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Abstract

The aim of our studies was to show the effect ef dlddition of tin to aluminum in a
solution of sodium chloride (NaCl 3%), by weighs, well as the influence of the alloy
immersion time on its corrosion resistance. Tohds, we have used, as electrochemical
techniques, potentiodynamic polarization and ebettemical impedance spectroscopy
and, as metallurgical techniques, hardness paresned@d optical microscopy
performed on the alloys made of pure aluminum @@Pand pure tin (99.99%). The
obtained results show that the addition of tin exea aluminum electrochemical
activation, as well as the spontaneous formatiomrofoxide layer containing 4Ds,
which then protects the metal from further corrasiDuring all that process, the alloy
immersion in 3% NaCl acts by promoting tin’s attacid the alloy’s corrosion.
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Introduction

Aluminum alloys are used in many sectors, suchusnaobile and aerospace
industries and, very recently, in the field of eyestorage batteries, as well as in
various aggressive environments, due to its exteléssistance to corrosion [1].
The polarization of high-purity aluminum, in thetlwadic sense, in neutral
electrolytes, is characterized by the increasehm hydrogen evolution rate
beyond a certain limit of the negative potentialweell as by the increase in the
metal’s dissolution rate. In this case, a numbepl@@nomena could be expected
to appear, including hybride’s training [2-4].

Aluminum alloys’ high corrosion resistance is dodtte capacity of their surface
to become very passive; this is linked to a quicknenum reaction with oxygen,
which allows creating a thin and amorphous oxigeng5-8].

Thanks to this oxide layer formed onto the surféice,aluminum alloys are more
resistant to corrosion. However, in corrosive emwments, aluminum alloys, in
contact with the atmosphere, are subject to pitiogosion, stress corrosion
cracking, corrosion fatigue and general attack aon. Aluminum is very
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resistant to rural atmospheres and marine areas @muveniently, to the
industrial atmosphere, depending on the pollutgmtportions. Aluminum is
protected by zinc and magnesium, but it is corrdoletead and tin. In these last
cases, there must be provision for specific praiastto avoid the phenomenon
of galvanic corrosion. [9-15]

The objective of our work was to develop alloysdzhen aluminum, which can
very well be used as anodes with a better electrodatal activation, for the
cathodic protection of materials, while having #éxehardness and resistance to
mechanical shock.

Experimental procedure

Elaboration of alloys

The alloys were melted at 70 °C in a crucible. Theice of a good melting
crucible is not always simple, given the wide ramjematerials, forms and
capabilities. When it comes to choosing a crucithlat will allow a good
homogeneity of our elements, and that will have c@dgresistance to high
temperatures, it is important to consider how amdhiow long it will be used.
For our study, we have chosen one with 4 cm in ditem After fusion and
cooling until the total solidification was achievatle ensemble (alloy-crucible)
was soaked in water.

We used an electrode made of an Al-Sn alloy, witferéint contents of tin (2%,
4% and 6%), in the form of a disk of 1 &nin order to obtain reliable and
reproducible results, the working electrode undetweefore each test, polishing
with different abrasive papers of 400, 600 and 1@00size. Then, it was rinsed
with distilled water and dried.

The alloys were prepared from metals of 99.5% pufihe contents of Sn and
the melting temperature were chosen in accordaiibetine phase diagram of the
binary Al-Sn system represented in Fig. 1.The birsysstem of Al-Sn presented
an eutectic bearing at 228.3 °C. The compositiorthef eutectic liquid was
approximately 0.5% by weight of tin.
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Figure 1. Phase diagram of the binary Al-Sn system.

Before elaborating the Al-Sn alloys, we have anadlythe chemical composition
31¢
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of pure Al. After the elaboration of the alloys, w&kso have analyzed them, to
know the exact chemical composition of each elemantuding the impurities.
For this, we have used the “The Thermo ScientifitoN XL5”, which is a
spectrometer of X-ray fluorescence. It is the neéveesl faster analyzer in the
market nowadays, and it gives fast and accuratelltsesThe chemical
composition of the prepared alloys is representedable 1. It is a punctual
analysis; therefore, the measurements were mameegtoint of each alloy.

Table 1 Chemical composition of Al and Al-Sn alloys.

Added Sn Al Sn Cr P Ti Si Cu Pb Mn Mg Zn
(%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)

0 99.5(  ----- 0.0 ----- - 0.2¢ 0.0t ----- 0.0: 0.0z 0.07%

2 9797 2.0C 0.001 0.01 ---- 0.07 0.0C -----  =-mm eeeem e

4 959: 401 - @ - 0.0z --—--- - 0.01 ----- 0.0z ----

6 93.8¢ 6.0 0.01¢ 0.0 0.0C 0.0C ---—-- - 0.07 ----- 0.01

Preparation of the NaCl solution

The solutions were prepared by dissolution of NmCdlistilled water. The test
solutions were freshly prepared before each exmaintor each analysis, the
experiment was made thrice to ensure the reprotiticitof the results.

X-ray diffraction

The X-ray spectra of the three samples was obtahedom temperature, using
a D2 PHASER Bragg-Brentano geometry diffractometith Cu Ka = 1.5406 A
(40 kV, 40 mA) type of radiation, and thé &anning range was from 15 to 100
°, with a step of 0.01 @.

Hardness

The hardness tests were carried out by the Vickesthod, using a Testwell
durometer under a load of 2 Kg. Each measuremenésymonds to the average
of a maximum of four imprints located on a planact®n equivalent to a
diameter plan, or perpendicular to the axis ofdyiendrical sample. The sections
were obtained by sawing, mechanical abrasion aed themical polishing.
Recall that the empirical relationship HV= 0.3 RK&) can be used to assess the
maximum load (R) of these alloys.

Optical microscopy

The physical properties of the quenched solid swist of aluminum alloys
evolved at room temperature. The hardening mecimsnis were
continuous/discontinuous transformations. This terajre corresponds to 0.5
TF (melting temperature of the alloy). We know tham 0.4 up to 0.5 TF, the
elements of the alloy can diffuse. In the case wh#re kinetics of the
discontinuous transformation was rapid at room tenajure, we have used the
original technique developed by Hilger [16].

Electrochemical techniques
The electrochemical measurements have been cawuiad a cell of 3 electrodes

consisting of a saturated calomel reference eldefra platinum auxiliary
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electrode and an Al-Sn working electrode. Beforehegst, the alloy was left
under an open current for 5 min to achieve a stsiialiee. For this study, we have
used 2 types of electrochemical techniques: patdytiamic polarization and
electrochemical impedance spectroscopy (EIS). Theterpiodynamic
polarization was made by sweeping the potentiah apeed of 5 mV/s, from
- 1500 to 0 mV. We have obtained different kingtazameters such as corrosion
current density ¢br), corrosion potential (&) and Tafel slopes (anodgz) and
cathodic fc). The corrosion current density has been meadwyesktrapolation
of Tafel straight lines. The measurements of thectebchemical impedance
spectroscopy were performed using a margin of gaqy ranging from 30 MHz
to 50 kHz at the corrosion potential. For the asialywe have used a 10 VoltaLab
model (PGZ100) device connected to a HP computén WoltaMaster 4 and
OriginLab software for the data acquisition.

Results and discussion

X-ray diffraction

The X-ray diffraction shows that precipitates aféAbtype (represented in Fig.
2). Furthermore, Sn element did not participatéhen mechanisms of structural
hardening of Al-Sn alloys. The influence of tin waslected by an increase in
hardness.
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Figure 2. X-ray diffraction spectra of the cast alloys: Al-3¥ Al-4%Sn and Al-6%Shn,
at 20 °C.

Hardness

Fig. 3 shows the hardness evolution in functionimoke. At 20 °C, the Al-2%Sn

oversaturated hardened cast alloy had a hardneks$.D HV, which is almost

the double of that of pure aluminum. This shows ttme alloy was already

partially transformed during cooling. At room temgtere, the maximum

hardness was reached at the end of one day (1Mj5ddd then the hardness
slightly decreased and stabilized, to achieve 1H¥%t the end of 5 days. For
the Al-6%Sn alloy, the figure shows an increasthenhardness as a function of
time, compared to the first sample gross castihgp@m temperature. At room

temperature, the maximum hardness was reachec a&rnith of one day (11.55
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HV); then, it slightly decreased, to achieve 1125 after 5 days. According to

the obtained hardness curves, it was shown thatallogs with the highest

content of Sn (4% and 6%) were harder than withcthr@ent of Al-2%Sn (the

addition of tin actually increases aluminum hardneso, it becomes more
resistant to mechanical shocks). These curves gshaty as tin concentration
increased, the aging process seemed to be morgedelalso, the highest tin

content (6%) resulted in a slight increase in thedhess, which was probably
due to the solid solution of Al-Sn.
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Figure 3. Hardness evolution as a function of time, at rdemperature, of Al-Sn cast
alloys immersed in water.

Figure 4. Discontinuous precipitation Al-2%911), Al-4%Sn (2) and Al-6%Sn(3) at
20 °C, after 20 days of aging.

Optical microscopy
Fig. 4 shows the visualization by optical microsgopthe precipitates aligned in
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the discontinuous precipitation characterizing oaging. The analysis carried
out in the regions affected by over aging shows tha precipitates are fully

trained of Sn. However, the analyses of the inteeltar areas are much depleted
of tin, and its concentration remains the sameuiginout the matrix.

Electrochemical techniques

Electrochemical impedance spectroscopy

The Nyquist plots shown in Fig. 5 are in the forimaosingle half-circle; this
indicates that the charge transfer was the prihcigaction mechanism at the
interface of Al-Sn alloys.
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Figure 5. Nyquist plots of Al-Sn alloys with different cosatrations of tin in 3% NacCl.

Table 2 Dielectric parameters characterizing the impedasiagrams of the effect of
Sn addition on the corrosion of Al in 3% NaCl, &tZ.

Rt Cal
Alloy (ohm.cn?) (LF/cm?)
Pure A 35.52 19.7¢
Al-2%Sr 32.2¢ 24.6¢
Al-4%Sn 28.81 63.11
Al-6%Sr 11.4¢ 104.9:

The parameters represented in Table 2 show thabh¢hease in Sn content led to
a decrease in Rt (32.24 ohm&for Al-2%Sn to 11.45 ohm.chfor Al-6%Sn)
and an increase in4C(24.68 uF/crh for Al-2%Sn to 104.93 pF/ctrfor Al-
6%Sn). This means that the resistance of the taggrcovers aluminum is higher
than in the case of pure aluminum, which is moagife, and the capacity of the
double layer of the metal increases with the ineeaa Sn content.

It can be easily noted that, with the increasdnetin content, the diameter of the
half-circles decreased, meaning that the additidn Sa led to the Al
electrochemical activation. This indicates that #igDs oxide layer, which was
spontaneously formed onto the aluminum surfaceomtact with air, degraded
after Sn addition. Tin infiltrates into the laydrAl Oz and modifies itrystalline
structure, leading to its degradation and to alumminmeactivation, which makes
Al electro-chemically active and able to be usedaasanode for cathodic
protection systems.
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Figure 6. Polarization curves of immersion time effect ameAl (a), Al-2%Sn(b), Al-
4%Sn(c) and Al-6%Sn(d), in 3% NaCl.

Table 3.Polarization I-E curves parameters of pure Al ahdle2%Sn, Al-4%Sn and

Al-6%Sn alloys in 3% NacCl.

Immersion

ECOIT

I corr

Rp

Alloy time  (MV/ECS) (uAlcm?) (uAlem?) b B
1h 701 061 7810 -109 94

2h 728 080 5410 -115 78

Pure Al 4h 758 104 3210 -102 55
6h 768 145 2910 -104 32

24h 812 170 2110 -107 99

1h 710 187 5210 120 41

oh 723 203 6010 -103 39

Al-2%Sn 4h 793 279 4710 -110 52
6h 801 351 3110 -98 48

24h 854 853 2510 102 60

1h 711 211 5410 -135 33

oh 770 308 8310 -108 40

Al-4%Sn 4h 877 312 4510 -101 49
6h 875 755 2110 -9 66

24h 901 902 1210 -108 76

1h 1225 1308 7.2610 -160 70

oh 1280 2267 53310 -120 35

Al-6%Sn 4h 1272 4544 42210 -132 40
6h 1272 9812 31210 -117 44

24h 1310 12720 11610 -122 88
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Potentiodynamic polarization

Influence of immersion time

The anodic and cathodic polarization diagrams efAkRSn alloys (with different
contents of Sn) in 3% NacCl are represented in&ig.

The intersection point of the Tafel lines gives toerosion current densitycgh).
The obtained polarization parametersr(l Ecor, fa and pc) are represented in
Table 3.

After analyzing the polarization curves represented-ig. 6, as well as the
polarization parameters in Table 3, we can cleaelg that the immersion time
acts in a similar way for all the alloys; the mahe electrode is immersed in 3%
NaCl, the more the corrosion potentiak4F is shifted to the anodic potentials
(from -701 mV/ECS to -812 mV/ECS, for Al-2%Sn, asample) and the more
the corrosion current densitydl) increases (up to 127.20 pA/tfor Al-6%Sn),
meaning that the immersion time acts on the allyyscreasing their corrosion.
Also, the addition of tin moves the corrosion paiEn towards more
electronegative potentials (from -701 mV/ECS forepAl up to -1225 mV/ECS
for Al-6%Sn). Aditionally, it increases the corrosicurrent density (from 0.61
HA/cn? for pure Al up to 13.08 pA/ctfor Al-6%Sn), indicating that the
addition of tin leads to electrochemically actidaminum. These results are in
very good agreement with those of the electrochainmepedance spectroscopy.

Conclusions

In this work we have tested different alloys basadaluminum (Al-2%Sn, Al-
4%Sn and Al-6%Sn) in a solution of 3% NaCl, so ttety could be used as
anodes for cathodic protection. The confrontatibrexperimental results was
obtained with the used electrochemical methods, ehgnpotentiodynamic
polarization and electrochemical impedance spextmms which have allowed us
to identify the main phenomena governing the reactmechanism at the
electrode/electrolyte interface.

The studies made on the Al-Sn alloys show thatattdition of Sn to aluminum
has led to more active alloys. This activity isicaded by a shift of the corrosion
potential towards more negative values, and als@ teeduced passivity of
aluminum.

The immersion time of the alloys and the additidntino favors the reaction
between Al and NaCl, and increases, therefore,lroeteosion.

The addition of tin to aluminum has given, not omlypositive effect on the
activation of the aluminum, but also on its crystalicture which has become
much more hard and resistant to mechanical shocks.
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