5 h annealing at 773 K and 823 K are almost identical (Fig. 2, curves e and f).

Fe.,Zr,Nb,B,,Cu,

Fig. 3. Dependences of core losses (W) on induction
(B) for the Feg,(ZryNb;)B(Cu, alloy (a, b, c, d)
and Fego(ZryMn;3)B,Cu, alloy (e, f, g, h) after 0.5 h
: annealing at 823 K and 773 K, respectively, meas-
0.01 0'_1 1 ured at the frequency of 50 Hz (a, ¢), 200 Hz (b, 1),

B (T) 1 kHz (¢, g), and 2 kHz (d, h)

AC magnetic properties of the investigated alloys annealed at optimum conditions
are presented in Fig. 3 as dependences of core losses (W) on magnetic induction (B)
for various frequencies. The core losses monotonically increase with induction for all
investigated samples. In addition, the core losses of both samples are higher with in-
creasing frequency of measurement due to eddy currents. The sample with Mn exhib-
its systematically lower values of W than the one with Nb.

Dependences of the effective permeability (,) and the loss factor tand upon the
magnetic field H are plotted in Figs. 4 and 5, respectively (tand = u"/u'; the real (i)
and imaginary (u") parts of permeability express the components of the induction B
which are in phase with the magnetic field H and delayed by the phase angle of 90°
from H, respectively [10]). The effective permeability measured at the frequency of
250 Hz increases for all investigated samples to its maximum at the magnetic field
range 45-55 A/m and then decreases (Fig. 4). The maximum value of g, for the Nb
-containing sample is shifted towards higher magnetic fields than that of the Mn
-containing sample. The increase of the maximum effective permeability up to 13 000
and 9200 after 0.5 h annealing of the Fegy(ZrsMn;)B;,Cu, alloy at 773 K and the
Fegy(ZryNb3)BoCu; at 823 K is connected with an irreversible structural relaxation
during the heat treatment process. It is worth noting that the effective permeability
does not show appreciable deviations from those presented in the figure in a wide
range of the measuring frequencies up to few kHz.
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Fig. 4. Effective permeability (¢,) vs. magnetic
field (H) for the Fegy(ZrsNb3)BoCu, (a, b, c, d)
and Fego(ZrsMn3)B,Cu, (e, f, g, h) alloys in the
as-quenched state (a, ¢) and annealed at 673 K
(b, f), 773 K (¢, g) and 823 K (d, h) for 0.5 h 0 100 200
measured at the frequency of 250 Hz
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Fig. 5. Dependences of the loss factor (tand)
on magnetic field (H) at f'= 250 Hz for
the Fegz(Zr4Nb3)B10Cu1 (a, b, C, d)
and Fego(ZrsMn3)B,Cu, (e, 1, g, h) alloys

in the as quenched state (a, e) and annealed
for 0.5 h at 673 K (b, ), 773 K (c, g) 10
and 823 K (d, h)
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Dependences of the loss factor tand on the magnetic field (Fig. 5) for the both al-
loys exhibit a similar behaviour as the effective permeabilities. The loss factor of the
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as-quenched sample with Mn is two times higher than that of the Feg,(ZryNb;)B,,Cu,
alloy. After annealing, the values of tand are similar for both investigated samples. It
should be noted that the maximum loss factors were obtained at lower magnetic fields
than the maximum effective permeability.

4. Conclusions

The results of magnetic measurements for the nanocrystalline Feg,(Zr4sNb;)B;(Cu,
and Fego(ZrsMn;)B;,Cu, alloys with various amounts of the crystalline phases have
been reported. Nanocrystalline alloys with the bec grain fraction higher than 50% of
the sample volume exhibit good soft magnetic properties. Nb and Mn-containing sam-
ples show the maximum permeabilities of 9200 and 13 000, respectively, at the mag-
netic field of about 50 A/m. Moreover, the ribbons of the Feg,(ZryNb;)B;(Cu; and
Fego(ZrsMn;)B,,Cu, alloys annealed at 773 K and 823 K show low core losses which
increase with the frequency of measurement.
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