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ABSTRACT 

Deposition of interference film is an alternative way for the formation of colored protective layers on the 

surface of stainless steels for decorative applications. The process involves growth of a chromium oxide film 

by electrochemical methods using in general sulphochromic solutions. However, it is well known that chro-

mic acid contains Cr(VI), which is highly toxic, demanding special effluent treatments in order to avoid envi-

ronmental pollution. The aim of the present work is to evaluate alternative chromium free solutions for color-

ation of stainless steel by an electrochemical method as a trial to avoid the Cr(VI) presence to achieve an 

environmentally friendly process. The morphology and corrosion resistance of the conversion coatings ob-

tained from sodium vanadate solution were comparatively evaluated with a sample coloured in a sodium mo-

lybdate solution containing chromium and in a sulfochromic solution currently used in industrial coloration 

process. The corrosion behaviour of the colored samples was evaluated by using anodic potentiodynamic 

polarization and electrochemical impedance spectroscopy (EIS). The steel colored in a solution containing 

chromium and molybdenum ions showed the lowest corrosion resistance and a more porous and heterogene-

ous film than the other steel samples colored using vanadate and sulfochromic solutions. An electrochemical 

processing using a sodium vanadate solution can be a chromium free alternative for industrial application. 
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1. INTRODUCTION 

The surface finishing on stainless steels is an important attribute for architectural applications, and has great 

influence on its corrosion resistance [1,2]. The chemical and electrochemical coloration of stainless steels 

have been developed to produce thick passive films showing interference colors, and maintaining their metal-

lic brightness. 

The growth of interference films on stainless steels by chemical conversion of its surface is an alterna-

tive way for obtaining colored layers on its surface for decorative applications. In addition these coatings 

protect the substrate from corrosion by acting as an insulating barrier of low solubility between the metal 

surface and the environment. 

The coloration process involves growth of a chromium oxide film by chemical or electrochemical 

methods using strong oxidizing solutions. This film is formed by a dissolution and precipitation process ra-

ther than by a reaction involving solid state diffusion. The formation of this film on the surface of the stain-

less steel occurs in three stages: steel dissolution prior to film formation until the steel becomes transpassive; 

film nucleation and growing of a Cr-rich spinel oxide film; film growing until a thickness that coincides with 

the green color. After this point the film became undermined at the metal/film interface by excessive anodic 

dissolution and spalls or becomes detached spontaneously [3]. During the film growing the colors changing 

from bronze, brown, blue, gold, purple to green in this sequence, as the interference film thickness increases 

from 80 nm to 400 nm, approximately. In addition, this thin passivation layer on stainless steel improves its 

corrosion resistance [1-5]. In general, the coloration solution of industrial processes contains hexavalent 

chromium, which is potentially carcinogenic, and for that reason demands rigid pollution control. 

A chemical process for a spontaneous coloration of stainless steel by immersion in a hot solution con-

taining a high concentration of chromic and sulphuric acids has being used since 1977 [2]. 
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The disadvantage of this process is the use of an aggressive chromate solution at high temperature 

which will demand exhaustion of pollutants and promote corrosion of materials used in the coloration tank. 

For that reason, minimizing this rigorous condition, electrochemical methods have been proposed in which 

the stainless steel could be colored in a chromate and sulfuric acid solution at room temperature [6-8]. In 

general, the electrochemical process requires a shorter time for coloration than chemical processes and addi-

tionally provides more control of operational parameters, which results in more homogeneous colors of the 

stainless steel sheets [9]. 

Even though some of coloration electrochemical processes have a possibility of operating at room 

temperature, the presence of a Cr(VI) is a problem for environmental and human safety. It is well known that 

the chromate coatings can provide good protection for alloys, but hexavalent chromium has shown to be 

highly toxic and carcinogenic [6].The development of an environmentally friendly process is a necessity due 

to stringent environmental protection laws. For that reason some Cr(VI) free electrolytes for stainless steel 

coloration have already been tried [8]. These Cr-free electrolytes could be made by a solution containing 

metal ions having a plurality of valence numbers such as water-soluble ions: MnO
4-

, MoO4
2-

, V5, M4V2O7 and 

M3VO4, where M is a monovalent cation. However, there has been few published papers on molybdate and 

vanadate conversion coating treatments for Mg–Li alloys and not for stainless steel [10]. 

The aim of the present work is to evaluate an alternative chromium free solution for coloration of 

stainless steel by electrochemical method as a trial to avoid or minimize the Cr(VI) presence to achieve an 

environmentally friendly process. The morphology and corrosion resistance of the conversion coatings ob-

tained from two solutions: sodium molybdate and sodium vanadate were comparatively evaluated with a steel 

sample colored in an industrial sulphochromium solution.  

 

2. MATERIALS AND METHODS 

Specimens of 60 × 40 × 0.8 mm were cut from a sheet of bright buffing (BB) type AISI 304 stainless steel 

with a composition of C 0.03; Si 0.40; Mn 1.05; S 0.001; Cr 18.40; Ni 8.04 (wt.%); and Fe balanced. The 

samples were degreased in ethanol, and rinsed in distilled water before immersion in three kinds of aqueous 

coloration solutions at 60ºC temperature: (a) 0.1M CrO3 and 5.0M H2SO4, (b) 0.5M Na3VO4 and 10M H2SO4 

and (c) 0.5M Na2MoO4 and 3M H2SO4 and 0.8M CrO3. 

The coloration of the samples were conducted in triplicate using a pulse current method.  Alternating 

pulsed current with 0.1 Ad m
−2

 density having a square wave form was applied by means of a potenci-

ostat/galvonastat PGSTAT302 from EchoChimie. The time for the electrodeposition of the interference films 

was controlled by duration in seconds of the anodic/cathodic pulse in 4/1ratio[11]. The colored specimens 

were fabricated with the same bronze color, ensuring that these interference colored films have identical 

thicknesses. In the coloration with the (c) solution it was necessary to put chromium in order to obtain the 

bronze color. 

After the coloration, a cathodic hardening treatment was carried out at 0.5A/dm
2
 current density in 

aqueous solutions of 0.5M Na3VO4 and 0.5M Na2MoO4 + 0.8M CrO3 for the colored samples in the (b) and 

(c) solutions, respectively. 

The stainless steel, before and after coloration, was cut to 20×20×0.8 mm sized samples for the elec-

trochemical characterization essays in an aqueous 0.5 mol/L NaCl solution. The electrochemical measure-

ments were performed using an AUTOLAB PGSTAT 302N potentiostat/galvanostat. The analysis was con-

ducted on a conventional three-electrode cell, using platinum as a counter electrode and Ag/AgCl as the ref-

erence electrode, and stainless steel, before and after coloration, as the working electrode. The steel samples 

were covered with artificial wax (Fluka), leaving an exposed area of 2 cm
2
. Before performing the assays, the 

samples were cleaned with water, purified by reverse osmosis, and acetone. All tests were performed in aer-

ated solutions at room temperature. First, measurements of the open circuit potential (OCP) were taken over a 

2 hour period. For the EIS measurements, an AC disturbance of 10 mV was applied around the open circuit 

potential. The frequency range used was of 10
4
 to 10

–2
 Hz [12]. All impedance data were adjusted to equiva-

lent circuits that were appropriate for use in Zview software. The quality of the adjustments was evaluated by 

chi-squared (χ2) values. Anodic polarization experiments were carried out in 0.5 mol/L NaCl solution at a 

scanning rate of 0.167 mV/s until a potential higher than the pitting potential [13].  

Surface morphology of the interference films was examined using a FESEM (Field Emission Scan-

ning Electron Microscopy). Secondary electron images at magnifications of 150.000X were taken with a 

Quanta FEG 3D FEI microscope, operating at 5.0 kV. Higher operating voltages in the 5 to 15 kV range 

caused damage to the film.  
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3.  RESULTS AND DISCUSSION 

The electrochemical measurements were performed before and after coloration of stainless steel in order to 

evaluate the corrosion resistance of the interference films studied. After 2 hours of immersion, the OCP val-

ues showed stability for all steel samples (colored and bare steel). The OCP measurements are presented in 

figure 1 indicating a less noble potential for the sample colored in sodium molybdate solution followed by 

the bare stainless steel.  

 

 
Figure 1: OCP curves in 0.5 mol/L NaCl for the bare steel (curve SS)  and previously colored samples in (Cr) 0.1M CrO3 

+ 5M H2SO4, in (V) 0.5M Na2MoO4 + H2SO4 5M and (M) 0.5M Na3VO4 + H2SO4 5M solutions. 

 
The typical potentiodynamic polarization curves of the bare stainless steel and the colored samples in 

three different coloration solutions are shown in Figure 2. The colored steel samples show a passive region 

with a passivation current density of two magnitude orders higher than the passivation current density of the 

bare steel. The steel colored in a molybdate solution showed a primary passive region of lower passivation 

current density and a secondary passive region, above 50 mV, with a higher passivation current density. The 

growth of the colored film in the molybdate solution led to a drop in the corrosion potential by 445 mV in 

relation to the stainless steel sample colored by using sulfochromic solution and to an increase of the pas-

sivation current density in relation to all samples.  
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Figure 2: Potentiodynamic polarization curves obtained in 0.5 mol/L NaCl for the bare steel (curve SS)  and previously 

colored samples in (Cr) 0.1M CrO3 + 5M H2SO4, (V) 0.5M Na3VO4 + H2SO4 5M and 0.5M Na2MoO4 + 0.8M CrO3 + 

H2SO4 5M and (M) solutions.  

 
The values of Ecor, Epit and (Epit-Ecor) obtained from the potentiodynamic polarization curves are 

presented in Table 1. The difference between the pitting potential and the corrosion potential (Epit-Ecor) 

could be used to evaluate a material’s susceptibility to pitting corrosion [4,14].  The (Epit-Ecor) values of 

859.75±58.46mV and 901.31±61.29mV calculated for the samples colored in a vanadate solution and in a 

sulfochromic solutions, respectively, are similar, indicating that the vanadate solution can be a suitable alter-

native for chromate baths which are generally used in industrial coloration of stainless steel. The steel col-

ored in the solution containing molybdenum showed the highest passive region but the passivation current 

density was the highest, demonstrating that the film is less efficient as a barrier against corrosion. The highest 

pitting potentials were shown by the steel colored by using Cr solution, followed by the steel colored in van-

adate solution, respectively. The steel colored by using a molybdate solution showed the lowest pitting poten-

tial among the colored steels samples.  

 
Table 1: Values of Ecor, Epit, and (Epit-Ecor) from potentidynamic polarization curves obtained in 0.5 mol/L NaCl for 

the bare steel (SS curve) and previously colored samples in (Cr) 0.1M CrO3 + 5M H2SO4, 0.5M Na2MoO4 + 0.8M CrO3 + 

H2SO4 5M (M) and  0.5M Na3VO4 + H2SO4 5M (V)  solutions. 

Samples 
Ecor/ 

mV(Ag/AgCl) 

Epit/ 

mV(Ag/AgCl) 

Epit- Ecor/ 

mV(Ag/AgCl) 

Ipass/ 

A/cm2 

SS 72.30 ±4.92 285.41±19.41 213.11±14.49 5.40x10-8±2.43x10-9 

Cr 298.20±20.28 901.31±61.29 603.11±41.01 2.61x10-6±4.21x10-12 

V 223.61±15.21 859.75±58.46 636.14±43.26 1.11x10-6±0.36x10-9 

M -351.80±-23.92 435.66±29.62 787.46±53.55 1.17x10-6±0.91x10-10 

 
In Figure 3 it was presented Nyquist diagrams of the bare steel and the colored samples evaluated in 

0.5 mol/L NaCl solution.  
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Figure 3: Nyquist diagrams in 0.5 mol/L NaCl for the bare steel (SS curve) and previously colored samples in (Cr) 0.1M 

CrO3 + 5M H2SO4, (V) 0.5M Na3VO4 +H2SO4 5M  and (M) 0.5M Na2MoO4 + 0.8M CrO3 + H2SO4 5M solutions. 

 
The Bode diagrams of impedance modulus and of phase angle versus frequency of the bare steel and 

steels colored are shown in Figure 4 (a) and (b), respectively. Bode diagrams of phase angle versus frequency 

showed two maximum values indicating two time constants for all samples.  

 

 
Figure 4: Bode diagrams of (a) impedance modulus and (b) phase angle in 0.5 mol/L NaCl for the bare steel (SS curve) 

and previously colored samples in (Cr) 0.1M CrO3 + 5M H2SO4, and, (V) 0.5M Na3VO4 +H2SO4 5M  and (M) 0.5M 

Na2MoO4 + 0.8M CrO3 + H2SO4 5M solutions. 

 
In Table 2 it was presented the electrochemical parameters obtained from electrochemical impedance spec-

troscopy analysis. 
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Table 2: Electrochemical parameters obtained from impedance curves in 0.5 mol/L NaCl for the bare steel (SS curve) 

and previously colored samples in (Cr) 0.1M CrO3 + 5M H2SO4, , (V) 0.5M Na3VO4 +H2SO4 5M  and (M) 0.5M 

Na2MoO4 + 0.8M CrO3 + H2SO4 5M solutions. 

 

Samples R1/Ω.cm2 R2/ Ω.cm2 R3/ Ω.cm2 W/ Ω.cm2 CPE1/ F.cm2 CPE2/ F.cm2 

SS 
10.60 

±0.17 

3.67x102 

±0.21x102 

3.35x104 

±2.28x103 
- 

1.27x10-4 

±3.95x10-7 

5.81x10-13 

±3.35x10-15 

Cr 
19.46 

±0.89 

5.98x104 

±1.34x103 

1.05x1020 

±5.33x1017 
- 

2.08x10-4 

±3.66x10-5 

3.38x10-7 

±3.27x10-8 

V 
12.26 

±0.45 

2.76x101 

±0.25x101 

1.02x1020 

±6.12x1018 
- 

5.63x10-7 

±3.20x10-8 

3.60x10-4 

±4.57x10-5 

M 
13.5 

±0.29 

2.40x102 

±0.15x102 

2.72x102 

±0.16x102 

1.13x105 

±7.68x103 

8.48x10-6 

±1.01x10-7 

1.75x10-4 

±3.29x10-6 

 

The polarization resistance values for the bare steel, for the sample colored in the vanadate solution, 

and in the sulfochromic solution were obtained by fitting the EIS data to the equivalent circuit shown in Fig-

ure 5 (a). For the sample colored in the molybdate solution, polarization resistance was obtained by fitting the 

EIS data to the equivalent circuit shown in Figure 5 (b). The EIS results were interpreted in terms of equiva-

lent electrical circuits shown in Figure 5, where R1 is the resistance due to bulk solution, R2 and CPE1 are 

the impedance and the constant phase element associated to the interference film, W is the Warburg imped-

ance, R3 and CPE2 are the impedance and the constant phase element associated to the corrosion process 

occurring at the metal/oxide interface [15, 16].  

 

 
Figure 5: Equivalent circuits for the corrosion behavior of (a) the bare steel, previously colored samples in (Cr) 0.1M 

CrO3 + 5M H2SO4 and (M) 0.5M Na2MoO4 + 0.8M CrO3 +H2SO4 5M solutions and (b) previously colored sample in 

0.5M Na3VO4 +H2SO4 5M solution. 

 
The sample colored in the molybdate solution showed the lowest values of polarization resistance, and 

the sample colored by using sulfochromic and vanadate solutions showed the highest values of polarization 

resistance (Figure 3 and Table 2). The equivalent circuit fitted to the EIS data for the steel colored with the 

vanadate solution was associated to an impedance due to the interference film and a corrosion process occur-

ring through pores in the oxide film. The equivalent circuit fitted to the EIS data of steel colored by using the 

molybdate solution corresponds to impedance due to the interference film and to the corrosion process occur-

ring at the metal/film interface controlled by a diffusion process.  

A comparative analysis of the FESEM images of Figure 6 indicates a more porous structure for the 

sample colored in the molybdate solution than in the vanadate solution. The lowest value of pitting potential 

and impedance of steel colored by using molybdate solution in relation to the steels colored by using sul-

fochromic and vanadate solutions are in accordance with SEM micrographs that indicate that the interference 

film formed in molybdate solutions are less compact and homogeneous than the interference films produced 

in Cr and vanadate solutions. It was reported that molybdate species adsorbed at the film solution interface 

catalyzes the transpassive dissolution of Cr from the alloys [17]. The molybdate and vanadate species act as 

oxidizing agents for producing the passive film. They were not incorporated into the passive film constituted 

by Cr and Fe oxides/hydroxides [18-21]. Besides, the electrolyte composition influenced the chemical prop-
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erties of the passive film, as observed. To our knowledge, the effect of vanadate species on the properties of 

the interference film was not found in literature.  
 

 
Figure 6: FESEM images of a stainless steel  (a) before, and after coloration in (b) 0.1M CrO3 + 5M H2SO4 and (c) 0.5M 

Na2MoO4 + 0.8M CrO3 + H2SO4 5M and (d) 0.5M Na3VO4 + H2SO4 5M. 

 

4. CONCLUSIONS 

The susceptibility to pitting corrosion was practically the same for the sample colored in vanadate solution 

and to the sample colored in sulfochromic solution. 

The analysis of EIS data showed that the sample colored in the molybdate solution had the lowest val-

ues of polarization resistance, and the sample colored by using sulfochromic and vanadate solutions had the 

highest values of polarization resistance. 

The FESEM analysis indicates a more porous structure for the sample colored in molybdate solution 

than in vanadate solution, which could be associated with a lower corrosion resistance of this sample com-

pared with the sample colored in vanadate solution.  

The results obtained shows that an electrochemical process using sodium vanadate solution could be a 

chromium free alternative for industrial application providing an environmentally friendly process for colora-

tion of stainless steel. 
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