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ABSTRACT. Aluminum is an increasingly important material in the metals industry, ranking as one of the most 
abundant elements in the Earth's crust and one of the most widely used metals alongside steel. To prevent corrosion, 

protective conversion coatings are commonly applied through processes such as phosphating, chromating, or 

oxalating. This study investigates the porosity and adhesion of chromate conversion coatings on aluminum, 
evaluated using appropriate testing methods. The surface morphology and structure of the coatings were 

characterized by scanning electron microscopy (SEM). Corrosion resistance was assessed through Tafel polarization 

and electrochemical impedance spectroscopy (EIS). Furthermore, the thermodynamic properties of chromate-coated 
aluminum were examined. The effects of immersion time, temperature, and chromic acid concentration on coating 

performance were systematically studied; these parameters were found to enhance coating properties up to an 

optimal point, beyond which performance declined. SEM analysis further revealed variations in surface 
characteristics of the coating under different processing conditions. 

 

KEY WORDS: Aluminium, Corrosion, Electrochemical analysis, Scanning electron microscopy, Thermodynamic 
parameters 

 

INTRODUCTION 

 

Electrochemical reactions involving metal surfaces, such as anodic dissolution and coupled 

reduction processes, result in the formation of protective conversion layers. Chromate conversion 

coatings have been widely used to enhance the corrosion resistance of metals and aluminum alloys 

in various manufactured products, including aircraft and automotive components [1-3]. The 

utilization of aluminum hinges on three primary characteristics: its lightweight nature, the 

mechanical strength achieved via suitable alloying and thermal treatment, and the inherent 

corrosion resistance of the pure metal [4]. The degradation of metals due to external influences, 

including alkalinity, high concentrations of aggressive chloride ions, the presence of cracks, and 

variations in layer thickness, significantly impacts the structural integrity of metal structures. 

Accordingly, it is imperative to implement corrosion prevention strategies that are effective in 

industrial applications [5]. Reducing energy losses through the development of new hole and 

electron acceptors and the optimization of charge transfer kinetics has been the focus of recent 

research. Controlling nanoscale morphology, along with interfacial engineering in device 

architectures, has also been a major focus to enhance efficiencies toward their theoretical limits. 
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Furthermore, numerous studies highlight that solid-state hole transport materials serve as 

promising substitutes for liquid electrolytes, which are often toxic, volatile, and corrosive to cell 

components [6]. Although innumerable corrosion control strategies have been proposed and 

tested, no single approach has been universally effective. Additionally, materials with exceptional 

thermal and electrical conductivity are particularly advantageous for applications in the food and 

chemical sectors [7-11]. Chromate conversion coatings are frequently applied to a variety of 

engineering substrates in order to enhance paint adhesion, achieve specific surface finishes, and 

improve corrosion resistance [12]. Aluminium is becoming an increasingly important part of the 

metals industry.  

Chromate coatings form a key pretreatment for paint adhesion in paintwork and powder 

coating applications, while delivering robust corrosion protection [13-16]. Common applications 

include household appliances, coil coatings, aircraft, and electronic devices. These coatings are 

preferred over chromium phosphate because they have low contact resistance and allow for spot 

welding. Chromate coatings are highly effective corrosion inhibitors and widely used in 

manufacturing, transportation, defence, equipment, automotive, and bodywork. The use of 

conversion coating with hexavalent chromium has been a well-established technique for 

safeguarding aluminium alloys against corrosion, and it is effectively utilized on various metals 

and alloys [17-21]. Additionally, chromium-based paints find application on bridges and ships. 

Most military vehicles currently employ chromates to safeguard aluminium against corrosion. 

The literature indicates that chromates perform effectively in the salt spray test. Many government 

organizations are actively seeking alternative chromate-free systems that provide similar levels of 

protection and are prepared to conduct tests on these options.  

Coatings research and development has normally concentrated on improving corrosion 

resistance and optimizing coating thickness. Some scientists have discovered that chromate-based 

coatings have a unique self-healing property. When a coated surface is scratched, chromate ions 

may flow laterally to the affected area and form a protective layer over the recently exposed metal. 

This migration prevents additional corrosion by shielding the bare surface. Chrome plating is 

probably the most common finish in the aerospace industry. Chromate conversion coatings are 

used on aluminium alloys to improve their corrosion resistance and paintability. Chromium is a 

metallic element that is both light and hard [22-28]. When used properly, chromium has excellent 

corrosion resistance, wear resistance, and strength. Chromium conversion coatings are typically 

thought of as a redox reaction involving chromate ions and the substrate metal. 

In the present study, the porosity and adhesion of chromate-coated aluminium were 

determined using appropriate testing methods. A scanning electron microscope uses a focused 

beam of high-energy electrons to produce a variety of signals on the surface of solid specimens 

[29-32]. The signal resulting from electron-sample interaction, which includes the external 

morphology, chemical composition, crystalline structure, and orientation of the materials in the 

sample. In scanning mode, a conventional technique can be used to image a scanning area ranging 

in width from 1 cm to 5 microns. SEM analysis was used to investigate the coating's surface 

morphology and structure. We used Tafel polarization and impedance methods to investigate the 

corrosion behaviour of chromate-coated aluminium. Thermodynamic parameters for different 

batches of chromate-coated aluminium were also calculated. 

 

EXPERIMENTAL 

 

Preparation of samples 

 

To achieve high-quality coatings with the desired physical and chemical properties, it is essential 

to properly prepare the baths and ensure the solution is free of metallic and other contaminants 

(Table 1). The water used to make the conversion coating bath was double-distilled and de-

mineralized. All glassware was washed by soaking overnight in a 1:1 mixture of nitric acid and 
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sulfuric acid. After washing with tap water and distilled water, they were dried and used. The 

various bath compositions used in this study are given in Table 1 below. Then the pretreated 

aluminum samples were weighed (w1) and immersed in the above-mentioned solutions of the 

chromate conversion coating for different periods of time, i.e., 2-10 minutes, and a temperature 

range of 30-50 °C. The samples were rinsed thoroughly with double-distilled water to remove any 

chloride ions from the tap water. They were then dried and weighed. The weight of the conversion 

coating formed on aluminium was calculated using the formula:  

W = (W2-W1) g, where W1 is the weight before coating, and W2 is the weight after coating. 

The thickness of the chromate conversion coating was calculated using the following equation 

𝑇 =
W X 10000

A X d
 

where,  T = thickness in microns,  W = Weight of the coating in g, A = coated area in cm,   

d = density of aluminium. 

 

The chromate conversion-coated aluminum plates were heat-treated by placing them in a 

closed oven at 300 °C for 4 hours. Then, the heat-treated samples were immediately placed in 

cold water and observed to see whether or not any surge was visually seen on the surface.  

 
Table 1. Details of bath solution preparations. 

 

 

Corrosion studies 

 

Tafel polarization studies 

 

Tafel polarization is a highly effective technique for determining a specimen's corrosion 

resistance. Cathodic and anodic polarization curves were obtained potendiodynamically by 

immersing the chromate conversion-coated aluminium specimens, used as working electrodes, in 

a 3% sodium chloride solution using a computer-controlled Thales impedance analyzer. The 

counter electrode is platinum, while the reference electrode is calomel. 

 

Electrochemical impedance studies 

 

Electrochemical impedance spectroscopy (EIS) acts as a successful tool for assessing the 

corrosion behavior of materials. This study involved conducting AC impedance measurements 

utilizing a Thales impedance analyzer across a frequency spectrum of 10 mHz to 100 kHz, 

applying an AC perturbation amplitude of 10 mV on the open-circuit potential. The 

electrochemical cell configuration for EIS was the same as that used for the Tafel polarization 

measurements.  

 

Scanning electron microscope analysis 

 

SEM images were acquired using the JEOL-JSM-35 LF, which operates at an accelerating voltage 

range of 5-35 kV and offers magnification from 10 to 180,000 times. SEM images for the current 

studies were captured at 25 KV with a magnification of 1000x. 

 

S. No. Sample Percentage of chromic acid and sodium fluoride 

1 Solution-I Chromic acid – 3 % (v/v) and sodium fluoride - 0.3 % (v/v) 

2 Solution-II Chromic acid -5 % (v/v) and sodium fluoride - 0.3% (v/v) 

3 Solution-III Chromic acid - 7 % (v/v) and sodium fluoride - 0.3 % (v/v) 
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Thermodynamic parameters 

 

The activation energy (Ea), which is the minimum energy required for the reaction to occur, can 

be calculated from the Arrhenius equation.  

k = Ae-Ea/RT                                                                                                                                         (1) 

Ea is calculated from the slope of the plot log(k) vs 1/T as follows 

Slope = -Ea / 2.303R                                                                                                                         (2) 

Ea = -(slope X 2.303R)                                                                                                                    (3) 

Enthalpy of activation is calculated from the slope of the plot of log(K/t ) vs 1/t using the equation. 

-ΔH ̊ = slope X 2.303R                                                                                                                    (4) 

Entropy of activation is calculated from the intercept of the plot of log(K/t ) vs 1/t using the 

equation. 

Log(R/Nh)- ΔS ̊/2.303 = intercept                                                                                                    (5) 

h= planck’s constant (6.625 X 10-34) 

R = Gas constant (8.314) 

Free energy of activation is calculated from the following equation. 

ΔG = ΔH -TΔS                                                                                                                             (6) 

RESULTS AND DISCUSSION 

 

Effect of immersion time 

 

Table 2 illustrates the effect of immersion duration at varying temperatures on the weight, 

thickness, and growth rate of the conversion coating on aluminium. As immersion duration 

increases, the coating weight and thickness initially ascend, reaching a maximum at 

approximately 6 minutes. Beyond this threshold, both weight and thickness begin to diminish. 

This reduction is attributed to the dissolution of aluminium during the coating process, where 

prolonged immersion results in excessive dissolution, leading to the formation of degraded 

deposits such as charred or powdery residues. These elements contribute to a decrease in both the 

deposit weight and the overall coating growth rate. 

 
Table 2. Effect of immersion time on various properties of chromate conversion coating obtained from 

chromic acid Solutions I, II, and III at 30 °C, 40 °C, and 50 °C. 

 

Time 

(Sec) 

Temperature °C Solution-I Solution-II Solution -III 

Weight of 

coating (mg) 

Thicknes

s (µ) 

Weight of 

coating (mg) 

Thickness 

(µ) 

Weight of  

coating (mg) 

Thickness 

(µ) 

120 30 0.5 0.06 0.4 0.05 0.3 0.04 

240 1 0.14 1.1 0.15 0.9 0.12 

360 1.4 0.19 1.7 0.23 1.2 0.16 

480 0.7 0.09 0.9 0.12 0.6 0.08 

600 0.5 0.06 0.6 0.08 0.4 0.05 

120 40 0.4 0.05 0.3 0.04 0.2 0.03 

240 0.8 0.11 0.9 0.12 0.7 0.09 

360 1.1 0.15 1.4 0.19 0.9 0.12 

480 0.5 0.07 0.6 0.08 0.3 0.04 

600 0.2 0.03 0.3 0.04 0.2 0.03 
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120 50 0.3 0.04 0.2 0.03 0.1 0.01 

240 0.5 0.07 0.6 0.08 0.4 0.05 

360 0.9 0.12 1 0.14 0.8 0.11 

480 0.4 0.05 0.5 0.07 0.2 0.03 

600 0.1 0.01 0.2 0.03 0.1 0.01 

 

Effect of immersion temperature 

 

Figure 1 illustrates the influence of temperature on the thickness of the chromate conversion 

coating derived from different baths. It was found that as the temperature of the bath rose, the 

weight and thickness of the deposit diminished. The dissolution rate of aluminium surpasses the 

coating formation rate at elevated temperatures [33]. Table 3 illustrates the influence of chromic 

acid and sodium fluoride concentrations on the coating rate of aluminium at 30 °C, over a duration 

of 6 minutes. The tables demonstrate that an increase in chromic acid concentration markedly 

enhances the coating thickness, consequently augmenting the deposit thickness.  

 

Thermodynamic parameters 

 

To understand the thermodynamics of chromate conversion layer formation on aluminium, 

activation parameters such as Ea, ΔH°, ΔS°, and ΔG° were assessed. The computed 

thermodynamic parameters for the chromate coating on aluminium, derived from various 

solutions I-III at distinct temperatures, are presented in Table 3. The negative values of activation 

enthalpy (ΔH°) and free energy of activation (ΔG°) suggest that the chromate conversion reaction 

on aluminium is exothermic and thermodynamically favorable. A negative ΔH° implies that 

energy is released during the formation of the chromate layer, while a negative ΔG° confirms that 

the reaction proceeds spontaneously under the given conditions. Additionally, the positive value 

of activation entropy (ΔS°) indicates an increase in disorder, likely due to the release of water or 

other by-products during the surface reaction. Together, these parameters point toward a reaction 

mechanism that is energetically downhill and entropy-driven, possibly involving the adsorption 

of chromate ions followed by surface redox reactions, which facilitate the stable conversion 

coating on aluminium. Maximum attainable thickness with 0.5 percent CrO3. Beyond this 

concentration, the thickness of the coating diminishes. This may result from heightened 

aluminium dissolution. CrO3 is a highly aggressive electrolyte, and its aggressiveness, along with 

its dissolution, escalates with higher concentrations [34]. Consequently, layer formation 

diminishes with increasing CrO3 concentration. 

 
Table 3. Thermodynamic parameters for the chromate coating from various samples. 

 

 

 

Samples Ea H S G % CrO3 30 °C 40 °C   50 °C 

Solution-I 11.53 0.13 -23.80 -7449.67  0.3% 0.19 0.15 0.12 

Solution-II 5.27 0.16 -23.78 -7445.08  0.5% 0.23 0.19 0.14 

Solution-III 7.08 0.14 -23.79 -7447.61  0.7% 0.16 0.12 0.11 
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Figure 1. Effect of temperature on the thickness of chromate conversion coating for various 

solutions. 

 

Effect of NaF 

 

The incorporation of NaF into the chromate solution inhibits the excessive dissolution of Al 

chromate via complexation and facilitates its removal as AlF. The optimal concentration for 

observing increased coating thickness is 0.03 M NaF. At a concentration exceeding 0.03 M NaF, 

the thickness of the coating was diminished. This results from an augmented etching thickness 

associated with a higher concentration of fluoride ions, which more aggressively degrade the 

aluminium surface. This elevated etching inhibits the development of coatings. The thickness 

diminishes with increased NaF concentration. 

 

Corrosion studies 

 

Table 4 displays the weight loss and corrosion inhibition efficacy of chromate-coated aluminium 

in different solutions. The table indicates that post-immersion weight loss is more significant for 

uncoated aluminium compared to chromate-coated aluminium, and this loss diminishes as the 

thickness of the chromate coating increases. Aluminium treated with a solution of 0.5 percent 

CrO3 and 0.03 percent NaF exhibits superior corrosion resistance compared to alternative plates. 

The inhibitory effect intensifies with rising concentrations of chromic acid until a specific 

threshold, beyond which it diminishes. This may be due to chloride ions exhibiting a diminished 

affinity for chromate-coated aluminium, as the chromate coating is robustly and intrinsically 

established on the aluminium surface [35, 36]. 

 
Table 4. Weight loss and inhibition efficiency of chromate-coated aluminium from various solutions. 

 

S.No Sample Weight loss (g) Inhibition efficiency (%) Surface coverage (θ) 

1 Uncoated Al 0.004   -   - 

2 Chromate-coated Solution-I 0.0008 80 0.80 

3 Chromate-coated Solution-II 0.0004 90 0.90 

4 Chromate-coated Solution-III 0.0005 87 0.87 
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Potentiodynamic polarization studies 

 

Corrosion potentials are generally in close proximity to open circuit potentials (OCP). The 

corrosion potential is markedly altered due to the surface modification from chromate coating and 

the adherence of certain corrosion products. Tangents were derived from OCP values within 100 

mV, and the anodic and cathodic slopes of the plate were assessed after 168 hours of immersion 

in a 3% sodium chloride solution. Table 4 and Figure 2 illustrate that the cathodic slope (bc) and 

anodic slope (ba) of both coated and uncoated aluminium samples rise with greater deposit 

thickness. Table 4 indicates that the corrosion current and corrosion rate of aluminium samples 

coated with chromate were significantly lower than those of uncoated aluminium [37, 38]. The 

corrosion current and corrosion rate diminished with an increase in the thickness of the chromate 

coating [39]. The aluminium coated with solution-II exhibits the lowest corrosion current and rate, 

indicating that a chromate coating enhances aluminum's corrosion resistance, which improves 

with increased coating thickness. The elevated corrosion resistance values of the chromate-coated 

samples, along with impedance analyses and comparisons to solution-I and solution-III, further 

corroborate this finding. The inhibitory effect intensifies with rising concentrations of chromic 

acid until a specific threshold, beyond which it diminishes. 

 

 
 

Figure 2. Comparison of Tafel plots for bare and chromate conversion-coated aluminium from 

solution- I, II, III. 

 
Table 4. Corrosion parameters obtained from potentiodynamic polarizations and electrochemical impedance. 

 

Substrate Ecorr (mV) Icorr (µA) IE (%) Rct (Ω.cm2) Cdl (µF/cm2) IE(%) 

Bare Al -0.490 8.774 - 24 919 - 

Solution-I -0.481 3.517 59 53 408 55 

Solution-II -0.485 1.889 78 89 247 73 

Solution-III -0.478 3.398 61 67 371 64 
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Electrochemical impedance spectroscopy studies 

 

Figure 3 illustrates that aluminium coated with solution-II exhibits greater impedance than the 

other plates. The impedance escalates in direct correlation with the thickness of the chromate 

coating. Uncoated aluminium exhibits the lowest impedance among the three materials. 

Consequently, it can be inferred that chromate coatings markedly enhance corrosion resistance, 

with resistance improving as the thickness of the chromate coating increases. The SEM data 

confirms that aluminium coated with 20 µm of chromate showed no corrosion when exposed to 

chlorides. In contrast, uncoated aluminium has a higher corrosion potential (Ecorr), whereas the 

corrosion current density (Icorr) decreases as the thickness of the chromate coating on aluminium 

increases [35-39]. The Bode plot, depicted in Figures 4a and b, demonstrates that the rise in 

absolute impedance at low frequencies corroborates the enhanced protection linked to the 

augmentation of chromic acid concentration, which peaks at 0.5 percent before declining. The 

results demonstrate that the corrosion rate diminished due to the development of a chromate 

coating and further declined with an increase in chromic acid concentration. 

 

 
Figure 3. Comparison of Nyquist impedance plots for bare and conversion coated aluminium in 

solutions I, II, and III. 

 

 
Figure 4(a, b). Bode plots for bare and chromate conversion-coated aluminium in solutions I, II, 

and III. 
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Scanning electron microscope (SEM) analysis 

 

The surface morphology of the chromate conversion coating on aluminium was examined using 

scanning electron microscopy (SEM) before and after corrosion testing in a 3% NaCl solution. 

Figure 5 shows the SEM micrograph of the coated aluminium surface prior to exposure. The 

surface appears relatively uniform, with fine cracks and a somewhat porous structure typical of 

chromate conversion coatings. These features are indicative of a passive layer that allows limited 

ion transport while still offering effective corrosion resistance. The presence of microcracks may 

be attributed to dehydration during the drying process, but they do not significantly compromise 

the protective behavior due to the self-healing nature of chromate-based films. After immersion 

in the 3% NaCl solution for 24 hours, the SEM image reveals notable changes in surface 

morphology. Localized corrosion and pitting are visible in certain regions, suggesting breakdown 

of the coating in chloride-rich environments. However, the damage is relatively limited, implying 

that the coating still retains a degree of barrier protection. The comparison between pre and post 

exposure SEM images confirms that the chromate conversion coating offers effective initial 

protection against chloride-induced corrosion. However, its performance may deteriorate over 

time due to the penetration of aggressive chloride ions through microdefects and pores. Overall, 

the SEM analysis supports the electrochemical findings, indicating that the chromate coating 

provides short-term corrosion resistance with some susceptibility to localized attack under 

prolonged exposure. 

 

 
 

Figure 5 SEM image for a) uncoated and b) chromate-coated aluminium. 

 

CONCLUSION 

 

Potentiodynamic polarization, electrochemical impedance spectroscopy, and SEM analysis were 

used to methodically examine the electrochemical behavior of aluminum treated with chromate 

conversion coatings under different circumstances. The observed results clearly indicate that 

enhancing immersion time, temperature, and chromic acid concentration significantly improves 

the coating’s protective properties. Conspicuously, the coating formed from solution II (0.5% of 

Cr2O3) exhibited superior corrosion resistance compared to those from solution I (0.3% of Cr2O3) 

and solution III (0.7% of Cr2O3). These observations are attributed to the self-healing capabilities 

inherent in the 0.5% of Cr2O3 coating. And also, when coatings from solutions I and III were 

applied in various environments, the corrosion resistance of aluminum treated with solution II 

increased, reinforcing its effectiveness. Further evaluation of porosity and adhesion confirmed the 

superiority of the chromate layers. SEM analysis also provided detailed insights into the surface 

morphology and microstructural characteristics of the coatings, well supporting the observed 
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electrochemical results. Overall, the 0.5% of Cr2O3 treatment shows optimal corrosion protection 

for aluminum under the experienced conditions. Further studies should investigate the long-term 

durability of the 0.5% Cr2O3 chromate conversion coating under additional diverse and harsher 

environmental conditions. Furthermore, researching environmentally friendly alternatives to 

chromate-based coatings and their comparable performance could lead to safer and more 

sustainable corrosion protection approaches. Advanced methodologies for characterization may 

also be used to better understand the self-healing mechanisms at the nanoscale. 
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