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ABSTRACT

A ferritic steel and aferrito-pearlitic one were subjected to different amounts
of tensile strain deformation. Electrodes were prepared from more or less
deformed tensile samples, after cutting favouring each of the two studied
orientations versusthetraction axis. For each of them acyclic polarisation
run was performed between the cathodic domain and the solvent wall in
the anodic side. The behaviour in the active state was characterized using
the beginning of the potential-increasing part of the curves, with
determination of the corrosion potential and current according to the Tafel
method. The other part of the curve was used to specify the conditions of
passivation and the behaviour in the passive state. Results show that both
the amount of plastic strain and the orientation versus the deformation
directioninfluencethe e ectrochemical behaviour of the steels. For example,
corrosion current is higher if the plastic strain amount is higher and if the
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considered surface is perpendicular to axis.
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INTRODUCTION

Cold or hot working of metalic aloys usualy
deforms significantly their microstructures. These
modified structures, which can be easily reveaed by
metall ographic observations can be characterized by a
preferentia microstructure orientation and the presence
of phasesobvioudy deformed. Inthelast tensof years,
it hasbeen shown that suchmicrogtructuredeformations
may lead to changesfor severd propertiesof thedloys,
notably inthemechanicd fid d*2. Indeed, modifications
of mechanical resi stanceor hardnessmay occur insteds

aloyed or not, inaloyshbased onauminium, on copper,
...andfor plasticdeformationin different modes®®. In
addition the new properties may present a marked
anisotropy, consequence of the orientation of these
preliminary deformations. Plastic deformation cana so
modify thecorrosion behaviour of thedloys, notably of
steels alloyed or not, with ferritic, austenitic or
martensitic matrix®.

Theam of thiswork isto examine, in the specific
case of two not alloyed steels, one ferritic and one
ferrito-pearlitic, the consequences of several plastic
deformations performed with different amplitudes, on
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the corrosion behaviours of these steels in an acid
solution.

EXPERIMENTAL

The two studied steels of the study and their
different strained states

Twogedsavalableasbarswereinitidly hegt trested
(audtenitization for 45 minutesat 860°C then air-cooled).
Depending on the initial carbon content, one was
practically wholly ferritic and the other was ferrito-
pearliticsinceit contained about 0.48% of carbon (weght
percent). They weremachined in order to obtain samples
for mechanical tensiletests, the heads of which were
cylindricd (diameter 122mmx length 50mm) andthemain
part of whichwere cylindrica too, withadiameter and
alength equal to 7mm and 52mm respectively. They
werestrained usngaM TS QT/100 traction machine,
the cell of which hasa 100kN capacity. For the two
geds, theruptured sampleswerecut indifferent locations
for obtaining partsnot deformed (heads), homogeneoudy
deformed (main part, far from therupture surface), or
with especially high deformation (very close to the
ruptured surface). In the specific case of the ferrito-
pearlitic ted, asupplementary tensletest wasperformed
with interruption of the plastic deformation beforethe
appearance of striction, asisto say when the plastic
deformationwasdtill homogeneous. Thus, inadditionto
thezonesof driction, only oneplastically strained sate
was obtained for theferritic steel whiletwo different
plagtically strained stateswere obtained for theferrito-
pearliticsted (“Strained1” and “Strained2”, respectively
corresponding to 10% and 17% of plastic deformation).
Cuitting for obtaining the samples needed by the study
was performed in order to have, for each strained state
(striction zones excepted), asamplefor an electrode
withasurfacepardld tothetensilestressaxis(i.e. tothe
tensile sample axis) and an el ectrode with a surface
perpendicular tothisaxis.

Preparation of the electrodes and realization of
the electr ochemical tests

Mounted samples were prepared for both
electrochemical experiments and preliminary
metallogrgphic examination of their microgdructures. The

cut sampleswere connected to acopper wire covered
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by plasticfor e ectrically isolating from the el ectrolyte,
then embedded in acold resin+hardener mixture. They
werethen polished with grinding papersfrom 240-grit
to 1200-grit, ultrasoni ¢ cleaned and polished until mirror
state and etched with Nital4 (ethanol + 4% HNO,). In
this state the mounted samples were subjected to
metall ographic examination, using optica microscope
equipped with adigital camera(microscope Olympus
Vanox-T, cameraOlympusDP-11).

Thereafter they were polished with 600-grit paper
again, to obtain the surface state needed by the
electrochemical measurements. These ones were
performed in an aqueous acid solution (H,SO, 1N)
contained in acell wheretheworking electrode (stegl
sample), a reference electrode (Saturated Calomel
Electrode: +241.5mV / Normal Hydrogen Electrode)
and acounter electrode (graphite) wereimmersed. The
three electrodes were connected to a potensiostat /
ga vanostat apparatus (Princeton Applied Research,
model 263A) driven by the software M 352 of EGG/
Princeton. The electrochemical runswereall cyclic
polarizations performed at 10mV/s between Eoep —
250mV and 1.9V (Eocp or E(1=0): Open Circuit
Potential, which can be assumed to be the corrosion
potentid).

RESULTSAND DISCUSSION

Microstructuresof thesamples

Themicrogtructuresof thesteds, inthenot strained
state and in the strained states, areillustrated for the
two orientationsby optica micrographs, inFgure 1 for
theferritic sted andin Figure 2for theferrito-pearlitic
one. Theferritic Sed essentiadly containsferritic (Centred
Cubic) grains, elther isotropic (not strained part and
surface perpendicular totengleaxisinthestrained part)
or elongated (strained part, cross sections parallel to
axis). Theferrito-pearlitic steel containsferritegrains
(white) and pearlitic (grey) zones, with the sametrend
of isotropy or anisotropy for respectively thenot strained
state and the two strained states. Thus, the tensile
deformation induced geometric modificationsfor the
phases present inthemicrostructuresof thesetwo sted's
(morevisiblewhen both ferriteand pearliteare present
together inthested!).
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Figurel: Ferriticsted - microstructuresin thenot strained state (bottom) and in thehomogeneoudy strained state (top) for
theorientationsparalle (left) or perpendicular (right) tothestrain direction

Electrochemical tests; corrosion behaviour inthe
active state

Whenimmersed in the acid solution and without
goplied potentid, thetwo sted sarelogicaly intheactive
state. The polarization curves performed thereafter can
be used first to get information about the behaviour of
the steels, versus the strain amount and the surface
orientation, whenthey aretill intheactivestate. Indeed
thepart betweenE__ —250mV and E ., +250mV in
the potential-increasing part of the polarization curve
can beanayzed usngtheTafel method. Thisonegave
theresults presented in TABLE 1 (ferritic steel) and
TABLE 2(ferrito-pearlitic ged): va uesof potentid and
current density of corrosionE_, and | (coordinates
of theintersection points of the cathodic and anodic
Tafel’s straight lines), and of the cathodic and anodic
Tafel’s coefficients (B, and B).

Inall casestheglobal position of the corrosion
potentials, between -0.44V / NHE and OV / NHE
and the not very low corrosion density of currents
(order of magnitudeof 100pA/cm?to ImA/cm?), both
indicatethat al steel el ectrodes are effectively inthe
activestate, what isnot surprising for not-aloyed steels

inasulphuric solution with pH ~ 0. The cathodic and
anodicreactionsarethensimply 2H* +2.e— H, and
Fe— Fe* + 2e, asconfirmed by the average values
of the Tafel coefficients (B, and B respectively near
60 mV / decade (the most often) and 120 mV/
decade). However thereisatrend for higher valuesof
thetwo cathodic Tafdl’s coefficients when the strained
state of the sampleismore severe, and especidly for
the perpendicular orientation.

Concerning the corros on potentialsand corrosion
current densities, in the case of theferritic stedl, the
vauesof E_ arealittlevariablebut without any direct
relation to thestrained state, while, onthe contrary, the
valueof | rapidly increases with the deformation,
especidlly for the perpendicular orientation for which
themilli-Ampereper cn? is reached.

The same comments can be done concerning the
ferrito-pearlitic sted . However theincreasein corrosion
current with theplastic strain isfaster sinceitismore
than doubled between the not strained state and the
“Strained2” state. In the zone of striction more than
3mA/cm? is reached, while it was 2mA/cm? for the
ferriticsted.
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Figure?2: Ferrito-pearlitic steel - microstructuresin thenot strained state (bottom), in theinter mediate homogeneously
gdrained gate(middle) and in theultimatehomogeneoudy strained state(top) for theorientationsparalle (Ieft) or perpendicular

(right) tothestrain direction
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TABLE 1: Ferritic steel - valuesof theresultsobtained by
applyingthe Tafd method tothe[Eocp—ZSOmV; E*+ 250mV]
partsof the E-increasing partsof the polarization curves

Surface parallel Surface perpendicular
To deformation axis to defor mation axis
FERRITIC Ecrr/NHE I corr Ecor / NHE | corr
STEEL (mV) (mA/cm?) (mV) (mA/cm?)
Ba(mV/ Be(mV/ Ba(mV/ Bc(mVv/
decade) decade) decade) decade)
. -256 0.101 -281 0.06
Not strained
61 126 65 80
. —245 0.153 -251 1.94
Strained
63 114 78 171
) -279 1.95
Near rupture Not applicable
136 162

TABLE 2 : Ferrito-pearlitic stedl - values of the results
obtained by applying the Tafel method tothe[EOCp—ZSOmV;
Ep t 250mV] parts of the E-increasing parts of the
polarization curves

Surface parallel Surface perpendicular
to defor mation axis to deformation axis
FERRITO- Ecor / NHE | corr Ecor / NHE I corr
PEARL. STEEL (mV) (mA/cm?) (mV) (mA/cm?)
Ba(mV/ Be(mV/ Ba(mV/ Be(mV/
decade) decade) decade) decade)
. -249 0.111 —287 0.346
Not strained
54 114 111 143
. -268 0.325 -290 0.611
Strainedl
73 124 113 147
-274 0.424 -286 0.859
Strained2
73 128 115 149
-303 3.38
Near rupture Not applicable
121 158
‘ 1.00E+00 T T T T ‘
-1000 -500 500 1000 1500 2000 2500
1,00E-01 - g

log[1/S] (A/lecm?)

eutectoid
cementite

ferrite

1,00E-06—

potentiel / ENH (mV)

——FERRparaNotStrained ——FPERparaNotStrained
Figure5: Superposition of thetwo cyclic polarization curves
obtained for the same state (not strained) and the same
orientation (paralld) for theferritic stedl (“FERR”) and the
ferrito-pearliticsted (“FPER”)
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Electrochemical tests: corrosion behaviour in the
passive state

Passivation was alwayspossible, but for applied
potentials higher than E, | + 250mV. The whole
polarization curveswere then considered in order to
characterizethe conditionsof passivation (potentidsat
which passivation occurs: E e maximal density of
anodic current before passivation, named critical
passivation current: Icp), theanodic current just after
passivation (| 5 )» ad the parameters describing the
stability of the passive statewhen the applied potential
decreases (E .-

Thegloba shgpeof the pol arization curvesdepends
on the concerned steel (Figure5). Indeed, if only one
anodic peak can be seenfor theferritic stedl, thereare
two peaksfor theferrito-pearlitic steel: thefirst one
between E_and about +800mV / NHE (i.e. asthe
soleonefor theferritic steel) and the second one over
therange +800 — +1400 mV / NHE.

Severa E-increasing partsof selected polarization
curves are displayed as examplein Figure 6 for the
ferritic steel and Figure 7 for theferrito-pearlitic one,
while somevauesof potentia and of dengity of current
characterizingthe E-increasing part and the E-decreasing
part of thecydic polarization curvesaregivenin TABLE
3 for the ferritic steel and TABLE 4 for the ferrito-
pearliticone.

The passage of thetwo steelsfromthe active state
tothe passive stateisobviously moredifficult for the
surfaces perpendicular to sampleaxisthan for the sur-
facespardld tothisaxis(theanodic peak isprolonged
to higher potentid svaues). A morestrained state, which
progressively lowersthe passivation potentia , tendsto
facilitate the passivation (Figure6 and Figure 7).

Thiscan bed so seenwiththevauesof passvation
potential in TABLE 3and TABLE 4 (thefirst onefor
theferrite-pearlitic stedl, corresponding to passivation
of ferrite (1)). However the contrary trend seemsto be
shown by theincreasein critica passvation denstiesof
current, evenif | doesnot redly clearly depend onthe
strained state. Neverthelesstheanodic current inthe
passive state, | e SEEMS decreasing when the steel
(essentially theferrite-pearlitic one) ismore strained.
But thiscan bea so induced by thefact that the passi-
vation occurred a lower potentials. Concerningtheloss
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Figure6: Ferritic steel - comparison of the potential-increasing partsof the cyclic polarization curvesbetween thetwo
orientationsfor thenot-strained state(top right) and for the homogeneoudy strained state (bottom Ieft); top left and bottom
right: thewholecyclic polarization curvesfor the surface parallel to axisfor the not-strained state, and for the surface
perpendicular totheaxisclosetotherupturezone, respectively

TABLE 3: Ferritic steel - valuesof potential and density of
current characterizing the achievement of thepassive state
when theapplied potential increases, and itsstability when
theapplied potential decreases

Surface parallel
to deformation axis

Surface perpendicular
to deformation axis

FERRITIC |, IrE\JpEfE/ - leo IIE\mSE/ e
STEEL  (mA/cm?) mv) (mAlcm?) (mA/cm?) (mv) (mA/cm?)

Epastoss/ NHE (mV)
T14

Epastoss/ NHE (mV)

178 +799 162 +1739 /
Not strained 103.78
+477 +521
185  +550 5.5 377 +e0 1481
Strained 106.25
+490 +509
271 +573 1.00
Near rupture Not applicable
+459

of passive state when the applied potentia decreases,
Research & Reotews On

no clear dependence on the strained state or on the
orientation can be noted.

General commentaries

Thusseverd differencesof corrosion behaviourin
the acid solution of the study were noted between the
not deformed zoneand themoreor |essdeformed zones.
Theobservationsare quite clear concerningtheactive
date(increasein corroson ratewhen plastic deformeation
increases) and consistent with previous results
concerning different types of steelg%9. Additional
informationisgiveninthepresent study snceoneaso
noted an effect of the orientation of the surfacewith
regardsto thedeformation direction: faster corrosion
for the perpendicular orientation. Earlier works showed
that such adependence on the strained state was not

. -
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TABLE 4: Ferrito-pearlitic sted - valuesof potential and density of current char acterizing the achievement of thepassive
statewhen theapplied potential increasesand itsstability when theapplied potential decr eases

Surface parallée

Surface per pendicular

FERRITO- Todeformation axis to defor mation axis
PEARLITIC lep Epas/NHE I pass e Epas/NHE I pass
STEEL (mA/cm?) (mV) (mA/cm?) (mA/cm?) (mV) (mA/cm?)
Epassioss/ NHE (mV) Epassioss/ NHE (mV)
+803 (1)
165 (2) 2
, +1053 to 9.13 112 T +1450 to 25.3
Not strained 26.1(2) +1511 (2) 11922
d +1529 to +1327 (2), +535 (1) +484
+727 (1)
Strainedl 2?8% (é)) 1 +1101 to 6.34 147 T+1302to 24.2
: +1479 (2) +1718
J +1553t0 +1487 (2), +489 (1) +476
+559 (1)
158 (1) 2 1 +960to
. +1159to 3.83 182 15.9
Strained2 8.90(2) +1467 (2) +1192
+989 (2), +487 (1) +496
+931 (1)
409 (1) 2
. +1193to 4,72
Near rupture Not applicable 13.0(2) +1439 (2)
+499
. Research & Reotews On
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so clear concerning non ferrousmetallic alloyg©12,

Concerning the passive state, which must be
artificialy obtained by applying ahigh potentia, there
area sodifferences, first between thetwo typesof sted:
passvationintwotimesfor theferrito-pearliticone, with
two partial anodic peaks, the first one (ferrite)
corresponding to the unique one of theferritic steel.
About the eas nessfor reaching the passive state, which
can be estimated by the passivation potential and by
thecritical passivation current, clear deductionsarenot
really possible since the two parameters indicate
opposite conclusions. However it can be said that the
amount of strain deformation greatly influencesthe
polarization curves, at |east their potential-increasing
part.

CONCLUSIONS

Theactive behaviour in corrosion of not aloyed
steelswhenimmersed in sulphuric acid solution, and
maybe their passive behaviour too, depends on both
the plastic strained amount and the orientation. Such
dependencemay |lead to accel erated corrosionin some
zones of a steel piece previously subjected to
inhomogeneousdeformation (asfor apiecewithvarying
sections along its axis and plastically deformed in
traction), between anot plastically strained zone (great
sections with only elastic deformation) and more
plastically strained other zones, aswell asdifferently
oriented areas. Furthermore the heterogeneous
corrosion can also be enhanced by galvanic coupling
between such different locations. Thiscanfindly result
inaloca rupturewhich can benot redly anticipated if
electrochemical characterization of corrosonrateare
not performed on the more sensible zone of the piece.
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