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Corrosion potential of 304 stainless steel in sulfuric acid

BORE JEGDIC!, DRAGUTIN M. DRAZIC?" # and JOVAN P. POPIC%*

! Institute for Chemical Power Sources, Batajnicki drum bb, 11070 Belgrade — Zemun and
2Institute of Chemistry, Technology and Metallurgy — Center for Electrochemistry, P. O. Box 473,
11001 Belgrade, Serbia and Montenegro (e-mail: dmdrazic@eunet.yu)

(Received 21 February 2006)

Abstract: The potentiodynamic study of the electrochemical behavior of austenitic
304 stainless steel in deaerated aqueous sulfuric acid of pH 1 revealed that the steel
achieved a stable corrosion potential of ca. —0.350 V (SCE) independent of whether
the electrode had previously been cathodically “activated” or anodically passivated. It
was also shown that the experimentally observed anodic peak was not the usually ob-
tained anodic passivation peak, as is the case with a number of metal, but an artifact
due to the anodic oxidation of hydrogen absorbed during the previously employed
cathodic polarization and hydrogen evolution, intended to activate the initially passive
surface, or even hydrogen absorbed on the open circuit potential. It was shown that
this potential establishes and electrochemical corrosion potential of the Wagner—Traud
type due to the evolution of cathodic hydrogen on a passivated steel surface and an-
odic metal dissolution through the passive layer. It was impossible to activate 304
stainless steel in sulfuric acid of pH 1 by cathodic polarization, and the usually ob-
served anodic peak obtained under these conditions should not be considered as an ac-
tive metal dissolution process and a passivation anodic peak, but rather as an artifact
due to the electrochemical oxidation of the in the steel absorbed hydrogen.
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INTRODUCTION

The corrosion properties of 304 stainless steel have been studied by a great
number of authors and relevant data can be found in a number of publications.!—3
Dissolution and passivation of 304 stainless steel in sulfuric acid is also treated in
many publications.#~¢ Heumann and Diekéter,” Wilde and Hodge,8 Sukhotin and
Khoreva,? Safonov et al.19 and Popié and Drazi¢!! pointed out that chromium ex-
hibits two stable corrosion potentials in deaerated sulfuric acid, one related to the
active, bare chromium surface, and the second one self-establishing on the passive
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surface of Cr. In many studies of the structure of the passive film on chromium
stainless steels it was demonstrated that the properties of chromium stainless steels
are due to the selective dissolution of Cr alloy and accumulation of Cr,O3 on the
surface of passive layer, i.e., practically to the formation of a Cr passive layer.!2
The purpose of this communication is to compare the corrosion properties of chro-
mium and austenitic 304 stainless steel in aqueous sulfuric acid solution and to
present the preliminary results on the interpretation of the so-called passivation
peak of stainless steel. By comparing the behavior of the corrosion potentials and
the potentiodynamic curves, we concluded that the stable corrosion potential of
stainless steel in dilute sulfuric acid is the corrosion potential established at the
passive steel surface, similar to that on passive chromium, while the so-called
passivation peak on the anodic potentiodynamic sweep is an artifact due to the an-
odic dissolution of hydrogen absorbed inside the steel, rather than the anodic disso-
lution of steel, as is usually considered to be the case.

EXPERIMENTAL

The experiments were performed with metallic Cr (Goodfellow, Berwin, Pa, USA) and
austenitic 304 stainless steel (18.12 % Cr, (9.08 % Ni, 0.07 % C, by analysis)). The electrodes were
made in the form of a piece of metal sealed in epoxy resin (exposed surface area 1 cm?). A two chan-
nel Phillips X—Y plotter was used. All the experiments were performed in aqueous mixtures of 0.1 M
Na,SO4 +H,SO,, (pH 1.0). Merck p.a. chemicals and doubly distilled water were used for the prep-
aration of the solutions. An all-glass electrochemical cell with a thermostating jacket was used. The
counter electrode was a Pt wire and the reference electrode a saturated calomel electrode (SCE). All
the potentials are referred to SCE. The solutions were continuously deaerated with purified nitro-
gen. The potential scan rate of the Cr electrode was 2 mV s™!, which appeared to be sufficiently slow
to consider the polarization curves to have been obtained under a quasi-steady state condition. Prior
to the measurements, the electrodes were activated by cathodic polarization at — 0.9 V for 120 s,
since the spontaneously formed open circuit potential of a chromium electrode which had previ-
ously been in contact with air was about — 0.350 V, which corresponds to the passive state of the
chromium surface. However, similar activation of the steel electrode did not show any significant
effect on the corrosion potential, but affected the shape of the anodic polarization sweep, as shown
in the Results and Discussion section.

RESULTS AND DISCUSSION

As depicted in Fig. 1 the Cr electrode on introduction into the cell (curve 1)
achieved after some time a rather stable corrosion potential of ca. —0.350 V (SCE).
However, after cathodic activation of the Cr electrode, the corrosion, or open cir-
cuit potential (curve 2) achieved a stable value of ca. — 0.760 V (SCE) in a rather
short period of time. The initial, primary value, corresponding to the electrochemi-
cally passivated surface in our previous papers related to the electrochemistry of
Cr,11.13-15 was ca. — 0.450 V (SCE) indicating that the spontaneous oxide film
formed in contact with air and water, and the electrochemically formed during the
forced passivation are very similar, if not identical, in structure. This initial corro-
sion potential formed spontaneously on the passive surface was designated as
Ecor.1,cr» While the corrosion potential formed after the cathodic activation, corre-
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Fig. 1. Change of the open circuit potential over time after introduction of the electrode into the
deaerated sulfuric acid (pH 1) (curve 1 for Cr and curve 3 for steel) and after the cathodic “acti-
vation” (curve 2 for Cr and 4 for steel). Potentials Eo 1 ¢, and Egop gg correspond to passive state
corrosion potentials for Cr and stainless steel, respectively. Eq 1 ¢ is the corrosion potential of
the active chromium.
sponding to the bare, or active, surface E¢r 5 cr- The initial corrosion potentials for
the stainless steel electrode (curve 3) after introduction into the cell, and after cath-
odic activation in a manner similar to that used previously for the electrode (curve
4) converged to the same potential value of — 0.350 V (SCE), E; ss, indicating
that the observed corrosion potential for stainless steel is similar to that for a passi-
vated Cr electrode, E¢or 1 cr- All the attempts to activate a stainless steel electrode
by cathodic polarization even to — 1.4 V (SCE) for up to several tens of minutes did
not change the value of the final corrosion potential, except that the time required

to achieve it was prolonged.

The cyclic voltammogram of a Cr electrode after cathodic activation is de-
picted in Fig. 2. It shows a stable anodic passivation peak starting from the E¢op2 cr
potential, with stable anodic currents!! in the active Cr dissolution potential range
(more negative than the passivation peak potential, £},). However, in the reverse
scan, the anodic current of the passivated Cr at a potential corresponding to
Ecor.1,cr changed its sign, became cathodic, and showed a small cathodic peak, pre-
sented also in the inset in an enlarged view. At the potential of —0.580 V (SCE), the
cathodic hydrogen evolution started loosing its exponential character, and trans-
formed into a negative peak, which at ca. — 0.600 V (SCE) suddenly jumped into



546 JEGDIC, DRAZIC and POPIC

2000 .
- 7 oA
"o | e
1500 ~ g’ ! //m
C}IE 1 é 20 /r /
S 1000+ / '
~ 1 m7\ 0 -800 6;)0 -400 -309
‘__‘ 500 Potential, € vs SCE/mV
- -
‘B
c R
[}
©
“— [0 [ 1 - S S T N0 e T ol c NP
S E
o corr. 1
5 4
-500 -
-1000 . , : r ' , . , .
-1000 -800 -600 -400 -200 0

Potential, E vs SCE/ mV

Fig. 2. Cyclic voltammogram for the Cr electrode after cathodic activation. Inset presents the en-
larged cathodic peak in the reverse scan, representing cathodic hydrogen evolution on the passive
surface.

the positive, anodic current range, in a manner typical of a depassivation peak. In a
laborious manner in Ref. 11 working in the pH range 0.5 — 3, it was shown that
cathodic peak in the reversed sweep is due to hydrogen evolution by H' ions dis-
charge on the passive Cr surface with the cathodic Tafel slope of ca. — 0.120
mV/dec, while the E 1 s established as a stable electrochemical corrosion po-
tential in a Wagner—Traud!® manner.

The cyclic volatmmogram shown in Fig. 3 depicts the electrochemical behav-
ior of a stainless steel electrode, polarized cathodically in an attempt to activate it,
and starting the potential scan from the most negative potential value. In the anodic
potential region regarding the £, g5 value, a typical anodic passivation peak was
observed, as often reported in the literature.4-© However, the reverse scan was dif-
ferent to the one obtained for the Cr electrode. It was cathodic from rather positive
potential values up to the initial starting cathodic potential with the cathodic cur-
rents showing certain hysteresis effect, with lower currents in the reverse scan.
There was neither a cathodic peak nor a depassivation peak, as observed for Cr
(Fig. 2), and for many other passive metals, e.g., Fe, Ni, etc.5 More important are
the results obtained in a more detailed study of the stability of the anodic peak cur-
rents. When the potential was held in the potential range before the anodic peak,
assuming that this potential range corresponds to the anodic dissolution current
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Fig. 3. LCyblic volammogram for the stainless steel electrode after cathodic “activation” at — 0.900
V (SCE) for 10 min. Points A and B connect the current decay during hold of the potential.

o

and the dissolution current would be fairly stable, as was the case with the anodic
dissolution before the passivation potential for chromium (see Fig. 2), a constant
current decay was observed as indicated in Fig. 3 by the vertical line between po-
ints A and B, point B corresponding practically to the average current in the passive
region. The time dependence of this decay is shown in Fig. 4, indicating that about
3 mC/cm? of anodic charge was consumed during this decay (black circles). Open
circles and open squares represent the similar decays but after waiting for 60 or 600
s, respectively, at the corrosion potential, E, gg, after cathodic activation. As
seen, the decays were somewhat faster than the ones immediately after activation.
On the other hand, as shown in Fig. 5, holding at the corrosion potential after acti-
vation at the cathodic potential of — 0.900 V (SCE) for 2 h affected the value of the
passivation current tremendously, so that in that the passivation peak almost disap-
peared and the current attained the value of the passive current. Anodic polariza-
tion curve after 2 h holding was made first, and the cathodic curve (open circles) af-
terwards in order to avoid hydrogen absorption. Hence, anodic peak is appearing as
a consequence of the presence of absorbed hydrogen. The effect of hydrogen
charging on the height of the anodic peak is reported in the literature for stainless
steel,17 but without the corresponding evaluation.

The observed sensitivity of the “passivation” peak on the cathodic pretreat-
ment, and the time dependence of the anodic current in the potential range more
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Fig. 4. Depandence of the current over time during hold of potential at the potential correAspond-
ing to point A depicted in Fig. 3, but after different holds at the corrosion potential after “activa-
tion”; ® — immediately after “activation”; O — after 60 s; O — after 600 s.

negative than the “passivation” potential of the “passivation” peak strongly sug-
gests that the observed “passivation” peak for the stainless steel electrode is, in
fact, an artifact, related not to the active—passive transition as usually observed for
many metals, but to a pseudo-passivation phenomenon arising from the anodic ox-
idation of hydrogen absorbed in the steel during cathodic activation, or often used
practice to start the potentiodynamic or voltammetric experiments from the poten-
tials more negative than E,; g5, when hydrogen evolution (and hydrogen absorp-
tion) occurs.

On the other hand, this means that the surface is passive over almost the whole
potential range studied, and that the corrosion potential of “activated” steel, is in fact,
the corrosion potential of passive steel, corresponding in some manner to Ecop 1 cr-
The observed hydrogen evolution during cathodic polarization of a steel electrode is,
in fact, hydrogen evolution on a passive surface, and the failed attempts to activate a
steel electrode by prolonged cathodic polarization, as observed for a Cr electrode,
simply means that the passive layer cannot be reduced in a similar manner as for a Cr
electrode. The stable corrosion potentials, £ gs, for steel electrodes presented in
Fig. 1 are, therefore, electrochemical corrosion potentials formed according to the
Wagner—Traud model!© by two opposing electrochemical reactions, cathodic hydro-
gen evolution on the passive film and anodic dissolution of steel through the passive
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Fig. 5. Two potentiodynamic curves for the same stainless steel electrode after “activation” at —
0.900 V (SCE) for 10 min. Curve 1 — starting from the cathodic potential; curve 2 — starting after
2 h hold from E, gg first in the anodic direction.

film, i.e., a passive anodic current. In the present work it was not possible to reduce
electrochemically the passive film on stainless steel and obtain stable anodic metal
dissolution in an active potential dissolution range, and also the second corrosion po-
tential in the active dissolution range, corresponding to the “bare” metal surface, as
observed in the case of metallic chromium.

CONCLUSION

The often observed anodic peak on 304 stainless steel electrodes in deaerated
sulfuric acid solutions appears to be not the real anodic passivation peak, as ob-
served for many metals under similar circumstances, but an artifact arising from
the anodic oxidation of the hydrogen absorbed during cathodic polarization, or
even longer holding at the open circuit, i.e., corrosion, potential. Cathodic hydro-
gen evolution occurs on the passive film, while the open circuit potential is formed
by a Wagner—Traud electrochemical model, with two more-or-less stable opposing
electrochemical reactions, i.e., cathodic hydrogen evolution and anodic metal dis-
solution through the passive layer. Ageing of the passive layer probably affects in
some way the rates of both reactions, which might affect the stability of the
observed corrosion potential.
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n3BONO

KOPO3MOHU ITOTEHLMJAII HEPLAJYREI YHEJIMKA 304 Y CYMITIOPHOJ
KNCEJINHN

BOPE JEITIWBRL, IPATYTUH M. IPAXKWB2 n JOBAH I1. [TOITWR2

II/IHCIEuLTtszA 3a xemujcke ussope citipyje, baitiajuuuxu opym 66, 11070 Feozpad-3emyn u Zl/lncmumym 3a xemujy,
iwiexHon02ujy u meiarypzujy — Lleniiap 3a eaexiupoxemujy, ii. ip. 473, tbezowesa 12, 11001 Beozpao

[ToTrennumonuuaMryKka NCIUTHBAaK-A €JIEKTPOXEMUjCKOT MOHallIamka Hephajyher yenuka
304 y peaepupaHoj cyMnopHoj Kucenuuu ca pH 1 moka3zana cy fja ce Ha YeJIMKY YCIOCTaBba
crabuinad Kopo3nonu noteHnujan of — 0,350 V (3KE) He3aBHCHO Off TOTa /1a IM je eNeKTpoyia
MPETXOHO KAaTORXHO TPEeTUpaHa pajH ,,aKTHBAIHje”, WU je MOBpIINHA OWiIa macuBUpaHa.
ITokazaHno je, Takobe, Ja €KCIEPUMEHTAIHO NOOWjeHH aHOAHM MAaKCUMYM Ha MOTEHIUO-
JIMHAMAYKO] KPUBHU IIO3UTUBHHjE O KOPO3MOHOT MOTEHIMjajia HHje aHOIHH MacHBalOHH
MaKCHMyM KOju ce 0OMYHO mobuja mpu aHOMHO] mojapu3anuju Beher 6poja meTtana y cim-
YHHUM YyCIOBMMA, Beh eKCleprMMEHTaNHN apTedakT KOoju HacTaje 300r aHOJHE OKCHAaluje
BOJJOHUKA ancopOOBaHOT YHYTap YelInKa TOKOM KaTOJHOT ,,aKTUBHpama” WIM YaK U MpH
Iy>KeM JIp>Kamkby Ha KOPO3MOHOM MoTeHnujany. [TokasaHo je fa je crmoHTaHO (popMupaHH
MOTEHIIMjall OTBOPEHOT KOJjIa 3alpaBO KOPO3MOHU MOTEHIMjal KOji HAacTaje Kao MEIIOBUTHU
notenujan Baruep-TpayqoBor Tuma CympoOTHUM JeIOBabeM KaTOJIHE peakliuje n3jiBajama
BOJJOHMKA Ha MAaCHBHOM CJIOjy ¥ aHOJTHOT pacTBapama JelnKa Kpo3 nacuBHu cinoj. Huje 6mino
MOryhHO KaTOIHOM ,,aKTHBAIjOM” U IyTOTPAjHUjOM KaTOHOM ITOJIAPH3AIHjOM /IO 3HAYAjHO
HEraTUBHUX MOTEHIM]jajia ¥ BPJIO BEJIMKUX KATOAHHUX CTPYyja ia ce MACHBHU CIIO] YKIOHU M
MOCTUTHE aKTHBHO eJEKTPOXEMHjCKO pacTBapame MeTaja 0e3 MPUCYCTBa MacCUBHOT CIIoja,
Tj. cnobogHa MeTanHa moBpmmHa. CTora, 9ecTO eKCIepIMEHTATHO KOHCTaTOBAaH aHO[HH
MaKCUMyM Ha OBAaKBHM UeJIHIIMa He Tpeba fa ce HHTepIpeTHpa Kao aHOLHO pacTBapame ca
MacHBalMOHUM MakCMMyMoOM, Beh Kao mocieuia aHOHe OKCHJIalije ancopOOBaHOT BOJIO-
HYKa y TAaCHBHOM YEJIHKY, & KOjH Ce TIOJI OBUM YCIIOBAMA HE MOXKe eJIeKTPOXEMH)jCKU aKTHBHU-
paTH, OfiH. IeTIaCUBUPATH.

(ITpumibeno 21. pebpyapa 2006)
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