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The electrochemical behavior of 316L stainless steel alloy was performed by open circuit potential, 

electrochemical impedance spectroscopy, potentiodynamic polarization measurements and surface 

examination using scanning electron microscope technique in phosphoric and sulphuric acid solution 

mixtures with different percentages. The effects of inorganic additives (fluoride and iodide) on the 

corrosion of the tested alloy in mixed acidic mixture were also done. It was found that the corrosion 

rate decreases in the acidic mixture solution containing iodide than fluoride ion. However, 

electrodeposition of chitosan/Gold nanoparticles (AuNPs)/nickel nanoparticles (NiNPs) protects well 

the alloy surface in the most corroded solution of 0.005 M NaF. The efficiency increases according to 

the following order: coating >I
-
 >F

- 
> blank mixed acidic mixture. EIS results are in decent 

arrangement with polarization and open circuit potential results. All results are confirmed with surface 

examination. 
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1. INTRODUCTION 

Stainless steel alloys are well applied as corrosion resistant alloys. Phosphoric acid (P) is not 

very destructive elative to nitric or sulphuric acids(S)[1]. The presence of impurities for example 

fluorides, chlorides and sulphides cause severe corrosion in acidic solutions [1-3]. Materials choice is 

so important industrially. Stainless steel alloys have good chemical and mechanical properties [4], so, 

they are a good decision to be applied in phosphoric acid medium. A highly alloyed stainless steel 

(316L) offers the most resistance to corrosion in numerous standard services. It is well-known in 

practical application that 316L SS can be electrochemically polished in concentrated phosphoric-

sulfuric mixed acids at higher temperatures larger than 65
o
C [5]. The volume ratio of mixed acid used 
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for polishing stainless steel is set between 1:1 and 3:1 [6,7]. However, rare literatures have been 

accounted with respect to the effects of volume-ratio of the two mixed acids. 

In this work a study of  the behavior of 316L SS is performed in two inorganic acids (sulphuric 

and phosphoric acids)at different concentrations percentages both of which are important in the 

chemical manufacturing [8,9]. The effect of added ions such as fluoride and iodide were also 

established. The above issues are addressed in this examination. 

To expand the stability of 316L stainless steel, a coating of chitosan, gold and nickel 

nanoparticles was added on alloy surface. Chitosan is an alkaline-deacetylated chitin resulting from 

skeletons of insects and shells of crustaceans. It is recommended owing to its excellent nontoxicity and 

adsorption properties [10]. Gold nanoparticles (GN) have good biocompatibility nanomaterials with 

high conductivity. Nickel is employed for corrosion inhibition with a well corrosion resistance in 

several corrosive media. Nickel content not only improves the physical and mechanical properties of 

stainless steel but also it enhances the corrosion inhibition behavior [11, 12]. 

Different techniques were utilized, for example, open circuit measurements (OCP), 

electrochemical impedance spectroscopy (EIS), potentiodynamic polarization and scanning electron 

microscopy (SEM).  

 

 

2. EXPERIMENTAL  

2.1. Materials preparation 

Table 1. Chemical composition of the SS 316L (wt.%). 

                                                             Composition Elements/wt%     

 %Cr %Ni %Mo %Mn %Cu %N %P %C  %S                % Fe 

 16.71 10.28 2.07 1.66 0.12 0.067 0.02  0.016 0.00006           balance 

           

 

The tested 316L stainless steel rod has 0.2 cm
2
 cross-sectional area and its composition is 

demonstrated in Table 1. 

All the reagents used are of analytical grade acquired from Merck Products. Chemically ultra-

pure 98% sulfuric acid (S) and 85% phosphoric acid (P) stock solutions are used for preparation of 

solutions (2M) by the appropriate dilution with doubly distilled water. Solutions of the inorganic acids 

were prepared using concentrations by volume percentage. 

The surface of the electrode was mechanically polished to obtain smooth surface by emery 

papers with 400 up to 1000 grit, degreased in acetone, washed with ethanol and then dried in air. 

Chitosan (CS) coating is performed by putting 0.1 g of CS in 100 ml 1% acetic acid solution 

and stirred for 5 hours. After that it added on the electrode surface and left to dry for 24 h and then 

immersed in 6 mM hydrogen-tetrachloroaurate HAuCl4 solution containing 0.1 M KNO3. After that -

0.4 V vs. SCE is applied for 600s [13] to form gold nanoparticles. At the end electrodeposition of 

nickel nanoparticles (NiPs) on 316L stainless steel coated with CS/gold nanoparticles was achieved in 

one step. The potentiostatic deposition of metallic nickel on the working electrode (i.e., 316L stainless 
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steel) from an aqueous solution of 0.1 M acetate buffer solution (ABS,   pH = 4.0) containing                

1 mM Ni(NO3)2·6H2O by applying a constant potential electrolysis at -1 V for 10 min time duration. 

 

2.2. Electrochemical techniques 

The cell used is three-electrode containing a large platinum sheet as a counter electrode (CE), 

saturated calomel (SCE) as a reference electrode (RE) and 316L stainless steel alloy as a working 

electrode (WE).  

The electrochemical experiments carried out inside an air thermostat at 25
o
C. Measurements 

were conducted in unstirred naturally aerated 2M sulfuric acid solutions in the presence of 2M 

phosphoric acid. Electrochemical impedance spectroscopy (EIS) technique was carried out using the 

electrochemical instrument (IM6 Zahner electric, Meβtechink, Germany). The amplitude used is 10 

mV around the open circuit potential (EOCP) and the scan frequency ranged from 0.1 Hz to 100 kHz.  

Potentiodynamic polarization curves were scanned from -400 mV to +200 mVvs. SCE at a scan 

rate of 1 mV s
-1

. Before each potentiodynamic polarization measurement, the system was left to 

stabilize for 2 h, with EOCP being simultaneously measured. Duplicate tests for EIS and 

potentiodynamic polarization curves were carried out for all studied solution. The SEM micrographs 

were collected using a JEOL JXA-840A electron probe microanalyzer. 

 

 

 

3. RESULTS AND DISCUSSION 

3.1. Open circuit potentials results 

Fig. 1 presents OCP measurements for 316L SS in (P) containing different concentration 

percentage of (S). At all the studied solutions the potential shifted positively suggesting a promising 

spontaneous film formation onto the surface, which reduces the alloy corrosion. Steady state 

potential(Est) has the most positive value in 2M (P)(~200mV), whilst Est has the most negative value in 

2M (S) (~-20mV). From these results, in phosphoric acid the corrosion rates are found to be lower than 

those in sulphuric acid [14].  

Generally, Est, shifts negatively as S concentration increases, due to the damage of the oxide 

film and its continuous dissolution. Also, the potentials increase rapidly through the first 20 min and 

afterward shift gradually in the more positive direction. This action is due to the formation and growth 

of the oxide film on the surface of 316L SS.  
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Figure  1. Variation of OCP for 316L SS alloy immersed in mixed H3PO4 and/or H2SO4 of different 

concentrations with immersion time. (○) 2M P, ( v )1S:1P ,(■) 2S:1P , (∆)3S:1P,(▼) 4S:1P ,(●) 

2M S. 

 

3.2. Impedance results 
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Figure 2. (a) Bode and (b) Nyquist plots of 316L SS alloy after immersion for 2h in mixed H3PO4 

and/or H2SO4 of different concentrations. 

 

EIS is an important technique to examine the corrosion behavior using corrosion inhibitors 

and/or polymer coatings [15–19]. Fig. 2 (a and b) shows the Bode and Nyquist plots for 316L SS in (P) 

at different (S) concentration percentage after immersion for 2h,respectively.Bode plots show a broad 

curves with a maximum phase angle near to 85
o
. This indicates a passive behavior especially at 2M (P) 

compared to 2M (S). This behavior suggests that a protective layer against ion diffusion is formed in 

(P) [20]. The Nyquist plots also show the same behavior as that obtained from Bode plots. Thus, the 

impedance data are in a good agreement with the experimental OCP results (Fig. 1).  

 

 
 

Figure 3. Equivalent circuit used in the simulation of the impedance data. Rs is the solution resistance, 

Cdl is the double layer capacitance; Rct is the charge transfer resistance, Cf is the passive film 

capacitance, Rf is the passive film resistance and W is the diffusion “Warburg” impedance.  

 

The impedance data were fitted by the equivalent circuit shown in Figure 3. The elements Cdl 

and Cf were treated as non-ideal capacitors for the double layer and the formed film, respectively and 
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estimated as constant phase elements (CPEs) [21]. CPE is characterized by the capacitance part in 

Farads and a dimensionless exponent part between 0 and 1. CPE is used instead of ideal capacitance to 

account for the surface heterogeneity. Rct referred to a charge transfer resistance, Rf referred to film 

resistance and W referred to Warburg impedance owing to diffusion process [22]. Table 2 gives the 

fitted impedance data carried out in H3PO4 at different H2SO4 concentration percentage after 

immersion for 2h.  

 

Table 2. Equivalent circuit parameters for 316L SS alloy immersed in mixed H3PO4 (P)and/or 

H2SO4(S)of different concentration percentageafter 2 h. 

 

Acid  Rf RCt Cf Cdl Zw Rs 

Ratio (MΩ cm
2
) (KΩ cm

2
) (µF cm

-2
) (µF cm

-2
) (kΩ  s

-1
) (Ω cm

2
) 

2M S 5.3 12.6 38.4 76.3 12.2 
15.9 

1S:1P 16 25.2 18.5 64.3 53.1 
21.6 

2S:1P 19 50.1 21.7 60.5 47.3 
14 

3S:1P 21 65.2 26.1 56.8 40.9 
18 

  4S:1P 25 68.1 30.6 53.2 31.8 10 

  2M P 61 119 12.5 47.5 61.6 21 

 

From which, Rf value in presence of 2M (S) was 5.3 MΩ cm
2
, however, as the concentration of 

P increase, the Rf values increases reaching to 61 MΩ cm
2
; this was attributed to that, as mentioned in 

OCP, the corrosion rates in phosphoric acid are lower than those calculated in sulphuric acid solution 

[14]. Also, Cdl values decrease from 76.3μF cm
-2

 (in 2M S) to 47.5 μF cm
-2

(in 2M P) which indicates 

an increase in film relative thickness which is equal to 1/Cdl. 

 

Table 3. Equivalent circuit parameters for 316L SS alloy immersed in mixed H2SO4 (S) and/or H3PO4 

(P) of different concentration percentage after 2 h. 

 

Acid  Rf RCt Cf Cdl Zw Rs 

Ratio (MΩ cm
2
) (KΩ cm

2
) (µF cm

-2
) (µF cm

-2
) (kΩ  s

-1
) (Ω cm

2
) 

2M S 
5.3 12.6 38.4 76.3 12.2 

      

    15.9 

1S:1P 16 25.2 18.5 64.3 53.1 
21.6 

1S:2P 39 89 16.5 51.7 57.2 
15.6 

1S:3P 45 96 15.3 50.1 59.5 
13.7 

    1S:4P 53 107 14.0 49.7 60.3 18.1 

    2M P 61 119 12.5 47.5 61.6 21 
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Figure 4. (a) Bode plots (b) Nyquist plots of 316L SS alloy after immersion for 2h in mixed H2SO4 

and/or H3PO4 of different concentrations.  

 

Bode and Nyquist representations of the impedance values of the 316L SS in S at different P 

concentration percentage after 2h are shown in Figure 4a and b. It is noticed that as the concentration 

of P increases, the impedance values increase. The Bode plots have the same shape like that in Fig. 2a 
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with the same mechanism. The Nyquist plots 2b and 4b show linear-like rather than arc-like behavior 

over the frequency range examined, which suggests that corrosion does not appreciably occur [23]. 

The data was also fitted with the same model shown in Fig. 3 and fitting parameters are given in Table 

3.  

Bode plots of 316L SS in both ions (fluoride or iodide) solution are displayed in Fig.5 and 6, 

respectively. By studying the effect of adding either fluoride or iodide to 1S:1P v/v mixed acid 

solution, it was found that the impedance value increases with increasing the concentration of both 

ions (fluoride or iodide), as shown in Fig. 5 and 6, respectively. At low frequencies (<1Hz), total 

impedances of different fluoride or iodide concentrations are higher than the blank solution 1S:1P v/v 

mixed acid.  

 

Table 4. Equivalent circuit parameters for 316L SS alloy immersed in 1S:1P solution with different 

concentrations of NaF and NaI after 2 h. 

 

Salt 
Canion Rf RCt Cf Cdl Zw Rs 

(M) (MΩ cm
2
) (KΩ cm

2
) (µF cm

-2
) (µF cm

-2
) (kΩ  s

-1
) (Ω cm

2
) 

NaF 

0 16 25.2 18.5 64.3 53.1 21.6 

0.005 31.6 70.7 17.9 51.0 60.5 31.8 

0.01 33.8 73.5 17.5 50.7 63.4 32.4 

0.025 37.1 75.4 17.3 50.4 69.1 30.5 

0.05 40.0 78.9 17.0 49.7 75.3 29.3 

NaI 

0.005 47.8 100.3 15.3 43.1 57.4 32.5 

0.01 56.2 132 11.4 35.7 60.5 31.2 

0.025 87.1 145 10.3 30.1 67.3 30.9 

0.05 125.8 176 9.5 23.7 70.5 29.4 

 

 

Table 5. Equivalent circuit parameters for coated and uncoated 316L SS alloy immersed in 1S:1P 

solution containing 0.005 M NaF after 2 h. 

 

composition Rf RCt Cf Cdl Zw Rs 

 (MΩ cm
2
) (KΩ cm

2
) (µF cm

-2
) (µF cm

-2
) (kΩ  s

-1
) (Ω cm

2
) 

 

0.005 M NaF 31.6 70.7 17.9 51.0 60.5 

 

31.8 

CS 158.4 112.5 10.5 24.1 - 30.8 

CS/Au 251.1 150.6 6.4 19.4 - 30.4 

CS/Au/Ni 316.2 209.4 3.1 11.7 - 30.7 

 

Analyzing the impedance parameters shown in Table 4, it can be seen that in iodate solution at 

all concentrations, both Rf and Rct indicate a better corrosion resistance compared to that of fluoride 

solution. These impedance parameters give indications that independently of the nature of the 

electrolyte (iodate or flouride) provide a better corrosion resistance than the blank 1S:1P v/v mixed 

solution. Later studies also proved that introduction of an oxidising agent like KIO3 into a corrosive 

acidic medium can lead to self-passivation of steel [24].  
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Figure 5. Bode plots of 316L SS alloy immersed for 2 h in 1S:1P v/v mixed acid solution with NaF of 

various concentrations: (●) 0 M, (○) 0.005 M, (▼) 0.01 M, (∆) 0.025 M and(■) 0.05M. 
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Figure 6. Bode plots of 316L SS alloy immersed for 2 h in 1S:1P v/v mixed acid solution with NaI of 

various concentrations: (●) 0 M, (○) 0.005 M, (▼) 0.01 M, (∆) 0.025 M and(■) 0.05M. 

 

Studies were also reported with iodate as an effective corrosion inhibitor for copper in acidic 

solutions as it acts as an oxidizer at low concentrations and at higher concentrations it acts as a 

passivator for the dissolution of copper, with good adsorption of these iodate ions on copper surface, 
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forming Cu(IO3)2 [25]. This work ensures this phenomenon that iodate ions are better than flouride 

ions. 

From Figs. 5 and 6, it were understood that the strength of the passive film increases with the 

increase in the concentration of the original passivator solution [26, 27]. 

Fig.7 represents Bode plots of coated 316L SS exposed after 2 h immersion in 1S:1P v/v mixed 

acid solution containing 0.005 M NaF (most corrosive medium). It was observed that chitosan coatings 

reduced drastically the corrosion rate then adding gold nanoparticles lowers more the corrosion rate of 

316L SS and then adding Ni nanoparticles decreases it well. At first adding chitosan only with high 

adsorption properties on 316L stainless steel alloy that decreases its corrosion rate in this corrosive 

medium [10].  

 

 
 

Figure 7. Bode plots of coated and uncoated316L SS alloy after 2 h immersion in 1S:1P v/v mixed 

acid solution containing 0.005 M NaF.(∆)Bare alloy, (●)CS, (○)CS/Au, (▼)CS/Au/Ni. 

 

Then adding gold nanoparticles spreading electrochemically well on the surface increasing its 

stability and then adding Ni nanoparticles gives the highest corrosion resistance. This is known well 

due to nickel ions lowers corrosion rate [28]. 
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3.3. Polarization results 

Potentiodynamic polarization curves of the 316L SS in 1S:1P v/v mixed acids containing 

0.005M NaF, 0.005M NaI and/or CS/Au/Ni nanocomposite coated alloy in 1S:1P v/v mixed mixture 

containing 0.005 M NaF (most corrosive medium), were shown in Fig.8. 

The presence of the CS/Au/Ni nanocomposite and/or inorganic ions (F
-
 and I

-
) cause the 

decrease in the corrosion rate as can be seen from the shift of the cathodic polarization curves to more 

negative potentials and the anodic ones to more positive values. This performance could be attributed 

to the adsorption of fluoride and iodide and /or CS/Au/Ni nanocomposite or their reduction products 

on the metal or metal oxide surface [29]. The existence of these anions causes the shift of Ecorr to less 

negative values with an obvious decrease in the corrosion current density, icorr. On coatings with 

CS/Gold/NiPs, icorr is the smallest value compared to the other anions with broad current plateau is 

observed in the anodic branch, due to a passivation process [30, 31]. The current values stay constant 

and are followed by an increase in the anodic polarization. Compared with the blank 1S:1P solution, 

there is a considerable decrease in the icorr values. 
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Figure 8. Potentiodynamic polarization curves for uncoated 316L SS alloy after 2 h immersion in 

1S:1P v/v mixed acid solution containing: 0.005M NaF, 0.005M NaI and/or CS/Au/Ni coated 

316L SS alloy in 1S:1P v/v mixed acid solution containing 0.005M NaF. 

 

The icorr was obtained from Tafel plots using both the cathodic and anodic branches of the 

polarization curves. As depicted in Fig. 8 and Table 6, icorr of about 3.16 (±0.25) μA cm
-2

 associated 

with a corrosion potential of about -280 mV (SCE) is observed for the blank 1S:1P solution. For 

fluoride ions, icorr and Ecorr values of about 1.99(±0.24)μA cm
-2

; -260mV (SCE) are observed and for 

iodide ions, icorr and Ecorr values are 0.98(±0.23)μA cm
-2

; -250 mV (SCE). With respect to CS/Au/Ni 
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nanocomposite, the icorr and Ecorr values of about 0.63 (±0.25)μA cm
-2

; -220 mV (SCE) are evaluated. 

Ecorr increase in the following order: blank (1:1) < F
-
 < I

-
 < CS/Au/Ni nanocomposite, which is the 

same order reported previously for these additives to act as passivators for the corrosion of 316L SS in 

1S:1P solution using EIS technique. 
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Figure 9. Potentiodynamic polarization curves for coated and uncoated 316L SS alloy after 2 h 

immersion in 1S:1P v/v mixed acid solution containing 0.005 M NaF. 

 

The curves of Fig. 9 represent the anodic and cathodic scans, E-log i, of 316L SS in 1S:1P 

solution at different coats on 316L stainless steel alloy. As can be seen; a shift of Ecorr values toward 

the nobler potential side with a decrease in icorr values in the following order for coats (CS < 

CS/AuNPs < CS/Au/Ni nanocomposite) considering that 316L SS has higher corrosion resistance in a 

1S:1P solution containing 0.005 M NaF.  

After CS/Au/Ni nanocomposite coating for test alloy, it showed a higher Ecorr value of                

-220mV(SCE) with a lower icorr value 0.63(±0.25) μA cm
-2 

 as compared to -280 mV (SCE) and 3.16 

(±0.25)μA cm
-2 

is observed for the blank 1S:1P (as shown in Table 7). 

The addition of Ni to CS/Au nanocomposite leads to a decrease in corrosion current density 

(icorr) and an increase in corrosion resistance (Rcorr)[32].  
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Table 6. Electrochemical corrosion parameters from Tafel results for uncoated 316L SS alloy in 1S:1P 

v/v mixed acid solution containing: 0.005M NaF, 0.005M NaI and/or CS/Au/Ni coated 316L 

SS alloy in 1S:1P v/v mixed acid solution containing 0.005M NaF after 2 h immersion. 

 

 -βc/  

mV dec
-1

 

βa/ 

mV dec
-1

 

Icorr/ 

µA cm
-2

 

Ecorr/ 

mV 

Blank(1S:1P) 159 78 3.16 -280 

0.005M NaF 172 85 1.99 -260 

0.005M NaI 195 86 0.98 -250 

 

Table 7. Potentiodynamic polarization parameters for coated and uncoated 316L SS alloy in 1S:1P v/v 

mixed acid solution containing 0.005 M NaF after 2 h immersion 

 

 -βc/  

mV dec
-1

 

βa/ 

mV dec
-1

 

Icorr/ 

µA cm
-2

 

Ecorr/ 

mV 

Bare alloy 159 78 3.16 -280 

CS 177 86 2.76 -284 

CS/Au 161 86 2.18 -273 

CS/Au/Ni 187 84 0.63 -220 

 

3.4. SEM measurements 

 (a) 
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(b) 

 
 

(c) 

 

 
 

Figure 10. SEM-micrograph presenting the surface morphology of 316L SS alloy after 2h immersion 

in a) 1S:1P v/v mixed acid containing b) 0.005 M NaF and c) CS/Au/Ni coated alloy in 0.005 

M NaF. 

 

The SEM analysis of the morphology for the corroded surfaces after the immersion tests 

permitted the identification of more details. Fig.10 shows the SEM photos of 316L SS surface in 1S:1P 

v/v mixed acid. Fig. 10a shows that after immersion of 316L SS surface in unpassivated 1S:1P show 

an aggressive attack of the corroding acidic medium on the steel surface and the surface layer is rather 

rough. In contrast, in the presence of 0.05 M NaF, 0.05 M NaI and Cs/Gold/NiPs (10 min), Fig. 10b-c 

shows that the corrosion is drastically passivated. There is an adsorbed film on 316L SS surface at the 

studied three ions (Fig. 10b-c) which does not exist in corresponding  

Fig.10a. In accordance, it could be concluded that the adsorption film can efficiently passivated 

the corrosion of 316L SS. Also, CS/Au/Ni nanocomposite decreases the corrosion of 316L SS 

perfectly than NaI and NaF solutions alone. The corrosion was more severe on the 316L SS when 

compared with the inorganic additives. 
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4. CONCLUSIONS 

The corrosion behavior of uncoated or coated 316L stainless steel in phosphoric and sulphuric 

acid mixture solution; in the absence and presence of iodide, fluoride was investigated using different 

electrochemical techniques and surface analysis. From the results obtained, the following conclusions 

could be drawn: 

(i) The rate of oxide film destruction in presence of inorganic additives (fluoride, iodide) 

decreases with increasing their concentration and depends on anion type. 

(i) The presence of fluoride, iodide enhances the passivation action of the alloy. The 

passivation efficiency decreases well on coating 316L stainless steel alloy with CS/Au/Ni 

nanocomposite. 

(ii) SEM analysis on the surface of corroded samples confirmed that the introduction of 

CS/Au/Ni nanocomposite into 1sulfuric:1phosphoric mixed acid solution containing 0.005 M NaF 

effectively protects 316L stainless steel from corrosion. 
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