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Abstract: The effect of casting vacuum on thermodynamic and corrosion properties of Fes;Co,ZrgMosW,B,; in shape of cylinder of
3 mm in diameter and ribbon of 20—40 pm in thickness and 2—3 mm in width were investigated with X-ray diffraction (XRD),
differential scanning calorimetry (DSC), dilatometer (DIL), scanning electron microscopy (SEM) and electrochemical station. It is
found that high casting vacuum can improve the glass forming ability (GFA), the contraction degree during heating, and the pitting
resistance of the glassy alloy, which can be ascribed to the fact that the dissolution of tungsten in the melt is improved under the high

casting vacuum.
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1 Introduction

During the past few years, bulk metallic glasses
(BMGs) have drawn increasing attention due to their
remarkable properties including high strength, hardness,
thermal stability and corrosion resistance [1—4]. As a
member of BMG Fe-based alloys are
commercially the most important owing to not only
much cheaper price than other BMGs, but also the
unique combination of high mechanical, chemical and
physical properties [5—8].

Since INOUE et al [9,10] discovered Fe—Co—(Zr,
Nb,Ta)—(Mo,W)—B BMGs, more and more attention has
been paid on them, especially on the
FegCo19ZrsMosW,B s alloy due to its high
glass-forming ability (GFA), excellent mechanical
properties, high corrosion resistance and good soft
magnetic properties. In recent years, the microstructure,
GFA, fragility, viscosity, magnetic properties and
crystallization  kinetics of  Feg Coo_,ZrsMosW,B;
(0=x<3) glasses formed under different
conditions have been investigated [11—-14]. However,
there are few investigations on the corrosion resistance
of the Fe—Co—Zr—Mo—W-B alloys up to now.

systems,

vacuum

In our earlier work, we have found that improving
the casting vacuum can depress the formation of ZrB,
precipitation, and decrease the saturation magnetization
of the as-cast Fe~Co—Zr—Mo—W-B glass [11]. However,
different from the Fe—Co—Zr—-Mo—W-B glass, the
saturated magnetization of Fe;sSigB; glass alloy does
not change apparently with the casting vacuum. The
corrosion potential ¢, and pitting start potential g of
FesSigB; glass alloy vary with changing the casting
vacuum [15]. Hence, it is valuable to study the casting
vacuum and corrosion behavior of the bulk Fe-based
metallic glasses.

In Fe-based binary alloys, it is known that tungsten
can decrease the expansion coefficient of the alloy [16].
In Fe-based glassy alloys, W is an important minor
alloying element to improve the alloys’ glass formability
(GFA) [11]. Interestingly, analysis on the combination
effect of tungsten and oxygen shows an optimal content
value in searching the high GFA [12], which is often
found in other Fe-based glassy systems [17]. Meanwhile,
oxygen plays an important role in the structure, GFA and
other properties of Fe-based alloys [15]. Hence, how
does the casting vacuum affect the tungsten’s role in
glass forming is valuable to study.

Therefore, we choose Feq CosZrsMosW,B,; alloy
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cast under different vacuum conditions, at last obtain
cylinders of 3 mm in diameter and 50 mm in length and
ribbons of 20—40 pum in thickness and 2—3 mm in width.
Subsequently, we investigate thermal stability, thermal
coefficient, corroded properties of
FesCo7ZrsMosW,B; cylinders and ribbons formed
under different vacuum conditions in 3.5% NaCl solution
at 298 K open to air.

expansion

2 Experimental

The FeqCo,ZrgMosW,B; cylinders used in this
work were obtained by induction-melting the mixture of
purity metals, except B that was added using a
Fe—16.8%B master alloy. All ingots were re-molten at
least three times to guarantee the uniform mixing of each
element. In order to analyze the effect of vacuum on the
amorphous Fe—Co—Zr—Mo—B alloy, the pressure of the
casting chamber was reduced to 2.0x107° Pa with the
mechanical vacuum pump and molecular vacuum pump,
then input 6x10* Pa argon before injection casting.
Furthermore, we reduced vacuum of the casting chamber
to 2.0x107" Pa with the mechanical vacuum pump only,
and then 6x10" Pa argon was input before injection
casting. For the sake of clarity, the conditions with high
and low casting vacuums are marked as HV and LV,
respectively. Bulk cylinders were obtained by injection
casting into copper moulds of 3 mm in diameter and
50 mm in length under different vacuum atmospheres.
The Fes CosZrsMosW,B; ribbons were prepared by a
single-roller melt-spinning technique under different
vacuum atmospheres. The diameter of the copper roller
was 35 cm, and the circumferential speed R, was
29.3 m/s. The ribbons were about 20—40 pm in thickness
and 2-3 mm in width. Since the cylinders may be
inhomogeneous along cylinder axis, the middle part of
the cylinders for the next investigations were chosen in
order to equal the cooling conditions of alloys.

The phases in these samples were studied by X-ray
diffraction (XRD) using a D/Max-rB diffractometer with
Cu K, radiation. The microstructure and local
compositions of these samples were studied by scanning
electron microscope (SEM, HITACHI SU70) equipped
with the energy dispersive X-ray spectrometer (EDS).
The thermal behaviors of samples were examined using
the differential scanning calorimeter (Netzsch DSC 404c)
under an argon atmosphere at a heating rate of 20 K/min.
The dilatation measurements were conducted with a
conventional dilatometer (Netzsch DIL 402C) at a
heating rate of 10 K/min for the cylinder samples only.
Here, the expansion coefficient of the cylinder in glassy
state was calculated by average differential value of the
linear part of dilation curve.

LK 2005A electrochemical workstation was used

for the polarization curves. Corrosion resistance was
evaluated by potentiodynamic polarization measurement
using a three-electrode cell. The working electrode
corresponded to the tested alloy, the counter electrode
was a platinum sheet and the reference electrode was a
saturated calomel electrode. Potentiodynamic curves
were performed at a scan rate of 0.01 V/s in 3.5% NacCl
solution at 298 K open to air.

3 Results and discussion

3.1 XRD patterns of Feg;Co;ZrgMosW,B1; samples
Figure 1 shows the X-ray diffraction (XRD)
patterns of Feg,CosZrsMosW,By; cylinders and ribbons
under HV and LV conditions, which present a typical
amorphous broad diffraction peak together with the
crystalline peaks. For cylinder with HV condition, the
crystalline peaks are identified as a-Fe, FeyZrg and
Fe;B; for the cylinder with LV, the peaks include o-Fe,
Fe;B, ZrB,, WB, and CoW,B,. In XRD patterns of the
ribbon with HV, only a typical amorphous broad
diffraction peak exists, indicating a fully amorphous
structure; but with LV, the peaks include a-Fe and ZrB,.
Apparently, the glass phase fraction of cylinder and
ribbon under HV is much higher than that under LV,
implying that increasing the vacuum is helpful to
improving the glass forming ability (GFA) of the alloy.
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Fig. 1 XRD patterns of Feg Co,ZrsMosW;,B; cylinders and
ribbons under different vacuum conditions

32 DSC and dilation measurements of
Fes1Co,ZrsMosW,B,; samples

Figure 2 gives the DSC analysis results of
FegCosZrsMosW,B;  cylinders and ribbons under
different vacuum conditions at a heating rate of 20 K/min.
In curves of cylinders, there are two and three
exothermal peaks with HV and LV, respectively. The
total area of the exothermal peaks with HV is higher than
that with LV, which is consistent with XRD patterns in
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Fig. 1. In DSC curves of ribbons, there is an unclear
exothermic peak for the ribbon with LV, suggesting a low
glass fraction in the ribbon, which is consistent with the
XRD patterns (Fig. 1). Meanwhile, the primary
crystallization of a-Fe of the ribbons is earlier than the
cylinder samples.
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Fig. 2 DSC curves of FesCo,ZrsMosW;,By; cylinders and
ribbons under different vacuum conditions at heating rate of
20 K/min

Figure 3 shows the thermal expansion curves of
cylinder samples at a heating rate of 10 K/min. In the
range of 500—-1200 K, the curves can be divided into
three parts, which are labeled as stage I, II and III,
respectively. Obviously, the slope of the curves of two
cylinders at stage I is similar to each other; and both
cylinder samples present a contraction at stage II. Here,
the start temperature (73) of stage II, the contraction
degree (0) as well as the glass transition temperature (7}),
and the onset of first crystallization (7) are shown in
Table 1.

As indicated in Table 1, o of cylinders equals the
difference between thermal expansion value dL/L, of
stage I and the extrapolated dL/L, of stage III at Ty. It is
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Fig. 3 Thermal expansion curves of Feg Co,ZrsMosW,B;
cylinders under different vacuum conditions at heating rate of
10 K/min

Table 1 Thermal and dilation parameters of Feg Co;Zrg-
MosW,B,; cylinders (d3 mm) and ribbons with various casting
vacuum conditions

Sample T/K TJ/K TyK o/10°K" &
Cylinder, HV 892 942 942 1492  0.0011
Cylinder, LV~ 881 935 932 1455  0.0016
Ribbon, HV 562 933
Ribbon, LV - 863

found that 7, and T of cylinder sample with HV are
higher than those with LV, indicating that it can improve
thermal stability by improving the casting vacuum. 7y is
similar to the corresponding value of T, indicating that
the contraction for the cylinder samples in Fig. 3 results
from the crystallization processes [18]. J of the cylinder
with HV is lower than that with LV, although the
amorphous phase fraction of the former is higher than
that of the latter (Fig. 1). This indicates that the packing
density of cylinder with HV is higher than that with LV,
which accords with their GFA shown in Fig. 1 and the
density argument that the alloy with a higher packing
density has a higher GFA [19,20].

3.3 Electrochemical behavior of FegCo,ZrsMosW,B;;

samples

Figure 4 shows potentiodynamic polarization curves
of FeqCosZrsMosW,By; cylinders and ribbons under
different vacuum conditions in 3.5% NaCl solution at
298 K open to air. For the cylinder samples, there exist
two passivation regions while the passivation
characteristics are changed for the ribbon samples. In
polarization curves of cylinder samples, the first peak
starts at @i which can be considered metastable pitting
process. The current peak is consistent with the peak
induced by micro-cracking in the Al-based glasses [21].
The rise of current density (J) at ¢y indicates the
occurrence of the stable pitting process. The corrosion
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Fig. 4 Potentiodynamic polarization curves of Feg Co;ZrsMos-
W,Bj; cylinders and ribbons under different vacuum conditions
in 3.5% NaCl solution at 298 K open to air
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potential ¢, of cylinder samples is more negative than
that of ribbon samples. Generally, the more negative
corrosion potential means a worse corrosion resistance
and the sample with a higher amorphous fraction has a
higher corrosion resistance [22], so it is expected that the
ribbons consist of a larger amorphous fraction and
possess a better corrosion resistance for electrochemical
test. However, the ribbon with LV has a very low
amorphous fraction, but a high ¢.. This result may be
due to another factor affecting the ¢, of samples and
valuable to further study.

In order to analyze the details of polarization of
samples, the involved electrochemical parameters such
as corrosion potential (@), metastable and stable
pitting potentials (@mpit, Pspit), and corrosion and passive
current densities (Jeorr and Jy,s) are listed in Table 2.
Here, the ¢ of both cylinder samples is similar to each
other, and the J.o and Jj,ss of sample with HV are higher
than those with LV. Meanwhile, the @i and @g of
cylinder with HV are higher than those with LV,
indicating that increasing the vacuum can improve the
pitting resistance of the cylinders. For the ribbons, the
@spic With HV is much higher than that with LV,

suggesting that the stability of the passive film is
drastically improved by increasing the casting vacuum.
In other words, improving the vacuum condition can
strengthen the corrosion resistance of the passive
process.

Table 2 Electrochemical parameters of FegCog—ZrsMosW,B;
cylinders and ribbons with different vacuum conditions in 3.5%
NacCl solution

(/Jcorr/ lg [J Corr/ lg [J pass/ (/Jmpit/ WSpit/
Sample 5 5
V  (Aem?d)] (Aemd] V. V
Cylinder, HV  -1.10 =35 -3.1 -0.43 0.31
Cylinder, LV = —1.05 -3.7 -34 —-0.50 0.23
Ribbon, HV  -0.705 —4.7 —4.1 - 046
Ribbon, LV =~ —0.740 —4.5 —4.1 - -0.17

3.4 Morphologies of immersed FegCo;ZrgMosW,B1;
cylinders
To better understand the corrosion characteristic of
the FeCosZrgMosW,By;  alloy, the immersion
experiment was performed on the cylinder samples with
HV and LV and the SEM images are shown in Fig. 5.

Fig. 5 SEM images of corroded surfaces of Fes;Co,ZrsMosW,B1; cylinders (d3 mm) after 1 h immersion in 3.5% NaCl solution at
298 K open to air: (a) Macroscopic picture of immersed cylinder sample with high vacuum; (b) Macroscopic picture of immersed

cylinder sample with low vacuum; (c) SEM image of film matrix of immersed cylinder sample with high vacuum; (d) SEM image of

film matrix of immersed cylinder sample with low vacuum (Insets are magnification of morphology of the corroded phase)
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Both cylinder samples are immersed in 3.5% NaCl
solution at 298 K open to air for 1 h. A lot of pits of 2—5
pum in diameter distribute toroidally in the cross section
of the cylinder with HV (Fig. 5(a)). The cylinder with LV
has more corrosion pits distributing toroidally (Fig. 5(b)),
indicating the worse corrosion resistance of the alloy.

In magnified images (Figs. 5(c) and (d)), the pits
appear in dendritic shape, which should be the trace left
by dissolving a-Fe, according to the size and shape of
precipitated a-Fe in our earlier work [11]. In the cylinder
with HV, the dendritic pit is adhered on one block phase
and forms a core-shell structure. The core is Zr-rich by
EDS analysis. In the cylinder with LV, the number of
core-shell structures is lower than that in the cylinder
with HV, and the number of pure dendritic pits is higher.
In other words, during the immersion, the pitting
processes more smoothly in cylinder with LV than with
HV, according with its lower ¢, (Table 2).

The compositions of matrix and center part of the
dendrites of both cylinders by EDS analysis are shown in
Table 3. Here, the oxygen content in matrix and dendrite
core of the cylinder with HV is lower than that with LV.
This suggests that the oxidation of the cylinder with LV
is heavier than the cylinder with HV, namely, the
cylinder with LV has a lower oxidation resistance than
that with HV, also being consistent with their ¢, (Table
2). In addition, the tungsten content of the cylinder with
HYV is higher than that with LV (Table 3). It is known that
tungsten can decrease the expansion coefficient of the
Fe-based binary alloy [16]. Hence, it is expected that the
contraction degree (0) of sample with HV is lower than
that with LV (Fig. 3). Meanwhile, the WB is found in the
cylinder with LV, but is absent in that with HV (Fig. 1).
Inside a cylinder, the bubble can drive the liquid flowing
in a toroidal velocity distribution [23], which can be also
caused by convections [24,25]. Hence, the W leant in the
cylinder with LV can be ascribed to the fact that WB
precipitates peel off during immersion or that WB has
not dissolved into the melt and has segregated along the
toroidal trace to the slug/riser by convections. As earlier
literature mentioned [26], W can improve the pitting
potential of the special steel. Accordingly, it is expected
that the gy of the cylinder with HV is higher than that
with LV (Table 2).

Table 3 EDS analysis of immersed Feg Cog_ZrsMosW,B;
cylinders with different vacuums in 3.5% NaCl solution

x/%
Fe Co Zr Mo W B o
Matrix 48.2 6.0 69 48 1.5 222 10.2
Cylinder, HV
Pit center 43.9 5.5 83 47 14 237 119
Matrix 399 54 79 45 0.7 19.6 20.3
Cylinder, LV
Pit center 46.3 6.6 79 45 0.7 16.6 159

Sample  Position

In Fe-based glassy alloys, the tri-capped triangular
prisms with Fe—B bonds can easily form the net-like
structure [27,28]. The large and small atoms can form the
strong backbone structure clusters in metallic
glasses [29], especially in Al-based glasses [30]. Under
LV condition, Zr and W atoms tend to form boride and
precipitate out from the melt (Fig. 1) and should weaken
the backbone clusters in the glass. Hence, it is expected
that the cylinder with LV shows a worse corrosion
resistance than that with HV (Fig. 4). In other words,
increasing the casting vacuum can improve the
dissolution of W and Zr into the melt, enhance the
formation of the backbone clusters, and finally improve
the GFA and corrosion resistance of Fe-based alloys.

4 Conclusions

1) Increasing vacuum degree can improve the glassy
formability, thermal stability and expansion coefficient,
and the corrosion resistance of the Fe-based glassy alloy.

2) The advantages of increasing the casting vacuum
can be ascribed to the fact that the W and Zr dissolve
more easily into the melt under the higher vacuum
condition.
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