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A study on the susceptibility to stress corrosion cracking (SCC) of API X-80 pipeline steel in simulated
fuel grade ethanol has been carried out by using slow atrain rate tests, polarization curves and noise in
current measurements. Environmental factors included water (0, 1, 5, 10 and 20 vol.%) and chloride
content (0, 10 and 32 g/L), whereas heat treatment included water quenched, quenched and tempered,
oil quenched and water sprayed. Additionally some tests were carried out in absence of oxygen. Results
have shown that X-80 carbon steel in the as-received condition was susceptible only when 5% water
and 10 g/L of NaCl were present. Heat treatments suppressed this susceptibility. Conditions that
increased the corrosion rate also increased the SCC susceptibility, which, together with metallographic
observations and noise in current measurements, indicated that SCC in this environment is caused by a
film rupture, dissolution mechanism.

1. Introduction

In order to reduce the amount of pollutants emitted in to the
atmosphere and avoid the greenhouse effect, many counties, including
Mexico, have started using biofuels, and for this reason, the use of ethanol
in gasolina-ethanol blends has increased in the last few years [1]. The
material used to transport gasoline-ethanol blends normally includes
carbon steel which is very susceptible to stress corrosion cracking (SCC)
in this environment [2] and a high number of accidents including this
phenomenos have been reported, mainly in pipelines and storage gas
tanks [3-5]. Many studies regarding this problem has been carried out
using either commerecial or simulated grade fuel ethanol (SFGE) [6-12] For
instance, Beavers et al. [6] studied the effect of dissolved oxygen and
inhibitors in different pipeline steel grades, welds, and heat affected zone
on the susceptibility to SCC. They found that SCC did not occur even in
ethanol-gasoline blends containing 15 vol. % ethanol, but SCC occur for
ethanol contents either lower or higher than 15%. Deaerating the solution
or water contents higher than 4.5 wt. % prevented from SCC to occur.
Similarly, Lou et al. [7] evaluated the chloride, water and oxygen level on
the SCC susceptibility of X-65 pipeline steel in SFGE. They found that
chlorides affected greatly the SCC susceptibility, wherevers the water
addition affected the steel passivation above 2.5%. In another study
Sridhar et al. [3] carried out the effect of water, acetic acid, oxygen,
corrosion inhibitor, chloride and methanol levels in SFGE on the SCC
susceptibility on carbon steel. They found that galvanic coupling with
precorroded steel increase the SCC susceptibility, whereas chloride had a
less significant effect tan oxygen. In another work, Lou et al. [8] evaluated
the SCC behaviour of X-65 carbon steel in SFGE by using SSRT, polarization
curves, electrochemical impedance spectroscopy and potentiostatic tests.
They concluded that crack initiation was associated with plastic
deformation in the steel, which leads to surface film breakdown and the
competition between anodic dissolution and repassivation at the crack tip
determined the crack propagation. A similar conclusion was achieved by
Goodman [9]. Samuzawa et al [10] evaluated the effect of acetic acid,
formic acid, water contents (0.2, 1.0 and 4.0 vol. %) and chloride level (80
and 560 mg/L) on an X-52 carbon steel. They found that water, chloride
and acetic acid level affects the pitting corrosion susceptibility, whereas
formic acid promoted uniform type of corrosion. Thus, the goal of this
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work is to study the effect of water, chloride and oxygen level as well as
heat treatment on the susceptibility to SCC of X-80 carbon steel in SFGE.

2. Experimental Methods

Material tested in this work includes an API X-80 carbon steel with
chemical composition given in Table 1. In the as-received condition, slab
samples measuring 1000 mm x 150 mm x 6750 mm were heated at 1200
°C, during 90 minutes and immediately hot rolled until achieving a final
thickness of 25 mm at 820 °C. When the temperature reached 700 °C, slabs
were cooled down to room temperature at a cooling rate 20 °C/h.
Resulting microstructure was polygonal ferrite and 10% perlite. The
yielding strength was 81,801 psi (564 M Pa), an UTS value of 83,963 psi
(579 M Pa) and a percentage of elongation of 16%. Some heat treatments
asindicated in Table 2 were carried out. Cylindrical tensile specimens with
a 25.00 mm gauge length and 2.50 mm gauge diameter were machined.
Before testing, the specimens were abraded longitudinally with 600-grade
emery paper, degreased, and masked, with the exception of the gauge
length. Specimens were subjected to conventional, monotonic slow strain
rate tensile (SSRT) testing in dry air as an inert environment, and in SFGE
with a composition as given in Table 3. The loss in ductility was assessed
in terms of the percentage reduction in area (%R.A) by using:

A

— A
%R.A.:foloo
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where 4;and Arare the initial and final area respectively. Tensile-fractured
specimens were examined by a JEOL scanning electron microscope (SEM).
Changes in the water contents were carried out by using distilled water.
Additionally, some tests were performed by changing the chloride
contents, i.e. 0, 10 and 32 mg/L, in deareted conditions, and under
different heat treatment conditions as given in Table 2. Potentiodynamic
polarization curves were carried out in a conventional three electrode
electrochemical cell from -800 up to + 600 mV with respect the free
corrosion potential value, Ecorr, at a scan rate of 1 mV/s (60 mV/min), using
a graphite rode and a saturated calomel electrode (SCE) as auxiliary and
reference electrodes respectively. Working electrodes were cylindrical
pieces having 6 mm in diameter encapsulated in commercial epoxy resin.
Corrosion current values, lom were calculated by using the Tafel
extrapolation method. Some electrochemical noise (EN) measurements
during the SSRT experiments were made recording the current
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fluctuations at a sampling rate of 1 point per second in blocks of 1024
readings. EN readings were taken every hour during the whole straining
test. A fully automated zero resistance ammeter (ZRA) from ACM
instruments was used in this case.

Table 1 Chemical composition of API X-80 pipeline steel (wt. %)

c Si Mn P S Cr Mo  Ni
00393 01160 1470 00125  0.0044 02387 00352 0.1426
Al Co Cu Nb Ti v Pb Fe
00835  0.0037 02763 0.0860 00111 <0.0000 0.0053 97.5

Table 2 Heat treatments given to X-80 steel.

Heat treatment Conditions

Water quenched 850 °C, 40 minutes, quenched in static
water
850 °C, 40 minutes, quenched in static

water, heated at 400 °C during 20 minutes

Water quenched and tempered

Water sprayed 850 °C, 40 minutes, cooled in sprayed

water

0il quenched 850 °C, 40 minutes, quenched in static oil

Table 3 Chemical composition of base SFGE solution.

Water Metanol Acetic acid NacCl Ethanol
(vol.%) (vol.%) (mg/L) (mg/L)
1 0.5 56 10 balance

3. Results and Discussion

Fig. 1 Effect of SFGE water and oxygen contents in the polarization curves for X-80
carbon steel

The effect of water contents in the polarization curves for the as-
received X-80 carbon steel in SFGE is given in Fig. 1. For comparison, the
polarizatin curve in absence of oxygen is also given. In prescence of
oxygen, it can be seen that, in the anodic branch of the curve, anodic
current density increases with the apllied potential without evidence of a
passivation except for water contents of 1 and 5%, which has been
atributed to the prescence of relatively stable Surface alcoxy (methoxy
and/or ethoxy) compounds such as pseudo-passivating Fe-OCHz [14-16].
The pitting potential value, Epit, was higher for the solution containing 5%
H20 than that containing 1% H:0.The Ecorr value practically was
unnaffected by the water contents, but the Icorr value was, increasing
with increasing the water contents, reaching a maximum value with 5%
H20, and decreased with a further increase in the H20 contents. The anodic
current density increased with the water contents, reaching its highest
value with a water contents of 5%, and then it decreased with a further
increase in the water contents. Samuzawa et al. [9] found a passive region
for X-52 carbon steel in a very similar SFGE solution, being the only
difference tha chloride contents, i.e. 8 mg/L. However, they also found that
by increasing the water contents from 0.2 to 4.0 vol.% the anodic current
density increased, but the susceptibility to pitting type of corrosion
decreased. When oxygen was removed form solution, the Ecorr value
shifted in to a more active regiOn, the Icorr and anodic current density
values increased, and there was a passive region with a pitting potential
value around -250 mV. Similar results were found for X-65 carbon steel in
SFGE solution [5]. Thus, the prescence of oxygen increased the uniform

corrosion and decreased the pitting potential value, increasing, thus, the
susceptibility towards pitting type of corrosion.
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Fig. 2 Effect of SFGE water and NaCl contents in the polarization curves for X-80
carbon steel
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Fig. 3 Effect of heat treatment in the polarization curves for X-80 carbon steel in SFGE
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Fig. 4 Effect of SFGE water contents in the % R.A. value for X-80 carbon steel

The effect of both chloride and water contents in the polarization curves
for the as received X-80 steel in SFGE solution is shown in Fig. 2, were it is
clear that, in all cases, the anodic current density and the .o values
increased by increasing the water and chloride levels. In addition to this,
the presence of chloride in the 1% H20 solution induced a passive region,
and thus, the pitting susceptibility increased. The prescence of a passive
region in the solution containing 5% water was not so obvious, only an
increase in the uniform corrosion rate was observed. Finally, the effect of
heat treatment in the polarization curves in SFGE is shown in Fig. 3, where
it can be seen that the Ecorr value remained more or less unaltered, but the
Icorr value was decreased for the oil quenched and the water sprayed heat
treatments, whereas an increase was observed for the water quenched
and in the quenched and tempered conditions. All the conditions exhibited
an active-passive behaviour, with the widest passive zone and the highest
Epic value was for the steel in the as-received condition, whereas the lowest
pitting potential value was for the steel in the water quenched and
tempered condition.

The effect of water contents in SFGE on the percentage reduction in area
% R.A. for the as-received X-80 carbon steel is given in Fig. 4. This figure
shows that the % R. A. decreases as the water contents increases from 0 to
5%, reaching its lowest value at 5% H:0, but the steel recovers its ductility
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with a further increase in the water contents higher than 5%, although the
highest % R.A. was 65 for a water contents of 20%, so the ductility
recovery was not complete since the % R.A. obtained in air was 85, and
that value for a water contents of 5% was only 40%. Lou [5] working with
X-65 carbon steel in SFGE solution found that 1% water was enough to
cause SCC, whereas 2% H:0, pitting corrosion was reported which
changed to general corrosion at 5% or higher water content. No SCC was
observed in SSRT of pipeline steels in SFGE containing 5 vol. % H0. This
is so because high corrosion rates and unstable passive film formation,
leading to a general attack and crack blunting.
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Fig. 5 Effect of SFGE water, NACI and oxygen contents in the % R.A. value for X-80
carbon steel
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Fig. 6 Effect of heat treatment in the % R.A. value for X-80 carbon steel in SFGE
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Fig. 7 Effect of the Icorr in the % R.A. value for X-80 carbon Steel in SFGE in all the
tested condition

When the effect of chloride level on the % R.A. value was studied, Fig. 5
we can see that neither removing the chloride level nor increasing it to 32
mg/L in the SFGE containing 5% water increased the SCC susceptibility.
Similarly, in the SFGE containing 1% water, neither eliminating the
chloride level nor increasing it to 32 mg/L made the X-80 carbon steel
susceptible to SCC. Thus, as we have seen from the polarization curves, Fig.
2, the increment in either the water or chloride level in SFGE increased the
SCC susceptibility for X-80 carbon steel, only increased the general
corrosion rate. Similarly, the re-motion of oxygen on the SFGE base
solution did not make the steel more susceptible to SCC since its % R.A.
value was very similar to that value obtained in air, 85%. Thus, the absence

of oxygen in SFGE increased the uniform corrosion rate for X-80 carbon
steel, Fig. 1 but not its SCC susceptibility as reported elsewhere [5,6]. This
is so because high dissolution rates leads to unstable passive film
formation and crack tip blunting [5, 6]. Something very similar was
observed when the effect of the heat treatment in the % R.A. value for X-
80 carbon steel in the base SFGE solution was studied, Fig. 6. We can see
that none of the heat treatments, even the quenched conditions, increased
the SCC susceptibility and only in the as-received condition the steel was
susceptible to SCC.
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Fig. 8 Effect of the sweep rate in the polarization curves for X-80 carbon steel in SFGE
under the different heat treatments given

Fig. 9 SEM micrograph of X-80 carbon steel fractured in SFGE containing 5% H,0 +
10 mg/L NaCl showing in a) top view, b) and c) transgranular crack with corrosién
products

Corrosion rates, in terms of corrosion current density values, were
obtained from polarization curves in all the tested conditions, and Fig. 7
shows the effect of the Icorr value in the % R. A. results for all tests. From
this figure it is clear that an increase in the corrosion rate leads to a
reduction in the steel ductility as measured in the % R.A. which led us to
think that the anodic dissolution mechanism is the responsible for the SCC
susceptibility for X-80 carbon steel in SFGE solution. The tendency of the
steel to fail by SCC caused by film rupture was evaluated on the basis that
there was at least one order of magnitude difference in the passive current
density value, Ipas between the slow and fast sweeps [17, 18]. To test this,
some polarization curves but at a lower sweep rate, 6 mV/min, ten times
slower than the normally used in this work, 60 mV/min. Polarization
curves at the 2 sweep rates for X-80 carbon steel in the different heat
treatment condition is shown in Fig.8. Using this criteria, we can see that
the only the steel in the as-received condition made X-80 carbon steel
more susceptible to SCC, since in this condition the difference in the Ipas
value between the fast and slow sweeps was one order of magnitude.
Fractographic analysis of the as-received X-80 carbon Steel fractured in
the SFGE solution containing 5% H20, Fig.9, shows the trans granular
mode of cracking of this specimen, and the presence of corrosion products
inside the crack, which is an evidence that the SCC of X-80 carbon steel in
this solution occurred by the dissolution process of metal at the crack tip
as found in [19] but for X-65 carbon steel in carbonate/bicarbonate
solutions.
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Fig. 10 Time series in current for strained X-80 carbon steel fractured in SFGE
containing 5% H20 + 10 mg/L NaCl taken at a) beginnig of straining, b) yielding point,
c) near the UTS value and d) after the UTS, before final fracture

Since SCC has been proved to be greatly influenced by the corrosion
performance and the repassivation kinetics of a bare or unfirmed steel [20,
21] and in order to test that X-80 carbon steel was susceptible to SCC in
SFGE by a film rupture mechanism, some electrochemical noise in current
during the SSRT for the steel fractured in the SFGE solution containing 5%
H.0 were carried out, and the results are given in Fig. 10. This figure shows
the noise in current readings at the beginning of the straining, at the
yielding point, at the UTS value and just before final fracture. At the
beginning of the straining time series consists of transients with high
frequency and low intensity, lower than 1 X10-> mA/cm?, which are due to
the rupture of the passive layed by this straining and its rapid
repassivation. At the yielding point, the noise transients showed a sudden
increase in its intensity and a slow recovery, they increased its intensity,
lower than 1 x10-* mA/cm?, which are still due to the rupture of the passive
layer by straining and its rapid repassivation. At these two points,
transients showed a frequency which is more or less constant. However,
after the yielding point, Fig.10 c, the frequency of the noise transients
decreased and the intensity increased, reaching values of 1 x 10-* mA/cm?
which are believed to be due to a rupture of the passive layer and its
repassivation but inside the crack [22-29]. Bidhar [22] working with 316
type stainless steel in high purity oxygenated water at 288 degrees, found
spike-like current transients after the yielding point and correlated this
fact with a slip dissolution processes. In a similar way, Stewart [23]
working with 316 type stainless steel in high purity oxygenated water at
288 degrees found current pulses associated with the nucleation of micro
cracks and their movement across single grain boundaries during the inter
granular SCC of this steel and associated them to the crack-tip dissolution.
Kovac et al [27] when studying the SCC behaviour of 304 stainless steel in
sodium thiosulphate solution, also found that when cracking started, the
current noise showed an increase in intensity but towards the final
fracture some smaller sharp transients of EN current were observed. Thus,
all the evidence indicates that the cracking process occurs through a film
rupture, anodic dissolution process. The repassivation and corrosion
behaviour in a crack tip depends on some environmental parameters
which will affect its SCC susceptibility: if the corrosion rate and thus film
growth rate is too high, there will be no crack propagation; on the other
hand, if corrosion rate is too low, a crack would not maintain its geometry
and would blunt in favor of general corrosion [30].

It has been proven that, even under conditions that favor anodic
dissolution, electrochemical conditions inside a pit or a crack are such that
hydrogen discharge is possible. Parkins, working with X-65 carbon steel in
an NS-4 solution containing diluted carbon dioxide (COz), considered that
the results suggested dissolution and hydrogen ingress into the steel [19].
Similar results were found by Gu et a. [31] for X-80 steel in the same
solution. However, in the NS-4 solution, X-80 steel did not show a passive
region, whereas in this study it did, Fig. 1, demonstrating the importance
of the film rupture. The presence of corrosion products and the current
transients during the SSRT experiments are an evidence of the importance
of the dissolution and repassivation at the crack tip, where the rupture of
the passive film inside the crack led to a rapid dissolution at the crack tip,
whereas the crack walls remains in the passive state [18]. Similar
conclusions were achieved in some other works for pipeline steels in SFGE
solutions [4-8, 13-18, 32]. Indicating that SCC in this environment is
caused by a film rupture, dissolution mechanism, dissolution of the steel
at the bare crack tip, and a propagation of the crack into the bulk material.
Strain induced deformation exposes fresh metal at the crack tip.
Unprotected bare metal at the crack tip, which is connected to the
passivated crack walls in oxygenated ethanol shifts these zones towards
an anodic direction, and thus, to allow the crack tip advance by dissolution.

4. Conclusion

X-80 carbon steel was susceptible to SCC only in a normally aerated
SFGE solution containing 5 vol. % H.0+10 g/L NaCl. Either lower or higher
amounts of H.0 did not induce SCC. Additionally, neither increasing nor
decreasing the NaCl level present in the solution made X-80 carbon steel
susceptible to SCC. By eliminating oxygen dissolved in the SFGE solution
increased the corrosion rate but not the SCC susceptibility. Given a heat
treatment such as water quenched, quenched and tempered, oil quenched
or water sprayed suppressed the SCC susceptibility for X-80 carbon steel.
Metallographic evidence and noise in current measurements showed that
SCC in this environment is caused by a film rupture, dissolution
mechanism.
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