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Abstract. The optimum amount of Ti element in aluminum alloy sacrificial anodes was explored by 
analyzing microstructure, electrochemical impedance and polarization curve of the anode. And their 
corrosion behavior was determined preliminarily. The results showed that the aluminum anodes with 
0.1 % Ti have fine grains, dissolve uniformly, and have good activation performance. The reason is 
that the addition of titanium can make the alloy elements dissolved uniformly, reduce the 
intergranular corrosion.  

1. Introduction 

The corrosion and protection of metal materials is an important engineering problem.  Due to its 
convenience, simplicity and significant effect of Sacrificial anode cathodic protection that is widely 
used[1,2]. Currently, the sacrificial anode materials include aluminum alloys, zinc-based alloys and 
magnesium-based alloys[3,4,5]. The aluminum alloy with high current efficiency, high capacity, light 
weight and low price[6,7,8] is widely used in the cathodic protection system for the steel material. 

It is reported that the performance of the aluminum anode can be improved by adding Ti element 
on the basis of Al-Zn-In-Si-Ce. The addition of Ti element is appropriate to reduce the working 
potential and stable potential of the aluminum anode [9,10], make the corrosion of aluminum anode 
more uniformly and in a certain extent, it improves the current efficiency of the alloy and improves 
the capacity of the power, as well as reduces intergranular corrosion and casting hot crack 
phenomenon.  

2. Materials and methods 

Tab. 1 chemical composition of Al-Zn-In-Si based alloy sacrificial anode (%wt) 

 
According to the above ratio of elements, the aluminum alloy samples were cast at 750 ,℃  and 

machined to φ16×48 mm2 and set aside. Firstly, the appearance of aluminum polished before and 
after corrosion was observed in the optical microscope. Then, the system with three electrodes was 
used to test the polarization curve and electrochemical impedance in 3%wt NaCl solution.  

Anode 
name 

Zn In Si Ce Ti Al 

1 5.81 0.028 0.12 0.1 0.03 

Allowance
2 5.81 0.028 0.12 0.1 0.05 
3 5.81 0.028 0.12 0.1 0.07 
4 5.81 0.028 0.12 0.1 0.1 
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3. Results and Discussion 

3.1 Microstructure Analysis 

 
Fig.1 Microstructure of Al alloy anodes before corrosion 

 
Fig.2 Microstructure of Al alloy anodes after corrosion 

The microstructure of Al alloy anodes before corrosion generally can be observed. The number of 
precipitates decreases firstly and then increases. Because titanium element can cause the distribution 
of zinc and decrease the segregation of zinc and indium. When the adding amount of Ti exceeds a 
certain value, titanium element also could be the second phase precipitation. From the microstructure, 
the grain boundary precipitates decrease with the increase of Ti content after corrosion. The reason is 
that the Ti element makes the zinc and indium more dissolved in the crystal and reduces the 
intergranular corrosion. 
3.2 Potentiodynamic polarization Analysis 
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Fig.3 Anodic polarization curve of Al alloy anodes 

The protection potential of steel structure in seawater is -0.8 V(Vs. SCE), which is generally 
required the driving potential with 0.25 V, that is, the anode is between -1.1 ~ -1.0 V (Vs. SCE) when 
the steel structures can be effectively protected. From fig. 3 it can be seen that the corrosion potential 
of sample 1, 3 and 4, with the addition of Ti element, appears different degree of positive shift. The 
potential of sample 1 and 4 respectively with 0.03% and 0.1% Ti content components is held at - 1.0 
~ 1.1 V (Vs. SCE). 
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3.3 Electrochemical Impedance Analysis 
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Fig.4 EIS of Al alloy anodes 

The fig. 4-1 indicates that the electrochemical impedance spectroscopy shape of samples is similar 
in both groups consisting of a capacitive arc and a short line segments. It is obviously that the pitting 
reactions taken place. The capacitive arc and short straight line increase firstly and then decrease that 
show the reaction is blocked and the charges transfer are difficulty. Later, with the deepening of the 
oxide film damage, the corrosion products draw off and the anode dissolution rate increase. The 
capacitive arc decreases, line segment of length decreases gradually. Fig 4-4 is similar to Fig.4-1. The 
principle and process of corrosion are as above. 

It can be seen from Fig4-2, the impedance spectroscopy are a capacitive loop and a straight line due 
to dispersion effects at 0 h leading to the arc anode capacitance being not standards semicircle, which 
shows the state of the electrode surface occurs changes and pitting appear. With the extension of 
soaking time, the anode capacitance arc of 2 h, 9 h ant 24 h become larger gradually, indicating that 
the anodic charge transfer resistance greater, the degree of reaction disruption increases. The main 
reason may be that the corrosion products don’t spread to the solution and attach on the surface of the 
anode, the continuing dissolution of the anode is effected. 

In the Fig 4-3,  in the low-frequency part the impedance spectrum shows a 45 degree diagonal at 0 
h. With immersion time increasing, the capacitance arc decreases gradually. At 48 h the impedance 
spectrum begins to appear a short straight line. This shows that at the beginning of anode corrosion, 
the anode surface have a thick and dense passivation membrane. Since the membrane resistance is 
large, the migration of ions is suppressed greatly. With the increase of immersion time, the reaction 
degree is decreased, the film becomes thinner, and it may be in the pitting induction period. When the 
immersion time increases, the alloy is in the pitting stage. 

1 2 

3 4 
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4. Summary 

1. By the observation of microstructure, it can be seen that with the increase of Ti content, the 
segregation decreases and the alloy elements dissolve more evenly. 

2. Through the polarization curve analysis, the aluminum anode curve with 0.1%Ti content is 
smooth, and its corrosion potential is between -1.1 ~-1.0 V(Vs. SHE) as well as the activation 
performance is good. 

3. From electrochemical impedance spectroscopy, aluminum anodes that contain 0.03%, 0.07% 
and 0.1% of Ti are uniformly dissolved. 

In summary, the Al anode containing 0.1% Ti has the best comprehensive performance. And the 
best addition amount of Ti in the Al-Zn-In-Si-Ce-Ti aluminum anode is determined. 

Acknowledgements 

This work was financially supported by Open Subject of Key Laboratory of Marine Environmental 
Corrosion and Bio-fouling, Institute of Oceanology, Chinese Academy of Sciences( MCKF201407). 

References 

[1] Weng Songgan, Du Min, Huang Zhiqiang, etc. The effect of the alloy composition on the 
Al-Zn-In-Mg-Ti sacrifice anode [J]. China Ocean University: Natural Science Edition, 2012. 

[2] Song Yuehai. Research of high performance aluminum, zinc, magnesium alloy series sacrificial 
anode materials [D]. Kunming University of Science and Technology, 2003. 

[3] Bai Yun. The metallurgical studies of Al-Zn-In-Si-Mg alloy sacrificial anodes [J] Anshan Normal 
University, 1999, (3): 94-98. 

[4] Chenmeng Li. anode development and application of marine structure magnesium aluminum 
composite sacrifice[D] Chongqing University, 2009. 

[5] Hu Shengnan. Under simulated deep ocean environment research performance of Al-Zn-In 
sacrificial anode [D] Harbin Engineering University, 2012. 

[6] Mayumi K, Mayumi K. Design Procedure of Aluminum Alloy Anodes for Cathodic Protection of 
Steel Structure in Seawater[J]. Zairyo-to-Kankyo, 2008, 57(8). 

[7] Li Qing, Yin Yanxi, Jiang Honglin, electrochemical properties of high active aluminum alloy 
anode material [J] Materials Protection, 2008, 41 (10): 20-22. 

[8] Xu Feng. Preparation and performance of aluminum alloys sacrificial anode [D].Nanjing 
University of Technology, 2004. 

[9] Jiao Mengwang. Study on the microstructure and electrochemical properties of Al-Zn-In-Mg-Ti 
sacrificial anode material [D]. Henan University of Science and Technology, 2008. 

[10] Zhu Chengde,Li Yi. The research of a new type of highly efficient sacrificial anode. material 
protection, 1997, (8): 21-23. 

 

944



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.01)
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice




