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ABSTRACT

A ferrito-pearlitic steel, elaborated by foundry with acylindrical shape has
been mechanically studied in compression and hardness in a first part of
the present work. In this second part the equivalent samples were tested in
corrosioninasulphuric acid solution by varying both theinitial deformation
rate and the cutting orientation with respect to the sample axis. Stern-Geary
linear polarizations were successively run during half an hour of immersion
with recording of open circuit potential and polarization resistance, while
cyclic polarizations were performed between the cathodic domain and the
anodic solvent’s wall. No systematic differences were noted on the cyclic
polarization curves between the values, obtained for the different
deformation rates and orientations, of the various parameters describing
the corrosion state changes (active — passive and passive — active),
although that some tendencies were seen. In contrast the linear polarization
runs showed that the Rp value more clearly depends on both the hardening
amount and the surface orientation. It was notably found again that the
polarization resistance decreases, and the deduced corrosion rateincreases,
when the plastic relative deformation is higher, and also, by combining the
present results with previous ones, that there is possibly a continuity of
evolution of the parallel/perpendicular Rp order from the negative
deformations in compression to the positive deformationsin traction.
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INTRODUCTION

Theinfluenceof plasticdeformationonmetalic ma-
terid shas been studied for at |east about four decades.
Thiswasfor examplethe subject of many worksdriven
ondifferent typesof sted, ferritic, austenitic, martensi-
tic... notably in aqueous acid sulphuric environments™
4, It wasgenerally observed that hardening— in trac-

tion for example— tends to accelerate corrosion in the
active state, whilethe observed effectsare morevari-
ablefor non-ferrousalloysd>", with however amore
frequent tendency to faster corrosion too. Such phe-
nomenaarepotentially of great importancesincemany
metallic piecesexposed in serviceto aggressive ague-
ousenvironments, often rather acid, ares multaneoudy
subjected to stress high enough to induce permanent
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deformation, and thereforethey are sometimes exposed
to stress corrosion in the periods when they are me-
chanicdly solicited, and sometimesto smplecorrosion
whenthe previousstressesarenot longer applied. This
later phenomenon may cauise heterogeneous corroson
over thewholemetdlic piece, notably by galvanic phe-
nomena

Inthissecond part of awork concerning the effect
of thehardening by plastic deformationin compression
on some mechanica® and chemicd propertiesof acast
carbon steel solidified following aspecial procedure,
the corrosion behaviour of the deformed sampleswill
be examined, concerningthe active tateaswell asthe
passive state, heretoo by considering additionally the
possibleinfluence of the orientation of the electrode
surfacewith respect tothedeformation direction, which
may bein contact with outsi deafter machining.

EXPERIMENTAL

Elaboration of thested and pr epar ation of thedec-
trodes

Onecan first remind that the carbon steel in con-
Sderation® was solidified in atubefor obtaining acy-
lindrical shape (diameter 10mm x length of about 4 cm)
by aspiration fromtheliquid aloy melted by highfre-
quency inductionunder 300mbarsof pureargon. It was
thereefter cutin severd cylindricd parts(length of about
1 cm) and uni-axialy compressed until therequired de-
formation rateswerereached (final relative deforma-
tions: -9.19% and -20.25%). The not-deformed part
and thedifferent deformed partswerethen cut follow-
ing aspecia procedureto obtain two sampleswith a
surface parallel to the deformation axis (onefor the
metall ographic examination and the hardness measure-
ments® and onefor the present corrosion study), and
two sampleswith asurface perpendicul ar to the defor-
mation axis (for the same mechanical and corrosion
purposes).

The electrodes were prepared by inserting the
not-covered end of apartially plastic-covered cop-
per wirein anotch locally realized on the metallic
samplewith ahand saw, by embedding the sample
and the not plastic-covered part of the wirein a
{ESCIL: Araldite CY 230 resin and hardener HY

Woateriolsy Science  mmm——

956} -mixture, and by polishing with SiC papers up
to 1200 grit and { lum hard particles}-paste the
emerging metallic surface.

Electrochemical runs

Thed ectrochemica experimentsaiming to assess

the corrosion behaviour in an sul phuric aqueous sol u-

tion at room temperature (H,SO, 2N) were performed

using athree-electrodes cell (the studied sample as
working e ectrode, agraphiterod asauxiliary electrode
and a Saturated Calomel Electrode (SCE) as refer-
ence in potential), a potensiostat model 263A of
Princeton Applied Research driven by the M 352 soft-
warefrom EG& G/Princeton.
Theexperimentswhichweredoneare:

- thefollowing of theopen circuit potentia (Eocp) over
haf an hour with the measurement of the polariza-
tion resstanceevery 5 minutesby linear polarization
performed between Epp—20mV and Eot 20mv
at 0.166mV/s,

- acydicpolarization conggting of apotential-incress-
ing part between Eocp— 250mVupto 1.9V at+5mV/
s, followed by apotentia-decreasing part between
1.9V downto Eocp —250mV at-5mV/s,

- thepotentiad-increasing part of thelater filesbeing
also considered to perform Tafd calculationsin or-
der to specify potential and current of corrosion.

RESULTSAND DISCUSSION

Resultsof linear polarization

Theva uessuccessively obtained for the open cir-
cuit potential and the polarization resistancearedis-
playedinTABLE 1, TABLE2and TABLE 3, andtheir
evolutiongraphicaly presentedin Figure 1.

Thefollowing comments can be done about these
first experimentd results:

Open circuit potential

- Eocpisindl casesat alevel showingthat thesamples
areinanactivestate,

- E__increaseswithtimeinal cases,

- if thefirst vauesrecorded show differencesbetween
thetwo orientations (notably for the not-deformed
state, curiously) thefinal (E_ p6) areclosetoonean-
other for thetwo orientations (for asame deformed
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TABLE 1: Thesuccessivevaluesof theopen circuit potential and of the polarization resistancefor thenot defor med sample

for thetwo orientations

NOT DEFORMED PARA/AXIS

NOT DEFORMED PERP/AXIS

Time (min) Ohmcm?  E(mV)/ENH Time (min) Ohmcm? E (mV)/ENH
3 Rpl 18,68 239 Eocpl 3 Rpl 17,03 253 Eocpl
8 Rp2 13,84 -238 Eocp2 8 Rp2 18,00 -253 Eocp2
13 Rp3 12,71 236 Eocp3 13 Rp3 11,41 243 Eocp3
18 Rp4 10,77 234 Eocp4 18 Rp4 976 238 Eocp4
23 Rp5 8, 96 -231 Eocp5 23 Rp5 8,27 -234 Eocp5
28 Rp6 8,41 229 Eocp6 28 Rp6 7,23 232 Eocp6

TABLE 2: Thesuccessivevaluesof theopen circuit potential and of the polarization resissancefor the-9.19% -defor med

samplefor thetwo orientations

DEFORMED -9.19% PARA/AXIS

DEFORMED -9.19% PERP/AXIS

Time (min) Ohmcem?  E(mV)/ENH Time (min) Ohmcem? E (mV)/ENH
3 Rpl 17,47 -250 Eocpl 3 Rpl 17,14 -248 Eocpl
8 Rp2 13,35 -248 Eocp2 8 Rp2 13,12 -244 Eocp2
13 Rp3 10,08 -243 Eocp3 13 Rp3 10,03 -238 Eocp3
18 Rp4 7,94 -237 Eocp4 18 Rp4 7,90 -234 Eocp4
23 RpS 6,68 234 Eocp5 23 RpS 6,70 -230 Eocp5
28 Rp6 5,94 232 Eocp6 28 Rp6 6,04 228 Eocp6

TABLE 3: Thesuccessive valuesof theopen circuit potential and of the polarization resistancefor the-20.25% -defor med

samplefor thetwo orientations

DEFORMED -20.25% PARA/AXIS

DEFORMED -20.25% PERP/AXIS

Time (min) Ohmcem?  E(mV)/ENH Time (min) Ohmem? E (mV)/ENH
3 Rpl 11,85 -245 Eocpl 3 Rpl 20,11 -240 Eocpl
8 Rp2 8,87 241 Eocp2 8 Rp2 21,25 242 Eocp2
13 Rp3 6,68 236 Eocp3 13 Rp3 1347 239 Eocp3
18 Rp4 5,52 -233 Eocp4 18 Rp4d 11,52 237 Eocp4
23 Rp5 4,95 -232 Eocp5 23 Rp5 9,76 -232 Eocp5
28 Rp6 4,68 232 Eocp6 28 Rp6 853 236 Eocp6
state), pardld orientation (dmost twice).

- forboth orientationsthefinal valueof E _ tendsto
decreasewhen thedeformation rateincreases.

Polarization resistance

Rpisinall caseslower than 25 Q cn?, confirming
that all samplesareinan active state,

Rp decreaseswithtimeinall cases,

for dl timesit a so decreaseswhen thedeformation
rateincreases, for thetwo orientations,
thereisnored differencesat al timesbetween the
two orientationsfor the not-deformed state and for
the-9.19%rate, whileRpisat all timeshigher for
the perpendicular orientation than the onefor the

Resultsof cyclicpolarization

Theobtained curvesof cyclic polarization are pre-
sented in Figure 2 (not-deformed sample), Figure 3
(plastic deformation rate: -9.19%) and Figure4 (plastic
deformation rate: -20.25%) by uncoupling their po-
tential-increasing part and their potential-decreasing
part, in order to better compare the results between
the two orientations for a same permanent relative
deformationrate.

Inall casesitisobviousthat, whatever the defor-
mation state, the sampleswerein an active stateand
succeed to passive when the potential applied by the

ey, P alzrioly Seience

Au Tudian Yournal



Mechanical and electrochemical properties of a cast carbon steel

MSAIJ, 9(4) 2013

134
Full Paper =
-225 T - -
0 10 20 tme(min) 45
Open circuit potential -
2.
-230 A
o
-235 \.
=
E
I
< 240
L
iy
(-]
1]
-245
#» 'r" « = 4=« NOT DEFORMED PARAMAXIS
I,
] ‘ NOT DEFORMED PERPIAXIS
‘-"' ==#-- DEFORMED -2.19% PARAAXIS
-250 = =
= fl= DEFORMED -2.19% PERP/AXIS
+— DEFCORMED -20.25% PARAAXIS
#— DEFORMED -20.25% PERFIAXIS
-255
25
= =@+« NOT DEFORMED PARAAXIS
NOT DEFORMED PERPIAXIS
» ==g== DEFORMED -3.19% PARAAXIS
= = DEFORMED -2.18% PERFIANIS
20 L - :
+— DEFORMED -20.25% PARAAXIS
"-. —i— DEFORMED -20.25% PERF/AXIS
A
L
"
_15 s
=
=
(4]
E
P =
=]
&
10
]
Polarization resistance
]

0 10 20 time (min) 20
Figurel: Theopen circuit potential (left) and thepolarization
resistance (right) plotted ver sustimefor all thedeformation

statesand for thetwo orientations
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Figure2: TheE-increasing part (top) and the E-decreasing
part (bottom) of thecyclic polarization curvesobtained for
theparalld orientation and for theper pendicular orientation
(superposed) in the case of thenot defor med samples

potens ostat has become high enough, with asresult a
significant decreasein anodic current. When thisap-
plied potentia decreased thereefter, al sampleslost their
passive state, with as results the appearance of very
high anodic currentsand, after, anew value of corro-
sion potentia being closetotheinitia one.

For the not-deformed samplethereisno evident
dependenceontheorientation, neither for the E-increas-
ing part of the curve, nor for the E-decreasing part,
although atendency to aloss of the passive state can
be suspected for the perpendicular orientation. For the
-9.19% deformed state, themost visibledifference be-
tween thetwo orientationsisthe anodic current inthe
passivestatewhichishigher for theparald orientation
than for the perpendicular onein both the E-increasing
part and the E-decreasing part. Thislatter differenceis
a so the singlenoti ceable one concerning the curvesfor
the-20.25% deformed state but inthe oppositedirec-
tion by comparison with the-9.19% deformed state.

Some small differences between the potentialsat
which the samples become passive and at which they
losetheir passive state can be noted but there are not
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Figure3: TheE-increasing part (top) and the E-decreasing
part (bottom) of thecyclic polarization curvesobtained for
theparalld orientation and for theper pendicular orientation
(superposed) inthe case of the-9.19% defor med samples
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Figure4: TheE-increasing part (top) and the E-decreasing
part (bottom) of thecyclic polarization curvesobtained for
theparalld orientation and for theper pendicular orientation
(superposed) in the case of the-20.25% defor med samples
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significant, notably by comparing theresults between
thetwo orientationsof the not-deformed sample.

All the polarization curveswere deeper analyzed
by noting the values of different characteristic points
linked to the active state and the passive state. These
values are displayed in TABLE 4, TABLE 5 and
TABLEG®G.

Thefollowing comments can be done about this
second set of experimental results:

Corrosion current densitiesand cor rosion poten-
tial

Inall casesbeing of several mA per e, I deter-
mined by Tafe treatment of thefiles (E-increasing part)
isobviously almost constant when both the deforma-
tion rate and the orientation vary; one can mentionthe
(very) small increasewith thedeformation ratefor the
paralld orientation but whichisabsolutely not sgnifi-
cant; thecorrosion potentid E_, ,, issued fromthesame
Tafd cdculations, showsonly a(very again) smal de-
crease when the deformation rateincreases, only for
the paralld orientation too; it remains constant for the
other orientation.

Conditionsof passivation

Lookingtothevauesof thecritica current density
of passivation it seemsthat passiving seemsmorediffi-
cult when the deformation rate increases but without
well established effect of the orientation; thereishow-
ever an exception: the Icpval ue obtained for strongest
deformation and the perpendicular orientation, which
isparticularly low; the previousobservationsarenotin
good agreement with the val ues of the passivation po-
tentid since E« variessignificantly with thedeforma:
tion ratefor the parallel orientation but it seems mo-
notonously decreasing for the other orientation.

Protection efficiency and stability of the passive
state

Nothing general can be said about adependence
of theanodic dengity current inthe passive state since,
asqualitatively seen above on the superposed curves,
theexisting variationsof | arenot clearlylinked with
the deformation rate and the orientation; the samere-
marks can beformulated for the potentia of passiva
tionlossE__, . Thetranpassivation densities| s of

ass

current, which characterize the resistance of the pas-
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TABLE 4: Quantitativeexploitation of thecyclic polarization curvesobtained for thenot defor med steel

NOT DEFORMED PARA/AXIS

NOT DEFORMED PERP/AXIS

[(A/lcm?)  E(mV)/HNE I(A/em®)  E(mV) /HNE
Icorr (TafPC) 3,95E-03 -231 Ecorr»  lcorr (TafPC) 4,31E-03 -232 Ecorr ~
lcp 2,34E-01 525 Epass  lcp 2,97E-01 590 Epass
| pass 3,17E-04 549 E Flade Ipass 2,55E-04 554 E Flade
[transpass 3,04E-02 -187 Ecorr v Icorr (TafPC) 3,29E-02 -182 Ecorr v

TABLES5: Quantitative exploitation of thecyclic polarization curvesobtained for the-9.19% defor med steel

DEFORMED -9.19% PARA/AXIS

DEFORMED -9.19% PERP/AXIS

I(Alcm?)  E(mV)/HNE I(Alem?)  E(mV) /HNE
Icorr (TafPC) 5,68E-03 -233 Ecorr~  Icorr (TafPC) 5,43E-03 -229 Ecorr »
Icp 3,18E-01 581 Epass Icp 3,51E-01 559 Epass
I pass 5,50E-04 571 E Flade Ipass 2,53E-04 533 E Flade
Itranspass 3,46E-02 -183 Ecorrv  Itranspass 3,60E-02 -187 Ecorr v

TABLE 6: Quantitative exploitation of the cyclic polarization curvesobtained for the-20.25% deformed stedl

DEFORMED -20.25% PARA/AXIS

DEFORMED -20.25% PERP/AXIS

[(A/lcm?)  E(mV)/HNE I(A/lcm?)  E(mV) /HNE
Icorr (TafPC) 5,74E-03 -234 Ecorr»  lcorr (TafPC) 4,22E-03 -231 Ecorr »
Icp 5,76E-01 534 Epass Icp 1,92E-01 555 Epass
| pass 3,21E-04 538 E Flade Ipass 6,07E-04 561 E Flade
Itranspass 3,96E-02 -192 Ecorrv  ltranspass 2,75E-02 -189 Ecorr v

sive scaleto re-oxidation, varies but without any evi-
dent relation with thedeformation rateand the orienta-
tion, but itistruethat apart of thiscurrent can belinked
tothestart of the solvent’s oxidation which forbids good
accuracy.

Corrosion potential after lossof thepassivestate

Eachvaueof E_,  islogicaly lower thanthecor-
responding E__ valuefor the same deformation rate
and orientation. But thereareno clear evolutionversus
thesetwo parameters.

General commentaries

Thusthe corrosion parameters deduced from the
cyclicpolarization did not show well established rdla
tionswiththe plastic deformation rateand the orienta-
tion of thetested surface with respect to the deforma-
tionaxis, despitetherewerevariationswhichwereseen,
some of which being significant. Theplastic deforma:
tion obvioudy doesnot systematicaly influencethe pas-
svation conditionsand theresulting protection, at least
inthisstudied range of permanent deformationandin
this sul phuric sol ution. Further investigations can be
imagined to complete the study of such possiblede-

pendence, achieving much moreintenseplastic defor-
mation (beyond -50% for example) and/or testingin
other moreor less aggressive solutionsas neutral but
chlorides-richones.

In contrast moreinteresting observationsweredone
for theactive state, notably concerning the polarization
resistance. As for pure iron compressed or not and
tested in the same solution it was here seen that the
polarizationres sanceincreaseswiththeimmersontime,
whileit decreased inthe case of another ferrito-pearl-
itic steel deformed in traction in asul phuric acid solu-
tiontoo™™?. Inthetwo previoudy cited works®? it was
aready confirmed what was noticed in most of earlier
studies about theinfluence of the deformation rateon
the polarization resstance. Herethisisconfirmed again,
andfurthermorethedecreasein Rp whenthedeforma:
tion rateincreasesisin good agreement what wasfound
for compressed iron and for theferrito-pearlitic stedl
after tensile plastic deformation. In addition, the Rp
order between parallel and perpendicular, which is
inversed for cast ferrito-pearlitic ted sdeformedintrac-
tion (Rp// > Rp.L)12% by comparison with after defor-
mationin compression (Rp// < Rp.L for -20.25%) (this
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study) let think that thereismaybe amonotonous evo-
Iution of thisorder with thed gebraic va ue (negativein
compression, positiveintraction) of the plastic defor-
mation. Thismay beinteresting to verify with comple-
mentary tests.

CONCLUSIONS

The surfacereactivity changeswith amicrostruc-
tural damageresulting from plastic deformation, canbe
then significant, but not for al the corros on behaviour
characteristics. In the present case the effect can be
detected for the active state and revealed simply by
linear polarization for deducing pol arization res stances
then corrosion currents. By combining with the most
important resultsof thefirst part, it appeared, for this
cast ferrito-pearlitic steel elaboratedin specia condi-
tions, that hardeningincreasesagain and thecorrosion
resistance decreases again when the plastic deforma:
tion ratein compressionincreases, but inthetwo cases
differently if thetested surfaceis, after machining, par-
alle or perpendicular to thecompression axis. These
results come compl eting many other onesobtainedin
variousother conditions.
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