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Abstract

This study aimed to investigate the influence of temperature and time of thermal treat-
ment on the microhardness and corrosion behavior of Fe-Ni-based metallic glass. The investi-
gation was carried out on metallic glass with a composition of Fe38Ni36B18Si8. The samples
were isothermally treated in an ambience atmosphere for different time intervals. The mi-
crostructure examination revealed that (Fe,Ni), Fe3Si, and Ni31Si12 phases were present in
the amorphous matrix after the thermal treatment. The results showed that microhardness
increases with the increase of annealing temperature. However, even a short exposure of the
as-cast sample to a high temperature significantly improves its microhardness. Corrosion be-
havior investigation showed that the amorphous sample in both NaCl and HCl media has the
lowest tendency to corrosion.
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1. Introduction

Fe-based metallic glasses have been in the focus
of scientific interest because of their good microhard-
ness properties, strong corrosion resistance, and soft
ferromagnetic properties [1–3]. This makes Fe-based
metallic glasses good candidates for different appli-
cations in electronics, such as magnetic sensors, in-
ductor cores, linear actuators, and corrosion-resistant
coatings [1]. Their attractive properties can further be
tailored for technological use by the controlled addi-
tion of Ni, which can improve their corrosion resis-
tance while retaining their soft magnetic properties
[4]. It is well known that the thermal treatment of
metallic glasses leads to their structural relaxation,
which consequently changes their physical properties
[5]. Annealing below the glass transition temperature
(Tg) can reduce residual stress [6, 7] and improve me-
chanical and soft magnetic properties in these mate-
rials [8, 9]. A number of authors investigated the in-
fluence of structural changes on the mechanical prop-
erties of metallic glasses [10, 11]. Namely, following
thermal treatment in an inert atmosphere, accord-
ing to [12], Fe-based metallic glasses with nanocrys-
tals embedded in an amorphous matrix exhibited soft
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magnetic and mechanical properties superior to their
amorphous and crystalline counterparts. In general,
corrosion is a destruction of a certain material, and
therefore classified as a harmful phenomenon. Metallic
glasses have many good mechanical properties, which
makes them desirable for a wide field of applications,
but the tendency to corrosion greatly limits their prac-
tical use. In certain corrosive conditions, the corrosion
resistance of some Co-, Ni-, and Fe-based bulk metal-
lic glasses has been found to be better than that of the
routinely used corrosion-resistant stainless steel (SUS
316L) [13]. It has been shown that by embedding pro-
tective components into the passive film or slowing the
decomposition rate of the overlying metallic substrate,
the addition of particular elements might improve cor-
rosion resistance [14]. So far, there are few data reports
on metallic glass corrosion behavior and the electro-
chemical mechanisms behind it. Metallic glass corro-
sion behavior is complex because it depends on chem-
istry, the structure of metallic glass, and finally, it
depends on surface states in a variety of conditions.
Corrosion can be determined in an acidic or basic en-
vironment, depending on the planned application of
a certain metallic glass. In this paper, we investigate
the effect of thermal treatment both on mechanical
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Ta b l e 1. The names of the samples, annealing tempera-
tures TA and times of isothermal treatment t

Sample TA (K) t (min)

FN0 as-cast 0
FN1 673 1
FN2 673 5
FN3 673 10
FN4 673 15
FN5 673 20
FN6 873 5
FN7 723 5

properties, specifically microhardness, and on corro-
sion properties of Fe38Ni36B18Si8 metallic glass.

2. Experimental

The samples of Fe38Ni36B18Si8 metallic glass rib-
bons were produced by a home-made melt-spinner
and characterized by standard characterization tech-
niques, such as scanning electron microscopy (SEM),
X-ray diffraction (XRD), scanning differential calori-
metry (DSC), and transport measurements, as de-
scribed in [15].
A series of annealed samples were prepared in an

ambience atmosphere in the furnace Nabertherm with
a program controller S19. The samples, designated as
FN1, FN2, FN3, FN4, and FN5, were maintained in
isothermal conditions at 673K for different time in-
tervals (1, 5, 10, 15, and 20min). According to the
results of the previous DSC analysis [15], the tempe-
rature of 673K is some 10 K lower than the glass tran-
sition temperature Tg. The sample designated as FN6
was isothermally treated for 5 min at 873 K, which
is the temperature of its almost complete crystalliza-
tion. The sample FN7 was heated for 5 min at 723K,
which is the temperature of the onset of crystalliza-
tion. All the samples, together with the conditions of
their isothermal treatment, are presented in Table 1.
X-ray diffraction (XRD) spectra were acquired

on XPERT-PRO powder diffractometer (PANalytical)
equipped with Cu source at 40 kV and 40mA, multi-
layer parabolic mirror, and PIXcel1D detector with Ni
filter. Data were collected with 0.026 diffraction angle,
and the collection time was 132.6 s/step. The sam-
ples were examined on the rotating monocrystalline
Si holder.
Microhardness measurements on all the samples

were performed with a DHV-1000Z Micro Vickers
Hardness Tester device equipped with a pyramidal in-
denter with a 136◦ angle square base.
The loading time was 15 s, and the load was

0.981 N, with up to 10 measurements on each indi-

Fig. 1. XRD spectra of Fe38Ni36B18Si8 metallic glass rib-
bon: (a) FN0-as-cast, (b) FN2-thermally treated at 673 K
for 5 min, and (c) FN6-thermally treated at 873 K for

5 min.

vidual sample. The results of microhardness measure-
ments are given as the average values of the individual
measurements.
Corrosion behavior was tested in two different me-

dia, 0.5M NaCl and 0.5M HCl, by electrochemical
measurements at room temperature, using Prince-
ton Applied Research 263A potentiostat and a three-
electrode cell. A platinum electrode was used as the
counter electrode and Ag/AgCl as the reference elec-
trode. Electrochemical/potentiodynamic polarization
curves were measured with a potential scan rate
of 0.167mV s−1. The scan rate used is chosen be-
cause the ASTM method recommends a scan rate of
0.1667mV s−1, yet the faster scan rates often result in
distorted data because the sample cannot remain rel-
atively stable. Prior to electrochemical measurements,
the samples were degreased in acetone, washed thor-
oughly in distilled water, and air-dried. Electrochem-
ical measurements were carried out on raw and an-
nealed samples.

3. Results and discussion

3.1. Structure

XRD spectra of the as-cast sample FN0 and sam-
ples FN2 and FN6, which were thermally treated for
5 min at different temperatures in the ambient atmo-
sphere, are presented in Figs. 1a,b,c. The raw sample
(Fig. 1a) shows a relatively broad peak at around 45◦

which clearly indicates its amorphous structure. XRD
spectra of the thermally treated samples show a series
of structural transformations.



M. Đekić et al. / Kovove Mater. 61 2023 199–204 201

Ta b l e 2. XRD data for sample FN2

Position 2θ(◦) Relative intensity (%) Phase

44.02 54 (Ni,Fe)
45.28 100 Fe3Si
51.36 12 (Ni,Fe)
66.02 10 Fe3Si
75.45 6 (Ni,Fe)
83.61 11 Fe3Si

Ta b l e 3. XRD data for sample FN6

Position 2θ (◦) Relative intensity (%) Phase

41.57 3 Ni31Si12
42.90 3 Ni31Si12
43.68 100 (Fe,Ni)
44.61 22 Fe3Si
45.95 19 Ni31Si12
46.82 22 Ni31Si12
50.88 31 (Fe,Ni); Ni31Si12
56.58 3 Ni31Si12
65.10 3 Fe3Si
67.84 3 Ni31Si12
74.89 13 (Fe,Ni)
79.60 3 Ni31Si12
82.39 2 Fe3Si
90.96 14 (Fe,Ni)
96.47 6 (Fe,Ni)

Figure 1b represents XRD data for the FN2 sam-
ple, where sharp peaks indicate crystalline phases that
start to emerge in the amorphous matrix after anneal-
ing. The crystalline phases are identified as: (Fe,Ni)
and Fe3Si, and their positions and relative intensities
are given in Table 2.
Besides the previously mentioned phases, XRD

data for the FN6 sample (Fig. 1c) show the appear-
ance of a new crystalline phase Ni31Si12 (Table 3).

3.2. Microhardness

The results of microhardness measurements are
shown in Fig. 2. The average microhardness of the raw
sample is determined to be (6.5 ± 0.3) GPa. Accord-
ing to our XRD results, the first signs of crystallization
start to appear at 673K. Even a very short annealing
time of just 1 min at this temperature, increases the
microhardness value by about 1.2 GPa. Furthermore,
there is a clear increase in microhardness for all ther-
mally treated samples at 673K as compared to the as-
cast sample, regardless of the time of treatment. No
significant differences in microhardness were noticed

Fig. 2. Mean values of microhardness measurements for
the raw sample and thermally treated samples for different
time intervals together with measurement errors.

for different times of thermal treatment at this tem-
perature. A similar result was observed in [20], where
the authors noticed that different times of thermal
treatment had no significant impact on the microhard-
ness values. On the other hand, the additional thermal
treatment of Fe-Ni amorphous alloy at higher tem-
peratures significantly increases microhardness (inset
of Fig. 2). The sample FN7, which was isothermally
treated at 723K for 5 min, shows improvement of its
microhardness properties as compared to its amor-
phous counterpart. Annealing at 873K leads to almost
complete crystallization of the remainder of the amor-
phous phase and further increases microhardness. In
summary, our results indicate that annealed samples
have better microhardness properties than the as-cast
sample, and microhardness increases with the increase
of the annealing temperature. Also, even a very short
isothermal treatment (1 or 5 min) in an ambient at-
mosphere can improve microhardness. Different au-
thors [16, 17] observed the increase in microhardness
with the increase in annealing temperature in metal-
lic glasses. Zha et al. [16] attribute this hardening to
the increase in the amount and fraction of crystalline
phases in the amorphous matrix.

3.3. Corrosion

As it is known, corrosion in aqueous media is an
electrochemical process due to the electrical conduc-
tion properties of two phases, electron conduction in
the metallic phase and ionic conduction in the aque-
ous phase. The electrochemical reaction allows charge
transfer at the interface between the metal (elec-
trode) and the electrolyte. The electrochemical cor-
rosion mechanism includes two reactions, anodic (ox-
idation) and cathodic (reduction).
In the anodic reaction, a metal M is oxidized:
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M→ Mn+ + ne−, (1)

or it can be said that an anodic reaction is actually
the decomposition of metal.
Occurring at the same time and at the same rate,

the reduction process provides the gain of electrons.
The cathodic reaction generally consists of the reduc-
tion of dissolved oxygen when oxygen is present in
the atmosphere and in solutions exposed to the at-
mosphere. The cathodic reaction is dependent on the
corrosion media, and the supposed reactions should be
as follows:

O2 + 4H+ + 4e→ 2H2O (in acid solution), (2)

2H2O+O2 + 4e→ 4OH−

(in neutral and alkaline solutions). (3)

Environmental conditions influence the corrosion
behavior of Fe-based metallic glasses. Intuitively, if
the solution’s abrasiveness is stronger, the corrosion
resistance of metallic glass will be lower. It is gener-
ally agreed that if the corrosion potential is higher, it
will be more difficult for oxidation reactions to occur
in metals. Moreover, the larger the corrosion current
density, the higher the corrosion rate. The corrosion
resistance of metallic glasses is also influenced by the
addition of metalloids such as B, Si, P, S, Ni, and C
[18].
Electrochemical techniques are common techniques

used to study the corrosion behavior of metallic glasses
in different corrosion media. The widespread electro-
chemical technique engaged in measuring the corro-
sion behavior of metals or other materials such as
alloys, or in this case, metallic glasses, is potentio-
dynamic polarization (Tafel analysis). The method is
fast, and easy to perform.
In this study, we investigated the corrosion behav-

ior of the as-cast sample (FN0) and of the samples an-
nealed for 5 min at two different temperatures (FN2
and FN6).
Regarding general corrosion presented in Fig. 3, ac-

tive dissolution in NaCl electrolyte started at a lower
corrosion potential, than in HCl electrolyte. With the
increase of pH value, it is attained that more nega-
tive corrosion potential is obtained, and the corrosion
current density is decreased.
The corrosion potential becomes increasingly nega-

tive when the acidic ion or hydroxyl ion concentration
rises, whereas the corrosion current density rises in
general. That is, as acidic and hydroxyl ion content
rise, corrosion resistance diminishes.
Important corrosion parameters, such as the corro-

sion potential (Ecorr) and corrosion current (Icorr) of
the tested samples, are summarized in Tables 4 and 5
in NaCl and HCl media, respectively.
In NaCl solution, the as-cast sample FN0 has the

Fig. 3. Electrochemical polarization curves of FeBNiSi
metallic glasses in the 0.5 M HCl and 0.5 M NaCl solu-
tion: (a) raw FN0, (b) annealed at 673 K FN2, and (c)

annealed at 873 K FN6.

Ta b l e 4. Values of corrosion parameters of potentiody-
namic polarization for raw and annealed samples in 0.5M

NaCl

Sample Ecorr (mV) Icorr (µA)

FN0 –367.5 0.319
FN2 –346.38 1.950
FN6 –371.97 0.443

Ta b l e 5. Values of corrosion parameters of potentiody-
namic polarization for raw and annealed samples in 0.5M

HCl

Sample Ecorr (mV) Icorr (µA)

FN0 –220.7 2.529
FN2 –202.4 3.665
FN6 –249.9 5.986

lowest corrosion current, followed by the sample an-
nealed at 873K (FN6). The highest corrosion current
is found to be for the sample treated at 673K (FN2).
The sample annealed at 873K, as demonstrated

earlier in Table 3, showed the appearance of a new
crystalline phase Ni31Si12. This crystalline phase is al-
ready proven to have a low corrosion tendency [4].
In the HCl solution, the corrosion current is the

lowest for the raw sample, followed by the current for
the sample annealed at 673K. The highest corrosion
current is in the case of the sample annealed at 873K.
This means that in both media, the amorphous sam-
ple has the lowest tendency to corrosion which is in
accordance with previously reported papers [4, 19].
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The authors attribute this to the homogeneous state
of the amorphous sample, which does not contain dis-
locations, nor grain boundaries, or any other defects.
Corrosion is usually caused by a loose-packing

structure and the existence of flaws from a structural
standpoint. Thus, the loose atomic packing allows for
a free area for chloride ions penetration [20].
Moreover, the faster migration of silicon ions to

the surface in the crystalline structure promotes SiO2
film formation, which enhances the corrosion proper-
ties [21].
Because metallic glasses are metastable and can

be converted to a stable crystalline phase through
heat treatment or mechanical manipulation, struc-
tural changes might also affect corrosion resistance.

4. Conclusions

In this paper, we examined the influence of thermal
treatment in an ambience atmosphere on the micro-
hardness and corrosion properties of Fe38Ni36B18Si8
metallic glass. Our results show that microhardness
improves with the increase in the annealing tempe-
rature. Also, even a very short time of thermal treat-
ment, namely 1 min, significantly improves microhard-
ness. There is no significant difference in microhard-
ness value when the time of treatment is extended. Re-
garding the corrosion resistance, our results are in an
agreement with previous research from this field, con-
firming that amorphous alloys display higher corrosion
resistance. This means that it is necessary to find a
compromise between the microhardness and corrosion
resistance of a specific sample in accordance with a
particular application. According to our results, sam-
ples with crystalline phases are not suitable for usage
in a corrosive environment.
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Bajrović, A. Salčinović Fetić, Investigation of partially
crystalline metallic glass Fe38Ni36B18Si8, IOP: Confer-
ence Series 1814 (2021) 012003.
https://doi.org/10.1088/1742-6596/1814/1/012003

https://doi.org/10.1016/j.pmatsci.2019.01.003
https://doi.org/10.1016/j.jnoncrysol.2006.03.078
https://doi.org/10.1016/j.jallcom.2012.09.087
https://doi.org/10.1007/s11661-020-06079-3
https://doi.org/10.1016/j.intermet.2017.11.016
https://doi.org/10.1103/physrevlett.113.045501
https://doi.org/10.1016/j.actamat.2011.02.039
https://doi.org/10.1103/PhysRevLett.108.015504
https://doi.org/10.1016/j.jallcom.2015.01.056
https://doi.org/10.1016/j.jallcom.2008.09.072
https://doi.org/10.1016/j.jmst.2014.09.004
https://doi.org/10.1016/j.jallcom.2011.03.011
https://doi.org/10.1088/1742-6596/1814/1/012003
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