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Abstract 
2024 T3 is one of aluminium alloys which are widely used in the aircraft structures. Anodizing of 
alluminium alloy in tartaric-sulphuric acid (TSA) electrolyte is developed to obtain more envi- 
ronmentally-friendly process and to produce anodize layer with better corrosion resistance. In 
this research work, the influences of anodizing parameters of Al 2024 T3 in TSA on the thickness, 
weight and corrosion resistance of the anodize layer are studied. Corrosion resistance test was 
carried out by conducting salt spray test for 336 hours and anodic polarization measurements us-
ing potentiostat. Results of three-factor analysis of variance (ANOVA) demonstrated that the most 
influencing factor that determines the thickness and weight of the anodize layer is temperature, 
followed by applied voltage, duration of anodizing, voltage-temperature interaction, interaction of 
temperature-duration of anodizing, interaction of voltage-temperature-duration of anodizing, and 
interaction of voltage and duration of anodizing. The pit density and corrosion current density 
(icorr) were found to be dependent on the coating thickness. The anodize layer with a thickness of 
higher than 3 μm was not experienced to pitting corrosion during 336 hours of salt spray test. 
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1. Introduction 
Aluminium alloy of 2xxx is widely used in aircraft structures due to its light weight and high specific strength [1] 
[2]. Alloying with elements such as copper improves mechanical properties of the alloy, but decreases its corro-
sion resistance due to microscopic galvanic effect [2]. In order to improve their corrosion resistance, anodizing 
of 2xxx series aluminium alloys in chromic acid has traditionally been used for application in aircraft structures. 
Chromic acid (CA) anodizing provides excellent corrosion protection to the alloy with relatively low impact on 
its fatigue life compared to anodization in other acid baths [2] [3]. Hexavalent chromium ions are the major 
component of CA electrolyte that is able to create conversion layers and gives corrosion protection in addition to 
that provided by aluminium oxide layer. Despite its excellent performance in providing the corrosion resistance 
of the anodize layer, hexavalent chromium species are known to be toxic and hazardous materials. Research ef-
forts have been performed to replace chromates in surface treatment technology and to look for more environ-
mentally-friendly anodizing processes [1]-[5]. During the last decade, numerous investigations of anodizing in 
sulphuric acid and boric acid have been made for replacing CA anodizing. Anodizing in dilute sulphuric acid 
(DSA) is performed to obtain thin anodize layer (1 - 5 µm) that gives lower impact on the fatigue strength of the 
alloy. However, despite an improvement of fatigue strength of the alloy, its corrosion resistance is still lower 
than the alloy being anodized in CA [6].  

Anodization of aluminium alloy in tartaric-sulphuric acid (TSA) is recent development for chromate-free 
anodizing that is regarded as environmentally-friendly, offering shorter duration of electrolysis and producing 
excellent corrosion resistance [1]-[3]. Following Curioni et al. [7], tartaric acid (C4H6O6) reduces the growth rate 
of porous oxide film during TSA anodizing without significantly affecting the mechanism of the porous film 
formation. It was reported that tartaric acid forms residue in pore solution of the anodize film which limits 
anodic reaction of aluminium dissolution in nearly neutral, chloride-rich environment [7]. Boisier et al. [6] have 
conducted FESEM and EIS study of sealed AA2024 T3 alloy anodized in sulphuric acid electrolyte to investi-
gate the influence of tartaric acid on anodic film morphology and on corrosion resistance of hydrothermally 
sealed anodized alloy. It was concluded that the presence of tartaric acid results in the formation of anodic films 
with lower porosity than those produced by DSA anodizing. The EIS study revealed that corrosion resistance of 
sealed anodize film in TSA is significantly better than the sealed film obtained by DSA anodizing which is 
mainly associated with the higher compactness of the porous layer and higher resistance of the hydrothermally- 
sealed barrier layer [6].   

Despite known beneficial effect of tartaric acid addition in sulphuric acid bath in improving corrosion resis-
tance of the aluminium alloy, the effect of anodizing parameters during TSA anodizing (i.e. temperature, voltage, 
and duration of electrolysis) on the coating properties is still poorly reported. At the present paper, the effects of 
anodizing parameters of Al 2024 T3 Alloy in TSA solution on the coating weight, thickness, surface morpholo-
gy and its corrosion resistance are discussed. Three-factor analysis of variance method (ANOVA) is conducted 
to evaluate the most influential parameters that affect the coating thickness and weight as well as its corrosion 
resistance.  

2. Experimental 
The specimens, chemicals for surface preparation and the electrolyte were kindly donated by PT. Dirgantara In-
donesia, the only aircraft manufacturing company in Indonesia. Chemical composition of AA 2024 T3 alumi-
nium alloy used in the investigations is presented in Table 1. The specimens have dimensions of 80 × 30 × 1 
mm3. Prior to be anodized, the specimens were subjected to series of surface preparation. The specimens were 
polished by SiC abrasive paper (i.e. from 1000 to 2000 grid), ultrasonic-cleaned in alcohol 95%, washed with 
distilled water and then air dried. Degreasing was then carried out by using a commercial alkaline cleaner bath 
of Turco 4215 NCLT® at 50˚C for 15 minute. At the final stage of the surface preparation, the specimens were 
dipped in Ardrox 295 GD® at room temperature for 5 minute. The major component of Ardrox 295 GD® solu-
tion is nitric acid (HNO3) which was used to remove residual oxide layer on the surface of the specimens prior 
to be anodized. After each step of the surface preparation, the specimens were rinsed by distilled water. 

Series of anodizing experiments in TSA solution were carried out under variations of applied voltages (10 V, 
15 V, 20 V), temperatures (20˚C, 30˚C, 40˚C) and duration of anodizing (20, 40, 60 minute). The electrolyte 
used was 1500 mL TSA which contains 44.7% (v/v) tartaric acid (C4H6O6) 80 wt% and 21.7% (v/v) 40 wt% 
sulphuric acid (H2SO4). After anodizing was finished, sealing was performed by immersing the anodized speci- 
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Table 1. Chemical composition of AA2024 T3 aluminium alloy used in the investigation.                             

Component (wt%) 

Cu 
Mg 
Mn 
Fe 
Zn 
Si 

Others 
Al 

4.45 
1.57 
0.56 
0.17 
0.16 
0.06 
0.04 

Balance 

 
men in Alodine® solution for 1 minute. The thickness of anodize layer was measured at three different points, 
namely on the top, middle and bottom of the surface of the anodized specimens by using elcometer that works 
based on eddy current measurements. Analysis using scanning electron microscope (SEM) and energy-disper- 
sive X-ray (EDX) was performed to elucidate the surface morphology of the anodize layer and its chemical 
composition.  

Corrosion resistance of the anodize layer was measured by conducting salt spray tests for 336 hour and cyclic- 
anodic polarization measurements using potentiostat. The salt spray test was aimed at evaluating the resistance 
of the anodize layer to pitting corrosion and measuring the pit density (i.e. the number of pit per unit area), while 
polarization measurements using potentiostat is done to obtain corrosion parameter data which include corrosion 
current density (icorr), corrosion potential (Ecorr) and pitting potential (Epit). The specimens for polarization mea-
surements were mounted in resin and have active area of 1 cm2 prior to be anodized and used in the polarization 
measurements. The polarization measurements were done in solution which contains 35.6 gram/liter of NaCl. 
saturated calomel electrode (SCE) and a graphite rod were used as reference electrode and counter-electrode, 
respectively. Three-factor analysis of variance (ANOVA) was performed to evaluate the significance influences 
of applied voltage (A), temperature (B) and duration of anodizing (C), as well as the interactions between these 
variables on the thickness, weight and corrosion resistance of the anodize layer. 

3. Results and Discussion 
3.1. Correlation between Anodizing Current Density and Applied Voltage 
Applied voltages were raised from open circuit potential (OCP) with a sweep potential of 2 V/min up to holding 
voltages of 10, 15, and 20 V for 20, 40, and 60 minute at 20˚C, 30˚C, and 40˚C. Current flow through the cell 
during anodizing was measured. Profiles of current density versus time recorded during the first 300 minute of 
anodizing under variations of applied voltages at 20˚C and averages current density versus applied voltages at 
temperatures of 20˚C, 30˚C and 40˚C are depicted in Figure 1(a) and Figure 1(b), respectively. Profiles of cur-
rent density follows general trend of that commonly observed during anodizing of aluminium alloy. The altera-
tions of current density during initial periods of anodizing indicate stages occur during the formation of anodize 
layer. As applied voltage was increased from 0 to target voltages (i.e. 10, 15 and 15 V) with ram rate of 2 V/min, 
the currents fluctuate. This fluctuation indicates simultaneous formations of barrier layer and porous layer on the 
surface of the specimen. The porous layer forms due to partial dissolution of Al2O3 layer in acidic solution. As 
the voltage reaches the targeted voltage, the current density slightly increases then decreases and finally constant 
at certain level as illustrated by Figure 1(a). At a constant current density, the growth of barrier layer and porous 
layer performs at steady state. The current density increases by the increased of applied voltage and anodizing 
temperature as illustrated by Figure 1(b). Increasing temperature reduces electrolyte resistance that conse-
quently enhances current flow through the circuit at certain voltage.  

3.2. Effect of TSA Anodizing Parameters on Thickness and Weight of the Anodize Layer  
Applied voltage is one of key factors that determine the thickness and weight of anodize layer. The influences of 
applied voltage on the thickness and weight of anodize layer are shown in Figure 2 and Figure 3, respectively. 
The increase of applied voltage resulted in an enhanced of current density as has been illustrated in Figure 1(b).  
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(a)                                           (b) 

Figure 1. (a) Profiles of current density versus time recorded during the first 300 minute of anodiz-
ing under variations of applied voltages at 20˚C; (b) Averages current density versus applied vol-
tages at temperatures of 20˚C, 30˚C and 40˚C.                                                 

 

 
Figure 2. Profiles of coating thickness as a function of applied voltage at temperatures of 30˚C and 
40˚C and various anodizing time.                                                        

 

 
Figure 3. Profiles of coating weight as a function of applied voltage at temperatures of 30˚C and 
40˚C and various anodizing time.                                                         
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Current flows through electrolyte are associated with ionic mobility in the electrolyte. The formation of anodize 
layer (Al2O3) is contributed by O2− ion from water decomposition (3H2O → 3O2− + 6H+) in the interface of 
anodize layer and the electrolyte and Al3+ from the oxidation of the surface of aluminium alloy (2Al → 2Al3+ + 
6e−) takes place at the interface of the alloy and the oxide layer. A higher applied voltage leads to a higher O2− 
and Al3+ mobility and resulted in the higher coating thickness and weight after certain time of anodizing as can 
be seen in Figure 2 and Figure 3. 

Figure 4 and Figure 5 show the effect of temperature on the thickness and weight of anodize layer, respec-
tively. It can be seen that the increase of temperature tends to increases the thickness and weight of anodize 
layer. The effect of anodizing temperature is associated with the mass transfer rates of O2− and Al3+ ions during 
coating formation. The increased of temperature accelerates inward diffusion of O2− ions through oxide layer 
that further reacts with Al3+ ions to form Al2O3 layer at the interface of the alloy and the oxide layer. Similarly, 
the enhanced of temperatures also accelerates outward diffusion of Al3+ ions from the surface of the alloy to the 
interface of oxide layer-electrolyte that further react with O2− ions at the interface of oxide layer-electrolyte. 
However, there has been a certain level of anodizing temperature, beyond which the increased of temperature 
would give negative impact to the thickness and weight of anodize layer due to overheating. At this condition, 
the dissolution of anodize layer takes preferentially than the formation of the anodize layer, thus results in por-
ous anodize layer with lower thickness [8] [9].  

 

 
Figure 4. Profiles of coating thickness as a function of anodizing tem-
peratures and duration of anodizing at applied voltage of 15 and 20 V.    

 

 
Figure 5. Profiles of coating weight as a function of anodizing temper-
ature and duration of anodizing at applied voltages of 15 and 20 V.       
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Based on the results of three-factor analysis of variance (ANOVA), the most influential factor that determines 
the thickness and weight of the anodize layer is temperature (B), followed by applied voltage (A), duration of 
anodizing (C), interaction of voltage and temperature (AB), interaction of temperature and anodizing duration 
(BC), interaction of voltage-temperature-anodizing duration (ABC), and interaction of voltage and anodizing 
duration (AC). Correlations between applied voltage (x1), duration of anodizing (x2) and interaction between 
these parameters (x1x2) and the thickness and weight of anodize layer for anodizing temperatures of 20˚C, 30˚C 
and 40˚C are presented in Table 2 and Table 3, respectively. 

3.3. Effect of TSA Anodizing Parameters on Corrosion Resistance of the Anodize Layer 
Applied voltage during TSA anodizing was found to have notable influence on the corrosion resistance of Al 
2024 T3 aluminium alloy. Cyclic-anodic polarization curves of un-anodized and anodized specimens at various 
applied voltage in 35.6 g/l NaCl solution at room temperatures are presented in Figure 6. It can be seen that 
anodized specimens have significantly lower corrosion current density (icorr) in comparison to that of un-ano- 
dized. The specimen being anodized at applied voltage of 10 V, temperature 30˚C for 60 minute exhibits the 
lowest corrosion current density among the anodized specimens with various voltages at similar anodizing tem-
perature and time. Polarization behaviour of the anodized specimens is correlated with the quality of the anodize 
layer, specifically its porosity. As the anodize layer of Al2O3 is electrically non-conductive, more porous layer 
will result in higher corrosion and passivation current densities. In this regard, anodizing at 10 V, temperature 
30˚C for 60 minute gives the best anodize layer that have the lowest corrosion and passivation current densities 
in comparison to those done at 15 and 20 V under similar temperature and anodizing time. Following the inves-
tigation results of Sabry and Alobaid [9], anodizing at lower voltage leads to the formation of thicker barrier 
layer and smaller pore size. Smaller pore size reduces the sites that can be occupied by chloride ions that initiate 
pitting corrosion. In addition to the anodizing variables, the effectiveness of sealing after anodizing would also 
affect the corrosion resistance of the anodize layer. If the sealing process does not properly close the pores of 
anodize layer, chloride ions will penetrate and being accumulated within the pores of the anodize layer and starts 
to depassivate the anodize layer. 

Figure 7 shows cyclic-anodic polarization curves of un-anodized and anodized specimens from anodizing at 
various temperatures, applied voltage of 10 V and anodizing duration of 40 minute. It was found that anodizing 
temperature of 30˚C gives the best corrosion resistance of the anodized specimen which is represented by the 
lowest corrosion current density, followed by anodizing at 20˚C and 40˚C. Cyclic-anodic polarization measure-
ments were also carried out on anodized specimens resulted from the anodizing with various durations at applied 
voltage of 15 V and temperature 40˚C. It was found that thicker anodize layers resulted by longer anodizing 
times exhibits better corrosion resistance indicated by lower corrosion current densities. It is clearly understood 
that the thicker the anodize layer, the longer the aggressive ions reach the surface of the specimen. However, the 
thickness of the anodize layer is not the solely factor that determines the corrosion resistance of the specimen 
and it is still dependent on the quality of the anodize layer, specifically its porosity. Based on the thickness data  

 
Table 2. Correlation between applied voltage, duration of anodizing and interaction between them with the thickness of 
anodize layer for anodizing temperatures of 20˚C, 30˚C and 40˚C.                                                  

Temperature (˚C) Regression Equation R2 S 

20 y = –1.164 − 0.178x1 + 0.1697x2 + 0.00933 2
1x − 0.001542 2

2x + 0.000375x1x2 0.9835 0.1621 

30 y = −0.42 + 0.214x1 + 0.0460x2 + 0.00011 2
1x + 0.000111 2

2x − 0.00013x1x2 0.9435 0.3678 

40 y = 10.88 − 1.845x1 + 0.1862x2 + 0.07178 2
1x − 0.002431 2

2x + 0.0064x1x2 0.9864 0.4208 

in which R is correlation coefficient and S represents error level of the calculation. 
 

Table 3. Correlation between applied voltage, duration of anodizing and interaction between them with the weight of anod-
ize layer for anodizing temperatures of 20˚C, 30˚C and 40˚C.                                                     

Temperature (˚C) Regression Equation R2 S 

20 y = −0.0137 − 0.00231x1 + 0.002206x2 + 0.000121 2
1x − 0.000020 2

2x + 0.000005x1x2 
 

0.9818 0.0022 

30 y = −0.0041 + 0.00281x1 + 0.00006x2 + 0.000001 2
1x + 0.000001 2

2x − 0.000002x1x2 0.9425 0.0048 

40 y = 0.1433 − 0.02402x1 + 0.002418x2 + 0.000934 2
1x − 0.000032 2

2x + 0.000084x1x2 0.9864 0.0054 
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Figure 6. Cyclic-polarization of un-anodized and anodized specimens from anodizing at vari-
ous applied voltages at 30˚C for 60 minute.                                            

 

 
Figure 7. Cyclic polarization of un-anodized and anodized specimens under various tempera-
tures at applied voltages of 10 V and anodizing time 40 minute.                            

 
obtained at various applied voltage, temperature and anodizing time, the thickness of anodize layer has low cor-
relation with corrosion current density with R2 of 0.057 as can be seen in Figure 8.  

Results of salt spray tests for 336 hour show that the anodized specimens with thicknesses of more than 3 μm 
did not exhibit pitting (Figure 9). This is in contrast to un-anodized specimen which was severely experienced 
to chloride attack. Based on ANNOVA result, it was found that anodizing temperature is the most decisive fac-
tor determined the resistance of the anodize layer to pitting corrosion. The highest pit density was obtained on 
the anodize layer from the anodizing at temperature of 20˚C, while the anodize layers produced by anodizing 
temperatures of 30˚C and 40˚C were not experienced to pitting corrosion after 336 hour of salt spray tests. Based 
on ANNOVA result, correlation between applied voltage (x1) and duration of anodizing (x2) as well as interac-
tion between them and the pit density (y) for anodizing temperature of 20˚C is as follow: 

2 2
1 2 1 2 1 2y 1.192 0.1236x 0.00469x 0.003056x 0.000043x 0.000417x x= − − + − +  

The salt spray test results demonstrated that TSA anodizing of Al 2024 T3 specimens resulted in the anodize  
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Figure 8. Correlation between corrosion current density versus coating 
thickness.                                                     

 

 
Figure 9. Correlation between pit density versus coating thickness.      

 
layer which meets the standard specification of Military Specification Anodizing (MIL-A-8625) with pit number 
of less than 15 per 9 dm2 or 5 pit per 2 dm2 after being subjected to salt spray test for 336 hour. 

3.4. Surface Morphology of the Anodize Layer 
Effect anodizing temperature on the surface morphology of the anodize layer was evaluated by surface analysis 
of the anodized specimens from different temperature by scanning electron microscope (SEM). SEM micro-
graphs of the surface of anodized layers obtained from anodizing at various temperatures, applied voltage of 15 
volt for 40 minutes are presented in Figures 10(a)-(c). The surface of anodized specimen from anodizing at 
20˚C exhibits the most compact layer with fewer surface pores. At lower anodizing temperature, dissolution of 
oxide layer takes place slower than that at higher temperatures which results in fewer pores and more compact 
layer. Microcracks were detected on the surface of anodize layer from anodizing at 40˚C (Figure 10(c)). These 
microcracks are associated with local heat effect on the surface of the anodize layer at high local current density 
and temperature. The local heat causes an inhomogeneous electric field distribution that leads to local break-
down of the oxide layer [10] [11]. Hence, it is demonstrated that temperature is the most decisive factor that 
must be carefully controlled during anodizing. 
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(a)                                  (b)                                 (c) 

Figure 10. SEM micrographs of the surface of anodize layer obtained from anodizing with applied voltage of 15 
volt for 40 minutes at (a) 20˚C; (b) 30˚C and (c) 40˚C.                                                    

4. Conclusion 
Results of three-factor analysis of variance (ANOVA) revealed that the most influencing factor determining the 
thickness and weight of the anodize layer is temperature, followed by applied voltage, duration of anodizing, 
interaction of voltage and temperature, interaction of temperature and anodizing duration, interaction of voltage- 
temperature and anodizing duration and interaction of applied voltage-anodizing duration. Corrosion current 
density (icorr) and pit density were found to be dependent on the coating thickness. The anodize layer with a 
thickness of higher than 3 μm was not experienced to pitting during 336 hours of salt spray test. The anodizing 
process of Al 2024 T3 aluminium alloy in TSA offers an alternative to chromic acid which uses organic acid ra-
ther than poisonous chromium species, operated at lower temperatures and results in the anodize layer which has 
excellent corrosion resistance. Based on the data of pit density obtained from salt spray test for 336 hours, the 
anodize layer meets the standard specification of MIL-A-8625 with pit number of less than 15 per 9 dm2 or 5 pit 
per 2 dm2. 
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