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ABSTRACT

The corrosion behaviours of fifteen low alloy steelswere studied in amolar
solution of sulphuric acid, using the classical electrochemical techniques.
The studied steels are al of complex compositions but they contain less
than two (and often one) percents of each alloying elements. They were
synthesized from pure elements by induction foundry in inert atmosphere
and the characterization of corrosion was performed according to the Stern-
Geary and Tafel methods. Unsurprisingly all steels were in an active state,
withlow polarization resistances, corrosion potentialsgeneraly near -0.2V/
HNE and current densities of corrosion just under 1 mA / cm?. Nevertheless,
some differences were seen between the corrosion parameters of some of
these steel's. The presence of molybdenum, niobium, tantalum and vanadium
seemsto lower the corrosion ratewhilethe contrary was observed for silicon
and chromium. The influences of manganese and tungsten were not well
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INTRODUCTION

Thelow aloy steds, which containlessfew percents
of dementsother thaniron, arenot so corroson res stant
than stainless steel's, especidly inacid solutions. If the
corrosion behaviour of stainlesssted shasbeen of great
interest over several tens years in more¥ or less?
concentrated sulphuric acids, thelow alloy steelswere
dsostudiedindilute® or concentrated sulphuric acidic
solutions, but the concerned works seem to benot so
nUMerous.

The am of this study is to characterize, using
classcd dectrochemicd techniquesasmeasurement of

pol arization resi stancesand determination of corrosion
potentia and current by Tafd experiments, thecorrosion
behaviour of several low aloy cast steelsof different
compaogitionswhenimmersedinasmplemolar aqueous
solution of sulphuric acid, with aspecid attentionto the
possible effect, beneficial or detrimental, of several
eementsaddedinsmdl quantitiesto abasecompostion.

EXPERIMENTAL

Synthesisof thestudied steelsand prepar ation of
the electrodes

Fifteen different alloyswere cast, using ahigh
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frequency induction furnace (CELES), by meltingthe
pure elements (Alfa Aesar, >99.9wt.%) together
under aninert atmosphere of pureargon (300mbars).
The obtained ingots (mass = about 100g) were cut,
tin-soldered to a plastic-isolated copper wire,
embedded in acold resin and polished with 1200-
grit paper. The area of emerging steel, which was
thereafter in contact with the sulfuric solution, varied
from0.8to 1.8 cm?.

M etall ographic sampleswerea so preparedin or-
der toexaminetheir microgtructure, usnganoptical mi-
croscope equipped with adigita camera, after etching
with Nital 4% (96% ethanol + 4% HNO,): immersion
during 15-20 seconds at room temperaturethen water
rinang, ethanol ringngand drying by hot air. Thesame
samplesaso dlowed controlling the obtained chemica
compositions, by Wave ength Dispers on Spectrometry
(usingaCameca SX50 or SX100 microprobe).

Electr ochemical char acterization of corrosion

Thedectrochemical runswere performed at room
temperature, using aclassical three-electrodescell and
a potensiostat / galvanostat (Princeton Applied
Research, model 263A) driven by a computer
(supporting the softwareM 352 of EGG/Princeton). The
electrolyte was a sulphuric solution of H,SO,
(concentration: 1Mol/L), whichwasreplaced after each
{3xRp+ 1 x Tafel} whole experiment.

The electrochemical experiments which were
performed were composed of:

* three successive measurements of the
pol arization res stance (Rp) every about 10 minutes
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over a 40mV-wide range centred on the Open
Circuit Potentia (Eocp) previoudy measured (from
Epp—20mVitoE_+ 20mV), with ascanrate of
10mV/min,

* followed by aTafel run, from Eppp—250mV
toE  + 250mV (scan rate: 10mV/min), with
determination of the potential and current density

of corrosonE_, andl_ , andthe Tafe coefficients
B,andp).

RESULTSAND DISCUSSION

Chemical compositionsand microstructuresof the
obtained alloys

Thegenera chemicad compositionsof the obtained
stedsaregiveninthefirst columnsof TABLES 1a, 1b,
2aand 2b. Thecumulated contentsin alloying e ements
aregeneraly lower than 5wt.%, with Si contents, Mn
contents, Cr contentsand M o contentsvarying between
0t00.1wt.%(S1),0t01.2(Mn),0to 1.4 (Cr) and Oto
1.7 (Mo), forthedementscontainedindmos dl stedls.
Additiona elementscanbeal so present inoneto four
steelsineach case: W (0to 1.1wt.%), V (0t0 0.9), Nb
(Otol.7)and Ta(0Oto 1.2).

Observed using optical microscope after Nital-
etching their microstructuresare generally similar to
oneanother, with dispersion of very small precipitates
which areprobably carbidesformed from carbon and
the present carbides-former elements (Cr, Mo, ...).
Figure 1 shows two examples of the obtained
microstructures.

Figurel: Examplesof microstructures(Nital etching): steel 2 (Ieft hand) and stedl 7 (right hand)
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Results obtained according to the stern-geary
method

The polarization resistanceswhich were measured
(three per aloy) are presented in TABLE 1a and
TABLE 1b, which allow comparing directly the steels
which differ from oneanother about only onee ement.
InTABLE 1a, inwhich the other steel sare compared
withthereferencested (“STEELO01”), one can see that
some of the elements seem being beneficia for the
polarization resistance, evenif they arepresentinsmall
or very smal quantities, while other e ementshavethe
inverseeffect:

TABLE 1la : Values obtained for the three successive
polarization resistances; comparison between thereference

steel (STEEL 01) and two (or three) steelsdifferent fromthe
first oneabout a single element

. . Rp:1 Rp2 Rps

S S Mn Cr Mo (Qxcm?) (Qxcm?) (Qxcm?)
steel14 / 043 103 0.24 36.7 38.0 36.9
STEELO1 0.07 0.40 1.02 0.19 29.2 27.2 25.6
. Rpl sz RpS

Mn S Mn Cr Mo @Qxem?) (Qxem) (Qx em?)
steel13 0.09 / 106 024 30.1 30.2 27.1
STEELO1 0.07 0.40 1.02 0.19 29.2 27.2 25.6
steel02 0.09 1.22 1.05 0.29 24.6 25.0 24.7
. Rpl sz Rpg

Cr S Mn Cr Mo @xem?) (Qxem?) (Qx em?)
steel03 0.10 044 / 0.08 35.0 321 28.1
STEELO1 0.07 0.40 1.02 0.19 29.2 27.2 25.6
. Rp1 sz Rpg

Mo S Mn Cr Mo @Qxem?) (Qxcm) (Q x em?)
steel04 0.09 0.37 096 / 314 21.2 19.2
STEELO1 0.07 0.40 1.02 0.19 29.2 27.2 25.6
steel05 0.11 0.37 1.02 1.59 29.0 26.6 25.8
. Rp: Rp. Rps

W S Mn Cr Mo W Qx em?) (Qxem?) (Q x em?)
STEELO1 0.07 040 1.02 019 / 29.2 27.2 25.6
steel07 0.11 041 1.10 0.23 1.08 25.7 22.8 21.4
! Rp. Rp: Rps

\% S Mn Cr Mo V @Qx em?) (Qxem?) (Q x em?)
STEELO1 0.07 040 1.02 019 / 29.2 27.2 25.6
steel09 0.08 040 1.41 0.27 0.89  39.3 345 341
" Rp: Rp. Rps

Nb S Mn Cr Mo Nb Qx em?) (Qxem?) (Q x em?)
STEELO1 0.07 0.40 1.02 0.19 / 29.2 27.2 25.6
steel08 0.09 0.38 1.03 0.18 1.73  73.3 84.0 96.5
. Rp1 sz Rp3

Ta S Mn Cr Mo Ta Qx em?) (Qxem?) (Q x em?)
STEELO1 0.07 040 1.02 019 / 29.2 27.2 25.6
steel10 0.05 041 1.06 0.17 1.19  43.0 34.3 337
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TABLE 1b: Valuesobtained for thethreesuccessve polariza-
tion resistances; comparison between two (or three) steels
different from oneanother about asingleelement

Mn S Mn Cr Mo @ Ezlmz) (Qsizmq (ininz)
stedl06 0.09 0.11 1.04 166 355 318 297
stedl05 0.11 037 1.02 159  29.0 26.6 25.8
W S Mn Cr Mo W V (QF:’)clmz) (QFjpc;lz) (in;,z

Steel12 0.10 0.45 1.08 0.43 012 0.07  26.4 23.9 230
steel11 0.08 0.43 1.07 0.43 028 /  28.1 26.1 24.8
steel15 0.08 0.39 0.99 0.36 029 / 285 272 265

- 'V, Nb, Ta, and Mo lead to an increase in
polarization resstance,

- S, Crand Mn (TABLES laand 1b) lower the
polarization resstance,

whiletheeffect of W isnot well established sinceits
presencelowersthepolarizationresistancein TABLE
lawhiletheinverseeffectisobservedin TABLE 1b.

Resultsobtained accordingtothe Tafel method

Theresultsof the Tafel calculationsaregivenin
TABLE 2aand TABLE 2b, with apresentation which
heretoo facilitatesthe direct comparison between the
ded sdifferent from oneanother about only oned ement.
Asabove, onecan seein TABLE 2a, wherethe other
steel sare compared with thereference STEEL 01, that
there are some elements which lead to lowered
corrosion rates, whilethere are other elementswhich
havetheinverseeffect:

-V, Nb, Taand Mo lower the density of corrosion
current,
- SiandCrleadto anincreasein corrosion current,

whiletheeffectsof Mnand of W arevariable, asit can
beseenin TABLE 2aand TABLE 2b.

Some of the Tafel curves are displayed in the
graphs presented in Figure 2 and Figure 3. In each
graph of Figure 2 the Tafel curvefor thereference
STEEL 01 isplotted together with the one of the other
sted whichisdifferent from thisoneabout the content
invanadium, niobium or tantalum (elementsbeneficia
for aslower corrosion), while each graph of Figure
3 contains the Tafel curve of STEELO1 plotted
together with the one of the other steel which differs
from thelatter one about the contentinsilicon or in
chromium (el ementstending to enhance corrosion),
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and a so intungsten (which hasnot avery established
roleinthispoint of view).

TABLE 2a: Valuesabtained for thepotentialsand currentsof
corrosion; comparison between the reference steel
(STEELO01) and two (or three) steelsdifferent fromthefirst
oneabout asingleelement

: : Ecorr / HNE Icorr Ba Bc
S S Mn Cr Mo TRy (uAlem?) (mV/ded) (mV/dec)
Sed14 /043 103 024  -219 471 62 157
STEELOL 0.07 040 102 019  -211 668 62 170
" ECOrr / HNE ICOrr Ba BC
Mn S Mn Cr Mo ""v)  (uAlem®) (mV/ded) (mV/dec)
sed13 009 / 106 024  -211 618 61 147
STEELOL 0.07 040 102 019  -211 668 62 170
Sed02 000 122 1.05 029  -218 574 57 169
] Ecorr / HNE Icorr Ba Bc
Cr S Mn Cr Mo "Wy (uAfem?) (mV/ded) (mVi/dec)
dedl03 010 044 / 008  -213 642 63 154
STEELOL 0.07 040 102 019  -211 668 62 170
" ECO[[ / HNE ICO[[ Ba BC
Mo S Mn Cr Mo ""rv)  (uAfem?) (mVide) (mV/ded)
Sed04 009 037 096 / 214 82 62 187
STEELOL 0.07 040 102 019  -211 668 62 170
Sed05 011 037 102 159  -189 528 47 141
) Er /THNE  Tor B B
W S Mn Cr Mo W "y (wAlem?) (mV/ded) (mVidec
STEELOL 007 040 102 019 /  -211 668 62 170
ged07 0.1 041 110 023 1.08  -199 863 62 171
- Eoor /[HNE  Ioor B B
V. S Mn Cr Mo V") (uAfem?) (mVide) (mVidec
STEELO1 0.07 040 1.02 019 / -211 668 62 170
ged09 008 040 141 027 0.89  -217 49 50 173
. Ecorr / HNE | corr Ba Be
Nb S Mn Cr Mo Nb "0y (ualem?) (mVided) (mVidec
STEELO1 0.07 040 1.02 019 / -211 668 62 170
steel08 0.09 0.38 1.03 0.18 1.73 -240 201 56 231
' Ecorr /HNE oo Ba Be
Ta S Mn Cr Mo Ta ") (uAem?’) (mVideq) (mV/dec
STEELOL 007 040 102 019 /  -211 668 62 170
ged10 005 041 106 017 119 -211 463 57 178

TABLE 2b: Valuesobtained for thethreesuccessve polariza-
tion resistances; comparison between two (or three) steels
different from oneanother about asingleelement

Mn S Mn Cr Mo Ewr(rnw)NE (um;nz) (mv%ec) (m\/%cdec)
Sedl06 009 011 104 166  -185 561 52 157
Stedl05 011 037 102 159 -189 528 47 141

W S Mn Cr Mo W Vv Ew(%ﬁ\'/-i)NE (wls(fcr;m) (mvﬁ/zec) (m\/%ec)
stecl12 0.10 0.45 1.08 0.43 0.12 0.07 -203 859 68 177
steel11 0.08 043 1.07 043 0.28 / -201 734 61 167
stecl15 0.08 0.39 0.99 0.36 0.29 / -203 672 59 165
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Figure 2 : Tafel curves concerning the elements which
improvethecorrosionresistance
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Figure 3 : Tafel curves concerning the elements which
deterioratethecorrosion resistance

General commentaries

The stedsconsidered in thisstudy, which contain
very low alloying elements, notably chromium, do not
display behaviourssimilar tored danlessstedsinwhich
notably the chromium and nickel contents are
sgnificantly higher (e g. morethantenweight percents).
If such Cr-rich alloystendto easily passivate, evenin
acidic solutions, thepresent alloysremainobvioudyin
the active state, without any tendency to begin
passivating, even at the end of the Tafel experiments
(when theimposed potential isthehighest). Thusthe
polarization resistances are only of severa tensQ x
c, the corrosion potential logically remains between
the Fe**/Fe and H*/H, standard potentials, and the
corroson dengitiesof current arenot far fromonemaA /
cn?. The anodic and cathodic Tafel coefficients, which
are either closeto, or at least not far from, 60mV /
decade and 120mV / decade respectively, well
correspond to the anodic reaction Fe-> Fe** + 2eand
cathodicreactionH* + 1e-> 2 H,.

Neverthdess, if thepresenceof thedloyingeements
does not promote passi vati on one observed that some
of them allowed a small decrease in corrosion rate.
Indeed, 1wt.% of vanadium, 1.7wt.% of niobium or
1.2wt.% of tanta um led to higher polarization res stances
(especidly inthecase of niobium: Rparemultiplied by
afactor between 2 and 4) and lower corrosion currents
(here too especialy in the case of niobium: | is
decreased threetimes).

In contrast, chromium and silicon, whichareknown
to favour agood res stance against corros on by leading
to a protective oxide or hydroxide layer (i.e. when
passivation is possible), tend to slightly accelerate
corrosonintheactivestate.

It wasprevioudy found that niobium (and tungsten)
were beneficial to the corrosion resistancein dilute
sulphuric acidic solutions®, but in the case of an
austenitic stainlesssted. It wasa so observed, for such
Cr-rich gted or nickd-basedloys, that sufficiently high
amounts in molybdenum or chromium led to
Improvementsin corrosionresistancein sulphuricacid
solutions with various concentrations®®. Instead
accelerating corroson, it wasformerly foundthat silicon
favourscorrosion resistance, contrarily withwhat was
observed here, but again in the case of stainless steel
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ableto passivate” (Si decreasesthe passive current
dengity). Thus, comparisonswith earlier worksare not
very easy todo sincethegreat mgority of steelsstudied
incorrosonin sulphuric acid solutionsare Cr-rich (and
sometimess multaneoudy Ni-rich) gainlessstedls. Low
aloy steels studied in corrosion are more often
characterized inimmersionin other agueous solutions,
such asseawater® or underground water!®.

CONCLUSIONS

Low alloy stedl's, which do not passivatein these
conditions, arelogically not suitablefor contact with
sulphuricacid sincetheir corrosionratesarehigh, even
if the solution is not concentrated. However, the
presence of 1 to 2wt.% of elements as vanadium,
niobium or tantal um canleadtoamoderate or Sgnificant
increasein polarization resistance or decreasein the
corrosion current. In contrast, the presence of eements
known to improve the corrosion resistance when
passivationisposs ble, chromium and silicon, tendsto
accelerate corrosion for such steesinthe active state.

Thus, insuch sulphuric solution, theseresultsseem
showing that it would be better for alow alloy stedl to
contain 1 or 2wt.% of niobium (for example) rather
than the same contentsin chromium. Toensureareda
protection against corrosion the content in chromium
ought to behigher, in order to alow thestedl to behave
asareal stainlessone(passivation).
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