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Effect of Cr addition on the glass-forming ability, magnetic properties,
and corrosion resistance in FeMoGaPCBSi bulk glassy alloys

Baolong Shen,? Masahiro Akiba, and Akihisa Inoue
Institute for Materials Research, Tohoku University, Sendai 980-8577, Japan

(Received 26 February 2006; accepted 10 June 2006; published online 30 August 2006)

The effect of Cr addition on the glass-forming ability (GFA), the magnetic properties, and corrosion
resistance in Fe—-Mo—-Ga-P—C-B-Si glassy alloys was investigated. In addition to a slight increase
of supercooled liquid region from 50 to 55 K, the substitution of a small amount of Fe with Cr was
found to be effective for approaching alloy to a eutectic point, resulting in an increase in GFA. By
copper mold casting, bulk glassy alloy rods with diameters up to 3 mm were produced. These glassy
alloys exhibit a rather high saturation magnetization of 0.84—1.11 T with good soft-magnetic
properties, i.e., low coercive force of 2.3-2.9 A/m, and high effective permeability of 13 360-
15960 at 1 kHz under a field of 1 A/m. The passive current density of the glassy alloy rod in
3 mass % NaCl solution decreased significantly from 1 X 10? to 3 X 10! A/m? with an increase in
Cr content, indicating that the addition of Cr is effective in enhancing the corrosion resistance.

© 2006 American Institute of Physics. [DOI: 10.1063/1.2335393]

I. INTRODUCTION

Since bulk glassy alloys (BGAs) consisting only of me-
tallic components in Mg- and lanthanide (Ln)-based systems
were synthesized by copper mold casting in the late 1980s,'
a large number of BGAs have been developed. Some BGAs
have been used as engineering materials.” BGAs have been
drawing increasing attention due to their scientific and engi-
neering signiﬁcance.“’5 In the case of Fe-based BGAs, since
the finding of glass transition before crystallization in Fe-
based amorphous alloys, followed by synthesis of Fe-
(Al,Ga)—(P,C,B) BGAs,%’ many Fe-based ferromagnetic
BGA systems have been developed as soft-magnetic
materials.*” The development of Fe- and Co-based BGAs
with high glass-forming ability (GFA) has attracted increas-
ing interest due to a high potential for applications as
structural'®'® and functional (ferromagnetic)”_21 materials.
The corrosion resistance of Fe-based BGAs have been
investigated by Pang et al. 2223 some Fe-based BGAs
with high corrosion resistance were developed in
Fess_—,Cr,Mo,C;sB o and Fe,3CrigMo;6(C,B,P),s systems.
However, those investigations were concentrated on the sub-
ject of increasing the corrosion resistance. Large amounts of
corrosion-resistant elements Cr and Mo were added, and the
Fe content was largely decreased to as low as 30 at. %2 As
a result, those Fe-based BGAs became nonferromagnetic ma-
terials, exhibiting the absence of ferromagnetic properties at
room temperature. Therefore, it is necessary to develop Fe-
based ferromagnetic BGAs with a high GFA, a high satura-
tion magnetization (7,), and a good corrosion resistance for
applications as ferromagnetic materials in severe environ-
ments.

In this study, with the aim of synthesizing Fe-based fer-
romagnetic BGAs meeting the needs mentioned above, the
Fe,sMo,Ga,P;,C,B,Si, glassy alloy was chosen as a base
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alloy. This alloy contains a high concentration of Fe, and
exhibits a high GFA, that can be cast into bulk glassy alloy
rods with diameters up to 2 mm.** The effect of Cr addition
on the GFA, magnetic properties, and corrosion resistance
was investigated, because Cr is effective in enhancing the
corrosion resistance in Fe-based BGAs.”

Il. EXPERIMENT

Multicomponent alloy ingots with compositions of
Feq6_,Cr,Mo,Ga,P,,C,B4Si, (x=0-6) were prepared by in-
duction melting. Their compositions are expressed in atomic
percentage. The ingots were prepared under a high purified
argon atmosphere by using the elements with high purity of
Fe (99.9 mass %), Cr (99.9 mass %), Mo (99.9 mass %),
Ga  (99.9999 mass %), B (99.9 mass %), and Si
(99.99 mass %). P and C were alloyed by adding prealloyed
Fe-26.5 mass % P and Fe-4.1 mass % C ingots. Those preal-
loys were also prepared by induction melting and exhibited
the purities of 99.9 mass %, respectively. Before induction
melting, the chamber of the induction furnace was evacuated
to 1073 Pa by a diffusion pump, and then flushed three times
with high purified argon gas (99.99 mass %) for obtaining
the high purified argon atmosphere. From the master alloy
ingots, glassy alloy ribbons with a cross section of 0.02
X 1 mm? were prepared by meltspinning. Cylindrical rods
with diameters up to 4 mm and a length of 40 mm were
prepared by injecting the molten alloys contained in a quartz
tube into a cylinder-shaped cavity in a copper mold. A high
purified argon atmosphere was used during the casting op-
eration, which was the same as that used when preparing the
master alloys. Those rods were sectioned by a fine cutter, and
the transverse cross sections were examined by x-ray diffrac-
tion (XRD) with Cu K« radiation. The thermal stability as-
sociated with glass transition temperature (7,), crystalliza-
tion temperature (7,), and supercooled liquid region (AT,
=T,~T,) was examined by differential scanning calorimetry
(DSC) at a heating rate of 0.67 K/s. The melting (7,,) and

© 2006 American Institute of Physics
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FIG. 1. DSC curves of melt-spun Fe,;_,Cr,Mo,Ga,P,,C,B,Si, (x=0, 2, 4,
and 6) glassy alloy ribbons.

liquidus (7;) temperatures were measured with a differential
thermal analyzer (DTA). The heating rate used was
0.67 K/s. To reduce the influence of undercooling during
cooling, a cooling rate of 0.067 K/s was used. I; was mea-
sured with a vibrating sample magnetometer under an ap-
plied field of 400 kA/m. Coercive force (H,) was measured
with a B—H loop tracer under a field of 800 A/m. Effective
permeability (u,) at 1 kHz was measured with an impedance
analyzer under a field of 1 A/m. Saturation magnetostriction
(\,) was measured by the three-terminal capacitance method
at a sweep speed of 16 kA m™!/s. The corrosion behavior
was investigated by electrochemical measurements in
3 mass % NaCl solution open to air at room temperature.
The electrochemical measurement was conducted in a three-
electrode cell using a platinum counterelectrode and a
Ag/AgCl reference electrode. Prior to the electrochemical
measurements, the bulk glassy rod samples were degreased
in acetone and dried in air. Potentiodynamic polarization
curves were measured with a potential sweep rate of
50 mV/min after immersing the samples for 20 min, when
the open-circuit potentials had been stabilized.

lll. RESULTS

As I decreases with decreasing Fe content, in order to
obtain a rather high /; value, the Cr content below 6 at. %
was selected in this study. The thermal stability of this alloy
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FIG. 2. DTA curves of Fes_,Cr,Mo,Ga,P,,C,B,4Si, (x=0, 2, and 6) alloys.

system was investigated. Figure 1 shows DSC curves of the
Feq6_,Cr,Mo,Ga,P,,C,B,Si, (x=0, 2, 4, and 6) glassy alloys
produced by melt spinning. It is seen that all of the alloys
exhibit a distinct glass transition, followed by a supercooled
liquid region and then crystallization. The T, and 7 increase
gradually from 738 to 750 K and 788 to 805 K, respec-
tively, with increasing Cr content combined with a slight
increase of AT, from 50 to 55 K. The heating and cooling
behaviors were investigated using DTA. Figure 2 shows
DTA curves of the Fe;¢_,Cr,Mo0,Ga,P,;,C4B,4Si, (x=0, 2, and
6) alloys. It is seen that nearly only one endothermic peak
appeared in the heating curve for every alloy, although two
endothermic peaks overlapped each other and almost became
one peak for x=2 and x=6 alloys during heating. This im-
plies that the compositions of this alloy system lie in the
vicinity of a eutectic point. On the other hand, from the
cooling curves measured at a low cooling rate, it can be seen
that 7; decreases from 1277 to 1255 K with increasing Cr
content from Oto6at.%. As contrasted with the
Fe,sMo,Ga,P,C4B,Si, alloy exhibiting several exothermic
peaks, the 2 at. % Cr-containing alloy exhibits just two exo-
thermic peaks, and the 6 at. % Cr-containing alloy exhibits
only one exothermic peak. In addition, it is also seen from
the heating and cooling curves of the Cr-containing alloys
that the temperature of 7, is almost the same as that of 7; for
each alloy. Therefore, it is considered that the alloy compo-
sition approaches a eutectic point with increasing Cr content.
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FIG. 3. Changes in I, H., and u, as a function of Cr content for the
melt-spun Fe;,_ Cr,Mo,Ga,P,;,C,4B,Si, (x=0, 2, 4, and 6) glassy alloys.

The Fe,,CrgMo,Ga,P,,C4B4Si, alloy is the closest to the eu-
tectic point among the alloys. Besides, the reduced glass
transition temperatures (7,/7)) of those glassy alloys lie in
the range of 0.58-0.60.

The magnetic properties were also investigated. Figure 3
shows the changes in I, H,., and u, as function of the Cr
content for the melt-spun Fe;;_,Cr,Mo,Ga,P;;C4B4Si, (x
=0, 2, 4, and 6) glassy alloys. The I, is 1.31 T for the
Fe,;sMo,Ga,P,,C4B,Si, glassy alloy and decreases to 0.84 T
by substituting 6 at. % Fe with Cr. The H,. decreases from
2.9 to 2.3 A/m with increasing Cr content, and the w, (at
1 kHz, under a field of 1 A/m) increases from 13 360 to
15 960 with increasing Cr content from O to 6 at. %. The A
was also investigated, but it exhibits almost no distinguish-
able change with increasing Cr content and exhibits a lower
value of 16X 107°. Thus the Fe,,_,Cr,Mo,Ga,P,,C,B,Si,
glassy alloys exhibit good soft-magnetic properties.

For the purpose of the applications as soft-magnetic
parts, the bulk form is necessary. Based on the results ob-
tained from DSC and DTA measurements, it is concluded
that this Fe-based glassy alloy system exhibits a high GFA.
We tried to form glassy alloy rods with different diameters
up to 4 mm. The glassy alloy rods were produced at all alloy
compositions in this system. The critical diameter for forma-
tion of a glassy single phase was 2.5 mm for x=2 and 4,
respectively, and 3 mm for x=6. Their as-cast surfaces all
appear smooth and lustrous. No apparent volume reductions
can be recognized on their surfaces, implying that there was
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FIG. 4. XRD patterns of the cast Fes_,Cr,Mo,Ga,P,,C,B,Si, (x=2, 4, and
6) alloy rods with critical diameters of 2.5, 2.5, and 3 mm, respectively,
together with the XRD pattern of the Fe;sMo,Ga,P,,C,B,Si, glassy alloy
rod in a diameter of 2 mm.

no drastic crystallization during the formation of these
samples. Figure 4 shows XRD patterns of those cast alloy
rods, together with the XRD pattern of the
Fe,sMo,Ga,P,C4B,Si, glassy alloy rod with a diameter of
2 mm. Only broad peaks without a crystalline peak can be
seen in all samples, indicating the formation of a glassy
phase with diameters in the range up to 3 mm. The thermal
stability of the BGAs was also examined by DSC. Figure 5
shows the DSC curves of the Fes4_ Cr,Mo,Ga,P;,C4B,Si,
(x=2, 4, and 6) glassy alloy rods with diameters up to 3 mm.
The DSC curve of the melt-spun glassy alloy ribbon with the
same composition as each glassy alloy rod is also shown,
respectively, for comparison. No appreciable difference in
T,, AT\, and crystallization process is recognized between
the melt-spun ribbon and the BGA for all alloys, indicating
the formation of a similar glassy phase. Consequently, both
the XRD and DSC measurement results confirmed the for-
mation of the Fe-based BGAs with diameters in the range up
to 3 mm.

By using these Fe-based glassy alloy rods, with diameter
of 2 mm, we investigated the corrosion resistance by electro-
chemical measurement. The corrosion behavior of the glassy
alloy rod was characterized by potentiodynamic polarization
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FIG. 5. DSC curves of the Fe;s_,Cr,Mo,Ga,P,,C,;B,Si, (x=2, 4, and 6)
glassy alloy rods with diameters up to 3 mm. The DSC curve of the melt-
spun glassy alloy ribbon with the same composition as every glassy alloy
rod is also shown, respectively, for comparison.

in 3 mass % NaCl solution. The anodic polarization curves
are shown in Fig. 6. It is seen that the anodic current density
decreases significantly with an increase in Cr content. The 4
and 6 at. % Cr-containing glassy alloy rods are spontane-
ously passivated at a low passive current density of 3
X 107" A/m?, so that the substitution of 4 and 6 at. % Fe

J. Appl. Phys. 100, 043523 (2006)

with Cr is effective in enhancing the corrosion resistance.
Especially for the 6 at. % Cr-containing glassy alloy rod, in
addition to a low passive current density, it exhibits the wid-
est passive region before the transpassive dissolution of Cr.
This indicates the highest corrosion resistance in comparison
with that of the other glassy alloy rod in this Fe-based glassy
alloy system. It is therefore concluded that this
Fe;s_,Cr,Mo,Ga,P,,C,B,Si, ferromagnetic BGA system si-
multaneously possesses the high GFA, rather high saturation
magnetization, and good soft-magnetic properties, as well as
good corrosion resistance.

IV. DISCUSSION

As described above, the substitution of a small amount
of Fe with Cr in the Fe;¢Mo,Ga,P;,C4B4Si, glassy alloy
leads to a significant enhancement of the GFA, the soft-
magnetic properties, and corrosion resistance. As shown in
Fig. 1, the T, increases gradually with increasing Cr content
up to 4 at. %. It increases faster with further increasing of the
Cr content up to 6 at. %. This indicates an increase in the
thermal stability of the supercooled liquid. Chen et al.” have
pointed out that electrons could transfer from the metalloid
elements such as P, B, and Si to fill the d shells in the tran-
sition metal elements such as Fe and Cr, and then a s-d
hybrid bonding is formed. The numbers of 3d band electrons
in Cr and Fe elements are 5 and 6, respectively; thus the
fraction of empty shell of 3d band will increase with increas-
ing Cr content. Consequently, it is considered that the s-d
hybrid bonding nature would become much stronger by add-
ing Cr transition element, because it could supply a large
fraction of empty d shells. This results in an increase of
bonding nature, which is convinced from the mixing enthal-
pies of the atomic pairs. The enthalpies of mixing for the
different atomic pairs are shown in Table . It is seen that the
mixing enthalpies with negative values for the Cr—P, Cr-B,
and Cr-Si atomic pairs are larger than those for the Fe—P,
Fe-B, and Fe-Si atomic pairs.26 The mixing enthalpy with

FIG. 6. (Color online) Anodic polarization curves of
the Fes_ Cr,Mo,Ga,P,;C,B,Si, (x=0, 2, 4, and 6)
glassy alloy rods in diameters of 2 mm in 3 mass %
NaCl solution open to air at 298 K.
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TABLE I. Enthalpies of mixing of constituent elements.

Enthalpy of mixing

Atomic pair (kJ/mol)
Cr-Fe -1
Cr—Mo -1
Cr-Ga -1
Cr-P —41
Cr-B -16
Cr-Si =20
Cr-C +29
Fe-Mo -2
Fe-Ga -2
Fe-P =31
Fe-B -11
Fe-Si -18
Fe-C +40

positive value for the Cr—C atomic pair is smaller than that of
the Fe—C atomic pair.26 Therefore, the reason for the increase
of the thermal stability of the supercooled liquid could be
considered as a result of the increase of the bonding nature
among the constituent elements by substituting a small
amount of Fe with Cr. Otherwise, as shown in the DTA
curves, the compositions of this alloy system are located in
the vicinity of a eutectic point. It is thus concluded that in-
creasing the stability of the supercooled liquid and approach-
ing alloy to a eutectic point by substituting Fe with Cr lead to
the largely increasing GFA. The same result was obtained
recently in the Co—Fe-B-Si—-Nb BGA system.m’27

The behavior that the GFA increases with increasing Cr
content is also confirmed from the enhancement of the soft-
magnetic properties. It is clearly seen in Fig. 3 that H,. de-
creases and u, increases, respectively, with increasing Cr
content. The origin can be attributed to a decrease in internal
stress with an increase of GFA. The good corrosion resis-
tance of this Fe—-Cr—-Mo-Ga—P-C-B-Si BGA system is also
considered as a result of the formation of a homogeneous
glass single phase. It is known that Cr is one of the most
effective alloying elements to provide a high passivating
ability for the Fe—Cr-metalloid glassy alloys,28 as the Cr-rich
passive surface films can be formed on the glassy alloy rod
in the aggressive solution.” In this study, the structurally and
chemically homogeneous single-glass phases of the Fe—Cr—
Mo-Ga-P-C-B-Si BGA could form a uniform passive film
that leads to the significant enhancement of the corrosion
resistance.

V. CONCLUSIONS

The substitution of a small amount of Fe with Cr is
found to be effective in enhancing the glass-forming ability,
soft-magnetic properties, and corrosion resistance. As
a result, a ferromagnetic bulk glassy alloy system
Fe;s_Cr,Mo,Ga,P,,C,B,Si, with diameters in the range up
to 3 mm was synthesized. This Fe-based ferromagnetic bulk

J. Appl. Phys. 100, 043523 (2006)

glassy alloy system exhibits a rather high saturation magne-
tization of 0.84—1.11 T and also a high initial permeability
of 13360-15960 at 1 kHz under a field of 1 A/m. It
showed a good corrosion resistance as well, i.e., spontane-
ously passivating with a wide passive region and low passive
current density of 3 X 10~" A/m? in 3 mass % NaCl solution.
The reason for the high-stable supercooled liquid, good soft-
magnetic properties, and good corrosion resistance is attrib-
uted to the strong bonding nature between the metal and
metalloid atoms. This Fe,q_,Cr,Mo,Ga,P,,C4B4Si, ferro-
magnetic bulk glassy alloy system simultaneously exhibiting
high glass-forming ability, good soft-magnetic properties,
and good corrosion resistance is promising for future appli-
cations as structural and functional materials applied under
the severe environmental conditions.
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