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ABSTRACT

Asinthefirst part of this study impedance spectroscopy was used in this
second part to characterize the influence of permanent deformation in
compression on the corrosion behaviour, inthe same sulphuric acid solution,
of asecond model iron-based alloy — a ternary Fe-Ni-Cr alloy, base of many
stainless austenitic steels— always for the two main orientations of surface
with respect to the deformation axis. Preliminary to the EI'S experiments,
XRD runs and Vickers indentations showed the same effects of the plastic
deformation in compression on diffraction patterns and on hardness. The
Nyquist plots obtained were also similar to semi-circles and the
corresponding charge transfer resistances and double layer capacitance
were determined. In contrast with what was observed for pureiron in the
same conditions (except the deformation rates really achieved because of
the much higher strength of the simplified austenitic stainless steel studied
here by comparison to pureiron) the transfer resistance rather tended here
to decrease when the permanent compression deformation increased, and
to be higher for the perpendicular orientation than for theparallel orientation.
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INTRODUCTION

Asdready explainedinthefirst part of thiswork!,
many metalic piecesareplagticaly deformed whenthey
are shaped during their fabrication or when they have
been subjected tointense mechanical stressesduring
their use, and therefore they may present genera or
loca modificationsof their surface reactivity, notably
whenimmersedin agueous solutionswithinthiscase
the possihility of gal vanic couplinginaddition. These

arethereasonsof numerous studies about the effect of
aplastic deformation on the corrosion behaviour of
variousmetalsand aloys, and notably ferrousaloys?
%1, in some cases specified by using impedance spec-
troscopy!©17,

Thepurposeof thissecond part' of thisstudy, which
began with the case of pureiron, isto use the same
methodology for studying theeffect of different rates of
plastic deformation of aFe-Ni-Cr ternary aloy, base
mode of many austenitic stainlessstedls, onitscorro-
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sion behaviour characterized by EIS measurements.

EXPERIMENTAL

Elaboration of theas-cast stedl cylinder and com-
pressionruns

Asearlier doneforironinthefirst part of thisstudy,
foundry was used to elaborate ingots of about 40g of
the considered aloy before confectioning thed ectrodes.
Partsof pureiron, pure nickel and pure chromium (>
99.9 wt.%) were melted together by High Frequency
induction melting (CELES) in an inert atmosphere of
pureArgon (300mbars). To obtain sampleswith ashape
easy to perform compression and to prepare e ectrodes
with either asurface parale to the deformation direc-
tion or asurface perpendicular tothisdirection, it was
heretoo preferred to aspirethealoy fromthelevitating
ball of moltenalloy, inasilicatubeinwhichthealloy
cansolidify asafull cylinder with adiameter of near 10
millimetres. For 40g of dloy thelength obtained was of
about four centimetreslong since apart of the alloy
remained outsidethetube. Heretoo the solidified cyl-
inder wascut in severd partsto perform the compres-
sons(heretoo usingthe M TS-RF/150testing machine).
Asfor theiron samplesinthefirst part of the study!¥,
thetargeted deformation rateswere-12.5%, -25% and
-40%. Because of the higher strength of the Fe-Ni-Cr
stedl (by comparison to pureiron) the obtained perma-
nent deformeation obtained herewerelower: -3.08%, -
10.7%and-17.6% only. Theinitid dimensionsand the
deformations achieved with the compressionrunsare
giveninTABLE 1, whiletheyield strengths noted on
the compression curves are displayed in TABLE 2.
Theselast vaues, sgnificantly higher thantheonespre-
vioudy obtained for smilar ssmplesof pureiron™, mean
that theaustenitic steel consideredinthissecond part
of thisstudy is—logically much more mechanically re-
sstant than theferriticiron samples.

TABLE 1: Valuesof thediameter sand heightsof thesample
beforeand after compression test (without stressapplied,
measur ed usinganumeric caliper).

FeNiCr alloy oomlg_)ro e\gsion cons?:eusrs?on comz)l:gshsion
Initial diameter (mm) 10.74 10.76 10.72
Initial height (mm) 9.80 12.34 14.03
Deformation (%) -3.08 -10.7 -17.6

TABLE 2: Valuesof theyield strength in compression.

. Low Medium High
FeNiCr alloy COMPression compression compression
Yield strength (MPa) 173 218 179

Preparation of the specific samplesfor metallo-
graphiccharacterization and for theelectrodes

Theas-cast sampleand thethreedeformed samples
were heretoo cut using aBuel her Isomet 5000 preci-
sion saw, following amethod which allows obtaining
metal |l ographic samplesand e ectrodes exposing asur-
facebeing either pardld or perpendicular tothedefor-
mation axis(e.. thecylinder axis). The obtained parts
of thetwotypeswereembedded inacold resn (ESCIL:
CY230andHY 956 products), after having been con-
nected to aplastic-covered copper electrical wirein
the caseof thee ectrode. The surfacesof dl thesamples,
metallographic and e ectrode, werethereafter polished
with SiC papers up to 1200-grit, thento mirror-state
with Ium-particles pastes for the metallographic sample.

Microstructurecharacterization and Vickersin-
dentations

Themetadlographic sampleswerefirst subjected to
X-Ray Diffraction using a Philips X’Pert Pro
diffractometer (wavelength Cu Ka) for specifying the
crystalline network of the as-cast and the deformed
samples. Second, they were subjected to Vickersin-
dentations using a Testwell Wol pert machine (load:
10kg). Threeindentationswereredlized for each of the
eight metall ographic samples (4 deformation leve sin-
cluding the not deformed state x 2 orientations), for
calculating the average value and the standard devia-
tionone.

| mpedance spectr oscopy runs

TheEISrunswere performed inthe same el ectro-
lyteasfor theiron samples¥ (sulphuric acid agueous
solution: H,SO, 2N), using a{ three el ectrodes} -cell
with the studied sample asworking electrode, a Satu-
rated Calomel Electrode (SCE) asreferencefor po-
tentials, and agraphite rod as counter electrode. The
potensiostat was an Ametek one, driven by the
Versastudio software. In each case the Open Circuit
Potential wasmeasured first, and thereafter the gpplied
E varied alternatively between E _-10mV to
E ., t10mV with adecreasing frequency (100,000Hz
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down to 1Hz). Thiswas repeated five times: at t=1
minuteafter immerson, t=6min, t=11min, t=16min
andt=21min.

RESULTSAND DISCUSSION

Microstructurechar acterization

The X-ray diffraction patternspresented in Figure
1 (pardld orientation, al deformation ates) andin Fg-
ure 2 (perpendicular orientation, al deformation states)
show that the steel samplesarenot wholly austenitic
but are composed of both austenitic and ferritic phases,
for thethree compressed states aswell asfor the not-
compressed one. In additionit appearsthat the higher
the deformati on rate the more numerousthediffraction
peaksredly vishblefor thepardld orientation, whileit
isthecontrary for the perpendicular orientation. These
arethe same observations as previously donefor the
ironsamples?.
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Vickersindentations

Concerning the evolution of the hardnesswith the
deformation rate (illustrated by the two curves super-
posedinFigure 3), onefind again (i.e. asfor theiron
samples?) the samewell-known increase in hardness
with the deformation rate (here about +150Hv points
for 17.6% of deformationin compression) withagaina
tendency to dightly higher va uesfor the perpendicular
orientation by comparisonwiththe pardld orientation.

FeNiCr alloy

350

Hardness (Hv10kg)

0 5 10 15
deformation rate in compression (%)
Figure3: Evolution of theVickershardnessver susthede-
formation rateand for thetwo orientations.
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| mpedance spectr oscopy

TheElSresultsaredisplayed asNyquist diagrams
{ VA f(Z,.,)} superposedfor thetwo orientationsin
the samegraph for the same compressed state, in Fig-
ure 4 for the not-compressed sample, in Figure 5 for
the sample compressed at -3.08%, in Figure6 for the
sample compressed at -10.7% and in Figure 7 for the
sample compressed at -17.6%. The Nyquist semi-
circlesobtained for all samplesand for dl timesareadl
semi-circlesmoreor lessflatened (i.e. semi-dlipsoids).
Theradii of these semi-circlesgeneralyincreasewith
time, with an exception: thefirst semi-circle (t=1min)
for the perpendicul ar orientation of the{-10.7%} -de-
formed samplewasfound ascurioudly great. Thisde-
formation rateleadsto other curious behavioursases-
pecially smal radii at all timesfor the parallel orienta-
tion, by comparison to the other deformed statesfor
the same orientation, while the semi-circlesobtained
for the{-10.7%} -deformed sampl efor the perpendicu-
lar orientation are more conform to the ones obtained
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for the other deformation statesfor the same orienta-
tion. Thus, if the paralld orientation for the{-10.7} -
deformed sampl eistaken out the Nyquist curvesunder
congderationit appearsthat, for dl theother cases, the
semi-circlesbecome greater with time, with aradius
for the parallel orientation higher than for the perpen-
dicular orientation for thetwo lowest deformation rates
(0% and-3.08%) and for the pardlel orientation much
lower thanfor theperpendicular orientation for thehigh-
est deformationrate(-17.6%). Itistruethat thisshould
bealso verifiedfor the{-10.7} -deformed state.
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Figure 4 : Nyquist plot of the EISresultsfor the not-de-
formed samplefor thetwo orientations.
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lyte(R,, TABLE3), itisrather constant and logically
does not depend on the orientation and on the defor-
mationrate, evenif it ssemsthat it remainsfor the per-
pendicular orientation dightly lower than for thepard -
lel orientation for the not-deformed stateand, in con-
trast, dightly lower inthe perpendicul ar casethaninthe
paralel case for the two highest deformation rates.
Concerning thetransfer resistanceit isobviousthat R
increaseswithtimefor al deformed statesand for the
two orientations, which let think to the progress of a
passivation phenomenon. It appearstoo, for the not-
deformed state and al so for the { -3.08%} -deformed
satefor thefirst minutes, that R isdlightly higher for the
pardld orientation than for theother one, whilethereis
the oppositefor the{-3.08%} -deformed statefor the
last minutes aswell asfor thetwo highest deforma-
tions. In addition, except the particular behaviour of
the{-10.7%} -deformed samples, the R valuesfor a
giventimeand agiven orientation, decreaseswhenthe
deformation increases; thisisparticularly obvious by
comparing the{ 0%} - and { -3.08%} -deformed states
ontheonehand and the{ -17.6%} -deformed state on
theother hand.

TABLE 3: Value of the electrolyte resistance versus the
deformation rateand theorientation.

R . . = = = = =
(Ohmdcmz) Orientation rt'n|r11 rt'nlfrjl tmilr} tmilr? tmizr}
Not deformed PARA 0.372 0.401 0.411 0.414 0.422

PERP 0.419 0.449 0.446 0.450 0.457
-3.08% PARA 0.452 0.481 0.496 0.484 0.490
PERP 0.406 0.427 0.439 0.444 0.451
10.7% PARA 0.431 0.458 0.472 0.481 0.485
PERP 0.461 0.469 0.493 0.498 0.494
17.6% PARA 0.342 0.366 0.380 0.370 0.385
PERP 0.456 0.488 0.507 0.494 0.513

Figure 5 : Nyquist plot of the EISresults for the sample  TABLE 4: Valueof thetransfer resistancever susthedefor-

deformed at -3.08% for thetwo orientations.

Thesemi-circular shape (with, itistrue, maybea
tendency to evaluateto aWarburg straight lineon the
low frequenciesside, except for the-17.6% deforma
tion) let think that the classical el ectrokinetic scheme
aready reminded inthefirst part of thisstudy™ isvdid
heretoo. Asprevioudy doneinthefirg part of thiswork,
it wastried to assessthevauesof theeectrolyteress-
tance, of thetransfer res stanceand of the doublelayer
capacitance. Concerning theres stance of theelectro-

Wotoioly Science  mm—

mation rateand theorientation.

R, . t=1 t=6 t=11 t=16 t=21
orientation . . . R .
(Ohm cm?) min min min  min _min
PARA 293 461 613 756 77.9
Notdeformed  o-oo 536 428 552 664 76.6
308% PARA 239 453 624 729 79.3
o7 PERP  19.3 409 70.3 82.0 87.7
1070 PARA 199 27.9 34.4 37.6 41.0
70 PERP  143.7 57.4 74.2 91.3 104.0
1760 PARA  14.8 233 27.4 276 285
70 PERP 200 321 36.0 36.1 354
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Figure 6 : Nyquist plot of the EISresults for the sample
deformed at -10.7% for thetwo orientations.
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Figure 7 : Nyquist plot of the EISresults for the sample
deformed at -17.6% for thetwo orientations.

TABLE 5: Value of the frequency corresponding to the
nyquist circlesummit ver susthe deformation rateand the
orientation.

f circle . . t=1 t=6 t=11 t=16 t=21
: orientation . . : : ;
summit (Hz) min_ min__min__ min_ min
PARA  50.1 31.6 20.0 158 12.6
Not deformed
PERP 631 31.6 251 20.0 15.8
PARA 794 251 200 158 12.6
-3.08%
PERP 794 316 158 126 10
PARA 631 39.8 39.8 316 25.1
-10.7%
PERP 126 251 20.0 15.8 158
PARA 100 50.1 39.8 39.8 31.6
-17.6%
PERP 100 50.1 39.8 31.6 31.6

By noting the val ues of thefrequency correspond-
ingto each semi-circlesummit (TABLED5) itispossble
to determinetheva ues of the cgpacitance of thedouble
layer (asearlier donefor pureironinthefirst part of this
work!). The values obtained for C,, displayed in
TABLE 6, tendsto dightly increasewithtimeand to be
higher for the parallél orientation than for the perpen-
dicular one, for thetwo highest deformation states. This
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isin contrast not so clear for thetwo lowest deforma-
tionrates, for which thevaluesarerather closeto one
another for thetwo orientations. Tofinish, concerning
the Open Circuit Potentia recorded preiminary to each
ElSexperiment (TABLE 7), thereisseemingly no redl
dependence, neither on the deformation rate, nor on
theorientation.

TABLE 6: Valueof thedoublelayer capacitanceversusthe
deformation rateand theorientation.

Ca orientation t=1 t=6 t=11 t=16 t=21
(10°F) min_ min_min _min min
PARA 0.680 0.686 0.818 0.835 1.020
Not deformed

PERP 0.672 0.738 0.721 0.755 0.824
PARA 0.528 0.879 0.803 0.865 1.002

-3.08%
PERP 0.652 0.774 0.898 0.969 1.141
PARA 0.797 0.901 0.731 0.842 0.972

-10.7%
PERP 0.553 0.693 0.675 0.691 0.607
PARA 0.675 0.857 0.915 0.910 1.110

-17.6%
PERP 0.501 0.622 0.699 0.876 0.892

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

Eoen orientation t;l t=.6 t=;L1 t=.16 t=.21
(/HNE, mV) min min min min_ min
Not deformed PARA  -220 -231 -225 -215 -209

PERP  -218 -231 -226 -220 -231
PARA  -198 -215 -213 -211 -209
3.08% PERP  -202 -212 -197 -194 -193
10.7% PARA  -225 -236 -235 -232 -229
PERP  -104 238 -227 -222 -218
17.6% PARA  -225 -228 -226 -224 -222
PERP  -225 -228 -226 -224 -222

General commentaries

First the compression tests performed onthisFe-
Ni-Cr aloy showed that thisonewas significantly more
mechanically resistant than pureiron el aborated in ex-
actly thesameconditions, despitethat itisonly asmple
ternary alloy and then not so sophisticated asacom-
mercid austenitic stainlessstedl. Thisdid not permit
obtai ning permanent deformation statesasfor pureiron
for the performances of thetesting machine (testswere
interrupted when the gpplied force reached about 70kN,
as for the pure iron samples of the first part of this
work!. Thiscan beillustrated by thevalues of yield
strength obtained which are heretwice or moretheones
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obtained for pureiron. The better mechanica behaviour
of thisternary alloy aso concernshardnessthevaues
of which are twice the ones obtained for pure iron.
However the matrix of the present ternary alloy was
not totally austenitic since the XRD spectra clearly
showed the co-existence of ferrite and austenite. Con-
cerning theseresults, the same phenomenon asmet for
pureiron concerning the dependence of the spectraon
both the orientation and the deformation rate, wasalso
encountered for the Fe-Ni-Cr dloy: the disappearance
of someof thediffraction peakswith the compression
ratefor the parallel orientation and theinverseevolu-
tion withthe deformation ratetoo for the perpendicular
orientation. Thisdoubleevolution, whichremainsto be
confirmed with additiona results, remainsto beunder-
stand, as well as the dependence of the same XRD
gpectraon theorientation for thenot-deformed samples
for whichanuniaxid deformation by compression can-
not berespons bleof such differencefor thetwo orien-
tation. Inthislatter casetheradia growth during solidi-
fication may beapossibleexplication.

Concerning now theresultsof impedance spectros-
copy it appearedthat all theNyquist plotsaresimilar to
the semi-circleswhich are obtained when the el ectro-
kinetic model composed of aresistor (electrolytere-
sistance) is mounted in series with another resistor
(transfer resistance) mounted in parallel with acapaci-
tor (doublelayer cgpacitance), dthough the semi-circles
obtained heremust berather qualified as semi-€llip-
soids and the low frequency parts seem to present a
beginning of Warburg straight line. Aninteresting ob-
servation concerning thislatter point isthat thisbegin-
ning of Warburg-type straight line, which existed for
the not-deformed samplesand for thelow-deformed
ones, did not exist anymorefor thehighest deformation
rate. If no real difference was observed neither for the
el ectrolyteres stance (the di stance between thework-
ing dectrodeand theauxiliary onewassensibly thesame
and then no different valuesfor R was expected) nor
for the Open Circuit Potential, it appeared that the
charge-transfer resistancewasmoreinterestingtofol-
low. Itsincrease with time seemed showing that this
dloy highly dloyedwith chromiumwaspassivating, may
bemore of lessquickly depending on the deformation
rate (at eachtimelower R valuesfor the highly com-
pressed samples by comparison to the not- or few-

deformed states) and on the orientation especially for
the highest deformation rate (R higher for the perpen-
dicular orientation by comparisonwith theparald one).
The corrosionresistanceisthen, after asameimmer-
sonduration, lowered by aplastic deformationin com-
pression and thismorefor thepardld orientation than
for the perpendicul ar one. A dependence on both the
deformation rateand the orientation seemsexisting con-
cerning the doublelayer capacitance but maybeless
evident than for thetransfer resistance.

CONCLUSIONS

If the effectsof themechanica deformationincom-
pressiononthe XRD patternsand on the hardnesswere
thesamefor thisternary Fe-Ni-Cr aloy asfor the pure
iron studied in thefirst part of thiswork, the depen-
denceof thetransfer res stanceishereinverse by com-
parisonwith pureiron (inthesameelectrolyte H,S0,
2N). However, the deformation ratesachieved for the
two types of metallic sample were not the same and
such comparison needsto be verified with additiona
EIS experiments performed on iron sampleslessde-
formed in compression and on Fe-Ni-Cr aloy more
deformed (usng sampleswiththesamesizebut astron-
gest testing machine). It may be also interesting to
deeper investigate the behaviours of these compressed
samplesfor lower frequencies (downto 0.01 Hz for
example) tofurther study the effect of compressionon
theWarburg part possbly existingintheeectro-kinetic
model, and al so to extend the study to other electro-

Iytes.
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