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Abstract

Aluminum sacrificial anodes are currently the first choice for cathodic protection in numerous applications. The galvanic
performance of aluminum-based sacrificial anodes is considerably enhanced by addition of certain alloying elements called
activators. Recent researches proved that incorporation of specific metal oxides like MnO,, CeO,, RuO,, and IrO, into the
aluminum matrix could enhance the galvanic efficiency of aluminum anodes; however, the mechanism by which metal oxides
improve galvanic properties of aluminum is still subject to discussion. The present work investigates the effect of incorporat-
ing commercially available low-cost manganese dioxide concentrate into Al-5Zn-0.1Sn sacrificial anodes in different volume
fractions. It also studies the influence of heat treatment on anode’s galvanic performance by performing solution treatment
at 3 different temperatures (250 °C, 400 °C, 550 °C). The electrochemical testing results proved an increase in efficiency
of anodes incorporated with metal oxides and solution treated at 550 °C. The SEM imaging and EDX elemental mapping
declared that the presence of SiO, particles in the anode matrix which might cause effective and uniform corrosion of Al

anodes and decreased non-coulombic losses.
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Introduction

Sacrificial anodes have been widely adopted as a reliable
technique for cathodic protection in the last few decades and
gradually superseded impressed current cathodic protection
in numerous applications. This change in shares can be justi-
fied by several advantages of sacrificial anode systems over
impressed current ones, e.g., there is no need for external
power source which means unnecessity for overhead electri-
cal infrastructure for remote areas, much easier installation,
in addition to the significant advantage of the relatively low
protection voltage and current between anode and surface
to be protected so overprotection is unlikely to occur. Con-
sequently, probability for occurrence of hydrogen embrit-
tlement and coating disponding due to hydrogen evolution
is lower [1, 2].
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Magnesium, zinc, and aluminum alloys are the main cat-
egories of sacrificial anodes used for cathodic protection sys-
tems. While magnesium is specifically used for unique type
of applications, mainly protection of underground metallic
structures like pipelines, aided by its high anodic potential
which can overcome soil resistivity up to 5000 Q cm [3],
Mg sacrificial anodes cannot be used for applications in con-
tact with seawater due to its high reactivity which implies
undesired high self-corrosion rate that dramatically reduces
current efficiency of the anode. On the other hand, zinc and
aluminum are most suitable for marine applications due to
the low resistivity of seawater medium, such as ship hulls,
offshore pipelines, oil and gas production platforms, salt-
water-cooled marine engines, ships’ propellers, and rudders,
and for protection of the internal surface of storage tanks.

Despite the fact that aluminum is superior to zinc in
many advantageous properties, like its higher theoretical
current capacity, 2980 A h/kg compared to 819 A h/kg for
zinc, as well as its much smaller specific weight and lower
cost. Zinc sacrificial anodes have been a more trustworthy
option over aluminum anodes due to formation of passive
oxide layer over aluminum, which acts as a barrier in the
electrochemical interaction between anode and electrolyte
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medium. This oxide layer results into polarization of the
anode reaching operation potential of —0.7 V, which is not
enough for structure protection and gradual stoppage of
current supply from anode to the protected surface.

An extensive research work has been dedicated to
improving the electrochemical performance of aluminum
sacrificial anodes with a main target of preventing the for-
mation of an adherent, continuous, and protective oxide
layer (y-Al,O;3) on the surface of the alloy [4, 5], conse-
quently permitting continuous charge transfer in sustaining
galvanic activity of aluminum.

In 1966, Schrieber and Reding [6] developed a novel
alloy of (Al-Zn-Hg) with mercury as an activator which
gave superior galvanic efficiency of 95%, this alloy has
been commercially available branded as (Galvalum I) [7].

In 2006, Bessone [8] showed that mercury in a con-
centration of less than 0.03% to Al base alloy caused a
drastic breakdown of passive layer and lowered more than
0.3 V in its operational potential in chloride medium. This
effect of Hg in solid solution is related to its role in disrup-
tion and co-dissolution of oxide surface assisting ion and
charge transfer [9-12]. Despite this revolutionary perfor-
mance, major concerns escalated on the effect of Hg on
environment and marine life which inspired the develop-
ment of several alternatives to be used as activators.

A comprehensive investigation made by Reding and
Newpor studied the effect of different alloying elements
on operating potential of Al alloys as sacrificial anodes,
e.g., Zn, Cd, Mg, and Ba were found to slightly decrease
the potential. In, Hg, Sn, and Ga significantly decreased
the potential at very low concentrations, and Mn and Cu
were found to increase potential. However, Pb and Sb had
no effect on potential [13].

Among the abovementioned elements, indium has
been proved to substantially improve the electrochemi-
cal behavior of aluminum anodes which provided more
negative operating potential (— 1.08 V) alongside high cur-
rent capacity (2530 A h kg™!) with efficiency of 85% [14].
This new alloy was proposed to the market with trademark
(Galvalum III) and started to gradually replace (Galvalum
I) due to the environmental concerns on the latter.

Alongside these efforts, a new approach for improve-
ment of galvanic performance of aluminum sacrificial
anodes has been proposed, which showed that the addi-
tion of some metal oxides could relatively improve the
targeted electrochemical properties. Table 1 shows briefly
the major published results for aluminum anodes activa-
tion by metal oxide incorporation.

The present research investigates the effect of incorpo-
ration of low-cost manganese dioxide concentrate, mainly
composed of MnO, and SiO,, on activation of Al-5%
Zn-0.1% Sn and the effect of heat treatment on its galvanic
performance at different concentrations of metal oxides,
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aiming to reach a clear understanding of the mechanism by
which metal oxides enhance anode performance.

Materials and methods
Materials

Base metal for these experiments was commercial pure
aluminum alloy AA 1070 (0.182 wt.% Fe, 0.037 wt.% Si,
0.047 wt.% Zn), alloyed with 5% of special high-grade zinc
(99.99 wt.%) and ultra-pure tin (99.995 wt.%). The com-
mercially available manganese dioxide concentrate pow-
der were selected as an activation additive and had been
supplied by Sinai Manganese Co. Phase identification was
done using “PANalytical X’Pert PRO” X-ray diffraction
facility. The resulted diffractogram has been quantified by
the Rietveld method using “HighScore Plus” software suite,
compound analysis, and the X-Ray diffraction pattern which
are shown in Fig. 1. An aluminum metal matrix composite
(AMMC) master alloy is made by the stir casting process
with a substrate composed of Al-5% Zn-0.1% Sn incorpo-
rated with metal oxides as activation additive. Metal oxides
are ground in a ball mill and sieved for particle size of less
than 5 microns.

Fabrication of anode material

The anode material has been fabricated by firstly produc-
tion of metal matrix composite (MMC) master alloy with
oxide volume fraction (V) of 10 vol.%, followed by using
this master alloy for dilution of 4 different concentrations
of metal oxides. Master alloy production has been accom-
plished by stir casting process as shown in Fig. 2, variable
speed motor is connected to rotating rod ending with pitch
blade type impeller, and the motor head height could be
adjusted to modify location of impeller with respect to
molten metal height in a graphite crucible, with continu-
ous molten metal temperature measurement using type K
thermocouple.

Although the stir casting process is considered the most
economic technique for metal matrix composite manufactur-
ing, it has some complications regarding the required fine
tuning of its numerous processing parameters like impeller
blade type, impeller angle, impeller position inside the melt,
stirring speed, stirring time, additives feeding rate, molten
metal temperature, and powder pretreatment [19-21]. An
extensive work has been dedicated to optimization of stir
casting condition for several powders like B,C, SiC, B,C/
Al,O;, and graphite in different aluminum alloy substrates
[22-26], but these results cannot be generalized to our con-
dition as wettability of the added powder is largely depend-
ent on surface tension of aluminum matrix alloy and shape
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Ta!ale 1 Alumi.num activation Alloy Potential (vs SCE) Current capacity ~ Current Reference
using metal oxides (Ahkg™) efficiency
Al-Zn-IrO,
Al-5% Zn-0.0425 mg/cm? IrO, -0.99 1566 58.5 [15]
Al-5% Zn-0.085 mg/cm? IrO, -1 1991 60 [15]
Al-5% Zn-0.175 rng/cm2 IO, —1.005 2068 76.3 [15]
Al-5% Zn-0.35 mg/cm? IrO, -1.02 2113 81 [15]
Al-Zn-CeO,
Al-5% Zn-0.05% CeO, —0.953 1102.08 38.4 [16]
Al-5% Zn-0.1% CeO, —0.957 1833.93 63.9 [16]
Al-5% Zn-0.2% CeO, -0.961 2255.82 78.6 [16]
Al-5% Zn-0.5% CeO, —0.955 1796.62 62.6 [16]
Al-5% Zn-1% CeO, —0.967 1391.95 48.5 [16]
Al-Zn-RuO,
Al-5% Zn-0.175% RuO, —1.025 2455 85 [17]
Al-Zn-ZnO
Al-5% Zn —0.983 1678.95 58.5 [4]
Al-5% Zn-0.1% ZnO —0.983 2238.6 78 [4]
Al-5% Zn-0.25% ZnO —0.991 2296 80 [4]
Al-5% Zn-0.5% ZnO —0.996 2382.1 83 [4]
Al-Zn-AlL,O;
Al-5% Zn-0.1% Al,O4 -0.951 1676.08 58.4 [4]
Al-5% Zn-0.25% Al,O4 —0.955 1722 60 [4]
Al-5% Zn-0.5% Al,O4 —0.960 1722 60 [4]
Al-Zn-MnO,
Al-5% Zn -0.93 1678.95 58.5 [18]
Al-5% Zn-0.05% MnO, -0.94 1722 60 [18]
Al-5% Zn-0.1% MnO, —0.945 1750.7 61 [18]
Al-5% Zn-0.2% MnO, —0.948 1808.1 63 [18]
Al-5% Zn-0.5% MnO, -0.97 2296 80 [18]
Al-5% Zn-1% MnO, -0.959 2152.5 75 [18]

of particulate. Several preliminary trials have conducted for
optimization of stir casting parameters and resulted in pro-
ducing the targeted master alloy using processing conditions
mentioned in Table 2 [27]. The master alloy is then diluted
to four different concentrations of metal oxides as mentioned
in Table 3.

Heat treatment

To study the effect of heat treatment on galvanic perfor-
mance of the abovementioned alloys and compare it with
the as cast condition, a solution treatment process has been
applied to alloys (0, 1, 2, 3 and 4) at three different tem-
peratures (250 °C, 400 °C, 550 °C) for 1 h in a Nabertherm
L9/12 muffle furnace, followed by quenching in tap water.
Table 4 shows designation of all samples subject to further
testing.

Metallographic analysis

To evaluate the stir casting process for effective incorpo-
ration of metal oxides and achieving the required wetting
and homogeneity of distribution, microstructure samples
have been taken from the investigated alloys and studied
using optical microscope (Olympus). The samples for the
metallographic examination were ground on grades of SiC
emery paper with grit number ranging from P240 to P2000
in sequence using water as a coolant. Fine polishing has
been done for samples using 0.5-micron alumina powder on
a rotating disc. No etching treatment was applied to avoid
revealing intermetallic compounds for proper observation
of the added powder. Olympus stream motion software was
used to make image quantitative phase analysis to calculate
the volume fraction of the added oxides incorporated in the
matrix in each case.
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Evaluation of current efficiency

Evaluation of galvanic performance was done using constant
current measurement per DNVGL-RP-B401 [28]. Cylindri-
cal samples machined to a diameter of 10 mm and 50 mm
height with a groove for connection are rinsed by tape water
followed by ethanol, dried, and weighed. Samples were then
coupled with cylindrical mild steel sheet using copper wire
and submerged in 10 L of artificial sea water prepared per
ASTM D1141 [29]. The composition of mild steel is as fol-
lows: 0.064%C, 0.025%Si, 0.2%Mn, 0.017%P, 0.011%S,
0.013%Cr, 0.022% Ni, and Fe balance.

Samples were suspended in the center of the uncoated
cylindrical steel sheet, such that the wetted surface area of

Fig.2 Schematic of stir casting
equirbment

Digital Type-K thermocouple

Electric

Graphite crucible <—
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Position [*2Theta] (Copper (Cu))

steel cathode is at least 25 times the exposed area of anode
specimen, the solution is continuously stirred with air bubbling
blowers to avoid occurrence of concentration polarization.
Testing cells were connected in series with a programmable
DC Regulated Power Supply (DPS3005D, output 0-30 V and
0-5 A, 10 mV/1 mA high accuracy and resolution) for galva-
nostatic control; the specimen and the cathode were coupled
to the positive and negative rectifier terminals, respectively as
shown in Fig. 3.

For measurement of the total discharged current, two cop-
per coulometers were inserted in series with the circuit for
current integration with an accuracy of +2%. Copper coulom-
eter were built per NACE TM-0190 [30], each coulometer
mainly consisted of two copper plates connected with positive

— Variable speed DC motor

Additives hopper

Heating elements
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Table 2 Optimized processing conditions for stir casting [27] Table 4 Samples designation

Processing parameters Alloy composition Al-5Zn-0.1Sn

Stirring speed 700 rpm Metal oxides V; 0% 1.70% 3.80% 5.60% 8.20%
Stirring time 5min As Cast 0-AC 1-AC 2-AC  3-AC  4-AC
Feeding rate 10 g/min Solution treated at 250°C 01~ 1-1 ~ 2-1  3-1 41
Blade location inside the melt Below 0.3 of melt height Solution treated at 400 °C 0—2 12 20 3.0 40
Stirring blade type Pitch blade type Solution treated at 550 °C 0-3  1-3  2-3  3-3 43
Stirring blade angle 60 degrees

Start melt temperature 720 °C

Finish melt temperature 640 °C where m is the deposited/liberated mass of material at the

terminal and a central copper winning wire connected to the
negative terminal all submerged in CuSO, electrolyte (100 g/L
CuSO,, 25 mL/L H,SO,, 25 mL/L ethanol) [31]. The test is
run for four continuous days with varying current density
as 1.5, 0.4, 4, and 1.5 mA/cm? for days 1 to 4 respectively.
At the end of the test, samples were cleaned from corrosion
products by immersion in a solution of 41 mL H;PO,+28 g
Cr,0;+ 1.4 1 water at 80 °C for about 5 min. Then, the samples
were dried and weighed again.

For calculation of the actual current capacity of the alu-
minum anodes, we use the weight of copper deposits on the
copper coulometer wire to measure the total amount of charge
transferred throughout the circuit during the test using Faraday’s
Law of electrolysis Eq. (1). Dividing the total charge transferred
by the weight loss of each aluminum anode will result the actual
current capacity for each anode. These calculations are formu-
lated in a simplified form in NACE TM-0190 as expressed in

Egs. 2)—(3).

, MQ
Farad l = —
araday s law m F @))]
. 0.8433 x W,
Actual Current Capacity (A.h/kg) = ——— x 1000

al

@

. Actual current capacity
Current Efficiency = — - 3)
Theoritical current capacity

Table 3 Nominal alloy compositions

Alloy Metal Zn (Wt.%) Sn (wt.%) Al (wt.%)
oxides
(vol.%)
Reference (alloy 0) - 5 0.1 Remainder
Master alloy 10.62 5 0.1 Remainder
Alloy 1 1.7 5 0.1 Remainder
Alloy 2 3.8 5 0.1 Remainder
Alloy 3 5.6 5 0.1 Remainder
Alloy 4 8.2 5 0.1 Remainder

electrode after electrolysis (in grams), M is the molecular
weight of the element (in g/mol), Q is the total charge trans-
fer in coulomb (A sec), n is the number of valence electrons
transferred during ionization which is 3 and 2 for Al and
Cu respectively, and F is the Faraday constant 96,485 C/
mol. W, is mass gained by copper cathode wire of coulom-
eter after the end of the test and W, is mass loss of anode
samples both measured in grams. Knowing that theoretical
current capacity of Al-5Zn is 2870 A h/kg calculated using
Faraday’s law.

Alongside with samples mentioned in Table 5, a com-
mercial Galvalum III sample (Al-0.16% In-3.5% Zn) has
been test for comparison.

OCP and CCP measurement [28]

The open circuit potential (OCP), the potential difference
between the test anodes with respect to standard calomel
electrode (SCE), was measured for each sample after sta-
bilizing for 15 min in 3% NaCl solution at 30 +2 °C. The
closed circuit potential (CCP) of the test anodes was meas-
ured at the end of 4-day galvanostatic coupling with mild
steel cathodes. CCP was taken as the average of three meas-
urements per specimen at different positions using a SCE
with an electrolyte bridge such that the tip of the bridge
was positioned within 1 mm from the specimen surface
without disturbing any corrosion products formed over the
specimen.

Potentiodynamic polarization

One square centimeter sample coupons have been prepared
according to ASTM G59 [32], samples are polished against
emery paper at different grades up to P1200, and then sam-
ples were tested using potentiostat—galvanostat (Versa Stat)
after 15 min of stabilization at rest potential. After stabiliza-
tion, polarization has been done at a scan rate of 0.01 V/s.
Testing coupons were connected as working electrode
against platinum electrode and SCE as counter electrode
and reference electrode respectively.

@ Springer
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Fig.3 Schematic of galvanic testign cells of sacrificial anodes
Scanning electron microscope analysis

After the end of the galvanic performance test, slices from
test anodes have been cut for in-depth characterization

of dissolution behavior. Samples are metallographically

Table5 Galvanic performance results of Al-5Zn-0.1Sn incorporated
with different concentrations of metal oxides at different heat treatments

Samples OCP (V) CCP after 96 h Current Current
V) capacity  efficiency (%)
(A h/kg)
0-AC —1.080 —-0.943 2062.96  71.88
0-1 —1.062 —0.945 1705.35  59.42
0-2 —-1.089 —-0.942 147489  51.39
0-3 —-1.050 -0.947 2287.10  79.69
1-AC -1.073 -0.950 2156.52  75.14
1-1 —-1.068 —0.945 1858.32  64.75
1-2 —-1.091 -0.946 157821  54.99
1-3 -1.073 -0.950 2408.50  83.92
2-AC —-1.038 —0.955 2323.55  80.96
2-1 —-1.035 -0.940 1971.12  68.68
2-2 —-1.098 —0.948 173578  60.48
2-3 -1.075 -0.942 2518.14  87.74
3-AC -1.028 -0.944 2360.86  82.26
3-1 —-1.063 —-0.949 1791.74  62.43
3-2 —-1.020 -0.942 1711.38  59.63
3-3 —-1.090 -0.946 2678.86  93.34
4-AC —-1.011 -0.955 2226.83  77.59
4-1 —1.000 -0.955 1813.55  63.19
4-2 —-1.059 -0.940 1653.98  57.63
4-3 —-1.072 -0.948 2542.82  88.60
Galvalum III —1.091 —0.954 2357.00  81.20
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Copper Sulfate

(Cathode) (electrolyte)

prepared and examined using scanning electron microscope
(Bruker); investigation has been done to corrosion interface
of anode and its bulk non-reacted core using secondary elec-
tron imaging, energy dispersive x-ray analysis (EDX), and
elemental mapping.

Results and discussion
Microstructure evaluation of stir casting process

Adoption of process parameters mentioned in Table 4
resulted fairly homogenous distribution of metal oxides after
dilution of master alloy as shown in Fig. 4. We observed that
at low stirring speed (300 rpm) vortex was not strong enough
to withdraw and trap the powder inside the melt; however, at
very high stirring speed (1100 rpm), a very strong vortex is
formed which resulted in noticeably high air suction result-
ing in higher oxidation rate and very high losses in form
of dross reaching 40% of melt weight. The optimum stir-
ring speed was found to be 700 rpm. Another critical factor
for effective incorporation of the investigated oxides is the
powder feeding rate; high feeding rate did not give enough
chance for powder to enter the vortex and caused stoppage
of the aimed vortex shape.

Evaluation of galvanic performance
The current capacity and current efficiency of all samples are

shown in Table 5 and graphically represented in Fig. 5. From
which we can notice, addition of metal oxides has improved
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Fig.4 Microstructure images of alloy 4 showing decent distribution of metal oxides and fair degree of wetting with the matrix a at 1000 X and b

at 2000 x

galvanic efficiency of anodes in the as cast condition from
71.88 to 82.26% at 5.6 vol.% of metal oxides. The effect of
solution treatment of samples at 550 °C is most recognizable
in improvement of galvanic performance in all cast composi-
tions, but this effect is more obvious for 5.6 vol.% of metal
oxides with efficiency of 93.24% compared with 79.69% for
alloy without metal oxides incorporation. However, solution
treatments at 250 °C and 400 °C are found to be detrimental
to current efficiency in all alloy compositions. Interpretation
of these results is more understood from the SEM images
investigation in the upcoming section.

100.0%

90.0%
83.9%

79.7% 81.0%

71.9%
59.4%
51.4%

Reference alloy

80.0%
70.0%
60.0%
50.0%
40.0%
30.0%
20.0%
10.0%

0.0%
M As cast Solution treated at 250°C

Fig.5 Bar chart for galvanic performance of tested samples

75.1%
68.7%
64.8%
60.5%
55.0%

Alloy 1 (1.7 vol. % oxides) Alloy 2 (3.8 vol. % oxides) Alloy 3 (5.6 vol. % oxides) Alloy 4 (8.2 vol. % oxides)

Solution treated at 400°C

In comparison with the tested Galvalum III sample, sam-
ple 3-3 solution treated at 550 °C give superior performance
over the commercial alloy with around 15% improvement in
current capacity.

For observation of corrosion surface morphology, Fig. 6
shows the surface corrosion features of all tested samples.
The macro-attack morphology for samples solution treated
at 250 °C and 400 °C shows severe grain separation which
resulted in serious self-corrosion giving poor electrochemi-
cal properties. Samples solution treated at 550 °C show
uniform pitting attack in different severities for anode

93.3%

82.3%
62.4%
59.6%

87.7% 88.6%

77.6%

63.2%
57.6%

M Solution treated at 550°C
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Fig.6 Surface corrosion fea-
tures of all samples tested 0-AC 0-1

composition with no indications for particle shedding from
anode surface during testing which explains the high current
efficiency of these samples. However, as cast samples show
uniform corrosion with moderate grain separation giving
intermediate galvanic performance.

Regarding the electrode potentials in Table 5, OCP with
a range of —1.00 to—1.098 V has been observed when
samples are measured against SCE. After coupling for
96 h during the galvanic performance test, potential has
increased due to formation of corrosion products over the
anode surface and generated some kind of resistance for
ion transfer. CCP has been reported with a very narrow
range of potential (—0.94 V to—0.955 V) versus SCE,
these small differences in millivolts are not believed to

@ Springer

reflect a major distinction between samples in terms of
anodic activity. However, these values of CCP satisfy the
cathodic protection criteria for corrosion stoppage of steel
components which is — 850 mV SCE. Additionally, this
range of CCP comfortably lies in the optimum potential
for cathodic potential which is —0.850 to —0.995 V versus
SCE without showing any degree of over protection [33].

Scanning electron microscope analysis

SEM imaging and EDX elemental mapping could give a
clear explanation for characteristic results of galvanic perfor-
mance tests. SEM analysis in Fig. 7 reveals the presence of
two distinct modes of corrosion, namely the localized inter
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Fig.7 Scanning electron micro-
scope images for specimens’
corrosion interface after com-
pletion of galvanic performance
test a sample 0-AC, b sample
3-1, ¢ sample 3-2, d sample
2-3

Grain boundary

intermetallics

granular surface corrosion, in the as cast specimens and in
the low temperatures heat treated samples, and the general
in-depth corrosion after solution heat treatment at relatively
higher temperature.

The as cast specimens 0-AC in Fig. 7a reveal the presence
of network precipitates at the grain bounders, which could
be responsible for the grain disintegrations at the specimen
surface. The solution treated samples 3—1 and 3-2, as given
in Fig. 7b and c respectively, also showed drastic grain sepa-
ration and shedding of bulk anode material without being
electrochemically consumed in anodic reaction. Conversely,
samples solution treated at 550 °C, as given in Fig. 7d,
showed uniform corrosion throughout depth of samples giv-
ing the opportunity for the whole grain to corrode and give
its current capacity for electrochemical reaction.

EDX elemental mapping for 0-AC sample in Fig. 8 shows
formation of Fe-Zn intermetallics at grain boundaries which
causes formation of micro-galvanic cells between grains and
grain boundaries; this localized corrosion is the responsible
mechanism for activation as showed by Barbucci et al. [34].
Figure 9 shows that heat treatment at 400 °C triggered seg-
regation of iron and zinc to grain boundaries which caused
serious self-corrosion, and parts of the matrix fell off from

Grain boundary
corrosion

Uniform grain

consumption

FT3
Grain .
separation

surface of the alloy, resulting in the “metallic sponge” fea-
ture of its surface morphology and the lower current effi-
ciency [35]. However, the solution treated sample at 550 °C
show noticeable dissolution and better distribution of inter-
metallics, which decreased the localized attack on grain
boundaries and explained the increase of anodes current
efficiency as shown in Fig. 10 [36].

The effect of activating additives and their interaction
with aluminum matrix is more intricate; by studying the
behavior of the two main oxides incorporated (MnO, and
Si0,), we can notice that manganese dioxide has under-
gone an in situ metallothermic reduction by aluminum
during master alloy processing and master alloy dilu-
tion as aluminum has much higher affinity for formation
of stable oxide than manganese [37, 38]. This resulted in
reduction of Mn into the matrix as shown by its homoge-
neous distribution in EDX elemental mapping Figs. 8 and
9. This result is not matching with observations of Shibli
et al. that showed retention of MnO, particles after melt-
ing [18-39]. The reduced manganese is not observed to
have a remarkable contribution to the micro-galvanic cor-
rosion cells and its rule could be limited to disruption of the
ionic structure of aluminum passive oxide layer which is
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Fig.8 EDX elemental map-
ping of corrosion interface for
sample 0-AC

the same effect known for tin or by introducing intermetal-  silica is thought to have a major role in activation process.
lic compound (Al;,Mn) with relatively different potential ~ Silica is not reduced as easily as MnO, by aluminum as it
from that of the matrix [7, 10]. However, incorporation of =~ needs a temperature of around 1200 °C and holding time

Fig.9 EDX elemental map-
ping of corrosion interface for
sample 3-2
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Fig. 10 EDX elemental map-
ping of corrosion interface for
sample 3-3

of 30—120 min to complete the reduction [40]; these condi-
tions of superheating and mixing time are not provided by
manufacturing process in this work. Nonetheless, Afsaneh
et al. [41] showed that an interfacial reaction could take
place between aluminum and the impeded silica particles
at much lower temperatures forming an interphase between
silica particles and the matrix. SiO, causes interruption in
oxide film layer of aluminum giving the chance to electro-
lyte in interact with bulk aluminum grains. Additionally,
SEM image in Fig. 11 shows the effect of incorporated SiO,
particles which act as initiation points for additional micro-
galvanic cells with the matrix inside the bulk grains making
corrosion more distributed over the whole-grain structure
instead of being localized at grain boundaries. This effect
is believed to be behind the improvement of current effi-
ciency up to 93% for samples incorporated with activating
oxides and heat treated at 550 °C by giving more potential
for anode material to be electrochemically consumed in the
anodic reaction and give useful protection current instead of
grain loss which is associated with the high self-corrosion
rate other samples.

Polarization curves

The effect of metal oxide incorporation at different heat
treatments on potentiodynamic polarization behavior is
shown in Fig. 12. Tafel curves manifest some character-
istic features for samples’ behavior as sacrificial anodes.
We noticed that samples solution treated at 250 °C and
400 °C show a lower E_,, compared with samples treated
at 550 °C, the lower E_ . generally means more efficient
surface activation. However, this higher activation was
accompanied with relatively higher corrosion rates as
shown in the summarized polarization data in Table 6.
The decrease in i, for samples treated at 550 °C is in
good agreement with its relatively lower corrosion rate,
which refers to the positive effect in minimizing non-
coulombic losses. Studying a pure aluminum sample, we
notice that pure Al exhibits a wide passivation region
which is represented by a plateau in current density,
having this polarization resistance is the reason behind
non-suitability of pure aluminum for cathodic protection.
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Micro galvanic cell between
SiO; particles and Al matrix

Spectrum: Acquisition

El AN Series unn. C norm. C Atom. C

[wt.%] [wt.%] [at. %]
O 8 K-series 4.77 6.92 11.58
Al 13 K-series 9.46 13.73 13.62
Si 14 K-series 53.65 77 .84 74.18
Zn 30 K-series 1.03 150 0.61

Fig. 11 Interaction between SiO, particles and anode matrix shows formation of micro-galvanic cell within the grain

On the other hand, the effect of activators added to the
modified alloys shows dramatic decrease in the passiva-
tion plateau which indicates to the efficient breakdown
of passive oxide layer. We can also notice that all samples

a 0
( ) Commercial pure
-0.21 ————— Commercial Galvalum Ill as received
Sample 0-AC
049 Sample 1-AC
06] — Sample 2-AC
: Sample 3-AC
0.8 Sample 4-AC
w
3 -1.0
v
> -1.2
2
w -1.4
1.6 1
-1.8
2.0 4
2.2
2.4
-2.6

100 90 -80 70 60 -50 -40 -30 20 -1.0 0
Log i (A/ cm?)

that gave higher current efficiency are showing relatively
higher pitting potential over samples exhibiting grain sep-
aration and lower current efficiency, which can correlate
galvanic performance with surface corrosion morphology.

(b)°
Sample 3-AC
-0.2 ———————— Sample 3-1
04 Sample 3-2
Sample 3-3
0.6
-0.8

E (V vs. SCE)
8

-1.8

-2.0

-2.2

-2.4 T T v v . v v v . v v
-6.0 -5.5 -5.0 -4.5 -4.0 -3.5 -3.0 -25 -2.0 -1.5 -1.0 -05 O

Log i (A/ cm?)

Fig. 12 Potentiodynamic polarization curves a polarization curves of as cast samples compared with pure aluminum and commercial Galvalum
111, b polarization curves of the optimum condition of alloy 3 with 5.6 vol.% of oxides
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Table 6 Potentiodynamic test results all as cast samples, samples for optimum metal oxides volume fraction (5.6%), and for commercial pure

aluminum and as received Galvalum III as for comparison

Sample I corr (micro A) Corrosion rate E corr (V) B, (V/dec) - B, (V/dec) R, (Q cm?)
(mm/year)
A1070 aluminum 0.32 0.003 —1.310 0.544 0.210 208,437.4
Galvalum 46.77 0.510 —1.090 0.173 0.051 366.9
As cast samples
0-AC 10.47 0.114 —1.290 0.113 0.030 995.6
1-AC 16.22 0.177 -1.210 0.119 0.023 517.0
2-AC 64.56 0.704 —1.070 0.276 0.101 498.9
3-AC 120.23 1.311 —1.040 0.442 0.059 188.7
4-AC 281.84 3.074 —1.160 0.380 0.096 118.2
Optimum composition
3-1 112.20 1.224 -1.210 0.504 0.099 320.2
32 138.04 1.506 -1.270 0.433 0.133 320.3
3-3 70.79 0.772 —1.160 0.332 0.169 686.4
Conclusion Acknowledgements The authors are grateful to the staff of the pilot

On the basis of the investigation of Al-5Zn-0.1Sn alloy
incorporated with activating additives (SiO, and MnO,)
and solution treated at different temperatures, the follow-
ing conclusions can be drawn:

1. Incorporation of SiO, has shown an improvement in gal-
vanic performance properties that is presumed to occur
due to initiation of additional micro-galvanic cells inside
the grains—other than grain boundaries—which makes
corrosion more uniform inside anode bulk material
instead of being localized on grain boundaries.

2. Incorporation of MnO, is not believed to have signifi-
cant effect as a metal oxide on galvanic properties of
Al sacrificial anodes as it has undergone an alumino-
thermic reduction reaction leading to dissolution into
anode material. However, Mn could influence anode
performance through another mechanism, either by
modification of ionic structure of Al,O5 oxide layer or
by introducing intermetallic compound (Al;,Mn) with
potential different from that of the matrix

3. Solution treatment of anodes also affected anodes’
performance; solution treatment at 250 °C and 400 °C
has led to acceleration of atomic diffusion and segrega-
tion of alloying elements on grain boundaries leading
to more intermetallics accompanied with more severe
localized corrosion and grain shedding.

4. Solution treatment at 550 °C was high enough for dis-
solution of major intermetallics, which led to more uni-
form corrosion spread throughout anode material with-
out noticeable grain separation.
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