
Original Article

Influence of temperature on the electrochemical

coloration process and properties of the AISI 304

and 430 colored stainless steel

J.L. Silva a,*, Andreia Rocha Canella Carneiro b, Geovane Martins Castro c,
Eduardo Henrique Martins Nunes d, Vanessa de Freitas Cunha Lins a,
Rosa Maria Rabelo Junqueira a

a Department of Chemical Engineering, Federal University of Minas Gerais, Av. Antônio Carlos 6627, 31279-901,
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a b s t r a c t

The influence of temperature on the speed of an electrochemical coloration process of AISI

304 and AISI 430 stainless steel was investigated in temperature ranging from 25 �C to

40 �C. The surface properties of the interference colored nanofilms obtained in both types

of stainless steel substrates, were also evaluated. A higher coloring speed was observed for

AISI 304. The coloring time to obtain a gold color decreased with increasing temperature for

both steels. This effect was stronger on the AISI 430 substrate, with a decrease of 36.6% in

the coloration time for the samples colored at 40 �C and 25 �C. The Arrhenius model was

applied to estimate the equations of colored films growth rate. The films porous fractions

evaluated by SEMwere in the range of 27e29%, without relevant variation with the coloring

temperature. The nanohardness of the conjugated film-substrate obtained in a nano-

indenter coupled to an AFM shows lower values than the uncolored substrates, and this

reduction is more significant for the films grown on the AISI 430 ferritic specimens. The

wettability of the surface to water and oil increased after coloring. The amplification effect

of the hydrophilic effect can be associated with the increased AFM nanorugosity values.

© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The colored SS is visually impacting for use as coatings, ap-

pliances and others applications that demand design

differentiated. A wide variety of interference colors can be

obtained according to the thickness of the film, including

brown, blue, gold, purple and green, in this sequence, with the

increase of tenths of nanometers to approximately half a
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micrometer thick. In addition to the aesthetic factor conferred

to the steel by the surface color resulting from the interference

of light reflected at the interfaces of the oxide/air film and

steel/oxide film, several studies showed the excellent corro-

sion resistance of the interference film, because of its anodic

protection [1e3].

The first process known applied to coloring the SS was by

chemical oxidation under high temperature, generating an

amount of acid vapors and poor color reproducibility [4].

Electrochemical methods using square wave potential pulse

polarization or alternating pulse current in sulfochromic so-

lution were later developed, allowing to work in milder con-

ditions, with greater color reproducibility and operational

control [2,3,5,6].

The knowledge of the growth rate of nanofilms on different

substrates and of the effect of the temperature on the growth

rate of coloring films enables productivity improving of the

electrochemical coloring process of SS. In the studies byWang

and Duh [7], they evaluated the effect of temperature on the

alternating current pulse coloring process in AISI 304 stainless

steel. Temperatures of 65, 72 and 80 �C were used. The color-

ing times expressed in alternating potentiometric cycles

applied decreased faster as the temperature increases. Jun-

queira et al. [8] studied the morphology of the interference

films grown using alternating pulse current process on AISI

304 substrate in low chromium concentration at different

temperatures, and evaluated the surface roughness, abrasion

resistance and hardness of the films. The works [7,8] did not

evaluate the growth rate of the films.

Arrhenius suggested dependence of the specific reaction

rate, k, with the temperature:

kAðTÞ¼Aexp
�E=RT (1)

where, A is pre-exponential factor or frequency factor, E is

the activation energy, J/mol or cal/mol, R is the universal gas

constant, and T is the absolute temperature in Kelvin (K).

Equation (1) is known as the Arrhenius equation and has

been empirically proven as the strong dependence of the

constant k to temperature. In many cases, the observed rate

of a chemical reaction increases as the temperature is raised,

but the extent of this growth varies greatly from reaction to

reaction [9].

Many studies have focused on the study of the electro-

chemical coloring process and its influence on the properties

of austenitic SS, such as AISI 304 [1e8]. The AISI 430 ferritic SS,

despite its commercial appeal due to its low nickel concen-

tration, presents few studies for electrochemical coloration its

surface. A study was carried out with AISI 430 steel using

electrochemical and photochemical stepswith a sulfochromic

solution for coloring. The process occurs in open circuit po-

tential and under visible light illumination, yielding a golden

color interference film about 2 h after the beginning of the

coloring process [10].

A very interesting characteristic of SS is the achievement of

easy-to-clean or anti-fingerprint surfaces and has been the

subject of many studies using coating deposition with several

different methods [11e13]. Therefore, several wettability

studies to increase hydrophobicity and oleophobicity were

carried out with the SS, but none refer the wettability caused

by interference films grown on the SS surface by electro-

chemical processes. A superhydrophobic colored surface on

AISI 304 stainless steel substrate was obtained by performing

a chemical attack to increase the surface roughness, followed

by a chemical oxidation coloring process at 80 �C. Later the

colored surface was coated and modified with PFOTES (1H,

1H,2H,2H-Perfluorooctyltriethoxysilane) by solution-

immersion. After coloring by chemical oxidation, hydrophil-

ic surfaces were obtained, allowing the generation of a

superhydrophobic surface after modification with PFOTES,

with contact angles with water up to 152� [11].

In addition to chemical composition, wettability is also

related to the roughness and porosity of a surface. The in-

crease of the surface roughness accentuates its hydrophilic or

hydrophobic character [14,15]. The same relationship is valid

when evaluating porosity, since roughness can be perceived

as a surface porosity where air is trapped, forming a com-

posite air/solid material surface [16].

In this context, this study evaluated the influence of tem-

perature on coloring time, describing the Arrhenius equation

on ferritic and austenitic SS substrates, as well as the influ-

ence of temperature and substrate on the porosity, nano-

roughness, nanohardness and wettability in water and oil of

interference films generated, using an electrochemical

patented process of pulsed current coloring [17].

To the best of our knowledge, the literature is very scarce

on the wettability study of colored stainless steel, on the

evaluation of the effect of temperature on the growth rate of

the interference colored anodic film, grown on ferritic and

austenitic stainless steel. There is a gap in the literature about

the coloration of a ferritic SS, which is an innovative aspect of

the present work.

2. Experimental

2.1. Preparation of stainless steel samples

Samples of AISI 304 austenitic SS and AISI 430 ferritic SS,

0.8mmthick, BuffingBright (BB) finish. The sampleswere cut in

pieces of 60 mm � 50 mm, degreased with petroleum ether,

washedwith detergent andwater, anddriedwith air jet. Table 1

shows the chemical composition of the steels.

Table 1 e Chemical composition of samples (% by mass).

Steel C Mn Si S Cr Ni Nb Mo Ti W

AISI 430 0.047 0.178 0.277 0.0003 16.1 0.137 0.005 0.006 0.003 0.004

AISI 304 0.037 1.149 0.456 0.0010 17.7 8.022 0.012 0.124 0.003 0.024

Source: Certificates of analysis provided by APERAM South America.
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2.2. Coloration

The samples were colored according to the procedure

patented by CETEC [17], with anodic pretreatment in 10% so-

dium sulfate solution (wt/v) and alternating current of 0.85 A/

dm2, subsequently colored in sulfochromic solution 2.5 M

CrO3/5.0 M H2SO4 and current of 0.12 A/dm2, with pulse size of

4/1, using an Ivium Compactstat potentiostat. A cathodic

hardening treatment was performed with chromic acid solu-

tion inwater (500 g CrO3/l) for 10min, with a current density of

0.5 A/dm2 in a Minipa MPL1303M DC power supply. The col-

oring processwas performed at temperatures of 25, 30, 35, and

40 �C in a thermostated water bath.

The postulate of the Arrhenius equation enables the

experimental determination of the activation energy leading

to a reaction at different temperatures. After applying the

natural logarithm (ln) to Equation (1), we obtain Equation (2):

ln kA ¼ ln A�
E

R
ð
1

T
Þ (2)

From the Equation (2) was possible to extract the activation

energy (E) by calculating the angular coefficient obtained

when plotting ln kA as a function of 1/T.With the knowledge of

the specific reaction rate (k) at a given temperature (T0), and

the activation energy, we can determine the value of k at any

other temperature, T [9].

The coloring time was recorded in order to reach the

golden color in all samples. The rate of the coloring process

was calculated considering a constant film thickness for the

golden color, and the specific reaction rate constant, k, using a

constant value C (nm) to the coloring time in seconds.

2.3. Characterization of films

2.3.1. Color and brightness

Color measurements were performed in a BYK Gardner

Spectro-Guide Sphere Spectrophotometer. The color scale

used was CIE LCh*, where L is luminosity (white-black), C is

saturation (pale-vivid) and h* is color hue (green, red, blue,

yellow). The brightness was determined using a BYK Gardner

Tri-gloss brightness meter using a D65 light source and a 10�

standard observer.

Four samples were prepared in each temperature condi-

tion and five measurements were performed for each sample.

2.3.2. Nanoporosity

Morphological characteristics of the colored SS were evalu-

ated using the Scanning Electron Microscope (SEM) - FEI

Quanta 3D FEG. For the evaluation of the porosity of the

samples, acceleration potentials between 3 and 5 kV were

used, with magnification in the range of 20 000 to 200 000 x.

The porous fraction and pore size were obtained by image

processing using ImageJ software [18].

2.3.3. Nanoroughness and nanoindentation

Nanoroughness and nanoindentation assays were performed

under an Atomic ForceMicroscope (AFM)MFP-3D-SA ASYLUM

RESEARCH. The scanning area was 400 mm2 (20 mm � 20 mm),

using the intermittent contact mode and C-160 TS probe of

9 ± 2 nm of radius silicon, with a reading of 256 points and

peak amplitude of 1 V. The instrumented nanoindentation

test (IIT) were performed from a nanoindenter coupled to the

AFM. The Force-Displacement curves were raised to deter-

mine nanohardness and modulus of elasticity using a 2 mN

load, with a loading cycle of 10 s, 5 s of load permanence, and

another 10 s of discharge. Berkovith triangular pyramid with

Poisson coefficient of 0.33 was used as indenter. Six replicates

were analyzed in each test.

2.3.4. Wettability in water and oil

The hydrophobicity and oleophobicity of the samples were

quantified by contact angle measurements, performed at

room temperature, using deionized water and ultrapure

mineral oil (Nujol Mantecorp), respectively. The measure-

ments were performed using a Digidrop goniometer e DI, GBX

Instruments with a camera attached. The Visiodrop software

was used for image analysis. The deposited volume of

deionized water and ultrapure mineral oil droplets were 3 mL.

Fig. 1 e (a) Coloring time depending on the temperature of the solution and (b) Arrhenius graph for the growth rate of the

interference film versus the reciprocal of the temperature.
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Averages obtained from 13 measurements in 5 different

images.

2.4. Statistical analysis

The ANOVA analysis was adopted for design with a 95%

confidence interval (alpha ¼ 0.05), using the Tukey test to

evaluate honestly significant differences, calculated by Past

[19] software. The comparative characterization tests were

performedwith statistically equal samples of the color hue (h)

parameter, assuming identical layer thicknesses for the

colored samples.

3. Results and discussion

3.1. Rate of the coloring process

The growth of the interference filmwas controlled by the time

applied during the coloring step. The golden coloring of the

AISI 304 and AISI 430 was obtained at temperatures of 25 �C,

30 �C, 35 �C and 40 �C.

The coloring process of AISI 304 was faster than the AISI

430 SS, since, to obtain the same golden coloration at 25 �C,

AISI 304 required 780 s, while for AISI 430, it took 1500 s,

almost twice the time. The related samples data for coloring

temperature, as well as the results of the color and brightness

analyses were used to build the graph illustrated in Fig. 1(a). It

was observed an exponential reduction of coloring time with

the increase of temperature for AISI 304 and 430. The AISI 430

showed a higher influence of temperature on its interference

film growth rate, with a reduction of 36.6% in coloring time

ranging from 25 �C to 40 �C, while for AISI 304 the reduction

was 17.3% for the same temperature range.

In an attempt to investigate the rate of steel coloration, the

activation energy and the frequency factor were estimated by

linearizing the data obtained experimentally at the tempera-

tures studied, from the Equations (1) and (2). With the

equations of the linearized lines as shown in Fig. 1(b), we ob-

tained activation energy of 9999 J/mol for the SS AISI 304 and

23 419 J/mol for AISI 430, showing that the latter is more

sensitive to temperature variations. Reactions with high

activation energies are more sensitive to temperature varia-

tions. From the experimental results, it was possible to esti-

mate the specific growth rates of the films by the Arrhenius

model:

kðTÞABNT 304 ¼0:071 * e
�9:999
RT (3)

kðTÞABNT 430 ¼8:585 * e
�23:419

RT (4)

A less noble metal under the point of corrosion resistance,

as is the case of ferritic AISI 430 SS, the anodic and cathodic

reactions in a highly oxidizing solution should occur faster,

accelerating the process of obtaining the interference film, but

what occurs in the coloring process did not demonstrate this

behavior. We observed that a shorter time to obtain the same

coloring condition was obtained for AISI 304.

3.2. Characterization of interference films

3.2.1. Porosity

The porosity of interference films are showed in Fig. 2. The

films grown on the AISI 304 SS are compacted, with smaller

pores, apparently interconnected. On the surface of films

grown on the AISI 430, the pore distribution is homogeneous,

apparently not so compacted, with independent, larger and

regular pores.

In Table 2, the results show no variability among the

colored samples on different substrates and different tem-

peratures, when evaluating the porous area fraction, ranging

between a porous area of 27%e28%.

The pore size did not present significant variability influ-

enced by the temperature of the coloring process, but differed

to the type of steel, presenting larger pores for AISI 430 steel,

confirming the observations made in the images. Using the

transmission electronic microscopic (TEM) technique, Evans

Fig. 2 e Typical SEM Images of SS colored in gold by an electrochemical process at different temperatures, being (a) AISI 430

25 �C, (b) AISI 430 40 �C, (c) AISI 304 25 �C, (d) AISI 304 40 �C.

Table 2 e Porous area and pore diameter of colored samples at 25 �C and 40 �C.

AISI 304 25 �C AISI 304 40 �C AISI 430 25 �C AISI 430 40 �C

Porous Area (%) Fraction Average (%) 27.02 ± 0.35 (a) 27.60 ± 0.91 (a) 28.64 ± 0.55 (a) 28.83 ± 0.98 (a)

Pore Diameter (nm) Average (nm) 16.63 ± 3.79 (b) 14.92 ± 3.93 (b) 22.83 ± 3.66 (c) 22.88 ± 3.83 (c)

Note: Averages that share the same letter are significantly similar by the Tukey test. Porous fraction: Averages obtained from 10measurements

in 3 different images (30 measurements). Pore diameter: Average obtained of 12 measurements.
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[4] identified a porous fraction of 20e30% in the films colored

by chemical process on a SS AISI 304 substrate, which agrees

with the results obtained in this study.

3.2.2. Nanoroughness

The nanoroughness values expressed in mean quadratic

roughness (Rq) are shown in Fig. 3. An increase of the nano-

roughness of the samples after coloring occurred for the two

substrates. The nanoroughness of AISI 430 increased after the

coloring process while no significant difference was observed

for the AISI 304 colored at 40 �C compared with the bare

substrate. Considering the tested hypothesis there is no dif-

ference in the nanoroughness of the two substrates.

Junqueira et al. [6] evaluated the effect of the scan size on

the Rq of the AISI 304 substrate andwith interference film. The

values found for scanning 20 mm � 20 mm were 11.09 nm for

the substrate and approximately 15 nm for the color film,

values of the same order of magnitude as those found in this

study.

3.2.3. Nanoindentation

The forceedisplacement curves represented in Fig. 4 were

obtained in instrumented indentation tests of AISI 304 and 430

SS before and after coloration at 25 �C. A higher penetration

depth for the 2 mN applied force is observed for the colored

AISI 430, and lower resistance to deformation when compared

to its substrate. The profiles of the deformation curves of AISI

430 SS, both of the samples with the interference film and of

the substrate, are similar, with partially reversible deforma-

tion (elastic) after the force being discharged. Similar behavior

was observed for the other samples analyzed in the IIT.

Table 3 shows the measurements obtained in IIT of the

surface of substrates and conjugated interference-substrate

films, applying a load of 2 mN through a nanoindentator

coupled to the AFM. The substrates showed a higher modulus

of elasticity, with a reduction of the same parameter in the

colored samples. Ferritic SS has a smaller modulus of elas-

ticity for both the substrate and the filmesubstrate conjugate.

The higher the modulus of elasticity, the stiffer the material

and the smaller its elastic deformation [20]. A higher pene-

tration depth of 2 mN applied force is observed for AISI 430

colored at 25 �C, presenting a lower resistance to deformation

when compared to its substrate. For all mechanical properties

evaluated, both substrates were statistically identical.

The results ofmaximumpenetration depth for the samples

after the coloring processes are superior to the substrates, and

the interference films were grown on the ferritic substrate

present higher penetration. These results are in accordance

with the values obtained of nanohardness, resulting in the

reduction of this after coloring, and this reduction is more

significant for the films on the ferritic substrate, which makes

the interference films less resistant to localized plastic

deformation.

As discussed earlier, the interference film on the AISI 430

substrate has larger pores, a relevant factor in the hardness of

the film. It is not possible to evaluate the significant difference

in the nanomechanical parameters measured by varying the

temperature of the coloring process. Due to the limitations of

the equipment, the applied force of 2mN caused a penetration

greater than 10% of the thickness of the interference film, and

Fig. 3 e Quadratic mean roughness (Rq) of SS substrates

and color samples at 40 �C. The average values that share

the same letter are significantly similar according to the

statistic Tukey test.

Fig. 4 e Typical displacementeforce curves of AISI 430 SS colored at 25 �C and of AISI 430 SS, obtained by instrumented

indentation tests in AFM.

Fig. 5 eMean values of the contact angle of the samples for

evaluation of water wettability. Values that share the same

letter are significantly similar according to the statistic

Tukey test.
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it was not possible to isolate the influence of the substrate,

with a Bückle's rule of 1/10 [21].

Junqueira et al. [6] proposed a direct relationship of

porosity (nm) with hardness when evaluating the properties

of interference films grown on AISI 304 substrate under

different process conditions, in golden color, since that

interference films with larger pore diameter (higher porosity)

presented lower hardness and larger deformation. The results

found in this study are in consonance with those presented by

the previous study.

3.2.4. Wettability of interference films

The wettability of the films in relation to water and oil was

evaluated. Figure 5 shows the variation of the angle of contact

of the water droplet with the surface of the substrate and

films. It can be verified an increase of the hydrophilicity of the

surface with the coloring process, which is more pronounced

for the film grown on the AISI 430 SS substrate (see Fig. 6).

The influence of the coloring temperature can also be

observed, with an increase in the contact angle as the coloring

temperature increases. For the AISI 304 specimens, the same

effect of the increase in wettability occurred after the coloring

process, but the influence of the coloring temperature does

not occur so sharply and directly since the colored samples at

35 �C and 40 �C were considered statistically identical.

When evaluating the angle of contact of the surface with

oil, we verified that the surfaces of SS substrates are oleo-

philic, and become even more oleophilic after the coloring

process, being not feasible even the measurement of the

contact angle in oil, occurring an almost complete spread of

the oil on the colored surface, as recorded in Table 4.

The effect of roughness on the amplification of wettability

of heterogeneous and rough real surfaces of the Wenzel and

Cassie-Baxter models can be confirmed by comparing it with

the results of the nanoroughness test. The increase in the

nanoroughness of the colored surface of AISI 430 and 304 steel

produced an amplification of the hydrophilic effect of the

surface. Kubiak et al. [15] studied the influence of roughness

on the contact angle of different surfaces and confirmed the

strong influence of roughness on the wettability of different

engineering surfaces, with similar behaviors. Although the

high standard deviation mainly for the AISI 304 steel, the ef-

fect of roughness on the wettability was identified and the

results agree with the literature [14]. A higher roughness

produced by the coloring process accentuated the hydrophilic

character of the surface. This higher roughness could be of

great value for surface modification with coatings such as

Organically Modified Silicates, ORMOSIL [12], for example,

providing a thin and transparent film on the colored surface,

which could generate hydrophobic, oleophobic or amphi-

phobic surfaces on colored stainless steel.

By evaluating water wettability, we are predominantly

evaluating the polar interaction of the surface, as well as

when evaluating thewetness to the oil used.We evaluated the

nonpolar interactions of the oil with the surface, that is, the

affinity of coatings with liquids that have OeH (polar) or CeH

(non-polar) connections [16]. Considering that for both liquids,

water and oil, there was an increase in wettability after the

coloring process, the polarity of the liquid did not affect the

wettability in this case.

Further investigation will be necessary to increase the

hydrophobicity and oleofibicity of colored stainless steel to

obtain anti-finger prints or easy cleanings surfaces convenient

for architectural applications.

Table 3 e Nanomechanical parameters obtained by
instrumented indentation by using AFM of substrates
and colored steels. Values that share the same letter are
significantly similar according to the statistic Tukey test.

Elastic modulus
(GPa)

Indentation
Depth (nm)

Nanohardness
(GPa)

AISI 304

SUBSTRATE

93.4a 130.6a 7.5a

AISI 304 25 �C 82.2b,c,d 155.5b 4.7b

AISI 304 40 �C 77.9b.c 152.3b 5.2b

AISI 430

SUBSTRATE

89.7a,b 134.9a 6.9a

AISI 430 25 �C 72.8d 184.6c 3.0c

AISI 430 40 �C 75.1c,d 175.1c 3.5c

Fig. 6 eMean values of the water contact angle and the mean quadratic roughness (Rq) obtained by AFM for substrates and

colored samples at different temperatures.
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4. Conclusions

It was possible to color the AISI 304 and AISI 430 SS by an

electrochemical process of pulsed current coloring, conferring

to AISI 304 steel a higher growth rate of the interference film

when compared to AISI 430 at the same process temperature.

The temperature influenced the coloring process, with an

exponential reduction of coloring time as the temperature

increases.

The temperature influenced the properties of the nano-

films less than the substrate underwhich the interference film

was generated. The pore size is larger for the interference

films on the ferritic substrate. The nanoroughness of the films

obtained by AFM showed more significant heterogeneity of

the surface after coloring. It is not possible to affirm that there

is a difference in nanoroughness influenced by the type of

substrate. The nanohardness of the filmesubstrate conjugate

decreased after the coloring process, and this reduction was

more noticeable for the films on the ferritic substrate, possibly

influenced by the larger pore size of these films. The values of

the nanomechanical parameters evaluated were independent

of the coloring process temperature. The wettability of the

interference film surface to water and oil increases after the

coloring process but, to water, it decreases with the increase

of the coloration process temperature.

AISI 430 ferritic steel can be colored in golden with optimal

conditions of 40 �C and time of 950 s, generating higher water

contact angle and better mechanical properties in terms of

elastic modulus and nanohardness among the studied

conditions.
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