ISSN : 0974 - 7486 Volume 10 Issue 11

A Tndéian Yournal

— Pyl Paper

M SAIJ, 10(11), 2014 [469-475]

Influence of the S content in steels on their mechanical and
chemical behaviors. Part 2: Propertiesin corrosion

Elodie Conrath, Patrice Berthod*

Ingtitut Jean Lamour (UM R CNRS 7198), Department CP2S, Faculty of Sciencesand Technologies
Univer sity of Lorraine, B.P. 70239, 54506 VVandoeuvr e-lés-Nancy, (FRANCE)

E-mail : patrice.berthod@univ-lorrainefr

ABSTRACT

Thefour ternary steel sFe-xSi-0.01C (x=1to 2.5%) elaborated inthefirst part
of this work to study the effect of the silicon content and the plastic
deformation on hardness, and on high temperature oxidation at this can be
encountered during hot-rolling, were considered to study the effects of the
same parameters on the corrosion rate in acidic agueous solution. The
additional experiments done to complete the preceding ones for
characterizing the various solicitationsto which iron sheets can be exposed
at the different steps of their manufacturing were cyclic polarization runs
performed in a 2N sulphuric solution. A lot of parameters characterizing
these curves were analyzed with regards to the Si content and to the
plastically deformed state. The greatest influence on the results is due to
the presence of 1% and more of silicon. This element lowers the corrosion
rate in the active state and modifies the shapes of both the potential-
increasing part and the potential-decreasing part of the cyclic polarization
curves by comparison with pure polycrystalline iron. The better resistance
against active corrosion is an additional beneficial effect of silicon which
improved hardness and compression resistance at room temperature as
well ashigh temperature oxidation behaviour, as previously seeninthefirst
part of thiswork.  © 2014 Trade SciencelInc. - INDIA
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INTRODUCTION

Theeffect of aforged state— or more generally of
plastic strains—on the surface reactivity of metallic ma-
terialshasbeen under great interest for severd decades.
Surfacereactivity can bewith gasesat high tempera-
tures or with liquid solutions. In afirst part™ of this
work four alloys Fe-xSi-0.01C (wt.%), with x=1, 2,
2.2 and 2.5werefirst studiedin short oxidation a high
temperaturewithout or with preliminary deformationin

compression. But it can beinteresting to also sudy their
behaviour in corroson by acidic solutionsat room tem-
peratureto better know what can occur for such aloys
insuchindustrid environments.

Studies concerning the possible changesin aque-
ous corrosion behaviour resulting from plastic defor-
mation were driven several tensof yearsago. Some of
them werefor examplerealized in the cases of steels
with different compogitions/microstructures(e.g. feritic,
austenitic...) or metallurgical states (martensitic...) in
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various aqueous media, for instance aerated water or
acid sulphuricacidic solutions™., Theinfluenceof hard-
ening, whichwasgenerally observed for suchmetalic
materids, wasan acceleration of corrosonintheactive
state. In contrast the effect on the corrosion behaviour
of non-ferrousaloyswasmorevariable>", but it was
often observed that plastic deformation favoursaso
faster corrosion. Many metdlic piecesare, in service,
in contact with corrosive agueous sol utions (the most
often acidic), and at the sametimehighly stressed and
consequently plastically deformed, simultaneously or
not. They arethus affected by stresscorrosioninthe
periodswhenthey arestill to subjected to mechanical
stresses, and at other timesto classical corrosionwhen
no stressisapplied. Inthelast caseitisof importance
to know therate with which hardened/ plastically de-
formed piecesare corroded.

In this second part of athis work the not-com-
pressed (as-cast) and compress on-plastically deformed
Fe-xSi-0.01C aloys, more shortly named Fe-xSi al-
loys, werestudiedincorrosoninanacidic solution gmi-
lar to the oneswith which someindustrial laminated
steelsmay bein contact just after their cooling. This
was donenotably by considering, in additionto the ef-
fect of the plastic deformation, the possibleinfluence of
thesilicon content.

EXPERIMENTAL

Elaboration, sample preparation, compression
rates

Onecan shortly remind that the chemica composi-
tionswereinitialy defined towork on smplified stedls
whicharehowever Hill dosetotheindustria onesmanu-
factured ascoils (extralow carbon, possible presence
insmall quantitiesof other e ementsadded for targeting
gpecific mechanica properties, assilicon). Inthiswork
four ternary dloys, dl ontheFe-0.01C-xSi-type, were
elaborated by foundry with thefollowingwished com-
positions: Fe-1Si-0.01C, Fe-2Si-0.01C, Fe-2.2Si-
0.01C and Fe-2.5S1-0.01C (inweight percents). The
40g-ingots, obtained from pure elements: Fe (Alfa
Aesar, purity > 99.97%), Si (AlfaAesar, 99.999%)
and graphite, resulted from fusion and solidification oc-
curred inthe water-cooled copper crucibleof ahigh
frequency induction furnace (CELES). Thesehightem-
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perature synthesis operations were performed under
300 millibars of pureArgon (<3ppm O,). Theingots
were cut in order to obtain samplesfor some of them
compressionruns, for al (as-cast or compressed) high
temperature oxidation testsor not, and finally for al
(compressed or not, oxidized or not) metalography ob-
servations and microstructure characterization™.

For the present study not-compressed (as-cast)
parts of the four ingots were taken to prepare elec-
trodes, aswell aspartsof thecompressed samples(ob-
tained deformation rates: -33.63%for the““Fe-1Si” al-
loy, -24.28% for the“Fe-2.0Si” alloy, -29.09% for the
“Fe-2.2S1” alloy and -22.55% for the “Fe-2.5Si” al-

loy).
Electrodepreparation and electr ochemical runs

For preparing each el ectrode, the resin part of
the metall ographic samplewasdrilled until reaching
the other side of the metallic parts. A not-covered
end of a partly plastic-covered copper wirewasin-
troduced, put in contact with the other side of the
steel sample, and fixed by introducing and compress-
ing copper ribbon in the hole. The emerging steel
surfacewhichwill be characterized in corrosion, ini-
tially resulting from the cutting of the compressed
sample, was parallel to the axis of compression de-
formation earlier done.

The electrochemical experiments performed to
characterizethe corrosion behaviours of these samples
in acidic solution wererun at room temperatureina
H,SO, 2N solution. Thiswas done by using athree-
electrodes cell (the studied sample asworking elec-
trode, agraphiterod asauxiliary eectrodeand a Satu-
rated Cadomd Electrode (SCE) aspotentia reference
electrode) and apotensiostat model 263A of Princeton
Applied Research driven by the M 352 softwarefrom
EG& G/Princeton.

Theexperimentswhich weredonewerecyclic po-
larizations. They consisted of apotentid-increasing part
between E, —250mV up to 1.9V at +5mV/s, fol-
lowed by a potential-decreasing part between 1.9V
downtoE, —250mV at -5mV/s. The potential-in-
creasing partsof thelater fileswerea so considered to
perform Tafel calculationsin order to specify potentia
and current of corrosion, aswell astheanodic and ca
thodic Tafd coefficients.
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RESULTSAND DISCUSSION

Analysisof theeffect of hardening on theobtained
cyclicpolarization curves

Theexampleof awholecyclic polarization curveis
displayed in Figure O (here: the one corresponding to
the not-compressed “Fe-1%Si” alloy). The potential-
increasing part (E-increasing part named “E””” in this
graph) startsat low potentia with rather high values of
thelogarithm of the absol ute value of the current den-
Sty (cathodic, then negative). About 250mV higher, the
applied potentia reachesthe corrosion potentid (E_, .,
shown by “e0”). Thereafter the logarithm of the abso-
|utevaueof thecurrent dengty (now positive) increases
again, until reachingapassivation critica intensity (I o’
shown by “i1”). Just after the current density falls down
toafirstlow vaue (akind of first passivation plateau,
| et shown by “13”) at a kind of first passivation poten-
tia (Ep o Shown by “€2”). Alittle after and for higher
potential, a new decrease in current density occurs,
down to asecond passivation current density (Ip -
shown by ““i5”) at an apparent second passivation po-
tentid (E e shown by “e4”). The anodic current den-
Sty remainsthenrather constant until transpassivation
occurs (corresponding potentia E, and maximal
intensity | shown by “e7”” and “i6” respectively).
Theoxidation of water thesolutionitsdlf (the“‘solvent’s
wall”) starts just after, at a potential E_,__ shown by
“e8”).

The potential-decreasing part (E-decreasing part
named “Ev” in this graph) starts at the end of the E-
increasing part. With the decreasein applied potentia
from the very high value earlier reached, the anodic
current dendity decreasesuntil reaching aninclined pla-
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FigureO: Exampleillugratingtheobtained cydicpolarization
curves(E-increasing part in orangeand E-decreasing part
in blueon thesamegraph)
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teau which probably ind udesthetrangpassivation lump.
An average value of the passivation current density
(1 pessa? shown by “Ia””) may be noted. The passivation
stateislost later at alost-passivation potential (Emm’
shown by “’Eb”) and the current density jumps to very
highvaluesbeforestabilizing at aconstant valuel |,
(shown by “Id”’) when the applied potential reaches a
plateau potential (EpI ey STOWN by “Ec”). During the
potential decreasefromthelast valuethe current den-
Sity stays constant and startsto decreasewhen the ap-
plied potentia approachesthe new corros on potential
E.,.. (Shownby“Ee”).

Most of the cyclic polarization curveslook likethe
oneprevioudy described. The E-increasing partsof the
curves obtained for the as-cast state and the com-
pressed state are presented together in Figure 1 (for
the Fe-1Si and Fe-2.0Si alloys) and in Figure 2 (for
theFe-2.2Si and Fe-2.5Si aloys). Onecanseethat dl
these curves correspond to the general descriptiondone
above. For the threefirst aloys (from 1 to 2.2%Si)
thereareno significant differences betweenthe E-in-
creasing curves obtained in the as-cast state and the
onesobtanedin the compressed states. One can maybe
notethat thefirst pass vation plateau seemsto bereached

. 0 ;
=750 44250 1250 2250
E \ lr*** - / 1.0%Si E*
8 — . 2 4 ! y
< A/ \ /
g - l,!B =T 1.0% as-cast
o '34
=]

151 ——1.0% comp

6

E /ENH (mV)
i 0 ;

750 44l 250 1250 2250
k- 3 f] " £ o @i EA
E \ .4 I;” \ / 2.0%Si E
< 1"\ { \ /
: -B T \‘; . )‘
g 'L | Soss i 2.0% as-cast
o " '
2 c

- —2 0% comp

6

E /ENH (mV)

Figurel: Potential-increasing partsof thecyclic polarization
curvesobtained for theas-cast state (clear orange) and the
compressed state (dark orange) of the Fe-1Si (top) and Fe-
2Si (bottom) alloys
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sooner (i.e. at alower value of the applied potential)
for the compressed statethan for the as-cast one (seen
for 1%S and 2.2%3S). Differencesaremuch morevis-
iblefor the 2.5%Si-containing alloy for which the E-
increasing curveobtained for the compressed Sate pre-
sentsvery high vauesof current density, whatever the
goplied potentid.
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Figure?2: Potential-increasing partsof thecyclic polarization
curvesobtained for theas-cast state (clear orange) and the
compr essed state (dark orange) of the Fe-2.2Si (top) and Fe-
2.5S (bottom) alloys

Thevauesof thedifferent parameterslistedinthe
previous paragraph aregivenin TABLE 1 for the E-
increasing parts. Studying theseva ues confirmthat there
isnot systeméti c and S gnificant differencesbetweenthe

curvesintheir different E-increasing parts, except when
some of thevalues obtain ed for the compressed Fe-
2.5S dloy arecompared to the analogous ones of the
other { aloy; state} combinations.

What was said about theinfluence of the hardening
on the E-increasing parts of the cyclic polarization
curves can be repeated about the E-decreasing parts
(Figure 3and Figure4): no strong effect. However the
compressed 2.5%Si alloy seems showing a specific
behaviour, characterized by particul arly high values of
current dengities. Thisistrueagainfor thevaluesof the
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Figure3: Potential-decr easing partsof thecyclic polarization
curves obtained for the as-cast state (clear blue) and the
compressed state (dark blue) of theFe-1Si (top) and Fe-2Si
(bottom) alloys

TABLE 1: Characteristic valuesof potential and current density noted on the potential-increasing parts of thecyclic

polarization curves

Al on Eoorr T I_cpl Epassl I p_a$1 Epassz I p_assz |tratnspa$ Etranspass Esolvax
(WL%S) State (€0) (i) (€2) (i3) (e4) (i5) (i6) (e7) (e8)
VISCE mA/cm* V/SCE mA/cm?* V/SCE pA/cm? V/SCE
Fe 1S As-cast -0.492 199 -0.126 29.7 +0.402 443 675 1.37 1.58
Compressed  -0.466 191 -0.224 359 +0.382 373 521 1.40 1.56
Fe20Si As-cast -0.469 154 -0.261 15.6 +0.397 621 1059 1.45 161
Compressed  -0.472 141 -0.268 18.7 +0.398 466 922 1.47 161
Fe.2.25i As-cast -0.496 144 -0.174 218 +0.408 487 1294 151 1.63
Compressed  -0.478 130 -0.246 16.8 +0.412 458 1084 151 164
Fe25S As-cast -0.484 160 -0.272 22.8 +0.402 497 854 1.48 158
Compressed  -0.469 232 -0.289 39.1 +0.411 21160 / / /
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Figure4: Potential-decreasing partsof thecydlic polarization
curves obtained for the as-cast state (clear blue) and the
compressed state (dark blue) of the Fe-2.2Si (top) and Fe-
2.5Si (bottom) alloys

different parametersgivenin TABLE 2 for the E-de-
creasing partsof the curves.

Analysisof theeffect of thesilicon content on the
obtained cyclicpolarization curves

ThesameE-increasing partsand E-decreasing parts
of thecyclic polarization curves arerespectively plot-
tedin Figure5 and Figure 6 (E-increasing partsinthe
as-cast and compressed states), and in Figure 7 and
Figure 8 (E-decreasing partsin the as-cast and com-
pressed states) to dlow better compari son between the
alloysthemselvesfor reveding possible effects of the
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silicon contents. Obviously there are no differences
between the curves, except for the ones corresponding
to the Fe-2.5%Si in the compressed state.

Tafel analysisof the potential-increasing partsof
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Figure5: Influence of thesilicon content on the potential-
increasing partsof thecyclic polarization curvesobtained
for theas-cast state (top : Fe-1Si (clear orange) and Fe-2Si
(dark orange); bottom: Fe-2.2S (clear orange) and Fe-2.5Si
(dark orange))

thecurves

The[E(I=0) —250mV, E(I=0) + 250mV] part of
the E-increasi ng parts of each curvewas analyzed us-
ing the Tafel method. Thisled to the values of Tafel
anodic and cathodi ¢ coefficientsand of corrosion po-

TABLE 2: Characteristic values of potential and current density noted on the potential-decr easing partsof thecyclic

polarization curves

Alloy WL%S) State lpas3(18)  Eiospass(ED)  Epaeas (EC)  lpimea(1d)  Egor ¥ (EC)

pA/cm? V/SCE V/SCE mA/cm? V/SCE

Fe 1S As-cast 1.71 +0.450 +0.248 64.5 -0.436
Compressed 12.5 +0.422 +0.300 79.1 -0.438

Fe20Si As-cast 27.8 +0.415 +0.261 76.3 -0.445
Compressed 12.9 +0.412 +0.306 69.3 -0.442

Fa2 25 As-cast 3.66 +0.420 +0.268 49.4 -0.450
Compressed 2.40 +0.480 +0.276 32.0 -0.454

Fa25Si As-cast 4.66 +0.456 +0.280 61.5 -0.466
Compressed 9095 +0.445 +0.363 111 -0.459
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Figure6: Influenceof thesilicon content on the potential-
increasing partsof the cyclic polarization curvesobtained
for thecompressed state (top : Fe-1Si (clear orange) and Fe-
2Si (dark orange); bottom : Fe-2.2S (clear orange) and Fe-
2.5Si (dark orange))
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Figure7: Influenceof thesilicon content on the potential-
decreasing partsof thecyclic polarization curvesobtained
for theas-cast state (top : Fe-1Si (clear orange) and Fe-2Si
(dark orange); bottom : Fe-2.2S (clear orange) and Fe-2.5S
(dark orange))

tential and current dengity givenin TABLE 3. TheTafe
anodic coefficientsared| coseto thetheoretic va ue of
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Figure8: Influence of thesilicon content on the potential-
decr easing partsof thecyclic polarization curvesobtained
for thecompressed state (top : Fe-1S (clear orange) and Fe-
2Si (dark orange); bottom : Fe-2.2S (clear orange) and Fe-
2.5Si (dark orange))

about 60mV / decade corresponding to areaction M
— M2 + 2 electrons at room temperature whilethe
Tafel cathodic coefficientsarealittletoo hightowell
correspond to the H* + 1 electron — 2 H, reaction.
Thecorrosion potentialsare not redlly thesamefor all
the curvesand thereisno systematic influence neither
of the hardened state nor of the silicon content. The
same comments can be done about the corrosion cur-
rent density.

General commentaries

Thereisthusglobally noreal or systematicinflu-
ence of the plastic deformation and of thesilicon con-
tent onthecyclic polarization curvesobtained for these
four Si-containing aloys. The case of the compressed
Fe-2.5Si needsto beverified beforereally comparing
it to the other, because of itsvery curious behaviour.
When theresults obtained in thiswork are compared
with previousones, for exampleobtainedinsmilar con-
ditions of elaboration and compression test, onecan
remark that the shape of the curves, common to almost
al theadloysstudied inthepresent work, israther spe-
cid: passivationintwo timesduring the E-increasing
part, existenceof aplateau inthe E-decreasing part. ..
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TABLE 3: Tafd coefficients, corrosion potential and corrosion current denstiesissued from the Tafel method applied tothe
E-increasing part of the cycling polarization curvescentred on E(1=0)£250mV

ECOI’I’ | corr
Alloy (Wt.% Si) State i B
mV / decade mV / ECS mA / cm?
FelS As-cast 75.56 262.3 -492.0 1111
Compressed 69.77 232.3 -466.7 1.151
. As-cast 69.88 190.9 -469.1 2.170
Fe-2.0Si
Compressed 67.04 246.4 -472.6 1.445
. As-cast 77.06 3515 -490.4 1.270
Fe-2.2Si
Compressed 61.20 221.7 -478.0 0.787
. As-cast 62.06 188.3 -483.1 0.690
Fe-2.5Si
Compressed 74.03 230.2 -468.6 2.651

Thisisvery different withwhat isusua ly found for pure
ironinthesame conditionsof electrolyteand of experi-
ment (parametersva uesof cydic polarization), anddso
for acarbon sted e aborated following thesameroute®
(only oneanodicpesk...). It is possible that the pres-
enceof sliconinthepresent dloysisresponsibleof this
curious phenomenawhi ch maybe results of two suc-
cessvepassivations, anearlier first onedueto the oxi-
dation of silicon (withalimited protective effect dueto
thetwo low concentrationsin Siinall aloys), anda
more usua second onedueto theformation of alayer
of oxi-hydroxideof iron coveringthesurface. Theval-
uesof I, (around ImA/cn) significantly lower than
the onesobtained for the carbon sted earlier studied®
(around 4 mA/cm?) were probably obtained here
thankstothepresenceof Si inthepresent dloys.

CONCLUSIONS

It wasfound inthefirst part of thiswork that the
presenceof S improved the hardnessand the mechani-
cal resistance of these alloys against compression de-
formation aswell asit slowed the oxidation rate at
750°C for the first ten minutes of stage. Another ben-
eficial effect of thiselement wasfound in thissecond
part: the lowering of the corrosion ratein the active
state. Other effectswere a so found elsewherein the
cyclic polarization curves, such asthedouble passiva
tion plateau, phenomenonwhich waspartly interpreted
but which needsfurther investigations. In contrast, the
effect of compression seemsto bemuch morelimited
thanfor other dloys, at least onthecyclic polarization
curves. This may beto be perhaps a so attributed to

the presenceof silicon which actsin corrosion without
being concerned by plastic deformation asitisthecase
for theiron polycrystal inwhich Siispresent only in
solid solution.

REFERENCES

E.Conrath, PBerthod, L.Aranda; Materials Science:
AnIndian Journal, in press.

A.Ben Bachir, H.Triche; Mémoire Scientifique
Revue de Métallurgie, 71, 9 (1974).

M.Saled, L.Aries, H.Triche; Mémoire Scientifique
Revue de Métallurgie, 71, 621 (1974).
M.S.Khoma; Fiziko-Khimicheskaya Mekhanika
Materialov, 30, 125 (1994).

X.C.Li, R.L.Eadie, J.L.Luo; Corrosion Engineer-
ing Science and Technology, 43, 297 (2008).
P.Berthod; Materias Science: An Indian Journd, 5,
161 (2009).

E.Akiyama, Z.Zhang, Y.Watanabe, K.Tsuzaki; Jour-
nal of Solid State Electrochemistry, 13, 277 (2009).
W.Y.Guo, J.Sun, J.SWu; Materials Characteriza-
tion, 60, 173 (2009).

E.Conrath, PBerthod; Materials Science: An Indian
Journal, 9, 131 (2013).

[1]
[2]
[3]
[4]
[5]
[6]
[7]
(8]
[9]

— P plericly Science
ﬂuVWMW



