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ABSTRACT

KEYWORDS

The consequences of plastic deformation of alloyson their electrochemical
behaviour may be usefully known to anticipate changes in corrosion
resistance. Stationary methods of corrosion characterization can be helped
by transitory methods to complete the knowledge about the hardening —
corrosion dependence. |mpedance spectroscopy was used in this work to
study the effect of several compression plastic deformations on the
corrosion behaviour of amodel metallic materia — pure iron — for the two
mai n orientati ons of surface with respect to the deformation axis. It appeared
here that the electrochemical behaviour of crystalline iron after plastic
deformation immersed in an acid sulphuric agueous solution can be still
described by the same electro-kinetic model as usually considered for the
not-deformed iron, independently from the deformation rate and from the
orientation of the surface versus the compression axis. In addition it varies
with these two but not really monotonously, except for two of the three
studied deformation rates. Indeed, inthis case it appeared for example that
the chargetransfert resistance tendsto be higher for the parallel orientation
than for the perpendicular one and increases for both orientations with the
deformationrate. © 2012 Trade Sciencelnc. - INDIA
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INTRODUCTION

In many metd lurgical fabrication processesmetals
and alloysare subjected to plastic deformation to ob-
tain the required shapesfor the pieces. Thisinduces
changesinthedefects states of the microstructures (no-
tably concerning the dislocation densities) and then
changesinthematerid properties, themechanical ones
aswel| asthesurfacereactivity. If, ontheonehand, the
effect of plastic deformation on the mechanical

behaviour can be generally described by ahardening
of thealloys, thereported observations concerning the
corrosion behaviour are much more scattered. For a
given aloy thiscan be attributed to several possible
causes. difference of deformation mode, difference of
deformation amount, or difference of surface orienta-
tion versusthedirection of theinitia deformation. In
order to try uncoupling these possible factors afirst
study!™ wasinitiated for pureiron and ternary austen-
itic stainlesssted by el aborating by foundry cylinders,
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by plastically deforming cylindrical partsin compres-
sonat different rates, by cutting samplesto obtainelec-
trodeswith either asurfacepardle tothe deformation
axisor perpendicular to thisaxis, and by performing
electrochemical testsconsistinginlinear or cyclic po-
larizationsto assessthe corrosion characteristicsin the
activestateaswdl asinthepassvesateusngthe Stern-
Geary and Tafel methodsfor instance.

Theam of the present work isto completethe pre-
viousobservations by estimating the effectsof thedi-
rection and ratesof deformation, onthedloy hardness
and by further characterizing the electrochemical
behaviours of the el ectrodes made of the deformed al-
loyswith the determination of thetransfert resistance
and thedoublelayer capacitance by using impedance
spectroscopy, awel l-known experimental method used
for corrosion characterization@ whichwasfor example
recently used for steel§%7 aswell asfor other metalsor
aloys(Cr and Zn deposits®, copper’®, a uminium,
bronzes ...).

EXPERIMENTAL

Elaboration of theas-cast iron cylinder sand com-
pressionruns

Small partsof pureiron (purity of morethan 99.9
wit.%, total of about 40g) were melted together using
the High Frequency induction techniqueininert atmo-
sphere (CELES furnace, 300mbars of pure Argon).
Theaspirationinasilicatubedivedinthelevitating
liquid alowed its solidification as a about four
centimetreslong full cylinder with adiameter of about
10 mm. Theobtained cylindrical ingot wasthereafter
cutinsevera cylindrical partswhichwere, except one,
subjected to amore or less intense compressionin
order to obtain several permanent deformation rates
with compression runs performed withaMTS-RF/
150 testing machine. Thethree compression curves
corresponding to thethreetargeted deformation rates
(-12.5%, -25% and -40%) are displayed superposed
inFigure 1 whilethe photographs presented in Figure
2 show the cylindric samples before and after com-
presson. Therinitid andfind dimensionsaregivenin
TABLE 1 and the yield stresses measured on the
curvesaregivenin TABLE 2.
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TABLE 1: Valuesof thediameter sand heightsof thesample
beforeand after compression test (without stressapplied,
measur ed using anumericcaliper); deformation ratesre-
ally obtained.

IRON Low Medium High_
compresson compresson compresson
initial diameter (mm)  10.71 10.68 10.70
initial height (mm) 8.51 11.75 10.41
fina height (mm) 7.68 9.17 6.87
deformation (%) -9.75 -22.2 -34.0

TABLE 2: Valuesof theyield strength in compression.

IRON Low Medium High
compression Compression compression
Yield strength Re (MPa) 31 69 67
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Figurel: Superposition of thethr ee compression curves.

Deformed

As-cast

(obtained, against -25% targeted)

(obtained, against -40% targeted)

Figure?2: Thethreesamplesdestined to compression (ini-
tial and final states).

Prepar ation of themetallogr aphic samplesand of
the electrodes

Theas-cast sampleand thethreedeformed samples
werecut using aprecison saw (Isomet 5000 of Buel her),
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following aprocedure already presented® and which
can begraphically resumed by Figure 3. This proce-
dureallowsobtaining ametall ographic sample (respec-
tively an dectrode) showing (resp. exposingto thedec-
trolyte) asurfacewhichisether pardld or perpendicular
tothedeformation axis(whichisasothecylinder axis).

surface parallel to
the compression
direction

surface perpendicular
to the compression
direction

Figure3: Cutting procedurefor obtaininga surfaceparallel
tothe compression axisand a surfaceper pendicular tothe
compr on axis.

Ineach casethe part for metall ography and the part
for electrodewere embedded inacoldresin (ESCIL:
Arddite CY 230 and hardener HY 956) mixture (after
having been connected to a plastic-covered copper
electrica wireinthe case of thedectrode). Themeta -
lographic sampleand the e ectrode surfaceswerethere-
after polished with SiC papers up to 1200-grit (and
ultrasonically cleaned then polished to mirror-statewith
lum-particles pastes for the metallographic sample).

M etallographic observationsand Vickersinden-
tations

The metall ographic sampleswere observed after
Nital etching (ethanol + 4% HNO, immersed during
about ten seconds, then water-washed to stop attack
and dried). Thisallowed theresfter controlling the na-
ture and the deformed states of the microstructure us-
ing an Olympus optical microscope. Runsof X-Ray
Diffractionwereadditionaly performed usngaPhilips
X’Pert Pro diffractometer (wavelength Cu Kor) to con-
trol the crystalline network of the as-cast and the de-

formed samples. Vickersindentationswere performed
using aTestwel | Wol pert machinewith aload of 10kg.
Threeindentationswererealized for each { deforma-
tionratex surface orientation} combination, with sub-
sequently cal culation of the average and standard de-
vidionvaues.

| mpedance spectr oscopy runs

The EISrunswere performed in asulphuric acid
aqueous solution, H,SO, 2N, using a {three elec-
trodes} -cell composed of theworking electrode (the
studied sample), aSaturated Caomel Electrode (SCE)
for thereferencein potentid, and agraphiterod for the
counter el ectrode. Thepotensiostat whichwasusedis
anAmetek onedriven by theVersastudio software. After
the determination of the Open Circuit Potentia the ap-
plied E varied dternatively between E,,-10mV and
E,,t10mV with a frequency decreasing from
100,000Hz downto 1Hz. Thiswasrepested fivetimes.
at t=1 minuteafter immersion, t=6min, t=11 min, t=
16 minandt=21min.

RESULTSAND DISCUSSION

Microstructurecharacterization

Metallographic samplesareall ferritic, as seen af-
ter Nital etching and microscope observation, and as
confirmed by the obtained XRD spectra. Theseones,
displayedin Figure4for theparale orientationandin
Figure5for the perpendicul ar orientation, effectively
present themain diffraction peaks (110, 211 and 200
for thenot too high angles) of beciron™, It seemsthat
the plastic deformationin compression tendsto reduce
the peaksinthe case of the parallel orientation while,
on the contrary, it tendsto enhance themfor the per-
pendicular orientation. Indeed the peaks for the { -
34%} -deformed stateare especialy smal inthe paral -
lel case and the onesfor the same deformation rateare
particularly highinthe perpendicular case.

Vickersindentations

Theevolution of thehardnesswith thedeformation
rateisillustrated by the two superposed curves pre-
sented in Figure 6, one corresponding to the parallel
orientation and the other corresponding to the perpen-
dicular orientation. One can seethat the hardness|ogi-
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cally increases with the deformation rate (typically
+100Hv pointsfor 34% of deformation in compres-
son) withseemingly atendency todightly higher values
for the perpendicular orientation by comparison with
thepardlld orientation.
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Figure4: XRD patter nsobtained for thenot-defor med state
and for thethreedeformed states(parallel orientation).
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Figure5: XRD patter nsobtained for thenot-defor med state
and for thethree defor med states(perpendicular orienta-
tion).
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Figure6: Evolution of theVickershardnessver susthede-
formationrateand for thetwo orientations.
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TheElSresultsare displayed asNyquist diagram
{ Zies™ f(Z,)} inFigure7 for thenot-deformed state
and the perpendicular orientation only (problemsoc-
curred during the EISrun for the parallel orientation)
andinFigure8for al thedeformed states and thetwo
orientations. Thisshowsthat dl theseNyquist diagrams
aresmilar to half acircle (however theradiusaongthe
Z, o, AXistendsto belower thantheoneaongtheZ
axis). Onecanseeon Figure7 (whichasoremindsthe
exploitation of such Nyquist diagramwhenthisoneis
closeto haf acircle) that the circlediameter tendsto
dightly decreasewithtime. Theinverseevolution seems
occurring for the{-9.75%} - and { -34.0%} -deformed
gatesfor thetwo orientationswhiletheevol utionisnot
monotonousfor theintermediate{-22.2} -deformed
sate.

Working
electrode

Counter
electrode

Electrokineticmodel

R R 1
Figure 7 : Nyquist plot of the EISresults for the not-de-
formed sampleand the perpendicular orientation.

Concerning theeffect of orientation onthecircle
sizeonecanseeinFigure9, Figure 10 and Figure 11,
wheretheNyquist diagram at all timesand for thetwo
orientationsare superposed for each deformation rate
value, that the diameter tendsto bedightly higher for
the paralle orientation than for the perpendicular one
for -9.75% of deformation, inversdy significantly lower
for theparallel orientation than for the perpendicul ar
onefor -22.2%, and higher againfor theparallel orien-
tation than for the perpendicular orientation for -34%
of plastic deformation.

TheElSresultsweremorequantitatively exploited,
accordingtothefew remindersgiveninFigure 7, to
extract, of the one hand the values of the electrolyte
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resistance and of the chargetransfert resistance (the R, and of the other hand the va ues of the capacitance
sumof whichisthepolarizationresstance: Rp=R,+  of the Gouy-Chapman doublelayer.
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Figure8: Nyquist plot of theEl Sresultsfor thethreedefor mation states (top: -9.75%, middle: -22.2%, bottom: -34.0%)

and thetwo orientations(left: paralle, right: perpendicular).

Logicaly thedectrolyteres stance (automatically
identified asbeing the smallest abscissavaue) did not
vary withtime during each experiment (TABLE 3). In-
deed the distance between the working €l ectrode and
the counter e ectrode was constant. Itsvaluewas|ow,
of about 0.4-0.5 Ohm cm? in much cases, but of 0.65

Woaterioly Stience - mm—"

Ohm cm? in one case (-34.0% perpendicular). Know-
ing thedectrolyteresistancesin al cases, the determi-
nation of the chargetransfert resi stance from the maxi-
mal abscissa(the R, valuebeing then deduced) was
more accurate. The values obtained for R, listed in
TABLE 4, aregenerdly at the{ 100 Ohm cm?} - level
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with, a dl time, adifferencebetweentheparale orien-
tation and the perpendicul ar orientation for agiven de-
formation rate. Themismatch at all timesisinthesame
direction between thetwo orientationsfor the-9.75%
deformation stateand for the-34.0% deformation state
(transfert resistance dlightly higher for theparalld ori-
entation than for the perpendicular orientation) while
theinverse difference can be seen for the-22.2% de-
formation state (with inaddition amismatchincreasing
withtime).
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Figure9: Superposition of the Nyquist diagramsparallel
and per pendicular for the-9.75% deformation state.
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Figure10: Super position of the Nyquist diagramsparallel
and per pendicular for the-22.2% deformation state.
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Figure11: Superposition of the Nyquist diagramsparallel
and per pendicular for the-34.0% deformation state.
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TABLE 3: Value of the electrolyte resistance versus the
deformation rateand theorientation.

Ry . . t=1 t=6 t=11 t=16 t=21
Orientation . . - - )
(Ohm cm?) min_ min__min__min__min
PARA / / / / /
Not deformed
PERP [ 0.497 0.495 0.495 0.494
0.75% PARA  0.414 0.419 0.420 0.421 0.422
7 PERP  0.417 0.423 0.427 0.427 0.428
2 20 PARA  0.491 0.502 0.506 0.507 0.507
=££.470
PERP  0.456 0.459 0.459 0.459 0.458
34.0% PARA  0.445 0.450 0.449 0.450 0.450
-94.U70
PERP 0653 / 0.660 0.660 0.660

TABLE 4: Valueof thetransfer resistancever susthedefor-
mation rateand theorientation.

(OhmamyOemation i T min min
Not deformed PARA ! ! ! ! !
PERP / 1096 96.4 92.7 874

0.75% PARA 715 125.6 119.0 111.8 114.7
PERP 60.3 824 822 86.8 969

29204 PARA 61.0 748 471 27.0 173

PERP  127.6 141.1 1355 126.4 121.6

34.0% PARA 88.6 211.1 268.5 293.1 303.1

PERP 81.0 / 2157 239.7 250.1

The summit of thecircle, whichwasreached for a
frequency decreasing when the deformation ratein-
creases(TABLED) at |east for the perpendicular ori-
entation, alowed determining the doublelayer capaci-
tance, knowing now the chargetransfer res stance. The
calculated values are rather variable but remain close
toabout 0.2-0.3 x 102 Farad/ cm? and no well estab-
lished dependence on the deformation rate and on the
orientation can bereveded.

TABLE 5 : Value of the frequency corresponding to the
Nyquigt circlesummit ver susthedeformation rateand the
orientation.

fcir_cle orientation t:_1 t:_6 t:_ll t:_16 t:_21
summit(Hz) min_ min__ min__min_ min
PARA / / / / /
Not deformed
PERP / 631 631 631 794
PARA 631 39.8 398 39.8 3938
-9.75%
PERP  63.1 50.1 50.1 39.8 39.8
PARA  79.4 79.4 1259 1995 316.2
-22.2%
PERP 398 316 31.6 39.8 398
PARA 398 200 126 126 126
-34.0%
PERP 631 / 200 200 200
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TABLE 6: Valueof thedoublelayer capacitanceversusthe
deformation rateand theorientation.

e Ortemaion 5 E0 LI R
Not deformed PARA ! ! ! ! !
PERP / 0.145 0.165 0.171 0.144
0.75% PARA  0.222 0.200 0.211 0.225 0.219
PERP  0.263 0.242 0.243 0.289 0.259
29 20 PARA  0.207 0.168 0.168 0.186 0.183
PERP  0.197 0.224 0.233 0.199 0.207
34.0% PARA  0.283 0.237 0.296 0.271 0.262
PERP 0.196 / 0.232 0.209 0.200

Thevaduesof opencircuit potentid just beforeeach
of the EIS experiments were al so noted and they are
presented in TABLE 7. These values show that all the
sampleswereintheactivesate, thisconfirmingtherather
low vauesof R and then of R,

TABLE 7: Evolution of theopen circuit potential ver sustime
for thediffer ent defor mation ratesand for thetwo orienta-
tions.

Eop orientation t=_1 t:.6 t:.ll t=.16 t:_21
(/NHE, mV) min_ min_ min_min_ min
Not deformed PARA / / / / /

PERP  -265 -265 -256 -252 -251
0.75% PARA  -255 -271 -265 -259 -257
PERP  -274 -281 -275 -272 -271
29 2% PARA  -262 -267 -252 -237 -226
PERP  -270 -271 -267 -263 -261
24.0% PARA  -248 -267 -268 -269 -268
PERP  -263 [ -279 -278 -277

General commentaries

The compression of theseiron sampleswas easy
to do thankstotheir cylindrical shapesallowed by the
foundry procedurewhich was chosen (aspiration of the
molten meta inasilicatube). Themechanica deforma
tionfirst showed themaximad e agtic sresseswhichwere
conform towhat isusually measured for not-alloyed
ferritic steel s (lessthan 100 M Pa) and rather high de-
formationswere possibleto obtain (up to 34% of rela
tive deformation in compress on) thankstothe high ca-
pacity of thetesting machine. Thisallowed achieving
hardened statesfor these samplesfor which Vickers
indentation testslead to significantly higher values of
hardness by compari son with the onesobtained for the
as-cast condition, aclassical effect whichwasasore-

cently observed for aferrite-pearlitic sted ™. However
no significant difference of hardnesswas observed be-
tweenthetwo orientations, differently towhat wasseen
for theferrite-pearlitic steel mentioned above*3. Con-
cerning the electrochemical tests one saw that for all
thedeformation statesand for thetwo orientationsthe
Nyquist plotsledto semicircles (moreprecisaly half of
elipsoids). Theexploitation of these Nyquist diagrams
was attempted according to the e ectrochemical model
remindedin Figure7. Unfortunately, despitesomeevo-
lutionswhich can be noted, nowell established generd
dependence-— valid for the three deformation states -
was really seen. Nevertheless, if one removes the -
22.2%-deformati on state from the presented results, it
may appear in TABLE 4 that thechargetransfer resis-
tance, whichtendsto be higher for the paraldl orienta-
tionthanfor the perpendicular orientation at al immer-
siontimes, increaseswith the compressionrate, here
toofor dl timesof immersion. Inaddition thefrequency
corresponding to thecircle summit appearsto beat all
timeslower for thepardlel orientation thanfor the per-
pendicular oneand it decreasesin thetwo casesif the
plastic deformationin compression increases. In con-
trast, dwaysthe results obtai ned for -22.2% consid-
ered asremoved, thedoublelayer capacitance should
not show clear variation.

CONCLUSIONS

Despitetherather high deformation ratesachieved
on crystallineironinthis study, and then theresulting
strong hardening level swhich notably resulted in sig-
nificantly increased hardnessfor the most compressed
sampl es, the corrosion behaviour of themoreor less
deformed samplesdid not show clear evolution. How-
ever it appeared that impedance spectroscopy may
reveal someinteresting effectsof theplastic deforma
tion, aswell asof the orientation of the studied surface
with respect to the deformation axis, on some charac-
teristicsonly reachableby using EISruns, asthecharge
transfer resstance. Unfortunatdly the medium deforma-
tion ratetested heredid not allow highlighting such ef-
fect which then needsto befurther studied - and maybe
confirmed - by an additiona work. Notwithstanding
thesefirst resultsshow that the effect of apreliminary
hardening on the corrosion behaviour can be deegper
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investigated by thetrangtory methodsto enrich thefirst
observations done by the stationary ones.
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