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We investigated the in�uence of temperature modi�cation on the physicochemical
properties of amorphous alloys Fe80Si6B14, Fe78.5Ni1.0Mo0.5Si6,0B14.0, Fe73.1Cu1.0Nb3.0Si15.5B7.4,
Fe51.7Ni21.7Cr6.2Mo0.6V1.5Si5.2B13.1 at T = 77 K during 0.5, 1.0, 2.0, 3.0 hours, and 7, days and
at the temperature range (273÷ 673) K during 1 hour.
After the heat treatment of the amorphous alloys, minor changes in the structure, elemental

composition of the surface, and microhardness of materials were observed. The electrochemical
characteristics of the samples in the 0.5 M aqueous NaCl solution were determined. The lower
corrosion resistance of Fe80Si6B14 alloy and the higher one of Fe51.7Ni21.7Cr6.2Mo0.6V1.5Si5.2B13.1

were established. The surface layers that are formed on the surface of a multicomponent amorphous
alloy have the highest resistance.
Key words: amorphous metallic alloys, temperature modi�cation, structural characteristics,

electrochemical properties.
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I. INTRODUCTION

Temperature modi�cation of amorphous metallic
alloys (AMA) based on Fe causes changes in their
structure and elemental composition, and, therefore,
a�ects the important physicochemical properties of
such materials. Depending on the heat treatment
mode and elemental composition, Fe-based alloys can
undergo various changes. Since amorphous state is
metastable, the amorphous alloys transform into a more
stable crystalline state upon heating, losing their speci�c
characteristics [1�5] or nanocrystalline, which has special
properties [6, 7].

Rapid cooling, which is used in the technology of
manufacturing amorphous alloys, inhibits the di�usion
process in the solid phase [8]. As a result, amorphous
metallic alloys do not have such defects as secondary
phases, segregation, which are usually formed due to di-
�usion during slow cooling. Therefore, AMAs are consi-
dered to be ideal chemically homogeneous alloys, especi-
ally corrosion resistant and able to withstand extreme
conditions.

Complex investigations of amorphous alloys, whi-
ch were subjected to low-temperature treatment at
the temperature of liquid nitrogen [9, 10], showed the
absence of signi�cant structural changes. The neutron di-
�raction method shows that the process of cryotreatment
of amorphous magnetic alloys leads to irreversible
structural changes in the near order up to 12 �A. As a
result of annealing at a temperature of 400◦C, the densi-
ty is redistributed up to 100�A.

The study of the changes that take place in amorphous
Fe-based alloys as a result of heat treatment is important
for predicting new characteristics and possible further
application of alloys.

II. EXPERIMENTAL DETAILS

Experiments were carried out for the following
amorphous metallic alloys based on iron: Fe80Si6B14

(AMA-1), Fe78.5Ni1.0Mo0.5Si6.0B14.0 (AMA-2);
Fe73.1Cu1.0Nb3.0Si15.5B7.4 (AMA-3); Fe51.7Ni21.7Cr6.2
Mo0.6V1.5Si5.2B13.1 (AMA-4) obtained using the melt
spinning technique in a helium atmosphere on a copper
wheel with a circumferential speed of about 30 m/s.
Alloys were obtained in the Kyiv Kurdyumov Institute
for Metal Physics of the Ukraine NAS in the form of
strips 20�25 µm thick and 1�3 mm wide, respectively.
We evaluated the surface activity of the contact (c) and
external (e) surfaces of the tape [11].

The heating of the alloy samples was performed in a
mu�e furnace SNOP-16.2.5./9-H5 at the temperature
range (273 ÷ 673) K. The duration of isothermal
treatment was 1 hour. Low-temperature treatment of the
AMA samples based on Fe was performed in liquid ni-
trogen N2 (T = 77 K) during 0.5, 1.0, 2.0, 3.0 hours, and
7 days.

Structural investigations were carried out by X-
ray di�raction (XRD) measurements using DRON-3M
with the CuK-radiation. The average interatomic di-
stances were determined using the Fourier transformati-
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on method [12].
The elemental composition of the experimental

samples was investigated by applying energydispersion
spectrometer Oxford INCAEnergy 51-ADD0098, part of
scanning electron microscope Jeol 7000F.
The PMT-3 device was used to test the microhardness

of the AMA samples using Vickers method. A diamond
pyramid with an 136◦ angle was pressed into the test
sample under the load. The diagonal of the print was
measured with an ocular micrometer. The microhardness
number Hν was calculated using the formula: Hν = k ·
P/d2 = 1854 · P/d2, [H0] = [kg/mm2], where P is the
weight of the load, g; d is the diagonal of the print, µm; k
is a coe�cient that depends on the shape of the pyramid
and is 1854 for the Vickers method [13].
To evaluate the corrosion resistance of amorphous

alloys, we used the chronopotentiometric method, whi-
ch enables one to study spontaneous electrochemical
processes running on the electrode�solution boundary
according to the changes in the free potential (E ).
The changes in the free potential of the AMA-electrode
were recorded as compared with the changes in the free
potential of the Cl− | AgCl | Ag (sat) electrode. The role
of the working electrode was played by an amorphous
metallic alloy strip (s = 0.15 cm2) and the duration was
20 min. The initial (E0) and �nal (Ef) values of potenti-
als were determined from the dependence E = f(t). The
electrochemical investigations were performed by using
an IPM PC-R Jaissle Potentiostat/Galvanostat in the
0.5 M aqueous solution of NaCl [14].
The electrochemical impedance spectroscopy (EIS)

was carried out using an Autolab®/PGSTAT-20 devi-
ce equipped with a frequency analyzer and a di-
�erential electrometric ampli�er (Eco Chemie BV, the
Netherlands). The accumulated results were processed
by using the Autolab-4.9 software. The impedance
components were computed for a circuit containing two
resistors and a capacitor (R1(QdlR2)), where R1 is the
resistance of the electrolyte, the 0.5 M NaCl aqueous
solution, R2 is the charge-transfer resistance, and Qdl

is an element of the constant phase characterizing the
capacitance of the double layer [15]. Also, we determined
the reliability coe�cient α and surface roughness Rf .

III. RESULTS AND DISCUSSIONS

Evaluation of the temperature modi�cation e�ect
on physicochemical properties is important for AMA
samples that have a wide range of applications in extreme
conditions [16].
The X-ray study and analysis of the obtained values of

short-range parameters determined from the scattering
intensity curves I(s) of AMA Fe78.5Ni1.0Mo0.5Si6.0B14.0,
pre-treated in the temperature range (293÷ 673) K and
77 K (Fig. 1, Tables 1, 2) found a slight dependence
of structural parameters on temperature. For the initial
sample, the average interatomic distance r1 = 0.253 nm
is close to the sum of two atomic radii of Fe (rFe =
0.127 nm), which indicates the dominant in�uence of mi-

crogroups of the α-Fe in the formation of the short-range
order in amorphous alloy Fe78.5Ni1.0Mo0.5Si6.0B14.0

(Table 1). After the low-temperature treatment of AMA
samples system Fe�Si�B�(Me), there are also no signi�-
cant changes in the structure (Table 2), which indicates
the durability of such materials to heat treatment at the
above temperatures.

Fig. 1. Scattering intensity curves of AMA
Fe78.5Ni1.0Mo0.5Si6.0B14.0

T , K s1, nm
−1 r1, nm a(s1)

293 30.6 0.253 3.14

373 30.5 0.256 3.29

473 31.0 0.254 2.98

573 30.8 0.255 3.15

673 30.6 0.257 3.16

Table 1. Structural characteristics of AMA
Fe78.5Ni1.0Mo0.5Si6B14 after heat treatment

In the temperature range of (293÷ 473) K, the obtai-
ned results indicate the formation of microregions with
topological short-range order of α-Fe type in the investi-
gated amorphous alloy Fe78.5Ni1.0Mo0.5Si6.0B14.0. Duri-
ng heating to T = 473 K, the position of the main
maximum of the curve I(s) is slightly shifted toward
larger values of s due to the topological ordering of the
amorphous phase (Fig. 1). There is a decrease in the
mean interatomic distance (r1) due to the release of free
volume during the structural relaxing of the amorphous
alloy Fe78.5Ni1.0Mo0.5Si6.0B14.0. It should be noted that
upon heating above T = 573 K, there is an increase in
the mean interatomic distance r1 due to the decay of the
amorphous phase in alloy Fe78.5Ni1.0Mo0.5Si6.0B14.0 and
formation of a microhomogeneous structure, whose the
elements of which are nanoclusters based on α-Fe and
(Fe3B)T [4].
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a(S) ∆a(S)

T , K 293 77

Fe78.5Ni1.0Mo0.5Si6.0B14.0 (AMA-2)

a(S1) 3.146 3.202 ∆a(S1) +0.056

a(S2) 1.524 1.491 ∆a(S2) −0.033

a(S3) 1.052 1.019 ∆a(S3) −0.033

Fe73.1Cu1.0Nb3.0Si15.5B7.4 (AMA-3)

a(S1) 3.895 3.700 ∆a(S1) −0.195

a(S2) 1.530 1.573 ∆a(S2) +0.043

a(S3) 1.172 1.208 ∆a(S3) +0.036

Fe51.7Ni21.7Cr6.2Mo0.6V1.5Si5.2B13.1 (AMA-4)

a(S1) 3.799 3.731 ∆a(S1) −0.068

a(S2) 1.657 1.683 ∆a(S2) +0.026

a(S3) 1.222 1.318 ∆a(S3) +0.096

Table 2. Structural factors [peak heights of di�ractograms a(S)] of amorphous alloys based on Fe before and after cooling
during 3 hours at T = 77 K

Alloy Heating temperature, K Element

Fe Ni Mo Cu Nb Cr V

AMA�2 293 92.95 1.30 1.49 � � � �

493 91.51 1.62 0.85 � � � �

77 92.87 1.10 1.20 � � � �

AMA�3 293 84.41 � � 1.47 7.03 � �

77 86.45 � � 1.74 7.11 � �

AMA�4 293 56.40 29,60 0.57 � � 7.15 1.94

77 58.30 29.70 0.26 � � 7.53 2.12

Table 3. Elemental composition of AMA (wt.%) before and after heat treatment

The content of metallic elements in the AMA before
and after the heat treatment was determined using
energy-dispersion microanalysis (Table 3). When heated
to 77 and 473 K, the content of Fe and Mo in AMA-2,
decreased slightly, which is explained by the partial yield
of Si to the surface and the volatility of molybdenum oxi-
des [17]. For AMA-3 and AMA-4 at 77 K, the content of
Fe, Cu, Nb and Ni, Cr, V, respectively, increased. Cooling
of the alloy is accompanied by dissociative adsorption of
water from the residual atmosphere with the formation
of surface hydroxides [18].

It is important to assess the strength of amorphous
materials, especially under the in�uence of low
temperatures. Figure 2 shows the surface hardeni-
ng coe�cients calculated from the ratio of the mi-
crohardness values of the cooled samples to the mi-
crohardness of the initial amorphous alloys. AMA-2 was
the least sensitive to cooling. One-hour exposure to
T = 77 K strengthened the surface of AMA-3 most si-
gni�cantly, while for multicomponent AMA-4 one- and
three-hour exposure reduced the strength of the alloy
surface. Fluctuations in the hardening coe�cients of the
investigated amorphous alloys in the vicinity of the unit
demonstrate the high mechanical stability of the AMA's
surface.

Fig. 2. Histogram of AMA surface hardening coe�cients after
treatment at T = 77 K for (0.5÷ 3.0) h

Even insigni�cant changes in the structure and
elemental composition of amorphous alloys a�ect
their electrochemical characteristics, which is
important in the practical use of AMAs as precisi-
on materials in aggressive environments. Due to the
increase in the pre-treatment temperature of AMA
Fe73.1Cu1.0Nb3.0Si15.5B7.4 to 473 K, the values of the
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surface potential after 20 min (Ef) become more positive
compared to the initial E0 (Table 4), the dissolution
resistance of external and contact surfaces of the
tape increases. In the presence of Ni and Mo in the
Fe78.5Ni1.0Mo0.5Si6.0B14.0 alloy we observe a decrease
in the dissolution resistance due to the defects of oxide
protective coatings because of the Mo oxides volatility.
Additions of Cu and Nb in the alloy after the heat
treatment at 473 K cause a signi�cant acceleration
of the surface redox processes stabilization, which is
associated with active nanocrystallization [19] and high
oxidizing ability of copper [20].
Low-temperature treatment of amorphous Fe-based

alloys has di�erent e�ects on their electrochemi-
cal parameters in the 0.5 M NaCl aqueous soluti-
on (Fig. 3). The Fe80Si6B14 alloy proved to be
the most resistant to low-temperature treatment. The
corrosion resistance of alloys Fe78.5Ni1.0Mo0.5Si6.0B14.0

and Fe73.1Cu1.0Nb3.0Si15.5B7.4 decreases, while that of
Fe51.7Ni21.7Cr6.2Mo0.6V1.5Si5.2B13.1 increases.
In an aggressive aqueous environment, the surface of

Fe-based AMA is easily covered with oxide-hydroxide
layers, which resist active surface dissolution. The
method of electrochemical impedance spectroscopy
allows one to measure the resistance of oxide coatings
to the transport of water molecules, oxygen, and ions to
the metal surface. Analysis of the dependences of AMA

Fe78.5Ni1.0Mo0.5Si6.0B14.0 in 0.5 M NaCl aqueous soluti-
on (Fig. 4, Table 5) shows that the nature of the oxide
�lm on both surfaces of the tape di�ers signi�cantly. In
the frequency range (101÷105) Hz, on the Bode curves
there is a section describing the electrolyte resistance
(Fig. 4,a). In the frequency range (10−1÷101) Hz, an
increase in impedance is recorded � this area re�ects
the capacitive characteristics of the surface layers. In the
lower frequency range, the frequency-independent area
corresponding to the sum of the electrolyte resistance
(R1) and the �lm resistance (R2) is �xed [21].
The resistance (R2) of the surface oxide �lm of the

AMA Fe78.5Ni1.0Mo0.5Si6.0B14.0 contact surface is much
lower than the external one, and the roughness (Rf) is
higher. The oxide layer on such a surface will also be
uneven and its protective properties may be low. As
the temperature increases, the resistance R2 increases
due to the proximity to the beginning of the nucleati-
on of nanocrystallization centers and compaction of the
protective layers under the in�uence of heat treatment.
Similar investigations of cooled (T = 77 K) AMA

based on Fe in an aggressive medium of 0.5 M NaCl
(Table 6) showed that in this solution the most stable is
an alloy doped with Cu and Nb, which, thanks to such
additions, form dense oxide�hydroxide layers and alloy
Fe51.7Ni21.7Cr6.2Mo0.6V1.5Si5.2B13.1, were the addition
of Cr improves the protective properties of surface �lms.

T , K Surface Fe78.5Ni1.0Mo0.5Si6.0B14.0 Fe73.1Cu1.0Nb3.0Si15.5B7.4

−E0, V −Ef , V −E0, V −Ef , V

− c 0.52 0.62 0.43 0.44

e 0.50 0.66 0.33 0.42

373 c 0.46 0.63 0.41 0.48

e 0.52 0.72 0.42 0.48

473 c 0.49 0.68 0.24 0.36

e 0.45 0.73 0.21 0.35

Table 4. Chronopotentiometric investigation of the AMA electrodes oxidation in the 0.5 M NaCl aqueous solution after one
hour heat treatment

Fig. 3. Potentials of the contact (a) and external (b) surfaces of the initial and cooled samples of AMA based on Fe in the
0.5 M NaCl solution
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Fig. 4. Dependence of the impedance modulus on the current frequency (a) and Nyquist curves (b) in 0.5 M aqueous solutions
of NaCl for the contact (1, 3, 5) and external (2, 4, 6) surfaces of the initial AMA Fe78.5Ni1.0Mo0.5Si6.0B14.0 (1, 2) and after

the heat treatment at 373 K (3, 4) and 473 K (5, 6)

T ,K Surface R1, Ω E, V R2, Ω Qdl · 104, F · cm−2 α Rf

293 c 44.47 −0.68 834.1 1.68 0.80 0.84

e 41.08 −0.68 1873 1.32 0.82 0.66

373 c 43.24 −0.68 609.7 6.74 0.64 3.37

e 43.92 −0, 66 439.8 3.83 0.69 1.92

473 c 50.88 −0.66 1767 1.52 0.75 0.76

e 49.66 −0.67 2251 1.24 0.77 0.62

Table 5. EIS parameters in the 0.5 M NaCl aqueous solutions for AMA Fe78.5Ni1.0Mo0.5Si6.0B14.0 after the previous one-hour
heat treatment

Cooling duration Surface R1, Ω R2, Ω Qdl · 104, F · cm−2 α

Fe80Si6B14

� c 11.12 886 1.97 0.85

e 14.57 253 0.93 0.82

3 h c 16.37 650 3.08 0.81

e 12.85 940 1.45 0.80

Fe78.5Ni1.0Mo0.5Si6.0B14.0

� c 13.15 1083 2.27 0.82

e 15.07 378 1.03 0.81

3 h c 13.87 752 3.24 0.82

e 14.79 958 1.45 0.80

Fe73.1Cu1.0Nb3.0Si15.5B7.4

� c 23.90 3432 0.20 0.86

e 23.74 4893 0.14 0.87

3 h c 21.61 2395 0.26 0.86

e 24.65 6634 0.78 0.88

Fe51.7Ni21.7Cr6.2Mo0.6V1.5Si5.2B13.1

� c 13.67 38515 0.19 0.88

e 13.90 250830 0.08 0.90

3 h c 12.91 129110 0.12 0.90

e 14.62 308000 0.12 0.91

Table 6. Parameters of electrochemical impedance spectroscopy in the 0.5 M NaCl aqueous solution of the initial and cooled
at T = 77 K amorphous alloys
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IV. CONCLUSIONS

After the low-temperature treatment of AMA samples
system Fe�Si�B�(Me), there were no signi�cant changes
in the structure, which indicates the durability of such
materials to withstand heat treatment at 77 K. In the
temperature range of (293 ÷ 473) K, the formation of
a microhomogeneous structure, whose the elements are
nanoclusters based on α-Fe and (Fe3B)T was recorded
for Fe-based amorphous alloys.
Fluctuations in the hardening coe�cients of the

investigated amorphous alloys in the vicinity of the unit

demonstrated the high mechanical stability of the AMA's
surface at 77 K.

As the temperature increases, the resistance in the
0.5 M NaCl solution of Fe-based alloys increases due
to the proximity to the beginning of the nucleation
of nanocrystallization centers and compaction of the
protective layers under the in�uence of heat treatment.
Similar investigations of cooled AMA based on Fe
in the aggressive medium of 0.5 M NaCl showed
that in this solution the most stable is the alloy
Fe73.1Cu1.0Nb3.0Si15.5B7.4.
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THE EFFECT OF TEMPERATURE MODIFICATION ON THE PROPERTIES OF Fe-BASED AMORPHOUS ALLOYS

Ïiñëÿ òåìïåðàòóðíî¨ îáðîáêè àìîðôíèõ ñïëàâiâ áóëè çàôiêñîâàíi íåçíà÷íi çìiíè â ñòðóêòóði, åëå-
ìåíòíîìó ñêëàäi ïîâåðõíi é ìiêðîòâåðäîñòi äîñëiäæóâàíèõ ìàòåðiàëiâ. Åëåêòðîõiìi÷íi õàðàêòåðè-
ñòèêè çðàçêiâ ó 0.5 M âîäíîìó ðîç÷èíi NaCl òàêîæ áóëè îöiíåíi. Íàéíèæ÷ó êîðîçiéíó ñòiéêiñòü ó òà-
êîìó ðîç÷èíi ïðîäåìîíñòðóâàâ ñïëàâ Fe80Si6B14, à íàéâèùó � Fe51.7Ni21.7Cr6.2Mo0.6V1.5Si5.2B13.1.
Ïîâåðõíåâi çàõèñíi øàðè, ùî ôîðìóþòüñÿ íà áàãàòîêîìïîíåíòíîìó ñïëàâi, ìàþòü íàéêðàùi çàõèñíi
âëàñòèâîñòi.

Êëþ÷îâi ñëîâà: àìîðôíi ìåòàëåâi ñïëàâè, òåìïåðàòóðíà ìîäèôiêàöiÿ, ñòðóêòóðíi õàðàêòåðè-
ñòèêè, åëåêòðîõiìi÷íi âëàñòèâîñòi.
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