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ABSTRACT KEYWORDS
The behaviour of carbon steels may depend on their microstructure, no- Cast carbon stedls;
tably of their fraction in cementite which is piloted by the carbon content Carbon content;
and of apreviously underwent hardening. The case of the mechanical prop- Corrosion;
erties is well-known but the influences of the carbon content/cementite Sulphuric acid;
fraction and of an earlier plastic deformation on the corrosion behaviour Electrochemical impedance
is not necessarily so well determined. In this first part this is the carbon spectroscopy.

content which is under focus. A series of four binary Fe-C alloys, with C
contents spread over the eutectoid composition, were elaborated follow-
ing strictly the same synthesis parameters to avoid any perturbation of
other factors such as various microstructure finenesses or presence of
minor elements. Their behaviour in a model sulphuric acid solution was
specified by spectroscopy of electrochemical impedance. Severa dif-
ferences were observed between on one hand the ferritic steel and on the
other hand the three cementite-containing steels, concerning the evolu-
tion of the Nyquist half circle, the transfert resistance and the double
layer capacity. © 2015 Trade Science Inc. - INDIA

INTRODUCTION present extremely various varieties due to the ex-
treme diversity of the microstructures?® resulting
The aloys based on both iron and carbon are from:

very important for industry due to their numerous * the existence of two diagrams (the stable auste-
applicationg¥. The most simple and less expensive nite— graphite one and the meta-stable austenite

of them are carbon steelsand not alloyed cast irons. — cementite one),
The latter ones, first liquid alloy coming resulting * thepossibility to solidify and to undergo the (pre-
from the reduction of iron orein blast furnaces, can eutectoid if any then the) eutectoid transforma-
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tion exclusively in the first diagram or exclu-

sively in the second one,

* thepossibility to solidify (entirely or only partly)
in one of this diagram and to undergo the (pre-
eutectoid if any then the) eutectoid transforma-
tion in the other diagram (here too entirely or
partly),

*  the possibility to present a pre-eutectic solidifi-
cation of austenitic dendrites (hypo-eutectic cast-
iron) or of either graphite (stable diagram) or
coarse acicular cementite (meta-stablediagram),

*  the possible shapes of graphite of cast iron so-
lidifiedinthefirst diagram, thisdepending to an
eventual more or less treatment of liquid iron
(desulphuration, spheroidization, re-introduction
of elements poisoning the spheroidal graphite
growth),

*  thehesat-treatment of graphitization, ferritization,
pearlite globularization,

* moreor lessfast and complex quenching,

* andsoon...

Sincethey necessarily undergo solid state trans-
formation in the meta-stable diagram since no graph-
ite can precipitate at solidification in their cases,
the carbon steels are more simple: ferritic (no car-
bon or extremely low C content), ferrito-pearlitic
(0 < wt.% C < 0.8), pearlitic (0.8 wt.%C), hyper-
eutectoid (0.8 < wt.% C < 2) in case of not to fast
cooling from theaustenitic temperature domain down
to room temperature. As for cast iron, more rapid
cooling from the austenitic state allows obtaining
not stable phases as bainite or martensite, or com-
plex structures mixing ferrite, pearlite, bainite, mar-
tensite, if complex thermal evolutions chosen from
the Time Temperature Transformation or Continu-
ous Cooling Transformation are applied.

The microstructures (nature but also fineness)
of carbon steelsiswell known to be of hugeimpor-
tance for their mechanical properties®, but it is
possiblethat their surface reactivity can be also dif-
ferent following the microstructure, even if their
chemical compositions are free of nickel, chro-
mium...

In this work, the surface reactivity which was
taken into consideration isthe corrosion by anacidic

aqueous sol ution, and the steel s support of thesein-
Research & Reotews On
R

vestigation cast binary Fe-C aloys with C ranging
from O to 1.6 wt.%. The microstructure parameter
of interest was s mply the amount in cementite, driven
by the choice of the carbon content, for agiven mi-
crostructure fineness fixed by the respect of a same
thermal protocol for the elaboration of al aloys
(same mass, same heating-isothermal stage-cooling
laws, sameingot shape).

Among the numerous techniques usable for
specifying the behaviour of corrosion thiswas here
the association of a three-electrode cell and elec-
trochemical impedance spectroscopy (EIS) which
was chosen, since it allows both stationary and not
stationary characterization of corrosion.

EXPERIMENTAL

Elaboration and as-cast microstructures of the
alloys

Four carbon steels (Fe-xC aloyswith x=0, 0.4,
0.8 and 1.6 wt.%) were synthesized from pure ele-
ments by foundry. Thiswasdonein thewater-cooled
copper crucible of a high frequency induction fur-
nace (CELES, France) with as operating parameters
(Fe: AlfaAesar>99.9 wt.%, C: pure graphite): heat-
ing by progressive increase in injected power to
2500V, stage during about thirty secondsfor afirst
thermal homogenization of thestill solid partsof pure
element, new increase in power up to 4000V lead-
ing to complete melting, three minutes stage for in-
suring total chemical homogenization of theliquid,
then progressive coolingleading to solidification and
solid state cooling. The obtained ingots, weighing
4ag and displaying a compact shape, were cut to
obtain several parts per stedl.

One of them wasdestined for metallography in-
vestigations. It was embedded in a cold resin mix-
ture (resin and hardener from ESCIL, France),then
ground with SiC papers from 120-grit upto 2400-
grit and polished with 1um hard particles until ob-
tainingamirror-like surface. After etched with Nital4
{ ethanol-4%HNO,} it wasobserved by optical mi-
croscopy (Olympus BX51 equipped with aToupcam
digital cameradriven by the Toupview software).

Electr ochemical measurements
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Per alloy, asecond part cut in the ingot wasim-
mersed in aliquid cold resin mixture by keeping a
not covered upper part. After total stiffening they
were extracted from the plastic mould, to be partly
sewed in order to insert the denuded part of an elec-
trical wire. Now in electrical contact the semi-em-
bedded metallic parts were incorporated again in
themould. Additional liquid cold resin mixturewas
then poured,this time to immerse the upper part of
the sampl e and the denuded copper. They were thus
totally isolated from exterior, then from the electro-
lyte in which the electrode will be immersed. The
emerging metallic part of the obtained electrode
(working surface) was finally ground with papers
from 120-grit to 1200-grit, washed and dried. The
Counter Electrode (or auxiliary electrode) was a
platinum one, and the electrode of potential refer-
ence was a Saturated Calomel one.

The electrochemical tests were carried outin a
H,SO, 1M solution, using an Ametekpotensi ostat
driven by the Versastudio software. The tests con-
sisted in measuring the free potential (Eocp), thenin
applying to theworking electrode asinusoidal varia-
tion of potential (Eq. I). The amplitude of variation
was 10mV around E . and thefrequency varied from
100kHz downto 1 Hz. Theresulting sinusoidal cur-
rent (Eq. 2) was measured for five values of fre-
quency by decade. The Nyquist{—Z, versus Z }
diagram was then plotted. This was repeated six
timesevery ten minutes.

Since the half circle may be not complete or
passed under the x-axis, the minimal vaue of Z_,
wastaken as being agood estimation of the electro-
lyteresistance Reand the maximal valueof Z _ was
taken as equal to { Re + Rt}, with consequently the
determination of thetransfert resistance Rt
E=E,* AE X cos(at) (1)

I= 1% cos(at+¢) (2)

Knowing that the summit of the half circleisob-
tained for the relation presented in (Eq. 3) the val-
ues of the corresponding frequency f(-Z,  max) was
noted, converted into pulsation o(-Z,_max) accord-
ing to equation (Eg. 4) which allows deducing the
value of the double layer capacity C, by Eq. 5.
RtxC, xo=1 (3)
a(-Z,, max) =2z f(-Z, max) (4)

—= Pyl Paper
C,=1/(RtxC,) (5)

RESULTSAND DISCUSSION

Microstructuresof theobtained alloys

After about ten secondsof immersionintheNital
solution the microstructure of the Fe-0.0C steel ap-
pears wholly ferritic (Figure 1). The Fe-0.4C stedl
is ferrite-pearlitic, the Fe-0.8C steel pearlitic and
the Fe-1.6C steel hypereutectoid. The acicular shape
of the pre-eutectoid ferrite (Fe-0.4C) as well asthe
one of the pre-eutectoid cementite (Fe-1.6C), thus
of the Widmanstitten type, may be due to a too fast
cooling (since, no longer maintained by magneto-
striction, the ingot had entered in contact with the
water-cooled copper crucible of the furnace).

Nyquist diagram versustime

The plot of the point {-Z,_(w) versus Z (o)}
for the six successivetimesover one hour (=0 min,
10 min, 20 min, 30 min, 40 min, 50 min and 60 min)
iIsshownin Figure 2 for the Fe-0.0C stedl, in Figure
3 for the Fe-0.4C stedl, in Figure 4 for the Fe-0.8C
steel andin Figure 5 for the Fe-1.6C sted!.

The first fact that must be noted is that the half

. , e

Fe-0.0C  Fe-0.4C
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Figure 1 : Optical micrographs of the four steels after
nital etching

Research & Reolews On

e ,
A Indian Yowrual



30 Influence of themicrostructure on the corrosion behaviourin a sulphuric solution RREC, 6(2) 2015
FPull Peper - =
100
80 S
60
40
= 20 4 e
3 N\ \
u O I | |
E 550 50 100 150 200
_40 i 0.0CND (allin Q x cm?)
amt=60 min
t=50 min
-60 t=40 min
t=30min
-80 ——t=20min
——t=10min
'100 —1t=0min
Re(Z(w))
Figure 2 : Nyquist plot of the measured EIS values in the case of the Fe-0.0C steel
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Figure 3 : Nyquist plot of the measured

circle becomes greater and greater with timefor the
ferritic Fe-0.0C alloy while this is exactly the op-
posite phenomenon which occursfor thethree other
alloys. The second fact isthat the curves are alittle
smaller than half a circle for the ferritic steel (-
Z dready strictly positive for 1Hz) while it isin
contrast alittle greater for the three other aloys (-
Z _strictly negativefor 1Hz).

Since the electrolyte seems remaining constant
Research & Reotews On

EIS values in the case of the Fe-0.4C stedl

with time, thisisthetransfert resistance which seems
increasing with time for the ferritic steel while it
decreases with time for the three other steels. In all
cases, whatever the evolution direction, the change
of the semi-circleisfast during the beginning of im-
mersion and thereafter it stabilizes.

Evolution of Re, Rt and C__versustime for the
four alloys
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Figure 4 : Nyquist plot of the measured EIS values in the case of the Fe-0.8C steel
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Figure 5 : Nyquist plot of the measured EIS values in the case of the Fe-1.6C steel

The electrolyte resistance does not vary signifi-
cantly with time for each of the four alloys (Figure
6). There are small differences between the aloys
but thisis only due to a not real repeatability posi-
tion of the working electrode by regards to the
counter electrode. Thisiswith no consequencesfor
the moreimportant resultswhich follow.

The transfert resistance (Figure 7) is globally
the same for the three cementite-containing steels
(C > 0 wt.%), and its values decreases to stabilize,
in al these three cases. The one of the ferritic steel

increases rapidly with time to stabilize at almost
180 © x cm? (against about 3 Q x cm? for the three
others) which suggestsits passivation.

Thedoublelayer capacity remains globally con-
stant versustime (about 8 x 10°Fahrad) for the fer-
ritic steel while it increases to stabilize after 30-50
minutes for the three other steels. The higher stabi-
lized value, amost ten times the ferritic steel one,
was obtained for the hyper-eutectoid steel (1.6C):
60 x 10Fahrad.
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Figure 6 : Cumulated curves showing the evolution of the electrolyte resistance versus time during the | hour —

immersion for the four steels
General commentaries

The first noticeable result which was obtained
here isthe superiority of the ferritic steel (Fe-0.0C)
by comparison with the three binary steels. Its
Nyquist semi-circle becomes greater and greater
with time while the other steels know the opposite
evolution. The transfert resistance, already higher
than the ones of the others at t = 0 min, increases
rapidly (and thereafter slower) while the transfert
resistances of the other alloys tend decreasing, in
contrast. The obtained values suggest that, initially
intheactive state, theferritic alloy get passive, while
the other steels remain in their active state at the
sametime. It israther curiousto see polycrystalline
pureiron passivating in asolution the pH of which
is amost zero. Thisis absolutely not predicted by
theiron Pourbaixdiagram(™. Theprincipal difference
between thisferritic alloy and usual ferritic steels—
thefast cooling and y—a —is may be at the origin of
thisincoherence: to more deeply investigate this hy-
pothesis one can think elaborating a series of car-
bon-free steels using the same Fe element as here,
applying various cooling rate during solidification
and the allotropic transformation, and testing them
in corrosion using the same el ectrolyte, method and
apparatus as here.

The second observation to point out concerns
the double layer capacity: it is constant and rather
low for the ferritic alloy while the ones of the three
other steels vary, more precisely significantly in-
crease. One can wonder that, since these three other
Research & Reotews On

steelsremainin an active state, as demonstrated by
the low measured transfert resistances, either ce-
mentite (eutectoid for the Fe-0.4C and Fe-0.8C stedls,
and pre-eutectoid and eutectoid for the Fe-1.6C
steel), or ferrite (pre-eutectoid and eutectoid for the
Fe-0.4C stedl, eutectoid for the Fe-0.8C and Fe-1.6C
steels), is corroded faster than the other phase, with
as result either an increase in electrolyte-ferrite or
inelectrolyte-cementiteinterfacia surface, with con-
sequently an increasein double-layer capacity. Even
if thisnot so clear (e.g. order between the C = f(t)
curve of the Fe-0.4C steel and the one of the Fe-
0.8C stedl different than the one between the ferric
steel and the hyper-eutectoid one), one can think that
the low initia value (t=0) of the double layer ca-
pacity is to be attributed to ferrite since it is the
principal phase present in all the tested steels, in-
cluding the hyper-eutectoid one (equiva ence of vol-
ume mass between ferrite and cementite + four times
more ferrite than cementite in mass fraction in the
Fe-1.6C stedl). But when corrosion progresses, the
ferrite which is ametal is probably more corroded
than cementite which isacarbide, and the surface of
contact between the acidic electrolyte and cement-
ite increases while the one between the electrolyte
and ferrite remains globally constant. So, the first
interface, e ectrolyte-cementite, participates more
and more at the total double layer capacity, which
may explain theincreasein time of thelatter for the
cementite-containing steels, which is additionally
faster if cementite is more present (Fe-1.6C stedl).
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Figure 7a : Cumulated curves showing the evolution of the transfert resistance versus time during the | hour —

immersion for the four steels
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Figure 7b : Cumulated curves showing the evolution of the transfert resistance versus time during the | hour —
immersion for the four steels (y-axis enlarged view of Figure 7a for the lowest Rt)
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Figure 8 : Cumulated curves showing the evolution of the double layer capacity versus time during the | hour —

immersion for the four steels

Elaborating awhite cast-ironwiththe Fe-6.67wt.%C  testing it as here done for the four steel's, may allow
composition, e.g. only made of cementite(Fe,C), and  verifying thishypothesis.
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CONCLUSIONS

Even if some curious phenomenaneed to beveri-
fied then explained (ferritic steel passivating in
H,SO,) some interesting resultswere obtained, no-
tably on the differences (Rt, C, ) between the fer-
ritic steel ant the hypo-eutectoid, eutectoid and
hyper-eutectoid steels. In the second part of this
work!® other parts cut from the same ingots will be
plastically deformed and mounted as electrodes to
carry out again EIS measurements. The aim will be
to study if ahardening may influence the behaviours
of these steelsand how.
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