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:\BSTRACT 

Stall1les� steel allo\s have a very active and important role in industry . 

Bccall�e many of these industries have to work in aggressive media; stain less stee ls 

are threatened by corrosion which may affect their performance and cost the 

manufacturers m i l l ions of dol l ars yearly. Several treatments have been taken part 

to solve this problem, one is by forming a protective oxide layer on the stain less 

tee I (SSl surface to prevent i t  from corrosion. In this thesis, this way of protecting  

S surface is appl ied to two different types of Stainless Steel, those are A IS I  316 

and AI S I  310; respectively. The oxide fi l m  was fonned using a potential step 

program ming at different th icknesses, varying the programs and bath compositions 

in a three-electrode electrochemical cel l .  The electrochemical behavior of the 

oxide film has been studied using several techniques : potentiodynamic  

polarization , Tafel experiments, polarization resistance, and electrochemical 

impedance spectroscopic techn iques. Then, surface analysis was appl ied to the 

oxide fi lm in order to investigate its elemental composition, morphology and 

thickness. Surface techniques used in this study were: e lectron spectroscopy for 

chemical analysis ( ESCA), scanning electron microscopy, surface reflectance FT­

IR, energy dispersive x-ray analysis and x-ray diffraction. I t  was found that the 

polarization behavior of the different types of stainless steels studied is strongly 

dependent on the steel structure .  Also, the abi l i ty of stainless steels type 316 and 

type 310 to passivate in 5.0 M sulfuric acid i s  real ized and stabil ized within a 

relat ively wide range of potentiaL However, oxide fi lm fonned over stainless steel 



type 316 is relatively more stable than that formed over stainless steel type 3 1  () 

surfaces under similar expenmental cond it i ons hom the E:IS data, It \-\-as iound 

that -for SS 31 6- the resistance of the oxide film to pore format jon and charge 

transfer through the oxide film increased as the film thickness increased. On the 

other hand, the coating capacitance and the double layer capacitance of the oxide 

film decreased gradually as the oxide thickness increased. It was concluded that 

the presence of -chromate and molybdate in the film-forming bath enhances the 

structure of the passive film due to the presence of chromium as hydroxide and 

molybdenum as the oxide. It has been shown that the film deposited at the 

stainless steel type 31 6 has a bilayer (hydroxide/oxide) structure. The graphs 

depicted from the scanning electron microscope (SEM) gave a good idea about the 

morphology of the oxide at SS surface. The important result of the SEM 

experiments is the identification of the systematic growth of the oxide layer that 

consists of oval, pentagonal and pyramidal aggregates with a high IIllcro­

roughness. 
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utainkss steds represent about 4% of the total �1mollnt of steel 

production in the world.  However, because of their need to the 

construction materials. and con-os ion-resistant equipments in chemical) 

and petroleum industries, they acquired technological and economIC 

importance. Due to the chromium content that is at least 11 %, stainless 

steels  are re latively con-osion resistant than many other metals and al loys. 

The origin of this corrosion resistance emerged from the thin passive film 

that is, se lf-healing in most environments. This passive film depends to a 

great extent on the structure o f  the stainless steel and the environment is 

which the film is deposited. More than 1 80 al loys belong to the stainl ess 

steel family.  Diagram 1 shows the compositional-property linkages in the 

stainless steels.1 SUPEAfEARITIC 
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The oXIdatIon of AlSI 3 16 steel was achleved at 550°C for dIfferent time 

pcnods ranging from 24 - 3000 hours [1 ]. In this study [ 1 ] ,  the vanadium 

content increased on the behalf of molybdenum and showed a considerable 

increase in the thickness of the oxide formed that is richer in iron at the 

outermost layer. In another study, Strutt and Vecchio [ 2 ]  investigated the 

oxidation of 347 austenitic stainless steel and the simultaneous formation of a 

igma phase. The authors [2] found that the oxidation rate followed a parabolic 

kinetic behavior in the temperature range from 650°C to 81 6 °c used for oxide 

fonnation. However, the oxidation rate accelerated above 81 6°C and the 

precipitate-free zone (PFZ) near the metal surface was found not to be limited 

by a Cr depletion associated with the formation of a sigma phase. 

The passivation of stainless steel and its transpassive breakdown reaction in 

neutral sodium chloride solution have been studied [3]. The authors [ 3 ]  

indicated that the passive oxide layer is composed mainly of mixture of iron 

oxides and hydroxides of various valences along with chromium oxide 

(Cr203). Moreover, they indicated that the Cr203 content varies as a function of 

applied potential and the breakdown of the p assive l ayer is due to formation of 

the soluble Cr0
2
-4. Hydrous oxide film was also grown on stainless steel 304 

under conditions of cyclic voltammetry in 1 M NaOH solution [4 ] .  The authors 

[4 ]  found in their study that the oxide growth changed as a function of potential 

limits, sweep rates and number of potential cycles. It was found that the oxide 

placed in an acid solution remains enriched in chromium due to selective 
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d Issoluti on of nickel and Iron, lhl� oX ide being fonned prevIOusly by potential 

c;cllllg IT1 an alkalll1c solution '1 hl� model v.as confinned by the data obtamed 

from voltammetric, rotatmg ring -di sc electrode and x-ray photoelectron 

spectroscopy (XPS) measurements [4]. Saeki et a1. studied the initial oxidation 

of type 430 stainless steels with 0. 09 and 0. 9 mass % Mn, at the temperature 

range 1013- 1273 K [5]. In their study, the authors found that - in case of 

stainless steels (SS) with 0. 09 mass % Mn - the Cr concentration increased at 

the oxide surface and the Mn content On the other hand, a protective layer 

fonus on type - 304 stainless steels that are oxidized in annealed atmospheres 

corresponding to air/C� greater than or equal to 11 at 1373 K [6]. This layer 

breaks down due to formation of an iron oxide layer on the surface that is 

mainly composed of small crystals of spinal (Cr20iFeO). The layer was found 

to be non-protective as the ratio of air/ CH4 decreases .  The structure of oxide 

formed by repetitive cycling of stainless steel type 302 in 1 M NaOH was also 

studied [7]. In this work, the structure of the oxide layer was investigated by 

cycl ic voltammetric technique that revealed two pairs of hydrous oxide peaks 

that belonged to Fe(OH)2/FeOO H  and Ni(OH)2INiOO H  transitions. Ohmi et a1. 

[8 ]developed a new technology using electrochemical buffed 316 L austenitic 

stainless steel to form an oxide scale as a passivation film, which consists of an 

outer surface that is a perfect chromium oxide (Cr203) layer of several tens of 

nanometers thickness. An inner part that contains iron and nickel oxides was 

also found. The authors [8 ] found that the corrosion resistance of this film 
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showed an e.'(cellent characteristic com pared with the conventional 

ekctropolished surfac_. 

n the other hand through Devanathan hydrogen permeation tests, slow 

train-rate tests (SSRT), Auger-electron spectroscopy (AES) depth profiles of 

component and a mathematical analysis, the retarding effect of thennally grown 

oxide films on the hydrogen embrittlement and entry of AlSI 430 stainless steel 

has been investigated [9]. The author found that the AlSI 430 SS specimen 

oxidized at 1073 K for 40 min could fonn not only a uniform, but also a 

chromium-rich oxide film[9]. In addition to that, an organ-metallic chemical 

vapor deposition (OMCVD) process was developed [10] for the preparation of 

protective erbium oxide coatings resistant to corrosion by liquid plutonium. The 

substrates used for process developed were 304 stainless steel flats. This study 

[10] revealed that coatings deposited on SS that are resistant to corrosion by 

liquid plutonium, although an erbium-thickness threshold is observed. The 

failure mechanism for samples with thicknesses below the threshold value is 

most likely related to flaws in the film morphology, for example large pinholes, 

rather than grain boundary attack. On the other hand, the beneficial effect of the 

addition of yttrium and erbium by ion implantation on the oxidation behavior of 

AISI 304 stainless steel at 1173 k has been investigated [11]. It was concluded 

in this study [11] that both reactive elements inhibit the growth of the poorly 

protective and adherent oxides rich in iron and chromium, which helps the 

spalled behavior, together with a smaller oxide gain size. 
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Stainl ess steel  304 was modified e lectrochemically by potentiostatic  and 

potentiodynami c  methods i n  1 M NaOH solution, hydrothennal ly  in 1 M NaOH at 

200 °c, and chemica l l y  in 0.5 M K2Cr207 solution[1 2]. In this study [1 2], it was 

found that the hydrotherrnally growr, oxide film was most stab l e, whereas the 

most e ffic ient oxide growth was achieved by the use of potentiodynami c  method of 

modification. On the other hand, the pass ivation and breakdown behavior of 304 

stai nless ste e l  in  propylene carbonate(PC) or d imethoxyethane (DME) mixtures 

with water and containing 0.5 M LiAsF6 were studied[1 3]. Thi s  study[1 3] revealed 

that no p itting was observed in e ither PC-H20-O.5 M LiAsF6 mixture or m ixed 

DME-H20-O.5 M LiAsF6 solutions if the polari zations were conducted below the 

oxidation potenti al of the L iAsF 6. In another study, corrosion-resistant 

chromium oxi de film s  over stainless steel (Fe-27 Cr alloy) were obtained by 

chem ical convers ion and thennal treatment[ 14]. It was found that as converted 

films are amorphous and thennal treatment promotes crystallization and the 

passivat ing e ffici ency of the film i s  strongly dependent on the dominant phase 

structure[14]. Moreover, d irect observation by oxygen-i nduced structural changes 

in stainless steel surfaces  was obtai ned [15]. In thi s  study [15], oxidation of 

stai nless steel was perfonned at 450 °c and oxygen partial pressure of 1 0-9 -10-4 

torr_ Atomic force m icroscopy (AFM) i mages and surface-sensitive photo emi ssion 

spectroscopy spectra clearly showed that at 450 °c oxygen pressure lower than the 
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critical pressure (l x 1 0-8 torr) favor the fonnation of a smooth Cr20] oxide film 

whereas at hIgher pressures, the oxide film fonnation exhibits a rough surface with 

distinct grains that contain a significant amount of iron and manganese[15]. In 

addition to that, characterization of the microstructure and chemistry of the oxide 

film of an air-oxidized type 31 6L stainless steel was carried out by an energy 

filtering transmission electron microscope equipped with an electron energy loss 

spectroscopy detector[ 1 6]. It is demonstrated [1 6] that the corrosion resistance of 

the steel in a 1 05° C, 30 % sulfuric acid solution can be improved by an oxidation 

pretreatment of the steel in air at  500 ° C for 5 min, which produced an oxi de film 

7 0  llID thick. The oxide has a multi layered microstructure in which the topmost 

layer is composed of nanoscale gamma F e203 grains of size similar to 4 nm, 

followed by a mixture of alpha- Fe203 and Fe304 phases of grain size ranging from 

20 to 7 5  llID .  In addition[ 1 6] i t  i s  observed that an alloying depletion of Cr and M n  

exists in the steel . However, characteristics of the oxide film formed on type 3 1 6  

stainless steel in  2 88° C water under a cycle of normal water chemistry (N W C) and 

hydrogen water chemistry (HW C) conditions were examined by scanning electron 

microscopy ( SEM), transmission electron m icroscopy (TEM), and auger electron 

microscopy ( AES)[17 ] .  It was found t hat [17 ] the oxide film m ainly consists o f  

two oxide l ayers: an outer oxide l ayer with a large particle (nickel-enriched 

magnetite) and an intermediate or small particle (hermatite structure) and a very 

fine-grain i nner layer with a chromium-enriched Fe304 type structure. Under 

cyclic water chemistry, the inner oxide layer composition was shown to be 

dependent upon the water chemistry, while the inner oxide layer remained 
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unarrccted r 171· fn another study, pas�lvation and its transpassive breakdown 

rC(lCll(1 I 1S 01 :-.taln le�s steel In neutral �OdlU lll chlonde solutions have been studied 

llSlng cyclic voltammetric and spectrochemical experiments[1 8 ] .  It was found that 

the composition of the passive film [18] formed from the iron oxidation mixture of 

iron oxides and hydroxides of various valences along with Cr203 already present 

on the applied potent ial. The breakdown of the passive layer at an iron, nickel and 

chrom lUm aUoy has been investigated in aqueous concentmted and chydrous 

orgamc solutions of sulfuric acid[19]. The results of electrochemical and X-Ray 

spectroscopy (XPS) investigations[ 19] showed that in a hydrous solutions an 

oxide-hydroxide passive fil m could be formed on metal surfaces. In this study [ 19 ] , 

the mechanism of passivation proposed is one in  which undissociated acid 

molecules take part in the anodic oxidation of metal surfaces by acting as a source 

of oxygen . On the other hand, temperature dependence of out gassing was 

measured for differently surface treated type 31 6L stainless steel chambers in  the 

temperature range of 2 5-3 3 0  ° c [ 2 0 ] .  The fol l owing are the i mportant findings[2 0 ]: 

(1) at temperatures below 2 50° C, the contribution from water and carbon 

monoxide outgassing becomes sign i ficant. (2 ) The surface oxide layer formed by 

the oxidation in air is  predominantly iron oxide l ayer appears to serve as a more 

effective diffusion barrier for hydrogen outgassing compared with the mixed iron 

and chromium oxide layer formed on the fully degassed surface [2 0 ] . Looking to 

another study, the effects of sol id NaCI, which deposits on the oxide scales of the 

technical steels, on the oxidation were investigated at 7 00° C [2 1 ] . I t  was found 

that [ 21 ], the presence of N aCI (s), independent of the alloy composition, initiated 
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a markedly accelerated F20] growth on the surface of preoxidized samples, under 

tormatlon of volumlllous, non protective layers. Also, below these scales on the 

metaUic matrix in all cases chloride was detected which reduces the adhesion of 

the oxide scale and leads to spal l ing upon cooling to room temperature[21 ] .  

Wengar et al . studied the evolution of the impedance of an AlSI 340 steel electrode 

affected by pitting corrosion [2 2 ] .  Open pits were obtained in sulfuric acid 

solution [ 2 2 ] .  The results obtained with open pits, some changes affecting the shape 

of the i mpedance diagram, are explained by the increase in the roughness induced 

by their development . With closed pits, the electrode impedance behave l ike the 

impedance of a porous electrode [2 2 ] . Chemical characterization of passive fi l m s  

formed on AISI 3 04 austenitic stainless steel, in a borate/ boric acid solution at pH 

9 .2 ,  under various conditions of potential, temperature and polarization time, was 

accomplished by Auger electron spectroscopy CAES) combined with ion sputtering 

and XPS [ 2 3 ] .  The authors [ 2 3 ]  determined the depth chemical composit ion, 

thickness and duplex character of t he passive layers using AES by a quantitative 

approach based on the sequential layer-sputtering model . Moreover, detailed 

resolution of m icroscopic depassivation events on stainless steel in chloride 

solution leading to pitting was done by Mattin et al.  [2 4 ] .  They found that the 

nucleation of corrosion pits is fast , showing a rise time less than 1 ms, and is 

ascribed to rupture of the passivating oxide fi lm, caused by the formation of 

microscopic patches of metal chloride at the m etal-oxide film interface . [ 2 4 ] .  

Effects o f  MoO-4 in  the acidic electrolytes on the corrosion behavior of 

sensitized 3 04 stainless steel in the acidic e lectrolytes were studied [2 5 ] .  The 
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compo<"lt io f1 of t he passi ve fi l m  formed i n  the passive region was analyzed using 

X I 'S.  I t  I S  t )b�ef\ed 1 2 5 1  t h at t h e add i t ion ot mol y  bdate to vanous e lectrolytes such 

as 1 I2S0� , K SC N  and Hel  so l utions i ncreased the corrosion potential ,  pi tt ing 

potential and repassl vat ion potent ial of the sensit ized 304 stainless steel, and 

decreased the act ive current dens ity, passive current density and reactivation 

current density . However, the passive current density in H2S04 solution increased 

with the molybdate addit ion [ 2 5 ] .  A comparative study of the oxidation behavior 

of A lS I  3 1 6 steel was publ i shed, where the molybdenum has been substituted by 

increasing amount of vanadium [ I ) . The samples were oxidized at 550 °C for t ime 

periods ranging from 24-3000 hours,  in  static air .  The results [1]  showed similar 

oxidation characteri st ics in al l the samples, being the variations attributed to the 

presence of vanadium and the oxide layer presented two clearly defined zones, 

eparated by a rock. The outer section, rich in iron, the inner rich in chromium [ 1 ] . 

In another study, electrochemical behavior of surface alloys rich in Ni-Mo 

produced by laser surface al loying was studied in a m ixture of de-aerated aqueous 

solutions of O . 5M H2S04 andO .5  M NaCI [26 ] .  Grover et al . [26] found that pitting 

potential of laser processed and pol ished alloys ranged between 460 and 560 m V, 

i .e. much higher than that for stainless steel 304 substrate (200 m V). The results 

suggested the efficiency of laser al loying technique for producing surface alloy 

with improved local ized corrosion resistance [26] . Moreover, the effect of Mo 

addition as an alloying e lement to stainless steel alloys is  investigated by 

capacitance ( Mott Schottky approach), and photoelectrochemistry measurements 

[27 J .  These two approaches showed that the presence of Mo as an alloying element 
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affects the �em l cond uct l ve propert ies of the oxide fi lm .  On the  other hand, 

com p l e m e n t a l  y s t u d le�  [ 2 7 ]  w ere made L l S l I 1 g  !\ E S  and XPS and their resul ts have 

hown that the ox ide fi lms  formed on stainless steel are composed of an external 

Fe rich region and an inner Cr rich region. It was concluded that [27 ] ,  the presence 

of Mo l eads to an increase of t he chromium content in the inner layers of the fi lm 

thickness. However, indicat ion of chromium oxide-hydroxide evaporation during 

oxidat ion of , 304 L at 873 k �  in the presence of 1 0% water vapor were 

demonstrated by Asteman et a1 . [ 28 ] .  The oxidation was investigated at 873K in 

the presence of O2 and O2+ 1 0% H20 with oxidation t ime varied between 1 -672 

hours. Oxidation in dry oxygen results [ 28 ]  in the formation of corundum-type 

oxide which contained mainly chromium, with smaller amounts of Fe and Mn. 

Whereas, oxidation in the presence of water vapor results in an oxide that contains 

more Fe and less Cr, also a mass loss is detected after prolonged exposure caused 

by chromium evaporation as Cr02(OH)2 [28 ] . In addition to that study, the 

principal criteria for the corrosion resistance of intermediate grade ferritic stainless 

steel(SS) were examined in a neutral chloride (Cr) solution [29 ] .  Corrosion studies 

of welded type 444 stainless steel demonstrated [29] that dual stabilization with 

low individual concentrations of t i tanium and niobium provided optimum 

corrosion res istance, which was independent of the surface of the welded material . 

Also, passivation of stainless steel in hydroch loric acid was studied [30] . H igh 

alloyed stainless steels were polarized in O . l M  HCI +0 .4 M NaCI solution for 1 0  

min and 2 h between -75 and 800 ill V vs. saturated calomel electrode (SeE) [30] .  

I n  this study, the composition of the passive fi lms was analyzed by angle-resolved 
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XPS and showed t hat oxide part ic les are formed duri ng  the i n i t ia l  stage of 

pas� l vat ion process . I t  is  suggested t hat [ 30 ]  they are fanned by deprotonatlon of 

hydroxide layer and for prolonged exposure. a uniform oxide fi l m  is developed 

under the hydroxide layer. The composition of the film is strongly dependent on 

the potent ia l ,  and the content of Cr, Fe and Ni  increased whi le  Mo decreased wi th  

the potent ial i ncrease [30 ] .  In another study, the effect of bicarbonate ions (HC03-) 

on pitt ing corrosion of type 3 1 6L stainless steel was investigated in aqueous 0 . 5  M 

sodium ch loride ( NaCl) solut ion using potentiodynamic polarization, AC 

impedance spectroscopy combined with XPS, the abrading electrode technique and 

scannmg e lectron microscopy ( SEM)  [3 1 ] . Addition of HCO)- ions to NaCl 

solutions decreased the pit  growth rate and increased oxide film resistance[3 1 ] . 

Moreover. electrochemical molybdenum incorporation treatment is studied on a 

Fe-Cr ferritic steel in  molybdate acid solutions [32 ] .  In this study [32] ,  the sample 

IS first depassivated in 0 . 1 M H2S04 then a low concentration molybdate solution 

IS added and the passive layer i s  buil t  by a slow i ncreasing voltammetric sweep. 

Incorporation of molybdenum i s  confirmed by AES and XPS surface analysis. It i s  

found that [ 32 ]  the presence of molybdenum increases the pitting potential in  

neutral and acidified 0 . 5  NaCI solutions . On the other hand, the effects of copper 

(Cu), s i l icon (S i ), molybdenum (Mo) and n itrogen (N) as alloying elements on the 

microstructure and corrosion behavior of type 304 austenitic stainless steel(SS) i n  

deaerated di l ute acidic chloride (Cf) solutions at 30 °C and 60  °C was investigated 

using potentiodynamic, SEM and energy dispersive x-ray analysis (EDXA) 

techniques [ 33 ] .  I t  was observed that [ 33 ]  the addition of 2% Cu decreased the 
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corrOSIon and critical current densities sharply. Also the presence of 3% Si  and 

0 . 8% N i  improved the general and pitting corrosion resistance . However, N 

addition shifted the pitt ing potent ial in the positive direction, extending the passive 

range of the steel [33 ] .  Also, in another study, current oscil lations have been found 

during anodic polarization of a stainless steel stationary electrode in concentrated 

H2S04 solution or more di lute H2S04 solution containing an appropriate amount of 

CrD3 [34 ] .  The potentia! range .of current oscil lations and the frequency were 

dependent on the potential scan rate, solution composition and concentration, and 

temperature [34]  . This was due to a periodic sequence of dissolution and 

reformation of the M(OH)3 fi l m  which was formed by the reaction of divalent 

metal ions dissolved in the earlier stage of polarization of the stainless steel [34 ] .  

Huang et a l .  [3 5 ]  studied the electrochemical behavior of the laser-alloyed Fe-Cr­

Ni-Si-N and Fe-Cr-Ni-Mo-Si-N stainless steels in a 3 . 5  wt. % NaCI solution. In  

this study [3 5 ] ,  the authors performed cyclic potentiodynamic polarization tests 

and electrochemical  impedance spectroscopy (EIS) measurements to evaluate the 

corrosion resistance of the all oyed l ayers in deaerated 3 . 5  wt. % NaCI solution at 

pH 4 .  The experimental results showed that the passivation and polarization 

resistance of laser-all oyed nitrogen containing stainless steels in chloride, 

containing solution could be i mproved by co-alloying molybdenum [35 ] .  

1 .3 EIS measurements of oxide films formed o n  stainless steel surfaces 

Electrochemical impedance spectroscopy (EI S) has been described by 

several authors as a technique to measure delamination of organic coatings[36] . 
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corrOS Ion prevention by organ ic coatings is not on ly  obtai ned by resistance 

l llh ibi t ion [ 3 7 ] ,  but a lso the transport of water and corrosive spec ies is also 

importan t .  A low permeabi l i ty of water gives no guarantee for an opt imal  ant i ­

corrosion performances as th is  i" l ike ly to c;:mse b l i steri ng when osmot ic pressures 

occurred due to surface contam ination [37 ] .  A certai n  permeabi l i ty is necessary to 

prevent b l i steri ng. I n  this case electrochemical impedance spectroscopy ( E l S) can 

provide useful i nformation in th i s  fie ld, such as calcu lat ing the water uptake from 

the results of impedance measurements [ 37 ] .  I n  another study, a theoretical 

ana lysis; and non-l i ner impedance measurements of non-l i near electric systems 

have been carried out [38 ] . It was found that [ 38 ] the frequency and ampl i tu de 

analysis of obtained impedance spectra enabled the complex and unequivocal 

detenninat ion of the parameters of the tested model of e lectric systems.  I n  th is  

study [ 3 8 ]  non-l inear impedance measurements have been carried out of the 

process of carbon stee l  disso lut ion in a sulfuric aCId environment . However, an E I S  

technique has been appl ied to estimate the corrosion rates of metals covered with a 

thin electrolyte l ayer [39] . Nishkata et a1 . [39] used for measuring the corrosion 

rates. a two e lectrode cel l system, which consists of a pair of identical metal 

electrodes embedded i n  paral lel  in epoxy res in .  In thjs study [39] ,  the impedance 

measurements for type 304 stain less steel covered with a NaCl solution layer and 

ordinary carbon steels wi th an H2S04 sol ution l ayer 1 0- 1 000 !-lm in th ickness, were 
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carried out i n  t he freCj uenc v 1 0 m ! 1 7  t o  deter m i n e the eq l \ l \ alent C l rc l l l t  of a m e t al-

l 1 1 l 1 1  elec t rol) te lay cr I n i t� r f  : lee and t he I I l l l uence o r  current ( potent I al ) d l st n b u t lO l1 

e r  the electrode surface o n  t he E I S dat a .  I t  was found that the obta i ned E I S  data 

can be descri bed by a transm iss ion l i ne(TM L )  model ,  in  which the current 

distribut ion over the e lectrode surface is considered [ 39 ] .  Also, the use of E IS  for 

characterization of protect i ve fi l ms and their breakdown due to loca l ized corrosion 

is demonstrated [ 40 ] . E I S  has been used to detenn ine the propert ies of passive fi lms 

on stain l ess steel s  and A l  al loys wh ich  had been treated by chemical and 

electrochemical  processes to obtain i mproved corrosion resistance [40 1 .  It i s  

demonstrated that [ 4 0 ]  the p i t t ing model for AI  a l loys can be used to determine p i t  

growth rates from E I S  data obta ined at the corrosion potentia l . Moreover, the 

sol id/l iqu id i nterface can often be modeled by the fami l iar equivalent circu i t  

consist ing of a so l ut i on res istance is series wi th  a paral le l  combinat ion of the 

double layer capacitance C and the resistance to charge transfer �p) [4 1 ] . For th is  

model [4 1 ] , when p lots of the i maginary parts vs .  the real  part of the complex 

impedance produce depressed semic i rcles (Cole-Cole plots) . The centers of 

semic irc les l i e  below the real axis, then the relaxat ion t ime of the equivalent RC 

circuit is distributed around a most probable  val ue tau(O )= C�p) . The degree of 

departure from ideality was given by an appropriate parameter alpha [4 1 ] . I n  

addit ion to  that, the effect of ch loride concentration on  early stage of  pitting for 

type 304 stainless steel has been studied [42 ] by using an AC impedance method. 

I t  is  found that [42 ] the Warburg impedance coefficient, which i s  calculated from 

Bode pLots, i ncreases with i ncreasing ch loride concentration at low potentials i n  
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e h I o t  I d e  Cdl lcen t I a t tO I l  abo \ e \\ l 1 l c l 1  t he f1 1 1  Oi l  t he surface of the steel can be 

ac t l \ ated I n to  metastab l e  propagat io n ,  and below which it cannot. It was found also 

that [ 4 � I t he e ffect of c ll l or i de concent rat ion  is reflected qual i tatively in the 

poten t l a l ( E(m) ) at which the me tastab le p i t  or p i ts start to grow on the surface of 

type 304 The effect of b icarbonate ions ( HC03-) on pitting corrosion of type 

3 ]  6 L  sta i n l ess steel (SS), was investigated in aqueous 0.5 M NaCI solution using 

pot e n t iodyn am ic polari zat ion , the abradi ng electrode technique, E I S  combined 

with X PS and SEM [ 3 1 ] . I t  was found that over the whole applied potential ,  the 

oxide fi l m  resistance was higher 1 Il the presence of HC03- ions and pit number 

density decreased with increasing HC01- ion concentration [ 3 1 ] . 

A renewed version of a surface charge approach to describe the impedance 

response of anodic fi l m growth on passive metals in acidic sol utions was presented 

bv Boj inov et al . [ 43 ] .  It is based on the point defect chemistry, the fact that 

oxygen vacancies are the main charge carriers in a range of anodic oxides and the 

suggestion of a constant field strength in the bulk of the barrier layer [43 ] .  This 

new approach [ 4 3 ]  explained either a capacitive or a pseudo-inductive relaxation of 

the metal/fi l m/el ectrolyte system Wlder smal l amplitude ac perturbation as fol lows: 

a negative surface charge due to accumulation of metal vacancies near fi lm 

sol ution interface accelerates the oxygen vacancy transport in transient conditions, 

and a corresponding positive surface charge of oxygen vacancies at the opposite 

interface is shown to retard it .  There is also a new technique which was introduced 
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[ 'or e lec t roc h e m i ca l  measurement " In \ (1\\ conduc t l v i ( \  l' 1 l \  I W I l I 1 1 l' llh I � l ]  I h ,"' 

o/1 m i L,  Jrop \\ ,1;) o v e rcome by t he �pl'C l l l l e n  and cuun ter e lec t rod c ,>  a C rl) :-' '' ;1  I �l 1 1 1 -

ran ge gap, wh i l e  t he potent ial was m easured from r h e  "'; l (. ie o C  t h e  "pec i m e n ,  and t h e  

electnc fie ld I S  neg l igi b le .  An additional bene fi t  of  the new arrangement [ 44 ]  I 

that the specimen and counter e lectrodes can be brought into a mechan ical so l l d ­

contact impedance. I n  another study, t he  spectra l-direct ional emittance o f  

thenna l lv oxid ized 3 1 6 stain l ess steel was measured for angles from norma l  to 

grazing wavelengths between 2 and 1 0  J..lffi , and temperatures between 773  and 

973 K [ 45 ] .  It was found that the emittance decreases with angle away from the 

'urface nonnal at the lower end of the measured spectral range and i ncreases wi th 

angle at  the h igher end, also the emittance decreases with wavelength whi le the 

variation with temperature with in the measured range is insign ificant [ 4 5 ] .  

Moreover, the effect of nitrogen and carbon sputter coat ings on the e lectrochem ical 

behavior of 3 1 6L stain l ess steel in  a si mulated physiologi cal sol ution was studied 

by e lectrochemical  impedance spectroscopy with the aim of characterizing the 

surfaces and choosing the best coating  [46] . The results showed that [46]  the 

thicker sputter coat ing produce surfaces with h igher charge transfer resistance and 

lower i nterface capacities, which indicates that these materia ls  probably owe their 

h igh corrosion resistance to the formation of more protect ive fi lms [46 ] .  Surface 

modification of stain less steel s  using  green technology for corrosion protect ion 

was done by M ansfe ld  et a1 .  [47 ] .  This new technology depends on replacing Cr6+, 

which is a hazardous chemical e lement responsible for protection in  conversion 
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co(] t l n �  b\ Ce and Mo such as AI 707 5 and AI 2024 [ 4 7 1  In t h i s  work [ 4 7 ] ,  t h e  

I L"" l I l l � 1 )1 dppl y ; n t;,  t hese c oa t m gs t , S 304 and 3 1 6 , u � l I1 g  t I S  and PS for 

tcst l t lg,  shov, cd improvement i n  corros ion behavior. A l so, fret t i n g  corros ion of 

sens I t ized 3 I 6 sta in iess steel has been invest igated as a function of the degree of 

ensit lzat ion in  aqueous O .O I M NaCI sol ut ion at room temperature [ 48 ] .  I n  th is  

tudv, the squared rod spec imens of 3 l 6 SS were thermal ly annealed at 700 °C for 

arious durations [ Oh ] :  nonsensit ized specimen A; [ 8h ] :  moderate ly sensit �.led 

pec imen B;  [ 96h ] :  severe ly  sensit ized specimen C, and then the pitt i ng  corrosion 

resistance of the tlrree kinds of specimens was eval uated by potentiodynam ic  

anodic polarizat ion method, abrading e lectrode technique and E IS .  [ t  was shown 

that [48 ]  the thin oxide fi lm formed on the sensi t ized spec imens B and C is l ess 

protective than that formed on the nonsensitized specimen A. Capobianco et a1 . 

[49] investigated the passive fi lms on 304L and 446 stain less steels, after 

galvanostat ic reduction in an equ ivolume mixture of 0 . 1 5  M boratelboric acid 

buffer solution or after gamma-ray i rradiat ion in  de aerated double-dist i l l ed water 

by the E IS  technique.  The results [49] obtained indicated that gamma-ray 

i rrad iation can have s ign ificant effects on the stabi l i t ies of the passive fi lms, due to 

the release of iron and corresponding enrichment in chromium oxides, special ly  i n  

the external passive layers. Results obtained from the E IS  data [49]  indicated that 

the passive-fi lms formed on 304 L  and 446 sta in less steel s  have a compact 

structure, whi ch, modified by the galvanostat ic reduction leading to a fi lm 

composed of  two layers; the external one showing a spongy-l ike structurt . 

Whereas, gamma-ray i rradiation l eads to a th i nner fi lm  with a better capacit ive 
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mo l l l  J I I  , S O  1 , and prop0'>l'd a mod e l  cO l l cem ed \\ i th  e lec t rochem ical  processes of 

the e lect rode 1 50 ] .  r ile  aut hors [ 50 ]  found that in the h igh potential range the 

transpasslve process I S  c lose ly re lated with the e lec t rochemical  disso lut ion 

occumng at t he interrace between surface fi lm  and so l ution, and the repassivat ion 

IS due to the sharp decrease in lower valel)ce oxides. On t.he other hand, AC 

impedance and DC polarizat ion tests of 304 stai n less steels coated (CAPD) 

t i tan i um ni tride and zi rcon ium n i t ride were conducted in  aqueous chloride sol ut ion 

[ 5 1 ]  suggested passive fi lms  were formed over the n i tride coatings which are most 

l ike ly  hydrated t i tan ium oxide and zirconium oxides .  Also, the passivation current 

fl uctuations have been st udied for di fferent ly heat treated steels, after 20h of 

passivation i n  0 . 2M H2S04 a t  constant potenti a ls  +0 .20V, +OAOY and +0.60Y vs. 

SCE. respective ly [ 52 ] .  In this study [ 5 2 ]  a l ternat ing passivation current have been 

moni tored on the osci l loscope and transformed i n to a frequency domain by FFT, 

then power spectral density (PSP) val ue were calcu lated and represented in  the 

dependence of frequency. I t  was found [ 52 ]  that the curves (pSP vs . frequency) 

changed with heat treatment, passivat ion potent ia l  and the quality of the passive 

layers on the stee l . I n  another study, the effect of app l ied D.C.  potential and 

polarization t ime on the passivation of sta in less steel 304 were investigated in  

deaerated 1 M N aHC03 aqueous sol utions at pH 8 [ 5 3 ] .  E lectrochemical impedance 

spectroscopy was used in conjunction with a rotat ing disc e lectrode . It was 

deduced that [ 53 ] ,  the passive fi lm  present i n  the low region i s  part ia l ly dissolved 



at 0 t V vs SeE and t ha t  a ne\.\ pass ive fi lm is form ed In t he h q !hcr  pnt e l l t J . l I  

l eg l O I l . A n d  t he repro d uc i b i l i t y  n C  t he I m peda nce spect ra a t  COlht a t l t  P ( )kl l i l a l  

demo n strated that the passive film fo rmation process is highly i rre\ erS l b !e [ 53) 

The effect of n itrogen on the electrochemical behavior of 30 1 L n  stain l ess 

�teel in sulfuric acid solutions was investigated [ 54 ] .  Electrochem ical i m pedance 

pectroscopy data [ 54 ]  indicates that the polarization resistance increased with 

increasing nitrogen content in the steel at open circuit potential and at +400 m V 

ersus a saturated calomel electrode. Also, it was found that [ 54 ]  the passive fi l m  

fonned on 30 1 Ln stainless steel was more stable that that o n  30 1 stainless steel. O n  

the other hand, the inhibiting effect of octadecyclamine (ODA) o n  chloride 

induced localized corrosion of austenitic stainless steel type 32 1 was described at 

temperature ranging from 1 50 °C to 250 °c in deaerated aqueous solutions with 

chloride concentrations up to 1 0- 1 M [ 55 ] .  I n  this study [ 5 5 ] ,  the increase of the 

corrosion resistance of the investigated materials is interpreted by an ODA-film on 

steel surface as a diffusion barrier, and the formation of a compact hot-water oxide 

layer, caused by the increase of pH resulted from ODA-cracking and dissociation .  

A n  extremely thick and porous oxide film can b e  obtained o n  type 304 

stainless steel [ 5 6 ] .  In this study [ 56 ] ,  the material was polarized in 5M H2S04 

solution at 50-80 °C with applied potential modulated as a square wave. The EIS 

and photoelectrochemical response were examined for two types of films: anodic 

type and cathodic type. The photo-current of both anodic and cathodic porous films 

exhibited p-type semiconductor responses, and the photo-current for anodic porous 

fi l m increased with increasing film thickness. On the other hand, the photo-current 
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for t ile  cat hod ic  fi l m  rem a i ns appro x i m a te ly con sta n t  "" i t h  i ncreas i n g  t h lck nes"  

I " h l  � '1. \ r C l l \ c ! , t he pa�� I \ c  state o r  b e- 1 2�o  C r  and !� e-2 5 ° o Cr a l lo\ � In  1 �,, 1  

u l l ;l t c  "o l l l t l o n �  or pH 0 and 5 was stud ied w i t h a combinat ion of  electrochemi ca l  

tech n I q ues'  i mpedance spectroscopy, photoe lectrochemistry and dc  res istance 

t ec h n I q ue [ 5 7 ] .  The steady-state passive fi lm  on the a l loys (and on pure Cr) can be 

dcscn bed as a th in,  essential l y  insu lat ing layer. Polarizat ion of the steady-state 

metal a nodic  fi l m/ e lectrolyte system to negati ve and posit ive potentials away from 

t h e  potent ia l  region result in a substantial i ncrease of the conduct ivi ty in the first 

layer adjacent to either the metal/fi l m  or the fi lm/e lectrolyte i nterface [ 5 7 ] .  Also, 

t he e lectrochemical condit ions for colored fi lm format ion on type 304 stain le  

�teel with square wave polarization;  was i nvest igated by Fuj imoto et al .  [ 5 8 ] .  In 

th is studY [ 5 8 ] ,  a th ick passive fi lm which showing interference colors has been 

obtained in sul furi c acid sol ut ion . The deposited hydroxide, inc luding main ly CrY+, 

formed at low potent ia l  loses protons  and grows as a passive fi l m  under the h i gh 

fi eld provided. The colored fi l m  thus formed contains many diffusion path, which 

permi t  i ts  further growth without any decrease in growth rate [58] .  The al loys. 

Fe20Cr20N i .  Fe20Cr20Ni6Mo and Fe20Cr20Ni6Mo 0 .2N,  were polarized i n  0 . 1 

M HCl +O .4M NaCl at 22 °C and 70 °C [ 59] . At room temperature the Mo-al loyed 

steels are passivated i n  the potentia l  range, - 1 50 mV t o  800 m Y  (SeE), where as 

the a l loy without Mo has a break through potential at 0 m V( SCE), where pitt i ng  

corrosion starts [ 59] . I t  i s  deduced that [ 59 ] ,  the fi l m  consists of  an  i nner oxide 

layer and an outer hydroxide l ayer where chromi um i n  i ts three valence state i s  

enriched in  both phases. Molybdenum is s l ight ly enri ched in  the oxide and 
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In t he fi l m s  formed at bot h  t e m perat ures [ 59 1  t re" et  a l.  1 60 J earned out an 

exam mat ion of the secondary passI ve film on t ype 304 sta i n less steel in 0 . 5  M 

H2S04 The characterization techn Iques used were e lectrochem ical 

(potent iodynamic;  potent iostat ic and fi lm red uct ion experi ments) and surface 

analytical tecJmiques. I t  was found that [ 60 ]  next to the meta l ,  there was a 

modified passive fi l m, which contro l s  the electrochemical  responses, i .e . ,  governs 

the current for any applied potent ia l . On top of th i s  modified passive fi lm,  there 

was a porous corrosion-product fi lm ,  which adds to the total fi l m  thickness but has 

l i tt le influence on the electrochemical response [ 60 ] . Look ing to another study on 

SS 304, metastable and stable pitt ing on 304 stainl ess steel in 0. 1 -0 . 5  M NaCI  

aqueous solution (pH sim i l ar to 8) has been invest igated using a potentiodynamic, 

a potentiostatic and a weak anodic current gal vanostat ic techn iques[ 6 1 ] . The 

addit ion of bicarbonate (0 .025-0 . 5  M )  to the sol ut ion has an inhi bi t ing effect .  I t  

was observed that [6 I ] , t i le  pit nuc leat ion frequency and growth in the metastable 

and stable states, decreased as the NaHC03iNaCI molar concentration increased.  

On the other hand, corrosion of a sensitized h igh-nitrogen stainless steel (SS, 

nominally Fe-19 0/0 N )  was studied by examining potentiodynamic polarization 

curves [62 ] .  The SS was heat treated at temperatures of 600 °C to 1 000 °C for 

times up to 1 000 h .  potent iodynamic polarizat ion curves were generated in  

deaerated 1 M sulfuric ac id ( H2S04)  +0.0 ] M potassium th iocyanate (KSCN) at 30 

°c at a scan rate of 1 00 m Y/min [ 62 ] .  Polarizat ion curves region are two in  the 
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pass I ve reg Ion , and a l l were func t Ion of agin g t I me and tem perat u re [ 62 ]  Bres l l l l et 

a l  [ 63 I (k"cn b�d t he I l l t l uence o f  cen u m  t reat ment s on  t he anod I c  and cat hod I c  

polarizat lO ll behavior of type 3 1 6, 304 and 3 1 6L sta in less stee ls . A decrease in  the  

rate of oxygen reduction reaction was observed on treat ing  the stain less steels by 

i m mersion in  cerium-conta in ing so lutions at e levated temperatures fol lowed b 

polarization in  the deep cathodic region [63 ]  However, no i nh ibit ion of the oxygen 

reduct ion react ion was observed on simply treat ing t he e lectrodes in the hot 

cerium-containing  so l utions. Looking to the resul ts  of trus study, reduction in the 

passive current densit i es , increases in the polarization resistances and increases in  

the pitt ing  potentials were observed for the stain less steel s  fol lowing treatment in  

boi l ing cerium solut ion [63 ] .  A lso, e lectrochemical properties of oxides formed on 

250 maraging steel in  steam at e levated temperatures were compared to standard 

phosphat ing  treatment [ 64 ] .  Polarization curves and t ime-to-pitt ing experiments 

establ i shed the advantage to these oxides over phosphating. Whereas the 

elongation of the oxide [ 64 ]  was low, and diffusion coefficient o f  hydrogen was 

not dramatical ly smal ler than for bare maraging steel ,  the threshold stress in stress 

corrosion cracking studies was sign ificant ly h igher for oxidized steel .  In another 

study, the corrosion behavior of  the Fe-25 Mn-5A1-0 . 1 5C al loy i n  d ifferent aqueous 

sol utions of pH -0 . 8  to 1 5 . 3  and the corrosion protection mechanism induced by the 

presence of AI have been invest igated by electrochemical measurements and 

AES/XPS analysis [ 65 ] .  It was found that [65 ] the corrosion resistance of Fe-25 

Mn-5 AI-0 . 1 5  C steel in  the aqueous sol ut ions  tested was comparable to that of 

m i l d  stee l . The outermost surface and the main part of the passive fi lm formed on 
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1 1'( \ 1 1  J l l d  L re�pect l \  e l �  r 6 5 ] Potent iodynamic polarizat ion curves \vere 

measured for type A I S I  304 and 3 1 6 sta in less steels in  0 . 1 5  M NaCI solution at 4 
20. -t o  °C [ 66 ] .  The pitt ing potent ials decreased with increasing temperature� .  

Resu l ts  of surface enhanced Raman spectroscopy (SERS), which was carried out 

on :-;S 3 1 6, indicated that the corrosion fi l ms to be h �ghly  disonl ... red and most 

l I ke l y  to consist of a mixture of the oxides and hydroxides of the component 

lements of the stain less steel [ 66 ] .  Moreover, the corrosion rates of A IS I  304 L 

and 3 J 6 L stainl ess steels prepared by powder meta l lurgy (p/M) have been studied 

by cont inuous current electrochemical methods, in  organic  acid solutions( acetic 

fonnic,  lat ic and oxal ic)  at different concentrations [67 ] .  The results revealed that 

the sintered A lS I  304 L ,  and Al S I  3 1 6L stee ls  had the highest corrosion rates and 

the crevice corrosion attack was local ized in the pore areas, c lose to the powder 

particle contact zone [67 ] .  Luo et al . investigated the effects of hydrogen on the 

emiconductive properties and composit ions of passive fi lms on A IS I  3 1 0  stain less 

steel ( 3 1 0  SS) and their corrosion behavior by Mott-Schottky p lot, polarization, 

noise resistance analysis, and secondary ion mass spectroscopy (SIMS) [68 ] .  The 

results i ndicated that, the suscept ib i l i ty of 3 1 0  SS to pitt ing and e lectronic 

properties are strongly influenced by hydrogen present i n  the specimens, because 

the presence of hydrogen in 3 1 0  SS causes an inversion of conductivity type of a 

surface fi lm from p-type to n-type, which consequently affect the susceptibi l i ty 

[ 68 ] .  Passive fi lms formed on sensit ized stain less steel in  sul furic acid solutions 
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' teel  were characterized w i t h  n- type or p- t y pe "cl 1 l l conductor I I I d i fferen t  poten t i a l  

regIons. T h e  difference in t h e  photoe l ec troche l l l i ca l  behavior can be I l1 t e rpreted 

assu m i n g  that the passive fi lm i s  an i ron-chrom l um ox ide sol I d sol ut ion associated 

w i t h  various hydration degrees of the Cr( I I I )-ox ides at various potential s [69 ] .  

1 04 [ -V characteristics of the oxide films formed at stainless steel su rface:  

Passive fi l ms formed on stain l ess steel in a borate buffer sol ut i on ( p H  9 .2 ) 

have been i nvest igated by capacitance measurements and photoelectrochemistry 

[ 70 ] . The study was carried out on fi lms fonned on A IS I  type 304 and 3 1 6  

sta in less steels  and h igh parity a l loys with di ffering chromium, nickel ,  and 

molybdenum contents. Complementary research by Auger analysis [ 70 ]  showed 

that the passive films were composed essent ia l ly  of an inner chromium region in 

contact wi th  the metal l ic  substrate and an outer iron oxide region developed at the 

fi lm/electrolyte in terface .  The semiconducting  properties of  the passive fi lms are 

determined by t hose of the const i tuent chromium and iron oxides which are of p­

type and n-type, respectively. Thus the influence of the al loying e lements on the 

sem iconduct ing properties of the passive fi lms is explained by changes in the 

electronic structure of each of these two oxide regions [ 70 ] . Hakik i  et a1 . studied 

the capacitance behavior of passive fi lms fonned on austen it ic type 304 stain less 

steel and Fe-Cr a l loys using the Mott-Schottky approach [ 7 1 ] . The resul ts obtained 
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show that the fi l ms behave as n-typc and p-type sem i conductors in  the potent i a l  

ran g. e  abo\ e a n u  be lo\\ t he hat band poten t ta L  rcspec t l \ c l y . ' 1 h l �  behavIOr 1 -

assumed to be  t he  selnI conduct ing propert ies of  the iron ox i de and chromium o-xide 

regIOns which compose the passive fi lms [ 7 1 ] .  A l so, the act ion of t he molybdenum 

on the e lectronic structure of t he passive fi lms formed on femtic stain less steels 

was examined by capacitance measurements [ 7 2 ] .  The research was supported by 

the mathematica l  analysis of a schottky barrier where the contribution of fP.ult iple 

bulk electronic states in  the band gap was taken into account [ 7 2 ] .  

1 .5 Surface cha racterization of the oxide fi lms formed at sta in less steel 

surface: 

1 .5. 1  UV-visible l ight techn iq ue:  

the i nf luence of uv l i ght (300 TIm )  on the nucleation of meta-stable pits on 

type 3 1 6  stain less steel in a neutral 0 .5  M NaCl solution using current time 

measurements was described [ 73 ] .  A sign i ficant  i ncrease in the induction periods 

and a decrease i n  the rate of pits nucleation were observed [ 73 ]  for specimens pre-

passivated under i l lumination conditions, indicat ing that i l lumi nation leaded to a 

modification of the passive fi l m  that persisted even after irradiat ion was removed. 

A lso. u ltra-vio let (uv) l ight of wavelengt h  300 n m  was irradiated on Fe- 1 8  Cr al loy 

during passivation in a de aerated 0 . 1 M H2S04 solution to modify the property of 

passive fi l m  [ 74 ] .  I n  th is  study [ 74 ] ,  XPS analysis of the passive fi lm revealed that 

UV l ight irradiation during passivat ion enhanced Cr enrichment in  the oxide layer 
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0 1  I hl' pa:-'\ I \, c  fi l m  which was corre lated with an improved p l t tmg corrosIOn 
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1 . 5. 2 X - ray a n a lysis ( X R D, X PS) :  

urface analysis methods, such as Auger e lectron spectroscopy 

(AE S ), x-ray photoelectron spectroscopy (XPS), secondary ion mass spectrometry 

( S I M S), g low discharge opt ical emission spectrJmetry and so on, have become 

ind Ispensable to characterize surface and interface of many kinds of steel [ 75 ] .  

A l though a number of studies on characterization of stee l by these methods have 

been carried out several problems sti l l  remain i n  quantification and depth 

profi l ing .  Nevertheless, the methods have provided essential information on the 

concentration and chemical state of e lements at the surface and i nterface [75 ] .  An 

,�-rav diffractometric technique has been used to determine the relat ive thicknesses 

of t he two phases present in the duplex oxide formed on 20% Cr-25% N i-Nb 

stabi l ized steel at 850 C in CO2 [76 ] .  Tempset et aL showed t hat at t imes less than 

1 00 hr an outer spinel  layer grows faster t han an i nner Cr203 rich l ayer, whi l e  after 

500 hr the Cr203 l ayer was the faster growing. The results [76 ]  indicated that 

parabol ic k inetics do not pertain to the growth of the Cr203 layer during early 

oxidation ( less than 500 hr). In another study [77 ] ,  temperature resolved x-ray 

diffract ion was appli ed to studies of h igh 1 00- 1 000 °C in  air. With the measured 

eries of diffract ion patterns, the formation of the oxide layers was fol lowed in  

situ, where the observed diffraction peaks enable the  oxides to  be  identified [77 ] .  

An in-house grazing incidence x-ray scattering (GIXS) apparatus has been newly 
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llc\ c l o pcd for characterizi ng the surface structure at a microscopIc leve l  [ 7 8 1 Th i 

\ " I e l l l  ( i.qb l �b o f  an 1 8- h.  W re i at l I1 g  anode x-ra) generator , a nat or c h a n ne l -c u t  

( Je ( I l l )  s 1 l1 g l e crystal monochromator and crossed double-axis diffractometer�. 

US 1 l1g th is new apparatus [ 78 ] ,  the x-ray reflect ion profi l es of chrom ium oxide 

fi lms grown on colored stain less steels were measured, the values of crit ical angle 

and th ickness of fi lms are est imated, and the density variat ion of chromium oxide 

fi lms  was suggested. The glow d ischarge opt ical errl ission spectrometry (GDS)  

was appl ied to  determine the cobalt distribut ion accumulated i n  the  corrosion fi lms  

of  type 304 stain less steel that was exposed to demineral ized water wi th below 5 

ppb of dissolved oxygen content at 56 1 k [79] . I n  this study [ 79 ] ,  the structure and 

element depth distributions of the corroded specimen surfaces were analyzed by 

EPMA, XRD, XPS and GDS.  Results showed that [79 ] ,  t i le  corrosion flim of the 

specnnen exposed for 1 000 hr had a clear double layer structure consist ing of an 

iron-rich outer l ayer 3 J..Ull in thickness and a chromium-rich layer 0 .5  J.illl in 

th ickness, where as the distribution of cobalt was pecul i ar in the corrosion fi lm and 

its concentration tended to i ncrease l inearly  with exposure time [79] . Also, 

oxidation of type 304 and 430 sta inless steel for up to 1 hr was studied at 1 273  k 

and the composit ion and structure of the oxide were determined by x-ray 

photoelectron spectroscopy (XPS) and x-ray diffraction (XRD) [80 ] . In the initial 

several tens of seconds, onl y  iron-rich corundum-type oxide was formed, whereas 

the final oxide was composed of an inner chromium-rich corundum-type oxide 

layer and an outer m i xed l ayer of corundum-type spinel-type oxides [80 ] .  Lopez et 

a1 . [8 1 ]  studied the structure and composit ion of passive fi lms  electrochemical ly 
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fonned on A I S I  304 and 3 1 6 L sta i n l ess stee t s  i n  a c h l or ide-conta m i n!! so l u t i on bv � . -

n n  ,-raY absorpt i o n  spect n v;;copy l he soft x-ray absorpt ion spec t ra at t h e  Cr  2 p  

edges indicated that i n  a l l  ca the passive fi lm I mainly formed by Cr20:; , 

whereas spectra at the Fe and Ni 2p edges exhibited no sign ificant contribution of 

Ni and Fe oxides to the passive layer composi t ion [ 8 1 ] .  However, differences in 

spectral shape with respect to metal l ic  Ni and Fe suggested the presence of a sma l l  

qmount of hydroxides, which is maximum for the  AIS I  3 04 stainless 3tee1 

polarized at the lowest scan rates [ 8 1 ] . I n  another study, the oxidation induced 

stoichiometric and morphological changes of the oxide fi lm on a stain less steel 

surface were observed by x-ray photoelectron spectroscopy and atomic force 

m icroscopy for anneal ing temperatures i n  the range 400-500 °C i n  oxygen part ial  

pressure of 1 0-4 to 1 0-4 torr [82 ] . I t  was found that [82 ]  at 450 degrees c lower 

oxygen partia l  pressures found the formation of a smooth ,  pure chromium oxide, 

whereas at a h igh pressure the oxide formed main ly consists of iron oxide with 

dist i nct grains.  Marijan et al . Also had been grown hydrous oxide f lim on stainless 

steel 304 under conditions of cyc l ing vol tammetry in 1 M NaOH solution [4] . A 

model ,  based on voltammetric, rotating ring-disc electrode and x-ray photoelectron 

spectroscopy measurements, impl ied that after hydrous oxide growth by potential 

cyc l ing  in  an alkal ine sol ut ion, the oxide placed in an acid solution remains 

enriched in chromium due to selective dissol ut ion of n ickel and iron [4 ] .  Moreover, 

the structure and composition of chromium oxides fi lms formed on 3 1 6 L stainless 

steel by immersion in a chromium e lectrolyte have been studied by SEM and XPS 

[ 83 ] .  The chemical composit ion i n  the depth and thickness of the oxide layer have 



been determ ined hv XPS "putter profi l es .  I t  was found t ha t [ 8 3 1 .  t he ox i de fi l m  c a n  

be descnbed w it h i n  t he frame '.'. ork o f  a double l a y e r  con s i st I n g  or  a th 1 l 1 outer 

hydrated layer and an inner layer of Cr20j . Surface al loy ing of AI into A I S J  3 1 0 

austenit ic stain less steel to increase its h igh temperature oxidat ion resistance wa 

attempted by employing pack cementation process [84 ] .  Oxidation resistances of 

AIS I  3 1 0 stain less steel with or  without alurnin ization treatment were eval uated by 

conduct ing thermal  gravi metric analysis (TGA) in air at iOO and 1 000 °C . After 

TGA, the oxides formed on the specimen surfaces were ident ified by x-ray 

diffraction analysis .  The resu lts [ 84 ]  showed that the oxides fonned on 3 1 0  

stainless steel were composed of an outer spina l  of FelMn oxide and an inner layer 

of chromium oxide .  Moreoyer, characterization of the structure and chemical 

composit ion of nickel oxide fi lms formed on AI S I  3 1 6L stainless steel by 

e lectrochemical anodic treatment in  an aqueous e lectrolyte  containing 560 gIL 

NaOH was made by e lectron microscopy and x-ray photoelectron spectroscopy 

(XPS) [ 8 5 ) .  The depth chemical composition, thickness and duplex character of the 

oxide l ayer were determined by XPS sputter profiles using 3 keY Ar+ ions [85 ] .  

The th ickness of these layers was found t o  depend on h e  electrochemical 

conditions ( current density or work ing t ime of the e lectrolyte ). 

1 . 5.3 Electron m icroscopy : (SEM, TEM, EDAX, ESCA and AES) 

The oxide fi l m  formed on type 304 stain less steel i n  h igh temperature, h igh purity 

water contain ing oxygen, hydrogen, and hydrogen peroxide ( H20) was analyzed 

by auger e lectron spectroscopy (AES), scanning electron microscopy (SEM), and 

transmission e lectron microscopy (TEM )  [86 ] . AES data indicated a thicker oxide 
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was formed u n der 200 ppb O2 or 200 ppb H20:! cond i t ions  t h an  I e  ..... " t h a n  1 5 0 rrh 

H2 .  "r he  o .'\ !ue fi l m cons i sted o r  t w o  layers .  t he ou ter  o \. lde la)  e r  \\ I t l l J l fl ere nt 

part icle s izes a n d  t he i n ner, fi ne-grained layer [ 86 ]  Also, Sput ter-depos i ted 304 

tain less steel was electrochemical ly treated in 0 . 1 M H 2S0� aqueous solution [ 87 ] , 

and was observed in air at atomic resolution with a scanning tunnel ing microscope . 

This studv suggested that the surface is covered with a single oxide phase. which 

was in it ia l ly rather disordered but crystal l ized with t ime[ 87 ] .  Shibagaki et a1 . [ 88 ]  

analyzed an oxide thin film formed on a stainless steel by microfocused Auger 

electron spectroscopy ( mu AES) :  the oxide fi lm consisted of five sublayers of 2 to 

4 nrn in th ickness. A recent ly  bui l t  position-sensitive atom probe ( PO SAP) was 

used to visual ize the 3 D  atom-by-atom microstructures of the oxide-al loy interface 

of a type 3 1 6  stainless steel [ 89,90 ] .  I t  was found that [90 ] ,  the oxide film formed at 

350 °C and at 475 °c consisted of mostly i ron oxide, whereas in  the topmost part of 

the fi lm at 475 °C, chromium oxide is predominant . The oxide film tend to grow 

only in the region j ust above where molybdenum does not exist [90 ] .  Yen et a1 . 

[9 1 ]  had been invest igated the early oxidation ( t  less than or equal to 1 20 min) of 

AISI  430 stain less steel by thermal gravimetric analysis and Auger electron 

spectroscopy . Through analysis of the components of the oxide fi lm and 

mathematical modeling, a critical temperature, Ic, above which a chromium-rich  

oxide fi lm is formed was determ ined to be  947k .  The corrosion resistance of  the 

oxidized metal was enhanced at T greater than or equal to T c but was worse at 

T <T c [ 9 1 ] .  I n  another study, electrochemical scanning tunnel ing microscopy have 

been used to observe, in situ and in real time, the early stages of corrosion on 
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d u p l e x  s ta i n l ess steel in aq ueo u s  NaC I "oi t l t l n n  I q � 1  W i t h  t he I\peC l m c n <.,  rn l a r l /ed 

I n  t he t ra n spass l v e  reg i o n ,  t he I I I  s I t u iL'c i l l l l t j l l CS  l l 1 0 1 1 l t orcd c kar l y  a pr ( )cc,",,", 

Invo l vi n g fi rst a progressive etch i ng of t he da m a ge layer, second t h e  appearance o f  

austenite and ferrite phases, and final ly the fonnation of  corrosion pits [92 ] . Also,  

oxidat ion behavior of 32 1 was studied [ 93 ] .  TEM,  SEM , ESCA ( surface chem ical 

analysis) and EDS(electron diffraction spectroscopy) were used to study oxidat ion 

behavior. According to the results of TEM analysis after 500 DGC oxidat ic'. 

treatment, i t  was found that thin amorphous Fe oxide was fonned on the surface 

and polycrystal l i ne (Cr, Fe)203 was fonned below the amorphous Fe oxide layer 

[ 93 ] .  

1 .5.4 I nfrared spectroscopy ( I R) :  

Fourier transfonn infrared (FT-IR) spectroscopy was uti l ized i n  the analysis 

of various materials as a complementary techn ique to scanning e lectron 

mIcroscopy during  microstructural characterizat ion[94 ] .  App l ications inc luded : ( 1 )  

detection of th in lubricat ing oi l  fi l ms on stain less steel ;  (2) characterization of the 

oxidation of sta inl ess steel as a function of temperature and exposure time; (3 )  

characterization of the aqueous corrosion of stain less steel during exposure in O .  I 

M sodium chloride [94 ] .  Also, reflectance infrared studies of the oxidation of types 

304, 3 1 6  and 4 1 0  sta inless steel , in oxygen at various temperatures, are described 

[95 ] .  The value of the techniq ue is in providing a record of oxide composition ' 

changes with t ime and temperature . Pecharroman et aI . [ 96 ]  had determined the 

infrared complex penni tt i vity functions of three varieties of maghemite, gamma-
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Fc,O"  ha v l ll g  d l ffc re n t  dCLTfCC\ o f' \ acanC\ orde n n g, fro m  t h e i r  I R  ref1ectance 

.... peC t r d ,  l l lea�l I reu at I ledl  ( n  I h ) l l l 1 a l  I IK l lience 0 1 1  pre:-,:-,eu p")",, uer pe l leh i n  t h i S  

study, a l l  c a l c u l a t lOns  \\ crc based o n  a procedur e  for t he est i mat ion of  t he  effect ive 

dielectric fun c t ion of  a m i xt u re,  w h i c h  i ncorporates percolation features, recent ly  

deve loped by the authors [ 96 ] .  
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The rrc<;c n l  I h e <; l c,  dea ls  wi t h  the study of the fonnat ion of re la t I ve ly  t h ick 
\ ) \ I Je.: l , l \ c f  a t  t l l c -, u r lacL o r  '> t a I l1 1 c�s s�ee l s  type 3 1 6 and 3 1 0  10 h I gh ly  ac i d I c  

media  ThL pO�" l b i 1 i t y  of us ing potent ia l  step programm ing for fi lm depos i t ion 

'W I l l  be Invest i gated . Severa l i nq uiries wi l l  be seek out of this work 

- What IS are the effect(s)  of thickening the oxide fi l m  at the surface of 

tai n less steel on its electronic properties? 

- What are the electrochem ical characteristics of the fi lm  fonned in ac idic 

med ium and chloride-containing acidic medium? 

- To devise an equivalent circuit for model ing the experimental data obtained.  

- To fit the experi mental data obtained to the devised model and deduce the 

electron ic  parameters of the fi l m .  

- To study the effect of changing  the bath composition during fi lm formation 

on its propert ies. 

- To examine the morphological structure of the fi lms  formed under different 

experimental conditions. 

- To analyze the surface composition of the fi lm using x-ray photoelectron 

spectroscopy and energy dispersive x-ray analysis. 

- To estimate the fi lm thickness from e lectrochemi cal parameters and surface 

reflectance FT - I R  spectroscopy. 

- To compare the e lectronic and surface structure of the fi lms fonned at both 

stain less steel types 3 1 6  and 3 ]  O .  
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I I . E x pe ri me ntal 

I .  M a te r i a l s  a n d  Reagen ts 

1 . 1 Sta i n l e  teel Sa m ple 

Two types of stainless steels were invest igated : AlSI 3 1 0  (SS 3 1 0) and AIS I  3 1 6  

(SS 3 ]  6) .  The stainless steel samples were purchased from Goodfel low 

( Hunt ingdon, England). The compositions of the stain less steels used in this study 

are given in Table I I I  according to the data sheet provided by the suppl ier. 

1 .2 Reagents a nd Sol u tions Preparation 

Sulfuric acid, sodium chromate, ammoni um molybdate, and sodium chloride 

used in this study were h igh purity grade reagents. Al l  chemicals purchased were 

used as received and were suppl ied by Aldrich Chern . Co. (Wisconsin, USA). 

Test solutions were prepared from stock and di lu ted using de-ionized water 

supply .  Water was fi rst dist i l led then de-ion ized using Mi l l ipore water purificat ion 

system .  The conduct ivity of water used in thi s study is 1 8 . 3  /-1S . 

1 .3 Electrode Mounti ng a n d  Electrochemical Cells 

AISI  3 1 0  and AI SI  3 1 6  stain less steel specimens were in the form of rods 

and foi ls .  Rod specimens were prepared and mounted according to  the fol lowing 

steps:  stain less steel rods were cut in the dimensions of 2 .0  cm long and 0 .60 cm 

diameter. The stainless steel specimen was then grooved and threaded for 

electrical contact and connecti on .  A copper rod 1 2 .0 em long and 0 .35  cm diameter 



Table lI f. \\ e i g h t  Pe rce n ta ge c h e m i c a i  c o m po� i t i ( ) n  

o f  S S  3 10 a n d S S  3 16 

E lement SS 3 1 0  SS 3 16 

Cr 25 1 6 .9 

Ni 1 9 .3  1 0 .9 

Si  0 65 I 0.75 

Mn 1 .79 1 .24 

P or N  0 .02 1 (P) 0 .025 (N) 

S 0 .006 0 .027 

Cu 0. 1 7  0 .20 

Mo 0.43 2 . 1 1  

V 0. 1 3  -

C 0 .0 1 8  0 .053 

Fe Balance Balance 

.f �  

I 
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was uc;;cd for establ ish l llg  e lectncal contact The \\ ho le  a,,"cmhh \\ a�  fi na l h  

l i1sert ed In a g lass tube 1 0  ( ) e m  l o n g  and 0 X cm t n nCf dIam eter l:. po\:) reS l l l ( rorr 

eal , from Varian, M l ,  USA) was used to ensure t h e  e"\po\ure o r  a determ t n ed 

apparent surface area of 0 .282 cm2 (see figure I I I for detai ls) .  Th is spec imen 

con figuration was used for electrochemical oxide growth and charactenzat ion .  

Flat specimen configuration was used for samp l es prepared for surface 

exam ination . I n  this setup, the stainless steel foi l s  in  the di mensions of 5 cm x 5 

cm and 2 mm th ick were cut and mounted on a flat cel l  ho lder as shown in  figure 

H 2 .  The surface area exposed is either 1 .0 cm2 or 5 .0 cm2 according to the ce l l  

used (F igure r I2b and Figure I I2c,  respect ively) .  

Prior to oxide fi l m  formation, the surface of the steel specimen was prepared 

according to the following steps : the surface was pol ished mechanically using 

metal l urgical papers of successive grades ( 1 20 - 600 - 1 200 ).lm) .  Then the 

surface was pol ished using alumina paste (0 .3 J.llIl) dispersed on a soft cloth paper 

unt i l  a scratch-free surface is  obtained. The surface was rinsed with disti l led 

water, de greased i n  ethanol and was thoroughly  rinsed with de-ionized water. 

Two types of electrochemical cel ls  were used in this i nvestigation. A three­

electrode one compartment glass cel l ,  with a saturated Ag! AgCI reference 

electrode and a p latinum sheet (2 x 2 cm
2
) counter electrode was used for oxide 

fi lm formation and subsequent electrochemical characterization of the stain less 

steel working electrode (see fi gure I I2 ) .  
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2 . E q u i p m e n ts a n d I n s t r u m e n t a t i o n  

2 . 1 E lec t roc h e m ica l Eq u i p m e n t 

An EG & G pOlcn t iostat/gah anostat model 3 7 1 A ( Pr i nceton App l ied 

Research) USA) control led by an I BM com puter and S(?/iC 'orr software was used 

for the oxide fi l m  formation .  The oxide fi lm formed was examined using a Gamry 

CMS system equipped with a PC and a Gam ry control/analysis software (Gamry, 

I nc . .  USA).  

Oxide fi l m  fonnat ion was accompl ished using a three potential step 

program . The EG & G instrument was programmed to al low the appl ication of an 

ini tial potential ( E I ) at which the electrode surface was maintained within a delay 

t ime (t l ) .  The potential was then stepped to  the second potential value ( E2) which 

was held constant within a second delay time (h). A fmal potent ial (E3) was 

appl ied and held constant for a delay t ime (t3) .  

2.2 Surface I nstrumentation 

Oxi de fi lms were characterized using scanning electron m icroscopy ( SEM)  

equipped with an energy dispersive x-ray analyzer (EDXA), surface reflectance 

Fourier transform infra-red spectroscopy (SRFTIRS), x-ray diffraction (XRD) and 

x-ray photoelectron spectroscopy ( XPS) .  

A leol Model lSM-5600 S E M  equipped with EDXA capabi l i ty was used for 

surface morphological determinat ion . The instrument is ful l y  computerized with 

1 8  - 300,000 t imes magn ification power, with guaranteed resol ution of 3 . 5  n m, 

acquisi t ion of both secondary and back-scattered electron images. The samples 
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\\- ere coa t ed \\ l l h  a I h l l l fi l m  or !lo l d  t o  e l i m i n a t e  t he e ffec t  o f  c hargi n g  duri n g  

l l 1ea-"Ure l l l c n t �  A .l e l ) 1  .I I C- I .2 ( )( )  fi l le  (oat e r  \.\ <.1.\ u ,>cd l U I" 1 1 1 1',>  p u rp\)�e and a 

current o f 20 m A  \.\ as appl i ed for 1 50 s coat t n g penod 

R FT I R  ,�pen ments were ach ieved us ing a N icolet Magna- I R  

pectrometer, N ic-Plan I R-m i croscope and a Spectra Tech stage contro l l er .  A l l  

results were anal yzed usi ng an O m n i c  software and l ibrary . 

For XRD experiment'", a Ph i l ips analyt i cal  x-ray i n stru ment equipped with a 

di ffractometer type PW 1 840 was used.  The inst rument  is equipped with a Cu 

anode, with a generator tension of 40 kV, a generator current of 30 rnA. The 

recelvmg s l i t  was set at 0 .2 .  Other condi t ions  for the experi m en t  setup is l i sted i n  

table I I 6 .  

XPS experiments were perfonned using a Perkin-E l mer ESCA-5300 spectrometer 

with a pass energy of about 25 e V (Llli 

accompl ished using a h igh x-ray flux density .  

3. Solutions Preparations 

0 .5  eV) .  Measurements were 

Al l sol utions were prepared from reagent grade chemicals and 

dist i l led/dei onized water. The 0 . 1 M H2S04 was prepared by the di lut ion from the 

5 M H2S04 solution . The sol ut ions prepared and used are: 

( 1 )  For the Oxidation step, 5 M H2S04, 5 M H2S04 + 0 .0 1 M 

Na2Cr04, 5 M H2S04 + 0.0 1 M (NH4)2Mo04 . 
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( 2 )  For t he Test In g  st ep, 0 1 M H2S04, 0 . 1 M H2S04 + 0 1 M N aC l ,  0 1 M 

I !  , S <  ) I • ( )  ( )  1 \ 1  '-< al ' l , O i Nt  I ! 2S0 � j. 0.00 I M NaCI . 

4 .  A r ra n ge m e n t  for Oxidation step 

The oxiciat lOo step experi ments were conducted in a three-electrode system ce l 1  

contai n ing a plat inum counter electrode, a saturated Ag/AgCI e lectrode as a 

reference electrode, and the -staiIi less steel ( j  1 0  or 3 1 6) as the working electrode . 

The electrolyte used was main ly 5 M H2S04 .  In some experiments the solut ions :  

[ 5  M H2 S04 + 0 . 0 1  M Na2Cr04] and [5M H2S04 + 0 . 0 1 M (NlLt)2Mo04 ] were also 

llsed to determ ine the effect of changing the oxidizing bath .  

The EG & G potentlostatlgal vanostat equipped with a personal computer were 

used for oxide layer formation on the surface of the working e lectrode with 

different thicknesses.  

The fol lowing potential step programs were used for oxide growth onto the 

stain less steel surface :  

- For SS 3 1 0; the oxi de formation program was : 

E J  = - 1 .4 V,  t J = 60 s 

E2 = -0 .9  V,  h = 1 00 s - 600 s 

1£3 = -0 . 8  V,  t3  = 60 s 

For SS 3 1 6; the major oxide formation program was : 



Program I 

E I - 1 . 2 Y, 

2 :  -0 . 5  Y, 

J = 0.6 Y, 

t l  = 60 s 

b = 1 00 s - 600 S 

t3 = 60 s 
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Other programs 'vere used for SS 3 1 6 in order to study the effect of 

changing the oxide formation programs on the characteristics of the oxide fi l m .  

The fol lowing programs were also employed :  

Program 2: 

EJ = - l .2 V 

E2 = -0 .9  V, 

E3 = -0 . 5  V, 

Program 3: 

E l = - l . 2  Y, 

E2 = -0 . 5  V, 

E3 = 0 .0  V, 

t l = 60 S 

t2 = 1 00 s - 600 S 

t3 = 60 s 

t J  = 60 S 

t2 = 1 00 s - 600 S 

t3  = 60 s 

The scanning rate for potent ial step programs in  al l  experiments was 1 00 

m V /s and the appl ied potential  was modulated as a square wave . 
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5. O x i d e  C h a racteriza t i o n  

5. ! E I S  t\t l easurement 

The E I S  measurements on oxide-covered stain less steel were perfonned at 

room temperature in a 0 . 1 M H2S04 test solution . Some experiments were carried 

out in an aggressive media of 0 . 1 M H2S04 and different concentrations of NaCI . 

A three-electrode electrochemical ce l l ,  wi th a saturated Ag/ AgCl reference 

electrode vs. SHE and a plat inum ooun ter electrode, was also used for al l 

measurements. The exposed sample area was 0 .282 cm
2
. 

The E I S  measurements were carried out with a CMS 1 00 electrochemical 

i mpedance system .  The measurements were performed under potentiostat ic 

control at the open circuit potential . The test conditions are l isted in  Table 1 12 .  

After the determination o f  the open c ircuit potential (Eopen) from the open 

circuit  delay that lasts for 1 200 s, sine wave voltages ( 1 0  m Y/s) peak to peak, at 

the frequencies between 5 x 1 03 Hz to 1 0-

2 
Hz, were superimposed on the open 

circuit  potent ia 1 .  Al l  the measurements were automatically controlled with the aid 

of the computer program provided by Gamry .  
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Ta b l e  1 1 2.  EIS  test condi t ion.., 

Reference E lectrode AglAgC I I i 
Counter Electrode Plat i num 

Electrol yte H2SO-1 

Electrolyte 0 . 1 M 

Concentration 

Tested Area 0 .282 cml 

Frequency Range 1 0-2� 5000 Hz 

AC Potential 1 0  mY 

DC Potential  o mV (Eopen) 
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5.2 Other E l ec t roc h e m i c a l  l\ 1 ea , u re m e n t 

O t h e r  e i cCl !()c ilc l l l lca l  c XPCrl l l 1 C l l h  v. c r c  pc r h Hlll cd  1 1 1 t h e  -.., (l l l le  t h l te-e l ec t rode 

cel l used for t he E l S  meas uremen b w i t h  t h e same t est i n g e l ect ro l v t e  at room 

temperature .  Three types of electrochemical measurements were done : Tafe l ,  

Polarizat ion Resistance, and Potent iodynam ic  Polar izat ion measurements .  A l l  

measurements were carried out with the Gamry e M S  1 00 software. Test 

condit ions for each e lectrochemical method are l I sted in Table -I I 3 ,  Table I I4,  and 

Table I I 5 .  respectively .  The potent iodynamic polarizat ion measurements were 

performed first in order to determ ine  the potent ia ls  at which oxides can be formed 

and bui l t  up for both SS 3 1 0  and SS 3 1 6 . 

5. 2. 1 Tafel Method 

Tafel experiment were conducted according to the condit ions l i sted in  

Table I I 3 .  

5. 2. 2 Polarization Resistance 

Polarization experi ments were conduc ted according to the conditions 

l isted in Table I I 4 .  

5. 2. 3 Potentiodynamic Polarization 

Potentiodynamic  polarization experiments were conducted according to 

the condi t ions l isted in Table I I5 .  
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ra b l e  1 1 3 .  Test condi t ions for Tafe l  experiments 

R d e rcnce I · ket rode AgjAgCI 
I 

Counter  E lectrode Plat inum 

E lecro lyte H2SO4 

Electrolyte 0 . 1 M 

Concentrat i on 

Tested Area 0 . 282 cmL 

E r -250 m V vs. Eopen 

Er +250 mV vs. Eopen 

Scan Rate 1 mV/s 

Table 1 1 4. Test condi tions for Polarization Resistance experiments 

Reference E lectrode AglAgCI 

Counter E lectrode Plat inum 

E lecrolyte H2SO4 

! 
Electrolyte 0 . 1 M 

Concentration 

Tested Area 0 . 282 cmL 

Er -20 m V vs. Eopen 

Ef +20 mV vs. Eopen 

Scan Rate 1 mV/s 

-
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T ,l h i e  1 1 5 .  Test cond i t ions  for Poten t iodynam i c  e '<.per i m e n L  

R e ference E lectrode Ag/AgCI 

Counter Electrode Plat inum 

Elecrolyte H2SO4 

Electrolyte 0 . 1 M 

Concentration 

Tested Area 0 .282 cmL 

Er -0 . 5  V vs .  Ereference 

Er + 1 . 2  V vs . Ereference 

Scan Rate 1 m V/s 



6 .  S u rfa c e  \ n a lys i  

.;;; .;;; 

A I l a t  t vpe t h ree-e l ect rode e lec t roc hem I c a l  c e l l ( c f l I gures 2 b  and 1 ( ) .  \v t t h  

'al u rat ed Agi Age l  reference e lectrode and a p lat I n u m  co un t er e lectrode, v. as l lsed 

t o  prepare the samples for surface analyses. The working electrode was in the 

fonn of  sheet with surface area about 1 .0 or 5 . 0  cm2 according to the cel l used.  

The electrochemical cel l was a pyrex glass cyl i nder with a flat circular piece of  

glass fused on each end Two small  holes on the top of the cyl inder connected 

with two p last ic tubes were used to accOIrunodate the gas bubbler .  A plat inum 

heet counter e lectrode of Jarge area was housed inside the chamber. A cavity was 

left at the top of the chamber to be fi l l ed with t he test ing solut ion and to insert the 

reference e lectrode . The cavity is connected to the working e lectrode through a 

L uggin capi l lary tube . Oxide film fonnation was carried out in  5 .0 M H2S04 .  EG 

& G potent iostatJGalvanostat was used for oxide fi lm  format ion in a l l  cases for 

subsequent surface measurements.  

6. 1 X-R ay Diffraction 

A l S I  3 1 6  sta inless steel sheets of surface area 1 .0 cm2 were investigated 

after the oxide layer had been fonned on the surface with different thickness and 

using differen t  potent ial  step programs (basically :  program 1 and 2).  Also the 

effect of changing the oxidati on bath on the structure of the oxide layer was 

investigated by X-ray diffract ion measurements .  Test condit ions are l isted as 

indicated in Table I I6 .  
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f' a h l e  1 1 6 .  I"L,,, t  coml l t l o l 1"  for X - R <l \  DI ITr ;Je t 1 < 1 I 1  c \. rcrirnent�  

DdTrac t(1rnct cr  tJ pc PW 1 X40 

Tube anode eu 

Generator tension 40 KY 
I 

Generator cur rent 30 rnA 

Wavelength 0. 1  1 . 54056 AO 

Wavelength 0.2 1 . 54439 AO 

I ntens ity rat io( 0.1/0.2) 0 .500 

Monochromator used No 

Fu l l  scale of recorder 1 0  Kcountls 

Time constant of  recorder 0 . 5  

Start angle 2 .0 1 0° 28 

--_ .. _---



0 . 2 Sc a n n i n g  E l ec t ro n M ic roscope ( SE M )  
5 7  

�( l ! n l J l � "  1 1 l \l��t l gatcd by  S E M  of bot h A ! S !  3 1 0  and A l S I  3 1 6  "" ere i I 1 t he 

form of sheet s v", I th surface area of about l cm
2
. For each type of stamless steel two 

d i fferent th ickness were studied ( fi lms grown for 200 s and 600 s, respectively) .  I n  

addi t ion, the effect of  changing the oxidizing bath was studied for both types ( for 

fi l ms grown at 600 s) .  

6.3 Surface Reflectance FT- I R  Spectroscopy 

The effect of changing the thickness of the oxide layers formed on the 

urface of A I S I  3 1 6 stain less steel under invest igation were determined using th is  

technique .  Oxide film formation was achieved as indicated in previous sections. 

F i lms  were formed on A I S I  3 1 6  stainless steel using potential step program 

number 1 .  F i lms with variable thickness, were formed by holding E2 appl ied to the 

working stainless surface in  5 . 0  M H2S04 for d ifferent t ime periods, ca. 1 00 s,  200 

s,  300 s, 500 s and 600 s, respectively.  Absorption peak: due to the oxide film was 

measured as a function of thickness. 
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P o t c n t i o d y  n a m i c P o l a r u a t lO ll I ) , i t a  a t  � t a i n l cs ,  � t ('c l  � u r fa r l" 

1 .  Po l a r i z a t i o n  C u n c, o f  St a i n l ess �teel  i n  S t r o n g  A c i d i c  So l u t i o n  

- f)  

ne i m port a n t  goa l  for t h I s  � ork i s  to  form a stable oXIde fi lm  over stai n less 

teel surfaces. As descn bed in the experi mental section, ox i de fi lm  fOnTIat ion at 

tain less steel surfaces 'vY as accompl ished using a potential step program in acidic 

sol ut ions .  Therefore, i t  was essential first to determine the regions at  which the 

format ion of the oxide fi l m  is conceivable .  Studyi ng the potent iodynamic 

polarization behavior would clarify the current/potent ial ( UV)  characteristics for 

the stain less steel i n  the acid medium . Thus, figures 1 1 1 1  a and I I I l b show the 

potentiodynam ic curves of stain less steel type 3 1 6 and stain less steel type 3 1 0  

exposed to aerated 5 .0 M H2S04 solut ion, respect ive ly .  The sweep rate used was 5 

m V/s, and potentials recorded vs. Ag/AgC 1 .  The fol lowing conc lusions could be 

withdrawn from the data of figures i l l l  a and I I I l  b :  

The polarizat ion behavior o f  the d ifferent types o f  stain less steels studied i s  

strongly dependent on the stee l structure. 

I n  both figures, region A i s  the immun e  region i n  which the metal specimen 

IS  protected from dissol ut ion as the appl ied potential  is  much lower than the 

corrOSIon potent ial ( Ecorr), region B is the act ive region in which the metal 

speCI men corrodes as the appl ied potential is  made more posit ive .  At C 

further increase in the rate of corrosion (as measured by the current) ceases 

and the onset of passivation begins .  
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I I I r e g i o n  [ )  t he c u rren t  d�creases rap l d l :  h 1 1 lL'  P�b"I \ ( l l l l l g  l i l m  1 "( ) I 1 1 1'-. ( \ 1 1  

t he  spec Imen The passi vat ing fi lm beg in s  t o  b reak dov. 1l  in reg i o n  f: at t he  
. . 

transpassl ve regIon . 

I n  the case of stain less steel type 3 1 6, two smal l secondary peaks appeared 

indicat ing smal l  changes to the passivat ing fi lm structure and/or further fi l m  

growth/decay . These secondary peaks were not observed in  the case of 

stain less steel type 3 1 0 . As wi l l  be shown later, the th icken ing of the 

passive layer over the stain less steel type 3 1 6  was possib le .  

The primary passive potent ia l  (Epp) and the crit ical current density ( i c )  for 

stain l ess steel type 3 1 6 are -0 .95 V and 5 . 8  x 1 0-3 A.cm-
2
, respect ively .  The 

onset of passivation at -0 . 7 5  V and 9.3 x 1 0-4 A.cm-
2 

within the potential 

range of -0 .75  V to +0.32 V .  

The primary passive potent ial ( Epp) and the critical current density ( ic) for 

stain l ess steel type 3 1 0  are -O . 87 V and 9 .2  x 1 0-4 A.cm-
2
, respectively .  The 

onset of  passivation at --0 .7 1 V and l . 1  x 1 0-4 A.cm -2 within the potential 

range of -O .7 1 V to +0 .28 V .  

Several conclusions could also b e  withdrawn from the previous resul ts :  

( i )  The abi l ity of stain less steels  type 3 1 6 and type 3 1 0  to passivate in 5 .0 M 

sulfuric acid is real ized and stab i l ized within a re lat ively wide range of 

potenti al .  However, passivating c urrent i n  the case of stain less steel type 3 1 6 i s  

re lat ive ly h igher than that shown for stain less steel type 3 1 0 . 



6J 
( I I )  1 � ( ) 1 1 1  " ! . l I l l k",, " k,+ .. , ,,( uli l ed  :-. hovy cd a s tab le  paSS I Vf.! o X Ide  layer ov er a 

pot e n t I a l  \\ l l ldp\\ o r ca 1 . 0 V 

( i i i ) O \. l dc 1 1 1 m  fonned over stain less steel type 3 1 6  is re latively more stab le 

t han t hat fonned over stain l ess steel type 3 1 0 surfaces under sim i l ar 

e:xpen lTI c n t a l  cond i t ions, as wi l l  be shown in next sections. 

( iv )  T h e  structure of stain less steel type 3 1 6  with relat ively less Cr  and Ni  

and wi th  more Mo content t han that for stain l ess steel type 3 1 0  is a possib le  

explanat ion for the  di fferences i n  the potentiodynamic polarization behavior. 

In th is  respect, the choice of the programmed potential step was to ensure 

the fol lowing  aspects in the app l i ed potential : ( i) the first appl ied potential i s  i n  

the imm une region where hydrogen evolution is taking place, ( i i )  the second 

appl ied potent ial step is at the m aximum rate at which the oxide film is  formed, 

and ( i i i )  the final potent ia l  l ays in the passive region or beyond.  

2. Pola rization  Cu rves of Oxide Fi lms formed at  Sta inless Steel Surfaces 

At th is  stage it was advi sable to examine the behavior/stab i l ity of the formed 

oxide. In this respect ,  potent iodynamic pol arization experiments were 

conducted at stain less steel type 3 1 6  and type 3 1 0 after oxide fi lm formation.  

In th is  part of the work the e lectrochemical  behavior of the oxide fi l m  

formed o n  each type of stain l ess steel s  was examined. Thus, oxide fi l m  

format ion using potential step program # 1 was used for stainless steel type 



6 -1  

3 1 0 . F i l m  t h l c k � n l l1 g  \\ a �  ac h l e vcd b� \ ary l ll J}.  t h � t l ln c  a t  \\ h l c h  t h e second 

appl ied potential was held constant in  the poten t i al program, ca. between 

1 00 and 600 seconds . Figure l I l 2 depicts the Tafe l  p lots for stain less steel 

type 3 1 6  after oxide fi l m  formation in 5 .0 M sul furic ac id using program ( 1 )  

with variable oxide th icken ing  t ime and tested in 0. 1 M su lfuric acid.  Scan 

rate used was 5 m V Is . The fol lowing observat ions could be drawn from the 

data of figure I I I 2 :  

Corrosion potential  (Ecorr) val ues for oxide covered stain less steel increased 

towards anodic val ues considerably when compared to the corrosion 

potential of bare stain l ess steel (ca. - 1 . 24 V and -0 .48 V to -0 .38 V for bare 

and oxide-covered stain less steel with different thickness, respectively) .  

Moreover. corrosion c urrent density ( Icorr) values decreased appreciably 

when comparing the Tafel  c urve of the bare surface to that wi th oxide 

formed with time of deposit ion of 1 00 s .  Moreover, the value of lcorr 

decreased as the oxide fi lm th ickness increases (as indicated by the increase 

in the t ime of oxide fi lm deposi tion at the second appl ied potential value, 

Eapp2) . Typical change in the value of Icorr is from 1 .2 x 1 0-4 A.cm-2 to 1 . 1 x 

1 0-6 A.cm-2 for oxide-free and oxide-covered surfaces, respectively. 

Anodic and cathodic Tafel  constants, ( �a and �c), showed different trends. 

Anodic Tafe l  slopes increased with oxide thickness, whi le cathodic Tafe l  
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Figure 1 1 12 .  Tafel Plots for SS 3 1 6  tested in  0. 1 M 

�SO 4 after Oxide Formation i n  5 M H2S04 

Eapp.2, t :  1 00 s - 600 s 



Time I s 

(at Eapp2) 

0 

1 00 

200 

300 

400 

500 

600 

Eoorr 1m V 

- 1 1 44 . 2  

-445 .9  

-445 .9 

-47 3 . 1 

-38 1 .2 2  

-377 .6  

-398 . 7  

-- _ .. _-----

f3c f3a 
mVfDecade mY/Decade 

1 08 .0  98 . 1  

206 . 1 269.0 

1 67 .9  24 1 . 3 

1 73 . 1 306 . 5  

54 .8  72 . 1 

1 5 1 .4 208 . 4  

1 45 .3 1 99 .4  

Rp loorr 
Ohm cm2 A.cm-2 

1 .925 E-04 1 . 1 6E-04 

1 .4 1 7E+4 3 . 576E-6 

1 .428E+4 3 .0 1 1 E-6 

1 . 695 E+4 2 . 834E-6 

5 .642E+4 2 .398E-6 

1 .383E+4 2 . 754E-6 

1 . 495E+4 2 .442E-6 

Corr. Rate 

(MPY) 

1 06 .3 1 6  

-

3 .277 

2 .760 

2 . 597 

2 . 1 98 

2 . 524 

2 . 235 

I 

() 

! I l l 

M 
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Rp ;\E fill fJ( 
2 .3 ( ICORR ) (fill + Pc ) ( 1 )  l 

n the other hand, fi gure 1 I 1 3  show s the data obtained for oxide-covered 

stain Ie teel type 3 1 0 obta ined under si mi lar experi mental condit ions as the data 

obtained for stain le teel type 3 1 6 , The fo l lowing conc lusions could be 

withdrawn from figure L I D and compared to those depicted in figure l I I 2 :  

Corrosion potent ial ( Ecorr) val ues showed irregular trend as wel l as the 

corroSIOn current ( I corr) va lues, Thus, ( Ecorr ) showed most cathodic values 

for constant potent ial val ue appl ied for 1 00 s and 200 s during oxide fi l m  

format ion , On the other hand, most anodic values for (Ecorr) were observed 

for oxide fi l m s  formed at constant appl ied potential for 300 s and 400 s, 

respect ive ly .  Corrosion current ( Icorr) val ues showed simi lar trend and the 

lowest value observed was for the oxide fi lm formed at  constant appl ied 

potential for 300 s .  

Constant appl ied potential for extended t imes, ca. 500 s and 600 s, showed 

no indication of improvement for oxide fi lm th ickening.  This observation 

wi l l  a lso be confi rmed in  l ater sect ions when examining the electrochemical 

impedance spectroscopic data. 

\nodic and cathodic Tafel constants, (�a and �<;), showed dist inct values on ly in  the 

ase of oxide fi lms formed for 300 s and 400 s at constant appl ied potent ials .  
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I \ c "': I I O( i l( i l l l C ; t l  para rnekrs for po l a r l /..at lo l l  data o r  st a i n l ess s tee l  t ype 3 1 0 arc g l \. c n 

11 t an k  I l L  

3.  Pola rization Curves of Oxide Fi lms in  Presence of Chloride I ons 

rhe presence of ch loride ions namely, in acidic media affects the stab i l i ty of the fi l m  

ave r formed at the surface of the stainless steel [97 ]  that mainly led to pi t  format ion 

Imd the inc lusion of the ch loride ion within the oxide fi l m .  It has been shown that cr 

ons are incorporated in the passive l ayer when the passivation is taking place in cr -

ontain ing electro lyte [98 ] .  No  chloride i s  detected i n  passive fi lm  when t he steel i s  

i rst prepassivated in  cr -free environment and then exposed to cr containing acid 

99 ] .  F igure I I I  4 A shows the results obtained for stain less steel type 3 1 6  exposed to 

ifferent concentrat ions of ch loride ions in  0 . 1 M H2S04 after oxide fi l m  formation 

nd passivation in  5 .0 M H2S04 .  The e lectrochemical  parameters for the stain less 

teel and the oxide-covered steel are inc luded in table  l IB .  



su l fur ic  aC id  

Ti me / s E"')fT / mY P� Pa 
(at Earr2) mYIDecade m YIDecade 

0 -92 5 . 1 7 5 .9 1 24 . 8  
-

1 00 -960 .0  1 36 . 1 3 1 6 . 5  

200 -94 7 . 1 1 23 . 3 28 1 . 1  

300 -699 .8  1 23 .3 28 1 . 1  

400 -729 . 5  296.6 243 .2  

500 -868 .2  1 00 . 8  227 . 7  

600 -87 1 . 0 1 33 . 2 235 . 5  

Rp 
Ohm cm2 

2 .08 1 E+3 

9 .39E+2 

8 .934E+2 

8 .934E+2 

9. 1 75E+3 

1 .04 1 E+3 

1 .  1 92E+3 

l"')fT 

Acm-2 

9.85E-6 

4 .403E-5 

4 .403E-5 

4 . 1 66E-7 

6 . 325E-6 

2 .9 1 4E-5 

3 . 1 0E-5 

-- --

\\ I t  I 

1 f\ 1 

Corr Rate 

(MPY)  

9.027 

40.3 5 1  

38 . 1 78 

0 .676 I I 

5 . 797 

26. 709 

28 .4 1 2  

-
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Figure 1 1 13.  Tafel Plots for SS 3 1 0  tested in  0. 1 M 
�SO 4 after Oxide Formation  in  5 M �SO 4 

Eapp.2, t :  1 00 s - 600 s 
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1 . ! l I k  I I I )  I kL l r nc hc m l Ca i  po l a r l /at lon  dat a I('r "t a l n k"" <) lee l  t y pe 3 1 6  formed i n 

1 � l I l rl l n c  a C i d  w i t h  d i fferent NaC I  concentrat ions and tested i n  0 . 1 M su lfur ic 

Eoorr l Pc Pa Rp lcorr Carr. Rate 

Program mV mVlDecade mVlDecade Ohm.cm2 A.cm-
2 

( M PY) 

No oxide - 1 1 44 . 3 1 33 . 7  1 79 .2 1 . 766E+2 1 .  234E-4 1 72 5  

O"\ ide I n  

5 M  H2SO4 -36 1 . 5  93 .9 1 1 6. 3  1 . 374E+4 1 .642E-6 1 . 505 

Oxide I n  

51\1  H2SO4 - 1 1 77 9  1 1 7 .4  1 1 9 1 . 43 8E+2 1 . 785E-4 1 63 59 

I 
+0. 1 NaC)  

Ox ide 1 0  

5 M  H2SO4 -430 . 5  3 3 . 7  43 . 4  4 . 767E+3 1 . 728E-6 1 . 584 

+0 0 1  NaCl 
-
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r i le  fo l l o\\ 1 I1 1! \)h�c l \ <l I I ( ) n�  and cOl lc l u S i \ ) fh cou l d  be \\ l t hd raW Il rr l l l 1 l  t i l L' d . ! l d  0 1  

table I I  I 

The h i ghest corrOS Ion rate in th is  aggressi ve medi um was for the oX i de-free 

the order 

r, t he corrosion c urrent, leorr, showed a gradual decrease in 

I de-free surface in 0. ) M H2S04 > oxide-covered sur face in  

o I M H2S04 > oxide-covered surface in 0. 1 M H2S04 and 0. 1 M NaCl > 

i de-covered surface i n  0. 1 M H2S04 and O .O l M  NaCl . i t  is evident that 

,{ 1de laver imparts protect ion to the stainless steel in sul furic ac id when 

mparing the data in  fi gure I I I4 A  for curves a, and b.  On the other hand, i n  

presence of chloride ions, a s l ight i ncrease i n  the corrosion rate is observed 

i n  case of a ten-fold i ncrease i n  the concentration of ch loride . 

Both anodic and cathodic Tafe l  constants (�a and �c) showed a relat ive 

increase when comparing the oxide-free surface to oxide-covered surface 

tested in 0 . 1 M H2S04 .  Simi l ar result  is shown in the case of the oxide 

tested in  H2S04 + 0 .0 1 M NaCl and that tested in  H2S04 + 0 . 1 M NaCl . The 

resu l t  is  manifested in  the not iceable i ncrease in  the polarization resistance, 

Rp. value. 

'PPosite resu l ts  are observed in the case of stain less steel type 3 1 0  as 

depicted in fi gure 1 I I4 b. The results showed that the corrosion rate 

increased considerably with the ch loride ion in the medium. Moreover, the 
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anod I c  a n d  cat hod I c  ' 1 a k l  � I \ )pc� d I d  not  c h a n ,L'.c 3PfH CC l c lhh ; 1 :-- t h e  

ncentrat lon of  the c h londe 1 0 1 1  mcreased in the medium 

We can conc l ude from the preced ing section that the oxide fi l m  fonned at stai n ler� 

�tee1 type 3 1 6  showed re lat ive stab i l ity over that fonned at stain less steel type 3 1 0 , 

,\t1.oreover. as wi I I  be shown i n  later sections, the th ickness of the passive oxide layer 

'�nned over the stain less steel type 3 1 6  was control led with the t ime of deposit ion 

growth when app lying the second potential in  the programmed potential set . 

At th is  stage of the present i nvesti gation, two important factors were advisably  

amined to explore their effects on the nature and stab i l i ty of the oxide fi l m  formed 

1m both types of stain less steel . The first being the effect of using different potential  

tep programming during the formation of the oxide fi lm .  and the second is the effect 

If changing the bath composit ion duri ng passivation (fi lm formation). 

Effect of Changing the Potenti a l-Step Progra m (Oxide Film Forma tion)  

Two factors were considered in  th is  study, the first was to  change the t ime used for 

.1m deposit ion and the second i s  the variation of the values of potential used in  

rogramming the potent iostat during  fi l m  formation . Three different electrochemical 

�chniques were used to study these effects, namely, pol arization resistance, Tafe l  

I lots, and electrochemical impedance spectroscopy (E lS).  
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concentrat ion of the ch londe I o n  l Ilcreased In the med ium 

We can concl ude from the preced l 11g section that the oxide fi l m  formed at stai n le� 

steel type 3 1 6  showed re lative stabi l i ty over that formed at stain less steel type 3 1 0 . 

Moreover, as WI l l  be shown i n  later sections, the th ickness of the passive oxide laver 

fanned over the stain less steel type 3 1 6  was controlled with the t ime of deposition 

during its growth when apply ing the second potential in  the programmed potent ial set . 

At th is stage of the present invest igat ion, two important factors were advisabt 

examined to explore the Ir  effects on the nature and stab i l i ty of the oxide fi l m  formed 

on both types of stain less steel . The first being the effect of using different potent ia l  

step programming during the formation of the oxjde fi lm,  and the second is the effect 

of changing the bath composition during  passivation (fi lm  formation ) .  

t Effect of Cha nging the Potentia l-Step Program (Oxide F i lm Formation)  

Two factors were conS idered in th is  study, the first was to change the  t ime used for 

jIm deposit ion and the second i s  the variation of the values of potential used i n  

)rogramming the potent iostat during fi l m  formation . Three different electrochemical 

echniques were used to study these effects, namely, polarizat ion resistance, Tafe l  

)lots, and electrochemical impedance spectroscopy (E lS) .  
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I 'he poten t I a l  p ro gra m ll��d l o r  ::, tdln k�s �teel t \ p� 3 1 6  \\ a� pro !.!.ram Ii 1 as descnbed 

in the cxpernnental ::,cct lon ( E , - 1 :2 V, t ,  60 S, t:! -0 . 5  V, t :!  1 00 600 :\, C l  

-= 0 6  V, t3 60 s) vv h I l e  that used for s ta in less steel  type 3 1  0 wa� ( E ,  = - 1 .4 V, t l = 

60 s, E2 =- -0 .9 V, t2 : 1 00 s 600 s, El -0 .8  V ,  t ,  - 60 s )  FI gur e  I I I Sa shows the 

electrochem i ca l  data of t he pol arizat i on resistance of t he ox i de fi l ms tested i n  0. 1 M 

H2S0� for stain ]  teel type 3 1 6 .  The ox ide fi l m s were fonned in  5 .0 M H2S04 . I n  

experi ments,  t h e  poten t i a l  was scan ned t h rough a potent ial  range of ca.  50 ill V 

lose to Ecorr . The res u l t i n g  c u rrent  p l otted versus potent i a L  as depicted i n  fi gure 

[ J l Sa, is  a straight l i n  
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Where �')[11 lope of the polarizat ion resistance plot, where ��. i s  expressed in  

volts and [11 I pressed i n  J.lA. �3' and �c are anodic and cathodic Tafel constants. 

respectIvel  The values of the Tafel constants are detennined from the Tafel plot . 

�CORR being the corrosion current in jJ.A . Rearranging equation (2) yields: 

PaPe 
ICORR - 2 J(jJ., + p, ) t:.E (3) 

fherefore, the corrosion c urrent can be related direct ly to the corrosion rate through 

he fol lowing equat ion : 

Corr51011 rate {mpy ) = 0. 1 3 J CORR (£ W ) 
d (4) 

�.w. = equivalent weight of the corroding speCIes, g .  

i = density of the corroding species, g/cm
3
. 

CORR = corrosion current density, J.lAIcm
2
. 

rhe values of the s lopes obtained from figure I I I 5a  (Rp values) would be indicat ive of 

he presence of oxide fi lms  and their th ickness. Thus, the slopes (Rp values), 

:orrosion current val ues ( /corr) and corrosion rates for the tested specimens are as 

allows : 9 . 59 x 1 0 1 Ohm .cm
2
, 2 .72  x 1 0-4 A .cm-

2
, 248 .8  rnpy for oxide-free surface, 

l .52 X 1 0
3 

Ohm.cm2, 5 . 76  x 1 0-Q A .cm-
2
, 5 .283 mpy for oxide formed for 1 00 s, 5 .03 x 



n 
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hm cm-, ..) X 1 0""" A .cm·:! , 3 9 7 2  m py I < . lr o X i de lonl lcd  for 600 <' ,  rcspec t J \ e l y  

oncl usions could be w l thdravy Tl from t hese data 

The corrosion current decreases as the ox ide fi lm  is formed at the surface 

he corrosion current decreased as the fi lm thickness increases .  However, 

the va l ue of the corrosion current shows a dramat ic decrease in  val ue "" hen 

companng the oxide-free surface and that covered with an oxide layer 

formed by app lying  a potential va l ue of 0 . 9  V for 1 00 s .  The subsequent 

a] ues of  corrosion currents showed a sl ight difference as the t ime of 

deposit ion of  the oxide laver increases. 

S imi l ar trend was observed in the noticeable decrease in the corrosion rate 

and i ncrease in the polarization resistance. We can concl ude at this stage 

that the oxide fi l m  fonnation at the stain less steel surface exhibits an 

i mmediate b lockage to the surface from corrosion in sulfuric acid .  

Moreover, the thickening of  the anodic fi l m  formed upon increasing the 

t ime of deposit ion did not show appreciab le changes to corrosion current 

and polarization resistance values. 

The second set of experimental results that proved the evidence of the oxide 

formation at the stain less steel type 3 1 6 and its effect on the electrochem ical 

parameters of  the oxide is given in  fi gure I I I 5 b .  
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dIfferent thick ness are depicted in the resu l ts  of figure I l l Sb .  Several observat ion 

and conclus IOns cou ld be wIthdrawn from the resu lL .  

The rate of corrosion of the specimen decreased as the t ime of deposit ion of 

oxide laver t ncreased. imi l ar observat ion was mentioned above in  the 

polarization measurements data. The corrosion rates measured were 1 06 .32 

mpy, 3 .28 mpy, 2 . S9 mpy, and 2 .24 mpy for the oxide-free surface, oxide 

fonned with various t imes of deposi t ion (Eapp # 2) of 1 00 s, 300 s and 600 s, 

respecti ve l y. 

Both anodic and cathodic Tafel  slopes ( �a and �c), showed relat ive increase 

upon oxide fi l m  deposi t ion.  However, �c exhi bited relat ive decrease as the 

t im e  o f  oxide fi l m  deposit ion increased . The value o f  �a on the other hand, 

showed irregular behavior. 

Corrosion c urrent, icorr, decreased as the fi lm  deposition progressed and the 

corresponding values of Ecorr showed general ly an anodic sh ift .  

From the preceding resul ts, one can conclude that the fi lm fonned at the stain less 

steel surface type 3 1 6  renders the surface passive and that the electronic  nature of 

the passive fi lm ought to be characterized . The sem iconducting nature of the 

passive fi l m  formed on stain less steels is  now wel l recognized [ 1 0 1 ,  1 02 ] .  

However, the exact electronic structure o f  these fi l m s  i s  not ful l y  described and 

should be dependent on several factors including the method adopted for their 
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expen ments v. ere conducted I n  order to e\t l ln a t e  t he e l ec t ron r c parameters of the 

fi lm-c tainle 'tee l . hgures I I I 5c ,  1 1 1 5d.  and I I l 5e show typ Ical 

Impedance diagrams for the oxide-free starn le 

covered wi th fi l m  layer with d ifferent thickne 

teel tvpe 3 1 6  surface and that 

The impedance spectra revealed 

Imple capaci t ive response as is usual ly observed for the passive fi lm  on stain le 

teel surfaces [ 1 03 ] .  The morphological struct ure o f  the passive fi l m  formed on 

tain less steel has partial porous characterist ics as wi l l  be shown in a tater sect ion 

from the scanning electron m icroscopy measurements .  Thus, it was expected that 

a diffusion-control led response would be displayed in the impedance 

measurements .  Figures I I I 5 c, I I I 5 d  and 1 I I 5e  show that the modulus and phase 

angle of the i mpedance change considerably when an oxide fi lm is grown at the 

stainless steel s urface . However, the variat ion of  impedance parameters is not 

trongly dependent on fi l m  thickening. The polarization resi stance, Rpo that 

strongly depends on the passive fi l m, is a measure of corrosion resistance of the 

material i n  the tested environmen t .  In the higher frequency region ( 1 -5 k Hz), the 

Bode plot exhibits a constant (horizontal l ine) log I mpedartce (Z) versus log 

frequency if) with phase angle values near 00 .  Th is is the response of the 

electrolyte resistance Rs (resist ive region) .  I n  the broad low middle frequency 

range, the diagrams display a l inear slope of about -1 in  log Z as log! decreases, 

whi le  phase angle values approach -800 for the oxide-covered surfaces. 



5.0 -,---- ---- --

4.5 

4.0 

S o 3.5 

-
� CJ C .g 3.0 
� 0-
S 

� 

ell � 2.5 

2.0 

1 .5 

1 .0 +1 ------r---------,--

-2 - 1  o 1 

- N O  Oxide 

- Eapp(2 )  = 300 s 

- Eapp( 2 )  = 400 S 

- +- - E (2 )  = 600 s app 

2 3 

Log Freq u e n cy / Hz 

84 

4 

F i g u re I I I Sc.  E I S  P l ots o f  SS 3 1 6  i n  0. 1 M " 2S0 -t a fter O x i d e  

F i l m  Fo r m at i o n  i n  5 .0  M H 2SO -t w i t h  D i ffere n t  T h i c k n ess 



5.0 r-
-------------------, 

4.5 

4.0 

S ..c 3.5 
o 
----
� � c � 3.0 
� 0-
S 

� 

OJ) 
J 2.5 

2.0 

1 .5 

- No Oxide 

---.- - E (2) = 300 s app 
- - E (2 )  = 400 s app 
- .-- - E (2 )  = 600 s app 

.....;::; 

1 .0 TI------�------�------�------�------�----� 

-2 - 1  o 1 2 3 4 

Log Freq u e n cy / Hz 

84 

F i g u re 1 I I 5c. E I S  P l ots  o f  SS 3 1 6  in 0. 1 M H 2 S04 a fter Ox i d e  

F i l m  Fo r m at i o n  i n  5 .0  M H 2 SO � w i t h  D i fferent  T h i c k n ess  



o 

-20 

� -OJ) c: 
-< -40 � N eo: .c 
� 

-60 

- No Oxide 

-- - Eapp(2) = 300 s 

-80 - - E (2) = 400 s app 

- +--- - E (2) = 600 s app 

-2 - 1  o 1 2 3 4 

Log Freq uency / Hz 

Figu re I I I 5d.  Phase Angle  Pl ots of SS 3 1 6  in 0. 1 M �SO 4 
after Ox i d e  F i l m  Formation i n  5.0 M H2S04 

w ith D i fferent Th i ckness 

5 



-

30000 
86 

25000 

20000 

1 5000 

1 0000 

5000 

o 

o 

I; 

f 

--- -- -- - -
------

� ..- .... - -+-/ / ....-
- +- -

/...... 
---+ 

�/ � --- -- --- --

/� 

'/ 

- No Oxide 

--- - E ( 2 )  = 300 s app 
- - E (2 )  = 400 s app 
- � - E (2 )  = 600 s app 

1 0000 20000 30000 40000 50000 60000 

Rea l / Oh m  

Fi g u re I I ISe. Nyq u ist Plots of S S  3 1 6  i n  0. 1 M H 2S04 
after Ox i d e  F i l m  Form ation i n  S.O M H 2S04 

w i th Different Th ickness 



87 
At low frequenc ies, the impedance approaches a l i near behavior that is  equivalent 

to the oxide fi l m  at the electrolyte interface. Oxide-free surface exh ibi ted a 

distinct behavior. Thus, the negative slope log Z versus logf extended over a short 

frequency range, and the phase angle approached -500 in the middle frequency 

domain. In th is  frequency range, the inflection in the phase angle versus logf 

curve and the log Z versus log f plots, which can be more easi ly obtained by 

subtracting the electrolyte resistance. These results indicate the presence of a 

parallel resistance and a non-dissipative passive oxide capacitance due to its 

formation. Also, the deviat ion of the phase angle maximum, near -800, s ign ifies 

that the passive layer thus formed on stainless steel 3 1 6  approaches more ideal 

capacitor behavior. Several studies [ 1 04- 1 06 ]  indicated that the reciprocal space 

charge capaci tance (Cc-1 ) i s  direct ly proport ional to the oxide layer thickness. The 

re lation cited by Kerrec et a 1 .  [ 1 07 ]  describes how the th ickness is ca1cu lated, by 

taking the reciprocal capacitance value from the Bode p lot at 0 . 1 6  Hz, where the 

i mpedance data give a straight l ine with a slope of about - 1 , or from the value of 

i maginary part of the impedance, Zun, at the same frequency [ 1 07 ] :  

1 
- = 27r/Z C 1m 

d = E E  r 
Cc 

( 5 )  

( 6 )  

Where d i s  the oxide layer thickness, r the roughness factor, s t he  re l a t i ve 

dielectric constant of the o x i de, f� ) the  p�ml l t i v i t y  of free space ( 8 9 '{ 1 0. 1 1 F C Ill I )  



88 
and Cc the oxide layer capacitance. The re lat ive dielectric constant of the oxide 

could not be measured direct ly .  Therefore, we calculated the amount of charge 

consumed during the fonnat ion of the oxide during the potential step 

programml llg .  I t  was assumed that the oxide layer is stable and no dissolution 

took place thereafter. From the Faraday' s  law, the oxide layer th ickness, d, i s  

calculated accord ing to  [ 1 07 ] :  

d =  QM n F pr (7) 

Where Q 1 S  the amount of  Coulombs, M is  the mean molar mass of the oxide 

(assumed 1 59 [ 1 08 ] ), n i s  the mean n um ber of electrons required to form passive 

oxide and p the oxide density (assumed 5 . 2  g .cm-
3 

[ 1 08] ) .  The val ues of passive 

oxide capacitance (Cc) were calculated for different fi l m  formation t ime and 

programs as depicted in table 1 I I4 .  
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The equivalent circu i t  depicted in figure I I I6 describes the electrochemical 

impedance data. The choice of this circuit was a compromise between a 

reasonable fitt ing of the experimental values, the l imitat ion of the software used, 

and keeping the number of circui t  elements at a mlll lmum.  In the equ ivalent 

circuit, a capacitance (Cc) and a paral le l  capacitance (CcIl) and resistance (R;t) were 

used instead of a constant phase element .  The double-layer capacitance (Cdl) and 

the passive fi l m  capacitance (Cc) determ ine the interfacial capacitance . When the 

influence of the passive fi l m  is dominant, that is the passive fi l m  capacitance is 

mal l  compared to the double-layer capacitance, the capaci tance data obtained 

from bode p lot can be used to estimate the passive fi l m  thickness using the 

fol lowing equation [ l  02] :  

c = £o £.A 
d ,,< 

(8) 

Where C is  the measured capacitance, Eo i s  the permit ivi ty of vacuum (Eo =8 . 85  x 

1 0- 1
4 

F/cm), E i s  the dielectric constant, A the effective area and dox i s  the thickness 

of the fi lm layer. I t  i s  worth to mention that accurate fi l m  thickness could be 

difficult  to determine using th is  relat ion since the double layer capaci tance may 

not be negl igible when the passive layer is thin and the dielectric constant is not 

\\ el l  estab l i shed . However, it is the purpose of the E I S  measurements to show the 

\ ari ation of the capacitance val ues with fi lm th ickening. 
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Figure J I J 6 . Eq uivalent  Circui t  used for E lectrochem ical I m pedance Data Analys is 

..0 
..... 



92 

The equivalent c i rcuit  shown in figure I l I6 st i l l  a l lows the associat ion of the 

elements therein to the phenomena probably t aking place at the stain less steel 

specimen. The symbols used in figure I I I6 are as fol lows: Rs is  the sol ution 

resistance, Rpo is t he pores resistance, Cc is  the fi l m  capacitance, CdI is  the double 

layer capacitance, and Ret is the charge transfer resistance, respectively .  As could 

be not iced from the data of fi gure I I I 5e, in the passive domain, the semicirc les i n  

the Nyquist plots are i ncomplete over the displayed frequency domain to be easi ly 

interpreted . Moreover, irregular behavior was observed, as the radius of the 

semicirc le  corresponding to 400 s was unexpectedly smal ler than that for 600 s. 

The assumed equivalent c ircuit (figure 1 I I6) was val id  for al l  E I S  measurements. 

The variat ion of fi l m  pore resistance and its corresponding capaci tance with fi l m  

th ickening t ime i s  given i n  fi gure l l I7a  for stainless steel type 3 1 6 . The pore 

resistance increases as the fi l m  thickening increases and the corresponding 

capacitance of the oxide decreases as expected. However, the two data show a 

" mirror image" behavior and a lmost a stable  behavior as the t ime of fi lm format ion 

exceeded 200 s. This  should i ndicate t hat fi l m  format ion reaches a "mature" stage 

after applying the oxide forming potential for 200 s .  As shown in figure I I 1 7b, the 

coating resistance of the oxide fi l m  formed at stain less steel 3 1 6  increases with 

thickening t ime wh i le  the double layer capaci tance decreases. The la ter is an 

expected behavior as the water/electrolyt ic layer is being subst i t uted by t he fi l m  

coat ing .  
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Based on several review artic les, analysis of the e lements of the equivalent c ircuit 

wi l l  be used in the in terpretat ion of the phenomena occurring at the metaVfi l m, 

fi lm/electrolyte interfaces and within the fi lm i tse lf. The total current passing 

through the system is the contribut ion of two components: the capacit ive 

component, that is  responsible for charging the two interfaces mentioned above, 

and the faradaic  component that corresponds to charge transfer and transport 

events withi n the fi l m .  The value of Rs i s  constant along t he range o f  potentials 

and frequencies tested. Therefore, Rs should represent the electrolyte resistance 

between the working e lectrode and reference electrode. Several authors [ l 08- 1 1 2 ] 

suggested that, passive layer at the stain less steel surface has a duplex structure 

that consists of an inner region composed of a few atomic layers of chromium 

oxide in  contact with the metal l ic substrate. Moreover, an outer region of iron 

oxides and hydroxides at the fi lm/electrolyte interface exists. The outermost parts 

of the passive layers formed on stainless steel and iron are very s imi lar .  Several 

authors reported resul ts [ 1 0 1 ,  1 09- 1 1 3 ] that showed the passive fi lms formed on 

both materials behaving  l ike n-t ype semiconductors. At this stage, we can claim 

that sta in less steel 3 1 6 after fi lm formation consists of t he base metal al loy covered 

with a fi l m  of semiconductor in contact wi th the electrolyte. Moreover, charge 

al ignment at the metaVfi l m  interface should be establ ished due to the difference of 

the Fermi  level on each side of the interface. Thus, this interface was considered as 

a capac i tor eMF . 
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On the other hand, a charge al ignment at the fi lm/electrolyte interface is also 

expected . However, the charge carrier density in semiconductors is much smal ler 

than in metals .  The accumulated charge at th is surface wi l l  not be easi ly  

compensated that generates a dep letion region inside the  fi lm .  The latter could be 

cal led "space-charge layer."  Across this layer a potential barrier is establ ished that 

prevents or, at least, dimin ishes substantial ly  the fl ux of charge carriers . This 

barrier faci l i tates a deformation of both conduction and valence bands of fi lm 

during polarization.  This layer can also be considered as a capacitor CFE. Also, is 

it wel l  establ ished that at the film/electrolyte interface a Helmh ol tz double layer 

capacitance Cdl i s  establ ished. The combination of these three series capacitances 

results in the system (metaVfilm,  fi lm, fi lm/electrolyte, and double layer 

interfaces) capacitance, Csys t hat can be expressed as : 

1 ( 1  1 1 J Csvs = CMF + CFE + Cd} 
(8)  

The two capacitances eMF, CFE constitute the passive fi lm capacitance Cc of  figure 

l l 16 .  The val ues of  Cell cited in  the l iterature [ 1 1 4 ]  for different metals and al loys 

are around 5 .0 x 1 0-5 F. cm -2 . The capacitance for the semicircle of the Nyquist 

plots can be calculated from : 

1 
C =  ( R )  27r fmax 2 

(9 ) 
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Where R2 is the diam eter of the semicirc le of the Nyquist diagram and/max is the 

frequency corresponding to the maximum of this semicircle .  This value equal 5 .3 

x 1 0-6 F .cm-
2 

for the fi lm  formed for 400 s. Thus, it seems reasonable to propose 

that this value mainly represents the term ( l /CMF + l ICFE) since the value of  Cell i s  

high, the  term l ICeIl could be neglected. Therefore, the equivalent circuit should  

include a capacit ive contribution that represents t he  fi lm capacitance : l iCe = l ICMF 

+ l /CFE to which an impedance can be associated and can be calcu lated from :  Zc = 

( l ijw)( 1 /Ce) .  

The potential  program used for stainless steel 3 1 0  was as indicated in t he 

experimental sect ion :  (E J  = - 1 .4 V, t l = 60 S, E2 = -0 .9 V, t2 = ] 00 s - 600 S, E3 = -

0 .8  V, h = 60 s) .  Figure l I I 8a shows the electrochemical data of the polarization 

resistance of the oxide fi l ms formed in 5 .0 M H2S04 and tested in 0 . 1 M H2S04 . A 

potential window of 50  m V close to ECOTT was selected and through which the 

scanning was performed. The result ing current-potent ial behavior is a straight l ine 

as was previous ly shown with the data of figure I I l 5a. The val ues of the slope 

would again be indicative of the presence of oxide fi l ms and more importantly of 

their th ickness. The slopes ( Rp val ues), corrosion current values ( iCOTT) and 

corrosion rates for the tested speci mens are as fol lows :  3 . 267 x ] 03 Ohm .cm2, 

8 .4 1 5  X 1 0-6 A .cm-2, 7 . 3 1 0  mpy for oxide-free surface, 4 . 293 x 1 04 Ohm .cm2, 

5 . 32 1 x 1 0-7 A .cm-
2
, 0 . 488 mpy for ox ide formed for 300 s, 3 .9R3 -x 1 04 Oh m.cm2 

8 .44 X 1 0-7 A .cm-2, 0 . 85 1 nl J1\ for oX lue formed for 400 S, 8 . 3 5 2  '\ 1 0 \ Ohm em2. 
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Figure 1 I I 8a. Polarization Resistance of Oxide-Covered 
SS 3 1 0  with Different Thicknesses in 0. 1 1\1 H 2 S04 

Fi lm  Formation in 5. 0 M H 2 S04 



1 .425  X 1 0-6 A.cm-2, 1 .426 mpy for oxide formed for 600 s, respectively .  The 

fol 1owing concl usions could be withdrawn from the data of figure I U 8a and in 

comparison with the data of figure I I I 5a :  
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The corrosion current decreases sl ight ly as the oxide fi lm is formed at the 

surface. S lop of I -V curve increases with fi l m  th ickening and reaches a 

teady state .  

The change in  the corrosion rate confirms the precedin g observation .  

The second set of experi mental results is that depicted in fi gure I I I8b .  Tafel plots 

for oxide-free and oxide-covered stainless steel type 3 1 0  with different thickness 

how the fol lowing observations :  

The rate of corrosion of the specimen decreased as the t ime of deposition of 

oxide layer is maintained between 300 s and 400 s. The corrosion rate starts 

to increase again as the t ime of fi l m  deposition increases to 600 s . 

Both anodic and cathodic Tafel slopes CPa and Pc), showed irregular val ues 

upon oxide fi l m  deposition . 

Corrosion current, icorr, decreased with fi l m  deposition for 300 s and 400 s, 

respective ly .  However, the value of icorr increases for the fi lm formed at 600 

s .  The corresponding corrosion potential values Ecorr, showed an anodic 

h i ft fo l lowed by a cathodic shift as the film formation time is  increased . 

We can conc l ude from the preceding section that the ox ide fi lm formed at the 

tamless steel t ype 3 10 is n ot stabi l ized as the t ime of film deposit ion i ncreases. 
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The th ickness of fi l m  deposit ion at the stainless steel type 3 1 0  could be control led 

to a time of deposit ion of 400 s .  Moreover, no ful l  coverage of the surface of 

stainless steel that i s  imparted by the passive oxide film is guaranteed in  th is  case . 

The electronic structure of the fi lm formed at stain less steel type 3 1 0  is 

exam ined by E I S  experiments. F igures U ISc, I I I Sd, and I I I Se  show typical 

impedance diagrams for the oxide-free stain less steel type 3 1 0  surface and that 

covered with fi l m  l ayer w ith  d ifferent thickness. The impedance spectra revealed 

simi l ar simple capacit ive response as that observed with stainless steel type 3 1 6 . 

As depicted in  figures I I I Sc, and Sd the modulus and phase angle of the impedance 

change when an oxide fi l m  is grown at the stainless steel surface . Impedance 

parameters showed i rregul ar pattern with film thickness. The Bode plot of fi gure 

I I I Sc exhibits sim i l ar trend as that observed w ith stainless steel type 3 1 6 . 

However, the resistance of the tested specimen of stain less steel type 3 1 0  exhibited 

relat ively h igher i mpedance than that observed with stainless steel type 3 1 6 . This 

hould indicate the more resist ive nature of the fi lm,  and the phase angle indicates 

lower val ues, ca. -400 •  I n  the broad low middle frequency range, the diagrams of 

figure U I Sc display a l inear slope of about - 1  in  log Z as log! decreases, whi le 

phase angle values approach -SO° . The equivalent circuit of figure I I I6 was also 

used for the data fitt ing of E I S  experiments shown in figures llSc - U ISd. 

However, not iceable deviat ions were observed in  the fitti ng results .  
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The semicircles of figure I I I 8e in  the passive domain of the Nyquist plots are 

incomplete in the d isp layed frequency domain .  However, the curvature of the 

curves displayed in figure I l l 8e is relat ively h igh indicat ing that the fi lm fonned at 

the surface of the sta inl ess steel type 3 1 0  is  of h igh resistance and does not show 

the same semi -conducing nature proved for stainless steel type 3 1 6 . 

The variation of fi l m  pore resistance and its corresponding capacitance with 

fi l m  thickening t ime i s  shown in figure ID9a for stain less steel type 3 1 0 . The pore 

resistance increases as the fi lm thickening increases and the corresponding 

capacitance of the oxide i ncreases as would  be expected for a highly resist ive fi lm .  

These data d iffer considerably  from those displayed in  figures I I I 7a and I I I 7b, 

respectively .  As shown in  fi gure l l I9b, the coat ing resistance of the oxide fi lm 

fonned at stain less steel 3 1 0  i ncreases with thickening t ime whi le the double layer 

capacitance exhibited irregu lar behavior. On one hand, the values of the fi l m  

resistance shown for SS type 3 1 0 are considerably  h igher than those of the semi-

conducting oxide of SS type 3 1 6 . On t he other hand, the irregularity of the 

capacitance val ues of the oxide proved that the oxide posses irregular th ickness 

and propert ies with t i me of deposition. As indicated in  equation (8), the change in 

the double layer capacitance, Cd\' and that establ ished at the fi lm/e lectrolyte 

interface, CFE, should appreciably affect the value of the fi lm capaci tance . 
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4.2. Effect of Changing  Potential Progra m ming 
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From the preceding sections we can conclude that the fi lm format ion over 

tain less steely type 3 1 6  under control lable condit ions was possible. On the other 

hand, the fi l m  formation at the stain less steel type 3 1 0 was irregu lar, namely by 

increasing t ime of deposit ion at the chosen potential program presented in this 

work . Therefore, the effect of changing the potential step programming used for 

fi l m  formation for stain less steel type 3 1 6  was investigated . The choice of 

program # I for fi l m  formation and for studying different pertaining condit ions 

needed further justi fi cation at this stage . In the fol lowing section we are 

cliscussing the effect of using three different potential step programs on the 

electrochemical characterist ics of the fi lm formed at SS type 3 1 6 . 

As indicated in  the aforementioned discussion, the choice of the potential values in 

the step program was associated with the onset of the oxide/fi l m  format ion at the 

surface of the al loy. Furthermore, the analysis  of E I S  data after fi l m  formation 

would indicate whether increasing the t ime of fi l m  deposition would lead to its 

thickening or not . F igures 1 I I 1 0a, I I I l Ob, and 1 I I I Oc show the E IS  data obtained at 

SS type 3 1 6  in 0 . 1 M H2S04 after fi lm deposit ion i n  5 .0 M H2S04 using different 

programs. The description of the programs used is l i sted in the experi mental 

section . I t  i s  worth to mention that the difference between program # 1 and 

program # 2 is the fina l  apphed potent ial,  E3, +0 .6  V and 0 .0  V, respecti ve ly . The 

potential program If 3 be ing d ifferent than the two others in the second and fi n a l  
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appl ied potentials, E2 and E3, respectively.  

1 1 2 

Careful examinat ion of the 

potentiodynamic diagram of fi gure U I l  a and the l ist ing of the potential programs 

in the experimental sect ion would  indicate the fol lowing concl usions: 

The choice of the start i ng  potential ,  E 1 ,  for al l the programs used was to 

ensure that the surface has been activated. This potential, E1 = - 1 .2 vs. 

Agi AgCI,  l ies in the hydrogen evolution region. Thus, a reduction of the 

surface prior to anodic polarization would be achieved. 

The second appl ied potential ,  E2, was the one used for fi lm formation and 

thickening.  In programs #s 1 and 3 ,  this potential l ies in  the passive region 

of the potentiodynamic  curve of figure H I l a  (region D). For program # 2 ,  

the  thickening potentia l ,  E2 ,  l ies in  the active "Tafel" region . 

The third applied potential, E3, l ies in  the transpassive region (region E of 

figure I l I l a),  the lower passive region (region D), and in  the upper passive 

region (region D) for the three programs, respectively. 

The data of the E I S  measurements of figures I I I  l Oa, I I I l Ob, and l I I l Oc showed the 

fol lowing observations and conclusions:  

I n  al l programs used, a time of 400 s was adopted for E2 . The impedance 

spectra is simple capacitive in nature as would be expected for a passive 

fi lm covering  the surface of a metal substrate .  

The modu lus  measured at  the low frequency end (ca .  below 1 Hz) would 

ind icate the electronic nature of the fi l m .  Thus, the film formed using 
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program # I exh ib i ted the h ighest resistance. The val ue of the modulu 

mounts to about 1 05 ohms. The lower values of impedance exhibited by 

those fi lms  fonned using programs #s 2 and 3 are indicat ive of a film of 

mai ler thickness. We can concl ude t hat i t  would be possible to control the 

thickness of oxide/fil m forming over stainless steel type 3 1 6  using program 

#. 1 .  

For al l programs used, i n  the higher frequency range, the Bode plot 

xh lbited a constant horizontal l ine of log Impedance (Z) versus log 

frequency (j) with the phase angle approaching 0° .  

In the low to m iddle frequency region, the d iagrams exhibited t he regular 

l mear slope of - I  i n  log Z as log! decreases. The phase angle approached -

0° in  case of program # 1 and was restricted at about -60° for both 

programs #s 2 and 3 .  

In the low frequency domain, the impedance of the fi lm formed with 

program # 1 showed h igher val ue over those formed using programs 2 and 

3 Also, the phase angle inflected to reach about -2 5° in case of fi l m  formed 

using program # 1 versus a value near 0° in case of the fi l ms formed using 

the other two programs. This  should be indicat ive of the presence of a 

paral le l  resistance and a non-dissipative passive oxide capacit ive layer of 

c('n� lderah l e  t h lc" n c...,� for t he  first fi l m .  The  approach of the idea l 

Glf)ac l t l vc bcha \ l {)r < , I" t he fi l m s as ob�erved from t he m fkct lon aro l l n d  80° 
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for the first fi l m  and near 60° for the second and third fi l ms could also be 

bserved. However. the inflection in the phase angle versus log! curve is 

hown to take place at two different frequency ranges. Thus, the inflection 

took place for the first fi 1 m  in the frequency range of 1 00 Hz to about 0 . 1 

Hz. whi le  in the region of 70 Hz to 30 Hz for the second and third fi lms .  

Th is  would exp lain the  size of the  oxide layer that is  proportional to  the 

reciprocal of space charge capacitance (Cc- 1 )  [ 1 04- 1 06 ] . 

The semicirc les of fi gure I I I  1 Oc represent the Nyquist p lots for the same set 

of experiments depicted in figures I I I  1 Oa and U l l Ob. As indicated 

previously, the diameters of the semicirc les ascertain the previous ly 

mentioned conclusions. Thus, as the diameter of the semicircle increases in  

the order of using the programs 1 > 2 > 3, the capacitance at the frequency 

that corresponds to a maximum in the Nyquist plot decreases, cf. equation 

9). In  conc lusion, the data given in  figure I I I l  Oc showed that fi l m  

th ickening took p lace more efficiently when using program # 1 of the 

potential step 



;. Effect of Changing Bath Com position on Fi lm Formation 
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I t  is  wel l  establ i shed that h igh temperature materials degradat ion or protect ion 

f Fe-Cr al loys are often related to the nature of their oxide scale formation [ 1 1 5 ] .  

Breakdown of passive oxide fi l m  lead to local ized corrosion. Various alloying 

elements are often incorporated in these al loys to prevent h igh temperature 

oxidation [ 1 1 6, 1 1 7 ] .  The addit ion of selected al loying elements is cumbersome 

and not always cost effect ive .  Thus, the electrochemical molybdenum 

incorporation treatment is studied on stainless steel types 3 1 6  and 3 1 0 . The study 

is compared to that of chromi um at the same alloys using simi lar experimental 

condit ions. In  this respect, 0 .0 1 M (NRt)2Mo04 was added in  the bath containing 

5 .0 M H2S04 during  fi l m  formation using  potential program # 1 and a t ime of 

deposition of 400 s for Eapp2 . Simi larly, the bath composition for the chromium 

incorporation is 0 .0 1 M Na2Cr04 and 5 .0 M H2S04. The val idi ty of i ncorporat ion 

treatments was evaluated by means of corrosion tests i n  0 . 1 M H2S04 and 

control led by surface analysis .  And since the deposition of Mo is great ly 

infl uenced by pH of solut ion, the acid concentrati on was kept at the 5 .0 M level . 

F i gure H I l l a  shows the polarization resistance data for the stainless steel type 3 1 6  

with fi lms deposited us ing different bath composition and tested in  0 . 1 M H2S04 .  

I t  could b e  noticed that the slope o f  the V - I  curves i ncreases i n  the order of fi lm 

fonned in molybdate-contain ing > chromate-containing > sulfuric only-conta i n i ng 

bat h � 
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We can concl ude that the presence of molybdate or chromate in  the bath during 

fi lm depos it ion enhances the corrosion res istance of the fi l m  i n  ac i d  medium.  

imi lar trends \\ ere also observed with the data of the Tafe l  experiments 

performed on the same samples  in  0. 1 M H2S04. The data of figure l I I l l b depicts 

the effect of M o  and C r  on the corrosion res i stance of the fi lms.  As w i l l  be 

explained in  the surface measurements, the incorporat ion  of the Mo and/or Cr to 

the film formed at the sta i n l ess steel enhances substant ia l l y  i ts  corrosion 

res istance.  The corros ion rates calculated from the data of figure l I I l l  b are, 0.099 

mpy, 0 .088 mp) , 2 7 . 8  mpy, for the M o-,  Cr- and su lfuric only-containing baths, 

respective ly .  The c orrosion potential ,  Ecorr, shifted cathodical l y  for the same order 

of baths used.  mechan i st ic  seq uence cou ld be suggested for the incorporat ion of 

Mo to the ti l m  depos i ted at the stainless steel surface at this stage . The first step of 

the deposit ion react ion i s  probably a reduction react ion,  l ike the reduction reaction 

of octamol: bdate accord i ng to the fo l l owing react ion :  

[rvl 080�6rl- + mHO ..... 2 ne - --+ [ H M08_2n(V I )M02n( V)02o]4+2n-m 

Thereafter, deposi t ion of the corresponding oxide w i th a chemical  prec i p i tat ion 

equi l ibrium that i s  pH and concentration dependent takes p l ace .  The inhib i t ing effect 

on the act ive d i sso l ut ion curre nt of stee l may be due to th is  insoluble oxide or to an 

i nsoluble Fe or Cr compound formed from the reduced anion of the above reaction.  

Thus. Mo i nc o rporat i o n  in  the rass i \t ?  I a) cr or the a l l o\' takes p lace after the 

e l ect roc h e m i c a l  t r�at ll1 e n t  d ur i n g  fi l m  format i o n .  
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The cathodic l imit  of the electrochemical treatment l ies i n  the potential range where 

both active dissolution of the al loy and deposition of Mo species occur. It could be 

expected that the species i ncorporated in the passive layer at the negat ive potential of 

- 1 .2 V vs. AglAgCI (Eapp l )  are certainly the reduced species. The data of fi gures 

I I l l l a and l I I l l b indicate that the stabi l i ty in su lfuric acid  does not seem to be 

direct ly related to the presence of Mo. This could be noticed from the close data 

obtained with Cr i ncorporation as wel l  to the passive fi lm at the stain less steel surface .  

On the other hand, the presence of  Mo in  the passive showed a strong inhibit ing effect 

on the act ive disso lut ion current region of the Tafel  experiments, cf. figure I I I  1 1  b. 

Therefore, the acid  stab i l i ty i s  consequentl y  dependent on the chosen measurement 

etup. In a real corrosion situation, however, the behavior of a substrate modified 

Wl th Mo.  wil l  be dependent both on the passive layer reduction rate and on the active-

dissolut ion current .  In  conc lusion, in  acid media and for the passive layer modified 

with  Mo, the inh ib i t ing role of Mo on the act ive dissolution c urrent is  associated with 

the insoluble polymer reduced species formed at the potent ial steps of program # 1 .  

Deposition is fixed by a chemical equi l ibrium and when dissolution occurs, i n  order 

:hat Mo may act, the superficial concentration of the formed polymer must be 

mfficient to form by reduct ion an insol uble species. Therefore, Mo has to have a 

nmlmum concentration within the passive film to have effect . For i nstance, the Mo 

�oncentration in  the al loy must be at least 2% . Al ternatively, when the Mo content in 
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the passive layer is too large, the layer becomes less protective because Mo would be 

present as MoO) that is poorly protective .  

A simi lar set of  experi ments was performed using stain less steel type 3 1 0 . The 

data are given in figures I I I  1 2a and 1 I I 1 2b, respectively. The same contradictory 

bserved in the case of incorporating Mo or Cr in the fi lm 

ltion bath. Thus, the polarization resistance, Rp, value is relat ively h igher for 

fi lms formed In presence of 5 . 0  M H2S04 only when compared to those formed in 

presence of Mo or Cr. The same surpnsmg results were also observed when 

exarmmng the data of figure I I I l 2b .  Thus, corrosion c urrents, iCORR, and corrosion 

rates are relativelv h igher for the oxides presumably containing Mo or Cr.  
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6. Su rface Measurement 

6. 1 X-ray Photoelectron Spectroscopy (XPS)  

1 23 

he XPS analyses were performed with a Perkin-El mer ESCA-5300 

pectrometer with a pass energy of 25  eV (M=0. 5  eV).  Cal ibrat ion was performed 

usmg the C I s  component (binding energy is 284.6 eV) .  An Mg K a X-ray source 

(1 253 .6 eV) was used with 300 W appl ied to the anode . The reference energies are 

the Au 4f 7/2 signal at 83 .9  eV and the Cu 2p 3/2 signal at 932 . 8  eV.  

haracterization of the passive fi lms was performed by means of angle-resolved 

analysis and sputtering depth profiles.  Angle-resolved XPS measurements were 

performed at takeoff angles 90° and 45 °  (angle of the sample surface with the 

direction of the analyzer). Sputter depth profiles were performed with argon ions 

PAr = 1 0-5 mbar, energy = 3 kV, current � l lJA .cm-
2
) .  A survey spectrum was first 

recorded to identify the elements present on the surface, then high resol ution spectra 

f the fol lowing regions were recorded: C i s, 0 1 s, Fe 2p, Cr 2p, Mn 2p, S 2p, Ni 

2p, and Mo 3d. The spectra thus obtained were fi tted after background subtraction 

fol lowing the Shirley procedure, with Guassian-Lo;-entzian curves modified by a 

taI lored function . The reference XPS data and the equations used for the 

quantitat ive analysis of passive fi lms  have been publ ished previously [ 1 1 8 ] .  

The survey spectrum of the non-treated stainless steel type 3 1 6  showed that the 

dements present were iron, chromium, oxygen, su lfur, mangancse and carbon .  The 

carbon peak �tron g l y  decreascd after a short ion sputteri n g, wh Ich proved t hat i t  i 
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present as contaminant on the surface . The data are depicted in figure l l I l 3a for a 

type 3 1 6  de greased in alcohol and washed thoroughly in de-ionized water. Iron 

IS present as metal l ic iron (706 .8  eV) and mainly as divalent oxide (709 .5  eV).  

hromium I S  present mainly as the metal l ic chromium (574 . 2  eV) .  Oxygen is 

present as 0
2
- in oxide (530 .3  e V) .  Sulfur is present as elemental sulfur ( 1 63 . 1  e V) .  

F Igure I I I  1 3b depicts the XPS survey for SS type 3 1 6  after polarization using the 

potent ial program step # 2 with Eapp2 = 400 s in 5 .0 M H2S04 .  I mportant 

conclusions could be withdrawn by comparing the data of figures I I I 1 3a and I I l I 3b :  

The appearance o f  the N i  peak indicat ing the i ncorporation o f  the Ni  i n  the 

passive fi lm,  in form of nickel oxide. 

The peak of chromium in the multiplex spectrum i ndicates the presence of 

chromium as trivalent oxide (576 .7  eV) .  The presence of Cr6+ in the passive 

fi lm was not observed. 

xygen is present as OH- in hydroxide (53 1 .6 eV) and 0
2
- in H20 and SO/-

( 532 2 eV) .  

I ron is  present main ly in the trivalent oxidat ion state (7 1 0 .3  eV).  

'rhe th i rd experiment was to polarize the stain less steel type 3 1 6 using the same 

experimental procedure described above in presence of chromate and molybdate in 

the fi l m-forming bath and in 5 .0 M H2S04 . The data are depicted in figure 1 I I 1 3c .  
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I peak appearcd a..., I n t he ca�c <'r t he "'peC l il len po lan /cd I II 5 0 M H� 4 

The re lat i ve amoun t::,  or  N I .  Mo, Cr and Fe changed considerably when 

comparr n g  the t h ree spec i mens studIed.  The data for t he elemental analysis 

is depic ted I II table I 1 I 5 .  

Again ,  the peak o f  chrom ium i n  the mul t i plex spectrum indicates the 

presence of chromium as tri valent oxide ( 5 76 . 7  eV) .  Oxygen is  present as 

H- i n  hydroxide ( 53 1 .6 eV)  and 02- i n  H20 and SO/- ( 5 32 . 2  eV) .  I ron is  

present mamly i n  the triva lent oxidat ion state (7 1 0 .3  e V) .  

From the preceding section and analyses, we can conclude that the presence of 

chromate and molvbdate i n  the fi l m-form ing bath enhances the structure of the 

passive fi lm due to the presence of chromium as hydroxide and molybdenum as 

the oxide. Also, the presence of Ni in the film in  case of polarized sample, either 

in  the sulfuric ac id only-containing bath or in su lfuric acid + chromate + 

molybdate-containing bath .  At  th is  stage, we can also conclude that the fi l m  

deposited at the stainless steel type 3 1 6  has a bi layer (hydroxide/oxide) struct ure, 

the thickness of which as est imated from the XPS measurements depth profil ing i s  

between 45 and 48 \ .  The b i layer is  formed wi th in  the first few minutes as wil l  be 

revealed by the SEM micrographs. The content of chromium oxide in the fi lm and 

at the al loy/fi l m  in terface i ncreases when using erlMo-containing solutions during 

fi lm format ion .  
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I a b l e  1 1 1 5a. X PS Data far b l a n k  S S  3 1 0  surface 

Element peak l- A rea Sensit ivity f: C o acor 

-- -I- 1 C i s  1 8783 7 0 250 43 90 
0 1 s  486809 0.660 43 .09 
Cr2p 865 50 2.300 2 .20 
Fe2p 3 8 1 927 3 . 000 7.44 
M n2p 1 4 1 6 1 6  2 .600 3 . 1 8  
S2p 1 796 0. 540 0. 1 9  

N i2p 0 4. 500 0.00 

USb. XPS data for SS  04) - � -- - - - - - - - -- - - - - -.L, -
Elemen t A rea Sensitivity Factor Concentration % I 
C I s  1 4577 1 0 .250 30 .99 
0 1 s  660509 0.660 53 . 1 9 
Cr2p 3 1 265 2 .300 0 .72 
Fe2p 1 9829 1 3 .000 3 . 5 1 
Mn2p 1 1 507 2 .600 0 .24 
S2p 98933 0 . 540 9 .74 

Ni2p 1 3602 4 . 500 0 . 1 6  
Mo3d 74752 2 .750 1 .44 

fable I I ISc.  XPS data for SS 3 1 6  covered-surface oxide (formed in 5 M H2S04 p lus 

Element peak. Area Sensitivity Facor Concentration % 

C I s  1 59966 0 .250 38 .9 1  
0 1 s  5 1 33 73 0.660 47.30 
Cr2p 96269 2 .300 2 . 58  
Fe2p 1 0 1 395 3 . 000 2 .06 I I 
Mn2p 23409 2 .600 0. 5 5  

S2p 5 7079 0. 540 6 .43 
Ni2p 8899 4 .500 0 . 1 2  

Mo3d 86783 2 .750 2 .03 
-
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f the stal ll iess steel surface was bene fi c ial for p l tt m g  res istance of the meta l  a 

\\ as mdlcated previously I II sect IOn 3 of the experi mental resul ts  and discussion . 

6.2 Sca nn ing  E lectron M icroscopy (SE M )  - Energy Dispersive X-Ray 

na lysis ( E DAX) :  

The scanning electron microscopy studies of  t he stainless steel type 3 1 6  surface 

have shown that the surface morphology is characterized by different structural 

elements. I solated micronuclei ,  this could be the components of the natural 

oxide fi lm .  As could be noticed from the m icrograph depicted i n  figure I I I l 4a 

describes the surface of a non-treated surface of SS  type 3 1 6 . On the other 

hand, the m icrograph of figure I I I  1 4b describes the surface of stainless steel 

type 3 1 6  after polarization in  5 .0 M H2S04 using program # 2 for 400 s. The 

important feature for the m icrograph of figure I I I 1 4b is the presence of visible 

differently oriented lamel las of the surface macro-aggregates that have sizes of 

several tens of m icrons .  The sizes of the nuclei  range from 1 0 - 30 nm .  The 

detai led structure and separat ion between the lame ll as i s  depicted in the 

m icrograph of figure I I I 1 4c .  The steel surface i s  relat ively smooth, however, 

orne negl igib le  roughness could steel be ident ified at h igh resolut ions for the 

untreated surface .  The i mportant result of  the SEM experiments i s  the 

identification of the systematic growth of the oxide layer that consists of oval, 
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PC I 1 l ; 1 t!\ 1 I1al and p} ra l l l 1 Jal aggregates \\ l tl1 a h q ;h 1 l l 1 C ,, ) - ro l ! g l l l h � " "  I ' iHi .. . 

fi �l Irc::- 1 I I 1 5a, 1 1 I 1 5b, and I I I 1 5c show th M micrographs of oXide fi l m  

fonned usmg program # 2 and with the Eapp2 potential appl ied for 1 00 s ,  200 � ,  

and 300 s, respective ly .  The results indicate that the nuc leat ion of the oxide 

laver starts (as the t ime of deposition was l im ited to 1 00 s) with island 

fonnation that are well defined with specific orientat ion as shown in figure 

I I I l 5a and with the general overview with figure I I I  1 6 . As the nucleation ha 

ompleted, the oxide fi lm starts th icken ing and mature as shown in figure 

I l I I 5b .  The growth of the oxide plates is being completed as the t ime of fi lm  

deposition progresses. The important feature d ifference between the data 

hown in figures I I I l 5b and I I I l 5c is the size of the lamel las or plates. As 

could  be noticed by comparing the two figures, the size of lamellas decreased 

as the t ime of fi lm  deposition increases (see also figure I I I l 4c). The thickening 

of the fi l m  was previously establ i shed from the E I S, polarization resistance, and 

Tafe l  measurements. The white dots at the surface of the specimens were 

found to be due to precipitat ion of sulfate salts .  The latter was proved by XPS 

and EDXA experiments .  
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Figure I I I  1 4a :  SEM graph for blank surface of stainless steel type 3 1 6.  

LFigUre I I I 1 4 b :  S E M  graph for SS 3 1 6  surface after oxi de formatio
-
n i n  

_ _  , • _ II {\ {\  C" 



Figure 1 I I 1 4c :  SEM graph for SS 3 1 6 surface after oxi de formation 
_
at 

Eapp.(2), t = 400 s with higher magni fication. 

Figure I II 1 5a :  SEM graph for SS 3 1 6 surface after oxide formation at 

Eapp.(2), t = 1 00 s . 
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M graph for SS 3 1 6  surface after oxide formation at Eapp. (2), t = 200 s. ": ••• 1 • i.� 

�igu re III 1 5c :  SEM graph for SS 3 1 6  surface after oxide formation at Eapp.(2), t = 300 s. 



Figure 111 1 6 : SEM graph for SS 3 1 6  surface after oxide fonnat ion at Eapp.(2), t = 1 00 s, an overview graph. ...... 
VJ 
I../l 
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1 ) \ /\ ( I I '  SI � l l l k�s ."tee l ""PCC I I 1 1 C I l ty pe 3 1 6  with  fi l m  formal l o Il U') IIl ' 

pro gra m � I I I ) 0 M H2S04 is  given in  figure I n  1 7a. The data for a sample 

t reated i n  m o l ybdate bat h duri ng fi l m  format IOn is depicted in  figure I I I 1 7b A 

cen from the resu l ts  and when examin ing  the effect of bath composit ion during 

the fonnat l o n  of the fi lm. increas ing Mo content wi th Ni  increased the 

passIvat ion behavior of stain less steel type 3 1 6. I t  is also wel l establ ished t hat 

the Increase I II the amount  of Mo increases resistance to pitt ing. Moreoyer, 

from data d isplayed in  figure I I I l 7a, Mo content in the oxide fi lm is not 

markedly d i fferent from that in the bulk .  However, Mo content increased 

apprec iably for the second sample .  The Mo found in the first specimen is from 

the enrichment of the fi l m  during  anodic d issolution on the steel . It is also wel l  

establ i shed that the rate o f  d issolut ion o f  M o  i s  much lower than that o f  Fe. 

The barrier layer suggested earl ier from the E I S  measurements should contain 

part ial ly  Mo. 

6.3 X-ray Diffraction (XRD) 

Figure I Il I 8  depicts typical XRD patterns for stain less steel type 3 1 6. Two 

peaks can be noticed around 2 B  = 47° and 2 B  = 52° .  Curves a, b, c, and d 

represent the XRD of untreated stain less steel, specimen covered with fi l m  

formed using program # 2 i n  5 .0 M H2S04, specimen covered with fi l m  formed 

using program # I i n  5 . 0  M H2S04, specimen covered with fi lm formed using 
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p l ogl ( l l l l ff I n  S O  M I I ��O , t c hromate .  a l ld -;p�C l l l len C( ) \ aeJ v� l t h  fi l m  

formed l l!'> l flg  probTfam # I i n  5 .0 M I-hSOl + molybdate. respect ive ly .  I n  all 

ca l:app2 wa t for 400 s .  The peak around 2 () 43-44° I S  attributed to 

corundum-type oxide (M203, where M is Fe or Cr) . The other peak that 

appeared around 2 ()  = 5 1 -52°  i s  due to  spinel-type oxide ( AB204, where A i s  

Mo. B i s  Fe or Cr) . I t  could be noticed that the relat ive in tenslty (based on area 

alcu lat ions) of both peaks increased. However, the Mo- and Cr- peak 

decreased relat ively for the fi l m  formed in molybdate. This could be attributed 

to the decrease in the rate of dissolution of the metal and stab i l ization of t he 

urface layer formed at its surface . I n  conclusion, the inc lusion of Mo and or 

r i ncreased i n  the oxide passive fi lm at the surface of the alloy. 

6.4 Su rface Reflectance FT- I R  Spectroscopy (SRFT- I R )  

A reasonable i ndication o f  the thickening of the fi lm deposited at the surface of 

tainless steel is given in fi gure I I I 1 9a. As the t ime of deposition increases 

during fi l m  formation, the intensity of the absorbance peak at 795 cm-1 

mcreases .  A p lot of  peak i ntensity with t ime  is  shown in  figure I I I l 9b.  From 

the preceding  discussion, we  proved that a passive fi lm  could be  formed at the 

urface of stain less steel with contro l lable thickness. The film deposited 

rendered the surface of the stain less steel passive and protect it against 

corroSIon . 
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The ro i l l l \\ l n � m od e l  I .... .... u ggcsteJ for t he o\. l ue l a : cl  ; 1 1  ( he -..ur f acc o f  ( he a l l o \  

A compact layer i s  formed at t he m e t a l  e l ec t ro l yte  l I1 t e rCace t hat  cons i st ed 

mainly of iron, chrom I um meta.1 ox ide�. Th i s  l aver i s  formed 

electrochemical ly and characterized by its cont inui ty, se l f-repairing, of 

un iform th ickness. The nature of the fi l m  is that i t  is of barrier type and 

contro l led by c urrent .  

A second layer i s  formed by precipitation/di sso lut ion mechanism, i rregular 

and probably  porous or gel - l ike.  The layer is formed upon exposure to an 

aggressive medium and with no infl uence on current . 

Diagram 2 depicts the schemat ic  of the proposed mode l .  
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J > 1 l \ ) t \ )� kc i r( )l' I 1L' I l l I L d l  b� hav lor  o f  o '<. l de fi l ms formed at  st:.l l n less.;teei t ype 3 1 6  

urfacc,>  ( h ide fi lms  were grown in 5 M H2S04 lls ing potent ial step programm ing # 
I as desc n bed before . The t ime used for second appl ied potent Ial Eapp2 was varied 

between 1 00 s and 400 s .  A Xe arc lamp with 600 W-power and a monochromator 

adjusted at 300 n m  were used . Measurements were conducted in 0 . 1 M H2S04 and 

usmg a quartz electrochemical one-compartment cel l .  The photo e lectrochem ical-

current can be described by the fol lowing relations :  

Iph h v = const.(h v - Eg Y � 

J
1 / 2 ) ( lp�h V  = C(h v - Eg 

( 1 4) 

( 1 5) 

Where, [ph i s  the photocurrent, hv i s  the energy of the incident l ight, Eg is  the optical 

band gap of the oxide fi lm,  po i s  the power of the incident l i ght and C is  a constant . 

Photocurrent spectra measured at 0 .0 m V  are given in figure 20.  As could  be noticed 

from the data of figure 20, the fi lms exhib ited partial positive and negative 

photocurrent . This indicates that the fi l m  exhibited a mixed n-type and p-type 

semiconductor properties.  The optical band gap, Eg, is  3 . 8 1 with about 0 . 1 1 e lectron 

volt than the expected value of 3 .7 eV .  
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I t  has been show n t hat t he po lanzat Jon behavior of the d l  ffercnt  

types of sta i n l ess ,teels stud ied is strongly dependent on t he  steel  

truct ure . The abi l i ty of stai n less steels type 3 1 6  and type 3 1 0  to 

passivate in 5 .0 M sul furic acid is real ized and stabi l i zed with in a 

re latively w ide range of potent ial . However, passivating current i n  the 

case of stai n less steel type 3 1 6  is  re lat ively h igher than that shown for 

tai n l ess steel type 3 ]  O .  Oxide fi l m  formed over stainless steel type 

3 1 6  i s  re l at ively more stable than that formed over stainless steel type 

3 1 0  surfaces under sim i l ar experimental conditions. 

However, overa l l  potentiodynamic experiments conducted for SS 

3 1 6  proved that the h ighest corrosion rate in the aggressive medium, 5 

M H2S04 + NaCI, was for the oxide-free surface .  Moreover, the 

corrosion current, leorr, showed a gradual decrease in the order of 

oxide-free surface in 0 . 1 M H2S04 > oxide-covered surface in 0. 1 M 

H2S04 > oxide-covered surface in 0 . 1 M H2S04 and 0 . 1 M NaCI > 

oxide-covered surface in  O . l M H2S04 and O .O I M  NaCl .  

Also it has been concluded that the oxide fi lm formation at the 

stain less steel surface exhibits an immediate blockage to the surface 

from corrosion in  sulfuric acid .  For S S  3 1 0, it was found that the 

oxide fi lm formed at its surface i s  not stabi lized as the t ime of film 

deposit ion increases .  The thickness of film deposit ion at  the stainless 
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I Cl' 1 1 \  Pl' � 1 ( )  cO l l l d  be contro l l ed  up 1 0  a t l ln e  �)r depos i t IOn of  400 . 

'1 o rco \ cr ,  f l O  J u l l  coverage of the surface of sta in less steei that i 

I l l l paned b: t he pass i ve oxide fi lm  is guaranteed in the case of less 

t ime  for depos i t i on .  

T h e  data o f  the  E IS  measurements 

conc l u� i Ol 1s :  

showed the fol lowing 

The i m pedance spectra is simple capacitive in  nature as would 

be expected for a passive fi lm covering the surface of a metal 

substrate. 

The modul us measured at the low frequency end (ca. below 1 

Hz) would indicate the electronic nature of the fi lm .  Thus, the 

fi l m  fonned using program # 1 exhibited the h ighest resistance. 

I t  is possible to control the th ickness of oxide/fil m  forming over 

sta in less steel type 3 1 6  using program # 1 .  

I n  conclusion, in acid media and for the passive layer modified with Mo, 

the inh ibi t ing role of Mo on the act ive dissolution current is  associated 

with the insol uble polymer reduced species formed at the potential steps 

of program # 1 .  Therefore, Mo has to have a minimum concentration 

within the passive fi l m  to have effect on the protection of the surface .  

Also, i t  has been shown that for S S 3 1 0 ; the corrosion currents, icorr, and 

corrosion rates are relat ively  h igher for the oxides presumably containing 

Mo or Cr. 
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\\ c ( ; 1 1 1  (O l h: I I J Ck { 1 1 ; 1 1  t h l' I H l' '' C l h : l'  \ ) 1  1.: h r O l l l ; l l c  : l I 1 d  I l l o h . bdatc I II t he fi l m-

fo r l l l l n g  bat h cn ha ncc'l t he -.., t r l lc t ure o r  t he pas3i ve fi l m due to the 

prc�cnce or c h ro m i u m  a s  h )  d ro \. l ue and m o l y  bdenum as the oxide . We 

an a l so conc l ude t hat the fi l m deposited at the stainless steel type 3 1 6  

has a b i laye r (hydrox ide/ox ide) structme , the thickness of which as 

est lmated from the XPS measurements  depth profil ing is  between 45 and 

48  0 A. The bi layer is  fonned within the first few minutes as revealed by 

the SEM micrographs .  The photoelectrochemical experiment conducted 

on SS 3 1 6  showed that the photocurrent for the fi lm increased by 

increasing the th i ckness .  
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