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Abstract: The Fe,3SigB;; glassy ribbons were compressed at room temperature with different pressures. The thermal and corrosion
behaviors were investigated using various experimental techniques. The X-ray diffraction (XRD) and dilatometer (DIL) results show
that the Fe;sSigB,; ribbons are in full amorphous state after pressing and the amount of free volume increases monotonically with
increasing pressure. The corrosion resistance of the glassy alloys in various solutions decreases after compression at 10 MPa, but
increases after compression at 20 MPa. The non-monotonic change of corrosion resistance is consistent with the result of electrical
resistivity, which can be explained by the combining action of free volume that is introduced by the compression and the segregation

of Si atoms in the samples.
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1 Introduction

Amorphous alloys are obtained through rapid
cooling from the melt. The similar structure to that
observed in the liquid state is reserved. For the rapid
solidification  technique, atom rearrangement is
impossible and the disordered atomic structure retains
directly. This kind of treatment enables the alloys gain
extreme homogeneous and random state. The alloys have
been widely studied since the first metallic glass was
invented, using splat-quenching of droplets of near
eutectic metal-metalloid liquid alloys such as Au-Si
[1-2]. Amorphous alloys, owing to their special
microstructure, exhibit interesting characteristics such as
excellent soft magnetic properties and improved
resistance to corrosion [3]. Various methods such as
electrolytic deposition, sputtering and ultrarapid cooling
can be used to obtain these glasses [4].

It is known to all that metallic glasses are free from
defects such as grain boundaries, dislocation and second

phases. And they are thermodynamically metastable,
while the crystalline counterpart is stable [5]. Free-
volume model [6] was first proposed to predicate that a
metallic glass could be obtained through rapid cooling.
In glassy materials, especially in metallic glassy, free
volume is dispersed randomly for the atomic size holes
are unstable [7]. Therefore, it is considered a defect of
amorphous alloys [8]. Free volume can be introduced
through quenching and deformation [9]. For the
existence of free volume, the mechanical and physical
properties will be affected, such as atomic diffusivity,
hardness and corrosion resistance [10—12]. Hence, the
effect of free volume on the properties of Fe-based
glasses is valuable to study.

Corrosion behavior of bulk amorphous alloys have
been widely studied and reviewed, such as Zr-, Cu-, Fe-,
Ni-, Al-, and Mg-base alloys [13]. They all exhibit an
excellent passivation behavior in acid and alkaline
solutions, for the glassy alloys can form homogeneous
oxide film on the surface [14]. Compared with crystalline
counterpart, the glassy alloys possess excellent corrosion
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resistance due to the disorder structure [15]. Two kinds
of mechanism can be used to explain their high corrosion
resistance. In acid and alkaline solutions, amorphous
alloys are broken for serving as anodic. The matrix metal
is dissolved in solution at the beginning of corrosion
procedure. Cation is gathered when the dissolution rate
exceeds the rate of transfer ion into solution, then the
oxidizing reaction is slowed down. The aggregation of
cation has made a contribution of protect film [16].
When the matrix metal was dissolved, the alloy
constituents separated from the matrix. The precipitated
elements hardly reacted with solutions. Then the
constituent elements cover the surface of the amorphous
alloys and prevent the alloy from continuous breaking
[17]. Furthermore, introducing valve elements, such as
Cr, Ti and Nb, can improve the corrosion resistance of
bulk metallic glasses [18—20]. However, to the authors’
knowledge, there is little work on the correlation
between the free volume and corrosion resistance of
Fe-based glasses.

The FesSigB;; glassy alloy is well known mostly
for its unique properties such as good ductile, high
erosion resistance and excellent magnetic properties.
Therefore, many studies have been carried out on its
structure and properties [21—23]. It is known to all that
more free volume can be obtained in the glassy alloys
through the methods of rapid cooling and distortion
[24—25]. The aim of this work is to study the effect of
compression on the thermal behavior and corrosion
properties, which possibly provides new knowledge on
manufacturing and utilizing the Fe-based glassy alloys.

2 Experimental

The glassy Fes3Si 3By ribbons were supplied by the
National Amorphous Nanocrystalline Alloy Engineering
Research Center of China. The size of the ribbons is
5 mm in width and 35 pm in thickness. The compression
measurement was conducted at Y332 hydropress, the
pressing measurement samples were cut into 40 mm in
length and pressed at 10 MPa and 20 MPa, respectively.

The ribbons were investigated by X-ray diffraction
(XRD, Cu K, A4=0.15405 nm). In the XRD
measurements, the step size was 0.02° with a count time
of 4 (°)/min. Thermal behaviors of the glassy ribbons
were investigated by differential scanning calorimeter

(DSC, Netzsch DSC404) with a heating rate of 10 K/min.

Moreover, the dilatometric measurements were
performed using dilatometer (DIL, Netzsch DIL402C) in
argon atmosphere at a heating rate of 10 K/min. The
dilatometric specimens were made by overlapping the
amorphous Fe;5Si;3By ribbons into block with copper
wire. The length, width and height of the samples were
about 10, 5 and 1.7 mm, respectively.

Corrosion resistance evaluations were carried out in
a typical three-electrode system: work electrode (a
stationary specimen), platinum counter electrode and
reference electrode (SCE). The electrolytes were H,SO,
(0.1 mol/L), NaCl (3.5%, mass fraction) and NaOH (0.1
mol/L). For electrochemical testing, the work side of all
the glassy ribbons was wheel side; the other side was
covered by epoxy resin. The sizes of the specimen were
40 mm in length, 10 mm in width and 35 um in thickness,
respectively. Before the measurement, we dealt the
ribbons with an autoclean machine for half an hour and
then cleaned them with alcohol. The potentiodynamic
polarization curves were measured using a LK 2005A
advanced electrochemical workstation with a scan rate of
5 mV/s. The open-circuit potential was measured for 20
min before each measurement. All the electrochemical
measurements were performed at room temperature and
repeated at least three times to ensure good
reproducibility. To understand the effect of press on
electrical resistance, four-probe method was performed
to the retreatment sample. Average value was obtained
through multiple measurements to minimize the error.

3 Results

Figure 1 shows the XRD patterns of the Fe;3SigB;
ribbons after compression at different pressures (0, 10
and 20 MPa, labeled as CO, C1 and C2). Only broad
scattering peaks without any evidence of crystalline
phases can be observed for three alloys, suggesting that
the ribbons keep fully glassy structure after being
pressed. The inset in Fig. 1 gives the Gaussian fitting
peaks near the diffusive maxima. Obviously, their
location (26y.x) tends to shift toward the lower values
with the increase of pressure. Similarly, the intensity
ratio between first and second diffraction peaks (/¢/Is)
shows a monotonic decrease with increasing pressure.
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Fig. 1 XRD patterns of FesxSigB; glassy ribbons after
compression at different pressures (Inset gives large
magnification of Guassian fitting curves for diffusive maxima)
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The DSC curves of the glassy Fe;sSigB; alloy
ribbons are shown in Fig. 2. For the melting and
solidification processes, the DSC plots were recorded
with the heating rate of 10 K/min for the glassy
Fe;5SigBy3 ribbons. There are two exothermic peaks for
all DSC curves. A drastic decrease of dg—7 curves can
be seen between 680 and 700 K. The temperature of
Curie point can be obtained through the method of
drawing a horizontal line which intersects the differential
DSC curves at the largest slope (denoted by T in the set
of Fig. 2). Location of the first diffraction peak (2 6ax),
intensity ratio between first and second diffraction peaks
(I¥/ls), T, and the onset crystalline temperature (7x) of
samples are listed in Table 1. Apparently, the 7 of C2 is
a little larger than that of CO or Cl1, indicating that the
thermal stability of the alloy is enhanced through
In addition, 7, is not affected by
compression remarkably, which is similar to the
deformed Inconel alloy 600 [26]. Moreover, 7. of C1 or
C2 is higher than that of CO, which agrees well with
stress effect on the 7, of Fe—Zr—B—Cu glasses [27].

compression.

Zc T, Co

N

Cl  co
Cc2
684 686 688
Temperature/K
400 600 800 1000
Temperature/K

Fig. 2 DSC curves of Fes;SigBi; glassy ribbons after
compression at various pressures with heating rate of 10 K/min
(Inset gives determination of 7, through method of derivation)

Table 1 Effect of compression on XRD patterns and DSC
patterns

pIMPa 260, /(°) I/l T/K T/K
0 (C0) 44.73 9.25 803.8 685.1
10 (C1) 44.71 9.22 803.7 685.6
20 (C2) 44.68 8.51 804.3 685.4

The dilatometric (DIL) curves of the Fe;3SigBi;
glassy ribbons at a heating rate of 10 K/min are shown in
Fig. 3. The thermal expansion procedure can be divided
into four stages in terms of the shape of thermal
expansion curves. In stage I, from room temperature
(denoted by Try in Fig. 3) to the onset linear thermal
expansion temperature (denoted by 7, in Fig. 3), the
expansion curves of samples CO, C1 and C2 are almost

horizontal and have a low expansion coefficient.
Moreover, the interval of stage I, i.e., AT=TTrwm,
becomes wider with increasing pressure. In stage II, from
T, to the onset drastically shrinkage temperature (denoted
by Ty in Fig. 3) and the curves show an increasing
tendency. The Curie temperature locates in this
temperature range and 7, increases with increasing
pressure. In stage I1I, the curves drop drastically from 7,
to the end of crystallization process (7,), which indicates
that crystallization occurs in this process. The shrinkage
0 of samples which reveals the rearrangement level of
atoms decreases with pressure. In stage IV, the ribbons
undergo an expansion procedure from 7, to the limit of
the present measurement. Through the fourth stage, the
specimens are fully crystallized and show a completely
linear expansion behavior. The value of 7, the onset
drastically shrinkage temperature (7) and the shrinkage
between T and T, (9), are listed in Table 2.
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Fig. 3 DIL curves of Fe;SigB;; glassy ribbons with heating
rate of 10 K/min

Table 2 Onset linear thermal expansion temperature (75), onset
drastically shrinkage temperature (7,), and shrinkage between
Ty and T, (9) deduced from DIL curves

p/MPa TJK T,/K P

0 (C0) 392.1 7433 10.7
10 (C1) 432.4 762.4 8.4
20 (C2) 466.5 776.6 7.6

In order to characterize the corrosion behavior of
the Fe,sSigB); samples, the electrochemical polarization
tests were performed in 0.1 mol/L H,SO,, 3.5% NaCl,
and 0.1 mol/L NaOH solutions open to air at 298 K, as
shown in Fig. 4. The corrosion current densities (J.o) for
the alloys in the three solutions are listed in Table 3. All
the parameters are got through tangent line method. In
0.1 mol/L H,SOy, solution (Fig. 4(a)), J.orapproaches the
maximum when the pressure is 10 MPa. In 3.5% NaCl
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Fig. 4 Potentiodynamic polarization curves of glassy ribbons
under pressure of 0, 10 and 20 MPa in 0.1 mol/L H,SO, (a),
3.5% NaCl (b) and 0.1 mol/L NaOH (c) solutions open to air at
298 K

solution (Fig. 4(a)), the J.,, is under the following order:
C1 > CO0 > C2. The results demonstrate that the corrosion
resistance is weakened in the case of 10 MPa and it is
enhanced with 20 MPa. For the sample C2, there are
some abnormal changes when the electrode potential
exceeds —0.72 V.

In 0.1 mol/L NaOH solutions (Fig. 4(c)), it is found

Table 3 Corrosion current density (J.), passivation current
density (Jpss) calculated from polarization data in 0.1 mol/L
H,S0,, 3.5% NaCl and 0.1 mol/L NaOH solution of Fe,5SigB3
glassy ribbons

Jeon/ (Aem ) pass/(Acem ?)

PIMPa 0T o/ 3.5% 0.1 mol/L 0.1 mol/L
H,SO, NaCl NaOH NaOH
0(CO) 246 —9.04  —7.85 ~5.89
10(Cl) 226 822  —7.65 ~5.79
20(C2) 241  —9.68  —8.68 -6.02

that the evolution of anodic polarization can be divided
into regions A0, Al and A2 according to the
potentiodynamic curves. There are three peaks in region
AOQ for all the curves. In this region, all the alloys go
through a pseudo-passive procedure, which is similar to
the anodic behavior of the Fey;5Si;35-,AlLB¢Nb;Cuy
(x=0 —2) amorphous, nanostructure and crystalline alloys
[28]. As potential further increases, passivation film
forms, the anodic reaction is blocked, and then the
anodic curves of samples enter into region Al, keeping
the current density stable with the increase of electrode
potential. The Al region, i.e., passivation zones from
—0.6 mV to 0.6 mV, exhibits large width between the
pitting and corrosion potentials, showing a high
corrosion resistance in 0.1 mol/L NaOH solution. Passive
film was formed on the alloy surface step by step. There
are two kinds of oxides constituting the film, i.e., silicon
dioxide and ferric oxide. Their formation mechanism was
proposed in Refs. [17, 29]. In region A2, the current
density undergoes a sudden rise, indicating that the
passive film has been destroyed in some weak district
and pitting has occurred in this process. The J., for all
samples is under the following order: C1> C0 > C2.

From the J.. in three solutions, the corrosion
resistance for the samples reveals a non-monotonic trend
with  compression pressure: it decreases after
compression at 10 MPa and then increases after
compression at 20 MPa. These results are different from
the monotonic change of 26,,,xin XRD patterns and AT
in DIL curves (Figs. 1 and 3), showing the complicate
mechanism behind the experimental results.

Figure 5 shows the electrical resistivity (p) of the
Fe;sSigBj; ribbons after compression at different
pressures. It can be seen that p—p curve shows a
non-monotonic change with p and reaches the maximum
at 10 MPa. For comparison, the passivate current
densities of the samples obtained from Fig. 4(c) are also
shown in Fig. 5. Obviously, the Jys—p curve shows a
very similar shape to p—p curve, implying that corrosion
resistance and electrical resistivity of the samples may be
affected by the same factor.
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Fig. 5 Resistivity of FessSigB; glassy ribbons and passivate
current density of amorphous ribbons in 0.1 mol/L NaOH
solutions from Fig. 4(c)

4 Discussion

4.1 Thermal behavior
As shown in Fig. 1 and Table 1, the location of the
first diffraction peak (26..x) of samples decreases with
the increase of compression pressure. There is a
relationship between the nearest neighbor atomic
distance in the structure units of the glass and the
position 26, of the diffusive maximum, which can be
indicated by the following equation [30]:
17 _ 4msind

d=—, k= 1
Z ) (1)

where 4, the wavelength of the X-ray, is 0.15405 nm, and
k presents the wave velocity. According to Eq. (1), the
nearest neighbor atomic distance d increases with the
pressure. YAVARI et al [31] has proposed that the excess
free volume in metallic glasses leads to the augment of
average atom spacing. Hence, it can be concluded that
the excess free volume has been introduced into the
present samples during pressing, which is consistent with
Mossbauer study on Fe-based glasses [32]. Moreover,
according to the variation of d in Eq. (1), the amount of
free volume of the samples ranks in the following order:
Co<Cl<C2.

During the thermal dilatometric testing, the length
of the samples is affected by several factors: annihilation
of the free volume in relaxation, thermal expansion,
viscous flow, and crystallization [33]. Annihilation of the
free volume in relaxation often occurs in low
temperature range; viscous flow and crystallization occur
at the vicinity of 7,; and thermal expansion happens in
the whole temperature range. At low temperature, there
are two factors for the variation of length: the shrinkage
by free volume annihilation and thermal expansion by
increased amplitude of the lattice vibration.
Consequently, the length L of the ribbons reveals almost

unchanged. Obviously, the temperature range of stage I
(ATy) is closely associated with the annihilation of the
free volume: the more the free volume in the sample is,
the larger the AT, in the dilatation curve is. Hence, we
can understand the correlation between 26, and AT, of
the measured samples (Figs. 1 and 3, Tables 1 and 2).
During the annihilation of free volume, the atoms
possibly reorganize [21]. For all three samples, atoms in
C2 take the longest time to reorganize and bear a
distribution closest to the crystalline state. As mentioned
above, the shrinkage in the dilatation curves at vicinity of
T¢ (stage III) can be ascribed to viscous flow in
supercooled liquid region and following crystallization.
Since the extent of free volume annihilation and atom
reorganization in stage I increase with pressure, we can
expect that the onset temperature of drastic shrinkage 7,
increases, and that the closer to crystalline state the
microstructure of the sample is, the lower the shrinkage
of crystallization (J) is (Table 2 and Fig. 3).

4.2 Electrochemical behavior

It is known that deformation treatment decreases the
corrosion resistance of Zr—Cu—Al glass, which is
ascribed to the increase of free volume [34]. JAYARAJ et
al [12] have also found that the corrosion resistance of
Zr-based glass increases with decreasing free volume. As
mentioned above, the amount of free volume in the
sample C1 is higher than that in sample C0, and we can
understand the corrosion current density and passivation
current density of C1 are higher than those of CO sample
(Fig. 4 and Table 3).

According to the relationship between free volume
and corrosion resistance of the glasses, the corrosion
resistance of C2 should be lower than that of samples CO
or Cl, while the fact is opposite, implying that there
should be another factor affecting the corrosion
resistance of present samples. It is reported that SiO,
film is major protective film on the surface of Fe—Si—B
glasses [17, 35]. After being introduced into the samples
by compression, the free volume helps the Si atoms to
segregate from the amorphous matrix and diffuse to the
surface, enhancing the formation of protective film.
Hence we can understand the Jeo and Jpue in HySOs,
NaCl and NaOH solutions decrease when the pressure
changes from 10 MPa to 20 MPa (Fig. 4 and Table 3),
which is similar to the enhancing effect of Si on the
corrosion resistance of the Fe—Cr alloys [36].

As shown in Fig. 5, the electrical resistivity p
reveals a non-monotonic change, i.e., p of the samples
increases firstly from 0 MPa to 10 MPa, then decreases
from 10 MPa to 20 MPa. This change behavior is similar
to that during the formation of the GP zone in Al-Li—Cu
alloys, which is explained by the following equation
[37-38]:
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Ap = ZACS,OS +N_g(n) (2)

where p. and g(n) refer to the contribution to resistivity
by the residual solute atoms per mole fraction in the
matrix and by the clusters (GP zone in the Al-Cu alloy)
with average respectively; AC; is the
concentration variation of solute elements; and N, is the
number of GP cluster. Equation (2) indicates that change
in p during GP zone formation arises from the
superimposition of the decrease by residual solute
content decreasement in the matrix (denoted by the first
term in the right side of Eq. (2)), and the increase by the
change of both size and number of GP clusters (denoted
by the second term in the right side of Eq. (2)). In the
beginning of GP formation, the contribution from N.g(n)
is dominant, while it gradually decreases with further
growth of the GP cluster and shows a maximum
resistivity. Afterwards, the contribution to p shifts from
ACyp, and shows a further lower p [37]. As mentioned
above, the free volume has been introduced into
Fe—Si—B glass by compression, which can be regarded
as GP cluster. Thus, Eq. (2) can be used to discuss the p
of present samples. During the low pressure compression
(10 MPa), the increase of p arises from the formation of
free volume with increasing the number N; according to
Eq. (2). During the high pressure compression (20 MPa),
the Nf in the glass decreases and Si atoms possibly
segregate into the free volume, as the vacancy-trapping
in Fe—Cr—Ni stainless steel [39], and the p of samples
decreases owing to the contribution from matrix AC; X
according to Eq. (2). Hence we can understand the
change of p with pressure p (Fig. 5). The non-monotonic
change of p of samples confirms effect of the Si
segregation with the help of introduced free volume by
compression.

size n,

5 Conclusions

1) The ribbons remain in fully glassy structure after
10 and 20 MPa compressions. The XRD and DIL results
indicate a monotonic increase of the fraction of free
volume in samples with increasing compression pressure.
2) Corrosion resistance of samples in various

solutions is weakened at 0 MPa, but enhanced at 20 MPa.

Similarly, the electrical resistivity of samples also shows
a non-monotonic change with compression pressure.
These non-monotonic changing behaviors can be
ascribed to superimposition of the free volume induced
by the compression and the segregation of Si atoms in
the samples.
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