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Effect of Ti, V, Cr, and Mn additions on the magnetic properties
of a nanocrystalline soft magnetic Fe–Zr–B alloy with high magnetic
flux density
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The effect of the addition of Ti, V, Cr, and Mn on the magnetic properties of a nanocrystalline soft
magnetic Fe–Zr–B alloy has been investigated. The addition of the elements increases both the
crystallization temperature and the grain size ofa-Fe. After crystallization, these elements are
observed in both thea-Fe grains and the residual amorphous matrix. It has been found that V is a
useful element to control magnetostriction by keeping the saturation magnetic flux density (Bs)
high. The simultaneous addition of V and Mn increasesBs . The alloys with highBs , above 1.75
T, show good soft magnetic properties as well; the Fe90V1Zr6B3 alloy exhibits highBs of 1.75 T and
high permeability (me) of 31 000, and the Fe89.5V0.5Mn1Zr6B3 alloy exhibits highBs of 1.78 T and
high me of 23 000. These highBs values are almost the same as that of a Fe-6.5 wt % Si alloy. The
alloys also exhibit low core loss. Therefore, nanocrystalline Fe–V–~Mn!–Zr–B alloys are expected
to be applied to power electronic devices such as power transformers. ©1999 American Institute
of Physics.@S0021-8979~99!37308-4#
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I. INTRODUCTION

Recently nanocrystalline soft magnetic alloys consist
of body-centered-cubic~bcc! nanoscale crystallites embed
ded in a residual amorphous minority matrix have been
tained by crystallizing melt-spun amorphous ribbons.1–4 In
particular, nanocrystalline Fe-rich Fe–M–B~M5Zr, Hf, Nb!
alloys are attractive because these alloys exhibit a high s
ration magnetic flux density (Bs) from 1.5 to 1.7 T as well as
good soft magnetic properties.

The soft magnetic properties of nanocrystalline F
M–B alloys can be improved by the addition of elemen
We have already reported the effect of the addition of e
ments~e.g., Pd, Cu, and Co! on the structure and the so
magnetic properties of nanocrystalline soft magnetic F
M–B alloys. The addition of these elements improves
soft magnetic properties. The Pd or Cu addition decrea
the a-Fe grain size.5,6 On the other hand, the addition of C
to Fe–Zr–B alloys with negative magnetostriction (ls)
achieves zerols .7 In this article, the effect of the addition o
Ti, V, Cr, and Mn on the magnetic properties of a nanocr
talline soft magnetic Fe–Zr–B alloy are presented.

II. EXPERIMENTAL PROCEDURE

Fe–TM–Zr–B ~TM5Ti, V, Cr, Mn! alloy ingots were
prepared by arc melting in an Ar atmosphere. The rapi
solidified ribbons, 15 mm in width and 20mm in thickness,
were produced by a single-roller melt-spinning method in
Ar atmosphere. The annealing treatment of the as-quenc
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samples was carried out by keeping the samples at 903 K
300 s in a vacuum at a heating rate of 3 K/s.

The saturation magnetic flux density (Bs) under an ap-
plied field of 800 kA/m and the coercivity (Hc) under a
maximum applied field of 800 A/m were measured with
vibrating sample magnetometer~VSM! and a low frequency
B–H loop tracer, respectively. The permeability (me) at 1
kHz under an applied field of 0.4 A/m and the core loss~W!
at 50 Hz were measured with a vector impedance analy
and an acB–H loop analyzer, respectively. The saturatio
magnetostriction (ls) under an applied field of 40 kA/m wa
measured by a strain gauge technique. The crystalliza
temperature (Tx) of the amorphous alloys was determined
differential thermal analysis~DTA! at a heating rate of 0.17
K/s. The mean size~D! was evaluated from the half-width o
the a-Fe ~110! x-ray diffraction peak. The microstructur
was observed by a transmission electron microscopy~TEM!.

III. RESULTS AND DISCUSSION

First, we examined the microstructure of the nanocr
talline Fe86.5TM3.5Zr7B3 ~TM5Ti, V, Cr, Mn! alloys by
high-resolution TEM~HRTEM!. Figure 1~a! shows the HR-
TEM image of the crystallized Fe86.5V3.5Zr7B3 alloy. The
alloy consists of nanoscalea-Fe grains, 10–20 nm in size
embedded in a residual amorphous matrix. The composi
of the a-Fe grains and the residual amorphous matrix w
examined by energy-dispersive spectroscopy~EDS! analysis
using an electron beam with a diameter of 1 nm. Figure 1~b!
shows the result for thea-Fe grain and Fig. 1~c! shows the
result for the residual amorphous matrix. As already
ported, the residual amorphous matrix is enriched by Zr3,4
7 © 1999 American Institute of Physics
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FIG. 2. TM element dependence of~a! the saturation magnetic flux densit
(Bs), ~b! the permeability (me), ~c! the magnetostriction (ls), ~d! the mean
grain size~D!, and~e! the crystallization temperature (Tx) of the nanocrys-
talline Fe86.5TM3.5Zr7B3 ~TM5Ti, V, Cr, Mn! alloys.

FIG. 1. ~a! HRTEM image and EDS spectra taken from~b! thea-Fe grains
~region 1! and~c! the residual amorphous matrix~region 2! of the nanocrys-
talline Fe86.5V3.5Zr7B3 alloy.
Downloaded 25 Mar 2010 to 130.34.135.83. Redistribution subject to AIP
There is V in both thea-Fe grains and the residual amo
phous matrix. The microstructure observed f
Fe86.5TM3.5Zr7B3 ~TM5Ti, Cr, Mn! alloys was similar.

Figure 2 shows the saturation magnetic flux dens
(Bs), the permeability (me), the magnetostriction (ls), the
mean grain size~D!, and the crystallization temperature (Tx)
of the nanocrystalline Fe86.5TM3.5Zr7B3 ~TM5Ti, V, Cr,
Mn! alloys. The addition of TM elements decreases bothBs

andme . The crystallization temperature (Tx) is increased by

FIG. 3. Changes in~a! the saturation magnetic flux density (Bs), ~b! the
permeability (me), ~c! the magnetostriction (ls), ~d! the mean grain size
~D!, and ~e! the crystallization temperature (Tx) as functions of the Mn
content~x! of the nanocrystalline Fe86.5V3.52xMnxZr7B3 alloys.

FIG. 4. Changes in the core loss~W! as a function of the maximum flux
density (Bm) for the nanocrystalline Fe90V1Zr6B3 and Fe89.5V0.5Mn1Zr6B3

alloys, the grain-oriented~G. O.! Fe-3 wt % Si alloy, and the nonoriente
~N. O.! Fe-6.5 wt % Si alloy.
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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the addition of the TM elements. This behavior is similar
that observed in Fe802xTMxP13C7 amorphous alloys.8 It
should be noted thatD is strongly related toTx ; the grain
size increases asTx becomes higher.

The addition of TM elements changesls of the alloy to
the positive side. This behavior can be explained by
change ofls for the a-Fe grains.9 Since the Fe90Zr7B3 alloy
has negativels of 21.131026, it is expected that zerols

can be obtained by the addition of TM elements. The num
of additives required to obtain zerols is smallest for Cr and
increases in the order of V,Ti'Mn. As shown in Fig. 2~a!,
the addition of these elements decreasesBs . However, the V
containing alloy exhibits higherBs ~1.62 T! than that of the
other alloys~1.49–1.54 T!. It has been reported that bul
Fe–V alloys exhibit a higher Curie temperature (Tc) than
that of purea-Fe.10 The highTc is favorable for obtaining
high Bs at room temperature. Therefore, V is a useful e
ment for controllingls while keepingBs high.

However, the Fe86.5V3.5Zr7B3 alloy exhibits a lowme of
2000. In order to obtain a highme as well as a highBs , we
examined the possibility of simultaneous additions of V a
Mn because the Fe86.5Mn3.5Zr7B3 alloy exhibits a highme of
16 000. Figure 3 shows changes inBs , me , ls , D, andTx as
functions of the Mn content~x! of the nanocrystalline

TABLE I. Saturation magnetic flux density (Bs), permeability (me), coer-
civity (Hc), magnetostriction (ls), and core loss~W! of the nanocrystalline
Fe90Zr7B3, Fe91Zr6B3, Fe90V1Zr6B3 and Fe89.5V0.5Mn1Zr6B3 alloys.

Bs

~T! me
a

Hc

~A/m!
ls

(1026)
Wb

~W/kg!

Fe90Zr7B3 1.70 30 000 5.8 21.1 0.21
Fe91Zr6B3 1.77 16 000 19.2 21.3 0.40
Fe90V1Zr6B3 1.75 31 000 4.6 20.3 0.11
Fe89.5V0.5Mn1Zr6B3 1.78 23 000 9.1 20.9 0.21

a0.4 A/m, 1 kHz.
b1.4 T, 50 Hz.
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Fe86.5V3.52xMnxZr7B3 alloys. The high permeability (me)
above 10 000 was obtained withx>2. It should be noted tha
the simultaneous addition of V and Mn increasesBs . The
Fe86.5V1Mn2.5Zr7B3 alloy shows highBs of 1.69 T, highme

of 13 000, and nearly zerols simultaneously. This alloy also
has the lowestTx of 798 K and the smallD of 15 nm.

Finally, we examine the addition of V or the simulta
neous addition of V and Mn in improving the soft magne
properties of the Fe91Zr6B3 alloy. As shown in Table I, the
Fe91Zr6B3 alloy exhibits highBs of 1.77 T andme of 16 000.
The Fe90V1Zr6B3 alloy exhibits highBs of 1.75 T, highme of
31 000, and sufficiently smallls of 20.331026. The addi-
tion of V reduces the magnitude ofls and improves the sof
magnetic properties by keepingBs high. The
Fe89.5V0.5Mn1Zr6B3 alloy exhibits highBs of 1.78 T and high
me of 23 000. These highBs values are almost the same
that of the Fe-6.5 wt % Si alloy. Figure 4 shows the core lo
of the Fe90V1Zr6B3 and Fe89.5V0.5Mn1Zr6B3 alloys, the grain-
oriented Fe-3 wt % Si alloy, and the nonoriented Fe-6.5 w
Si alloy. The nanocrystalline Fe–V–Zr–B and Fe–V–Mn–
Zr–B alloys exhibit lower core loss than the Fe–Si alloy
Therefore, these nanocrystalline alloys are expected to
applied to power electronic devices such as power transfo
ers because of their highBs and low core loss.
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