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ABSTRACTThe corrosion resistance of both welded and unveelies of Fe-Cr-Ni and Fe-Cr-Mn austenitic stairdesteel alloys embedded
in concrete was studied. Welded bars have beersigatly either in an active or passive conditiovealing its vulnerability to pitting
corrosion, while unwelded bars have shown a stpbksive state. The corrosion of the welded bamsastly caused by the existence of weld
surface defects, and by galvanic effects whichneoee considerable in the welded high manganesgsllo

KEYWORDS Stainless steel reinforcement, new alloys, caomgrevention, welding.

1. Introduction

Reinforcement corrosion has become the most sexdause of premature deterioration of concrete stres. Thus,
additional preventive measures are necessary twideroa long service life, especially for structuresposed to high
environmental aggressiveness. From among the deweneentive methods to counter reinforcement o, the use of
reinforcement materials more resistant to corrgsguth as stainless steel, has proven to be aatieéfe¢echnical solution
(NUrnberger, 1996; CSTR 51, 1998). The succeskigfreventive measure is a consequence of the gmodsion resistance
of stainless steel in alkaline mediums.

Comparatively with carbon steel, the main disadzgetis the higher initial cost of stainless stdeal. overcome this
drawback some of the latest research efforts haes lundertaken for developing new less costly mgimganese stainless
steel alloys, with similar mechanical properties avith an equivalent corrosion resistance to thedebited by conventional
Fe-Cr-Ni alloys (HIPER, 2005).

Even though stainless steel has a high corrosgiatamce in alkaline medium, it remains susceptiblecalized corrosion
in high corrosivity conditions. Environmental vdrias and material properties are critical conditigrfactors of the stainless
steel pitting corrosion resistance. So, the lodalostructural and surface state modifications aetlby welding can decrease
the corrosion performance of stainless steel.

According to the literature, the corrosion resistamf stainless steel is highly affected by weld{hgirnberger, 1996,
2000, 2005; CSTR 51, 1998; COST 521, 2003; Beitainal., 2004) due to superficial mill scale amsnper colours,
regardless of the improvement accomplished by serfieatments.

Reviewing this subject gives obvious indicationswlding drawbacks. Nevertheless, further rese@chssential to
identify the main conditioning factors of the perfmnce of welded areas, in support to specification stainless steel use in
concrete and to the development of new alloys.

The corrosion resistance in concrete of welded lpérboth new and conventional austenitic stainiste®l alloys is
assessed and compared with the behaviour of undidddes. The research is further extended throusfts ie solution to
evaluate the effect, on corrosion resistance, mbreng scale and superficial defects from the welde=a.
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2. Experimental
2.1 Electrode materials
Tests were performed on five austenitic stainlésglsalloys - two Fe-Cr-Ni alloys (1.4301 and 1.84&ccording to

EN10088-1:2005; identified respectively as SS0 &8d) and three recently developed high mangankses #5S1, SS2, and
SS3). Table 1 indicates the chemical compositiomefstudied alloys.

Table 1 Chemical composition of steel alloys (weight %).

C Mn Si P S Cr Ni Mo N Cu V
SS0 0.05 1.49 0.39 0.04 0.01 18.21 8.50 0.43 0.077 0.360.085
SS1 0.07 8.14 0.19 0.02 <0.001 16.52 0.22 <0.005 0.1581.94 0.069
SS2 0.04 8.26 0.15 0.01 <0.001 16.50 1.23 1.93 0.290 06 2. 0.072
SS3 0.04 11.30 0.39 0.02 <0.001 16.85 2.17 0.07 0.360 .50 2 0.067
SS4 0.02 1.86 0.36 0.03 0.02 17.38 12.85 2.70 0.061 4 0.3 0.098

2.2 Metallography

The microstructures of both welded and unweldeadsie the tested sample bars were observed onyanpds PMG3
metallographic microscope, after grinding, polighinith emery paper and diamond paste down {orl and appropriate
etching. The stainless steel alloys were electimbtiched with a 10% oxalic acid solution. The graize and the inclusions
content were respectively characterised by compaiidSTM E 112-96) and method A (ASTM E 45-97).

2.3 Electrochemical measurements

The electrochemical experiments were performed aitCI4/300 Gamry electrochemical system.

2.3.1 Electrochemical tests in concrete

Samples with an 8-cm length were cut from ribbetsti@ 12 mm) of each stainless steel alloy (unwelded péasi.
Welded samples consist of two ribbed pieces of @dloly, with a 4-cm length, welded by arc weldinghal.4436 electrodes.
Both welded and unwelded samples were brushedhaedeand assembled to a mould to achieve a 10 meretencover in

concrete slabs (30x30x10 cm). However, the welded,adue to its irregular shape, has a minimum 6gontrete cover on
some areas.

The embedded steel samples have been exposed igaliodo a 3.5 % sodium chloride solution in aftated
dry/immersion cycles, having been monitored sifee 4F' day of exposure beginning. The open circuit patérmif each
sample was monitored, relatively to an embeddevagetd titanium electrode (TiA), with an Hp 3497@ata acquisition
switch unit. These electrodes have shown a medipen @ircuit potential value of (#2)x10 mV relatively to saturated
calomel electrode (SCE). For the other electrocbaltests, a stainless steel mesh and a SCE wspeatévely used as
counter and reference electrodes. The polarisa¢isistance was done at 4.17%18V s’ scan rate from -10 mV to +10 mV
relatively to the open circuit potential d&). Impedance spectroscopy tests were carried dbtMd mV rms ac modulation at
Eocp In a frequency range from 1@ 0.01 Hz.

2.3.2 Potentiodynamic tests in Ca(QHaturated solution

The electrochemical experiments were conducted thine electrode electrochemical cell in a satdr&a(OH) solution
(pH~12.6) with 10% chloride, after stabilisation for h@inutes in solution at room temperature. Disc slapvorking
electrodes (length = 2 mm; diameter = 10 mm) weepared from ribbed bars, with lengths ranging fldro 5 mm, from
both welded and unwelded samples. Prior to theré@rpats, each electrode was polished with emergpapd with diamond
paste down to 0.2m. Platinum and SCE were respectively used as epant reference electrodes. The anodic polarisatio
was done at 1 mV’sscan rate from -50 mV, relatively to the openuirpotential (OCP) towards the transpassivatiof) ¢E
pitting potentials (Ep). The scanning was reversestopped when reaching i cm of current density, respectively when
transpassivation or pitting potentials were attdine
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3. Results
3.1 Microstructural analysis

Figure 1 shows the cross section microstructureach studied alloy and the microstructural chamgegelded areas. All
alloys show an austenitic matrix, and the high namege alloys show also some local grain boundabjd=aprecipitates and
small areas of ferrite. In particular, the SS2alwesents an uneven distribution of second phastcies, showing a clear
reduction in their amount from the centre to thefaste of the transversal section. All alloys presehow severity level of
inclusions except SS3, which has a high contethioftype C inclusions.

The welded area consists of three distinct zomepaiticular, fusion zone (FZ), heat affected z@&Zz), and base metal.
The microstructure of the FZ is austenite and veufar ferrite. The HAZ shows specific microstruauchanges, in particular
in the austenitic grain size and in ferrite denségpecially in the high manganese alloys. Theesme in ferrite density is more
marked in SS2 alloy. SS3 shows more defects arftthigclusions in the HAZ than in the base alloy.

SSO  100um §5]  300uwm gy 150um §§3  100um §S4 50 pm

Figure 1. Microstructure of both welded and unwelded sampfessach alloy.

3.2. Potential monitoring and electrochemical periodic resultsin concrete

Figure 2 shows the open circuit potential monitgniasults of one unwelded sample of each staistess alloys.

Since the beginning of monitoring, a reductiond@thodic direction) in the open circuit potenti&lSS1 and SS3 welded
samples has been detected. The SS0, SS2, and &&4l\wamples show sharp cathodic potential decsgeceted to pitting
events. The welded SS2 sample also exhibited loprggragation periods of pitting corrosion followeyl repassivation.

The periodical electrochemical experiments givehier support to the monitoring results. Polarizatiesistance results,
indicated in figure 3, evidence the active corrostd SS1 and SS3 and the periodical activation®2 8nd SS4. The open
circuit potential and the polarization resistanaamvalues of SS1 and SS3 welded samples havegbeerally less than -0.3
Vsceand 18 Q cn?, respectively. Pitting events were confirmed for S§82 and SS4 by a decrease in polarization resista
and potential. The high standard deviation assediavith these results is caused by the distinatstesnt condition
(active|passive) of each welded sample. Impedapeet®scopy shows the difference between active massive state
confirming the polarization resistance values, sash for instance, the SS2 welded sample, of wihih temporary
depassivation is depicted in the diagrams of Figure
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Figure 2. Open circuit potential (E) of stainless steel welded samples in concrete.
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Figure 3. Polarization resistance (Rand open circuit potential (g of stainless steel welded (w) and unwelded (mjses
in concrete.

The unwelded stainless steel bar samples reveasaive behaviour, by showing stable open circuiemial and
polarization resistance values, respectively betve® and -0.1 Y5 and higher than £@ cn?.



MEDACHS 10 La Rochelle, France

15 Y 100.0E
SS2-51 o 100
---@---8§82-71 ° 1,
N x- - S§S2-191 -
% -10 - N 01
= x 2 1 0 1 2 3 4 5
- .
Ny X
-~ -8
iy 5 X a8
N X au
X a
f
0 ;
0 5 10 15 2 -1 0 1 2 3 4 5
Z/lOAQcm |ng/HZ

Figure 4. Nyquist and Bode diagram of SS2 welded sampleriorete after 51, 71, and 191 days of exposure.

3.3 Pitting corrosion resistance in Ca(OH), saturated solution

In saturated Ca(OHsolution with 10 % chloride addition, both weldsod unwelded samples are susceptible to localized
corrosion when the pitting potentials are exceedable 2). These values are higher than Osdc\éxcept for SS3 welded
sample, in consequence of its unavoidable supakfigifects.

Table 2 —Open circuit (B and pitting (E) potentials of stainless steel welded (w) and uded (u) samples in Ca(ObLl)
saturated solution with 10% ClI

SS0O SS1 SS2 SS3 SS4
u w u w u w u W u W
Eoc -0.45 -0.44 -0.41 -0.42 -0.42 -0.37 -0.39 -0.38 430. -0.42
E, 0.49 0.46 0.47 0.47 0.49 0.41 0.40 0.13 0.48 0.45

4. Discussion

The alloys have shown a high corrosion resistanoéirming previously reported results (Garcia-Aloreg al., 2007).

The electrochemical results have shown the perddictivation of the welded samples, which is dieavidenced by the
potential transients obtained during monitoringe Tower corrosion resistance of welded samples accordance with the
results from the literature (NUrnberger, 1996, 2(WD5; CSTR 51, 1998; COST 521, 2003; Bertoliralet2004).

The critical chloride content associated with tle@assivation of the welded alloys is 4.1% with ee$fgo cement content,
which is comparable to the 3.5 % value recommeiéuk literature (Bertolini et al., 2004).

The galvanic couple between base metal and filletamwhich can influence the corrosion procesthévicinity of the
weld, is more significant in the high manganeseyall After pitting nucleation, this galvanic effetay stabilise the pit
propagation leading to longer lasting stable mttcorrosion events in Fe-Cr-Mn austenitic alloy$ie Tsuperficial weld
defects, which were not eliminated by the cleamirgredure, favoured the periodic activation ofaslded alloys.

This hypothesis is confirmed by the similar coropsiesistance exhibited by most of the welded sasjpl solution after
proper surface treatment. In Ca(Qlaturated solution with 10 % chlorides, the weldathples are resistant to corrosion at
open circuit conditions. Under analogous conditiohinduced polarization both welded and unweldaahgles have shown
similar resistance to pitting corrosion provingtttieeir performance is highly influenced by thefaoe state. SS3 was the only
exception in consequence of the difficulties foimdliminating the surface irregularities in the AA

5



Corrosion resistance of stainless steel

5. Conclusions

The results obtained in this study confirm theicaitinfluence of the surface condition on pittingrrosion. A proper
surface treatment after welding and the avoidaricgidace irregularities are extremely importanbqadures to prevent the
pit nucleation. Another critical factor is a suialselection of the welding electrode alloy thusventing the major source of
galvanic effects.

Especially SS1 and SS3 high manganese stainlesk vgédded samples have shown a stable propagafiguittong
corrosion, being for that considered as the lesistant to corrosion. The galvanic effect, whiclmigre significant in the high
manganese alloys, may justify the distinct behavajwelded Fe-Cr-Mn and Fe-Cr-Ni based alloysonarete. However, the
main factor explaining the difference between weldad unwelded samples is the surface state.

Fundacgédo para a Ciéncia e TecnologiBCT), Laboratério Nacional de Engenharia CiLNEC), and DURATINET
Project are gratefully acknowledged.
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