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ABSTRACT

Stresses applied to ductile alloys or pure metals may induce severe plastic
deformation with multiplication of defects and dislocationsin their crystal
networks. Such a disorder in the microstructure can influence the surface
reactivity of the alloys, with conseguences for their behaviour in corrosion.
Here, cast pureiron, pure nickel and pure copper were elaborated by high
induction melting, and some of the obtained samples were plastically de-
formed by compression. As-cast samples and plastically deformed samples
were prepared as el ectrodes and tested in H,SO, solution, added or not with
acorrosioninhibitor, according to the Stern-Geary and Tafel methods. Polar-
ization resistances, corrosion current densities and corrosion potentialswere
measured. The electrochemical characterization of the corrosion behaviour
was compl eted by performing cyclic polarization experiments. Globally the
plastic deformation improved the corrosion behaviour of iron but inversely
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decreased the corrosion resistance of nickel and of copper.
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INTRODUCTION

When mechanically stressed metallic materid sare
deformed eastically and even plastically if the applied
stressesare of asufficient level. In the second case a
part of thedeformationis permanent, dueto the multi-
plication and the not-reversible movement of the one-
dimension crystalinedefectscaled did ocations. After
such deformation, duetotensile, compression, flexion
or torsondeformations, thedloysaremodified not only
at the macroscopic level but aso in the microscopic
scale. Onethe one hand their strained microstructure
containsamuch higher density of defectsand notably
dislocations, and on the other hand residual stresses

may still exist, even near theexterna surface. Thismay
lead to amodified reactivity of thealloy, and for ex-
ampletoanew behaviour in corrosion whenimmersed
in agqueous ol utionscontaining oxidants. Typicaly, itis
generally consdered that an dloy ismorereactiveina
deformed condition than before, then less resistant
against corrosiontY,

Numerous studies about the effects of amechani-
cal deformation on the corrosion behaviour of alloys
weredrivensnceat least forty years initialy about Sain-
less steel sprevioudly cold-worked or not in solutions
such assulphuricacid?, chlorides-containing sol utiong?
or hydrochl oric acidsadded with inhibitor™ after cold-
working, and morerecently about plastically deformed/
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TABLE 1: Initial and final thickness (in mm) of the samples
deformed in compression

Metal Fe Ni Cu
Initial thickness (+0.02mm)  3.06 4.79 3.58
Final thickness(+0.02mm) 2.52 4.15 2.53
Resulting permanent 0 0 0
deformation (%) 17.6% -13.4% -29.3%
=3
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(called « type 1») (called « type 2 »)

Figure1l: Schemedescribing the compression defor ma-
tion and thecutting performed in or der toobtain theelec-
trodeswhich allow deter mining thecorrosion behaviour
of thetwotypesof surface

cold-rolledtitanium-based dloysin Ringer’s solution®
or sulphuric acid® again, magnesium-based” or alu-
minium-based® dloys.

Following thetypeof aloy, thechemica compos-
tion and the manufacturing mode of which isoftentoo
complex to deducewel| established generd rulesinre-
ality, several effects of the plastic deformation onthe
corrosion behaviour can be found, sometimesin the
oppositedirections. Theam of thiswork isto study the
influenceof anuniaxid plastic deformation on the cor-
rosion behaviour in asimple sulphuric acid solution
(H,SO, 2N) inthe case of three pure metals (Fe, Ni
and Cu), aborated followingaknown procedure (cast-
ing) and subjected or not to asimple compressionin-
ducing apermanent deformation.

EXPERIMENTAL

Preparation of theelectrodes

Threeingotswere synthesized by melting of pure
elements (Fe, Ni or Cu, purity higher than 99.9wt.%,

AlfaAesar) inaHigh Frequency (300kHz) induction
furnace (CELES), under an inert atmosphere of 300
millibarsof pureargon. Theinitia charges (about 100g
in each case) were melt in the water-cooled copper
crucibleof thefurnace, maintained about five minutes
a hightemperature(liquid stateinlevitation duetothe
magneticfield), then cooled and solidified. Theingots
werecut in order to obtaintwo parall €l epi peds (about
7x7 x 4 mm?3), near the centre of theingot. For each
studied metal, one of thetwo sampleswasplastically
deformed by uniaxia compression (initid thicknessand
thicknessafter compression givenin TABLE 1) while
the second one was not mechanically stressed. The
deformed samplewascut in two partsaccording to the
scheme presented in figure 1, in order to obtain two
surfaces, one perpendicul ar to the compression axis,
and the other one parall €l tothe compression axis.
Each samplewastin-soldered to agained copper
wire, embeddedinacoldresin (Aradite Escil CY 230)
+ hardener (Escil HY 956) mixture, polished with a800-
grit SIC paper then shortly polished asecond timewith
a1200-grit paper (anew onefor each sample).
Thedectrochemica experimentswere performed
with athreedectrodes-cdll filled with about 100cm? of
asolution of sulphuricacid H,SO, 2N (and, inthecase
of theiron electrodes a so with the same sol ution but
added with an inhibitor: H,SO, 2N + 0.1wt.%
alylthiourea) for whichpH isequa to 0. Thethreedec-
trodeswerea Saturated Calomel Electrode (SCE) for
thereferencein potentid, agraphiterodfor the counter
electrode, and, for theworking el ectrode, the embed-
ded and polished metal which was studied. The
potensiostat whichwasusedisaVersaStat from EG& G
Princeton A pplied Research, driven by the M 352 soft-
wareof EG and G viaaCompaq Prolineacomputer.

Theédectrochemical measurementsdone

Theiron electrodes and the nickel e ectrodes un-
derwent severd typesof experimentsinthesulphuric
acidsolution:
= Prdiminary measurement of the actual free potentia

E(1=0), linear polarization between E(1=0) - 20mV
upto E(I=0) + 20mV at 10mV min* (thiswhole se-
quencerepeated threetimes successively, for atota
duration of about 20 minutes) ; thereafter aTAFEL-
typeexperiment performed by linear polarizationfrom
E(1=0) - 250mV upto E(I=0) + 250mV at 1mV s™.
» Preiminary measurement of the actual free potentia
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E(I=0), then acyclic polarization congtituted by an
increase in potential from E(1=0) - 250mV up to
+1.9V at +5mV min? followed by a decrease in
potential from+1.9V downtotheinitial value(i.e.
E(I=0) - 250mV)
The copper dectrodesonly underwent thefirst ex-
periment (threelinear polarization throughthesmal in-
terval in potential, followed by the Tafel experiment)
whiletheiron electrodes underwent the samefirst ex-
periment (linear polarizationthen Tafd) inthesulphuric
acid solution added with theinhibitor.
Thefirst experiment allowed seeing how the po-
tential and the polarization resi stance evol ved during
thefirst twenty minutes of immersionwhilethe Tafel
experiments permitted the determination of the corro-
sion current density (I ) and the corrosion potential
(E,,,), withinaddition estimation of the cathodic and
anodic Tafel coefficients(B_and 3, ).
The second experiment alowed seeing the condi-
tionsof passvation, trangpass vation and depassi vetion:
= Fortheintengties: thecritica current of passivationand
theaverageanodic current inthepassivation plateau

= For the potential: the potentia of passivation, the po-
tentia of transpassivation, the potential of oxidation
of the solvent and the potentia of depassivation.

RESULTS

Freeimmersion and Tafel experiment of iron in
H,SO, without or with presenceof allylthiourea

Thethree Tafel curves obtained for the el ectrode
of as-cast iron and for thetwo el ectrodes of iron plas-
tically deformed in compression aregiveninfigure 2
whilesaverd numerica characteristicsof thesecurves,
aswel asother resulltsrecorded during theabout twenty
minutes preceding each Tafel experiment, aregivento-
gether inTABLE 2. Betweenimmersionand Tafdl ex-
periment, thefree potential E(1=0), sometimesdlightly
increases (not deformed Fe, thereafter called “Fe0”),
remainsa most constant (deformed Fewith orientation
1, “Fel”) or on the contrary slightly decreases (de-
formed Fewith orientation 2, “Fe2”). Thus there is no
significant variation of thefree potentia, and further-
morethepotential just before Tafel experiment does
not significantly depend onthemechanica stateof iron.
In contrast the pol arization resistance (Rp, withi=1, 2
then 3) systematically increases during these twenty
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TABLE 2: Iron electrodes-resultsof linear polarizationsand
Tafe experiments

Initial Fe Compressed Fe
Electrode (not Orientation 1Orientation 2
defor med’ (“Fel”) (“Fez”)
“FBO”)
E(I1=0); (mV/HNE) -283 -264 -268
Rp; (© cnm?) 29 23 32
E(1=0), (mV/HNE) -276 -263 -272
Rp, (? cn?) 64 54 83
E(1=0); (mV/HNE) -270 -263 -272
Rps (Qcm?) 67 60 98
Tafel
Ba(mV/decade) 55 59 54
Be(mV/decade) 166 175 191
Ecor (MV/HNE) -265 -257 -271
| oorr (LA Cm®) 274 285 170

1.E-02 1 Efeid

1E-04

1.E-06

Potential/[HNE (mV)

=g |l

——fredsformed] Al

—Fe delormed

Current densities (A/cm?)

Figure2: Superposition of the Tafel curvesobtained for
thethreeiron electrodes

minutesbefore Tafel experiment, uptoavaluewhichis
sgnificantly higher for Fe2 thanfor FeO and Fel. This
meansthat the resi stance against corrosion should be
dightly higher for the Fe2 than for thetwo others. This
iseffectively obtained by gpplying the Tafel method since
the corrosion current (more precisaly dendity of corro-
soncurrent) | _of Fe2issignificantly lower thanthe
two other electrodes. The E_ values deduced from
theTafel curvesarestill closeto oneanother, and the
vauesof theanodic (B,) and cathodic (B ) Tafel coeffi-
cientsarerespectively conform to theanodic reaction
Fe— Fe*" + 2 e, and a so to the cathodic reaction H*
+1e->1/2H, evenit can bethought that B _isalittle
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TABLE 3: Iron electrodes (+ inhibitor) - results of linear
polarizationsand Tafel experiments

Initial Fe Compressed Fe
Electrode (not Orientation 1 Orientation 2
deformaj’ (“Fel”) (“Fez”)
“Feoaa)
E(1=0); (mV/HNE) -308 -296 -305
Rp; (© crm?) 67 88 99
E(1=0), (mV/HNE) -290 -289 -280
Rp, (2 cm?) 111 120 not recorded
E(1=0); (mV/HNE) -277 -282 -266
Rp; (Q cm?) 169 157 327
Tafd
Ba(mV/decade) 71 68 60
B(mV/decade) 155 172 143
Ecorr (MV/HNE) -260 -274 -258
lorr (WA C?) 83 127 49

TABLE 4: Nickel electrodes- resultsof linear polarizations
and Tafel experiments

Initial Ni Compressed Ni
Electrode (not Orientation 1 Orientation 2
deformec" (“Nil”) (“Niz”)
“Ni(]”)
E(1=0),(mV/HNE) -56 -41 -28
Rp; (Q cm?) 448 1070 248
E(1=0),(mV/HNE) -52 -32 -28
Rp, (Q cm?) 683 483 411
E(1=0); mV/HNE) -48 -32 -25
Rp; (Q cm?) 765 549 462
Tafel

Ba(mV/decade) 66 56 51
B(mV/decade) 138 212 249
Ecorr (MV/HNE) -53 -29 -15
lorr (WA c?) 19 23 31

too high. Infact, themain differences existing between
thethree Tafel curvesconcernthecathodic straight line
of Tafel obtained for Fe2 which seems being moved
towardslower densitiesof current, by comparisonwith
thetwo other cathodic straight lines, what isrespon-
sibletothelower valueof | obtained for Fe2.
When alylthioureaisadded to the sulphuric solu-
tion, thefreepotentid isnot modified (Figure3, TABLE
3) but the polarization resistancesarelogically higher,
for thethreeelectrodes (Rp3: x2.5, x2.6 and x3.3for
respectively Fe0, Fel and Fe2). | _ isalso lowered
(divided by dmost 3for thethreeeectrodes). Onecan
noticethat thethree cathodic Tafd straight linesared-
most the samewhilethe difference, whichishere be-
tween FeO+Fe2 and Fel, isnow dueto ashift of the
anodic Tafel straight line of Fel a onetowards higher
intengitiesby comparisonto FeO (whereasFe2 remains
closeto Fe0). The E_,, valuesdeduced fromthe Tefel
curvesarestill closeto oneanother, and the values of

1. 6408

Patential/[HNE (mV)
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Figure 3: Tafel curves obtained for thethreeiron elec-
trodesin presenceof allylthiourea
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Figure4: Tafel curvesobtained for thethreenickel elec-
trodesin presenceof allylthiourea

theanodic (B,) and cathodic (B ) Tafel coefficientsare
respectively conform to theanodic reaction Fe— Fe**
+2e, andasotothecathodicreactionH* + 1le—
H, evenit can bethought that 3 isalittletoo high

Freeimmersion and Tafel experiment of nickel in
H,SO, (Figure4and TABLE 4)

Thefree potentialsof nickel recorded just before
theTafel experimentsareal logicaly higher than for
iron, and the polarization resistances are al so greatly
higher. Thefreepotential dightly increaseswithtime
andtendstobedightly higher for the*“Ni2” (deformed
Ni, orientation 2) and “Nil” (deformed Ni, orientation
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1) electrodesthan for the NiO one (as-cast Ni). This
order iskept for the corrosion potential s determined
thereafter duringthe Tafel experiments. In contrast, the
polarization va uesfollow theinversed order (higher for
NiO than for Nil and higher for Nil than for Ni2),
whereasthe corrosion current determined during the
Tafel experimentsislower for NiOthanfor Nil and,
abovedl, than Ni2. These differencesbetweenthel
andE_, valuesissued fromthe Tafel method are seem-
ingly attributedto variationsof dopeamong theanodic
partsof thecurvesaswell asamongtheir cathodic parts.
Inthe case of nickel toothevaluesof the Tafel coeffi-
cientsp_and B (whichisalittlehigher for thedeformed
nickel than for the as-cast one) respectively correspond
toNi — Ni* +2eandH" +1e— 2 H,. One can
also notice astart of passivation at the end of all the
three Tafel curves (near the highest potentials), with
seemingly lowered critica current of passivationfor the
deformed nicked (especialy Ni2) thanfor as-cast nickel
(Ni0).

Freeimmersion and Tafel experiment of copper
inH_SO, (Figure5and TABLE 5)

Thefreepotentia before Tafd experiment decreases
andishigher for the Cu2 (deformed Cu, orientation 2)
electrodethan for thetwo others, Cul (deformed Cu,
orientation 1) and Cu0 (as-cast Cu). Thisdecreasein
potentia isfaster for Cu0 and Cul thanfor Cu2, and
thisismoreobviouswhentheE_ vauesdetermined
thereafter by the Tafel method are added to enrich the
comparisons. The polarisationres stancesincreaserap-
idly andthelast valueisthe highest for Cul, followed
by theonefor Cu0 and finally Cu2. The Tafel experi-
ments, whichleadtoavalueof E__especialy highfor
Cu2, a'so show that the corrosion currents are higher
for thetwo el ectrodes of deformed copper (Cul and
especialy Cu2) than for the not deformed one (CuO).
Thisisdueto aspecial position of the cathodic Tafel
straight linefor Cu2 whichissignificantly shifted to-
wards higher current densities. Theexploitation of the
filesusing the softwarewas moredifficult thanfor the
Feor Ni electrodes, which did not permit the determi-
nation of the Tafd coefficients. Neverthel essit gppeared
that the anodic one () tended to be near 40mV/de-
cadeor littlemore (i.e. representative of the Cu— Cu?
+ 2 eanodicreaction). Thecathodic Tafel s coefficient
(B,) was comprised between 55 and 230mV /decade,
and seemed being closetothefirst vauefor the highest
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TABLE 5: Copper electrodes- resultsof linear polarizations
and Tafel experiments

Initial Compressed Cu
Electrode Cu(not Orientation 1 Orientation 2
defor me’ (“Culﬂﬂ) (“Cuz”)
“Cuo”)
E(1=0); (mV/HNE)  +219 +227 +236
Rp: (Q cm?) 67 16 162
E(1=0), (mV/HNE)  +196 +207 +231
Rp, (Qcm?) 398 247 259
E(1=0); (mV/HNE)  +187 +192 +227
Rps (Qcm?) 685 1373 338
Tafel
Ecorr (MV/HNE) +153 +143 +216
|COI’Y (HA Cm-z) 3 8 16
_:,-" 3

H

Potential/[HNE (mV)

1,E07 1.E--:-‘.-‘}k 1LE03  1,E-01
G

O imdtial
— L deformed
— Cudeformed?

Current densitia(A]émé)
Figure5: Tafel curvesobtained for thethreecopper elec-
trodesin presenceof allylthiourea

parts of the cathodic potential interval and to the sec-
ond valueinther lowest parts. Thiscan be seen more
clearly infigure5inthecathodic part of the Tafel curve
of Cu2 which appears constituted by two successive
linear partswith two different slopes. Since copper is
thenoblest of thethreemetal's, CuO, Cul and Cu2 were
ableto befreely oxidized only by dissolved O, (which
isreduced accordingto 20, +H*+2e — OH; B_~
60mV /decade) while reduction of H* may appear in
caseof polarization at lower potentids).

Cyclicpolarization experimentsfor theiron and
nickel electrodesin H,SO,

Cyclic polarizationswere performed in order to
specify the conditions of reaching of the passive states
(potentia of passivation E, critical anodic current of
passivation| ), and to examinethe efficiency of the
protection of thedeformed or not metal by thepassiva-
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TABLE 6: Iron electrodes-results of cyclic polarizations

Initial Fe Compressed Fe
Electrode (not Orientation 1 Orientation 2
deror med’ (“F 1”) (“F 2”
“Feo”) e e )
E, (MV/HNE) +583 +572 +534
Egp (MV/HNE) 4573 +531 +510
Current densities
cp (mA cm’ ) 374 463 403
I pass (LA cm’ ) 265 724 127
—Fa& milial |[E*) 2504
—Fudef, 1 {E*
—Fadel. 2 [E% Pa
S\ .-JlI Ll
£ |
| | {
=z 1 1004
I
= \
o
QO_ | I -
1, E06 1E- 1B
=HH0
Current densities(A/cm?)
—Fz mftial (E v 2500
—Fa dal. 1{Ev)
—Fe def. 2{E V_M
S\ ; E5
S
Ll : B
Z ]
I
©
o
e
=140

Current densities(A/cm?)
Figure6: Thesuper posed potential-increasing parts(left
hand) and the potential-decr easing parts(right hand) of
thecyclicpolarization curvesobtained for thethreeiron
electrodes

tion layer (average current of corrosionin the passive
statel aﬂ:\) Thestability of the passive state was char-
acterized by the determination of the potentia of lossof
thepassvesateE, | nthe potentia-decreasing part of
the experiment. Th| swasdoneonly for thethreeiron

===H[ iratiad (E *)
—HMi def. 1{E *}
— NI def. 2{E *}

2604

Potential/[HNE (mV)

— 50

Current densities(A/cm?)
=N| iritiad (E v}
—Hidel. 1{E vy
— Ml @& Z{E W)

260

1500

W)

Patential/[HNE (mV)

Current densities(A/c%'g)
Figure7: Thesuper posed potential-increasing parts(left
hand) and the potential-decr easing parts(right hand) of
thecyclicpolarization curvesobtained for thethreenickel
electrodes

TABLE 7: Nickel electrodes-resultsof cyclic polarizations

Initial Ni Compressed Ni
Electrode (not Orientation 1 Orientation 2
defor maj (“Nil”) (“Niz”)
“Nio”)
E, (MV/HNE) +683 +691 +769
Eg (MV/HNE) +570 +502 +602
Current densities
cp (mA cm’ ) 23 17 12
s (WA cm™) 159 112 115

eectrodesinthesulphuric solutionwithoutinhibitor (Fig-
ure6 and TABLE 6) and for thethreenickel e ectrodes
(Figure7, TABLE 7).

Inthecaseof iron, thecritical currentsof passiva-
tion are all around 400 mA cm? but | _ , tends to be
dightly higher for the el ectrodes of deformed iron than
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for theas-cast iron one. Passivation of Fe2 occursfor
alower potentia than for the other electrodesand the
corrosion current inthe passive stateisalso lower for
Fe2 than for Fe0 and Fel. When the potential de-
creases, the passive state seemsbeing more stablefor
Fe2 and Fel than for Fe0 since depassi vation occurs
for lower potential for the deformed iron el ectrodes.
Concerning thenickel electrodes, thecritica cur-
rent of passivationislower for theNi2 electrodethan
for thetwo other onesbut the establishment of the pas-
sive state, which seemsmore progressivethan for the
iron aloys, isachieved for ahigher potentia Ep. The
corrosion current inthe passive stateislower for the
deformed nickel electrodes Nil and Ni2 than for the
as-cast nickel oneand, inthe potentia -decreasing part
of thecurve, theloss of the passive state, whichisaso
itself moreprogressivethaniron, isstarted earlier (for
higher potentias) for NiO and Ni2 thanfor Nil.

DISCUSSION

The plastic deformation by compression obvioudy
induceschangesinthed ectrochemica behaviour of iron.
Moreprecisdy thisseemslead generdly to animprove-
ment of itsresistance againg corrosonintheactivesate
by the sul phuric sol ution sincethe polarization resis-
tance Rp increasesand the corrosion current | __de-
creases (asfor stainless steel 304 in NaCl solution™),
especially for the second orientation: Fe2 (the order
between as-cast iron and deformed iron tends to be
inversedif oneconddersthefirg orientation: Fel). These
differencesremain when theinhibitor allylthioureais
added inthe sulphuric solution. Reaching the passiva
tion plateau seemsbeing alittle moredifficult for the
deformed ironthanfor as-cast iron but the passive state
seems more stable and characterized by alower cor-
rosion current, especialy inthe case of Fe2.

Thesituation gppearsinversed inthe case of nickel
since, inthe active state, thevaluesof Rpandof |
tend demonstrating abetter behaviour in corrosionin
the active statefor the as-cast nickel than for the de-
formed nickel, asformerly reportedin another study of
polycrystalineNi inasulphuric solution™. Inthe pas-
sive state, the deformed nickel can be more resistant
againgt corrosion, notably inthe case of Ni2 for which
passivation seemseasier to achieveand the corrosion
current! isthelower.

About copper, whichisthe noblest meta of this
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studly, it can be corroded essentia ly in presence of dis-
solved oxygen in such solution, anditscorrosionin ac-
tivestateislogicaly greatly lower than for Ni and for
Fe. Thepolarization resistancearethegreatest and the
corrosion currentsthelowest. Initscasetoo, theplas-
tic deformation by compression inducesadecreasein
corrosionresistanceintheactive state.

CONCLUSIONS

Plastic deformations, obtained by cold-working
during an el aboration step, or resulting from mechani-
ca stressesin service, modify aloysor puremetalsin
their microstructure by creating new defectsasdiso-
cations, especialyin meta swith cubic structureasbcc
iron, fcc nicke and foe copper. These ones can modify
thereactivity of surface, either for theanodic reaction
kinetic, or for the cathodic one, with in addition apos-
sbleinfluenceof theorientation of theexternd surface
with respect to thedirection of the uniaxial deforma-
tion. Thiscan modify their el ectrochemica behaviour,
for exampleingtuation of corrosonasherein sulphuric
acid, sometimesin the good way asfor pureiron, or
with detrimental effect for purenickel or pure copper.
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