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Abstract
The ultimate goal of this research was to gain a more fundamental understanding of the effects of
“active” alloying elements on the performance of low voltage, aluminum, sacrificial anodes. We have
developed an overview of elemental trends and a comparison with literature, in support of a larger
program on predicting anode behavior. The broader impact of this work was to enhance the ability to
control corrosion and reduce the likelihood of hydrogen embrittlement induced by cathodic protection
on ships and marine structures.
As compared to high voltage anodes, low voltage, aluminum, sacrificial anodes reduce the likelihood of
causing hydrogen embrittlement or stress corrosion cracking when used to protect high strength steels.
In this study, open circuit potential, potentiostatic, galvanostatic and Tafel tests were performed on
eleven high-purity aluminum-based binary and ternary alloys containing Bi, Ga, In and Zn in an effort to
understand the individual effects of each element and the interactions between these elements. The
microstructures of the as-cast alloys and the corrosion surfaces after testing were characterized using
electron microscopy. Current capacities and current capacity efficiencies were calculated from
potentiostatic and galvanostatic data. Galvanic coupling data from Druschitz et al was plotted with
average values from potentiostatic and galvanostatic tests on Tafel curves for all alloys. [1] Variance of
weight loss, average galvanostatic current, and average potentiostatic potential of the Al-0.57 wt% Zn0.55 wt% Bi alloy was evaluated.
Indium and gallium had the most significant effect on corrosion behavior (per wt% added), followed by
zinc and bismuth. Bismuth had only a small effect on the weight loss, galvanostatic current and
potentiostatic potential. However during potentiostatic testing Al-Bi alloys showed a steady increase in
current with time, indicating that larger effects may be seen at longer periods of time. In Al-Zn alloys
preferential dissolution of the zinc-rich interdendritic regions was observed. The Al-5.3 wt% Zn alloy
showed high current values, but also exhibited high weight loss and more adherent corrosion products.
Interdendritic corrosion also occurred with the Al-5.3 Zn-0.011 In alloy. Also, non-uniform dissolution of
the remaining primary aluminum dendrites by the formation of small holes was observed, possibly due
to indium precipitates. Grain boundary attack and severe intra-granular pitting was observed in Al-In
alloys. Small holes were also evident on the surface of pits, similar to those seen on dendrites with the
Al-5.3 Zn-0.011 In alloy. The addition of Indium greatly shifted voltages to more negative values (-0.802
to -0.858 VSCE at 9 A/m2) and significantly increased the observed currents (42-83 A/m2at -0.730 VSCE).
High potentiostatic current capacities were exhibited by Al-In alloys, Al-0.1 wt% Ga, Al-5.3 wt% Zn-0.011

wt% In, and Al-0.57 wt% Zn-0.55 wt% Bi. However some calculated current capacity values were
actually above the theoretical values, possibly due to corrosion products affecting the weight loss
measurements.

iii

Acknowledgements
The author would like to acknowledge the financial support of NACE International. This research is
funded by the NACE Research Seed Grant Program. In addition, the author is grateful for the support of
his advisor, Dr. Alan Druschitz, and his committee members: Dr. Sean Corcoran and Dr. Bill Reynolds.
The author would also like to thank Dr. Sean Corcoran for providing his expertise in corrosion and
corrosion testing. Myrissa Maxfield, Devon Baker, Ruthie Kay, Rupert Cox, and John Franklin also
assisted with this project.

iv

Contents
Abstract ......................................................................................................................................................... ii
Acknowledgements...................................................................................................................................... iv
List of Figures .............................................................................................................................................. vii
List of Tables ................................................................................................................................................. x
1.

2.

3.

4.

5.

Introduction .......................................................................................................................................... 1
1.1

Survey of Aluminum Anode Research........................................................................................... 2

1.2

General Characteristics of “Active” Elements............................................................................... 7

1.3

Possible Corrosion Mechanisms ................................................................................................... 8

1.4

Phase Diagrams and Predicted Microstructures........................................................................... 9

Procedures .......................................................................................................................................... 13
2.1

Sample Preparation .................................................................................................................... 13

2.2

Testing of Samples ...................................................................................................................... 14

2.3

Rate, Current Capacity and Efficiency Calculations .................................................................... 16

2.4

Characterization .......................................................................................................................... 18

Results ................................................................................................................................................. 19
3.1

Alloys Cast ................................................................................................................................... 19

3.2

Electrochemical Data .................................................................................................................. 20

3.3

Data Plotted on Tafel Curves ...................................................................................................... 24

3.4

Polished Microstructures ............................................................................................................ 26

3.5

Corroded Microstructures .......................................................................................................... 28

3.6

Variance of Electrochemical Response and Corrosion Rate ....................................................... 37

Discussion of Results ........................................................................................................................... 38
4.1

Analysis of Electrochemical Data ................................................................................................ 38

4.2

Analysis of Observed Microstructure ......................................................................................... 39

4.3

Possible Sources of Error ............................................................................................................ 43

Conclusions ......................................................................................................................................... 45
5.1

Recommended Future Work....................................................................................................... 45

References .................................................................................................................................................. 47
Appendices.................................................................................................................................................. 51
A.1

Example Open Circuit Curves ...................................................................................................... 51

A.2

Average Potentiostatic Curves .................................................................................................... 53
v

A.3

Average Galvanostatic Curves..................................................................................................... 58

A.4

Tafel Curves with Potentiostatic, Galvanostatic, and Galvanic Coupling Data ........................... 64

A.5

Data Tables.................................................................................................................................. 70

vi

List of Figures
Figure 1: The Aluminum-Gallium Phase Diagram ....................................................................................... 10
Figure 2: The Aluminum-Bismuth Phase Diagram ...................................................................................... 10
Figure 3: The Aluminum-Zinc Phase Diagram ............................................................................................. 11
Figure 4: The Aluminum-Indium Phase Diagram ........................................................................................ 12
Figure 5: Pouring a Closed Mold Casting .................................................................................................... 13
Figure 6: These Castings are Approximately 3.5 in x 3.5 in x 0.25 in Thick................................................. 13
Figure 7: Flat Cells Used for Testing ............................................................................................................ 14
Figure 8: Example Tafel Curve..................................................................................................................... 14
Figure 9: Example Potentiostatic Curves .................................................................................................... 15
Figure 10: Relationship of Data Gathered from Various Tests for Equal Area Electrodes ......................... 16
Figure 11: Al-0.015 Wt% In Tafel Plot with Galvanic Coupling, Galvanostatic, and Potentiostatic Data. .. 25
Figure 12: Al-5.3 Wt% Zn Tafel Plot with Galvanic Coupling, Galvanostatic, and Potentiostatic Data. ..... 25
Figure 13: Polished Aluminum Surface Showing No Atomic Number Contrast, as Expected .................... 26
Figure 14: As-Polished Al-0.1 Wt% Ga Showing No Atomic Number Contrast, as Expected ..................... 26
Figure 15: Polished Surface of Al-0.015 Wt% In Showing Little Evident Contrast ...................................... 26
Figure 16: Variations in Chemistry of As-Polished Al-5.3 Wt% Zn-0.011 Wt% In. ...................................... 27
Figure 17: EDS Map of Al-5 Wt% Zn- 0.011 Wt% In Showing Aluminum Deficient (Zinc Rich) Regions ..... 27
Figure 18: As-polished Al-5.3 Wt% Zn-0.011 Wt% In Showing a Discrete Indium Particle ......................... 27
Figure 19: As-Polished Al-2 Wt% Bi Showing Discrete Bi Particles (White Particles) ................................. 28
Figure 20: As-Polished Al-0.57 Wt% Zn-0.55 Wt% Bi Showing Bi Particles (White Particles) Outlining the
Primary Aluminum Dendrites ..................................................................................................................... 28
Figure 21: Pure Aluminum Surface Showing Uniform Corrosion after a Potentiostatic Test ..................... 28
Figure 22: High Magnification Image of Pure Aluminum Showing the Stepped Corrosion Surface........... 28
Figure 23: Corrosion Of Al-0.1 Wt% Ga after a Potentiostatic Test Showing Relatively Uniform Dissolution
.................................................................................................................................................................... 29
Figure 24: High Magnification Image Showing a Relatively Smooth Corrosion Surface, Devoid of
Channels, Pits, or Stepped Structure on an Al-0.1 Wt% Ga Sample ........................................................... 29
Figure 25: Non-Uniform Corrosion after a Galvanostatic Test on Al-0.1 Wt% Ga ...................................... 29
Figure 26: Material Blocking Pits after Galvanostatic Testing on Al-0.1 Wt% Ga ...................................... 29
Figure 27: Backscatter Image of Al-2 Wt% Bi Surface Showing Uniform Corrosion and Bismuth
Distribution after a Potentiostatic Test ...................................................................................................... 30
Figure 28: Backscatter Image of Al-2 Wt% Bi Showing Preferential Corrosion after a Galvanostatic Test 30
Figure 29: Surface of Al-0.5 Wt% Bi at Higher Magnification Showing Cluster of Bismuth Spheres after a
Galvanostatic Test ....................................................................................................................................... 30
Figure 30: Al-0.5 Wt% Bi at Higher Magnification Showing Uniform Crystallographic Corrosion .............. 30
Figure 31: Preferential Corrosion of Zn Rich Interdendritic Regions after a Potentiostatic Test on Al-0.57
Wt% Zn-0.55 Wt% Bi ................................................................................................................................... 31
Figure 32: Al-0.57 Wt% Zn-0.55 Wt% Bi Showing Interdendritic Corrosion in a Pit after a Galvanostatic
Test.............................................................................................................................................................. 31

vii

Figure 33: Al-0.57 Wt% Zn-0.55 Wt% Bi Showing Preferential Corrosion of Interdendritic Regions
Forming Spires after a Galvanostatic Test .................................................................................................. 31
Figure 34: Spherical Bismuth Particles (White) on the Corrosion Surface of Al-0.57 Wt% Zn-0.55 Wt% Bi
after a Potentiostatic Test........................................................................................................................... 31
Figure 35: Al- 5.3 Wt% Zn showing Preferential Corrosion of the Interdendritic Regions after a
Potentiostatic Test ...................................................................................................................................... 32
Figure 36: High Magnification Image Showing the Porous Surface of Dendrites after a Potentiostatic Test
on Al-5.3 Wt% Zn ........................................................................................................................................ 32
Figure 37: Al-0.49 wt% Zn Showing Dendritic Corrosion in a Pit after Galvanostatic Testing .................... 32
Figure 38: Al-5.3 wt% Zn after Galvanostatic Testing Showing Small Pits and Cracks ............................... 32
Figure 39: Preferential Corrosion of the Interdendritic Regions after a Potentiostatic Test on Al-5.3 Wt%
Zn-0.011 Wt% In.......................................................................................................................................... 33
Figure 40: Al-5.3 Wt% Zn-0.011 Wt% In Showing Relatively Uniform Corrosion after a Galvanostatic Test
.................................................................................................................................................................... 33
Figure 41: Higher Magnification Image of Al-5.3 Wt% Zn-0.011 Wt% In Showing Holes after a
Potentiostatic Test ...................................................................................................................................... 33
Figure 42: Higher Magnification Image of Al-5.3 Wt% Zn-0.011 Wt% In Showing Holes after a
Potentiostatic Test ...................................................................................................................................... 33
Figure 43: Surface of Al-5.3 Wt% Zn-0.011 Wt% In after a Galvanostatic Test Showing Preference to
Crystallographic Orientation ....................................................................................................................... 34
Figure 44: Al-5.3 Wt% Zn-0.011 Wt% In Showing Uniform (Upper Left) and Dendritic Corrosion............. 34
Figure 45: Boundary Attack and Large Holes after a Potentiostatic Test on Al-0.01 Wt% In ..................... 34
Figure 46: Large, Intragranular Holes after Potentiostatic Testing on Al-0.015 Wt% In ............................ 34
Figure 47: Al-0.015 Wt% In Showing Small Holes after Potentiostatic Testing .......................................... 35
Figure 48: Al-0.015 Wt% In Showing Columnar Pitting and Underlying Boundary Corrosion after
Potentiostatic Testing ................................................................................................................................. 35
Figure 49: Boundary and Hole Corrosion in Al-0.004 Wt% In after Galvanostatic Testing ........................ 35
Figure 50: Boundary Corrosion and Corrosion Products on Al-0.01 Wt% In after ..................................... 35
Figure 51: Boundary Corrosion and Pitting in Al-0.0015 Wt% In after Galvanostatic Testing ................... 36
Figure 52: Large and Small Hole Formation in Al-0.004 Wt% In after Galvanostatic Testing..................... 36
Figure 53: Corrosion of Areas Adjacent to Grain Boundaries in Al-0.015 Wt% In ...................................... 36
Figure 54: Corrosion of Areas Adjacent to Grain Boundaries in Al-0.015 Wt% In ...................................... 36
Figure 55: Uniform Bulk Corrosion in Pure Aluminum and Edge Corrosion after a Galvanostatic Test ..... 40
Figure 56: Corrosion Products Building Up in a Test Cell ............................................................................ 43
Figure 57: Open Circuit Data for Baseline Alloys, Conducted for 250 Hours.............................................. 51
Figure 58: Open Circuit Data for Al-Bi Alloys, Conducted for 250 Hours.................................................... 51
Figure 59: Open Circuit Data for Al-Zn Alloys, Conducted for 250 Hours. .................................................. 52
Figure 60: Open Circuit Data for Al-In Alloys, Conducted for 250 Hours.................................................... 52
Figure 61: Pure Aluminum Potentiostatic Data at -0.73 VSCE, Conducted for 168 Hours. .......................... 53
Figure 62: Al-0.1 Wt% Ga Potentiostatic Data at -0.73 VSCE, Conducted for 168 Hours. ............................ 53
Figure 63: Al-2 Wt% Bi Potentiostatic Data at -0.73 VSCE, Conducted for 168 Hours. ................................ 54
Figure 64: Al-0.54 Wt% Bi Potentiostatic Data at -0.73 VSCE, Conducted for 168 Hours............................ 54
viii

Figure 65: Al-0.57 Wt% Zn-0.55 Wt% Bi Potentiostatic Data at -0.73 VSCE, Conducted for 168 Hours. ..... 55
Figure 66: Al-0.49 Wt% Zn Potentiostatic Data at -0.73 VSCE, Conducted for 168 Hours........................... 55
Figure 67: Al-5.3 Wt% Zn Potentiostatic Data at -0.73 VSCE, Conducted for 168 Hours. ............................ 56
Figure 68: Al-5.3 Wt% Zn-0.011 Wt% In Potentiostatic Data at -0.73 VSCE, Conducted for 168 Hours...... 56
Figure 69: Al-0.015 Wt% In Potentiostatic Data at -0.73 VSCE, Conducted for 168 Hours. ........................ 57
Figure 70: Al-0.010 Wt% In Potentiostatic Data at -0.73 VSCE, Conducted for 168 Hours. ........................ 57
Figure 71: Al-0.004 Wt% In Potentiostatic Data at -0.73 VSCE, Conducted for 168 Hours. ........................ 58
Figure 72: Pure Aluminum Galvanostatic Data at 9 A/m2, Conducted for 168 Hours. ............................... 58
Figure 73: Al-0.1 Wt% Ga Galvanostatic Data at 9 A/m2, Conducted for 168 Hours. ................................. 59
Figure 74: Al-2 Wt% Bi Galvanostatic Data at 9 A/m2, Conducted for 168 Hours. .................................... 59
Figure 75: Al-0.54 Wt% Bi Galvanostatic Data at 9 A/m2, Conducted for 168 Hours. ............................... 60
Figure 76: Al-0.57 Wt% Zn-0.55 Wt% Bi Galvanostatic Data at 9 A/m2, Conducted for 168 Hours. .......... 60
Figure 77: Al-0.49 Wt% Zn Galvanostatic Data at 9 A/m2, Conducted for 168 Hours. ............................... 61
Figure 78: Al-5.3 Wt% Zn Galvanostatic Data at 9 A/m2, Conducted for 168 Hours. ................................ 61
Figure 79: Al-5.3 Wt% Zn-0.011 Wt% In Galvanostatic Data at 9 A/m2, Conducted for 168 Hours. ......... 62
Figure 80: Al-0.015 Wt% In Galvanostatic Data at 9 A/m2, Conducted for 168 Hours. .............................. 62
Figure 81: Al-0.010 Wt% In Galvanostatic Data at 9 A/m2, Conducted for 168 Hours. .............................. 63
Figure 82: Al-0.004 Wt% In Galvanostatic Data at 9 A/m2, Conducted for 168 Hours. .............................. 63
Figure 83: Pure Aluminum Tafel Curve with Galvanic Coupling, Galvanostatic, and Potentiostatic Data. 64
Figure 84: Al-0.1 Wt% Ga Tafel Curve with Galvanic Coupling, Galvanostatic, and Potentiostatic Data. .. 64
Figure 85: Al-2 Wt% Bi Tafel Curve with Galvanic Coupling, Galvanostatic, and Potentiostatic Data. ...... 65
Figure 86: Al-0.54 Wt% Bi Tafel Curve with Galvanic Coupling, Galvanostatic, and Potentiostatic Data. . 65
Figure 87: Al-0.57 Wt% Zn-0.55 Wt% Bi Tafel Curve with Galvanic Coupling, Galvanostatic, and
Potentiostatic Data.. ................................................................................................................................... 66
Figure 88: Al-0.49 Wt% Zn Tafel Curve with Galvanic Coupling, Galvanostatic, and Potentiostatic Data. 66
Figure 89: Al-5.3 Wt% Zn Tafel Curve with Galvanic Coupling, Galvanostatic, and Potentiostatic Data.... 67
Figure 90: Al-5.3 Wt% Zn-0.011 Wt% In Tafel Curve with Galvanic Coupling, Galvanostatic, and
Potentiostatic Data.. ................................................................................................................................... 67
Figure 91: Al-0.004 Wt% In Tafel Curve with Galvanic Coupling, Galvanostatic, and Potentiostatic Data. 68
Figure 92: Al-0.010 Wt% In Tafel Curve with Galvanic Coupling, Galvanostatic, and Potentiostatic Data. 68
Figure 93: Al-0.015 Wt% In Tafel Curve with Galvanic Coupling, Galvanostatic, and Potentiostatic Data. 69

ix

List of Tables
Table 1: List of Published Aluminum Anode Chemistries [33] ........................................................................ 6
Table 2: Mechanisms of Aluminum Activation ............................................................................................. 8
Table 3: Theoretical Current Capacity Values ............................................................................................. 17
Table 4: Compositions of Baseline Alloys Cast in Weight Percent .............................................................. 19
Table 5: Compositions of Experimental Alloys Cast in Weight Percent ...................................................... 20
Table 6: Tafel and Open Circuit Electrochemical Corrosion Data ............................................................... 20
Table 7: Potentiostatic Electrochemical Corrosion Data, Baseline Chemistries ........................................ 22
Table 8: Potentiostatic Electrochemical Corrosion Data, Experimental Chemistries ................................. 22
Table 9: Galvanostatic Electrochemical Corrosion Data, Baseline Chemistries.......................................... 23
Table 10: Galvanostatic Electrochemical Corrosion Data, Experimental Chemistries ................................ 24
Table 11: Potentiostatic Tests at -0.730 VSCE, Al-0.57 Wt% Zn-0.55 Wt% Bi............................................... 37
Table 12: Galvanostatic Tests at 9 A/m2, Al-0.57 Wt% Zn-0.55 Wt% Bi ..................................................... 37
Table 13: Data from Potentiostatic Tests at -0.73 VSCE ............................................................................... 70
Table 14: Data from Galvanostatic Tests at 9A/m2 ..................................................................................... 71

x

1. Introduction
The cathodic protection of steel for marine vessels and structures is routinely used for corrosion
protection. The applied polarization can be achieved by either an applied electrical current or by a
galvanic current. This galvanic current is created by coupling the steel with a metal sacrificial anode that
is more electronegative in seawater than the steel. Magnesium, zinc, and aluminum anodes have been
used on marine vessels for many years. Of these aluminum is of great interest due to its low cost, low
weight, and high theoretical current capacity (2980 A*hr/kg). [2,3]
Pure aluminum and many aluminum alloys are not suitable for use as sacrificial anodes due to the
formation of a thin, stable, protective oxide surface layer. However, the landmark study of Reding and
Newport revealed that certain elements (Ga, Hg, In, Mg, Sn, Ti and Zn) disrupt the normal passive
behavior of aluminum. [2] Further research revealed a number of possible mechanisms for the effect of
these elements, other elements and combinations of elements. [4-26]
Al-Zn-In alloys are commonly used as sacrificial anodes. However, the very negative potential (high
voltage magnitude) of these alloys can promote stress corrosion cracking (SCC) or hydrogen
embrittlement (HE) of high strength steels, nickel alloys, and other metals. [2,27,28] In addition, localized
overprotection and hydrogen evolution at excessively negative potentials can cause cathodic disbonding
of protective coatings. [29] Pautasso et al determined that increasing the potential of the system to a
range between -0.730 V and -0.850 V vs saturated calomel electrode (SCE) significantly reduced the
amount of hydrogen liberated in the cathodic reaction thus reducing the propensity for SCC and
hydrogen embrittlement. [4] Thus in addition to cost, other requirements for a low voltage anode
include 1) an operating potential range between -0.730 V and -0.850 V vs saturated calomel electrode
(SCE) and 2)a high current output per mass of anode consumed. [2]
As a result of the work by Pautasso et al, an Al-0.1 wt% Ga alloy was developed and tested for use in
cathodic protection of high strength steels and confirmed as a suitable option. [2] MIL-DTL-24779C(SH)
details the specification of conventional aluminum alloy (Al-Zn-In) and low voltage aluminum alloy (AlGa) sacrificial anodes. [30]
Aluminum anodes are also of importance for active anodes for the metal/air batteries and
electrochemically etched aluminum capacitors. In addition, the effect of impurity elements on corrosion
resistance is of great interest for production, use, and recycling of aluminum alloys. Many elements that
have been shown to cause activation of aluminum may be present in bauxite ore (Pb, Ga), or may be
introduced during recycling. [31]
This study seeks to investigate further the effects of In, Ga, Zn, and Bi with respect to an aluminum
sacrificial anode operating in the low-voltage range -0.730 V and -0.850 V (SCE). There are several
reasons for this selection. These elements are of specific interest since many other beneficial elements
(Hg, Sn, Cd, Pb, etc.) are toxic and environmentally hazardous, thus being undesirable as sacrificial
anode materials. In addition, concern has been raised at the variation of the performance of Al-Hg-Zn
and Al-Zn-Sn alloys. [32] With respect to bismuth, little data is published on its use as an aluminum anode
alloying element. Furthermore, much of the work prior to Pautasso et al focused on obtaining extremely
negative voltages, well outside of the low-voltage range. Thus many of the compositions investigated
and reported fall outside the range of interest. This study was also intended to lay the groundwork for
1

further studies on the effects of heat treatments, impurities, and other element additions. Some of the
work presented in this thesis has been published by the author [33]

1.1

Survey of Aluminum Anode Research

The study of Reding and Newport investigated roughly 2500 alloys. These included Mn, Cu, Zn, Cd, Mg,
Ba, Ga, Hg, Sn, In, Tl, Pb, Te, and Sb as single element additions, and Bi, Zn, Cd, Mg, Ba, Ga, Hg, Sn, and In
as two element additions. Of these Mn and Cu were found to increase the corrosion potential of
aluminum in saltwater environments. Zn, Cd, Mg, and Ba were found to decrease the potential slightly
and Ga, Hg, Sn, and In decreased the potential substantially. It was found that the maximum effect was
achieved at low concentrations and that large additions of these elements had little additional effect.
For example 0.3 wt% Ga was found to be as effective at activating aluminum as 0.55 wt% Ga. Tl, Pb, Te,
and Sb were found to not affect the potential of the anode; however for Tl and Te this contradicts with
other findings published in literature. [6,23] Bismuth was found to increase the efficiency of the Al-Hg alloy
without affecting the potential. However no reference was made to bismuth in other alloy systems.
Alloy purity was also found to have a significant effect on the efficiency but little effect on the potential.
[2]

At the same time as Reding and Newport’s work, Sakano et al investigated the effect of indium, and zinc.
Their work lead to a 1963 patent on a range of Al-Zn-In alloys for galvanic anodes. [34] A 1966 paper by
Sakano et al discusses Al-Zn-In, Al-Zn-In-Cd alloys, the effects of heat treatments, current densities, and
impurities such as Fe, Si, and Cu. Copper impurities were found to be extremely detrimental to anode
efficiency, and raised the potential. Silicon at 0.04 wt% was found to lower the potential but maintain a
high galvanic efficiency. Contrary to findings by Reding-Newport, Sakano et al found that 0.04-0.1 wt %
iron impurities were beneficial to the galvanic efficiency. The uniformity of corrosion was improved by
additions of <0.5 wt% Cd. The addition of cadmium also lowered the potential and greatly increased the
galvanic current. Kamarudin et al also investigated the effect of Zn, Sn, and Cu. Contrary to previous
research, they indicated that Cu was beneficial to sacrificial aluminum anodes since it shifted the
potential more negative. [35]
In a report published in 1978, Perkins et al analyzed commercially available Al-Zn-Hg, Al-Zn-Sn, and AlZn-In alloys. However the report focused mainly on Al-Zn-Hg and Al-Zn-Sn alloys and little information
was given on the Al- 2.9 wt% Zn- 0.0156 wt% In-0.13 wt% Si alloy. They suggest that heat treatments can
be developed to homogenize the material and thus increase the uniformity of the corrosion surface. [32]
In a second paper, Perkins et al comments on the observed corrosion surfaces. With the Al-Zn-Hg alloys,
corrosion products were observed to be extruded from pit mouths. In the Al-Zn-Sn alloy, they observed
the presence of domes, created by the build-up of hydrogen gas. These effects indicated the existence
of occluded cells and underlying pits. [36]
Muazu et al more thoroughly investigated the effect of Zinc, testing a range of 1-8 wt% zinc. Theoretical
current capacities were calculated for each composition. High efficiencies, on the order of 86.7%
current efficiency and 99.3% protection efficiency, were achieved with Al-6 wt% Zn. [37]
Murray et al studied the effect of impurity concentration and the addition of grain refiners such as Mn
and Ti on the electrochemical performance of Al-3.5 wt% Zn-0.015 wt% In. It was found that low iron
(<0.1 wt%) and low copper (<0.005 wt%) contamination levels were required for high efficiency anodes.
It was hypothesized that additional silicon may counteract iron impurities. [17,18] These findings on
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impurity levels are consistent with MIL-DTL-24779C(SH). [30] For short term tests 0.02 wt% In was found
to be close to optimum, however for long term tests 0.015 wt% In performed better. [17,18]
In a review article, Lemieux et al [3]discussed work done by many other authors as well as experimental
results from their own group. The effects of Zn, In, Hg, and Sn activating elements as well as additions of
Fe, Cu, and Si are discussed. Mechanisms and general trends in electrochemical and corrosion behavior
with respect to current density, corrosion deposits, time, and pH were also presented. A model was
proposed building on work by Gavele et al, Sato et al, [38,39] Song et al, [40] and Perkins et al [36]. The pitting
model proposed by Gavele, was based on a localized acidic pit environment. Muller and Gavele further
applied the model to Al-Zn alloys. [3] Sato et al also analyzed the pitting behavior of Al-Zn alloys and
concluded it could be explained by the Gavele model with some modification. They reported that Zn had
no impact on pit nucleation frequency, however it did modify dissolution kinetics and increased the
propagation of meta-stable pits. [38,39] Sato et al also referenced the computer simulation work by Song
et al. [40] The atomic model described the removal of the oxide layer by formation and dissolution of -OAl-OH-O-Al-… polymer chains. This proposed mechanism is further discussed in section 1.3 of this
manuscript.
A review article by Idusuyi [41] also discussed research on activation by tin, bismuth, indium, mercury,
intermetallic compounds, metallic oxides, and rare earth elements by various authors. The effects of
silicon, magnesium, and calcium were also mentioned. They concluded that the effect of activating
elements has been well researched, but the anode efficiencies of these materials could be improved by
gaining a fundamental understanding of the corrosion mechanisms and how the electrochemical
behavior relates to the corrosion morphology.
The effect of Te on the corrosion of Al–Zn–In and Al–Zn– In–Sn anodes was investigated by Xiong et al.
[23]
Corrosion was found to initiate in Zn and Te enriched areas at grain boundaries and in interdendritic
zones. An optimal concentration of Te was found, where the presence of additional Te adversely
affected the corrosion properties. Te was observed to improve the resistance to harmful impurities,
lower the operating potential, increase current efficiency, and inhibit self-corrosion. The addition of Sn
to Al-Zn-In further improved the current efficiency and more negative potentials were observed. Xiong
et al also investigated the effect of Ce ions in solution on Al-(4.8) wt% Zn-0.013 wt% In and Al-(4.5) wt%
Zn-0.013 wt% In-RE alloys, where RE corresponded to Ce, La, Nd, and Pr. Corrosion was observed at Ce
enriched regions and Ce precipitates. Cerium enhanced the uniformity of attack and improved the
current efficiencies of the anodes. [24]
The corrosion of Al-In-Tl alloys was investigated by Mance et al. Alloys included Al-(0.1-0.2) wt% In, Al(0.1-0.2) wt% Tl and Al-0.1 wt% In- 0.1 wt% Tl alloys made with both high purity and commercial purity
aluminum. Tl had little individual effect due to insolubility in aluminum. However thallium did have an
impact anodic properties on the Al-In-Tl alloys due to its mutual solubility with indium. Corrosion was
observed at boundaries and inclusions due to Tl and In segregation. Annealing was suggested to
homogenize the microstructure and reduce segregation. In and Tl had less effect on the activation of
commercial purity aluminum alloys due to the effects of copper, iron, and silicon impurities. [6]
The activation of aluminum by In2(SO4)3, ZnSO4 and In2(SO4)3 and ZnSO4 salts in NaCI solution was
investigated by Breslin et al. The presence of zinc in solution did not cause activation. Indium and
indium salts did cause activation. Indium and zinc were found to have a synergistic interaction improving
the activation, increasing the corrosion rate, and decreasing the induction period. It was proposed that
the observed cracking of the oxide surface was due to the deposition of zinc and the formation of
3

ZnAl2O4 spinel, which facilitated the contact of indium with the pure aluminum surface. The deposited
indium then caused surface modification which increased the adsorption of chloride. [8,9]
The anodic behavior of ternary Al-Mg-Zn alloys and the effect intermetallic compounds was investigated
by Barbucci et al. Heat treatment based on the ternary phase diagram was used to control the phases
present and investigate the effect of these phases. Sufficient annealing time improved the dispersion of
the τ intermetallic phase and improved the efficiency and corrosion behavior of the anode. They
proposed that an Al-5 at% Mg-5 at% Zn alloy may be used as a sacrificial anode with comparable results
to commercial anodes. [13]
The effect of indium, gallium, and tin ions in chloride solutions on the activation of high purity and
commercial purity aluminum and alloys containing Zn and Sn was studied by El Shayeb et al. [14-16] Pure
Al, Al-Zn and Al-Zn-Sn were activated by In+3 ions in solution. However the presence of tin impaired the
diffusion of indium through the aluminum matrix, and Al-Sn alloys were not activated. High purity
aluminum was activated by Ga+3 ions in solution, but commercially pure Al did not have a strong
activation. Interestingly, Ga+3 ions only caused poor activation of Al-Sn, Al-Zn or Al-Zn-Sn alloys. However
these alloys also contained high levels of iron, copper, and silicon, as compared to high purity aluminum.
Therefore it was suggested that the passivation effect was due to impurity elements. In the presence of
Sn+2 ions, no activation was observed on high or commercial purity aluminum, or Al-Sn. However alloys
that contained zinc did see activation in the presence of Sn+2 ions. The formation of ZnAl2O4 spinel was
suggested to have caused surface cracking and increased the diffusion of tin into the bulk, similar to
what was reported by Breslin et al. [8,9]
The effect of gallium on an Al-Zn-In system was examined by Mathiyarasu et al. The addition of 0.02
wt% Ga was found to maximize the efficiency of the Al-3.9 wt% Zn-0.13 wt% In alloy. A mechanism for
the synergistic effect of indium and gallium was explained in terms of Ga ions filling cation vacancies
created by the addition of In. [19]
Flamini et al investigated the behavior of pure Al, Al–3.9%Zn, and Al-5.6 wt% Zn- 3 wt% Ga alloys in NaCl
solutions containing 0.01 molar Ga3+ ions. It was proposed that gallium was present on the surface from
deposition and re-deposition from solution as well as diffusion from the bulk. A surface amalgam
formed which detached the oxide layer. Zinc was proposed to assist in achieving higher interaction
between gallium and the aluminum surface. It was also found that activation of the Al-5.6 wt% Zn- 3
wt% Ga alloy occurred in a voltage range which ruled out chloride absorption. Uniform corrosion was
achieved and was related to the uniformity of gallium distribution. [21] In similar experiments, Bessone
and Flamini et al investigated the behavior of Al-Zn and Al-Zn-In alloys in acidic solutions chloride
solution with and without 0.01 M In3+ ions in solution. Alloys investigated included high purity and
commercial purity aluminum, as well as Al-4 wt% Zn and Al-4.3 wt% Zn-0.02 wt% In. Activation of Al-Zn
alloys by indium in solution was observed. They proposed a similar amalgamation mechanism where the
hydrolysis of Al+3 raised the surface temperature. It was proposed that at low potentials (−1.5 VSCE),
indium in a quasi-liquid state formed an In–Al amalgam which activates the surface by detaching the
oxide film. Areas rich in zinc favored indium surface enrichment. Similar to other groups, they observed
non-uniform boundary corrosion and pitting due to zinc and indium segregation. In addition to
activation by amalgam formation, pitting was observed to be caused by chloride absorption [20].
Le Guyader patented an Al-(0.03-0.20) wt% Ga-(0.03-0.20) wt% Cd alloy for use as a sacrificial anode. [10]
The potential range specified in the patent (-700 to -870 VSCE) encompasses the range specified by
Pautasso et al. Other patents referenced by Le Guyader include alloys of Al-0.04 wt% Hg-(2.0-4.5) wt%
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Zn, Al-(0.005-3.5) wt% Ga-(0.1-1.0) wt% Mg, and Al-(0.005-0.05) wt% In-(0.05-8.0) wt% Zn-(0.003-0.05)
wt% Ga-(0.02-2.0) wt% Mg. [11,12]
In 2009, L. Ma et al published work which indicated that an Al-Zn-Bi alloy may be used as a low-voltage
sacrificial anode. They investigated a range of Al -Zn (0.5-0.8 wt%)- Bi (0.1-0.5) wt% alloys. It was
determined that of the alloys tested Al-0.55 wt% Zn-0.50 wt% Bi performed the best, which operated in
a potential range of -0.800 V to -0.820 V vs SCE and showed uniform corrosion. It was postulated that
the small grain size of the material caused uniform corrosion to occur. However the composition
selected was at the edge of their tested range and it was not indicated that multiple trials were run. In
addition, tests were run while holding one variable constant, making it difficult to estimate any Zn-Bi
interaction. [25] Compared to that of other activating elements, there is relatively little literature on
sacrificial anodes containing bismuth. [2,22,25,26,41] An Al-Bi alloy for use with bearings was patented by
Kopeliovich et al. Small bismuth inclusions were reported to be uniformly distributed in the alloy. [42] It
was also reported by Koike et al that tensile properties of aluminum were not affected by bismuth
inclusions as long as the inclusions were uniformly distributed. [43]
In addition to sacrificial anodes for corrosion protection, aluminum anodes are of interest for
electrochemical power sources. Here it is less important that hazardous elements (Hg, Sn, Cd, Pb, etc.)
be excluded since such systems are not usually exposed to the environment. In, Ga, and Zn are of
course also still of interest.
Tuck et al investigated the anodic behavior of Al-(0.026-2.6)wt% Ga in NaOH solutions and compared
the behavior with that of pure gallium and Ga- 0.1 wt% Al. Activation occurred at localized gallium
agglomerates. It was suggested that aluminum diffused though the gallium surface agglomerates, which
prevented passivation. The activation time was found to decrease with increasing gallium concentration.
When active Al-Ga anodes were cooled, passivation occurred, which indicated a significant effect of
temperature. This was related to the low melting point of Gallium (28°C). [7]
Al-Ga and Al-Ga-In-Sn alloys were researched by Woodall for use as anodes for hydrogen fuel cells. It has
been shown that these alloys have considerable potential for future energy generation. [44]
Tan and Nisancioglu investigated the effect of heat treatment on tin activation of aluminum anodes.
They concluded that annealing caused tin to segregate to the surface, creating an interface layer. This
caused further oxide detachment.
The corrosion of Al-0.1wt% In in NaOH and KOH solutions was investigated by Wilhelmsen et al.
Contrary to other corrosion data on Al-In, Wilhelmsen et al found that the addition of 0.1wt% indium
increased the corrosion protection. They propose that the difference in result was due to the longer
time period tested. However, this result may be due to the difference in solution. The solutions were
basic in nature and did not contain chlorine. [45]
Sharma et al used Ab-initio calculations and thermodynamic modelling to validate a lattice expansion
model in Al-Sn alloys. They propose that Sn4+ ions replace Al3+ ions in the oxide layer, decreasing its
passivating nature. Their calculations seem to show that Ga, Mg, Zr, In and Bi doping elements expand
the lattice and increase the solubility of Sn. However, if intermetallic compounds formed with a doping
agent and tin, then the solubility may decrease. They also included a table of anode compositions and
observed potentials from published literature. [46]
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Liang et al investigated the anodic behavior of an Al-Mg-Sn-Bi-Ga-In alloy for use with aluminum/air fuel
cells and aluminum/silver oxide sea-water cells. The effect of hot rolling on the formation and
distribution of phases was related to the operating potential and amount of hydrogen evolution. More
uniform distribution of phases resulted in more uniform corrosion. [22]
It is of note that most of the literature discussed here does not mention conducting repeated trials nor
do they investigate variance of observed electrochemical response, or weight loss. Their conclusions are
often drawn from single samples of each composition, probably due to the time involved in running a
test. However if sources of error contribute to enough variance then their conclusions may be
unfounded.
Table 1 summarizes the chemistries that have been investigated for aluminum anodes [33]
Table 1: List of Published Aluminum Anode Chemistries [33]
Element Range, Wt%
Ref

Bi

Cd

Ga

[2]

0.094

~0.01-0.1

[4]

0.05,
0.10

.024, 0.050,
0.098

Hg
~0.0010.02

In
~0.01-0.1

0.030.20

[10]
[11]
[12]

0.03-0.20

other

<0.10
0.12-5.13
0.1-0.2 Tl

0.005-3.5
0.003-0.05

0.04

2.0-4.5
0.005-0.05

[13]

nr*

3.0
nr

nr
0.015

[24]

0.013
0.5
0.10.3

[30]
[47]
[38,39]

0.1-1.0
0.2-2.0
2.5, 5,
7.5

0.5-8.0
2.5, 5, 7.5

0.015
~0.13
0.02

0- 0.097

[23]

[26]

Zn

0.026, 0.05,
0.1, 0.26, 2.6

[7]

[25]

Sn
~0.0010.2

0.017, 0.02,
0.039
0.1-0.2

[6]

[17]
[19]
[20]
[21]
[22]

Mg

~3.5
~3.9
4.3
5.6
nr

nr
0.1

5.0

4.48-4.83

0.05-0.20
Te
0.46 Ce,
0.14 La,
0.12 Nd,
0.04 Pr

0.55
0.005-0.2
0.092- 0.110

<0.005,
0.014-0.020
0.005-0.1

* nr - not reported
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0.2-4.0

0.010.3

0.3-3.0
<0.15,
4.0-6.5
0.5-20
0.02-2

0.3-2.0
Mn

1.2

General Characteristics of “Active” Elements

Elements that activate aluminum, and are used with sacrificial anodes, often share several common
characteristics. More active elements usually have low melting points and wet aluminum when molten.
In addition, some elements such as Ga and In, are known to wet oxide glasses. They are often in group
IIIA through VA of the periodic table (Ga, In, Sn, Ge, Pb, and Tl). However, it is of note that other
common alloying elements associated with anodes do not fall in this range. These include Ca and Mg
(IIA), Ti (IVB), Fe (VIIIB), Cu (IB), and Zn, Cd, and Hg (IIB).
Gundersen et al stated that if the element was present in oxide form, then it did not cause activation.
[2,48]
. However, the element may be oxidized in the activation and dissolution process. Thus the nature of
their oxides is of interest. The Pilling-Bedworth ratio for many common activating elements and their
oxides (In-In2O3, Ga-Ga2O3, Zn-ZnO) is between 1-2. This indicates that their oxides are passivating. SnSnO2 has Pilling-Bedworth ratios of ~0.6 indicating their oxides are too thin to form a passive layer. This
may influence the surface behavior of the activator elements.
Aluminum and many common activating elements (Al, Ga, In, Sn, Tl, Pb and Bi) fall into the category of
post transition or other metals. These metals have lower melting points than transition metals and show
non-metallic, covalent and directional bonding effects. These elements in their pure state are weak and
ductile. Other metal elements may also act as acids or bases. Most of the elements (Al, Ga, In, and Bi)
also exhibit a preferred oxide state of +3.
Elements with high mutual solid solubility with aluminum, such as gallium and zinc, produce fairly
uniform corrosion. Elements with limited solubility in aluminum such as bismuth, cadmium, mercury,
indium, lead, and tin or elements that form intermetallic compounds with aluminum such as calcium,
copper, iron, manganese, and titanium produce less uniform corrosion. This may be due to the activator
atoms being distributed in solid solution rather than segregating to localized areas. It is of note that heat
treatment may be required to homogenize the microstructure of alloys with activator atoms in solid
solution.
The synergistic interaction between activator elements and zinc on the depassivation of aluminum has
been studied by Breslin et al (In) [8,9], El Shayeb et al (Ga, In, and Sn) [14-16] and Flamini et al (Ga, In) [20].
This interaction may be related to a natural phenomenon since zinc ore naturally contains many of the
reported activating elements (cadmium, gallium, indium, and bismuth).
Liquid or quasi liquid activation mechanisms have been proposed for alloys with low melting point
activating elements. [20,21] Gallium, antimony, silicon, and bismuth all have higher liquid density than
solid density. A solid to liquid transition would result in an expansion which could stress, delaminate,
and crack the oxide layer. This is of most interest for gallium since its melting point is near room
temperature.
Most academic work does not consider commercial production, other than to define required impurity
levels. However elements such as Zn, In, Ga, Hg, and Sn are avoided in structural aluminum alloys since
they can cause liquid or solid embrittlement in addition to corrosion issues. Thus an anode with these
elements would not be expected to be durable or have a long service life. [49-51]
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1.3

Possible Corrosion Mechanisms

Several authors have proposed possible mechanisms for the corrosion of aluminum anodes. These
mechanisms are summarized in Table 2. These mechanisms all involve breakup and removal of the oxide
layer to expose aluminum underneath.
Table 2: Mechanisms of Aluminum Activation

1
2
3
4
5
6
7
8
9
10

Mechanism of Corrosion in Aluminum
Grain boundary segregation and inclusions
Diffusion to agglomerates on surface
Diffusion to surface and formation of surface spinel
creating defects in the oxide film
Diffusion to surface and formation of amalgam or liquid
layer that causes detachment of the oxide film
Formation of intermetallic compounds
Localized acidity at anode-solution interface
Diffusion of activator atoms and disruption of the oxide
surface
Corrosion product development creating an occluded cell
Dissolution and re-deposition of activator ions in solution
Increased affinity for Cl- ions and formation of
activator/chloride complexes on the aluminum surface

Alloying Elements
In
Ga

Source
[3,23,47]
[7]

Mg, Zn, Sn

[8,16]

In, Ga, Pb, Sn, Ga,
Hg
Mg, Zn
Zn

[7,20,31,45,52]
[13]
[3,38,39]

Hg, Sn, In, Zn

[3,32]

Zn, Sn
Zn, Hg, In

[32,36]
[3]

In

[3,9,14]

The mechanisms presented above are really partial mechanisms and often several must be taken into
account. Mechanisms 1-5 focus on the possible effects of specific elements. Mechanisms 6-10 may be
combined into a broader model as presented in the review article by Lemieux et al, building on the work
of Gavele, Sato, Song, Reboul, and Perkins. [3]
A pitting model, proposed by Gavele, was based on induced current density driving hydrogen evolution
and creating a localized acidic pit environment. Song et al used a computer simulation to model the
activation due to an activator element interfering with the AI(OH)-O bonds in the AI(OH)-O- AI(OH)-…
chain; creating an AI(OH) molecule which dissolves. Sato et al used the works by Song et al and Gavele et
al to propose a model. They proposed that activator atoms diffused into voids left by dissolution, AI ->
Al3+. This prevented re-oxidation of the site and damaged the oxide chains. If this activator diffusion and
oxide dissolution occurred in multiple places and propagated into the bulk, then many pits form and
grow. They thus concluded that the accumulation of activator atoms caused this dissolution of the oxide
layer. In addition they relate the activator melting temperature to the concentration needed for
activation. [3,38,39]
Lemieux et al further related the works of Gavele and Sato with that of Perkins et al. Corrosion occurs
due to the following half-cell reactions.
Equation 1: Anodic Reaction

AI → Al+3 + 3e-

Equation 2: Cathodic Reaction

O2 + 2H2O + 4e- → 4OH-
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Activator ions in solution have been shown to redeposit on the surface of the anode, weakening the
oxide film. The damaged passive layer exposed aluminum and activator atoms underneath. Furthermore
the bulk aluminum was more anodic than the oxide layer. [3] Once a pit was initiated, a localized acidic
environment formed with a higher concentration of activator atoms. This caused the pit to grow,
propagating into the bulk. Crevice corrosion may also occur laterally under the oxide layer as observed
by Anawati. [53]
Perkins suggested that the formation of corrosion products may create an isolated environment and
facilitate further corrosion. In their model, corrosion products built up at the pit mouth, forming a
membrane or mound. This slowed the diffusion out of the dissolved Al+3 ions, creating a net positive
charge in the pit. This positive charge attracted Cl- ions. [36] The buildup of corrosion products then
facilitated dissolution and re-deposition mechanisms to occur by limiting the localized flow of solution.
External marine applications do not usually involve stagnant solutions meaning that activator ions in
solution are likely to be swept away from the anode and prevented from being deposited back on.
However, the isolated environment caused by the covering of corrosion products limits the localized
flow of the solution, in this case seawater. Dissolution and re-deposition mechanisms are of course also
of importance where flow in naturally limited, such as internal wetted applications.

1.4

Phase Diagrams and Predicted Microstructures

The amount of element solubility and the predicted microstructure influence the resulting corrosion
behavior. However, different authors disagree on the relationship between the state of the activating
element and their effect on corrosion. Reboul stated that only elements in solid solution have an effect
on activation and large precipitates do not. [52] Indium precipitates were observed to remain intact after
corrosion, being cathodically protected by their surroundings. However, this implies that the
surroundings should be anodically corroded and thus the precipitates would facilitate localized pitting
and dissolution. Work by Junguang He. et al showed that alloys with spherical or disc shaped
precipitates result in higher current capacities compared to those with elongated precipitates. [41] In
addition, the work by L. Ma et al reported localized corrosion around bismuth precipitates. [25]
The solidification of an alloy is also important since it dictates microstructure. Lemieux et al reported
that dendritic structures were expected in alloys with elements that had mutual solubility with
aluminum. Phases with lower solidification temperatures segregate to form columnar, dendritic
structures. [3] Phases with limited solubility form precipitates. In all alloys discussed here, the primary
aluminum dendrites should form first, followed by eutectic reaction products and precipitates. During
the formation of the primary dendrites, liquid phases are rejected by the advancing solidification front.
If the solid solubility of an element is exceeded, then precipitates tend to form in the interdendritic
regions. [3]
In aluminum alloys the solubility of gallium increases as temperature drops down to around 29.7°C,
which is the solidus line for gallium. At this temperature the maximum solubility of gallium in aluminum
is around 3.37wt% (9at%). Since the composition of interest here is much less than that, Al-0.1 wt%
(0.039 at%) Ga, all gallium should be in solution, starting just below 660°C. Figure 1 shows the Al-Ga
binary phase diagram.
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Figure 1: The Aluminum-Gallium Phase Diagram, Murray, J.L., The Al−Ga (Aluminum-Gallium) system.
Bulletin of Alloy Phase Diagrams, 1983. 4(2): p. 183-190. Used Under Fair Use, 2014

For Al-0.5 wt% (0.065 at%) Bi and Al-2 wt% (0.26 at%) Bi, the aluminum should solidify between 657660°C. A bismuth rich liquid phase will remain and solidify as discrete particles around 270°C. Figure 2
shows the Al-Bi binary phase diagram.

Figure 2: The Aluminum-Bismuth Phase Diagram, McAlister, A.J., The Al−Bi (Aluminum−Bismuth)
system. Bulletin of Alloy Phase Diagrams, 1984. 5(3): p. 247-250. Used Under Fair Use, 2014
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For Al-5 wt% (2.13 at%) Zn, the phase diagram, Figure 3, predicts that the alloy would solidify between
640-660°C. The slope of the liquidus and solidus lines causes a large difference between the composition
of the initial solid formed and the composition of the final solid. This results in coring effects and
dendritic growth. Primary aluminum dendrites form surrounded by zinc-rich interdendritic regions. A
very slow cooling rate would be expected to yield the microstructure predicted by the phase diagram.
Similar effects would be observed with the Al-0.5wt% (0.21 at%) Zn alloys. The solidification of this alloy
would occur just under 660°C. [56]
Bismuth and zinc have almost negligible solubility in each other at room temperature. [57] It is uncertain
whether any Zn-Bi phases would occur. However the Al-0.5 wt% Zn-0.5 wt% Bi (0.21 at% Zn and 0.065
at% Bi) alloy would be located in a corner of the ternary diagram, well away from the ternary eutectic
and well away from the Zn-Bi binary phase diagram. Therefore the most relevant binary phase diagrams
are Figure 2 and Figure 3. For Al-0.5 wt% Zn and Al-0.5 wt% Bi alloys, the cooling and resulting
microstructure is expected to be similar to that of Al-0.5 Zn with bismuth precipitates. The primary
aluminum dendrites form first during solidification, followed by zinc-rich interdendritic regions, and
finally bismuth solidifies as discrete particles. Bismuth has no solid solubility in aluminum or Al-Zn alloys
and does not wet Al or Al-Zn alloys so it segregates to the interdendritic regions and forms spherical
particles.

Figure 3: The Aluminum-Zinc Phase Diagram, Murray, J.L., The Al−Zn (Aluminum-Zinc) system. Bulletin
of Alloy Phase Diagrams, 1983. 4(1): p. 55-73. Used Under Fair Use, 2014
The indium compositions considered here, Al-0.015 wt% (0.0035 at%) In, Al-0.01 wt % (0.0024 at %) In,
and Al-0.004 wt% (0.0009 at%) In, fall at the very edge of the left side of Figure 4. The maximum indium
solubility is reported as 0.19 wt % (0.045 at %) at 630°C. [58] At 155°C the solubility drops to 0.014% wt%
and continues to drop to negligible amounts at room temperature. [3] The alloys are expected to solidify
between 660 and 635 °C. Due to its extremely low solubility, indium is expected to segregate to the
boundaries of the aluminum grains. This is consistent with Al-In corrosion behavior reported in
literature. [3,6,21,23,47] Indium has also been associated with the formation of AI3Fe and α-AI-Fe-Si
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intermetallic precipitates in alloys that also contain silicon and iron impurities. [3] The aluminum-indium
binary phase diagram is shown in Figure 4.

Figure 4: The Aluminum-Indium Phase Diagram, Murray, J.L., The Al-In (Aluminum-Indium) system.
Bulletin of Alloy Phase Diagrams, 1983. 4(3): p. 271-278. Used Under Fair Use, 2014
The Al-Zn-In alloys are expected to have similar behavior to Al-Zn-Bi system. The primary aluminum
dendrites form first, followed by the zinc rich interdendritic region, primary dendrites form first, and
finally indium solidifies. As the temperature decreases more indium precipitates out as small discrete
particles. The Al-5wt% (2.13 wt%) Zn-0.015wt% (0.0035 at%) In alloy composition was so low in indium
that Figure 3 and Figure 4 are of the most interest. Again the alloy falls in the aluminum corner of the
ternary diagram, well away from the ternary eutectic. It is not known whether any Zn-Bi intermetallic
compounds form, however little literature was found on Zn-In intermetallic phases. [59]
In summary:



Low voltage (less negative, ≥ -0.850 VSCE) anodes reduce stress corrosion cracking (SCC) or
hydrogen embrittlement (HE) as compared to high voltage (more negative) anodes. [2]
The work of various authors has suggested that elements such as Ga, In, Zn, Bi, Hg, Sn, Pb, Mg,
Cd and Ti decrease the potential, disrupt the passive oxide layer and lead to corrosion. [2-29,3041,44-53]






Elements such as Fe, Cu, and Mn increase the potential and can lead to passivation. [2,3,6,14-18,24,34]
An activation mechanism model was presented by Lemieux et al. [3] Activator ions diffused into
voids created by the dissolution of aluminum. The activator atoms then prevented re-oxidation
of the site and disrupted oxide chains. The formation of occluded cells caused by pits formation
and the accumulation of corrosion products caused pH to locally decrease. [3,38,39,40]
Gallium is somewhat soluble in aluminum and is expected to be in solid solution. Zinc is
expected to form dendritic structures based on coring effects. Bismuth is expected to precipitate
out as discrete particles. Indium is expected to segregate to grain boundaries. [54-58]
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2. Procedures
2.1

Sample Preparation

A wood pattern was made for producing bonded sand molds that made two cast plates approximately
3.5 inches by 3.5 inches by 0.25 inches thick. The pattern was used to mold the drag with four plate
cavities connected to two wells. Holes were drilled in the cope, lined up with the wells, in order to form
the down-sprues. Thus, these molds consisted of two down sprues connecting to two flat plates each.
Holes were drilled in bonded sand blocks to serve as pour cups. These were placed on top to the cope
and attached with core paste.
High purity (99.99%) aluminum ingot was used as the base melt stock. High purity active element
additions were added to the melt, including 99.99% pure Bi, 99.99% pure Ga, 99.99% pure In and 99.8%
pure Zn. Ten to fifteen pound heats were melted in silicon carbide crucibles in an electrical resistance
furnace at the Kroehling Advanced Materials Foundry at Virginia Tech. The molten metal alloys were
degassed/stirred with spectrometer grade argon using a rotary inert degas unit. A chemistry sample was
taken from the melt and the sample was ground flat using aluminum oxide grinding papers. The
composition verified using a Bruker Q4 Tasman optical emission spectrometer located at the Virginia
Tech foundry. The spectrometer is capable of analyzing 30 elements in aluminum alloys, including Si, Fe,
Cu, Mn, Mg, Cr, Ni, Zn, Ti, Ag, B, Ba, Be, Bi, Ca, Cd, Co, Ga, In, Li, Mo, Na, P, Pb, Sn, Sr, V, Zr, Sb, Hg.
The crucible was removed from the furnace and poured into the molds. Samples were allowed to cool to
room temperature in the bonded sand molds. The castings were then cut into individual samples that
were approximately 1.75 in x 1.75 in x 0.25 in thick using a band saw. Figure 5 shows the pouring of the
cast plate mold and Figure 6 shows the resulting plates.
Prior to corrosion testing, the samples were ground with successively finer grits using silicon carbide
polishing paper. These included 240, 320, 400 and the final surface finish was 600 grit. For microscopy of
un-corroded samples, samples were polished further using 9 and 1 micron diamond compounds and 0.3
and 0.05 micron alumina suspensions.

Figure 6: These Castings are Approximately 3.5 in
x 3.5 in x 0.25 in Thick

Figure 5: Pouring a Closed Mold Casting
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2.2

Testing of Samples

Testing was performed in accordance with the ASTM1 standards for electrochemical testing (G1, G5,
G19, G61, G100) and with regard to the NACE Series, “Corrosion Testing Made Easy, Volume 2” on
galvanic corrosion. [60-65] Corrosion tests were performed in a manner similar to those performed by
Pautasso et al. [4]
A software controlled, single channel Princeton Applied Research VersaSTAT-300 DC corrosion system
(potentiostat/galvanostat) with Versa Studio software and a Princeton Applied Research, four channel,
VersaSTAT MC (potentiostat/galvanostat/impedance analyzer) with Versa Studio software were used for
electrochemical corrosion testing. The tests were run using Princeton Applied Research flat cells and
saturated calomel reference electrodes [66]. Figure 7 shows the setup of the flat cells for electrochemical
testing. This cell geometry was selected to avoid mounting issues associated with submerged anodes.
The cell exposes 1 cm2 of the sample surface by a hole in one end of the cell. A platinum mesh screen
was used as counter electrode. Commercially available synthetic seawater (ASTM D1141 Substitute
Ocean Water) was used.

Figure 7: Flat Cells Used for Testing, W.J. Monzel, A.P. Druschitz, M. Maxfield, “Development of New,
Low-Voltage, Aluminum, Sacrificial Anode Chemistries”, Corrosion, accepted Dec 2013, Used with
permission of A.P. Druschitz.
The following tests were performed:
1) Free Potential/Open circuit measurements were
conducted with reference to a saturated calomel
electrode (SCE) for 240-250 hours. This test coupled the
sample with the system and measured the open circuit
potential Eoc without applying current.
2) Tafel tests were conducted vs SCE from 0 V to -2.6 V.
The equipment swept through a potential range and
measured the applied current. Tafel tests were used to
determine the corrosion voltage Ecorr and current Icorr [67].
Figure 8: Example Tafel Curve
1

ASTM International, 100 Barr Harbor Drive, PO Box C700, West Conshohocken, PA, 19428-2959 USA
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If Tafel tests are conducted at equilibrium conditions, then the Ecorr values should be approximately
equal to the Eoc values found in open circuit tests. The top curve is the anodic portion and the bottom
curve is cathodic. Figure 8 shows a diagram of a Tafel test.
3)
Potentiostatic tests were conducted by applying a constant potential of -730 mV vs SCE and
measuring the resulting current every five minutes for 168 hours. As stated by Pautasso et al, -730 mV
vs SCE was the observed potential of pure aluminum with its natural passivating oxide layer in seawater.
[4]
This test investigated the resistance to pit initiation at a given potential, and recorded current vs time.
Figure 9 shows a diagram of a potentiostatic test. Most alloys pit initially and then level out at a
relatively constant current [68].

Figure 9: Example Potentiostatic Curves
4)
Galvanostatic tests were conducted by applying a constant current (initial current density was 9
2
A/m ) and measuring the resulting potential every five minutes for 168 hours. As stated by Pautasso et
al, 9 A/m2 was the average current observed for non-polarized working electrodes coupled with steel in
seawater. [4] These tests were used to investigate the corrosion of the system under an applied current.
Different alloys will exhibit widely different currents as demonstrated by the potentiostatic data.
In principle, all data may be related in the diagram shown in Figure 10. The coupled voltage is given as
the location where the cathodic part of the steel Tafel curve crosses with the anodic part of the
aluminum Tafel curve. All galvanically coupled values are expected to lie on the cathodic section of the
steel Tafel curve. For a specific anode, the potentiostatic, galvanostatic, galvanic coupled, and Ecorr/Eoc
values should lie on the anodic section of the aluminum anode Tafel curve. However, the aluminum
Tafel curve generated from Tafel test may not be at an equilibrium condition that accurately reflects
values observed in other tests. A curve can be generated using the four data points obtained from the
open circuit, galvanic coupling, galvanostatic, and potentiostatic tests. This curve can then be compared
with the curve generated in the Tafel test. The area of all tests was kept at 1 cm2 for both aluminum and
steel samples.
Current capacity is a measurement of anode efficiency in terms of (current *time)/(amount of
corrosion). The relationship of the steel and aluminum Tafel curves dictates a fixed relationship of
voltage and current. By specifying a desired voltage range, a possible current range is also specified.
Since the coupled values must fall on the steel curve, a low (more positive) voltage corresponds to a
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lower current. This represents a challenge for low-voltage (thus lower-current) anodes since most
groups have found that current capacity is proportional to current density, at least in short term tests.
That is to say that most aluminum anodes are more efficient at higher currents and more negative
voltages. Many groups also report that there is a current density, usually 1-2 A/m2 below which the
current capacity drops off drastically. [3]

Figure 10: Relationship of Data Gathered from Various Tests for Equal Area Electrodes

2.3

Rate, Current Capacity and Efficiency Calculations

The predicted corrosion rate may be calculated from the observed current. The sample calculation
below, Equation 3 shows the conversion of a weight loss to a current value. This may then be used as a
conversion factor, between observed current and predicted weight loss, Equation 4. The contributions
of alloying elements to the current may be included. Calculations are performed for each element in its
pure state and weight fractions used to obtain the total current. Equation 5 gives an example for Al-5
wt% Zn. Theoretical current capacities may also be calculated from Equation 3 as a reciprocal of the
conversion factor, Equation 6.
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Equation 3: Sample Calculation of the Predicted Current for Pure Aluminum.
(

)

Equation 4: Conversion Factor
(

)

(

)

(

)

(

)

Equation 5: Sample Calculation for Al-5 Wt% Zn
(

)

(

)

(

)

Equation 6: Theoretical Current Capacity for Pure Aluminum
(

)

(

)

(

)

Again, weight fractions may be used in accounting for the addition of alloying elements. Table 3 gives
the theoretical current capacities for pure elements and alloys. These values agree with those given by
Muazu et al for Al-Zn alloys. [37] All additive elements considered tended to lower the theoretical current
capacity of pure aluminum. Since gallium and indium are added in such small additions, their impact on
the theoretical current capacity was considered to be negligible. Bismuth has almost no solubility in
aluminum and aluminum-zinc alloys. Bismuth particles were observed as remaining intact on corroded
microstructures as shown in section 3.5. Thus it was assumed that while bismuth took up mass, it did
not contribute to the current. This approach assumes that currents are additive and that certain
oxidation reactions occur. It is assumed that aluminum, gallium, indium, and bismuth have oxidation
states of +3, and zinc has an oxidation state of +2.
Table 3: Theoretical Current Capacity Values
Composition Wt%

Theoretical Current Capacity A*hr/kg

Pure Al
Pure Zn
Pure Ga
Pure In
Pure Bismuth
Al-5 Zn
Al-0.5 Zn
Al-0.5 Zn-0.5 Bi
Al-2 Bi
Al-0.5 Bi
Al-0.1 Ga
Al-0.015 In
Al-5 Zn-0.015 in

2980
819
1150
700
385
2870
2970
2950
2920
2960
2980
2980
2870
17

Corrosion Rate Ratios may be calculated as (actual rate)/ (predicted rate). Observed current capacities
may be calculated as (observed current)/(weight loss). Current efficiencies were calculated as (observed
current capacity)/(theoretical current capacity). This efficiency value was also simply the reciprocal of
the corrosion rate ratio.

2.4

Characterization

Samples were characterized before and after testing by electron microscopy using a field emission
environmental scanning electron microscope and energy dispersive spectroscopy (EDS) at the Virginia
Tech Nano Characterization and Fabrication Laboratory (NCFL). The size, distribution and chemistry of
the phases present in the bulk microstructure and the topology of the corroded surfaces were
determined.
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3. Results
The first heat of high purity aluminum in a silicon carbide crucible resulted in silicon contamination of
the liquid aluminum. This was most likely due to some of the protective silica coating on the crucible
being dissolved by the melt. No contamination was observed in subsequent castings. Accurate
composition data from the spectrometer was obtained by grinding with aluminum oxide sand paper.
Silicon carbide sand paper produced elevated silicon contents when used, most likely from SiC particles
being embedded in the soft aluminum surface.

3.1

Alloys Cast

Pure aluminum, Al-5.3 wt% Zn-0.011 wt% In, Al-0.1 wt% Ga, and Al-0.57 wt% Zn-0.55 wt% Bi alloys were
cast as “baseline” materials. Al-5.3 wt% Zn-0.011 wt% In and Al-0.1 wt% Ga alloys correspond to the
conventional aluminum sacrificial anode and the low-voltage aluminum sacrificial anode respectively, as
specified in MIL-DTL-24779C(SH) [30]. The Al-0.5 wt% Zn-0.5 wt% Bi alloy was reported by L. Ma to be
suitable for low-voltage aluminum sacrificial anodes. [25] Electrochemical corrosion test data was
compared with the published literature for these materials. In addition the performance of other alloys
was compared to these materials. Chemistries of the cast baseline and experimental alloys produced
and tested are listed in Table 4 and Table 5 respectively. The specifications for the two commercial
anode chemistries are provided for comparison. It is of note that the chemistry of the samples used to
represent the conventional aluminum anode (Al-5.3 Zn-0.011 In) was just outside the specification
ranges for indium and silicon.
Table 4: Compositions of Baseline Alloys Cast in Weight Percent
Alloy

Bi

Ga

In

Zn

Si

Cu

Fe

Hg

Sn

99.99% Al

<0.003

<0.002

<0.002

<0.002

0.19

0.004

0.04

<0.002

<0.002

Conventional
Spec*[30]

NA

NA

0.0140.020

4.0-6.5

0.080.20

0.004
max

0.090
max

0.001
max

0.001
max

Al-5.3 Zn-0.011 In

<0.003

<0.002

0.011

5.32

0.02

0.004

0.04

<0.002

<0.002

Low Voltage Spec*[30]

NA

<0.005

<0.15

<0.10

<0.005

<0.08

<0.005

Al-0.1 Ga

<0.003

<0.002

<0.002

0.02

0.005

0.04

<0.002

<0.001
max
<0.002

<0.002

0.57

0.03

0.006

0.03

<0.002

<0.002

[25]

0.55
Al-0.57 Zn-0.55 Bi
[30]
* MIL-DTL-24779C(SH)
**maximum calibration limit

0.0920.110
>0.048**
<0.002
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Table 5: Compositions of Experimental Alloys Cast in Weight Percent
Alloy

Bi

Ga

In

Zn

Si

Cu

Fe

Hg

Sn

99.99% Al

<0.003

<0.002

<0.002

<0.002

0.19

0.004

0.04

<0.002

<0.002

Al-0.54 Bi

0.54

<0.002

<0.002

0.009

0.02

0.006

0.03

<0.002

<0.002

Al-2 Bi

>0.78*

<0.002

<0.002

0.008

0.02

0.003

0.01

<0.002

<0.002

Al-0.49 Zn

0.006

<0.002

<0.002

0.49

0.02

0.006

0.02

<0.002

<0.002

Al-5.3 Zn

0.028

<0.002

<0.002

5.30

0.02

0.007

0.02

<0.002

<0.002

Al-0.004 In

<0.003

<0.002

0.004

<0.002

0.01

0.006

<0.002

0.003

<0.002

Al-0.010 In

<0.003

<0.002

0.010

<0.002

0.01

0.010

<0.002

0.003

<0.002

Al-0.015 In

<0.003

<0.002

0.015

0.006

0.01

0.004

0.006

<0.002

<0.002

*maximum calibration limit

3.2

Electrochemical Data

Bismuth appeared to have little effect on the open circuit potential of the system. Gallium and indium
lowered the open circuit potential considerably. An interesting trend was observed with zinc. A small
amount (0.5 wt%) of zinc lowered the potential, while 5 wt% zinc raised the potential. From the Tafel
test it was apparent that all additions lowered the Ecorr value. For Ecorr, Bismuth again had the least
effect, followed by zinc. Both Ga and In significantly lowered the potential. Table 6 lists the results of
open circuit and Tafel tests.
Table 6: Tafel and Open Circuit Electrochemical Corrosion Data
Composition (Wt%)

Open Circuit Potential: E (VSCE)

Tafel: ECORR (VSCE)

Pure Al

-1.21

-0.866

Al-0.1 Ga

-1.35

-1.435

Al-5.3 Zn-0.011 In

-1.32

-1.205

Al-0.57 Zn-0.55 Bi

-1.49

-1.032

Al-0.54 Bi

-1.19

-1.031

Al-2 Bi

-1.19

-1.014

Al-0.49 Zn

-1.48

-0.923

Al-5.3 Zn

-0.98

-1.227

Al-0.004 In

-1.54

-1.060

Al-0.010 In

-1.45

-1.035

Al-0.015 In

-1.45

-1.141
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Table 7 and Table 8 list the results of potentiostatic tests at -730 mVSCE on baseline and experimental
chemistries respectively. These values were the average of at least 2 tests unless otherwise noted.
Average current density values were determined by averaging data after initial fluctuations. The
potentiostatic tests revealed the all element additions increased the current density. A similar trend was
observed, with bismuth having little effect, zinc affecting the potential more, and In and Ga having the
largest contributions.
In order to achieve more accurate current values for calculations, potentiostatic data was numerically
integrated using the trapezoid rule. Predicted corrosion rates, current capacities, and theoretical current
capacities were calculated as discussed in section 2.3. Current capacity efficiencies were then calculated
as a ratio of (actual current capacity)/(theoretical current capacity). Likewise ratios of (actual corrosion
rate)/(predicted rate) were also calculated. These corrosion rate ratios are equivalent to 1/ (current
capacity efficiency).
Al- 5.3 wt% Zn and Al-5.3 wt% Zn-0.011 wt% In had the highest current densities, followed by Al-0.1
wt% Ga and Al-0.015 wt% In. Bismuth increased the corrosion rate and current density compared to
pure aluminum, but the effect was small, with maximum current densities around 10-15 A/m2.
In general, current efficiency increased with increasing current capacity. Current capacity and efficiency
also increased with increasing activator element concentration. Pure aluminum showed very low
values, as expected due to the formation of the passivating oxide layer. All alloying elements increased
the current capacity and efficiency. Al-0.54 wt% Bi and Al- 2 wt% Bi alloys had the lowest average
current capacity values of 1700 and 2170 A/(hr*kg) and efficiencies of only 57% and 75% respectively.
The Al-0.49 wt% Zn and Al-5.3 wt% Zn alloys showed average current capacities of 2400 and 2310
respectively and efficiencies on the order of 81%. However, the Al-0.57 wt %Zn-0.55 wt% Bi alloy
showed a high efficiency of around 91% and a current capacity of 2680 A/(hr*kg), higher than the Al-Zn
and Al-Bi alloys.
The standard alloys, Al-0.1 wt% Ga and Al-5.3 wt% Zn-0.011 wt% In had very high current capacities of
2800 and 2860 and efficiencies of 94% and 99.5% respectively. The Al-In alloys also performed
exceptionally well, with increasing current capacities and efficiencies at higher indium contents.
However even the Al- 0.004 wt% In showed very high values, illustrating the significant effect of indium
on the activation of aluminum.
The Al-In alloys also tended to reach equilibrium quickly (within ~20 hrs), with deviations within a ~10
A/m2 range. Most other alloy compositions reached equilibrium within 120 hrs. However, potentiostatic
tests on Al-2 wt% Bi samples and one Al-0.5 wt% Bi sample showed a steady increase in current with
time, and did not level out to a constant value. A potentiostatic 336 hour test on an Al-2 wt% Bi sample
also did not reach an equilibrium value. This behavior is consistent with curve 1, shown in Figure 9. All
the other compositions investigated reached roughly constant values during the 168 hour tests.
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Table 7: Potentiostatic Electrochemical Corrosion Data, Baseline Chemistries
Composition (wt%)

Pure Al

Al-0.1 Ga

Al-5.3 Zn-0.011 In

Al-0.57 Zn-0.55 Bi

Potentiostatic Average Current
Density at -0.730 VSCE (A/m2)

0.102

89

125

50.7

Potentiostatic Corrosion Rate
(g/hr/m2)

0.29

28.7

50.9

18.2

0.0844

80.4

145

48.7

Predicted Corrosion Rate (g/hr/m )

0.0283

27

50.7

16.5

Ratio Actual Rate/Predicted Rate

10.2

1.07

1.00

1.10

Current Capacity (A*hr/kg)

291

2800

2860

2680

Theoretical Current Capacity
(A*hr/kg)

2980

2980

2870

2950

Current Capacity Efficiency

0.0977

0.938

0.995

0.907

Integrated Current/Time (A/m2)
2

Table 8: Potentiostatic Electrochemical Corrosion Data, Experimental Chemistries
Composition (Wt%)

Pure Al

Al0.54 Bi

Al2 Bi

Al0.49 Zn

Al5.3 Zn

Al0.004 In

Al0.010 In

Al0.015 In

Potentiostatic Average
Current Density at 0.730 VSCE (A/m2)

0.102

9.28

11.8

49.9

134

41.7

59.8

81.7

Potentiostatic
Corrosion Rate
(g/hr/m2)

0.290

4.54

4.11

19.5

60.4

16.0

23.2

31.6

Integrated
Current/Time (A/m2)

0.0844

7.72

8.93

46.6

140

42.0

60.6

85.7

Predicted Corrosion
Rate (g/hr/m2)

0.0283

2.61

3.06

15.7

48.7

14.1

21.7

28.8

Ratio Actual
Rate/Predicted Rate

10.2

1.73

1.34

1.24

1.24

1.13

1.07

1.10

Current Capacity
A*hr/kg

291

1700

2170

2400

2310

2640

2610

2710

Theoretical Current
Capacity A*hr/kg

2980

2960

2920

2970

2870

2980

2980

2980

Current Capacity
Efficiency

0.0977

0.574

0.745

0.807

0.806

0.885

0.877

0.911
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Data from galvanostatic tests conducted at 9 A/m2 is shown in Table 9 and Table 10 for baseline and
experimental chemistries, respectively. These values were the average of at least 2 tests. Average
potential values were determined by averaging data after initial fluctuations. Predicted corrosion rate,
corrosion rate ratios, current capacities, and current capacity efficiencies were calculated as shown in
section 2.3.
The galvanostatic data showed a similar trend in element contribution, as compared to potentiostatic
data. All elements examined pushed the potential to more negative values. Bismuth had the least effect
on average potential, followed by zinc, gallium, and indium. However, while bismuth had little effect on
potential, it did increase current capacity slightly by decreasing weight loss. The galvanostatic average
potential value for Al-0.57 Zn-0.55 Bi agreed with the values published by L. Ma et al. All samples had
similar corrosion rates ranging from 2.8 - 3.5 (g/hr/m2). [25]
Al- 5.3 wt% Zn and Al-In alloys had the highest galvanostatic current capacity and efficiency values,
followed by Al-0.1 wt% Ga and Al-5.3 wt% Zn-0.011 wt% In. The current capacities of Al-5.3 wt% Zn, Al0.004 wt% In, and Al-0.015 wt% In were greater than the theoretical values, as shown by efficiency
values over one. This is further discussed in section 4.1. Pure aluminum showed the lowest current
capacity as expected. The Al-0.57 wt% Zn-0.55 wt% Bi alloy showed lower efficiencies than Al-0.1 wt%
Ga and Al-5.3 wt% Zn-0.011 wt% In alloys.

Table 9: Galvanostatic Electrochemical Corrosion Data, Baseline Chemistries
Composition Wt%

Pure Al

Al-0.1 wt% Ga

Al-5.3 wt% Zn0.011 wt% In

Al-0.57 wt% Zn0.55 wt% Bi

Average Potential (VSCE) at 9
A/m2

-0.710

-0.842

-1.11

-0.811

Galvanostatic: Corrosion Rate
(g/hr/m2)

3.47

3.10

3.27

3.41

Predicted Corrosion Rate
(g/hr/m2)

3.02

3.02

3.14

3.05

Ratio Actual Rate/Predicted

1.15

1.03

1.04

1.12

Current Capacity (A*hr/kg)

2600

2900

2760

2640

Theoretical Current Capacity
(A*hr/kg)

2980

2980

2870

2950

Current Capacity Efficiency

0.871

0.975

0.960

0.894

23

Table 10: Galvanostatic Electrochemical Corrosion Data, Experimental Chemistries
Composition Wt%

Pure Al

Average Potential
-0.710
(VSCE) at 9 A/m2
Galvanostatic:
Corrosion Rate
3.47
2
(g/hr/m )
Predicted
Corrosion Rate
3.02
(g/hr/m2)
Ratio Actual
1.15
Rate/Predicted
Current Capacity
2600
(A*hr/kg)
Theoretical Current
2980
Capacity (A*hr/kg)
Current Capacity
0.871
Efficiency
*
Higher than theoretical

3.3

Al-0.54
wt% Bi

Al-2
wt% Bi

Al-0.49
wt% Zn

Al-5.3
wt% Zn

Al0.004
wt% In

Al0.010
wt% In

Al0.015
wt% In

-0.739

-0.731

-0.804

-0.975

-0.802

-0.853

-0.858

3.30

3.36

3.45

3.00

2.97

3.07

2.75

3.04

3.08

3.03

3.14

3.02

3.02

3.02

1.09

1.09

1.14

0.957

0.982

1.01

0.91

2730

2680

2610

3000*

3030*

2930

3270*

2960

2920

2970

2870

2980

2980

2980

0.920

0.917

0.879

1.05

1.02

0.985

1.10

Data Plotted on Tafel Curves

In galvanic coupling testing conducted by Druschitz et al the anode alloy was connected, through a zero
resistance ammeter, to a 1123 steel sample. [1] Current values achieved here were very small compared
to the 9 A/m^2 used in galvanic tests. As a result, most coupling tests showed more negative voltages
than the galvanostatic tests. This was not the case for Al-0.1 wt% Ga and Al-5.3 wt% Zn-0.011wt% In.
Galvanic coupling data, galvanostatic, and potentiostatic data were plotted on Tafel curves, in order to
generate plots similar to Figure 10 given in Section 2.2. [1] For most alloys, the test data agreed fairly well
with the curves generated from Tafel tests. For example, the plot for Al-0.015 wt% In is shown in Figure
11.
Error bars for potentiostatic and galvanostatic data, using standard deviations from section 3.6, actually
fall within the thickness of the markers and therefore are not shown.
Some alloys showed discrepancy in comparing Tafel curves with data from galvanic coupling,
galvanostatic, and potentiostatic tests. In these tests the galvanic coupling, galvanostatic, and
potentiostatic data followed similar trends as the Tafel curves, however the Tafel curves were shifted to
more negative voltages. Al-5wt% Zn and Al-0.1 wt% Ga specifically showed the most deviation. A plot of
the data for Al-5wt% Zn is shown in Figure 12. No values for any tests were recorded at more negative
voltages than would be predicted by the Tafel curves.
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Figure 11: Al-0.015 Wt% In Tafel Plot with Galvanic Coupling, Galvanostatic, and Potentiostatic Data.
Tafel tests were conducted vs SCE from 0 V to -2.6 V and scan rate of 1 mV/ 3 s. Potentiostatic tests
were conducted at -0.73 VSCE for 168 hours. Galvanostatic tests were conducted at 9 A/m2 for 168
hours. Galvanic Coupling tests were conducted for 240 hours with 1123 steel.

Figure 12: Al-5.3 Wt% Zn Tafel Plot with Galvanic Coupling, Galvanostatic, and Potentiostatic Data.
Tafel tests were conducted vs SCE from 0 V to -2.6 V and scan rate of 1 mV/ 3 s. Potentiostatic tests
were conducted at -0.73 VSCE for 168 hours. Galvanostatic tests were conducted at 9 A/m2 for 168
hours. Galvanic Coupling tests were conducted for 240 hours with 1123 steel.
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3.4

Polished Microstructures

Both polished and corroded surfaces were characterized using
scanning electron microscopy. Pure aluminum appeared
featureless as expected, Figure 13.
For Al-0.1 wt% Ga, virtually no atomic number contrast was
apparent, which was expected since Ga has significant solid
solubility in aluminum. A backscattered electron image of the
polished surface of Al-0.1 wt% Ga is shown in Figure 14.
Indium was not readily visible at low magnification due to the
small concentration and small particle size, as shown in Figure
15. At higher magnifications indium precipitates are observed.
These precipitates were irregular in shape and averaged
around 1-2 microns in diameter. A high magnification
backscatter image of Al-0.015 In is shown in Figure 15.

Figure 14: As-Polished Al-0.1 Wt% Ga Showing
No Atomic Number Contrast, as Expected

Figure 13: Polished Aluminum Surface Showing
No Atomic Number Contrast, as Expected

Figure 15: Polished Surface of Al-0.015 Wt% In
Showing Little Evident Contrast

A dendritic structure was observed in all samples that contained zinc. This microstructure was consistent
with the solidification behavior of Al-Zn alloys. The Al-5.3 wt% Zn-0.011 wt% In sample showed a
lamellar structure using backscattered electron imaging, Figure 16. EDS confirmed that the lighter
regions were zinc rich, Figure 17.
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Figure 17: EDS Map of Al-5 Wt% Zn- 0.011 Wt% In
Showing Aluminum Deficient (Zinc Rich) Regions

Figure 16: Variations in Chemistry of As-Polished
Al-5.3 Wt% Zn-0.011 Wt% In.
The Lighter Regions were Higher in Zn

Indium has low solid solubility in aluminum and
discrete indium particles were observed in the Al5.3 wt% Zn-0.011 wt% In sample, Figure 18.
Discrete particles of bismuth were present in the
bismuth alloys, Figure 19. These particles were
randomly distributed and had a diameter of
around 2-10μm in diameter. In the Al-0.57 wt% Zn0.55 wt% Bi alloy these particles were outlining the
primary aluminum dendrites, Figure 20. This
morphology is expected given the sequence of
solidification for this alloy.
Figure 18: As-polished Al-5.3 Wt% Zn-0.011 Wt% In
Showing a Discrete Indium Particle
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Figure 19: As-Polished Al-2 Wt% Bi Showing
Discrete Bi Particles (White Particles)

3.5

Figure 20: As-Polished Al-0.57 Wt% Zn-0.55
Wt% Bi Showing Bi Particles (White Particles)
Outlining the Primary Aluminum Dendrites

Corroded Microstructures

Corroded surfaces from potentiostatic and galvanostatic tests were characterized in order to relate
corrosion behavior to microstructure. As expected, pure aluminum showed uniform corrosion during
potentiostatic tests, Figure 21. Looking at corrosion in the bulk of the sample, a stepped surface was
observed at high magnification, Figure 22.

Figure 21: Pure Aluminum Surface Showing
Uniform Corrosion after a Potentiostatic Test

Figure 22: High Magnification Image of Pure
Aluminum Showing the Stepped Corrosion
Surface

The Al-0.1 wt% Ga displayed relatively uniform corrosion in potentiostatic tests, Figure 23. Figure 24
shows a high magnification image of the surface. A different but highly non-uniform corrosion pattern
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was seen in galvanostatic tests, Figure 25. A series of channels were observed, averaging from 30-55μm
wide. Some of the channels appeared to be blocked, Figure 26. Florets of corrosion product were also
observed on the surface.

Figure 23: Corrosion Of Al-0.1 Wt% Ga after a Figure 24: High Magnification Image Showing a
Potentiostatic Test Showing Relatively Uniform Relatively Smooth Corrosion Surface, Devoid
Dissolution
of Channels, Pits, or Stepped Structure on an
Al-0.1 Wt% Ga Sample

Figure 25: Non-Uniform Corrosion after a
Galvanostatic Test on Al-0.1 Wt% Ga

Figure 26: Material Blocking Pits after
Galvanostatic Testing on Al-0.1 Wt% Ga

The surfaces of the Al-0.54 wt% Bi and Al-2 wt% Bi alloys also corroded uniformly in potentiostatic tests,
Figure 27. In galvanostatic tests, preferential cracking and pitting of the surface was observed, Figure 28.
Spherical bismuth particles were observed, uniformly distributed but also often accumulated against
surface features as shown in Figure 29. It is uncertain whether the Bi precipitates were cathodically
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protected or simply inert. The lack of adjacent corrosion seems to indicate the latter. At high
magnification the nature of the surface appeared blocky and crystallographic in nature, similar to the
behavior of pure aluminum, as shown in Figure 30.

Figure 27: Backscatter Image of Al-2 Wt% Bi
Surface Showing Uniform Corrosion and
Bismuth Distribution after a Potentiostatic Test

Figure 28: Backscatter Image of Al-2 Wt% Bi
Showing Preferential Corrosion after a
Galvanostatic Test

Figure 29: Surface of Al-0.5 Wt% Bi at Higher
Magnification Showing Cluster of Bismuth
Spheres after a Galvanostatic Test

Figure 30: Al-0.5 Wt% Bi at Higher
Magnification Showing Uniform
Crystallographic Corrosion

The surface of the Al-0.57 wt% Zn-0.55 wt% Bi sample showed preferential corrosion of the Zn-rich
interdendritic regions during potentiostatic testing. The remaining primary aluminum dendritic
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structure is clearly visible in Figure 31. This dendritic structure was also present in galvanostatic tests,
although the corrosion was confined to localized areas, as seen in Figure 32 and at higher magnification
in Figure 33. Spherical bismuth particles were apparent in backscatter images of the corroded surface,
Figure 34.

Figure 31: Preferential Corrosion of Zn Rich
Interdendritic Regions after a Potentiostatic
Test on Al-0.57 Wt% Zn-0.55 Wt% Bi

Figure 32: Al-0.57 Wt% Zn-0.55 Wt% Bi
Showing Interdendritic Corrosion in a Pit after
a Galvanostatic Test

Figure 33: Al-0.57 Wt% Zn-0.55 Wt% Bi
Figure 34: Spherical Bismuth Particles (White)
Showing Preferential Corrosion of
on the Corrosion Surface of Al-0.57 Wt% ZnInterdendritic Regions Forming Spires after a
0.55 Wt% Bi after a Potentiostatic Test
Galvanostatic Test
Dendritic structures were also observed on the corroded samples of Al-0.49 wt% Zn and Al-5.3 wt% Zn
after potentiostatic testing, Figure 35. The dendrites ranged from around 15-40μm in width. Figure 36
shows a high magnification image of the surface of a dendrite in Al-5.3 wt% Zn. The stepped,
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crystallographic corrosion is not visible here, in contrast with pure Al, Al-0.49 wt% Zn, and Al-0.57 wt%
Zn-0.55 wt% Bi alloys. Dendritic corrosion was also observed on Al-0.49 wt% Zn after galvanostatic
testing, Figure 37. Interestingly the dendritic corrosion was not very evident on Al-5.3 wt% Zn after
galvanostatic testing. Instead the surface showed small pits and cracks, Figure 38.

Figure 35: Al- 5.3 Wt% Zn showing
Preferential Corrosion of the Interdendritic
Regions after a Potentiostatic Test

Figure 36: High Magnification Image Showing
the Porous Surface of Dendrites after a
Potentiostatic Test on Al-5.3 Wt% Zn

Figure 37: Al-0.49 wt% Zn Showing Dendritic
Corrosion in a Pit after Galvanostatic Testing

Figure 38: Al-5.3 wt% Zn after Galvanostatic
Testing Showing Small Pits and Cracks

The Al-5.3 wt% Zn-0.011 wt% In sample showed preferential corrosion of the Zn-rich interdendritic
regions during potentiostatic tests, Figure 39. This dendritic structure was not observed in galvanostatic
tests, Figure 40. Instead a much more uniform structure prevailed, with some preference to grain or
sub-boundaries. A new feature was observed on these corrosion surfaces at higher magnification; a
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network of small (~2 μm diameter) holes, Figure 41 and Figure 42. These holes were not observed on
any of the samples that did not contain indium.

Figure 39: Preferential Corrosion of the
Figure 40: Al-5.3 Wt% Zn-0.011 Wt% In
Interdendritic Regions after a Potentiostatic Showing Relatively Uniform Corrosion after a
Test on Al-5.3 Wt% Zn-0.011 Wt% In
Galvanostatic Test
The small holes were not observed in galvanostatic testing, Figure 43. However a surface similar to that
observed in galvanostatic testing was observed to exist underneath the dendritic structures in
potentiostatic samples. A potentiostatic sample, with some of the dendritic structure removed is shown
in Figure 44. The smoother underlying structure is evident in the upper left of the image.

Figure 41: Higher Magnification Image of
Al-5.3 Wt% Zn-0.011 Wt% In Showing Holes
after a Potentiostatic Test

Figure 42: Higher Magnification Image of
Al-5.3 Wt% Zn-0.011 Wt% In Showing Holes
after a Potentiostatic Test

33

Figure 43: Surface of Al-5.3 Wt% Zn-0.011
Wt% In after a Galvanostatic Test Showing
Preference to Crystallographic Orientation

Figure 44: Al-5.3 Wt% Zn-0.011 Wt% In
Showing Uniform (Upper Left) and Dendritic
Corrosion

Several interesting features were observed in indium alloys. In potentiostatic samples, grain or sub
boundary attack was observed, similar to what was reported in literature with Al-Zn-In alloys. [6,23,47] The
boundary channels were 50-90 μm wide and 200-900 μm apart from each other. In addition, large holes
were present in the bulk between boundaries. The holes were 50 μm in diameter with 20-30 μm
between edges of adjacent holes. These large pits are evident in Figure 45 and a higher magnification
micrograph is shown in Figure 46. The small holes, 2 μm in diameter, evident in Al-5.3 wt% Zn-0.011 wt%
In samples were also present in Al-In samples, Figure 47. It was noted that these small holes were not as
organized or preferentially oriented as in Al-5.3 wt% Zn-0.011 wt% In samples.

Figure 45: Boundary Attack and Large Holes
after a Potentiostatic Test on Al-0.01 Wt% In

Figure 46: Large, Intragranular Holes after
Potentiostatic Testing on Al-0.015 Wt% In

In one Al-0.15 wt% In sample, significant corrosion caused pieces of the surface microstructure to fall
out, Figure 48. The sample was not used for weight loss measurements; however it does reveal the
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underlying corrosion morphology. Intragranular pits grew approximately perpendicular to the surface,
stopping at a roughly uniform depth. Boundary corrosion of the surface continued beneath this depth.

Figure 47: Al-0.015 Wt% In Showing Small
Holes after Potentiostatic Testing

Figure 48: Al-0.015 Wt% In Showing
Columnar Pitting and Underlying Boundary
Corrosion after Potentiostatic Testing

Corrosion of grain or sub-boundaries was also observed in Al-In samples after galvanostatic testing. The
boundary channels had approximately the same width as those seen in potentiostatic samples. Hole
formation was also observed, however the amount varied greatly sample to sample. Holes between
boundaries were most evident in Al-0.004 wt% In, less so in Al-0.15 wt% In and almost non-existent in
Al-0.01 wt% In. Boundary corrosion and hole morphologies are shown in Figure 49, Figure 50, and Figure
51 for Al- 0.004 wt% In, Al-0.010 wt% In, and Al-0.015 wt% In respectively.

Figure 49: Boundary and Hole Corrosion in Figure 50: Boundary Corrosion and Corrosion
Al-0.004 Wt% In after Galvanostatic Testing
Products on Al-0.01 Wt% In after
Galvanostatic Testing
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In Figure 50, corrosion products are evident on top of parts of the boundary corrosion. The small holes
were also evident on the inner surfaces of the larger holes as shown in Figure 52.

Figure 51: Boundary Corrosion and Pitting in
Al-0.0015 Wt% In after Galvanostatic Testing

Figure 52: Large and Small Hole Formation in
Al-0.004 Wt% In after Galvanostatic Testing

In some areas, especially those near the termination of boundary corrosion channels, an interesting
web-like phenomenon was observed. This is shown in Figure 53 & Figure 54. The boundary itself
remained intact, while parallel corrosion channels formed around it. The total widths of these channels
were measured to be approximately the same as that of channels without filaments, around 50 μm.

Figure 53: Corrosion of Areas Adjacent to
Grain Boundaries in Al-0.015 Wt% In

Figure 54: Corrosion of Areas Adjacent to
Grain Boundaries in Al-0.015 Wt% In
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3.6

Variance of Electrochemical Response and Corrosion Rate

To assess reproducibility and repeatability several potentiostatic and galvanostatic trials were conducted
on the Al-0.57 wt% Zn-0.55 wt% Bi material. The standard deviations of the measured potentiostatic
average current density and corrosion rate were 13 A/m2 and 0.38 mg/hr. The standard deviations of
the measured galvanostatic voltage and corrosion rate were 0.011V and 0.02 mg/hr respectively. The
observed effects of zinc, gallium, and indium on potentiostatic current density and galvanostatic voltage
and corrosion rates fall outside these standard deviations. However, the effect of bismuth on
potentiostatic current falls within these standard deviations. Potentiostatic and galvanostatic trials are
given in Table 11 and Table 12.
Table 11: Potentiostatic Tests at -0.730 VSCE, Al-0.57 Wt% Zn-0.55 Wt% Bi
Run #

Average Current Density at
-0.730 VSCE (A/m2)

Corrosion Rate (mg/hr)

1

62

Not Recorded

2

49

2.13

3
4
5

59
36
58

2.20
1.36
1.94

Range:

36 to 62

1.36 to 2.20

Average +/- 1 Std Dev

53 +/- 10

1.91 +/- 0.38

Table 12: Galvanostatic Tests at 9 A/m2, Al-0.57 Wt% Zn-0.55 Wt% Bi
Run #

Average Voltage at 9 A/m2 (VSCE)

Corrosion Rate (mg/hr)

1

-0.815

0.34

2
3
4
5

-0.832
-0.822
-0.807
-0.800

0.32
0.35
0.36
0.36

Range

-0.800 to -0.832

0.32 to 0.36

Average +/- 1 Std Dev

-0.815 +/- 0.011

0.35 +/- 0.02
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4. Discussion of Results
4.1

Analysis of Electrochemical Data

For most alloys, the values of the open circuit Eoc and Tafel Ecorr vary greatly from each other, even
though Tafel tests were run following open circuit tests on the same samples. This may indicate the
variance in the system but also indicated non-equilibrium behavior.
For the potentiostatic data given in Table 7 and Table 8, the addition of Zinc tended to result in high
current density but also very high corrosion rate compared with other alloys. Bismuth showed almost no
effect with Al-Zn, but may have some effect by itself. The high current capacity and efficiency of the Al0.57 wt %Zn-0.55 wt% Bi alloy, compared with Al-0.49 wt% Zn and Al-0.54 wt% Bi alloys, may indicate
some synergistic effect of zinc and bismuth on the activation of aluminum.
Final weights were checked days after testing to rule out the possibility of liquid from solution or rinsing
remaining on the surface. However, corrosion products on the surface could have contributed to the
final weight. This would have resulted in a lower weight loss and higher than realistic current capacity
and efficiency values. For alloys that corrode non-uniformly, such as Al-In and Al-Zn, corrosion products
build up in pits and cavities and are difficult to remove. Thus, some values in Table 7 and Table 8 are
most likely artificially high and should be regarded as actually slightly lower. This is exemplified by Alwt% 0.015 In, which shows higher than theoretically possible values. The error may also be due in part
to variance present in current measurements. This error is further discussed in section 4.3.
The galvanostatic current capacities of Al-5.3 wt% Zn, Al-0.004 wt% In, and Al-0.015 wt% In are greater
than the theoretical values. The error may be attributed to corrosion products on the surface and error
in weight loss measurements. This error is further discussed in section 4.3.
The Al-In alloys also tended to reach equilibrium quickly (within ~20 hrs), with deviations within a ~10
A/m2 range. Most other alloy compositions reached equilibrium within 120 hrs. However, potentiostatic
tests on Al-2 wt% Bi samples and one Al-0.5 wt% Bi sample showed a steady increase in current with
time, and did not level out to a constant value. A potentiostatic 336 hour test on an Al-2 wt% Bi sample
also did not reach an equilibrium value. All the other compositions investigated reached roughly
constant values during the 168 hour tests. This behavior is consistent with the pitting phenomenon
represented by curve 1 in Figure 9. This behavior indicates that pit initiation is still occurring and that
surface may not yet be fully active. The behavior may also be due to the enrichment of the surface by
the slow removal of the aluminum matrix leaving bismuth precipitates. This would be consistent with
the model described by Lemieux et al. [3]
It is of note that the equilibrium observed here should be considered short-term equilibrium due to the
short duration of tests. Many groups find a decrease in current capacity over long periods of time. Often
the current capacity is constant for the initial six-twelve months before declining. Other groups however
have found current capacity to be constant for up to two years. [3] This may depend on whether the
solution changes over time, specific alloy chemistry and phase distribution, and the buildup of corrosion
products. If active elements segregate towards the surface, either in casting or heat treatment, then a
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decrease in current capacity would be expected. A higher current capacity may be observed initially and
would decrease as the surface region was depleted or as activator elements enrich the surface. A higher
current may be recorded but an increase in dissolution rate may still result in decreased current
capacity. If the primary corrosion mechanism is pitting, enrichment is unlikely to occur due to the
constant formation of new surface area. The current capacity is also likely to be affected if the pH of the
solution changes or if corrosion products build up creating a barrier and occluded cells. These processes
are related. Changes in solution may be due to the release of ions and corrosion products into solution,
or a localized pH change. A decrease in local pH due to the formation of corrosion products on the
anode increases corrosion and thus decreases current capacity. The mechanisms for these effects were
briefly mentioned in section 1.3 and are further discussed by Lemieux et al. [3]
A decrease in current with time may be due to corrosion products building up on the steel cathode,
which makes the anode less active. This in turn encourages the accumulation of corrosion products on
the anode. [36] In deep pitting, the corrosion reaction is diffusion limited with respect to distance.
Therefore current will decrease as pit depth increases. An increase in current with time can be the effect
of the slow removal of the passive layer, the enrichment of the surface as noted above, and the
roughening of the surface. As the surface roughens, it’s effective area increases.
The calculation of theoretical current capacity values assumes that currents are additive and that certain
oxidation reactions occur. It is assumed that a monolayer of atoms oxidize to give off electrons and
generate current, which then travels through the anode, any wires or connections present, and finally to
the steel or counter electrode. The atoms are acting as current sources in parallel, which may be
combined to a single current source.
It was assumed that aluminum, gallium, indium, and bismuth have oxidation states of +3, and zinc has
an oxidation state of +2. Bismuth has several oxide states including +3 and +5. If bismuth was
contributing to the observed current it would still be difficult to calculate its effect without knowing
which oxidation reaction was occurring. Any other chemical reactions would also affect current and
potential, such as the formation of ZnAl2O4 spinel or an amalgam compound.
Corrosion Rate Ratios may be calculated by (actual rate)/ (predicted rate). For ratio values greater than
one, the measured weight loss is less than predicted. This could be due to additional reactions, corrosion
products on the surface, or error in current data. For ratio values greater than one, the measured
corrosion rate is greater than predicted. This could be due to non-uniform corrosion, where pieces fall
off or a phase does not contribute to the current.

4.2

Analysis of Observed Microstructure

The uniformity of macroscale corrosion is very important. If highly preferential corrosion occurs then
pieces may fall off, reducing its efficiency in terms of current per mass consumed. In addition, the
anodes must be fixed to a structure; if localized corrosion occurs around attachment areas then the
anode may fall off and cease to provide protection. [16]
The corrosion microstructure may also shed light on specific corrosion mechanisms, such as preferential
pitting in certain areas or grain boundary corrosion. In the tests below, it is assumed that corrosion
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starts in localized pits, which then grow in depth and spread laterally across the surface or preferentially
along a phase or grain boundary.
In addition, the amount and location of the observed corrosion products is highly important. If no
corrosion products are observed then it can be assumed that the products did not adhere well to the
surface. If large amounts of attached corrosion products are observed then the opposite may be
concluded. If corrosion products are observed in certain areas, such as covering pits then this may
indicate the formation of occluded cells with localized low pH.
Pure aluminum showed less uniform corrosion in the bulk of galvanostatic samples as compared to
potentiostatic samples, as shown in Figure 55. This could be due to initiation of pitting prior to the
lateral expansion of the pits. In many cases, pits may propagate under an oxide layer, leaving the
appearance of a mostly intact surface.

Figure 55: Uniform Bulk Corrosion in Pure Aluminum and Edge Corrosion after a Galvanostatic Test
In pure aluminum, as well as many other alloys, extensive corrosion was also observed near the sealed
edge of the test surface, indicated by the line of pitting on the left side of Figure 55. This could be
caused by crevice corrosion under the seal as well as the build-up of corrosion products. The corroded
area was oriented vertically and this edge corrosion was observed to be more extensive on the bottom
area. This suggests that corrosion products may have accumulated there, increasing the dissolution rate.
The Al-0.1 wt% Ga displayed somewhat non-uniform corrosion in potentiostatic tests, Figure 23. This
behavior was consistent with the fact that 0.1 wt% Ga would all be in solid solution but would not
necessarily be uniformly distributed. Parallel channels were observed in galvanostatic tests. This
morphology may indicate the presence of dendritic microstructure due to coring effects, similar to what
is seen with the Al-Zn system. This dendritic segregation is expected to occur more at the surface due to
higher cooling rates. Corrosion products were observed blocking some of the channels, Figure 26. This is
similar to the results observed by Perkins et al and indicates the existence of occluded cells. [32,36]
40

It is of note that more non-uniform corrosion behavior of the Al-0.1 Ga alloy was observed in an early
potentiostatic test, and is published in reference. [33] This test also had much higher current (a factor of
~3) and weight loss compared to subsequent tests. Therefore these results have been discarded in our
analysis; however they may still be meaningful. The only observable difference was that the early test
was conducted in warmer conditions during the summer. As mentioned in Sections 1.1 and 1.3, the
activation of gallium has been related to the temperature by several groups. Flamini et al proposed that
near the melting point of gallium, a quasi-liquid state formed at a Ga–Al amalgam. [21] Tuck et al and Sato
et al relate the diffusion of species to temperature, and thus to the rate of corrosion. Tuck et al
proposed that aluminum diffused though the gallium surface agglomerates. [7] The model by Sato et al
postulated that activator atoms diffused into voids left by dissolution. [3,38,39] In this early test, it is
possible that the temperature neared or exceeded the melting point of gallium in aluminum (~27°C,
80°F).
Cracking and pitting of the surface of Al-2 wt% Bi was observed in galvanostatic tests, Figure 28. Similar
to the case with pure aluminum, it is believed that this initial corrosion would spread laterally to form a
surface like that of Figure 27. This corrosion growth is consistent with the mechanisms presented in the
review article by Lemieux et al and referenced in section 1.1 of this manuscript. [3] Spherical bismuth
particles were observed on all samples containing bismuth. Usually these particles were uniformly
distributed but also often seen accumulated against surface features as shown in Figure 29. These
features formed ledges which may have caught and accumulated particles as they were dropped from
the corroding surface. Localized corrosion did not occur adjacent to the Bi particles in contrast to what
was reported by L. Ma et al. [25] This agrees with conclusions by Reboul et al that precipitates do not
contribute to activation, only elements in solid solution. [52]
For the Al-0.57 wt% Zn-0.55 wt% Bi alloy, primary aluminum dendrites form first during solidification,
followed by zinc-rich interdendritic regions, and finally the bismuth, as discussed in section 1.4.
Apparently Bi has no solid solubility in aluminum or Al-Zn alloys and does not wet Al or Al-Zn alloys so it
segregated to the interdendritic regions and formed spheres.
It appeared that the differences in composition between the primary aluminum dendrites and the Al-Zn
eutectic interdendritic regions create internal galvanic cells that increase the corrosion rate of the Znrich phase, while protecting the primary aluminum dendrites. This morphology is consistent with that
reported by Rosasco. [3] Druschitz and Tontodonato have shown that heat treatment of Al-Zn-Bi and AlZn alloys can homogenize the microstructure, creating a more uniform corrosion morphology. [70] Out of
all alloys tested, high zinc compositions showed the most corrosion product build up. This is interesting
since Idusuyi et al reports that Zn anodes are self-cleaning. [41] This implies that Al-Zn compositions
should not accumulate corrosion products, however the opposite was observed.
Small holes were observed on the surface of dendrites and pits in all samples that contained indium.
These holes were not observed on any of the samples that did not contain indium. Since In has limited
solid solubility in aluminum, these holes are most likely related to very small indium precipitates and
some miniscule amount of indium in solid solution.
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An image of a potentiostatic Al-5.3 wt% Zn-0.011 wt% In sample, with some of the dendritic structure
removed is shown in Figure 44. A smoother corrosion surface was observed underlying the dendritic
structure. This underlying surface was similar to that observed in galvanostatic tests. This phenomenon
was also observed in Al-0.15 wt% In as shown in Figure 48, reproduced here. Large pores and boundary
corrosion propagated into the surface. The pores appeared to terminate at a roughly uniform depth.
Beneath this surface boundary corrosion continues with an appearance more similar to that of
galvanostatic testing. The corrosion front may propagate into the sample first by boundary corrosion,
then by the formation of intragranular holes. However, cross sectional samples would need to be
examined to verify this.

Figure 48: Al-0.015 Wt% In Showing Columnar Pitting and Underlying Boundary Corrosion after
Potentiostatic Testing (Repeated)
Small holes in Al-In alloys appeared to be less preferentially oriented as compared to Al-5.3 wt% Zn0.011 wt% In samples. This may be related to the effect of zinc on the microstructure as discussed in
section 1.4.
In Al-In alloys, corrosion adjacent to a thin boundary layer was observed in many areas, as shown in
Figure 53 and Figure 54. While indium was not directly observed here, this phenomenon can be
explained by indium segregation to grain and sub-boundaries, as reported by several authors. [6,23,47]
Reboul et al observed intact indium precipitates were cathodically protected by the surrounding anode
material. [3] If noble elements segregate at boundaries, the boundaries themselves become cathodic.
The precipitate depleted zone around the boundary is thus anodic. The area around the grain boundary
preferentially corrodes leaving the grain boundary intact. It can be assumed that once corrosion has
progressed significantly, the grain boundary sections would become unsupported and detach, falling out
or into the boundary channel. The corrosion of boundaries appeared to occur in this manner.
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4.3

Possible Sources of Error

There are many possible sources of error that may have contributed to error in this research and values
reported in literature. Variance occurs in both sample preparation and testing. Some variation in
chemistry exists in the melt. Oxidation reactions and any variance in the optical emission spectrometer
further contribute to error in the reported composition. Impurities, such as copper, iron, and silicon,
have been shown to have a significant effect on corrosion properties. These impurities may come from
the raw materials used or from the casting environment. In this study high purity raw materials were
used to limit impurity contamination, however even so some copper levels were seen to be above the
recommended maximum (0.005 wt %). Some cross contamination of alloys probably also occurred
during casting or polishing. Impurities and porosity in the casting may serve as pit initiation sites and
contribute to error in electrochemical measurements.
It was also very difficult to fully clean the flat cells used for testing. Some corrosion residue adhered to
the walls of the cell and counter electrode and may have contributed to contamination. In many alloys
significant corrosion was observed, and due to the small cell reservoir the solutions became clouded
with corrosion products, Figure 56. Corrosion products also built up on the platinum counter electrodes
during tests. These contributed to a decrease in current and possibly an increase in corrosion rate. A
solution to this would be to drip or slowly flow seawater through the cell.
For samples with adhesive corrosion products or highly non-uniform corroded surfaces, it was difficult
to remove these products. This likely created error in current capacity calculations. Corrosion products
were attempted to be removed by rinsing with denatured alcohol, however more aggressive treatment
may be needed. The NACE Corrosion Engineer's Reference Handbook, 3rd edition specifies the use of
phosphoric and nitric acid solutions to remove these products. [69] Crevice corrosion was also seen to
occur to some degree around the seal. This localized corrosion can act as a mild sacrificial anode and
actually decrease corrosion on the rest of the aluminum surface. Some degree of variance is probably
also present in the potentiostat/galvanostat and software.

Figure 56: Corrosion Products Building Up in a Test Cell
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Since different alloys behave differently, the amount of variance should also be related to composition.
The tests conducted here were relatively short (less than two weeks) and may not accurately reflect long
term behavior. Specifically, as mentioned in section 2.3, Al-2 wt% Bi samples did not reach equilibrium
during potentiostatic testing. Longer tests, with durations greater than twenty weeks, are required to
understand this behavior. In addition, if alloys undergo surface segregation then composition gradients
are expected to form, as also discussed in section 4.1. The ambient temperature that tests are
conducted at has also been reported to have a significant effect, specifically in alloys with indium and
gallium. [7,21] Alloys with inhomogeneous microstructures, such as Al-Zn compositions, may see greater
variation. This variation can be reduced by heat treatment, as shown by Druschitz and Tontodonato. [70]
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5. Conclusions
Open circuit, Tafel, potentiostatic, and galvanostatic tests were conducted on eleven aluminum alloys.
Polished and corroded microstructures were examined under a scanning electron microscope. Predicted
corrosion rates, current capacities, and current capacity efficiencies were calculated. Potentiostatic and
galvanostatic data was plotted on Tafel curves for all alloys, along with galvanic coupling data from
Druschitz et al. [1] Variance of the Al-0.57 wt% Zn-0.55 wt% Bi alloy was evaluated for galvanostatic and
potentiostatic tests.











5.1

The ranking of active elements from greatest to least effect on corrosion behavior (per wt%
added) were: In, Ga, Zn, and Bi.
Al-In alloys had high potentiostatic current capacities and high efficiencies. However Al-In alloys
also had very negative potentials. Even small amounts of indium (0.004 wt% In) greatly shifted
voltages to more negative values and significantly increased the observed currents. Boundary
attack and severe intra-granular pitting was observed in Al-In alloys, Figure 45. Al-In alloys may
be of significant interest for low voltage anodes if the potential could be raised (less negative)
and uniform corrosion achieved.
For alloys containing Zn, preferential dissolution of the Zn-rich interdendritic regions occurred,
Figure 31. Aluminum-zinc alloys also showed high current but also high weight loss.
In Al-5.3 wt% Zn-0.011 wt% In, the remaining primary aluminum dendrites dissolved nonuniformly due to the formation of small holes; presumably due to small indium precipitates,
Figure 42.
The measured individual effect of Bi on the potentiostatic current was very small. However
bismuth alloys showed a steady increase in current with time. Longer tests may show slightly
higher current values.
Al-In alloys had high potentiostatic current capacities, as did Al-0.1 wt% Ga, Al-5.3 wt% Zn-0.011
wt% In, and Al-0.57 wt% Zn-0.55 wt% Bi.
Some Al-In and Al-Zn current capacities, were actually above the theoretical values. This was
possibly due to error in weight loss measurements from to corrosion products trapped in the
pits and crevices of the highly non-uniform corrosion surfaces.

Recommended Future Work

It is recommended that future work focus on some of the following areas:
1. To achieve a more complete picture of alloy behavior, further galvanic coupling testing may be used.
2. The samples from previous tests could be cleaned off and weighed using the procedures for
phosphoric acid and nitric acid as specified in reference. [69] This could give more accurate weight
loss measurements. Currently the weight loss measurements give efficiencies over 100% and
current capacity values of greater than the theoretical aluminum values.
3. More alloys may be prepared and tested so equations can be developed to represent the individual
effect of each active element. This would allow the prediction of anode performance based on
chemistry.
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4. Long term testing could be conducted in order to validate the data from the short duration tests
presented in this manuscript. Specifically it is of interest to investigate the long term behavior of AlBi alloys.
5. Larger anode specimens and larger cell sizes could be used to decrease variance and increase
accuracy. Often effects seen with small samples are not replicated on larger tests. In addition larger
cell sizes would result in more stable solutions.
6. Temperature and flow rate have been postulated to have significant effects with the performance of
anodes. Al-In and Al-Ga compositions appear to be highly temperature sensitive. [3,7,21]
7. The effect of heat treatment on corrosion by altering the size, morphology and distribution of the
active elements can be further investigated. The effect of heat treatment on the size of grains and
subgrains of Al-In alloys is also of interest. These alloys displayed significant boundary corrosion.
Murray et al reports that higher efficiencies were observed in Al-Zn-In alloys with larger grain sizes.
[3]

8. It is of great interest to investigate the effect of impurity and other alloying elements. Most
literature reports that impurity element levels must be kept very low (Si<0.10 wt%, Fe<0.08 wt%,
Cu<0.005 wt%). This requires the use of high purity (99.99%) aluminum instead of commercial purity
(99.7% P1020 commodity grade) aluminum. However, elements that have been reported to be
detrimental for high voltage anodes, may actually be beneficial to low voltage anodes. These
elements result in a cathodic shift. Since most anode research prior to the work of Pautasso et al
(1998) was focused on very electronegative anodes, any positive shift in potential was deemed
detrimental. Thus standard anode compositions possess coupled voltages that are too negative with
respect to low voltage anodes. If elements could be added to shift these alloys more positive they
could function as low voltage anodes. For instance it is of interest to investigate the addition of Fe,
Mn, and Cu to Al-In systems. In addition, if impurity levels were allowed to increase, the use of high
purity aluminum or high purity activation elements may no longer be required. This would result in
substantial reductions in material and production cost. The addition of these elements may cause
other issues however. Copper is reported to cause longer activation times and increased adherence
of corrosion products. Iron has been reported to cause a decrease in current capacity. [3,16] Several
groups have reported that silicon may be added to minimize the effect of iron and copper. [3,17,18]
9. It is also of great interest to characterize of corrosion products and their adherence. The existence
of permeable products or self-cleaning tendencies reduces the formation of occluded cells and
localized acidity. Thus, alloys with corrosion products that are less adherent and more porous should
result in larger current capacities. Furthermore, corrosion products may contain metal granules
which would indicate grain removal. [3]
10. Conducting cross-sectional analysis may shed light on the nature of the propagation of corrosion
into the anode. For example TEM (transmission electron microscopy) may be conducted on Al-In
sample to look at the grain boundary filaments as described in section 3.5 and 4.2.
11. Analysis of data curves in a manner similar to that used by Sato et al may provide useful information
on pitting behavior. [38,39]
12. It may be of interest to develop a method of generating accurate Tafel data that is representative of
other tests. This may be accomplished by running short corrosive tests, such as potentiostatic tests,
followed by slower Tafel tests and comparing with existing potentiostatic and galvanostatic data.
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Such a method could generate a quick test to validate the performance of a specific anode
composition.
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Appendices
A.1

Example Open Circuit Curves

Figure 57: Open Circuit Data for Baseline Alloys, Conducted for 250 Hours.

Figure 58: Open Circuit Data for Al-Bi Alloys, Conducted for 250 Hours.
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Figure 59: Open Circuit Data for Al-Zn Alloys, Conducted for 250 Hours.

Figure 60: Open Circuit Data for Al-In Alloys, Conducted for 250 Hours.
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A.2

Average Potentiostatic Curves

Figure 61: Pure Aluminum Potentiostatic Data at -0.73 VSCE, Conducted for 168 Hours.

Figure 62: Al-0.1 Wt% Ga Potentiostatic Data at -0.73 VSCE, Conducted for 168 Hours.
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Figure 63: Al-2 Wt% Bi Potentiostatic Data at -0.73 VSCE, Conducted for 168 Hours.

Figure 64: Al-0.54 Wt% Bi Potentiostatic Data at -0.73 VSCE, Conducted for 168 Hours.
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Figure 65: Al-0.57 Wt% Zn-0.55 Wt% Bi Potentiostatic Data at -0.73 VSCE, Conducted for 168 Hours.

Figure 66: Al-0.49 Wt% Zn Potentiostatic Data at -0.73 VSCE, Conducted for 168 Hours.
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Figure 67: Al-5.3 Wt% Zn Potentiostatic Data at -0.73 VSCE, Conducted for 168 Hours.

Figure 68: Al-5.3 Wt% Zn-0.011 Wt% In Potentiostatic Data at -0.73 VSCE, Conducted for 168 Hours.
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Figure 69: Al-0.015 Wt% In Potentiostatic Data at -0.73 VSCE, Conducted for 168 Hours.

Figure 70: Al-0.010 Wt% In Potentiostatic Data at -0.73 VSCE, Conducted for 168 Hours.
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Figure 71: Al-0.004 Wt% In Potentiostatic Data at -0.73 VSCE, Conducted for 168 Hours.

A.3

Average Galvanostatic Curves
For each composition, galvanostatic data curves of multiple tests run at similar conditions were
averaged and are presented here.

Figure 72: Pure Aluminum Galvanostatic Data at 9 A/m2, Conducted for 168 Hours.
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Figure 73: Al-0.1 Wt% Ga Galvanostatic Data at 9 A/m2, Conducted for 168 Hours.

Figure 74: Al-2 Wt% Bi Galvanostatic Data at 9 A/m2, Conducted for 168 Hours.
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Figure 75: Al-0.54 Wt% Bi Galvanostatic Data at 9 A/m2, Conducted for 168 Hours.

Figure 76: Al-0.57 Wt% Zn-0.55 Wt% Bi Galvanostatic Data at 9 A/m2, Conducted for 168 Hours.
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Figure 77: Al-0.49 Wt% Zn Galvanostatic Data at 9 A/m2, Conducted for 168 Hours.

Figure 78: Al-5.3 Wt% Zn Galvanostatic Data at 9 A/m2, Conducted for 168 Hours.
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Figure 79: Al-5.3 Wt% Zn-0.011 Wt% In Galvanostatic Data at 9 A/m2, Conducted for 168 Hours.

Figure 80: Al-0.015 Wt% In Galvanostatic Data at 9 A/m2, Conducted for 168 Hours.
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Figure 81: Al-0.010 Wt% In Galvanostatic Data at 9 A/m2, Conducted for 168 Hours.

Figure 82: Al-0.004 Wt% In Galvanostatic Data at 9 A/m2, Conducted for 168 Hours.
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A.4
Data

Tafel Curves with Potentiostatic, Galvanostatic, and Galvanic Coupling

Figure 83: Pure Aluminum Tafel Curve with Galvanic Coupling, Galvanostatic, and Potentiostatic Data.
Tafel tests were conducted vs SCE from 0 V to -2.6 V and scan rate of 1 mV/ 3 s. Potentiostatic tests
were conducted at -0.73 VSCE for 168 hours. Galvanostatic tests were conducted at 9 A/m2 for 168
hours. Galvanic Coupling tests were conducted for 240 hours with 1123 steel.

Figure 84: Al-0.1 Wt% Ga Tafel Curve with Galvanic Coupling, Galvanostatic, and Potentiostatic Data.
Tafel tests were conducted vs SCE from 0 V to -2.6 V and scan rate of 1 mV/ 3 s. Potentiostatic tests
were conducted at -0.73 VSCE for 168 hours. Galvanostatic tests were conducted at 9 A/m2 for 168
hours. Galvanic Coupling tests were conducted for 240 hours with 1123 steel.
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Figure 85: Al-2 Wt% Bi Tafel Curve with Galvanic Coupling, Galvanostatic, and Potentiostatic Data.
Tafel tests were conducted vs SCE from 0 V to -2.6 V and scan rate of 1 mV/ 3 s. Potentiostatic tests
were conducted at -0.73 VSCE for 168 hours. Galvanostatic tests were conducted at 9 A/m2 for 168
hours. Galvanic Coupling tests were conducted for 240 hours with 1123 steel.

Figure 86: Al-0.54 Wt% Bi Tafel Curve with Galvanic Coupling, Galvanostatic, and Potentiostatic Data.
Tafel tests were conducted vs SCE from 0 V to -2.6 V and scan rate of 1 mV/ 3 s. Potentiostatic tests
were conducted at -0.73 VSCE for 168 hours. Galvanostatic tests were conducted at 9 A/m2 for 168
hours. Galvanic Coupling tests were conducted for 240 hours with 1123 steel.
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Figure 87: Al-0.57 Wt% Zn-0.55 Wt% Bi Tafel Curve with Galvanic Coupling, Galvanostatic, and
Potentiostatic Data. Tafel tests were conducted vs SCE from 0 V to -2.6 V and scan rate of 1 mV/ 3 s.
Potentiostatic tests were conducted at -0.73 VSCE for 168 hours. Galvanostatic tests were conducted at
9 A/m2 for 168 hours. Galvanic Coupling tests were conducted for 240 hours with 1123 steel.

Figure 88: Al-0.49 Wt% Zn Tafel Curve with Galvanic Coupling, Galvanostatic, and Potentiostatic Data.
Tafel tests were conducted vs SCE from 0 V to -2.6 V and scan rate of 1 mV/ 3 s. Potentiostatic tests
were conducted at -0.73 VSCE for 168 hours. Galvanostatic tests were conducted at 9 A/m2 for 168
hours. Galvanic Coupling tests were conducted for 240 hours with 1123 steel.
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Figure 89: Al-5.3 Wt% Zn Tafel Curve with Galvanic Coupling, Galvanostatic, and Potentiostatic Data.
Tafel tests were conducted vs SCE from 0 V to -2.6 V and scan rate of 1 mV/ 3 s. Potentiostatic tests
were conducted at -0.73 VSCE for 168 hours. Galvanostatic tests were conducted at 9 A/m2 for 168
hours. Galvanic Coupling tests were conducted for 240 hours with 1123 steel.

Figure 90: Al-5.3 Wt% Zn-0.011 Wt% In Tafel Curve with Galvanic Coupling, Galvanostatic, and
Potentiostatic Data. Tafel tests were conducted vs SCE from 0 V to -2.6 V and scan rate of 1 mV/ 3 s.
Potentiostatic tests were conducted at -0.73 VSCE for 168 hours. Galvanostatic tests were conducted at
9 A/m2 for 168 hours. Galvanic Coupling tests were conducted for 240 hours with 1123 steel.
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Figure 91: Al-0.004 Wt% In Tafel Curve with Galvanic Coupling, Galvanostatic, and Potentiostatic Data.
Tafel tests were conducted vs SCE from 0 V to -2.6 V and scan rate of 1 mV/ 3 s. Potentiostatic tests
were conducted at -0.73 VSCE for 168 hours. Galvanostatic tests were conducted at 9 A/m2 for 168
hours. Galvanic Coupling tests were conducted for 240 hours with 1123 steel.

Figure 92: Al-0.010 Wt% In Tafel Curve with Galvanic Coupling, Galvanostatic, and Potentiostatic Data.
Tafel tests were conducted vs SCE from 0 V to -2.6 V and scan rate of 1 mV/ 3 s. Potentiostatic tests
were conducted at -0.73 VSCE for 168 hours. Galvanostatic tests were conducted at 9 A/m2 for 168
hours. Galvanic Coupling tests were conducted for 240 hours with 1123 steel.
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Figure 93: Al-0.015 Wt% In Tafel Curve with Galvanic Coupling, Galvanostatic, and Potentiostatic Data.
Tafel tests were conducted vs SCE from 0 V to -2.6 V and scan rate of 1 mV/ 3 s. Potentiostatic tests
were conducted at -0.73 VSCE for 168 hours. Galvanostatic tests were conducted at 9 A/m2 for 168
hours. Galvanic Coupling tests were conducted for 240 hours with 1123 steel.
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A.5

Data Tables
Table 13: Data from Potentiostatic Tests at -0.73 VSCE
Composition (Wt%)

Test Duration
(Hours)

Average Current
2
Density (A/m )

Corrosion Rate
2
(g/hr/m )

Integrated Current/
2
Time (A/m )

Pure Al Run 1
Pure Al Run 2
Pure Al Run 3
Pure Al Run 4
Pure Al Run 5
Al-0.54 Bi Run 1
Al-0.54 Bi Run 2
Al-0.54 Bi Run 3
Al-2 Bi Run 1
Al-2 Bi Run 2
Al-2 Bi Run 3
Al-2 Bi Run 4
Al-2 Bi Run 5
Al-0.57 Zn-0.55 Bi Run 1
Al-0.57 Zn-0.55 Bi Run 2
Al-0.57 Zn-0.55 Bi Run 3
Al-0.57 Zn-0.55 Bi Run 4
Al-0.57 Zn-0.55 Bi run 5
Al-0.57 Zn-0.55 Bi run 6
Al-0.49 Zn Run 1
Al-0.49 Zn Run 2
Al-0.49 Zn Run 3
Al-0.49 Zn Run 4
Al-5.3 Zn Run1
Al-5.3 Zn Run 2
Al-5.3 Zn-0.011 In Run 1
Al-5.3 Zn-0.011 In Run 2
Al-0.004 In Run 1
Al-0.004 In Run 2
Al-0.004 In Run 3
Al-0.010 In Run 1
Al-0.010 In Run 2
Al-0.010 In Run 3
Al-0.015 In Run 1
Al-0.015 In Run 2
Al-0.015 In Run 3
Al-0.1 Ga Run 1
Al-0.1 Ga Run 2
Al-0.1 Ga Run 3

123
168
168
168
168
168
168
168
168
168
168
336
168
167
168
168
168
165
168
168
168
168
168
168
168
168
168
168
168
168
168
168
168
168
168
168
168
168
168

0.12
0.05
0.09
0.12
0.13
0.19
14
14
4.3
17
16
11
10
62
49
59
38
58
38
59
40
55
45
140
130
130
120
41
39
45
64
54
62
110
79
59
88
92
87

Not Recorded
Not Recorded
0.2
0.9
0.06
Not Recorded
4.5
4.6
Not Recorded
4.9
5.4
3.3
2.9
Not Recorded
Not Recorded
21
18
Not Recorded
21
22
14
19
15
15
14
17
22
Not Recorded
24
42
31
22
66
55
50
52
28
28
31

0.075
0.046
0.095
Not Recorded
0.12
0.19
12
12
4.4
11
13
8.1
7.2
62
48
58
34
51
37
50
40
52
45
150
130
130
120
41
39
46
64
53
65
110
83
61
76
77
88
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Table 14: Data from Galvanostatic Tests at 9A/m2
Composition (Wt%)

Average
Potential (VSCE)

Test Duration
(Hours)

Corrosion Rate (g/hr/m )

Pure Al Run 1

-0.71

168

3.5

Pure Al Run 2

-0.71

168

3.5

Pure Al Run 3

-0.72

168

3.5

Al-0.54 Bi Run 1

-0.76

168

3.4

Al-0.54 Bi Run 2

-0.72

166

3.2

Al-2 Bi Run 1

-0.75

168

3.3

Al-2 Bi Run 2

-0.74

168

3.3

Al-2 Bi Run 3

-0.70

168

3.5

Al-0.57 Zn-0.55 Bi Run 1

-0.82

168

3.4

Al-0.57 Zn-0.55 Bi Run 2

-0.83

168

3.2

Al-0.57 Zn-0.55 Bi Run 3

-0.82

168

3.5

Al-0.57 Zn-0.55 Bi Run 4

-0.81

168

3.6

Al-0.57 Zn-0.55 Bi Run 5

-0.80

168

3.6

Al-0.57 Zn-0.55 Bi Run 6

-0.79

168

3.2

Al-0.49 Zn Run 1

-0.81

168

3.5

Al-0.49 Zn Run 2

-0.79

168

3.4

Al-5.3 Zn Run 1

-0.98

168

2.4

Al-5.3 Zn Run 2

-0.97

168

3.6

Al-5.3 Zn-0.011 In Run 1

-1.1

168

3.2

Al-5.3 Zn-0.011 In Run 2

-1.1

168

3.4

Al-0.004 In Run 1

-0.82

116

Not Recorded

Al-0.004 In Run 2

-0.77

168

3.4

Al-0.004 In Run 3

-0.8

168

3.1

Al-0.004 In Run 4

-0.82

168

2.4

Al-0.010 In Run 1

-0.87

168

2.7

Al-0.010 In Run 2

-0.86

168

Not Recorded

Al-0.010 In Run 3

-0.84

148

3.3

Al-0.010 In Run 4

-0.84

168

3.2

Al-0.015 In Run 1

-0.86

168

2.3

Al-0.015 In Run 2

-0.86

168

Not Recorded

Al-0.015 In Run 3

-0.85

168

3.2

Al-0.1 Ga Run 1

-0.84

168

2.8

Al-0.1 Ga Run 2

-0.84

168

3.4
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Table 6: Tafel and Open Circuit Electrochemical Corrosion Data (Repeated)
Composition (Wt%)

Open Circuit Potential: E (VSCE)

Tafel: ECORR (VSCE)

Pure Al

-1.21

-0.866

Al-0.1 Ga
Al-5.3 Zn-0.011 In

-1.35
-1.32

-1.435
-1.205

Al-0.57 Zn-0.55 Bi

-1.49

-1.032

Al-0.54 Bi

-1.19

-1.031

Al-2 Bi
Al-0.49 Zn
Al-5.3 Zn
Al-0.004 In
Al-0.010 In
Al-0.015 In

-1.19
-1.48
-0.98
-1.54
-1.45
-1.45

-1.014
-0.923
-1.227
-1.060
-1.035
-1.141
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