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A B S T R A C T 

S t u d i e s o f p a s s i v e f i l m on AISI 304 s t a i n l e s s s t e e l i n a l k a l i n e medium 
(pH = 9.2) w i t h and w i t h o u t C l ~ a d d i t i o n were c a r r i e d out by u s i n g 
p h o t o e l e c t r o c h e m i c a l and impedance t e c h n i q u e s . For the band gap energy 
of the o x i d e f i l m v a l u e s of 2.65 - 2.75 eV were e s t i m a t e d and f o r the 
f l a t p o t e n t i a l s v a l u e s between -430 and -530mV (SCE) were c a l c u l a t e d . 
The v a r i a t i o n of the c a p a c i t a n c e of the f i l m w i t h the p o t e n t i a l of i t s 
f o r m a t i o n was a l s o s t u d i e d . 

Key words: P a s s i v e f i l m s , P h o t o e l e c t r o c h e m i s t r y , Impedance, S t a i n l e s s 
S t e e l . 

INTRODUCTION 

The phenomenon of l o c a l i z e d c o r r o s i o n i s i n t i m a t e l y connected w i t h 
the breakdown of the p a s s i v e s t a t e . I n t h i s p e r s p e c t i v e , the knowledge 
of t h i s s t a t e , through the c h a r a c t e r i z a t i o n of the p a s s i v e f i l m s , be
comes e s s e n t i a l to the u n d e r s t a n d i n g of the mechanisms l e a d i n g to t h a t 
type of c o r r o s i o n . 

In the past few y e a r s , s e v e r a l authors (1-6) have been e n v i s a g i n g 
p a s s i v e f i l m s as semiconductors and c h a r a c t e r i z i n g them as so. 

In t h i s work, p a s s i v e f i l m s are grown on s t a i n l e s s s t e e l a t se
v e r a l e x t e r n a l l y imposed p o t e n t i a l s and t h e i r study i s made by means of 
p h o t o e l e c t r o c h e m i s t r y and e l e c t r o c h e m i c a l impedance. 

* P r e s e n t e d at the 3 r c^ Meeting of the M a t e r i a l s Portuguese S o c i e t y , 
( M a t e r i a i s 8 7 ) , Braga, A p r i l 1987. 
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EXPERIMENTAL 

The study i s made u s i n g commercial a u s t e n i t i c s t a i n l e s s s t e e l 
(AISI 304), machined to produce a 4mm diameter c y l i n d e r . One of i t s 
bases i s s o l d e r e d to a copper w i r e and the s e t i s i n s e r t e d i n an i n 
v o l v i n g " T e f l o n " s u p p o r t , l e a v i n g exposed o n l y the o t h e r base of the 
c y l i n d e r , which i s then abraded w i t h S i C paper up to 600 g r i t . 

A t h r e e e l e c t r o d e c e l l i s used, which c o n t a i n s a s a t u r e d c a l o m e l 
r e f e r e n c e e l e c t r o d e (SCE) and a p l a t i n u m w i r e counter e l e c t r o d e . The 
experiments are performed at room temperature, i n a n i t r o g e n d e a r a t e d 
s o l u t i o n w i t h the f o l l o w i n g c o m p o s i t i o n (pH 9.2). 

Na.B.O., . 10 H o0 0.075M 2 4 / 2 

H 3 B 0 3 0.05M 

NaCl 0-0.5 g/1 

The e l e c t r o d e i s c a t h o d i c a l l y p o l a r i z e d to - l V o l t d u r i n g 10 mi
n u t e s , a f t e r which the f i l m i s p o t e n t i o s t a t i c a l l y formed at the s e l e c 
ted p o t e n t i a l . The e l e c t r o c h e m i c a l measurements are i n i t i a t e d a f t e r 2 
hours of f i l m growth. 

P h o t o e l e c t r o c h e m i s t r y 

The l i g h t source i s a 150W xenon lamp. A monochromator ( J o b i n Yvon 
H25) and a l i g h t chopper (EG&G B r o o k d e a l , 9479) are used (fr e q u e n c y 
400 Hz) , and the p h o t o c u r r e n t i s measured by means of a EG&G 5206 l o c k - i n 
a m p l i f i e r ( F i g . l ) . 

As the l i g h t source produces an amount of photons t h a t i s frequency 
dependent, the p h o t o c u r r e n t has to be n o r m a l i z e d w i t h r e s p e c t to the 
lamp e m i s s i o n , which i s measured by means of a d e t e c t o r (Bentham DH-Si) 
and a c u r r e n t a m p l i f i e r (Bentham 210E) . 

* A l l p o t e n t i a l s are r e f e r r e d to the SCE. 
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The e l e c t r o c h e m i c a l c e l l has a q u a r t z window to a l l o w the r a 
d i a t i o n through. 

1 *fE 

L _ 

A m p l i f i e r 

P o t e n t i o s t a t 
I n t e r 
f a c e Q 

Source 

F i g . l - Set-up used f o r the p h o t o e l e c t r o c h e m i c a l and 
impedance measurements. 

E l e c t r o c h e m i c a l Impedance 

The measurements are performed by a p p l y i n g to the c e l l s i n u s o i d a l 
p o t e n t i a l s w i t h 10 mV amplitude and 100 KHz - 1 mHz f r e q u e n c i e s . At the high 
f r e q u e n c i e s , the measurements are made u s i n g a l o c k - i n a m p l i f i e r (PAR 
5206), w h i l e the a l g o r i t h m of F o u r i e r t r a n s f o r m i s used a t the low 
f r e q u e n c i e s . In t h i s method, a harmonic s e r i e s of p o t e n t i a l s i n u s o i d s 
i s s i m u l t a n e o u s l y a p p l i e d to the e l e c t r o d e , the r e s u l t b e i n g then s e 
p a r a t e l y computed f o r each harmonic. 

The c o n t r o l and a n a l y s i s are made by an Apple microcomputer and 
adequate PAR s o f t w a r e . 

RESULTS AND INTERPRETATION 

The p a s s i v i t y range i s determined by a p o t e n t i o d y n a m i c sweep made 
at a r a t e of 1 V o l t / h o u r ( F i g . 2 ) . 

The r e s u l t s show t h a t the a l l o y i s p a s s i v a t e d between approxima
t e l y -0.6V and +0.9V. At p o t e n t i a l s around +0.5V the c u r r e n t s l i g h t l y 
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i n c r e a s e s o r i g i n a t i n g a s h o u l d e r i n the Evs I p l o t . T h i s s h o u l d e r might 
be due to a s t r u c t u r a l and/or chemical t r a n s f o r m a t i o n of the o x i d e , 
p o s s i b l y due to the l a c k of s t a b i l i t y of the chromium o x i d e s a t such 
anodic p o t e n t i a l s . Based on the p l o t i n F i g . 2 , the p o t e n t i a l s of 
-0.2V, 0V, +0.3V, +0.575V and +0.8V were s e l e c t e d f o r the f i l m growth. 

10 10 18 10 10 10 10 

I (JJA/CMA2) 

F i g . 2 - P o l a r i z a t i o n p l o t f o r AISI 304 i n the b u f f e r 
s o l u t i o n w i t h o u t C l ~ (pH = 9.2). 

P h o t o e l e c t r o c h e m i s t r y 

P r e l i m i n a r experiments were performed, aimed at d e t e r m i n i n g the 
adequate w o r k i n g c o n d i t i o n s . 

Thus, s e v e r a l chopper f r e q u e n c i e s were t r i e d , and 400 Hz was 
chosen, because i t p r o v i d e d good p h o t o c u r r e n t i n t e n s i t i e s and s t a b l e 
phase angles (between c u r r e n t and i l l u m i n a t i o n ) . 

The p h o t o c u r r e n t (Ipfc) was a l s o f o l l o w e d d u r i n g the f i l m growth, 
the r e s u l t s showing t h a t I h i n c r e a s e s as the f i l m t h i c k e n s , r e a c h i n g 
an a p p r o x i m a t e l y steady v a l u e a f t e r about 30 minutes. 

The band gap can be o b t a i n e d from the p h o t o c u r r e n t measurements, 
through the e q u a t i o n : 
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(h v n ) 
2/n ( E g - h V) 

where h i s the Pl a n c k c o n s t a n t , V the frequency of the i n c i d e n t r a d i a 
t i o n , Hq the quantum y i e l d , B a c o n s t a n t , and Eg the band gap. Because 
i n t h i s case the t r a n s i t i o n i s i n d i r e c t ( 3 ) , thus r e q u i r i n g a phonon 
p a r t i c i p a t i o n , n = 4. Eg can t h e r e f o r e be o b t a i n e d by p l o t t i n g (hVTlq) 
vs hv. These p l o t s , whose shape does n ot change w i t h the w o r k i n g con
d i t i o n s , shows a maximum at about 340 nm, the p h o t o c u r r e n t d e c r e a s i n g 
f o r l a r g e r wavelengths ( F i g . 3 ) . The p h o t o c u r r e n t i n t e n s i t y shows a 
dependence on the p o t e n t i a l and the c h l o r i d e c o n c e n t r a t i o n , a l t h o u g h no 
c o n s i s t e n t c o r r e l a t i o n has been d e t e c t e d so f a r . As a l r e a d y mentioned, 
the p h o t o c u r r e n t depends upon the t h i c k n e s s of the o x i d e f i l m , and t h i s 
may be the e x p l a n a t i o n f o r those f a c t s . F i g . 3 a l s o shows t h a t b o t h i n 
the presence and i n the absence of C l _ , the h i g h e r p h o t o c u r r e n t s come 
at +0.575V, which i s the p o t e n t i a l f o r which the p a s s i v e c u r r e n t 
i s h i g h e r (see F i g . 2 ) . 

1/2 

F i g . 3 - P h o t o c u r r e n t p l o t s f o r f i l m s formed at d i f f e r e n t 
p o t e n t i a l s and NaCl c o n c e n t r a t i o n s ( e x p r e s s e d 
i n g/1). 



The band gap v a l u e s , which were determined from the e x t r a p o 
l a t i o n of the l i n e a r p a r t o f the curve to zero o r d i n a t e v a l u e s , show a 
s l i g h t v a r i a t i o n w i t h the f i l m growth p o t e n t i a l ( F i g . 4 ) , E g becoming 
s m a l l e r as the p o t e n t i a l becomes more anodic. T h i s type of b e h a v i o u r , 
although more pronounced, was o b t a i n e d by o t h e r authors f o r f e r r i t i c 

2.8 r
3
 r 1 1 1 1 1 1 

E / V (ESC) 

F i g . 4 - Band gap vs f i l m f o r m a t i o n p o t e n t i a l f o r 
A I S I 304 i n pH 9.2. 

s t a i n l e s s s t e e l s ( 3 ) , and r e v e a l s an i n f l u e n c e of the a p p l i e d p o t e n 
t i a l on the c o m p o s i t i o n of the p a s s i v e f i l m . T h i s i n f l u e n c e i s g r e a t e r 
than t h a t of the c h l o r i d e i o n , a t l e a s t f o r the low c o n c e n t r a t i o n s used 
( F i g . 5 ) . 

[NaCl] <g/l> 

F i g . 5 - Band gap vs C l ~ c o n c e n t r a t i o n (AISI 304,pH 9.2) 
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For the same type o f e x p e r i m e n t s , made w i t h h i g h - p u r i t y i r o n i n 
c h l o r i d e f r e e s o l u t i o n s ( 1 ) , was e s t i m a t e d as 2.67 eV, i r r e s p e c t i v e 
o f the p o t e n t i a l of f i l m f o r m a t i o n . T h i s v a l u e i s c l o s e to the one 
now o b t a i n e d f o r 304 s t e e l (2.66 eV at +0.8V w i t h o u t c h l o r i d e ) . T h i s 
b e h a v i o u r i s i n accordance w i t h Sato e t a l ( 9 ) , who found experimen
t a l e v idence f o r the f o r m a t i o n of F e - r i c h f i l m s a t the h i g h a n o d i c 
p o t e n t i a l s and C r - r i c h f i l m s a t l e s s anodic p o t e n t i a l s . 

E l e c t r o c h e m i c a l Impedance Measurements 

The impedance p l o t s o b t a i n e d are t y p i c a l of a d i f u s i o n - c o n t r o l l e d 
p r o c e s s ( F i g . 6 ) , as s h o u l d be expected f o r a p a s s i v e s t a t e . 

The p l o t of the c a p a c i t a n c e determined f o r a 1 KHz f r e q u e n c y , as 
a f u n c t i o n of the o x i d e growth p o t e n t i a l ( F i g . 7 ) , shows a decrease 
i n the c a p a c i t a n c e as the p o t e n t i a l becomes more a n o d i c , f o l l o w e d by 
a r i s e at about +0.8V. These r e s u l t s agree w i t h those o b t a i n e d by 
o t h e r authors ( 1 , 7 , 8 ) . A c c o r d i n g to the l i t e r a t u r e ( 7 ) , t h i s r i s e of 
c a p a c i t a n c e a t the h i g h a n o d i c p o t e n t i a l s c o u l d be a s c r i b e d to the 
a d s o r p t i o n o f anions a t the e l e c t r o d e s u r f a c e , which i n the p r e s e n t 
case would be b o r a t e a n i o n s . 

2.Q0QE4 

J 
w 

F i g . 6 - Impedance p l o t f o r a f i l m formed at +0.575V 
i n a CI f r e e s o l u t i o n (100 KHz - 0.55 Hz) 
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C(uF/cm2) 

E/VCESC) 

F i g . 7 - C a p a c i t a n c e of the f i l m ( at lKHz) f o r 
AISI 304 i n a c h l o r i d e f r e e s o l u t i o n . 

Another type of s t u d i e s made by impedance measurements i s based on 
the M o t t - S c h o t t k y e q u a t i o n w h i c h , f o r a n-type semiconductor ( 3 ) , can 
be w r i t t e n : 

f E e N b o D 
(V - V k T 

fb 

where 

C = semiconductor c a p a c i t a n c e 
e 0= vacuum p e r m i t i v i t y (8.854 x l O - 1 ^ F.cm ) 
e = d i e l e c t r i c c o n s t a n t 
e = e l e c t r o n charge 
Np= d e n s i t y of charge c a r r i e r s 
V = e l e c t r o c h e m i c a l p o t e n t i a l 
V ^ = f l a t b a n d p o t e n t i a l 
k = Boltzmann c o n s t a n t 
T = a b s o l u t e temperature 

Thus, a f t e r the p o t e n t i o s t a t i c f i l m growth, a p o t e n t i a l sweep i s 
made and impedances are measured a t a c o n s t a n t frequency. From each 
of these measurements a c a p a c i t y v a l u e i s determined, assmuming 
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Z" = 1/coC, which i s v a l i d a t the h i g h f r e q u e n c i e s (5) . 
-2 

The C vs V p l o t ( F i g . 8 ) g i v e s an e s t i m a t e of the f l a t b a n d po
t e n t i a l , from the e x t r a p o l a t i o n of the l i n e a r p a r t of the p l o t . 

6E11 

-0 .5 UDLTS 
+ 0.5 

F i g . 8 M o t t - S c h o t t k y p l o t f o r A I S I 304, p a s s i v a t e d 
at 0.3 V. 

Al t h o u g h these experiments are s t i l l i n an i n i t i a l phase, the 
r e s u l t s so f a r o b t a i n e d show a tendency f o r Vf^ to i n c r e a s e w i t h the 
c h l o r i d e c o n c e n t r a t i o n and a l s o w i t h the anod i c p o t e n t i a l (Tables 1 
and 2) . 

Table 1 - V f b f o r AISI 304 (E = 0 V o l t ) 

NaCl ( g / D V f b (V/ESC ) 

0 

0.5 

10.0 

- 0.51 

- 0.48 

- 0.44 
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Table 2 - V f b f o r AISI 304 (0.5 g NaCl/1) 

E (V/ESC) V
f K
 (V/ESC) 

0.48 

0.44 

0.43 

0 

+0.3 

+0.575 

These v a l u e s of V^ b are more n e g a t i v e than those r e f e r r e d i n the 
l i t e r a t u r e (1) f o r pure i r o n a t the same pH: -380 to -400 mV. 

CONCLUSIONS 

The r e s u l t s show the i n t e r e s t of p h o t o e l e c t r o c h e m i s t r y and e l e c 
t r o c h e m i c a l impedance to the study and c h a r a c t e r i z a t i o n of o x i d e 
f i l m s . 

The v a l u e s o b t a i n e d f o r the band gap are i n the range 
2.65 - 2.75 eV, and decrease as the p o t e n t i a l of f i l m growth becomes 
more a n o d i c . The Eg v a l u e s a l s o i n d i c a t e the f o r m a t i o n of F e - r i c h 
f i l m s a t the more anod i c p o t e n t i a l s , a t which the chromium o x i d e s be
come t h e r m o d i n a m i c a l l y u n s t a b l e . 

The f l a t b a n d p o t e n t i a l s range from -530 mV to -430 mV (SCE), 
i n c r e a s i n g w i t h the c h l o r i d e c o n c e n t r a t i o n and the f i l m growth po
t e n t i a l . 

The c o n f i r m a t i o n and f u r t h e r i n t e r p r e t a t i o n of these r e s u l t s i s 
expected d u r i n g the p r o g r e s s i o n of the stud y . 
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