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ABSTRACT

KEYWORDS

Most of stedl products are available as sheets, therefore shaped by cold- or
hot-rolling. Such processes induce plastic deformation. On the one hand
thisismore or lessdifficult to achieve, this depending on the microstructure
or simply onthe chemical composition of the steel, notably concerning the
more common el ements present in steels: carbon and silicon. On the other
hand the same elements al so act on the behaviour of the hardened steelsin
high temperature oxidation in the case of hot working, and on room
temperature corrosion in aqueous milieuin both families of fabrication routes.
In thiswork the effects of the silicon contained in asimpleternary steel on
itsformability and on its high temperature and room temperature chemical
properties will be characterized. In thisfirst part, four ternary steels with
different silicon contents (0.1 to 0.25w%) were elaborated by foundry,
plastically deformed in compression, then subjected to high temperature
oxidation as this can be encountered on the steel sheet surface during the
last cooling fabrication stage.  © 2014 Trade Science Inc. - INDIA
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INTRODUCTION

In most cases steel sare availableas semi-finished
products, for exampleasflat productsobtained by plas-
tic deformationl*2, an operation inducing not only
changes of shape but changes of morphology for the
initiad grainsresulting from solidification (outer colum-
nar and inner equiaxed crystalg¥). Indeed the grains
becomee ongated and muchricher indidocations(this
resulting in hardening). The laminated products may
result from shaping at ambient temperature by cold-
rolling, or at moreor lesshigh temperature by hot-roll-

ing. At each shaping step cooling and lubrication are
ensured by amix of water and oil. Sincemetallic alloys
aregenerally threatened by oxidation especidly at high
temperature>”, staying at rather high temperaturein
wet air necessarily induces oxidation of the surfaces of
theflat sted swhich goeson during cooling and coiling,
influenced by the presence of water vapor®9. The ox-
idesformed on surface and eventually in the sub-sur-
face may be sources of defects for the final prod-
uctg’°1, Thisisoneof thenumerousreasonswhy many
studies have been carried out on the mechanismsand
Kineticsof oxidation of low-alloyed steelsinthiscon-
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text (2 for example), either in plant onindustrial prod-
uctsor inlaboratory by reproducing phenomena. The
high temperature oxidation of such low-aloyed steels
isgenerally rather fast since these ones are the most
oftentotaly chromium-freeand moreover present smple
chemical compositions (with at least carbon and sili-
con). Inadditiontherateof hot oxidation of thesesteds
maybeinfluenced by therate of plastic deformation pre-
viously endured by the stedl products.

Thiswork dedl swith the oxidation phenomenon of
flat carbon sted sduring the cooling when aready coiled.
If the specia surface cleaning hasremoved al oxida-
tion/corrosion productsjust before coiling (often by
hydro-mechanica descaling) oxidation continuesalot
during the cooling of thecoil. Thisoxidationisdueto
thewet air trapped between two successive sheetsun-
til temperature becomeslow enough or until thepartia
pressuresin oxygen andinwater vapor havesufficiently
decreased. Thisnew oxidation may generate surface
oxideswhich can be possibly detrimental for the prop-
erties of the sheets.

For agiven complex atmosphere (hot air + water
vapor coming from the previous hydro-mechanical
descaling step) the amount of the resulting oxidation
products may depend on the chemica composition of
the carbon steel (notably silicon) and maybe on the
compression deformationrate.

Inthisstudy it waswished to better know theinflu-
enceof thesilicon content (at fixed carbon content), for
sted samplesafter plagtic deformation, onthehightem-
perature oxidation kinetic of such steelsinagiven at-
mospheretypical of industrial ones.

EXPERIMENTAL DETAILS

Elaboration

Steel sdestined to be manufactured ascoilsare of -
ten extralow carbon ones, and the contentsin some of
the other dementspossibly present inthechemica com-
position arerated to achieve specific mechanical prop-
erties: thisisfor examplethe caseof silicon. Thus, the
steelsconsidered for thisstudy arevery simpleones—
ternary Fe-C-S — with 0.01 weight percent of carbon
and containing siliconwith different severa contents.
Four steel swereelaborated by foundry way by target-
ingthefollowingchemica compostions: Fe-1S-0.01C,
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Fe-2S5-0.01C, Fe-2.2Si-0.01C and Fe-2.5Si-0.01C
(inweight percents) and formed asingotsof about 40g.
They were synthesized from pureelements: Fe (Alfa
Aesar, purity: more than 99.97%), Si (AlfaAesar,
99.999%) and graphite. Fusion and solidification were
both achieved in thewater-cooled copper crucibleof a
high frequency induction furnace (CELES) and under
0.3barsof pureArgon (<3ppm O,), with anintermedi-
ate3minutes—long dwell. The operating parameters
of thefurnacewere 115 kHz and 4kV.
They werecut in order to obtain:

- inthe one hand partsto prepare metallographic
samples destined to control the metallographic
hedth and microstructure by optica microscopy as
wedl asX-Ray andysis,

- inthesecond hand parall € epipeds having thefol -
lowing gpproximative dimensions: 8mm x 8mm x
4mm and destined to the oxidation testswith pre-
liminary deformationin compression.

Compressionruns

Before becoming coilsthe steelsaresevera times
plagtically deformed at temperaturesof severa hundreds
degrees, thisresultinginfina very highratiosof thick-
ness. Such deformation ratios were not envisagedin
the present study but the possible effect of plastic de-
formation, what waswished to beexamined here, was
consdered for much lower deformation with compari-
son of resultswith the sameternary steels character-
ized in both hardnessand high temperature oxidation.

A part of theprevioussampleswereuni-axidly plas-
tically deformed at room temperature. As previously
doneon aFe-0.4wt.%C sted(*¥ before corrosion test-
ing!* thiswas done usingaM TS RF/150 universa
testing machine equipped with aforce-measuring cell
(capacity: 150kN) and of compression platens. Addi-
tiona partswith parallel facesmadeof hard metaswere
placed between platens and samplesin order to pre-
vent any damage for the first ones. In each casethe
maximal stressto reach was chosen high enoughto be
sure to exceed the yield stress of the sample and to
obtainasignificant rate of plasticdeformation (typicaly
at least -20% of permanent deformation). Because of
irregular lateral deformation the compressed samples
were cut againin order to rediscover aparallelepiped
alowingan easy ca culation of surfaceand also, more
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important, guaranteeing to haveawholelateral surface
which can be considered as plastically deformed ho-
mogeneoudly intermsof rateand orientation.

Har dnessmeasur ements

Thefour alloyswere subjected to Vickersindenta:
tion (load: 10kg), intheir as-cast condition aswell asin
their compressed state. Threeindentationswere done
on each sample (deformed or not) and theresultsledto
the calculation of an average vdue and astandard de-
vidionone,

High temper atureoxidation tests

Theoxidationrunswere performed usingaSetaram
SetsysEv 1750 TGA thermobalance equipped with a
WETSY Svapor generator, according to thefollowing
therma program:

- Heating from room temperature up to 700°C at
+20°C min-1 under an inert atmosphere of pure
argon

- Heatingfrom 700°C to 750°C at +5°C min-1 un-
der aninert atmosphere of pureargon

- Isotherma dwell for 10 minutesat 750°C in order
to thermally stabilize the apparatus (still under ar-
gon)

- Switchtohumidifiedair (14.5gH,O per kg of dry
air) andisothermal oxidation during threeminutes

- Switchto pureargon again and slow cooling at -
5°C min-1 down to ambient temperature.

These oxidation tests were carried out on one
sampleof each aloy in thecompressed state.

Thesampleswere subjected to X-Ray Diffraction
to characterizetheir oxidized surfacesto specify the ox-
idesformed during the preceding oxidationtests. This
wasdoneusngaPhilips X Pert Pro diffractometer (Cu
K, A =1.5406 Angstroms).

They werethereafter first coated by athin layer of
gold deposited by cathodic pul verizationto provide a
conductive surface necessary for the subsequent €l ec-
trolytic nicke deposition. Thelater onewasredized by
cathodic reduction of Ni2* ionsinaWatt’s bath heated
at 50°C (during at least two hours for a current density
of 16 mA/dn?). The nickel thickness obtained with these
parameters general ly allowsasufficient protection of
the oxidized surfacefor keeping the external oxides
during the cutting whichisnecessary for cross-section
examingtion.
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Theas-cast and compressed steel samplesfor the
metallography examinationswereimbedded inacold
resin mixture (manufacturer ESCIL: resin CY 230 +
hardener HY 956). After that, themounted sampleswere
polished with SiC papers (from 80 to 1200 grits) and
with 1um diamond sprayed textile disk, until reaching a
mirror state.

Themetalography sampleswereinvestigated us-
ing X-Ray Diffraction (XRD) and Electron Probe Mi-
croandyss(EPMA).

RESULTSAND DISCUSSION

Compression runsand hardness

Thecompression curvesare presentedin Figure 1
all together inthe same graph. It appearsfirst that the
curves obtained for the two steels containing thetwo
medium silicon contents are close to one another, what
israther logicd sincethey contain dmost thesamesli-
con content. The compression curve obtained for the
sted withthelowest S content issignificantly under the
two former curveswhile, in contrast the compression
curve correspondingto thehighest S content issensi-
bly abovethe ones obtained for thetwo steelswith 2.0
and 2.2wt.%S.

Onthe same curveone can also seethat theloss of
linearity seemsoccurring for astressincreasing with
theslicon contentintheternary stedl. Thiscanbemore
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Figure 1 : Strain-stress curves acquired
compression testsapplied tothefour steels
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efficiency evidencedin Figure2inwhichtheyield stress
determined onthese curvesaredirectly plotted versus
thesilicon content. One can seethat yield strength ob-
vioudly increaseswith the silicon content, from about

380M Paup to about 490M Pa.
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Figure 2 : Evolution of theyield stress versusthe silicon
content inthe steel

Thethickness|osses were not red on the former
compression curvessincethe precision wasnot high
enough (and even not really known) since no exten-
someter was available during these compression tests.
The deformationsweresimply measured after test on
thecompressed samplesusnganumerica caiper. Thus,
only the plastic deformation was determined (no data
about the maximal e astic deformation). Thevauesof
these permanent deformationsarelistedinTABLE 1.
No comparison can bedone by consideringthesilicon
content since the compression testswerenot all fin-
ished in the same conditions (notably interms of maxi-
mal stressapplied). Thesevaduesareonly informative
about the hardening of thefour samples. Sincethefour
deformationsarenot really far from oneanother it will
bethereafter considered that the obtained hardeningis
sens bly the samefor thefour stedls, evenif theplastic
deformation ratesvary between 22 and 34%.

Thesecompressionrunsinduced for thefour sted's
ahardening which can berevealed by theinduced in-
creasein hardness. Theresultsof Vickersindentation

TABLE 1 : Amount of plastic deformation obtained by
compression on thefour ternary Fe-0.01C-xSi steels

S content in 2.2 25

0, 0,
sted (x) 1wt% 2wt% WL% WL%
Plastic - - - -
deformation 33.63% 24.28% 29.09% 22.55%

aregraphically presented in Figure 3. Onthe blue“as-
cast” curve one find again the strengthening of the Si-
containing Fe-0.01C sted swhen their silicon contents
increase (fromabout 120Hv10kg for 1 wt.%Si to about
180Hv10kgfor 2.5 wt.%Si), confirming the effect on
yield strength observed above. Compressioninduced
asoanincreasein hardnessfor thefour steds, of about
70-80Hv10kgfor all. Thisalowsconsderingthat the
compression runsbrought Smilar hardeningsto thefour
deds.
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Figure 3 : Curves of hardness variation illustrating the
strengthening and har dening effects of thesilicon content
and of thecompression tests

High temper atur eoxidation runs

Themassgain curvesobtained for thefour steels
areplotted together in Figure4 (full scde) andinFigure
5 (zoomed on their first parts). It is obviousthat the
global oxidation ratestrongly dependson
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theslicon contentinthested: thested withthelow-
est silicon content oxidized much faster than thethree
other onesthe Si content of which aretwiceand more
(Figured). Thisisadready adsotruefor thefirst tensof
seconds (Figure 5) when oxidation isparticul arly fast
(andmoreor lesslinear) beforethat it decelerates. One
cannoticein additionthat thisfirst linear fast massgain
finishesabout five secondslater (at near t=25s) for the
lowest Si steel than for thethree high Si steels (near
t=20s). As natural consequences, the mass gain ob-
served at theend of thelinear first part and thetota one
achieved at the end of the isothermal stage are both
significantly higher for the steel withthelowest sillicon
content than for thethree other stedl's, asevidenced on
the graphs presented in Figure 6 and Figure 7 respec-
tively.
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Figure6: Evolution of themassgain observed at theend of
thefirst linear oxidation part
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Figure7: Evolution of thetotal massgain achieved at theend
of theisother mal stage

Theoxidized surfacesof thefour samplesweresub-
jected to X-Ray Diffraction andyss. Theobtained re-
aultsareillustrated by two examplescorresponding to
thested scontaining thetwo S extremedlicon contents
studied here: 1wt.%Si (Figure8) and 2.5wt.%S (Fig-
ure 9). Only one oxide was obviously present, i.e.
present in quantitieshigh enoughto bereally detected
by XRD: hematite Fe,O,. Indeed no oxideinvolving S
wasreved ed. Theother peaksareto be attributed to
thested itself (ferriticiron), whichwaslogically also
solicited by the radiation because of thetoo thin oxide
scaeformed dutring therather short exposureinhot air
during thewholeoxidationtest.

General commentaries

Inthisfirst part of thework carried out for ternary
carbon sted swhich differ from oneancother about their
Si contents, theincreasing applied stressesrecorded
during compress on evidenced the strengthening effect
of silicon for such smple steels, asthisiscommonly
observed for more complex industrial carbon steels.
Hardnessmeasurementsbrought furthermore additiond
dataabout thisincreasein mechanical resistancewith
slicon. Thesetwo propertiesmodificationsarethere-
aultsof thehardeninginduced for thefour sedsby plastic
compression, didocation’s structure modification which
may influencethe chemical reactivity of these steels.
Hereonly thebehavior in oxidation at high temperature
wasexamined, inacombination of conditionsallowing
moreor lessreproducing theusua industria context of
hot-rolling followed by packaging. Thetest performed
on the hardened steels using athermo-balanceled to

— Pt icly Science
ﬂaVMnW



104

Full Poper

Lin (Counts)

Lin (Counts)

3000

2000

1000

5000

4000

w
]
5

2000

1000

Influence of the Si content in steels on their mechanical and chemical behaviors. MSAIJ, 10(3) 2014

1wt.%Si-containing

] steel
Fe,0, Hematite (oxide scale)
Fe centred cubic (steel)
. . 1 g s . ﬂk b s bl o fh o

L L DL L DL L L L |

2-Theta - Scale
@FE—BH % tel quel - File: Fe-5i1% tel guel.raw - Type: 2ThTh locked - Start: 18.008 °-End: 122.989 ° - Step: 0.017 *- Step ime: 1. s- Temp_: 25 T ( Room) - Time Started: 0s - 2-Theta: 13.008 °- The ta: 9.004 - Chi:
Operations: Background 1.000,1.000 | Smooth 0.150 | Import
|E|E 0-033-0684 {*) - Hematie, syn- Fe203 - *: 50.00% - d x by: 1. - WL 1.5406 - Hexagonal (Rh) - a 5.03560 - b 5.03560 - ¢ 1374890 - alpha 90.000 - beta 50.000 -gamma 120.000 - Primitive - R-3¢ (167) - 6 - 301.92
Iz‘: 0-006-0696 (*) - Iron, syn - Fe - ¥: 50.00 % - d x by: 1.- WL: 1.5406 - Cubic - a 286640 - b 2.86640 - ¢ 2.86640 - alpha 50.000 - beta 90.000 - gamma 90.000 - Body-centered - Im3m (229) - 2 - 23.5511 - F6=225(0.0

Figure8: The XRD Spectraacquired on the oxidized surface of the 1wt.% Si-containing steel
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Figure9: TheXRD Spectraacquired on theoxidized surface of the 2.5wt.% Si-containing steel
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first interesting observations about the kinetic of mass
gain, withtheevidencing of two steps, afirst oneof fast
oxidation and a second one of slowed oxidation. It
appeared that the passing from the first stage to the
second stageseemsoccurringalittleearlier for thehigh
Si steelsby comparison with the stedl with thelowest
dlicon content, whilethemassgain achieved duringthe
first stageaswell asduring the second stage were both
lower for the{ 2.0t0 2.5wt.%S } -containing steel sthan
for the{ 1.0wt.%Si} -containing one. Silicon appears
asabeneficid dement for limitingthesurface oxidation
of the sheet sted rolled during the cooling of the cail,
then to diminish the defectsrisk, thisathough no par-
ticipation of Si to the surface oxideswasrevealed by
XRD.

CONCLUSIONS

Thefour stedsstudied here, displaying carbon and
slicon contentstypical of the chemica composition of
sheets of carbon steels shaped by hot-rolling, clearly
showed abeneficia effect of the presenceof silicon -
or of ahigher content inthiselement — for the surface or
sub-surface defectsof sheets. Although that the hard-
ening preliminarily brought by room temperature com-
pression tothesmplesteel sstudied herewasfar lower
than theoneredlly achieved inindustry, one can think
that thistendency will be probably still truefor much
higher deformation rates achieved in hot conditions.
Knowing that corrosion by condensed water enriched
by other substances keeps on deteriorating steel safter
compl eted cooling, these steelswere a so subjected to
corrosion study in agueousmilieu using different elec-
trochemical techniques. Theresultsand comments of
the additiona room temperature corrosiontestswill be
presented in the second part of thiswork!®.,
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