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ABSTRACT

In some cases carbon steels can be shaped by plastic deformation with as
result a heterogeneous repartition of hardening effects and different sur-
face corrosion behaviours, the two depending on the local deformation
mode aswell ason thelocal deformation rate. To complete previousworks
concerning other compositions of steel and other modes of plastic defor-
mation, aferrito-pearlitic steel was here elaborated by foundry and shaped
asacylinder by using aspecial foundry technique, then cut into samplesto
which different rates of plastic deformation were applied by compression.
A not-deformed cylindrical sample and the other cylindrical samples hav-
ing been subjected to compression were cut in order to generate two types
of samples, metallographi c samplesfor microstructure examination + Vickers
indentation and el ectrodesfor alater corrosion study, characterized by two
mai n orientati onswith respect to the deformation direction. Inthisfirst part
only the microstructures and hardness levels are of interest. It isfound that
hardness increases more or less by comparison to the not-deformed state,
this depending on the considered orientation. The comparison with previ-
ous works shows that this increase depends on the chemical composition
of the steel, on the deformation rate and on the orientation, but a so that the
order between the two orientations depends on the steel type and on the
deformation mode. © 2013 Trade Sciencelnc. - INDIA
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INTRODUCTION

Theforming of metdlic alloysby plastic deforma:
tion at low temperature or at higher temperature modi-
fiessignificantly their microstructures¥. These micro-
structural consequencesof hardening canbeeasily re-
vealed during metallographic observations: initial
equiaxed structure converted inanew onedisplaying

specia orientations, phasesobvioudy deformed, grain
elongation ... Many works have sincelong time dem-
onstrated that it generdly results somemodifications of
propertiesfor the concerned aloys, in the mechanical
field2® aswell asfor other propertiesvery different
such as some magnetic ones. Concerning the me-
chanical properties some changes may be found for
tensile, compression or shear strength or hardness, for
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instance, asthisoccursfor not-aloyed or highly dloyed
stedls, copper dloys, duminiumaloys... after cold- or
hot-rolling®!, extrusion®, plastic torsion deformation™.
Thesepropertiesmay havelogt their initid isotropic char-
acter (if any), asconsequencesof the orientated nature
of thesedeformations.

Inthiswork, acarbon steel wasespecially elabo-
rated by casting following aspecia method which al-
lows obtaining cylindrica ingotswith asolidification
progress characterized by arevolution symmetry. Dif-
ferent levels of deformation werereproduce by com-
pression dongtheingot axisfor studying thecorrosion
behaviour of the compressed samples. Inthisfirst part
of thework the mechanica behaviour in compression
of thested isstudied, whilethecorrosionresultswill be
presented inasecond part.

EXPERIMENTAL

Elaboration of thealloys

The carbon steel was obtained by casting with a
cylindrica shapefor theingot (diameter: 10mm, length:
about four centimetres) by using the same method as
in arecent study®. Small parts of pureiron and of
carbon (total mass: about 50g) were melted together
inaCELES high frequency induction Furnaceuntil a
molten ball (inlevitation dueto the electromagnetic
field) was obtained. A silicatubewith aninternal di-
ameter of 10mm wasthenintroduced inthelevitating
liquid to aspirewith avacuum pump the greatest part
of thelater oneinthetubewhereitissolidifiedwitha
solidification progressfromtheinternd cylindrica wall
of thesilicatubetowardsthetubeaxis. Thiscylindric
ingot wasthen cut by using aprecision cutter Isomet
5000 (Buel her), to obtain several cylindrical samples
of about onecentimetrelong. A first onewaskept and
was not subjected to mechanica deformationwhile
the others were thereafter tested in compression by
targeting different rates.

Compressionruns

The compressiontestswererun by subjecting the
concerned samplesto anincreasing forceapplied by a
MTS RF/150 machine equi pped with two compres-
sonplatensand aforcecell of capacity equa to 150kN
(Figure1). The compressivedeformation was applied
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Figurel: Thecompresson platensand thecylindrical sample
which will be compressed

inthedirection of theingot axis, with aspeed of 0.25
mm/min. It was manualy stopped whenthedesired de-
formation rateswere obtained. The new heightsof the
deformed sampleswere, asfor theinitia heights, mea
sured with ahigh precision numerical calliper, and the
corresponding rel ative plastic deformationswerethen
caculated.

M etallogr aphic samplespreparation and hardness
measur ements

Parts cut in the not-deformed samplesand in the
compressed sampleswere destined to prepare metal -
lographic samples. After having been embeddedina
cold resnmixture (ESCIL: Aradite CY 230 and hard-
ener HY 956), they were polished with SiC papersup
to 1200 grit, then ultrasonicaly cleaned. A find polish-
ing, achieved with textile support enriched in 1um-alu-
minaparticles, ledto amirror-like state.

The polished sampleswerefirst subjected to X-
ray diffraction (XRD) performed with aPhilips X Pert
Pro diffractometer. An etching by immersion during
about ten secondsin a“Nital4” solution (ethylic al-
cohol with 4% of purenitric acid) at room tempera-
ture alowed examining the as-cast and deformed mi-
crostructures. At least three indentations were
achieved on the metallic surfaces of the { embedded
+ polished} samples, with aTestwell Wolpert ma-
chine. Theaverage value and the standard deviation
werethen calculated, for all thedeformed statesand
for thetwo orientations with respect to the sample
(or compression) axis.

Au Tudian Yourual



MSAIJ, 9(3) 2013

Elodie Conrath and Patrice Berthod

109

RESULTSAND DISCUSSION

Compression tests

Three sampleswere compressed. With thefirst one
adeformation of -9.19% was obtained (maximal stress
applied: 607 MPa) while, with the second one, ade-
TABLE 1: Dimensional evolution of thesamplesduringthe

one step first compression and the two-steps second
compression

) ) Initial Final
Rgle?tlveh?ght dimensions(mm)  dimensions (mm)
ormation —peight  diameter height  diameter
8.19+/- 10.87+/- 7.44+/- 11.28+/-
-9.19% 0.05 0.03 0.00 0.01
71% (1% un) 688+~ 1088 +/- 6'3%1’" 116386”'
N 8 5
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Figure 2 : The stress curve recorded during the first
compression test leading to a per manent defor mation of -
9.19% and the two successive curves of the compression
test leading to -20.25%

—= Fyl] Peper

formation of 7.15% (maximal stress: 620 M Pa) was
obtanedinafirg timebut thissecond samplewasthere-
after compressed againto obtain afina deformation of
-20.25% (maximal stress: 859 MPa). Theinitia and
final dimens onsof the compressed samplesaregiven
inTABLE 1.

Thecorresponding stressversus deformation (not
real deformation but deformation cal culated with the
traverse movement) curvesareshowninFigure2.

On these curvesthe Young’s modulus cannot be
assessed since no extensometer was used. In contrast
itispossibleto extract themaxima eastictensilestress
(at whichthelinear Hooke’s law begins to be lost): this
one was 231MPafor thefirst curve (which led to -
9.19% of find relative deformation), and 334 MPaand
344 M Pafor, respectivey, thefirst part and the second
part of the second compression test (thetotal leading
t0-20.25% of find relative deformation). The obtained
sampleswere photographed in Figure 3 (-9.19%) and
inFigure4 (-20.25%), illustration allowing to seethe
decreasein height and thelateral enlargement in aver-
agediameter, by compression.

Thenot compressed sampleand thetwo deformed
sampleswerecut following aprocedurewhich allows

0%

-9,19%

Axial
deformation

scale

Figure3: Photographsof thefirst samplebeforeand after
deformation

Radial
deformation

0% -7,15%

-20,25%

Axial
deformation

Radial
deformation

Figure 4 : Photographs of the second sample before
deformation, after thefir st compression and after thesecond
compression
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Compression
direction

surface perpendicular surface parallel to
to the compression the compression
direction direction
Figure5: Cutting method to obtain samplesfor XRD runs
and metallographic samples for the observation of their
micr ostructur es(not-defor med steel and compr essed steels)

obtaining samplesfor embedding and polishing, then
for X-ray diffraction characterization and microstruc-
tureexaminations(Figureb).

The X-Ray diffraction runsled to spectrawhich do
not reved any modification for thediffraction pesks(Fig-
ure6 for theparallel orientation and Figure 7 for the
perpendicular one). It appearsthat thereare no modi-
fications between the not-deformed state and the two
deformed ones, neither for the pardld orientation, nor
for the perpendicular one, and no difference too be-
tween thetwo orientationsfor agiven deformed state.
The peskscorrespond to the crystai linelatticeof BCC
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Parallel orientation

Figure6: XRD patternsfor theparallel orientation (for the
not-compressed sample (top) and for the two defor med
samples)
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Perpendicular orientation
Figure7: XRD patternsfor the per pendicular orientation
(for thenot-compr essed sample(top) and for thetwo defor med
samples)
ferritewhichisthemain phase present in volumefrac-
tioninthisferrito-pearliticsted.

Themicrostructures of the three samplesfor the
two orientationsaredisplayedin Figure 8. Theferrito-
pearlitic microstructures (of aparticular typeresulting
of thespecia conditionsof solidification and post-so-
lidification cooling (solid statetransformations) dueto
theaspirationinsilicatube beforesolidification, illus-
trate— especially for the most deformed state and the
parallel orientation— the effect of compression at the
microscopic scae.

Vickersindentationswereperformed on al thesix
metall ographic samples, leading to theresults graphi-
caly presentedin Figure 9. One can seethat the hard-
nesslogicaly increaseswith the plastic deformed rate
of thesample, but only for the perpendicul ar orienta
tion. Indeed the hardness remainsamost constant for
theother orientation although it seemshaving adight
tendency to increasetoo.

General commentaries

Theée aboration method allowed thusobtaining a
cylindrica ingot, fortunately free of axid shrinkagede-
fects, longenoughto permit cutting easily severd cylin-
drical ingotsof the same chemical composition. The
compressontestsdlowed specifyingthemaximd stress
at whichthepurely elastic deformation beginsto be-
comeplastic. Thevauesobtained arerather closean-
other and typical of the valuesrange usually encoun-
tered for Re for such ferrito-pearlitic carbon steels.
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Figure9: Hardnessevolution with thedefor mation rateand
for thetwo orientationswith respect tothedefor mation axis

However thereisanoticeabledifferenceof theRevaue
obtained for thefirst sample and thetwo onesobtained
for the second sample (which are higher than the previ-
ousone). It ispossiblethat the determination of theloss
of linearity wasmore difficult to do sinceno compres-
son-devoted extensometer wasavailablefor obtaining
much more accurate (notably not soimportant) values
for thedeformation of the samplesonly. TheVickers-
indentation valuesclearly showed anincrease of hard-
nessfor the plasticaly deformed (thushardened) aloy,
but much morefor the perpendicular orientation than
for the parallel onewhich seemsto bemuch lessde-
pendent on the plastic deformation rate (maybeavery
low increase with thedeformationrate). Sincetheva-
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-20.25%
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Figure8: Visualization of thedefor mation at themicrostructurescale (after Nital4 etching); thisisparticularly evidenced
for the{parallel orientation — highest rate} in the {top-right} micrograph
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uesfor thetwo orientationswerequitesimilar, thehard-
nessfor the perpendicular orientation became, when
the deformation rate increased, more and more supe-
rior tofor theparale orientation. Thismeritsto becom-
pared to previousresults astheorientation-dependence
of hardnessfor aferritic steel deformed intraction*3
and for aferrito-pearlitic steel deformed in traction
too™. Inthefirst case one can remind that the hard-
ness (Vickerstoo) increased, from about 100Hv (for
the two orientations, typical of ferrite) faster for the
parallel orientation than for the perpendicular one. In
the second case hardnessincreased, from about 185Hv
with the deformation ratefor both orientations, alittle
fagter for the perpendicular orientation than for the other
one. Inthe present case, the elaboration of the steel is
different and the hardening achieved by compression
instead by traction. In all thethree casesthe hardness
globally increasesbut the hierarchy between thetwo
orientation obviously depends on the carbon content
(microstructurerating between ferriteand pearlite) and
onthetypeof uniaxia deformation.

CONCLUSIONS

The deformationin compression of thestudied car-
bon stedl alowed obtaining sampleswhichwerehere
characterized interm of hardness, resultscoming com-
pleting aset of previousdataconcerning aso carbon
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stedl sbut with other carbon contentsand a so concern-
ingtheoppositetypeof deformation: tendlestrain. The
other partsof the sameingots, aoneparallel to defor-
mation and aone perpendicul ar, for each state of de-
formation are reserved to electrochemical tests for
eva uating the corrosion behaviour™, to here complete
recent datainthisfield concerning aferriticsted and a
stainlessaustenitic ong™.
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