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ABSTRACT

A ferritic steel was obtained with different states of plastic deformation by
traction test. Metall ographic sampleswere prepared for optical microstructure
examination, Vickers indentation tests and corrosion tests in a sulphuric
solutionwith electrochemical measurements, while dilatometry runs between
room temperature and 700°C were performed on parallelepipeds. Hardness
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becomes significantly highin the most strained zones, especialy for surface
parallel to the tensile deformation. Thermal expansionisdlightly decreased
by the plastic deformation and it looses the good linearity observed for the
not strained samples. The corrosion rate, in the active state, is greatly
enhanced by plastic deformation, as shown by the significant decrease in

polarization resistance.

INTRODUCTION

In mechanismsor structural parts somemetallic
pieces may undergo mechanical stresseswhich can
lead to geometric deformations, elastic and even
plasticif theapplied stressishigh enough. Inthelatter
casethelocd increasein didocationsdensity induced
by such plastic deformation can significantly modify
thelocal properties of the alloy. The mechanical or
thermome- chanical behaviour may have thereafter
become inhomogeneous, the surface reactivity
different with consequently possible phenomena of
galvanic corrosion. The purpose of thisstudy isto
especialy study the possible consequences of atensile
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plastic deformation for the hardness, the thermal
expansion and the corrosion behaviour of simple
ferritic steel with regardsto the orientation of the
considered surface or direction.

EXPERIMENTAL

Thested of thestudy and thedifferent deformed
statesobtained

A very low carbon steel, almost wholly ferritic,
initially availableintheform of abar, wasmachinedin
order to obtain round sample for tensile strength
experiments (geometry describedin TABLE 1). Test
was performed using a MTS QT/100 apparatus,
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Figurela: Microstructuresof thesteel for thethreestates
of defor mation and for theorientation parallel tothestrain
direction (optical micrograph after Nital4-etching)
equipped witha100kN cell. After rupture samplewas
cut indifferent locationsin order to obtain partswithout
deformation (heads), homogeneoudy deformed (main
part, far from the rupture surface), or with especially
high deformation (very closeto theruptured surface).
M ounted sampleswere prepared for metallographic
examination: embedded in a cold resin+hardener
mixture, polished with grinding papersfrom 240-grit
to 1200-grit, then ultrasonic cleaned and polished until
mirror state and etched with Nital4 (ethanol + 4%
HNO,). Thested! isessentidly ferritic (hereand there
some small pearlitic areas can be noted), with ferrite
grainseither isotropic (not deformed part and cross
sections perpendicular to sample axisinthedeformed
part) or elongated (deformed parts, cross sections
parallel to axis). The microstructures in the three
locationsareillustrated in figure 1a(cross sections
parale to sampleaxis) and infigure 1b (crosssections
perpendicular to axis), with micrographs taken on
Nital4-etched samples, using an optical microscope
Olympus Vanox-T equipped with anumeric camera
OlympusDP-11.

Har dness measur ements
Vickers hardnesswas measured using a Testwel |
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Figurelb: Microstructuresof thested for thethreestates
of deformation and for theorientation perpendicular tothe
strain direction (optical micrograph after Nital4-etching)

Wolpert apparatus, under a load of 10kg. Three
Indentationswere performed inthreelocations: in the
not strained part, in the homogeneously strained part
and in the neighbourhood of the surface of fracture
(striction). In each case this was done on a cross
section parallel to sample axis (i.e. axis of tensile
deformation) and on across section perpendicul ar to
thisaxis. Theaveragevaue and the standard deviation
value cal culated from these three indentation results
wereconsidered.

Thermal expansion

Four parall el epipedic samplesfor thedilatometry
tests, of about 5x5x3 (dilatation direction) mm?, were
machined in the not strained part of the samplefor
the two orientations, and in the homogeneously
deformed part for thetwo orientationstoo. Thermal
expansion experiments were performed from room
temperature up to 700°C (heating rate: 10°C/min),
followed by an isothermal stage during 5 minutes,
then from 700°C down to room temperature (cooling
rate: -10°C/min).

Electrochemical experiments

Thecorrosion behaviour of thedifferent embedded
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Figure2: Evolution of theVicker shar dnesswith the state of
strain for thetwo orientations(load 10kg)

samples was characterized in the active statein an
acidsolution (H,SO, 1N agueoussolution). Thiswas
done by noting three successive values of the open
circuit potential (Eocp) during about 15 minutesand by
performing threetimeslinear polarization for obtaining
three successive values of polarization resistance
(Stern-Geary method)!™. The apparatus was
composed of aspecia cell allowing to use embedded
sampl es (connected to an electric wire on the other
side, working el ectrode), apotensiostat / gal vanostat
(Princeton Applied Research, model 263A) driven by
acomputer supporting the software M 352 of EGG/
Princeton, agraphite counter el ectrode and a Saturated
Cadome Electrode aspotentia reference. Thelinear
polarizationswere performed fromE__ ,-20mV upto
S 20mV with therate of 10mV/min.

RESULTSAND DISCUSSION

Hardness

All theobtained valuesare presented in TABLE
2, as well as the average values. There is a small
mismatch between the two orientations in the not
strained part, maybedueto theinitia fabrication mode
(probably extrusion) of the steel bar in which the
samplewasmachined. In contrast, when oneconsiders
thevaluesmeasured in the deformed part, it appears
that hardnessisbecomesignificantly higher (180-190

Wotoioly Science  mm—

TABLE 1: Samplegeometry for tensiletest

Heads Main part
length diameter length diameter
50 12 52 7

against 90-100 in theformer part), but without clear
dependence on the orientation. This increase in
hardness goes on when one considers the
neighbourhood of the rupturelocation, especially for
one of thetwo orientations sinceindentation led to
very high values for the surface parallel to the
deformation direction (more than 400 HVlOkg)' This
can begraphicaly illustrated by the curves presented
infigure2.

Thermal expansion

Thedilatation of the para | € epipedic samplestaken
inthenot strained part islinear for thetwo orientations
between ambient temperature and the maximal
temperature (700°C), for the heating as well as for
thecooling (figure 39). Theaveragetherma expansion
coefficients (TABLE 3) do not depend on the sample
orientation and are closeto the usual valuesfor pure
iron (o= 14- 15 <108 per °C). Plastic deformation
seemingly induced a small reduction of thermal
expansion for the two orientations, but the more
noti ceabl e differenceswith the previous curvesisthat
dilatationisno moredtrictly linear butismoredisturbed,
while the cooling part is not superposed with the
heating part (figure 3b).

The plastic deformation has obviously perturbed
thethermal expansion of the steel, probably because
of astart of annealing/modification of the Franck’s
network when temperatureis become high enough.

Corrosion behaviour

Inal itsstates (deformed or not), thisferritic stedl
isunsurprisingly initsactive state, with open circuit
potentials staying between -0.44mV / NHE (E° for
Fe*/Fe) and O mV / NHE (E° for H*/H,) at pH =0
(TABLE4), i.e. inthecorrosion domain of F&3. The
cathodicand anodic reactionsarelogically 2.H* + 2.e
— H, and Fe — Fe*" + 2e, respectively. The E |
values are variable and thereisno evident relation
versusthe strained state, asillustrated by figure4a. In
contrast, the polari zation resi stances greatly depend
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Figureda: Evolution of theopen cir cuit potential with the
stateof strain for thetwo orientations

onthestrained state: there are considerably lowered
by the plastic deformation (figure 4b), asisto say the
corrosion ratein the active stateis accel erated.

General commentaries

There are thus some differences of behaviour
between the not deformed zone and the more or less
deformed zones, about hardness, thermal expansion
and corrosion behaviour. Theincreasein hardnesswith

plastic tensile deformation (%)

=e—onarea parallel to deformation

-#-onarea perpendicular to deformation
Figure4b : Evolution of thepolarization resistancewith the
stateof strain for thetwo orientations

theplasticdeformationisclassica whileitisinteresting
to observethat the strained stateinduces alesslinear
thermal dilatation. Another great differenceisthe
corrosion behaviour, heresmply studied inacommon
sulphuric solutioninwhichiron remainsintheactive
state.

Therearedready alot of studiesabout theinfluence
of amechanica deformation onthecorrosion behaviour
of aloys, since at least forty years. They initially
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TABLE 2: Valuesof hardneﬂsvakg for thetwo orientationsand thethreestrained states

Surface parallel to sample axis (or
deformation dir ection)

Surface per pendicular to sample axis (or
defor mation dir ection)

Steel state

Hv10kg Hv10kg
Value l Value 2 Value 3 Value 1l Value 2 Value 3
. 96 88 90 105 105 103
not strained
average: 91 average: 104
. 181 178 176 183 199 193
homogeneoudy strained
average: 178 average: 192
. . . 421 464 442 206 199 221
Especially strained (near striction)
average: 442 average: 209

TABLE 3: Valuesof aver agether mal expansion coefficient for theheating part and for thecooling part

Thermal expansion in the strain
direction (or along the sample axis)

Thermal expansion perpendicular tothe strain
direction (or to the sample axis)

Steel state

x 10°°C™ x 10°°C?
Heating Cooaling Heating Cooling
Not strained 16.0 15.6 15.0 14.4
Homogeneously strained 15.2 13.7 135 14.0

TABLE 4: Valuesof thethree successivevaluesof E o and of Rp for thetwo orientationsand thethreestrained states

Surface parallel to sample axis (or
defor mation direction)

Eop (MV / NHE) and Rp (?

Surface per pendicular to sample axis
(or deformation direction)

sz) steel state Eocp1 Eocp2 Eocps Eocp1 Eocp2 Eocps
Rp: Rp2 Rps Rp; Rp: Rps
. -281 -282 -278 -287 -292 -294
Not strained
47 67 83 60 124 142
. -294 -291 -290 -288 -279 -275
Homogeneoudly strained
22 16 32 23 12 15
-298 -294 -295
Especially strained (near striction) Not done
14 14 13

concerned the behaviour of stainlessstedd s(previoudy
cold-worked or not) in solutionssuch assulphuricacid
too*, solutions containing chlorides® or hydrochloric
acidswith addition of inhibitor®. Morerecently there
are works about plastically deformed/cold-rolled
titanium-based dloysin Ringer’s solution!™ or sulphuric
acid® again, magnes um-based® or a uminium-based*
dloys. Concerningthe effect of aplastic deformation of
aferriticsted onitscorrosionrateinapH =0 sulfuric
solution, thiswork dealing with atensile deformation
can be added to the previous ones. It notably comes
compl eting aprevious study concerning the effect of a
plastic compression on the corrosion in the same
electrolyte, inthecase of ferriticirontoo, aswell as
inthe caseof other pure metals.

CONCLUSIONS

Asit can be observed for acompressive plastic
deformation, atensile plastic strain improves the
hardnessof ferritic stedl, whichisarather well known
result. But it also modifiesits corrosion behaviourin
the active state, with notably here detrimental
consequencesfor itsresistance against corrosion. The
problem may become more seriousfor strained parts
of apiece by galvanic coupling with less strained
parts. This new deterioration would come to be
added to thefirst onewhichistheplastic strainitsalf,
with as consequence the acceleration of the
destruction of the piece.
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