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Abstract.  This study investigates the application of alternating current (AC) and direct current (DC) anodization 

techniques on stainless steel 304L (SS304L) in an ethylene glycol and ammonium fluoride (NH4F) electrolyte solution 

to produce a nano-porous oxide layer. With limited research on AC anodizing of stainless steel, this study focuses on 

comparing AC and DC anodization in terms of current density versus time response, phase analysis using X-ray 

diffraction (XRD), and corrosion rate determined by linear polarization. Both AC and DC anodization were performed 

for 60 minutes at 50 V in an electrolyte solution containing 0.5% NH4F and 3% H2O in ethylene glycol. The results 

show that AC anodization exhibited higher current density compared to DC anodization. XRD analysis revealed the 

presence of ferrite (α-Fe) and austenite (γ-Fe) phases in the as-received specimen, while both AC and DC anodized 

specimens exhibited only the γ-Fe phase. The corrosion rate of the AC-anodized specimen was measured at 0.00083 

mm/year, lower than the corrosion rate of the DC-anodized specimen at 0.00197 mm/year. These findings indicate that 

AC anodization on stainless steel offers advantages in terms of higher current density, phase transformation, and lower 

corrosion rate compared to DC anodization. These results highlight the need for further investigation and exploration 

of AC anodization as a promising technique for enhancing the electrochemical properties of stainless steel. 
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1. Introduction 
 

Nanomaterials had gained attention due to their outstanding characteristics and ability to form 

nano-porous structures at the nanoscale. Materials with nano-porous structures have made 

significant improvement in areas such as energy conversion and storage, sensing, and biological 

applications (Hassan et al. 2020). Anodizing is one among the various techniques used to form nano-

porous materials that offers good control over pore size, shape, and distribution. Large numbers of 

anodizing studies had focused on aluminum (Al) and its alloys with countless studies focused on 

understanding the generation and behavior of nano-porous oxide film on their surfaces (Pawlik et 
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al. 2017). 

However, in early 2000’s the anodization of stainless steel had grown in interest because of its 

high mechanical qualities and corrosion resistance (Naresh and Rajasekhar 2016). The stainless steel 

is a versatile material that could be utilized extensively in a variety of fields (Wang et al. 2019). It 

is possible to modify the surface characteristics of stainless steel and improve its performance in 

particular uses by anodizing it. Comparing to other materials, the works related to stainless steel 

anodization involves some distinct issues. Stainless steel is an alloy mainly composed of iron (Fe) 

with various proportions of chromium (Cr), nickel (Ni), and other metals. Stainless steel is classified 

into three primary types: austenitic, ferritic, and martensitic (Banerjee 2015). Among these, 

austenitic stainless steel, particularly Type 304L, is widely utilized due to its excellent properties, 

with the “L” signifying its extra-low carbon content (Singh et al. 2018). 

Anodizing, a widely employed technique, enables the synthesis of nano-porous oxide films on 

alloy surfaces. While anodizing of alloys such as Al, Mg, and Ti is well-known, its application to 

stainless steel has been an area of growing research (Pawlik et al. 2017). Pioneered by Grimes and 

colleagues, anodizing techniques have been utilized to produce nano-porous oxide films on iron 

substrates in ethylene glycol solutions containing NH4F and H2O (Jagminas et al. 2011). Various 

factors influence the formation of nano-porous oxide films, including the applied current or voltage, 

type and concentration of the electrolyte, electrolyte temperature, and anodization time (Sulka 

2020). The most popular anodizing method is two-step anodizing involves a chemical etching 

process before the anodization step, although this can lead to chemical corrosion and liquid pollution 

(Wu et al. 2019). 

Conventionally, direct current (DC) has been widely used as the power source for anodization 

due to its simplicity and ease of control. There have been few studies on AC anodizing and the 

studies are focusing on alloys such as aluminum and titanium. As a result, the purpose of this 

research is to analyze and evaluate the effects of AC and DC anodizing on current density versus 

time response, phase analysis, and corrosion rate on stainless steel 304L. A thorough comparison 

investigation can provide useful insights into the electrochemical characteristics of AC- and DC-

anodized stainless steel, leading the way for further developments in stainless steel anodization 

processes. 

 

 

2. Materials and methods 
 

2.1 Material and chemical preparation 
 

The stainless steel 304L (SS304L) material was used as the raw material for this study, with its 

composition specified in Table 1 (Patricia et al. 2022). Rectangular specimens measuring 25 mm×15 

mm×2 mm were prepared by cutting the SS304L plates. The specimens underwent a series of 

preparation steps, including grinding up to 1200-grit paper and polishing with diamond paste to 

achieve a mirror-like surface finish. Electroplating tape was applied to ensure exposure is controlled. 

So that only one surface of the specimens is exposed. Prior to anodization, the specimens were 

degreased using acetone and thoroughly rinsed with distilled water. 

 

2.2 Anodization process 
 

The anodization experiments were conducted using a basic setup equipped with AC or DC power 
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Table 1 The chemical composition of SS304L (wt%) 

Fe Cr Ni Mn Si C P S 

Balance 18.0-20.0 8.0-12.0 ≤2.0 ≤0.75 ≤0.03 ≤0.045 ≤0.03 

 

 
Fig. 1 The three-electrode cell setup for polarization test 

 

 

sources in 250 mL beaker. Two SS304L electrodes were employed in the anodization process. 

Anodization was carried out for 60 minutes at room temperature, applying an anodizing voltage of 

50 V for both AC and DC power sources. The primary focus of this study was to investigate the 

differences between AC and DC anodization. During the anodization process, the anodizing current 

was recorded as an output parameter, and the current density was subsequently calculated. Following 

anodization, the specimens were meticulously rinsed with distilled water and dried using an air dryer. 

 

2.3 XRD analysis 
 

Phase analysis of the specimens before and after anodization was performed using a Shimadzu 

XRD 6000 diffractometer. The XRD measurements covered 2θ values ranging from 20° to 80°, 

employing Cu Kα radiation. Each step of the measurement had a fixed counting time of 0.3 seconds. 

The obtained XRD data were analyzed using the X’Pert HighScore Plus software to determine the 

phases present. 

 

2.3 Linear polarization 
 

The linear polarization test utilized an AUTOLAB PGSTAT 204 potentiostat and NOVA 

software. A three-electrode corrosion cell system was employed, consisting of the specimen as the 

working electrode, a saturated calomel electrode (SCE) as the reference electrode, and a platinum 

rod as the counter electrode as shown in Fig. 1. To ensure a consistent exposed area, the specimen’s 

surface was covered with electroplating tape, leaving only a 1 cm2 region exposed. Open-circuit 

potential (OCP) measurements were conducted over 30 minutes to achieve a stable state. OCP 

represents the potential of the working electrode relative to the reference electrode when no potential 

or current is applied to the corrosion system. This measurement is vital for predicting the 

electrochemical corrosion behavior of the specimens in the test medium. The polarization scans were 
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Fig. 2 Current-time responses for 1 hour anodizing of SS304L in ethylene glycol solution containing NH4F 

and H2O 

 

 

performed at a scanning rate of 10 mVs-1, covering a scan potential range from -0.8 V to 1.0 V versus 

SCE. 

 

 

3. Result and discussions 
 

3.1 Current density versus time response 
 

For the study of the differences between AC and DC methods in forming the nano-porous oxide 

layer on SS304L, it is essential to analyze the current density versus time responses during 

anodization. In Fig. 2, the current density versus time responses for AC and DC anodization of 

SS304L at 50 V for 60 minutes are presented. Notably, AC anodization resulted in a higher current 

density than DC, emphasizing the differences between both power sources. Both methods showed a 

similar general trend, with the current growing fast and then plateauing. The observed stability of 

the DC anodization current density suggests a controlled and consistent anodization process, which 

may influence the uniformity and quality of the nano-porous oxide layer. AC anodization, on the 

other hand, continued to show a rising trend with increased anodization duration, indicating a 

periodic reversal of electric charge flow (Li et al. 2013). The current density of the AC specimen 

reached from 0 Acm-2 to 0.165 Acm-2 in 24 seconds, whereas the DC specimen increased more 

gradually, reaching 0.084 Acm-2 in 54 seconds. 

 

3.2 XRD analysis 
 

The XRD pattern analysis of the as-received SS304L specimen, as well as the AC and DC 

anodized SS304L specimens, is shown in Fig. 3. The as-received specimen exhibited the presence 

of austenite (γ-Fe) peaks at 43.7°, 50.9°, and 74.9°, along with ferrite (α-Fe) peak at 44.7°. The 

presence α-Fe peak can be attributed to the mechanical polishing step performed before anodization, 

which aligns with previous findings (Rao et al. 2005). Interestingly, the XRD patterns of the as-

received and anodized specimens using both AC and DC sources exhibited similarities, indicating 

the absence of distinct oxide layer peaks. This can be attributed to the amorphous or poorly 

crystalline nature of the nano-porous oxide layer formed during anodization (Saha et al. 2019). 
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Fig. 3 XRD pattern of as-received stainless steel and anodized stainless steel using AC and DC power source 

 

   
(a) As-received specimen (b) AC-anodized specimen (c) DC-anodized specimen 

Fig. 4 The specimens of (a) As-received and after anodizing process using, (b) AC and (c) DC sources 

 

 

Previous studies by Saha et al. demonstrated that the detection of the Fe2O4 oxide layer only occurred 

after thermal treatment, while the nano-porous oxide layer was visible without distinct peaks. 

Moreover, the observed color variations between AC and DC specimens as shown in Fig. 4, with 

AC showing a yellowish layer and DC displaying a greyish layer, further demonstrate the diverse 

nature of the oxide layers formed under different anodization conditions. Notably, Klimas et al.’s 

findings of color changes during anodization at varying voltages add weight to our observations 

(Klimas et al. 2013). 

 

3.3 Linear polarization 
 

The findings of the linear polarization test performed on specimens immersed in a 3.5% NaCl 

solution are shown in Table 2. The corrosion potential (Ecorr) and corrosion current (Icorr) were 

determined by extrapolating the polarization curve depicted in Fig. 5 while the corrosion rate was 

extracted from the NOVA software. However, equation (1) could also be use in order to obtain the 

corrosion rate of the SS304L. Ecorr serves as an indicator of the likelihood of corrosion during the 

test, while Icorr quantifies the severity of corrosion experienced by the specimens (Heo et al. 2021). 
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Table 2 Result of linear polarization for as-received, AC and DC anodized specimens 

Specimens Ecorr (V) Icorr (A/cm2) Corrosion Rate (mm/year) 

As-received -0.2832 7.380×10-7 0.00857 

DC -0.2398 1.696×10-7 0.00197 

AC 0.04489 7.140×10-8 0.00083 

 

 
Fig. 5 The polarization curve of as-received, AC and DC anodized specimens 

 

 

The Ecorr value of the as-received specimen, which had no protective coating, was -0.2832 V. 

Notably, both the DC and AC anodized specimens demonstrated a shift towards more positive Ecorr 

values, measuring -0.2398 V and 0.04489 V, respectively. This change from more negative to more 

positive potentials suggests improved corrosion resistance for both DC and AC specimens (Jamil et 

al. 2018, Saha et al. 2019). Specifically, the AC-anodized specimens corroded at a substantially 

lower rate of 0.00083 mm/year than DC-anodized specimens, which corroded at a rate of 0.00197 

mm/year. This difference in corrosion rates was due to the unique characteristics of the oxide layer 

generated during AC anodization. The nano-porous oxide layer formed by AC anodizing appears to 

provide greater corrosion protection, resulting in a decreased corrosion rate reported when compared 

to DC-anodized specimens. 

𝐶𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛 𝑅𝑎𝑡𝑒 (𝑚𝑚/𝑦𝑒𝑎𝑟) = 3.27 × 𝐼𝑐𝑜𝑟𝑟 ×
𝐸𝑊

𝑑
  (1) 

Where, EW is equivalent weight of SS304L, which is 25.12 and d is the density of SS304L, 

which is 7.93 gcm-3. The Icorr is also converted into unit of mAcm-2. 

The data in Fig. 5 clearly illustrated the corrosion behavior of the specimens, where both DC and 

AC specimens exhibited a movement towards more positive Ecorr values in comparison to the as-

received specimen. This shift indicated the formation of a protective nano-porous oxide layer on the 

surface of the specimen, which contributes to improved corrosion resistance (Hernández López et 

al. 2019). Furthermore, the polarization curve of the AC specimen reveals the presence of a distinct 

pitting potential, Epit, as labeled in Fig 5. Epit represents the potential at which the breakdown of the 

passive layer occurs, leading to localized corrosion in the form of pits. 

These findings indicated that both DC and AC anodization contribute to improved corrosion 

resistance, with the AC-anodized specimens demonstrating the highest resistance owing to the 
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presence of a nano-porous oxide layer. The observed pitting potential in the AC specimen suggests 

that the anodized surface may exhibit localized corrosion susceptibility under specific conditions, 

requiring further investigation. 

 

 

4. Conclusions 
 

In conclusion: 

• The current density versus time graph analysis demonstrated that AC anodizing resulted in a 

larger current density than DC anodizing. 

• AC current density achieved a plateau after 24 seconds, but DC current density took 54 seconds 

to stabilize. 

• XRD examination of the specimens revealed the presence of γ-Fe and α-Fe in the as-received 

specimen, but only γ-Fe peaks in the AC and DC specimens, indicating the creation of an 

amorphous oxide layer. 

• In terms of corrosion rate, the AC specimen displayed the lowest rate at 0.00083 mm/year, 

while the DC specimen exhibited a corrosion rate of 0.00197 mm/year. Notably, both AC and 

DC anodized specimens demonstrated lower corrosion rates compared to the as-received 

specimen, which exhibited a corrosion rate of 0.00857 mm/year. These results highlight the 

potential benefits of AC anodizing for enhancing the electrochemical and corrosion properties of 

SS304L. 
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