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Abstract

The present paper is devoted to the study of corrosion behavior of AlsSiFe intermetallic phase that frequently present
in secondary aluminium alloys. It has been shown that in acidic chloride-containing solutions with pH 0.5-1.5 and
1.5-2.5, the mean weight losses, average corrosion rate, and corrosion depth index were at their maximum and
temperature of the corrosive medium has a negligible effect on the corrosion rate. Increasing of corrosion medium's
pH up to neutral values resulted the decreasing of corrosion indicators. The lowest corrosion losses were detected in
neutral sodium chloride solutions due to oxygen depolarization in cathodic processes and the presence of a
protective film formed by corrosion products. This was confirmed by the presence of a passive region on the anodic
potentiodynamic curve obtained as a result of the electrochemical study of the AlsSiFe intermetallic phase in a 3 %
sodium chloride solution. Further increasing of the pH of solutions significantly accelerated the corrosion rate. This
acceleration is apparently associated with the local destruction of the protective film by hydroxyl anions.
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KOPO3IMHA IOBEJAIHKA IHTEPMETAJIIYHOI ®A3U AlsSiFe
Onekcangp A. MitseB, Onekciii H). Bocko6oiiHik, BanenTruHa M. [loBsiio, Bipa O. CaBueHko,

Ouekciit €. KanycTsaH
HayionaavHuli yHisepcumem «3anopizbka nosimexHika», 8ya. Yuisecumemcwoka, 64, M. 3anopidxcacsi, 69011, Ykpaina

AHoTalif

IIpeacraByieHa po60Ta NpUcBsYeHa AOC/Ti)KeHHI0 KOpo3iiiHoi noBeAiHku iHTepMeTaaiuHoi ¢pa3u AlsSiFe, aka yacro
€ KOMIIOHEHTOM BTOPMHHUX a/JII0MiHi€BUX ciyIaBiB. [loka3aHo, 0 B KUC/IUX XJIOPHJ-BMiCHUX cepegoBumax 3 pH 0.5-
1.5 Ta 1.5-2.5 cepegHi BrpaTu MacH, cepeAHs WBH/KICTh KOpO3ii Ta iHAeKC I/IMGUHU KOPo3ii MaloTh MaKCcMMaJIbHi
3Ha4yeHHs, a TeMIepaTypa KOpo3iiHOro cepejoBUIla MAa€ HE3HAYHUI BIUIMB HAa IIBUAKICTh KOpo3ii. 36iibmenHs pH
KOPpO3iiHOro cepe0BUILA A0 HelTpaJIbHUX 3HaYeHb MPU3BOANJIO A0 3HKeHHA KOPO3iHHUX NOKa3HMKIB. HaliMeHmi
KOpO3iliHi BTpaTu cnocTtepirajyuca B HeHTpaJIbHUX PO3YUHAX XJIOPHY HATPil0, 10 MOSICHIOEThCS AeNoIApU3aLni€co
KHCHEM y KaTOAHMX Ipolecax i HaABHICTIO 3aXMCHOI IUIiBKY, yTBOPEHOI NPOAYKTaMM Kopo3sii. Ile miaTBepAKyeThCA
HasIBHiCTIO IACUBHOI 06/1acTi Ha aHOAHIN NOTeHIioAMHAMIYHI KPUBili, OTPUMaHii B pe3y/IbTaTi eJ1eKTPOXiMiYHOTO
AocaifkeHHs iHTepMeTaniyHoi ¢pasu AlsSiFe y 3 % po34uHi x10puay HaTpilo. [loaansme nigBueHHa pH po3unHiB
3Ha4YHO NPHCKOPIOBaJI0 KOPO3ilo, 110, NMOBipHO, OB A3aHO 3 JIOKAJIbHUM PYIHYBaHHAM 3aXHUCHOI IUTiBKH TiPOKCUJ-
aHioHaMH.

Knarouosi cnosa: kopo3is; iHTepMeTasnifHa ¢asa; aJoMiHil; eekTpoxiMiuHi JocaigKeHHs.
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Introduction

Currently, the production of aluminium is
focused on the recycling of secondary raw
materials due to its economic and ecological
feasibility. According to published forecasts, the
implementation of an effective aluminium
recycling strategy will generate 6 billion euros per
year for the European economy [1]. Additionally,
the recycling of post-consumer aluminium
significantly impacts the ecology of countries that
produce aluminium alloys by reducing harmful
waste emissions [2]. Many countries, including
Ukraine, do not have facilities for the production
of primary aluminium alloys, therefore, their
needs can be met through the development and
implementation of recycling technologies.

It should be noted that the low quality of
secondary aluminium alloys substantially limits
their application, particularly in the production of
special-purpose items. The structures of
secondary  aluminium alloys are often
characterized by significant heterogeneity caused
by the formation of secondary phases in solid
solutions, including intermetallic compounds,
oxides, sulfides, etc. [3]. These inclusions, by
analogy with corrosion-resistant steels [4; 5],
could serve as cores for the initiation and
development of pitting and crevice corrosion in
equipment and components made of aluminium
alloys under operating conditions [6; 7].

Secondary aluminium alloys often contain iron,
which forms complex intermetallic phases such as
B AlsSiFe, Al;CuzFe, and m-AlgSisMgsFe, among
others [8]. In particular, secondary silumins
contain the § AlsSiFe intermetallic phase, which is
the core of corrosion processes in corrosive
environments of varying activity [9]. Despite the
critical role of AlsSiFe in the corrosion
development of secondary silumins, its own
corrosive properties have not been studied.
Therefore, the present manuscript is devoted to
studying the corrosion behavior of the AlsSiFe
intermetallic phase in solutions with a wide range
of pH values that serve as models of working
environments.

Experimental part

The synthetic intermetallic phase AlsSiFe was
obtained via a metallurgical method in a vacuum
induction furnace (OKB - 862) [10; 11]. The initial
simple substances were fused at 800 °C for 1 hour
under a vacuum of 7x10™* Pa to prevent the
formation of oxidation products. Intensive stirring
of the reaction mixture was required to obtain a

homogeneous phase and to avoid liquation. The
intermetallic phase was cast into samples at a
temperature of 720°C. An automatic control
system ensured the stability of the set
temperature (+5°C) throughout the melting,
holding, and casting stages. The composition of the
intermetallic phase was evaluated using a REM-
1061 electron microscope equipped with an
energy-dispersive X-ray spectroscopy (EDS)
system. The relative error of the measurement
was 0.1 wt%. The analysis was performed at six
points in different areas of the sample. The
obtained data confirmed both the proposed
composition and the homogeneity of the studied
sample. The samples used for the study had a
cylindrical form, with a length of 25 mm and a
diameter of 5 mm. The shape of the samples was
chosen due to the features of technological
processing and the convenience of contact surface
calculation.

The corrosion behavior of the AlsSiFe
intermetallic phase was studied across a pH range
from 0.5 to 13.5. The corresponding solutions
were prepared to imitate three types of corrosive
media. Aqueous solutions of hydrochloric acid
were used as an acidic corrosive medium (pH 0.5-
5), aqueous solutions of sodium chloride were
used as a neutral medium (pH 6-8), and solutions
of sodium chloride and sodium hydroxide were
used as an alkaline medium (pH 8-13). The pH
values of the solutions were measured at +20+1 °C
using a pH-meter-millivoltmeter pH-301. Three
measurements were conducted for each pH value.
The explosure time was 0.1667 h. Sample weights
were measured using laboratory scales PS510.R2,
which meet the requirements of DSTU EN
45501:2017. The measurement accuracy was
+ 0.0001 g. The explosure of studied samples to a
corrosive medium was conducted in jacketed
vessel jointed with thermostatic water bath. The
temperature of corrosive medium was
additionally controlled with mercury
thermometer. Corrosion weightlosses (Am), mean
corrosion rate (CR), and corrosion depth index
(CDI) were evaluated according to DSTU 9.912-89.

Corrosion indicators for the AlsSiFe
intermetallic phase were estimated based on the
samples' weight loss, following DSTU 3830-98. In
particular, the mean corrosion rate (CR) was
calculated using the following formula:

SR = (Am/(S-t))-10-4,
where in: Am - total corrosion weigh loss, g.; S -
total area of parallel samples'surface, cm?; t -
duration of the study, hours
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Table 1
The study results of the corrosion resistance of the AlsSiFe intermetallic phase
Marking of Mean loss pH and temperature of Mean Corrosion  Group of Points  Characteristic
samples, Ne of the mass, solution corrosion depth resistance areas
(Am), g/m? rate, (Am),  index
g/(m?*h)  (CD),
mm/year
(DSTU 13819-68)
1,23 0.3520 0.5-1.5, 20°C 2.0708 5.26 not resistive 9 [ - area of
25, 26, 27 0.3672 0.5-1.5, 40°C 2.1601 5.49 not resistive 9 active
4,5,6 0.3246 1.5-2.5, 20°C 1.9094 4.85 not resistive 9 dissolution in
28,29,30 0.3452 1.5-2.5, 40°C 2.0305 5.16 not resistive 9 acidic medium
7,8,9 0.0528 3.5-4.5,20°C 0.3110 0.79 low resistive 7 I - area of
31,32,33 0.1692 3.5-4.5, 40°C 0.9953 2.53 not resistive 8 passive state
10,11,12 0.0055 5.5-6.5, 20°C 0.0322 0.08 low resistive 6
34, 35,36 0.0202 5.5-6.5, 40°C 0.1189 0.30 low resistive 6
13,14,15 0.0016 6.5-7.5, 20°C 0.0094 0.02 resistive 4
37,38,39 0.0067 6.5-7.5, 40°C 0.0392 0.10 resistive 5
16,17,18 0.0043 8.5-9.5, 20°C 0.0252 0.06 resistive 5 III - area of
40,41, 42 0.0119 8.5-9.5, 40°C 0.0701 0.17 low resistive 6 dissolution in
19, 20, 21 0.0281 10.5-11.5, 20°C 0.1657 0.42 low resistive 6 basic medium
43,44, 45 0.0538 10.5-11.5, 40°C 0.3165 0.80 low resistive 7
22,23,24 0.1593 12.5-13.5, 20°C 0.9370 2.38 not resistive 8
46,47,48 0.3166 12.5-13.5, 40°C 1.8622 4.73 not resistive 9
Electrochemical studies (potentiodynamic established that in the same solution, but at a
polarization test). temperature of +40 °C, the corrosion indexes (Am,
Disk-shaped samples of AlsSiFe were CR, and CDI) increased by 1.04 times, which is

connected to a copper, silicone-coated wire,
placed into a silicone mold, and then the molds
were filled with epoxy resin. After solidification,
one side of the sample was polished to obtain the
working surface of the intermetallic phase. After
polishing, the samples were immediately studied
using electrochemical methods. The test was
carried out using an MTech COR-500 potentiostat.
The study was conducted in a 3 % aqueous
solution of sodium chloride (pH=7), 3 % aqueous
solution of sodium chloride that was acidified by
hydrochloric acid to pHx1 and 3 % aqueous
solution of sodium chloride that was alkalinized
by sodium hydroxide to pHx13. The AlsSiFe
sample was used as the working electrode, a silver
chloride electrode (SCE) served as the reference
electrode, and a platinum grid electrode was used
as the counter electrode. A potential change rate
of 10 mV/s was applied. Obtained data were
processed using BioLogic EC-Lab V11.50 software.

Results and disscussion

According to the results of the corrosion study
of samples Ne1-3 of the intermetallic phase
AlsSiFe in acidic chloride-containing solutions
with pH 0.5-1.5 at a temperature of +20 °C, it was
shown that the mean loss of their mass (Am),
mean corrosion rate (CR), and corrosion depth
index (CDI) were 0.352 g, 2.071 g/m?*h, and
5.26 mm/year, respectively. According to DSTU
13819-68, the corrosion indexes of these samples
can be assessed as 9 points (Table 1). It was

consistent with previously published materials
[12, 13] for corrosion-resistant steels and alloys.
An increase in the pH of the medium up to 1.5-
2.5 at +20 °C promotes a decrease in the corrosion
losses of samples Ne4-5 to 0.325g, the mean
corrosion rate to 1.909 g/m?h, and corrosion
depth index to 4.85 mm/year. At pH 1.5-2.5 and
+40°C, the indexes decreased by 8.4 % and 6.4 %
(samples N228-30) in comparison with pH = 0.5-
1.5 and +40 °C. It should be mentioned that in such
pH intervals, the studied samples underwent
active corrosion dissolution with the maximum
degree on the 9-point scale; hence, the
intermetallic phase AlsSiFe is considered to be
low-resistive under these conditions (Table 1). It
was estimated that mean weight loss, mean
corrosion rate, and corrosion depth index of
samples  N27-9  decreased to 0.053g,
0.311 g/m?h, and 0.75 mm/year, respectively,
with an increase in pH of the solutions up to 3.5-
4.5 at +20 °C in comparison with pH = 1.5-2.5 and
+20 °C (Table 1).

At the same time, at +40 °C, the indicators Am,
CR, and CDI of samples N231-33 also decreased to
0.169 g 0.1 g/m*h, and 2.5 mm/year,
respectively, with an increase in the pH of
chloride-containing media to 3.5-4.5 in
comparison with pH = 1.5-2.5 and +40°C. It
should be noted that at +20°C, the
aforementioned indicators for the studied
samples N27-9 decreased by 6.1 times with an
increase in the medium's pH from 1.5-2.5 to 3.5-
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4.5. These samples were classified as low-
resistant according to DSTU 13819-68.
Nevertheless, at +40 °C, the corrosion indicators
(Am, CR, and CDI) of samples N231-33 decreased
only by 2 times with the same increase in the
medium's pH. Under these conditions, the AlsFeSi
intermetallic phase is considered as low-resistant
to corrosion processes. The analysis of the
corrosion behavior of samples N24-6, Ne7-9, and
Ne28-30, N231-33 revealed that the effect of the
temperature of chloride-containing media on their
corrosion losses was slightly higher than the effect
of pH value. It should be noted that these
correlations are typical for the pitting corrosion of
corrosion-resistant steels and alloys [14-16]. It
was estimated that in chloride-containing
solutions with pH 5.5-6.5, at temperatures of
+20°C and +40 °C, the corrosion indicators of
samples N210-12 and Ne34-36 were significantly
lower compared to samples N27-9 and N231-33 in
solutions with pH 3.5-4.5 (Table 1). In particular,
the aforementioned indicators decreased by
9.6 times at +20 °C and 8.4 times at +40 °C, which
was caused by the formation of a protective film of
corrosion products on the surface of the sample.
However, under the abovementioned
conditions, samples may be exposed to local
corrosion, which is controlled by oxygen
depolarization on cathodic areas. The presence of
pores in the protective coating and contact of the
intermetallic phase AlsFeSi with the medium
contributes to the formation of micro-galvanic
pairs, wherein the corrosion products covering
the surface act as the cathode. The electrochemical
characteristics of these micro-galvanic pairs
depend on the pH of the corrosive medium, and
they are likely densest and exhibit the best
protective characteristics in neutral mediums. In
solutions with pH 6.5-7.5, minimal corrosion
indicators (Am, CR, and CDI) were observed,
which were on average 3.4 times lower at +20 °C
and 3.0 times lower at +40°C compared to
solutions with pH 5.5-6.5. At the same time, the
indicators were 2.7 times lower at +20°C and
1.8 times lower at +40 °C compared to solutions
with pH 8.5-9.5 (Table 1). Notably, in chloride-
containing solutions with pH 6.5-7.5, temperature
had the least effect on the corrosion loss indicators
of the studied samples. This observation is likely
associated with the electrochemical
characteristics of the corrosion products and the
density of the protective film they form. Under the
conditions of the study, the film formed by
corrosion products contained the least number of
pores and other microdefects in the coating

responsible for contact between the corrosive
medium and the intermetallic phase AlsSiFe, thus
preventing the anode dissolution of the latter.
Meanwhile, corrosion products accumulated
around the intermetallic phase under the coating.
These products underwent hydrolysis, further
acidifying the medium and, as a result, increasing
local corrosion losses. The obtained data are
consistent with previously published results
[4; 5], which describe the same tendency for
corrosion product acidification due to limited
access of oxygen to the anode area. Under these
conditions, intensive dissolution of the austenite
matrix of corrosion-resistant steels was observed
in acidic chloride-containing media. At the same
time, inclusions of oxides [17], nitrides [18], and
titanium sulfides, around which local corrosion
damages were found in chloride-containing
solutions, did not undergo corrosive destruction.
The higher corrosion resistance of these
inclusions is due to their -electrochemical
properties, specifically the more positive value of
their standard electrode potential compared to
steel in the same environment. These inclusions
played the role of the cathode area, where the
reduction of dissolved oxygen occurred.
According to published results [9], the
intermetallic phase in AK8M3 aluminum alloy also
acted as a cathodic inclusion, initiating local
corrosion processes in its vicinity. This data
suggests that the intermetallic phase in the
studied aluminum alloy also plays the role of a
cathodic inclusion, around which local corrosion
impairments occur. This hypothesis is based on
the much higher corrosion losses of the alloy
compared to the intermetallic phase and the
different mechanisms of their corrosion
disruption.

It has been shown that in aqueous alkaline
solutions of NaOH with pH 10.5-11.5 at +20 °C, the
corrosion indicators (Am, CR, and CDI) for
samples Ne19-21 of the intermetallic phase are
0.0281g, 0.1657 g/m*h, and 0.421 mm/year,
respectively (Table 1). These values are 6.5 times
higher compared to solutions with pH 8.5-9.5 at
+20 °C. However, in the same alkaline solutions at
+40 °C, the corrosion indicators (Am, CR, and CDI)
for samples Ne43-45 are 0.0538 g, 0.3165 g/m?>h,
and 0.804 mm/year, respectively. These
indicators are by 1.9 times higher than at +20 °C
and 10.5-11.5, and by 4.5 times higher than in
solutions with pH 8.5-9.5 at the same
temperature. Therefore, the increase in pH of the
corrosive medium in this range has a more
pronounced effect on the corrosion weight losses
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of AlsSiFe compared to the effect of increasing the
temperature to +40°C. This phenomenon is
associated with differences in the mechanisms of
the above-mentioned factors. In particular, it is
known [14;19-21] that the susceptibility of
corrosion-resistant steels to pitting corrosion
increases with temperature. This can be explained
by an increase in the porosity of passive films and
changes in their chemical composition. In alkaline
medium, oxygen reduction occurs on the sample
surface, further alkalizing the medium and
increasing corrosion losses (Am, CR, and CDI). Itis
evident that increasing the pH of the NaOH
solution from 8.5-9.5 to 10.5-11.5 intensively
alkalizes the medium at the surface of the sample
and consequently increases corrosion losses. This
tendency was observed with further increases in
the pH of the corrosion medium. It was found that
in NaOH solutions with pH 12.5-13.5 and
temperature 20 °C, the mean weight losses of
samples Ne22-24 and their CR and CDI increase to
0.1593g, 0.937 g/m*h, and 2.38 mm/year,
respectively (Table 1). These values are 5.7 times
higher compared to solutions with pH 10.5-11.5
at+20 °C, and 2 times lower compared to the same
medium at +40 °C.

It should be noted that the corrosion indicators
(Am, CR, and CDI) for samples N246-48 in NaOH
solutions with pH 12.5-13.5 at +40 °C are similar
to the indicators for samples Ne28-30 in HCI
solutions with pH 1.5-2.5 at the same
temperature. At the same time, corrosion
indicators for samples Ne4-6 (pH =1.5-2.5, +20 °C)

by two times higher compared to samples Ne22-
24 (pH =12.5-13.5, +20 °C) (Table 1). This can be
explained by the negligible effect of temperature
on the level of corrosion losses of samples N21-3,
25-27, 4-6, and 28-30 in acidic media. Under
these conditions, metal ionization is accompanied
by the cathodic reaction of proton reduction (2H*
+ 2e” = 2Hags). It should also be noted that the
inclusions of the intermetallic phase AlsSiFe in
AK8M3 alloy [9] undergo hydrogen embrittlement
as a result of hydrogen diffusion into the material.
Together with low resistance to additional
embrittlement [10; 11], this can lead to stress
corrosion fracture.

The described effects of corrosion products on
the corrosion behavior of the material in solutions
with different pH are further confirmed by the
results of the electrochemical study of the AlsSiFe
intermetallic phase in a 3 % NaCl solution and are
consistent with previously obtained data [4; 5].

The results of the electrochemical studies
(Figure) revealed that a corrosion potential Ecorr =
-1.247 V was established on the sample after its
immersion into the studied solution. Anodic
polarization of the sample to -1.16 V promotes a
rapid increase in the anodic current, which is
equivalent to its corrosion losses. It was found that
further anodic polarization of the sample up to -
0.649 V does not affect the anodic current of the
sample or its corrosion in the solution. The above-
mentioned corrosion behavior corresponds to the
slowest corrosion of the samples in neutral or
nearly neutral solutions (Table 1).

log (|1mAl)

1
N
|
Ecorr=-1.323V
Ecorr=-1.247V

Ecorr=-0.622 V

pH =1
— pH=7
--- pH=13

Figure. Tafel plots recorded for AlsSiFe intermetallic phase in chloride containing solutions with various pH

Further anodic polarization results in a rapid
increase in the anodic current, caused by the local
breakdown of the porous layer on the surface.
These processes are also characteristic of samples
studied in alkaline medium (Table 1). It should be
noted that the corrosion behavior of the samples
in acidic chloride-containing solutions (Table 1) is

similar to what was observed during polarization
in the range Ecorr = -1.247 V to -1.160 V, with the
most intensive increase in anodic current. The
corrosion potential of the studied inermetallic
phase at pH=1 is -0.622 V. It should be noted that
at pH=1 passivation region has not been observed
what testify the absence of protective film in
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abovementioned conditions. In solution with
pH~13 the passivation region is preserved but
weakly expressed what confirms the lability of
protective film in such medium. The corrosion
potential of the intermetallic phase in alkaline
medium has been insignificantly shifted to
negative values and registered at -1.323 V.
Generally, the obtained results of electrochemical
study are similar to the data obtained for
AlgMgsFeSis intermetallic compound [22].

Hence, in acidic chloride-containing solutions
with pH 0.5-1.5 and 1.5-2.5, the corrosion
indicators (Am, CR, and CDI) of the AlsSiFe
intermetallic phase samples depend only slightly
on the temperature of the corrosive medium. In
weakly acidic solutions with pH 3.5-4.5, the
indicators are 10 times lower at +20 °C, but only 2
times lower at +40°C. In neutral chloride-
containing solutions with pH 5.5-6.5 and 8.5-9.5,
the corrosion indicators of the intermetallic phase
are the lowest and show little dependence on the
temperature of the medium. This fact is associated
with the formation of a protective layer of
corrosion products, which inhibits the active
corrosion of the samples. The increase in the
solution's pH to 10.5-11.5 and 12.5-13.5 raises
both the corrosion indicators of the AlsSiFe
intermetallic phase and the role of the
temperature in the corrosion processes. These
effects are caused by the local destruction of the
protective layer on the surface of the sample
under the aforementioned conditions.
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