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Abstract

Copper-containing aluminum alloys have low corrosion resistance due to the presence of
copper-rich intermetallic phases in the alloy composition. In the case of atmospheric corrosion,
increased humidity and the presence of chlorides can significantly accelerate the corrosion
processes for these alloys. In this work, V95T3 and 1105 copper-containing aluminum alloys
and IFKhANAL-3 chromate-free inhibited conversion coatings (CC) for their protection were
studied for 2 years in tropical climate. Full-scale corrosion tests were carried out at the corrosion
test station of the Joint Russian—Vietnamese Tropical Research and Technology Center in the
suburbs of Hanoi, Hoa Lac station, Vietnam. It was shown that in these climatic conditions,
IFKhANAL-3 chromate-free CC can protect 1105 alloy for 12 months, and V95T3 alloy for
24 months. To increase protective properties of the alloys, additional treatment of these coatings
was carried out with acrylate varnish and a layer of low molecular polytetrafluoroethylene
(PTFE). This makes it possible to completely protect the 1105 and V95T3 aluminum alloys for
2 years in tropical climates.
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Introduction

Aluminum alloys are widely used in various industries due to their low density and high
specific strength. At the same time, some copper-containing aluminum alloys are not inferior
to steels in terms of strength properties. However, they are characterized by reduced
corrosion resistance due to the presence of copper-rich intermetallic phases in the alloys
composition [1, 2]. In the case of atmospheric corrosion of aluminum alloys, the key factors
are high humidity and the presence of chlorides in the atmosphere [3, 4]. For example, full-
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scale tests of high-strength aluminum alloys in Beijing, China, where the rate of chloride
deposition was 4.9 mg/(m?-day) and the average annual relative humidity was 57%, showed
that the corrosion rate of alloys with 4% copper in the alloy composition was 2 times higher
than for alloys with 2% mass of copper in the alloy composition during 2 years of testing
[5]. Studies of aluminum corrosion at 10 corrosion stations in India have confirmed a direct
relationship between the amount of chloride in the atmosphere and the rate of aluminum
corrosion. Thus, at a corrosion station in Mumbai, with a chloride deposition rate of
30 mg/(m?-day) and an average maximum humidity of 94%, the aluminum corrosion rate
was 2.6 pm/year, and in Mangalore, with a chloride deposition rate of 69 mg/(m?-day) and
an average maximum humidity of 90%, the aluminum corrosion rate was 5.3 um/year [6].
One of the simple and economically advantageous ways to protect aluminum alloys is
conversion coatings (CC) obtained by chemical oxidation. In the present days, research in
this area is aimed at replacing toxic Cr(V1) [7], converting compounds based on which have
been used for a long time. The most studied alternative to chromates are Ce-based
compounds. However, the processes for obtaining CC in these compounds are often complex
and are also not free from the use of toxic compounds. In [8, 9] it is noted that in the case of
copper-containing aluminum alloys, alkaline etching of samples before applying Ce-based
coatings is not enough, and for better deposition of Ce oxides it is necessary to use acid-base
etching, including using concentrated sulfuric or hydrofluoric acids. In [10, 11] it is said that
Ce-based coatings are very often heterogeneous, because Ce is deposited predominantly on
intermetallic phases, and most of the coating does not contain Ce compounds. In this case,
the use of more effective Ce(NO3); instead of CeCl; may require a long oxidation time and
even the use of boiling oxidation solutions. There are also virtually no studies in which
conversion coatings demonstrate their anti-corrosion properties under fields test. In this
regard, it is of interest to evaluate the protective properties of the IFKhANAL-3 chromate-
free composition for the chemical oxidation of aluminum alloys [12, 13, 14], which is based
on non-toxic organic corrosion inhibitors [15, 16], in the humid tropical climate of Vietnam.

Experimental

CC were obtained on flat samples (5050 mm) on 1105 and V95T3 aluminum alloys
(Table 1). Samples prepared in the standard manner were oxidized in the IFKhANAL-3
conversion composition (borate based) according to the methodology described in [12]. The
thickness of the obtained coatings on the samples was 3—4 um. After process of oxidation,
the coatings were filled by immersing the samples for 1 h in hot distilled water (98—100°C)
in the presence of the IFKhAN-25 corrosion inhibitor (carboxylates based). Some of the
coated samples were treated with “AC-16" (TU-6-10-814-80) acrylate varnish, and some
were coated with a layer by applying a solution of low-molecular-weight PTFE. The
thickness of these layers did not exceed 10 um.
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Table 1. Aluminum alloys composition (GOST 4784-97).

Component, wt.%

Alloy

Al Mg Cu Zn Si Mn Fe
1105 base 0.4-2 2-5 <1 <3 0.3-1 <15
V95 base 1.8-2.8 1.4-2 5-6.5 <0.2 0.2-0.6 0.05-0.25

Field tests of the effectiveness of the CC for protecting aluminum alloys were carried
out for 24 months, from November 2021 to November 2023, at the corrosion test station
(CTS) of the Joint Russian—Vietnamese Tropical Research and Technology Center, Hoa Lak
station, Socialist Republic of Vietnam. As shown in [17], its atmosphere can be classified as
humid tropical in accordance with GOST 9.03-749. The average climatic characteristics of
the test site for the field test period correspond to the data in Table 2.

Table 2. Climate characteristics at corrosion test station of Tropical Center in Hanoi, Hoa Lak station,
November 2021 — November 2023.

Climate characteristics 2021 2022 2023

Air temperature, °C

Average 20 25 25

Average maximum 25 29 30
Average minimum 17 21 23
Average maximum absolute 29 34 35
Average minimum absolute 13 18 18

Relative humidity, %

Average 86 89 87

Average maximum 98 99 98

Average maximum 66 70 71
Average maximum absolute 100 100 100

Average minimum absolute 40 46 49
Rainfall, mm 21 3263 1024

Before testing, experimental and control samples had no corrosion damage. To conduct
field tests in a tropical atmosphere, the experimental samples were placed in an open area at
an angle of 45° to the horizon in the north-south direction. The samples did not come into
contact with material that could have affected the course of their degradation. Control
samples were stored in a laboratory cabinet with a relative humidity of 40% without light.
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During the tests, first once a month and then once every three months, control
examinations of the samples were carried out. In this case, changes in the state of the coating
(in comparison with the control ones) and degree of corrosion damage to the samples were
monitored. The protective and decorative properties of the coating were assessed by visual
determination of the type of corrosion damage to the samples, followed by measurement of
the area occupied by corrosion according to GOST 9.311-87.

The anode polarization curves on the coated electrodes (working surface 0.5 cm?) were
removed in a borate buffer solution (pH 7.36) containing 0.01 M NaCl at t=20+2°C.
Electrode polarization (1 mV/s) began with the potential for free corrosion (Ec) after
10-20 min of their exposure in the test solution.

Compositions of the conversion coatings on the alloy surfaces were studied with the
use of X-Ray spectral microanalysis (CAMEBAX) at an electron beam power of 15 kV, a
size of the analyzed surface spot of 50x50 um?, and a depth of analysis of 1 pm.

Results and Discussion

CC on 1105 and V95T3 aluminum alloys are complex heterogeneous oxide films consisting
of Al, Mg, Cu, Si, Zn and Mn oxides (Table 3). This leads to low protective properties of
CC, according to polarization studies (Figure 1). For CC on the V95T3 alloy, the value of
local anodic activation (E,) shifts in the positive direction relative to the uncoated sample
only by 140 mV, and for coatings on the 1105 alloy — by 100 mV. In this regard, filling CC
in a solution of corrosion inhibitors plays a decisive role in ensuring the anti-corrosion
properties of coatings. Filling results in a large percentage of carbon appearing in the coating
composition (Table 3). Inhibition of coatings results in shifts E, by 2 V in the positive
direction relative to the uncoated sample for inhibited CC on VV95T3 alloy, and by 1.5 V for
inhibited CC on 1105 alloy. It is the inhibited coatings that were studied for 2 years in a
tropical climate in Hanoi, Vietnam, including additional treatment of conversion coatings
with acrylate varnish and PTFE.

Table 3. Elemental composition of the IFKhANAL-3 CC.

Contents of elements in CC, wt.%

Alloy
Al Mg Cu Si Zn Mn C
1105 316 1.9 5.2 4.1 0.7 1.6
B95T3 22.6 7.9 4.0 2.9 14.0 —
After filling in the corrosion inhibitor solution
1105 21.8 1.5 4.2 3.1 0.7 0.9 315
B95T3 15.0 6.1 4.5 2.2 6.9 - 32.6

Note: the rest is oxygen.
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Figure 1. Anodic polarization curves recorded in 0.01 M NaCl borate buffer solution (pH 7.4)
on 1105 (a) and V95T3 (b) aluminum alloys without coating (1), with IFKhANAL-3 CC (2)
and with inhibited IFKhANAL-3 CC (2).

Samples of 1105 aluminum alloy without coatings are subject to active corrosion in
humid tropical climates. The pits appeared on the samples already during the first month of
testing. The average number of pits was 10—-15 per square centimeter of surface. During
further testing, the pits began to merge together to bigger pits. This happened in the third
month of testing. By the end of the first year of testing, corrosion damage occupied about
10% of the surface of samples, by the end of the second year — from 20 to 35% for different
samples. However, it should be noted that these data refer to the front surface of the samples.
On the reverse side, corrosion damage spreads to a lesser extent. Here, predominantly
individual small pits are formed, rather than big areas of corrosion damage, and the total area
of corrosion damage by the end of the second year of testing was 8 to 15% of the surface
(Table 4).

Table 4. Appearances of 1105 alloy samples without CC during field tests.

Test time, months

1 12 24
Front side Front side Front side Reverse side
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IFKhANAL-3 inhibited CC protects 1105 alloy for 9 months in humid tropical
climates. During 9 months testing, only lightening of the front side of the coated samples
due to exposure to ultraviolet radiation was noted, and pits wasn’t detected on the coating.
Only after 12 months of testing, corrosion pits on the CC were observed. They are
concentrated on the edges of the samples, while no pits were observed in the center of the
samples. During the second year of testing, the front side of the coated samples was gradually
covered with corrosion products, which eventually occupied 50—-60% of the surface of the
samples. However, only isolated pits were observed on the reverse side, the number of which
did not exceed 1-2 pits per square centimeter of surface. On samples coated with acrylate
varnish and PTFE, for 18 months of testing the corrosion damage, as well as peeling, were
not found. Only after 21 months of testing on individual samples did peeling of the varnish
and PTFE along the edges and minor under-film corrosion begin (Table 5).

Table 5. Appearances of 1105 alloy samples with IFKhANAL-3 CC during field tests.

Test time, months

IFKhANAL-3 CC
12 24

Front side Front side Reverse side

IFKhANAL-3 CC + acrylate IFKhANAL-3 CC + PTFE
24 24
Front side Front side

Samples of V95T3 aluminum alloy without coating resist corrosion better than samples
of 1105 alloy because they contain less copper in the alloy composition. This is confirmed
in the total number of pits after the 24 months of testing and in the fact that the pits do not
form big corrosion damage. However, the first corrosion pits on the samples were also
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observed during the first month of testing. During further tests, the number of pits gradually
increased, both on the front and reverse sides of the samples, and their number at the
24th month of testing was 1-2 pits per square centimeter of surface (Table 6).

Table 6. Appearances of V95T3 alloy samples (front side) without CC during field tests.

Test time, months

1 12

IFKhANAL-3 inhibited CC effectively protects V95T3 aluminum alloy for 24 months.
Only after 2 years of testing did several pits appear on the coating, mainly along the edges
of the samples. The number of pits was no more than 3—6 pits over the entire area of the
sample. However, it should be noted that the coating itself is subject to general corrosion
during the second year of testing. The appearance of dark and greenish spots of varying sizes
on the surface of the samples was observed. Additional treatment of conversion coatings
with acrylate varnish or PTFE makes it possible to completely protect V95T3 samples from
corrosion during 2 years of testing. At the 24th month of testing, no corrosion damage was
detected on the samples, with the exception of slight peeling of the varnish on the corners of
two samples (Table 7).

Table 7. Appearances of V95T3 alloy samples (front side) with IFKhANAL-3 CC during field tests.

Test time, months

IFKhANAL-3 CC
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IFKhANAL-3 CC + acrylate IFKhANAL-3 CC + PTFE

24

Conclusions

1.

3.

The studied 1105 and V95T3 copper-containing aluminum alloys have low corrosion
resistance in tropical climates. The first corrosion lesions appear on samples during the
first month of testing. However, it should be noted that 1105 alloy, which contains more
copper in its alloy composition, have more corrosion damage than V95T3 alloy.

.In tropical climate, the IFKhANAL-3 chromate-free inhibited CC is capable of
maintaining the passive state of alloys for 12 months for 1105 alloy and for 24 months for
V95T3 alloy. In this case, corrosion occurs more actively on the front side of the samples
than on the back side.

Additional treatment of the IFKhANAL-3 CC with acrylate varnish and PTFE helps
prevent the appearance of corrosion damage on the conversion coating for 24 months.
Active peeling of varnish and PTFE is not observed during this time, which indicates the
high adhesive properties of the IFKhANAL-3 CC.
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