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In this study, effects of simultaneous Mo and W substitution for Nb additions on the stability and magnetic
properties of Fe-Co-based bulk metallic glass (BMG) alloys fabricated by centrifugal casting are inves-
tigated. The saturation magnetization (Js) and coercivity (H.) for the as-cast Fe3sCo35B192Sis8X4 (X=Nb
or MogsWo5) BMG alloys and melt-spun Fe3gCo36B192SissM0, W, were in the range of 1.02-1.57T and

11.13-1685 A/m, respectively. The Fe35C036B192SiasX4 (X=Nb or MogsWp5) BMG alloys in the shape
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of wedge with the maximum thickness of 1.5-2 mm were obtained successfully by means of conven-
tional centrifugal casting. Replacing Nb with MogsWj s deteriorates magnetic properties in bulk form
and reduces the GFA of the alloy due to promoting the precipitation of non-magnetic compounds, while
it results in good soft magnetic properties in melt-spun ribbon form.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Iron-based metallic glasses attract technological interest as they
exhibit superior magnetic properties when compared to their crys-
talline counterparts. These unique properties make them attractive
candidates for magnetic applications. Various Fe-based alloy sys-
tems have been investigated in order to improve thermal stability
and soft magnetic properties in bulk or melt-spun ribbon forms
[1-3]. Such amorphous alloys may find broader application fields
when they are produced in bulk form via more conventional cast-
ing techniques, where critical cooling rates are less than 102 K/s
[4]. This can only be achieved if the glass forming ability (GFA) of
Fe-based alloys is improved further. The term GFA is used to define
the relative ease with which an alloy melt can be transformed into
a glass. There are several empirical criteria proposed in the litera-
ture which help evaluate the degree of GFA based on parameters.
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Among those, the reduced glass transition temperature (Tig) has
been proved to be generally applicable to most of the alloy systems.
Briefly, this criterion states that higher values of the dimensionless
parameter Tyg =Tg/T) indicate higher GFA [5], where Tg and T, are
glass transition and liquidus temperatures, respectively. In addi-
tion, supercooled liquid region ATx; that is, the difference between
Tx and Tg, can be utilized as a measure of GFA. According to this
criterion, the higher the ATy, the stronger the resistance to crystal-
lization, which again implies a higher GFA [6].

Since 1995, a large number of Fe-based bulk metallic glasses
(BMGs) which contain Fe—(Al, Ga)-(P, C, B, Si), Fe-(Mo, Co, Ga)—(P,
C, B, Si), Fe—(Co, Ni)-(Zr, Nb, Hf, Ta, Mo, W)-B, Fe-(Nb, Ta)-(Mo,
Cr)-C-B, Fe-Ni-P-B, and (Fe, Co)-Ln-B (Ln: lanthanide) [7] have
been introduced. Very promising BMGs have also been developed
in Fe-B-Si-Nb system recently [8]. Moreover, with the help of
partial substitution of Co for Fe and subsequent entropic contri-
bution to GFA, synthesis of rod-shaped BMGs with diameters up to
5mm and good soft magnetic properties have been achieved [9].
In this paper, the effects of both (Mo, W) or Nb addition on the
GFA and magnetic properties of the Fe3gCo3gB192SiggXs (X=Nb
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Table 1

Thermal and magnetic properties of Fe35C036B192SisgX4 alloys.
X Ty (K) Tx (K) ATy (K) Tm (K) Ti (K) Trg tmax (Mm) Js (T) Hc (A/m)
Nb 817 856 39 1302 1359 0.601 2.0 1.02 19
Moo sWo s - 799 - 1303 1388 - 1.5 1.25 1685
Moy .5 Wy 5 (melt-spun ribbon) 778 824 46 1335 1391 0.559 - 1.57 11.1

or MogsWy5) BMG alloy fabricated by centrifugal casting are
investigated.

2. Experimental procedure

The Fe-Co-based ingots with nominal compositions were first homogenized
by arc-melting the pure elements in Zr-gettered argon atmosphere for at least
four times. The ingots were then cast from boron nitrate-coated alumina cru-
cibles into pre-cooled rectangular copper moulds with cavity dimensions of
tmm x 16 mm x 70 mm, where t varies between 1 and 3 mm, in argon atmosphere
via a Manfredi Multihertz Neutromag Digital centrifugal casting device. This device
is designed for industrial dentistry and jewellery applications. Rapidly solidified
Fe36C036B192SiasM0, W, ribbon was prepared by the single roller melt-spinning
technique. During rapid cooling, a stream of molten alloy with temperature 1423 K
was ejected by pressured argon from 0.5 mm diameter orifice onto brass wheel
rotating at 30 m/s circumferential velocity. Resulting ribbon was typically 3 m long,
0.5 cm wide and 25 pum thick.

The Tg, Ty, T) and melting temperature T, were measured with Setaram SET-
SYS 16/18 differential scanning calorimetry (DSC) under flowing high purity argon
gas with 15-20 mg samples at a ramp rate of 0.67 K/s. The AT and T were calcu-
lated accordingly. X-ray diffraction (XRD) was conducted with Rigaku D/MAX 2200
by monochromatic CuKa radiation to evaluate whether the analyzed region of the
specimen is amorphous or retains crystalline phases. Magnetic hysteresis measure-
ments were conducted with an ADE Magnetics EV9 vibrating sample magnetometer
(VSM) with maximum magnetic field strength of 1750 kA/m, real-time field control
and dynamic gauss range capable of reaching a resolution of 0.08 A/m at low fields.
Relative permeability (;;) at 50Hz and 1kHz was measured with an ac B-H ana-
lyzer operated under sinusoidal input voltage by using the wounded toroidal core
with a diameter of about 30 mm. Alloy densities were measured with Archimedean
principle.

3. Results and discussion

The DSC patterns exhibited by BMGs are given in Fig. 1a and
related thermal parameters are listed in Table 1 with the maximum
attainable thickness (tmax ) values. FesgCo3gB192Si4gNby alloy pro-
duced by centrifugal casting undergoes glass transition at 817K
which is followed by a subsequent crystallization at 856 K. The cor-
responding ATy is smaller than the one reported by Hirata et al.
[10] while it is larger than an older report [11]. With substitu-
tion of MogsWy 5 for Nb, Tx value is found to be reduced to 799 K.
However, no significant change of slope is observed to distinguish
Tg in bulk Fe3sCo36B192Si4gMoy W, alloy. Fig. 1b shows the DSC
pattern obtained for rapidly solidified Fe3gCo3gB192SisgM0o W5
ribbon where Ty and Tx are marked by arrows and the corre-
sponding values are reported in Table 1. The data obtained by
thermal analysis reveal that the Mo and W substitution to Nb
reduces both Tg and Ty in melt spun ribbon and Ty in the BMG
alloy.

The XRD patterns of the as-cast Fe3gCo36B192Si48X4 BMG alloys
shown in Fig. 2a indicate for X=Nb that the alloy is fully X-ray
amorphous, while for X=Mog5W 5 that the alloy is in a partially
amorphous state. It can be depicted from XRD pattern of the multi-
component ribbon (Fig. 2b) that the alloy is fully amorphous, as
evidenced by the absence of diffraction peaks.

The J-H loops for the as-cast Fe3gCo36B192SisgX4 BMG alloys
and Fe3gCo3gB192SiggMo, W, ribbon are shown in Fig. 3. The |
values have been calculated using the data of density and mag-
netization (M) for each measurement. J values of alloys are in the
range 1.02-1.57 T. The saturation magnetization (Js) and coercivity
(Hc) of the ribbon and the as-cast BMGs are compared in Table 1.
The simultaneous substitution of Mo and W for Nb increases Js from
1.02T to 1.25T. Such an increase in Js of Fe3gCo36B192SigzgM0, W5

partially bulk glassy alloy can be explained by the precipita-
tion of a constituent ferromagnetic phase such as Fe(Co), which
eventually alters the overall magnetic response of the alloy.
The as-cast melt spun fully amorphous ribbon shows the high
saturation magnetization of 1.57 T. Typical magnetically soft H
values were obtained for Fe3gCo3gB192SiszgNby BMG alloy and
Fe3gCo36B19.2Sis.§M0, W, amorphous ribbon, while the partially
amorphous Fe3gCo3gB192Sis§Mo, W, BMG alloy shows drastically
increased coercivity. Similarly, comparing the coercivity of ribbon
with the same bulk composition, a significant rise is observed.
This can be attributed to the presence of non-magnetic crys-
talline phases co-precipitated with Fe(Co) phase, in agreement with
the measured XRD patterns. Fig. 4 shows the variation of rela-
tive permeability with magnetic induction (B) for the melt spun
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Fig. 1. (a) DSC patterns of Fe35C036B192Sis X4 BMG alloys with X=Nb and X =(Mo,
W) prepared by centrifugal casting and (b) DSC pattern of Fe3sCo36B192SisgMo2 W,
melt spun ribbon.
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Fig. 2. XRD patterns of (a) the as-cast Fe3sCo3B192SiasXs alloys with X=Nb
and X=(Mo, W) produced by centrifugal casting and (b) XRD pattern of
Fe36C036B19.2SissM02 W, melt spun ribbon.
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Fig. 3. Hysteresis loops of the as-cast Fe3gCo36B192Sis8X4 BMG alloys with X=Nb
and X =(Mo, W), and Fe3gC036B19.2Sis.s Mo, W, melt spun amorphous ribbon.
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Fig.4. The variation of relative permeability with magnetic induction in the rapidly
solidified FE;6C03GB19_2 Si4_gM02W2 ribbon.

Fe35C036B19.2Si4.8Mo0, W, alloy. The maximum . values have been
approximately found to be 34,000 and 28,000 at 50 Hz and 1 kHz,
respectively.

The results show that Fe3gCosgB192SiggNby BMG alloy and
Fe35C036B19.2Si48Mo0, W5 melt spun ribbon have good thermal and
soft magnetic properties, while the presence of the precipitated
phases in partially amorphous Fe35Co35B19.2SissMo, W, bulk alloy
provided increased saturation magnetization along with increased
coercivity. Due to the higher cooling rates assured in the rib-
bon preparation, the Fe3gCo3gB192SisgM0, W5, melt spun ribbon
exhibits good magnetic softness; namely, Hc of 11 A/m and u; of
28,000 at 1kHz and 0.4T. However, the magnetic properties of
such alloys prepared in bulk form are more important owing to
their development in a totally conventional and simple route via
centrifugal casting.

The main purpose of the (Mo, W) substitution to Nb was to
investigate influence of such a substitution on GFA and subsequent
magnetic properties of the alloy. Because simultaneous Mo and W
addition increases the number of components of the system (thus
one expects an entropic contribution to GFA and they are mostly
used in such a way since they are elements with similar atomic
radii) and they have been widely employed in several Fe-based
BMGs as in Fe-Co-(Zr, Nb)-(Mo, W)-B type alloys [7]. However,
it is found that such a substitution deteriorates the GFA and a fully
amorphous form cannot be achieved in centrifugal casting but only
via melt spinning in Fe35Co35B192Si4.8X4 type alloys.

4. Conclusion

The effect of replacing Nb with (Mo, W) on glass formation and
magnetic properties of the Fe—Co-based bulk metallic glasses has
been examined. Fully and partially amorphous Fe3gCo3gB192Si48X4
alloys with critical dimensions of 2 mm and 1.5 mm were obtained,
respectively for X=Nb and X=Mogs5Wy5 additions by conven-
tional centrifugal casting. We showed that such a substitution
of MogsWpy 5 for Nb neither increases glass forming ability, nor
improves magnetic softness because it promotes precipitation
of undesired non-magnetic domain pinning phases which brings
about drastic increases in coercivity. Magnetic measurements
indicate a soft magnetic behavior for Fe3gCo3B192SisgNby bulk
metallic glass, while such a behavior is observed only in ribbon
form for F636C036B19‘25i4~8M02W2 alloy.



I Kucuk et al. / Journal of Alloys and Compounds 509 (2011) 2334-2337 2337

Acknowledgment

This work was supported by The Commission of Scientific
Research projects of Uludag University, Project number UAP(F)-
2010/19.

References

[1] A.Inoue, X.M. Wang, W. Zhang, Rev. Adv. Mater. Sci. 18 (2008) 1-9.
[2] R. Li, S. Kumar, S. Ram, M. Stoica, S. Roth, ]J. Eckert, ]. Phys. D: Appl. Phys. 42
(2009) 1-6.

[3] HW. Chang, Y.C. Huang, C.W. Chang, C.C. Hsieh, W.C. Chang, ]. Alloy Compd.
472 (2009) 166-170.

[4] A.Inoue, Acta Mater. 48 (2000) 279-306.

[5] H.A. Davies, in: F.E. Luborsky (Ed.), Amorphous Metallic Alloys, Butterworth
and Co. (Publishers) Ltd., Great Britain, 1983, p. 8.

[6] A. Inoue, Bulk Amorphous Alloys: Preparation and Fundamental Characteris-
tics, Materials Science Foundations 4, Trans Tech Publications Ltd., Switzerland,
1998.

[7] W.H. Wang, C. Dong, C.H. Shek, Mater. Sci. Eng. 44 (2004) 45-89.

[8] A.Inoue, B. Shen, Mater. Sci. Eng. A 375-377 (2004) 302-306.

[9] A.Inoue, B. Shen, C.T. Chang, Acta Mater. 52 (2004) 4093-4099.

[10] A.Hirata, Y. Hirotsu, K. Amiya, N. Nishiyama, A. Inoue, Intermetallics 16 (2008)
491-497.
[11] N.A.Mariano, C.A.C. Souza, J.E. May, S.E. Kuri, Mater. Sci. Eng. A 354 (2003) 1-5.



	Effect of (Mo, W) substitution for Nb on glass forming ability and magnetic properties of Fe–Co-based bulk amorphous alloy...
	Introduction
	Experimental procedure
	Results and discussion
	Conclusion
	Acknowledgment
	References


