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The electrochemical response of a soft magnetic FeNbAlMnCuSiB alloy was studied
through different stages of devitrification. The structural evolution including appearance of
a nanocrystalline phase and intermetallics, and accompanying surface topographical
changes were studied and correlated to the electrochemical behavior of this alloy. The
electrochemical behavior was not directly related to changes in surface roughness but it
was very responsive to the structural changes, particularly to the formation of the
nanocrystalline phase and to the precipitation of Fe7Nb6 phase. There was a progressive
passivation breakdown with the appearance of crystalline phases on annealing.
C© 2005 Springer Science + Business Media, Inc.

1. Introduction
Amorphous alloys owe their good corrosion resistance
to their chemical homogeneity. In these alloys the ab-
sence of precipitates and grain boundaries contribute
towards their high corrosion resistance [1]. The Fe-
metalloid based amorphous alloys exhibit higher cor-
rosion resistance than their crystalline counterparts [2,
3]. The corrosion resistance of these amorphous al-
loys are reported to be increased by the presence of
additional elements like Nb [4]. Besides Nb, the metal-
loids Si and B have been found to affect the corrosion
behaviour in Fe-Si-B amorphous systems where Si is
reported to be less deleterious than B [5, 6].

Besides the corrosion behavior, the alloying effects
of Nb, Si, B and Cu have their utmost significance in the
ultra-soft magnetic properties of the Fe-Nb-Cu-Si-B [7]
based nanocrystalline alloy, also known as FINEMET.
All these elements play a key role in the nanocrystal-
lization mechanism where Cu serves as a nucleation
centre for α-Fe(Si) nanoparticles while the element Nb
impedes their growth [8]. The element B along with
Si acts as a stabiliser of the amorphous precursor. Al-
though the role of these elements on electrochemical
corrosion property of the amorphous alloys has been
investigated, there are only few reports on their effect
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in the FeNbCuSiB system [9–11] which have tremen-
dous potential as sensor materials. Further more, the
fact that corrosion being a surface phenomena, and ev-
idences suggesting the formation of crystallites more
easily in the surface than within the bulk [12, 13], there
is a need to investigate the associated surface morpho-
logical developments in these materials.

The present investigation addresses the corrosion be-
havior with structural changes and surface morpholog-
ical changes in as-cast and heat-treated soft magnetic
FeNbAlMnCuSiB alloy, which has been found to have
different and in some respects better magnetic proper-
ties than the well-known FINEMET [14]. To the best
of our knowledge the electrochemical behavior of this
multi-component alloy has not been reported.

2. Experimental
The alloy in the form of ribbons having a nomi-
nal composition of Fe71Nb3.7Cu1Al3Mn0.8Si13.5B7 was
prepared by melt spinning at National Metallurgical
Laboratory. The ribbons were annealed for 30 min at
predetermined temperatures in vacuum (10−2 Torr).
The electrochemical corrosion studies of as-cast and
heat-treated alloys were carried out in a buffered
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T AB L E I Phase evolution with anealing

Annealing∗
temperature (K) Phases present

Particle size of the
predominant phase (nm)

As cast Amorphous –
800 Fe3Si/α-Fe(Si, Al) 6 ± 0.3
825 Fe3Si/α-Fe(Si, Al),

Fe23B6

8.2 ± 0.4

875 Fe3Si/α-Fe(Si, Al),
Fe23B6

10.7 ± 0.5

925 Fe3Si/α-Fe(Si, Al),
Fe23B6

11.0 ± 0.5

975 Fe3Si/α-Fe(Si, Al),
Fe23B6, Fe2B,
Fe7Nb6

Completely crystallised

∗Annealed for 30 min in vacuum.

chloride solution. A 0.1 M acetate buffer was pre-
pared by mixing sodium acetate and acetic acid in dis-
tilled water. Sodium chloride was added to the buffer
to produce halide concentrations of 0.01 M and 1 M.
The electrochemical behavior was measured by po-
tentiodynamic tests using a potentiostat. A platinum
counter electrode and a saturated calomel reference
electrode (SCE) were used. The ribbon sample acted
as the working electrode. In the potentiodynamic tests,
the alloys were scanned at the rate of 0.5 mV/sec, start-
ing from a negative (cathode) overpotential and ending
at a suitable positive (anodic) overpotential. The scan
rate chosen was slow enough to reveal passivation if it
occurred.

Phase evaluation of the as prepared and heat treated
alloys was done using X-ray diffractometry (XRD).
Microstructural studies were done by Transmission
electron microscopy, (TEM). The evolution of sur-
face morphology of the samples with heat treatment
was studied ex-situ by an Atomic Force Microscope
(AFM).

3. Results and discussions
3.1. Structural evolution
The evolution of the crystalline phases in the amor-
phous matrix was revealed through XRD peaks after
annealing at certain critical temperatures. This was
discussed in detail elsewhere [14]. The crystallization
onset temperature of this alloy had been determined
by TEM observations in the Selected Area Diffrac-
tion mode to be around 775 K while the less sensitive
Differential Scanning Calorimetry as well as electrical
resistivity measurements indicated the crystallization
temperature to be around 800 K. Annealing at 800 K
produced the nanocrystalline phase. This was either a
superlattice compound Fe3(Si, Al) or a solid solution
conforming to α-Fe (Si, Al). Lattice parameter mea-
surements showed that it was close to but different from
that for Fe3Si. The best soft magnetic property was also
observed on annealing at 800 K, which corresponds to
a microstructure of nanocrystalline phases distributed
in an amorphous matrix. Further annealing caused the
appearance of Fe23B6 phase at 825 K. The Fe2B phase
is reported to form at elevated temperatures beyond
875 K [15]. The strong magnetocrystalline anisotropy

of this phase is detrimental towards soft magnetic prop-
erties [16]. However, this phase is detectable only after
annealing at 975 K for the alloy studied, and in mi-
nor amounts. An additional Fe7Nb6 phase appeared
on annealing at 975 K, along with minor amounts of
Fe2B.

3.2. Surface morphology evolution
In the FeNbCuSiB based systems the low solubility
of Cu in Fe (<0.2 at%) leads to its early partitioning
on annealing. In metallic glasses such partitioning are
observed in slow quenched as-cast materials [17]. The
first stages of crystallization were observed by AFM
studies of Fe-Si-B alloys [18]. In the present study
the surface topography of the samples was observed to
change with annealing. The as-received samples had
a high roughness; roughness here refers to microscale
roughness and not the macroscale roughness that is in-
herent to ribbons due to the process of melt-spinning.
The change in surface topography is shown in Fig. 1 for
three different annealing treatments. The height as well
as the shape and diameter of the protrusions change
with annealing as is evident in the figure. The initial
sharp, tall protrusions of the amorphous alloys (Fig. 1a)
change into more rounded shapes and become shorter
on annealing at the crystallisation onset temperature
(Fig. 1b). There is the appearance of “double-humps”,
which according to Watanabe et al. [18] is indication
of pre-crystallisation seeding or nucleation, and in this
case is possibly caused by Cu segregation. On anneal-
ing at a higher temperature of 875 K (Fig. 1c) these
double humped protrusions grow and their height as
well as girth increases—this possibly corresponds to
the growth of the crystallites. The variation of rough-
ness (root mean square (RMS) value) with annealing
is shown in Fig. 2. On progressive annealing the sur-
face roughness goes through a minimum, interestingly
this minimum corresponds to the appearance of the
nanocrystalline phase and consequent excellent soft
magnetic properties.

3.3. Electrochemical response
Potentiodynamic studies were carried out for the as-cast
and different heat-treated samples in the chloride me-
dia. Figs 3 and 4 show the electrochemical responses
of the alloy during different stages of devitrification,
in two different chloride media. The as-cast sample
exhibits passivity over almost the entire anodic range
tested in the 0.01 N chloride containing buffer (Fig. 3).
The detrimental effect of chloride concentration on
the passivation of the amorphous alloys may be seen
from the much-reduced passive regime in 1N chloride
concentration: the passive breakdown is quite abrupt
(Fig. 4). For this alloy, the amorphous as-received state
is most resistant to corrosion in both the chloride con-
centrations which is contrary to the findings for certain
FeBSiNbCu alloys [9] where the appearance of the
nanocrystalline phase was found to be beneficial. In
this alloy there is a progressive deterioration of corro-
sion resistance with annealing, at pre-crystallization as



Figure 1 AFM observation of the surface roughness in differently annealed samples (a) as-cast samples; (b) annealed at 775 K; and (c) annealed at
875 K.



Figure 2 The variation in surface topography with annealing.

Figure 3 Potentiodynamic polarisation in acetate buffer containing 0.01
M NaCl for different heat treated samples: (a) as-cast; (b) and (c) an-
nealed at 725 K; (d) and (e) annealed at 775 K; (f) annealed at 825 K;
(g) and (h) annealed at 875 K; (i) annealed at 975 K; (c), (e) and (g) are
for normalised surface roughness.

well as at post-crystallization temperatures. Passivity
is exhibited by the samples annealed below crystal-
lization temperature, at 725 K, and those annealed just
at the crystallization temperature (775 K), but the ex-
tent (potential range) of the passivity is much reduced.
Interestingly, the samples annealed at 825 and 875 K
showed apparent passivity in both media, but with a
higher passive current density. Thus the appearance of
the nanocrystalline phase does impart some protection
to this alloy too. Annealing at a higher temperature

Figure 4 Potentiodynamic polarisation in acetate buffer containing 1
M NaCl: (a) as-cast; (b) annealed at 725 K; (c) annealed at 775 K; (d)
annealed at 825 K; (e) annealed at 875 K; (f) annealed at 975 K.

(975 K) resulted in substantial loss of corrosion re-
sistance and total absence of any passivation in either
media.

The electrochemical response has to be analyzed
with respect to the structural and surface morpho-
logical changes occurring in the material. If we con-
sider surface changes, one obvious effect is the sur-
face area effect. It is evident from Fig. 2. that the
as-cast samples had a high actual surface area. To
accommodate for the topographical differences we
normalized the surface roughness for the samples



with respect to that for the as-cast samples and ex-
pressed the current density in terms of the normal-
ized surface area thus obtained. The polarization curves
using the normalized surface area are shown for some
samples in Figs 3a and b. Obviously the surface rough-
ness was not a major factor in the electrochemical re-
sponse of the alloys, that is, the annealing variations
could not be explained by the surface topographical
changes.

On the other hand, the electrochemical response
was very susceptible to structural changes. Anneal-
ing near the crystallization temperature result in
pre-crystallization seeding — this is seen to bring about
a significant decrease of the corrosion resistance. The
appearance of the nanocrystalline phase, however, did
impart some corrosion resistance to the alloy. This can
be seen by comparing the behavior of the samples an-
nealed at 775, 825 and 875 K, which show an increasing
proportion of the nanocrystalline Fe3(Si, Al)/α-Fe (Si,
Al). In these cases there is a substantial passive regime,
albeit with high passive current density (of the order of
100 µA/cm2). The benefits of the nanocrystalline phase
is not negated by the precipitation of Fe23B6 particles
as is evident in the polarization behavior of the sam-
ples annealed at 825 K when this phase first appears as
well as on its subsequent proliferation and growth at
875 K. The rapid loss of corrosion resistance on anneal-
ing at 975 K is coincident with the appearance of the
Fe7Nb6 phase. The appearance of Fe2B at this anneal-
ing temperature is relatively minor, and B loss from the
amorphous matrix occurs more due to the formation
of Fe23B6. However, the electrochemical response at
all stages after crystallization has to be viewed keep-
ing in mind several other important structural changes
which occur at higher temperatures. These are, a pro-
gressive decrease in the amorphous phase fraction, a
conversion of nanocrystalline phase to microcystalline
proportions through growth, profuse intermetallic pre-
cipitation (Fe23B6 and Fe7Nb6) and a change in the
amorphous phase composition through rejection of
certain elements to the amorphous phase. The pro-
gressive crystallization of the alloy may be repre-
sented by the following schematic reaction based
on mass conservation on the lines of Yavari’s [19]
proposal:

Fe71Nb3.7Cu1Al3Mn0.8Si13.5B7

→ 0.675Fe80(SiAl0.22)20
(nanocrystalline)

+ 0.325Fe52.3B21.5Mn2.46Nb11.4
(amorphous matrix)

+Cu (1)

Where Fe80(SiAl0.22)20 is the nanocrystalline phase that
first appears and is surrounded by an amorphous matrix
which is rich in B, Mn and Nb which are rejected by
the nanocrystalline phase. The amorphous matrix pro-
gressively gets richer in these elements with the above
reaction setting the theoretical limits for the enrich-
ment of these elements. However, at higher tempera-
tures, the amorphous matrix also suffers dissociation
due to the formation of, first, the Fe23B6 precipitates,
and later, the Fe7Nb6 precipitates and Fe2B precipi-

tates. Thus the loss of corrosion resistance should be
viewed as a culmination of all these effects. It may
be noted that the precipitation of Fe23B6 did not seem
to have much of an effect on the corrosion resistance,
while apparently the precipitation of Fe7Nb6 was ac-
companied by a rapid loss of resistance. While keeping
in mind that the electrochemical response is affected by
a number of structural changes, this observation does
inferentially support the findings of some authors that
Nb in the amorphous matrix is beneficial while B is
not.

4. Conclusions
The effect of heat-treatment on the structural evo-
lution and surface morphological changes and con-
sequent effects on the electrochemical behavior of
Fe71Nb3.7Cu1Al3Mn0.8Si13.5B7 alloy was investigated.
It was observed that the surface roughness changed
with annealing going through a minimum near the
crystallisation temperature. The electrochemical be-
havior was not directly related to changes in sur-
face roughness, this was verified by using a nor-
malised surface area in the electrochemical current
density calculations. The electrochemical behavior was
very responsive to the structural changes, particu-
larly to the formation of the nanocrystalline phase
and to the precipitation of Fe7Nb6 phase. The appear-
ance of Fe2B at this annealing temperature is rela-
tively minor. The passivation current systematically
increased with annealing temperature indicating pas-
sivation breakdown. The best corrosion response was
observed in the as-cast material. Crystallisation caused
a decrease in the corrosion resistance; however, the
presence of, and increase in, nanocrystalline phase con-
tent did provide corrosion resistance to some extent
corroborating earlier observations in FINEMET alloys
[9].
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