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ABSTRACT

KEYWORDS

After having been subjected to intense stresses metallic alloys can be
partially or totally affected by apermanent geometric change. Theresulting
much higher dislocations densities may lead to severe microstructure
disorder inducing possibly changes in the surface reactivity of the piece,
after or not machining. It isthus interesting to specify the effects of plastic
deformation on the local corrosion resistance of metallic alloys, by taking
into consideration the local orientation of the surface with respect to the
deformation tensor. In this work two metallic alloys, pure polycrystalline
iron and aternary Fe-10Ni-18Cr alloy, both (re-)melted and (re-)solidified in
the same conditionswere cut, uni-axially deformed and tested in corrosion
in a sulphuric solution, by applying the Stern-Geary, Tafel and cyclic
polarization methods, to highlight the links of dependence of parameters as
open circuit potential, polarization resistance, corrosion current densities
and passivation characteristics, on the amplitude and direction of
mechanical plastic deformation. Some tendencies obviously exists, notably
concerning the corrosion resistance in the active state for iron or some of
the passivation characteristics, but the variation observed in many cases
remain not well established. The microstructure texture is suspected to
superpose its influence on the deformation one.
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INTRODUCTION

Theshaping by plastic deformation (forging, samp-
ing...) necessarily leads to strongly increased disloca-
tiondenstiesinmetalicmaterias. Thismay inducefor
thesed | oysnoti ceablechangesintheir mechanica prop-
ertiesaswell asfor their behaviour incorrosion. Thisis
true at the scale of thewhol e piece, but galvanic corro-

son phenomenamay a so occur between different zones
of the external surface of the piece, for instance be-
tweenanot deformed or adightly deformed part and a
considerably deformed other part. A smplecaseisthe
one of arevolution piece which presents successive
different sectionsleading to different plastic deforma:
tionratesafter uniaxid solicitationintractionor incom-
pression along the piece axis. A lot of works have been
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realized for several decades about the dependence of
the corrosion behaviour and the plastic strain. Unfortu-
nately, dthough it was often concluded that plastic de-
formation tendsto accel erate corrosiont¥, thereported
observationsarerather variable.

Stanlesssted shaving been subjected to cold-work-
ingwereamong thefirst metallic materid swhichwere
concerned by such studies of the dependence of cor-
rosion on plastic strain, thisfor solutionsas sulphuric
acid?, other acidswith or without corrosioninhibitorg®
or solutionscontaining chlorides®. Morerecently works
have been a so carried out about cold-rolled Ti-based
aloysin contact with solutions of sulphuric acid® or
with other oxidant solutionssuch asthe Ringer’s onel®,
aloysbased on Al or Mg® ...

Inthepresent work steelsareconsidered again, in
asimplesulphuricacid solution (H,SO, 2N) too, butin
particular conditions possibly |eading to abetter con-
trol of the samples(simpleuni-axia plastic deforma-
tionsby compression, samplesissued fromasamein-
got of pureiron and from asameingot of aternary Fe-
18Cr-10Ni aloy (thechemical compositionsarethus
simpleand constant)), and taking into account the ori-
entation of the characterized surfaceswith respect to
thedeformation axis.

EXPERIMENTAL

Elaboration of thealloys

Thetwo metallic materialsdevoted to this studly,
pureiron (thereafter smply named “Fe”’) on the one
hand and the Fe(bal .)-10Ni-18Cr (in weight percents,
smply named “FeNiCr”’) were prepared as cylindrical
primary samplesasfollows:

- selection of small partsof pureFe, Ni and Cr and
wel ghing to obtain about 50g withthe desired weight
compositioninthecase of the FeNiCr dloy,

- fusionusing aHigh Frequency Induction Furnace
(CELES), with as operating parametersafrequency
of 110kHz and avoltage of 4000V,

- agpiration of theliquidinasilicatubein whichthe
dloysolidified.

Thisallowed obtaining cylindrica ingotsthediam-
eter and length of which were of about 10mm and sev-
erd centimetersrespectively. Thesemetdllic cylinders

werethen cut using an automatic precision cutter |somet
5000 (Buelher), which alowed obtaining cylindrical
samples of about one centimeter long. A first one per
aloy wasstudiedinitsinitial not-deformed condition
whilethethreeotherswill bethereafter compressed at
different rates.

Compressionruns

The compressed sampl es were obtai ned by sub-
jectingthemtoanincreasing forceappliedby aM TS
RF/150 machine equipped with a 150kN-capacity
force-measuring cell, through two compression plat-
ens. The sampleswere subjected to compressive de-
formation in thedirection of their axis, with adefor-
mation rateof 0.25 mm/min. Thecompressonrunwas
manually stopped as soon as the desired deforma-
tionswere obtained. Therdative plastic deformations
relly obtained were cal cul ated from the measurements
of theinitia and final heights of the samples, using a
numerical calliper. They are presented in TABLE 1.
For the pure iron samples (“Fe”) as well as for the
ones made of theternary steel (“FeNiCr”) there is a
not deformed or “As-Cast” (AC) sample, a “Small

TABLE 1: Valuesof theobtained plastic defor mation

Alloy AC SD MD HD
“Fe” 0%  -9.75% -22.2% -34.0%
“FeNiCr” 0%  -3.08% -10.7% -17.6%

Deformation” one (SD), a “Middle Deformation” one
(MD) and a“High Deformation” one (HD), each of
them being respectively about twicefor the Fe samples
than for the FeNi Cr sampl es, duetothe higher strength
of theinoxidableaustenitic steel by comparisonto pure
iron.

Preparingtheedectrodes

The deformed sampleswerecut in order to gener-
atetwo e ectrode surfaceswith two orientation with
respect to the deformation axis, one perpendicular and
oneparald (Figurel). Each samplewas connected to
aplastic-covered copper e ectrical wire, then embed-
dedinacold resin mixture (ESCIL: Aradite CY 230
and hardener HY 956). The electrode surfaceswere
thereafter polished with SIC papersupto 1200-grit (with
each timeanew 1200 paper per sample) before each
seriesof eectrochemica experiments.
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surface perpendicular
to the compression
direction
Figurel: Cutting procedurefor obtaininga surfaceparallel
tothe compression axisand a surfaceper pendicular tothe
compresson axis

surfaceparallel to
the compression
direction

Electr ochemical experiments

Thedectrochemica runswere performed to char-
acterize the corrosion behaviour in asulphuric acid
agueoussolution, H,SO, 2N. A Versastat potensiostat
from EG& G/Princeton Applied Research and driven
by the M 352 software was used, with a three elec-
trodescell composed of theworking e ectrode (the stud-
ied sample), aSaturated Calomel Electrode (SCE) for
the reference in potential and a graphite rod for the
counter e ectrode. Thee ectrochemical testswere:

- linear polarization runs from E _-20mV to
E,,+20mV at 10mV/min,

- Ta‘el runsfromEg__-250mV toE _+250mV a ImV/
sand at 2mV/s(pure Feonly),

- cyclic polarization runs between E,,-250mV and
1.9V at +5and-5mV/s(FeNiCr steel only).

RESULTSAND DISCUSSION

First linear polarizationsand tafd experimentson
as-cast or SD and M D deformed pureiron

After threelinear polarizationsfor measuring three
success ve pol ari zation res stlancesduring thetime nec-
essary to obtain the cell equilibrium, Tafd experiments
were performed to get the values of both corrosion
potentia and corrosion currents.

After theseexperimentsthed ectrode surfaceswere
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Figure2: Surface statesof theelectrodesafter the{3xRp} +
tafel experiments

examined sincethee ectro-chemica runsallowed ob-
serving the microstructures of the alloys. These ones
are shown in Figure 2 which presentsthe el ectrodes
surfaces scanned using asimpl e office scanner, reveal -
ingtheprogress vegrain deformation especially for the
parallel-type e ectrodes.

Thevauesobtained for the pol arization resistance,
aswell asthe values of the open circuit potential de-
fined asbeingthepotentid at whichthecurrentisequa
to O during the successivelinear polarizations, arepre-
sented inTABLE 2. TheRpvaluesaswell astheE
vauesdo not obvioudy vary following clear laws.

TheTafel determination onthefollowing I/S=f(E)
filesobtained over the[E, —250mV,E__+250mV]
rangeled to theresultsobtained just after thethreelin-
ear polarizationsfor ascanrateof 1mV/sandjust after
with asecond Tafel run achieved with ascan ratewith
twicethisvalue(2mV/s). Heretoo (TABLE 3) nosys-
tematicevolutionof E_ ,andalsoof | , wasnoted
versustheamount of pl astl cdeformation aswel | asver-
susthe surface orientation. Thismay be probably to
attribute to atime before Tafel experiment not long
enoughtoalow thewholecd reaching theequilibrium.
Thisisthereason why that new experiments, with a
period of 25 minutesbefore performing cycling polar-
ization, will be performed theresfter.

Open circuit potential and polarization resistances
on longer timeof pureFesamples

Theopen circuit potentia evolutionwithtimeas
well asthe polarization resi stance oneare both graphi-
caly describedinFigure 3 (Eocp defined again asbeing

ey, P alzrioly Seience
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TABLE 2: Evolution of thepolarization resistance and of the open circuit potential, before performing the Tafel

experiments
Surface parallel to axis Surface perpendicular to axis
def.rate Rpl, Rp2&Rp3  Eoept, Eoep2& Eocps Rp1, Rp2 & Rp3 Eoets Eocn2& Eocps
(Ohm. cm?) (mV/ENH) (Ohm. cm?) (mV/ENH)
Fealloy AC 49.6-66.7-52.4 -311, -315, -314 61.8-80.1-52.2 -303, -302, -297
SD 68.5-126-117 -287, -297, -298 71.0-171-171 -278, -293, -295
MD 57.7-72.1-42.6 -300, -299, -299 57.8-94.0-76.0 -297,-302, -301
TABLE 3: Resultsof thetafel experiments
Surface paralle to axis Surface perpendicular to axis
Fe aJon def. rate Ecorr I corr Ba ﬂc Ecorr I corr ﬂa ﬂc
/ ENH / ENH
(mV) (nA/em?) (mV/dec) (mVidec) (MmV) (nA/em?) (mV/dec) (mV/dec)
Scan rate: AC -318 427 61.3 143 -298 570 63.9 211
sD -300 209 59.0 283 -298 568 61.1 440
1mV/s MD -298 721 58.7 168 -298 557 62.9 206
Scan rate: AC -276 1948 81.6 186 -263 1822 79.2 133
sD -253 733 66.2 128 -252 658 64.1 236
2mVi/s MD -260 1447 78.0 140 -263 1821 79 133

thevauesof potentia at which 1/S=0 during the suc-
cessivelinear polarizationsgiving Rp). For the“paral-
lel” surfaces, one can see that E__isinitidly higher than
after, adecrease which nearly stopsthereafter. For this
orientation onecan notethat the potentid isalwayslower

Iron, parallel direction : open circuit potential
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for thetwo first deformation ratesthan for the not de-
formed statewhilethe highest plastic deformationled
to much higher values, even higher than for the as-cast
dSate.

For the“perpendicular” surface, the same type of
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Figure3: Evolution of theopen cir cuit potential and of the polarization resistancewith timefor thefour defor mation states

and thetwo orientations
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E evolutionversustime and versustheplastic defor-
mation rateisfound again.

Concerning the pol arization res stances, for the par-
dle orientationtheir evolutionisvery clear: first the Rp
vauesincreasewith timefor thefour deformetion states
(maybe except for the highest deformation), and sec-
ond, when the plastic deformation rateincreasesthe
pol arization resi stance decreases.

For the perpendicular orientation the Rp evolution
withtimeisglobaly the same asabove. The samecom-
ment concerning the dependence of thepolarizationre-
sistance on the plastic deformation rate can be done.
Between thetwo orientations, there are (often small)
differenceswith scattered orders. Thisdependsonthe
deformation rate. One can underlinethat thereis, about
the not-deformation state, an influence of the orienta-
tion which cannot be attributed to the pl astic deforma-
tion: inthiscaseit can be suggested that thereisapos-
sibleeffect of the crystalline growth direction during
solidification onthecorrosion behaviour.

Open circuit potential and polarization resistances
on long time of steel samples

TheE_ evolutionswith time, with the plastic de-
formation state and with the surface orientation with
respect to thesampleaxis, for theFeNiCr aloys, are
displayed in TABLE 4 and graphically represented in
TABLE 4: Evolution of theopen circuit potential ver sustime

and ver sustheplastic deformation rate, for thetwo surface
orientations, inthe caseof the FeNiCr alloy

FENICR PARA/ PARA/ PARA/ PARA/
Temps AC SD MD HD
(min) E/ENH E/ENH E/ENH E/ENH
(mV) (mV) (mV) (mV)
3 -109 694 99 -167
8 -218 637 -88 -197
13 -216 570 -220 -198
18 -213 55 -218 -200
23 -211 -111 -216 -200
PERA/ PERP/ PERD/ PERD/
F_:_Ee’\rl]:CsR AC SD MD HD
(mir?) E/ENH E/ENH E/ENH E/ENH
(mV) (mV) (mV) (mV)
3 690 -214 -166 -184
8 700 -208 -201 -210
13 700 -203 -199 -210
18 699 -198 -198 -213
23 697 -192 -198 -212
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Figure4: Evolution of theopen cir cuit potential with timefor
thefour defor mation statesand thetwo orientationsin the
caseof theFeNiCr stedl

Figure4. For theparallel orientation aswell asfor the
perpendicular orientation, thereisno clear dependence
of the E e ON thedeformation ratesincetheresultsare
too scattered, evenif theevolutionwithtimeisarapid
then slower decreasein most cases. Somevery high
vaueswereobsarved (existing a immersion and either
kept or lost beforethe experiment end), which let think
to a more or less passive state in some cases
(SD&parallel:initid highE  butwhichfallsafter, AC/
not de-formedé& perpendicular: always high Eocp). It
seemsthat the tendency to passive may exist for the
not-deformed or dightly deformed (-3.08%) for this
Cr-rich dloy despitetheacidity of thesolutionwhilea
too deformed state does not allow such tendency.
Thevauesversustimeof thepolarization resstance
for al theFeNiCr samplesarelistedinTABLE 5and
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TABLE5: Evolution of thepolarization resistance ver sus
time and versusthe plastic defor mation rate, for the two
surfaceorientations, in the case of the FeNiCr alloy

PARA/AC PARA/SD PARA/MD PARA/HD

FENICR

Temps(min) OhrF;F.)cm2 OhrFffcm2 Ohrljfcm2 Ohrljfcm2

3 143 699 106 9

8 43 6683 396 45

13 84 3627 78 53

18 103 88 89 55

23 122 1086 96 61
FENICR PERP/AC PERP/SD PERP/MD PERP/HD
Temps(min) Rp 2 Rp 2 Rp 2 Rp 2
Ohm.cm® Ohm.cm® Ohm.cm®* Ohm.cm

3 203 12 8 4

8 194 59 90 43

13 189 110 118 47

18 180 108 136 48

23 183 110 144 48

plottedin Figure5. If they arerather variablefor the
parallel surfaceorientation they present aclearer de-
pendence onimmersion duration (increasewith time)
aswell as on the plastic deformation rate (decrease
with thedeformation amount). Thereislogicaly agen-
eral correspondence of high values of Rp and of the
high valuesof E

Except for asmall number of casesfor whichapas-
sivation of the surface may be suspected, it appeared
that thevauesof polarization res tanceweregenerdly
not much higher than theonesmeasured for thesmple
iron samples, despite the presence of both nickel and
chromium. Thiswas also the case abovefor the open
circuit potential in many cases.

Cyclicpolarization runs(FeNiCr steel only)

Theam of thecyclic polarization curvesover the
cong dered potentid srangeisto measureagain the cor-
rosion potentid, sudy the possibility of passivation (ex-
istence of alow corrosionintensity plateau), valuethe
difficulty of reaching thispass ve state (pass vation po-
tential, critical current for passivation), knowing the
corrosionratein the passive state and to seeif the pas-
sive state is stable and can be kept when the applied
potentia decreasesdown to the open circuit potential
or lower. It appeared that, in al casesthe passivation
existsand wasobtained rather easily. It wasnot lost in
the potential-decreasing part of the curveand anew
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Figure5: Evolution of the polarization resistancewith time
for thefour defor mation statesand thetwo orientationsin
the case of the FeNiCr stedl

much higher corrosion potential (CrV'/Cr'"") was ob-

tained.

Thedetermined characteristicsof thecyclic polar-
ization curvesobtained for the FeNiCr electrodes are
presented in TABLEG6.

It appearsthat:

- thecorrosonpotentids(E . 1 ontheE-increasing
parts of the curvesdo not show clear evolution with
the deformation rate and there is no clear depen-
denceonthe surface orientation

- thecriticd passivation current (I, mT) isquitevari-
ableand thereisno clear dependence ontheorien-
tation

- thepassivation potential (E s 1), despiteit varies,
does not show any established dependence neither
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TABLE 6: Evolution of different characteristicsof thecyclic polarization cur vesver susthe defor mation rateand the surface

orientation for the FeNiCr samples

Surface paralle to axis

Surface perpendicular to axis

def. rate Ecorr E’corrd Ecorr 1 E’corrd
(mV/ENH) (mV/ENH) (mV/ENH) (mV/ENH)
AC -193 +942 / /
. SD -147 +906 -188 +939
FeNiCr alloy
MD -208 +901 -191 +762
HD -191 +798 -197 +804
Surface parallé to axis Surface perpendicular to axis
def. rate EpasT Edepassi EpaST Edepassi
(mV/ENH) (mV/ENH) (mV/ENH) (mV/ENH)
AC +7.5 N/A / /
. SD +43.5 N/A -315 N/A
FeNiCr alloy
MD +0.5 N/A +37.5 N/A
HD +39.5 N/A +13.5 N/A
Surface parallé to axis Surface perpendicular to axis
def. rate erit pass T IpassminT L erit pass® IpassminT
(mA/cm?) (nA/cm?) (mA/cm?) (nA/cm?)
AC 1135 31.8 / /
FeNiCr allo sD 154 14.8 1856 43.9
y MD 795 27.7 943 39.6
HD 2218 421 1528 35.1

onthedeformation rate, nor ontheorientation

- thecorrosion currentinthepassivestate (I .. T)
tendsto increase with the deformationrate for the
paralld orientation and to decreasefor the perpen-
dicular orientation; in contrast thereisalso no sys-
tematic difference betweenthetwo orientations

- thenew potential (E’, 1) tendsto decreasefor the
pardld orientationwhenthesampleismoredeformed
but the variation isnot monotonefor the other sur-
face orientation; no real order exists between the
two orientations

General commentaries

Despitethat the el aboration mode and the sample
preparation were conceived and carefully redized, it
appeared that there are globally no clear dependence
of thedifferent electrochemica parameterscharacter-
izing the corrosion behaviour, for the active state, for
thechange-over of the active stateto the passive state,
andfinally for thepassive state. Thiscan bemaybedue
first to adependence on the plastic deformation rate
and onthe orientation with respect to the deformation
axiswhich possibly lead to variationsof the sameorder

of magnitude asthelack of reproducibility, and sec-
ond, especidly concerning the possible effect of orien-
tation, that the el aboration procedure, characterized by
aradial growth towardsthefuture sample axisduring
solidification may induceitself effectson the orienta-
tion-dependence of plastic deformation and thenonthe
corrosion behaviour, or evendirectly ontheorientation
dependenceof thiscorrosion behaviour, as suggested
by the differences sometimes noted for thetwo orien-
tationsfor the not deformed samples. Neverthelessa
small number of potentially i nteresting observations
weredone, concerning for exampletheeffect of both
the plastic deformati on rate and the orientation on the
polarization res stance and open circuit potentia during
thefirst 25 minutesfollowingimmersion, or theten-
dency to passivein case of no or low deformation by
comparisonto higher deformed states.

CONCLUSIONS

Theplastic deformation, aswell asthe orientation
with respect to thedeformation axis, do have an effect
on the corrosion behaviour of the two studied iron-
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based cast alloys. Thedifferent parametersobviously
were changed for deformation rate changeor for ori-
entation change but the possible superposition with
probabl e dependence of themicrostructura textureis-
sued from the solidification processhaveled to difficul -
tiesfor the highlighting and interpretation of theresult-
ing effects of thetwo parameters, hardening x geom-
etry studied, thisshowing that it could bebetter to pre-
pare samplesin equi-axed zonesiningots.

Thiswork, which continuespreviousstudies{ plas-
tic deformation«>corrosion} redized inthesamedec-
trolytic mediafor pure metals deformed in compres-
siont® or carbon steel sdeformed in traction*®, will be
followed by find investigationd**2 concerningaferrito-
pearliticsted.
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