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Welded, sandblasted, stainless steel corrugated bars in
non-carbonated and carbonated mortars: A 9-year corrosion study
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Material Science and Engineering Department, Universidad Carlos lll de Madrid, Avda. Universidad n° 30., 28911 Leganés, Madrid, Spain

ABSTRACT

Three different stainless steel corrugated grades ( UNSS20430, S30403 and S32205) were similar welded
to stainless steel bars with the same composition and dissimilarwelded to carbon steel ( CS).After cleaning
the welding oxides by sandblasting, the reinforcements were embedded in mortar with chlorides and
some of the samples were carbonated. Corrosion activity was monitored using corrosion potential (Ecorr)
and electrochemical impedance spectroscopy ( EIS). After 8 years of exposure, the samples were anodically
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polarized.Visualevaluationofthe attack was performed after another additional year of exposure. Similar
welded stainless steels offer a good durability if they have been sandblasted, except for S20430 when it is
embedded in carbonated mortar with chlorides. Dissimilar welded steels are active since the beginning

B.EIS of the exposure for both studied conditions, but sandblasting reduces the corrosion rate of CS compared

B. Polarization to non-welded CS bars.

C. Welding

1. Introduction

Stainless steel reinforcements are increasingly being used as an
alternative to guarantee the durability of concrete structures in cor-
rosive environments. The alkalinity of the solution inside the pores
favors the protective nature of the oxides comprised in the passive
layer of the stainless steels [ 1-3] and reduces the risk of localized
corrosion in chloride-contaminated environments [4,5].

The typical forming process of corrugated bars causes
microstructural transformations in the stainless steels [6,7]. The
microstructural characteristics of the reinforced bars explains the
decrease of the corrosion resistance in simulated pore solutions
that has been detected for stainless steels when they are corru-
gated [8]. The mechanical strain of the surface causes a negative
effect on the stoichiometry, composition and protective nature of
the passive layer on the stainless steels [9]. However, the critical
chloride levels that cause pitting corrosion in corrugated austenitic
and duplex stainless steels are at least 10 times higher than those
of carbon steel (CS) reinforcements [ 10], so they are an interesting
alternative to prevent corrosion problems in reinforced concrete
structures.

For economical reasons, stainless steel reinforcements are only
used in the most exposed areas of new structures. For instance,
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they could be used in bridge parts like edge beams, expansion joint
sections, piers and piers tops and bridge deck soffits. That is to say,
areas where the environmental chlorides would penetrate, or car-
bonation would take place in shorter times, as they are close to
concrete surface. Welding is not the most usual method for joining
reinforcing bars, but it can be the only option sometimes. Welded
mesh reinforcement of stainless steel are being used extensively,
both for new constructions like parking decks etc, but also in repairs
of reinforced concrete (especially when the concrete cover is thin).

It has been proved that the simultaneous use of stainless steel
and CS reinforcements in the same structure does not imply any risk
of galvanic corrosion [10-12]. Moreover, stainless steel corrugated
bars are also used to repair corroded structures, as replacements
of old, damaged CS bars [13,14]. When stainless steel bars are
employed to replace part of corroded CS bars, it is sometimes
unavoidable to weld the stainless steel reinforcements to the rest of
the structure. As constructing new concrete infrastructures implies
a high amount of CO, emissions, boosting the repair of dam-
aged concrete infrastructures is nowadays seen as a new way to
contribute to sustainable development [15]. The use of stainless
steel reinforcement in repairs avoids future restoring actions in
the structure. Hence, it is interesting to achieve a good knowl-
edge about the effect of welding on the durability of stainless steel
reinforcements in concrete.

The microstructural changes in metal bars caused by welding
do not endanger the mechanical performance of the structure [16].
However, tests in alkaline solutions have pointed out that welding



can decrease the corrosion resistance of stainless steels [10-17].
Previous research carried out in simulated pore solutions suggests
that the adverse effect of weldings can be more or less marked
depending on the stainless steel grade: more alloyed stainless steels
seem to be less welding-sensitive [ 17]. The pH of the alkaline solu-
tion has also proved to be a key factor to determine the corrosion
resistance of welded stainless steel [18].

Solution tests have shown that the decrease in the corrosion
resistance of stainless steels caused by welding is due to the for-
mation of heat-tints during the high-temperature exposure that
implies the welding procedure [4,19]. The causes suggested in the
literature to justify the adverse effect of the heat-tints on corrosion
behavior are diverse: formation of a Cr-poor layer [4], the chemical
composition of the heat-tints [20], or the structure of the formed
oxide layer and the stresses and reticular defects created in the
metal-oxide interface [21].

Removing welding oxides after welding can improve corro-
sion resistance, but it can unlikely be restored up to levels of a
non-welded corrugated stainless steel [17]. The comparative effec-
tiveness of various methods used for cleaning the welding oxides
has been reported, and sandblasting has been proposed as the most
adequate method to decrease the adverse effect of welding in cor-
rosion resistance [17].

In this work, the effect of welding in 3 different corrugated stain-
less steels in mortar is studied: an austenitic UNS S30403 grade
(the composition with the longest and widest experience about its
behavior in concrete [22,23]), an austenitic UNS S20430 grade (that
has been considered interesting because of its price and its mod-
erate corrosion resistance in synthetic pore solution testing [5,24])
and a duplex UNS S32205 grade (that has shown very high corro-
sion resistance in previous tests [1,25]). The 3 corrugated stainless
steels were welded to similar materials and to CS bars, their welding
oxides were cleaned by sandblasting, and then they were embed-
ded in mortar and exposed to high relative humidity (90-93%). A
chloride contaminated mortar was used, both non-carbonated and
carbonated.

The length of the tests and the fact that they were carried out
in mortar instead of in solution highlight the practical relevance of
the results. The process of formation of the passive layer on steel in
simulated pore solutions takes place faster than in mortar [26], so
the passivation of welded stainless steels can also be slightly dif-
ferent from previous results in solution [ 17]. Moreover, if corrosion
starts, there are important factors affecting the kinetic of the attack
that can not be reproduced in solution tests [27].

2. Experimental

Samples of traditional austenitic S30403, low-Ni austenitic
S$20430 and duplex S32205 stainless steels were studied. The
material was supplied by Roldan S.A. (Acerinox group, Spain) as
corrugated bars typically used to reinforce concrete structures. All
the stainless steel bars had been formed through a cold working
process. The chemical composition and diameter of the stainless
steel bars can be found in Table 1.

The stainless steel corrugated bars were similar welded to bars
of the same composition (S30403-S30403, S20430-520430 and
$32205-S32205) and dissimilar welded to CS bars (S30403-CS,
S$20430-CS and S32205-CS). The diameters of the CS bars were
always identical to those of the stainless steel bars they were going
to be welded to. Their chemical compositions can be seenin Table 1.

The chosen welding method was Shielded Metal Arc Weld-
ing (SMAW) which is easily implementable in construction. The
applied voltage was between 50 and 60V, and the applied cur-
rent was between 45 and 90A. The welding electrode was OK
61.30 (UNS S30803 with a low-moisture absorption coating) for

Fig. 1. SEM images corresponding to the surface of S20430 corrugated bar: (a) as-
received condition; (b) after sandblasting.

the austenitic steels and OK 67.50 (UNS $32209 with a rutile coat-
ing) for the duplex steel. The composition of the stainless steel
welding electrodes and their diameters have also been included
in Table 1. These welding conditions were similar to those used in
previous researches in the performance of welded stainless steel
reinforcements [16,17].

All the welded samples were sandblasted to remove heat-tints.
This treatment eliminated all the welding oxides formed on the
stainless steel surfaces. However, it clearly modified the original
topography of the bar surface, as can be checked comparing Fig. 1a
with Fig. 1b. Moreover, some sand particles remained embedded in
the metallic surface, as can also be seen in Fig. 1b.

The welded bars were partly immersed in mortar with a
cement/sand/water ratio of 1/3/0.6. The water/cement ratio was
high, as itis quite usual in experimental tests [ 13,27-29]. Bearing in
mind that a good quality concrete can have a water/cement ratio of
about 0.4, the use of this mortar samples will imply that the volume
fraction of capillary porosity will be about 2 times higher after the
curing period than that of good quality material [30], and nearly 3
times higher after the complete hydration of the cement [30]. How-
ever, this type of samples allows to obtain results in a reasonable
period of time and can reproduce one of the conditions the stainless
steel reinforcements are specially advised: light, porous concrete
coatings. The cement type used to prepare the mortar was CEM II/B-
L 32.5 N. The sand was standardized CEN-NORMSAND (according
to the DIN EN 196-1 standard). All the samples were manufactured
with 3% CaCl, in relation to the cement weight.

A schema of the samples is shown in Fig. 2. Isolating tape was
used to prevent the interference of undesired, spontaneous car-
bonation of the mortar surface in the tests. The exposed length of
the bar in mortar was always 3 cm and the welding was placed
just in the middle of the length of the bar exposed to the mortar.
For dissimilar welded reinforcements, the CS region was always
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Table 1

Chemical composition and diameter of the corrugated steels and the welding electrodes used in this research.

Steel @ (mm) Chemical composition (%)
S C Si Mn Cr Ni Mo N Cu Fe
Corrugated bars S20430 5 0.002 0.05 0.23 8.3 16.1 1.89 - 0.13 2.65 Bal.
S30403 10 0.001 0.02 0.36 1.45 183 8.68 0.27 0.05 0.49 Bal.
$32205 12 0.001 0.03 0.39 1.67 22.5 4,72 3.22 0.17 0.24 Bal.
CS 5 0.03 0.25 0.74 1.05 0.23 0.07 0.02 - 0.66 Bal.
10 0.03 0.18 0.40 0.53 0.10 0.11 0.04 - 0.45 Bal.
12 0.04 0.21 0.39 0.04 0.13 0.09 0.02 - 0.42 Bal.
Welding wires S30803 2.0 0.003 0.01 0.50 0.9 18.5 10.0 - - 0.25 Bal.
$32209 2.5 0.002 0.02 0.50 0.9 223 8.5 3.5 0.17 - Bal.

Isolating tape

Stainless steel bar

Weld metal

Stainless/CS bar

Fig. 2. Schema of the samples with welded reinforcements tested in the present
research.

completely embedded in the mortar while the stainless steel region
was placed in the top part of the samples. In half of the samples, an
activated Ti-electrode was embedded close to the reinforcement.

After their manufacturing, the reinforced samples were cured
for 30 days at high relative humidity (92-93%). Then, the samples
with activated Ti-electrode were carbonated. The carbonation pro-
cess was carried out in a chamber where 10% CO,-enriched air was
injected. The temperature in the chamber was 18 + 1 °Cand the rel-
ative humidity was 75-80%. The potential of the Ti-electrode was
monitored periodically using a saturated calomel electrode (SCE)
placed on the top surface of the cylindrical sample [31], using a
wet pad to assure good electrical contact. The carbonation of each
sample was determined individually by an abrupt increase in the
potential (of about 0.2 V) that corresponds to a change in the pH,
thus avoiding the possible dispersion in the advance of the car-
bonation front caused by the placement of samples in the chamber
[32].

Carbonated and non-carbonated reinforced samples, all of them
chloride contaminated, were exposed to high relative humidity
(92-93%) at room temperature for 8 years. That is to say, they were
exposed to very favorable humidity conditions to induce chloride
corrosion [33].

The electrochemical monitoring of the corrosion behavior was
carried out using corrosion potential (Ecorr) and electrochemical
impedance spectroscopy (EIS) measurements. To obtain the Ecorr
values, a SCE was used (Fig. 2). For the EIS measurements, a three-
electrode configuration was used. The surface of corrugated bar
exposed to the mortar acted as the working electrode, the refer-
ence electrode was a SCE (Fig. 2) and the counter-electrode was
a copper cylinder, with a slightly larger diameter than that of the
mortar sample. To assure good contact between the mortar and
the counter-electrode, a wet pad was used. The EIS spectra were
acquired using a perturbation signal of 10 mV;s of amplitude.

The frequency range of the EIS measurements varied from 103 to
103 Hz. Five points per decade were measured.

After an 8-year exposure period, the reinforced mortar sam-
ples were submitted to anodic polarization tests. The tests started
from the Eqor and they were based on short potentiostatic steps
of 10 min. When a potential of about 100 mV vs SCE was reached,
the length of the steps increased up to 1h. The increase in the
length on the steps was due to higher difficulties of stabilization
of the current signal at increasing anodic overpotentials. All the
steps (short and long) increased the potential in 20 mV. The polar-
ization steps finished at 900 mV vs. SCE. More information about
the anodic polarization tests designed for the reinforced samples
can be found in [27]. This method allows discriminating between
the influence of the ohmic drop through the mortar cover and the
electrochemical process on the surface of the bar.

Non-welded CS bars of 12 mm in diameter were also embedded
in mortar and studied in the same way to be used as reference. The
chemical composition of these bars can be found in Table 1.

3. Results and discussion

The Ecorr values measured for the welded bars in non-carbonated
and carbonated mortars with chlorides are plotted in Fig. 3. The
probability of corrosion deduced from Ecor values as it is proposed
inthe ASTM C876 standard is also plotted in the figure. These ranges
have been initially proposed for CS reinforcements, but their utility
for stainless steel reinforcements has been recently discussed [27].

It can be seen that similar welded stainless steel bars seem to
remain passive in the mortar if it is not carbonated (Fig. 3a). Ecorr
typical of the passive state are measured throughout the expo-
sure, in spite of the adverse effects of the welding process that has
been suggested by solution tests [17]. Other authors have reported
that welded stainless steel bars became active after a few months
of exposure in mortar [10] or in fly-ash activated mortar [34].
The differences between the results in this work and other pub-
lished data can be explained bearing in mind the importance of
the sandblasting process carried out during the present experi-
mentation. Sandblasting has been proved to partially restore the
corrosion resistance of welded stainless steels in solution tests [17].
These results suggest that similar welded stainless steels could
be embedded in non-carbonated mortar and exposed to chloride-
contaminated conditions, if the heat-tints are previously cleaned by
sandblasting. In solution tests, a limited efficiency of the cleaning
process of the welding oxides for restoring the corrosion resistance
of S20430-S20430 has been detected [17]. However, this grade
does not spontaneously corrode in non-carbonated mortar with
chlorides at high relative humidity.

S$30403-S30403 and S32205-S32205 also exhibit E¢p typical
of the passive state when they are embedded in carbonated mor-
tar with chlorides (Fig. 3b). However, the results are different for
$20430-S20430 (Fig. 3b). After about 5 years of exposure, the Ecorr
of S20430-5S20430 leaves the region of passivity with a probability
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Fig. 3. E.orr evolution of the samples during the first 8 years of exposure at high relative humidity (92-93%): (a) non-carbonated mortars; (b) carbonated mortars.

‘

Fig. 4. Attack on CS after the 9 year-tests in different samples: (a) CS welded to
stainless steel reinforcements; (b) non-welded CS reinforcement inside non-cracked
mortar; (¢) non-welded CS reinforcement inside cracked mortar.

higher than 90%, and it is clearly inside the region of corrosion with
a probability higher than 90%. The adverse effect of carbonation on
the corrosion behavior of welded stainless steel bars is coherent
with the results obtained in solution tests [17].

On the other hand, dissimilar welded samples exhibit Ecor val-
ues typical of the active state since the beginning of the exposure
(Fig. 3a and b), independently from the fact whether the mortar is
carbonated or not. The visual examination of dissimilar welded bars
after the exposure allows checking that there is no sign of corrosion
neither on the weld material nor on the stainless steel reinforce-
ment, but that the CS bar is corroded (Fig. 4a). Hence, the low Ecor
observed during exposure (Fig. 3) have only been caused by the cor-
rosion of the CS bars that have polarized all the reinforcement in the
negative direction. It can be pointed out that, in the literature, the
critical chloride threshold for CS has been established between 0.9
and 1.4% by weight of cement [35]. Samples analyzed in this work
have 1.9% of Cl by weight of cement, so they clearly surpassed this
threshold.

Non-welded CS samples show active E.o values during all the
exposure (Fig. 3a and b). If the Ecorr of welded and non-welded
CS are compared, no meaningful anodic polarization of the CS can
be detected due to the dissimilar welding. Moreover, dissimilar
welded samples do not show visible cracks in mortar during the 8-
year monitoring period, while most of the non-welded CS samples
start to crack in few months. The visual examination of non-welded
CS bars embedded in non-cracked mortar after the whole exposure
(Fig. 4b) suggests a higher intensity of the attack than that observed
on the welded CS (Fig. 4a). Obviously, in cracked samples, where CS
has been exposed directly to the air, the corrosion is more severe
(Fig. 4c).

The EIS spectra corresponding to passive similar welded stain-
less steel reinforcements (accordingly to Ecorr, Fig. 3) have shapes
like those shown in the example in Fig. 5a. The spectra obtained
during all the exposure for these samples are always simulated
using the equivalent circuit in Fig. 5b. Fitted curves obtained for the
experimental data using this circuit has been included in Fig. 5a. The
equivalent circuit in Fig. 5b, with 2 time constants, has previously
proved to be adequate to fit the impedance spectra of stainless steel
bars in alkaline solutions [1,2,4]. It has also been used to simulate
the behavior of non-welded stainless steel reinforcements in mor-
tar when the system was passive [27]. Although other circuits have
also been proposed for similar systems in the literature [23], this
one has been considered the most adequate by the authors.

In the circuit in Fig. 5b, constant phase elements (CPE) have
been used to simulate the capacitive behaviors. Ry, has been iden-
tified with the ohmic drop that occurs in the mortar, R,; and CPEy,
with the resistance of the passive layer and its capacitive behavior,
respectively, and R; and CPEg with the charge transfer resistance
and the capacitive behavior of the double layer, respectively.

On the other hand, the EIS spectra corresponding to the dis-
similar welded bars are different (see example in Fig. 6a). To
obtain an adequate fitting in these cases, a Warburg element must
be included in the 2 time-constant, hierarchic equivalent circuit,



-
o
.3
h
~
o

”’rl {
a) e > 12 .60
o O\,. > Phase 0 I
| : Fi 1 -
—10°+ Q‘Q x t result : 5 §
5 LN 140 ©
3 . o
= o 1-30 2
N 10° %oy o
- %ge 20 —
"ee%e"soooe -2
--10
10°- y : . o \)“N'pr);bno
10° 10% 10" 10° 10" 10° 10°
Frequency (Hz)
b) NN
Ro 77
CPEpl
—V\/— Re [
Rpl
W/ CPEy,

Fig. 5. (a) Example of the EIS spectra obtaining for similar welded stainless steel
bars whose Eqo( are in the passive region (data corresponding to S20430-520430
after 6 months of exposure in non-carbonated mortar); (b) equivalent circuit used
to fit all the spectra corresponding to passive similar welded stainless steel bars.

e |2 S20430.CS
e |Z| S20430-S20430 » Phase

> Phase

Fit result
a
) 10°
2% 140
e ans o\):“ L-‘:‘) 30 :.'ru
g 10 Weee),{’ > * * a
h < (]
g_ ()\)") ) \‘e @ ] >
N[, e, % e
4 i D 2PN D e
TN 07 ey ‘.\gea.‘f‘“ .
T oo%pssccoseee 10
A RSN
s Yy @50
10° ‘ . = *“geee;ﬂ; LEZ A
10° 10° 10" 10° 10" 10° 10’
Freauencv (Hz)
b /
) Rm | CPE/CPE p
—AA Ru
R/ Rpi
CPE ai

Fig. 6. (a) Example of the EIS spectra obtained for active welded bars (data corre-
sponding to $20430-CS after 6 months of exposure in non-carbonated mortar and
$20430-520430 after 60 months of exposure in carbonated mortar); (b) equivalent
circuit used to fit all the spectra corresponding to active welded bars.

resulting in the circuit in Fig. 6b. Other authors testing CS bars
in solution have included the Warburg element [36], and a cir-
cuit similar to that in Fig. 6b has been used. The influence of the
transport phenomenon (which is what a Warburg element repre-
sents) is easy to understand when the charge transfer step takes
place at meaningful rates, and it should be borne in mind that the
present testing conditions are very aggressive. Though the relation-
shipbetweenthe Warburgimpedance andthe diffusion of the oxide
species for corroding steel in concrete has also been suggested by
some authors [37], the Warburg impedance is often identified with
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Fig. 7. Time evolution of the R, values obtained from the analysis of the EIS spectra
of welded stainless steels: (a) embedded in non-carbonated mortar; (b) embedded
in carbonated mortar.

oxygen diffusion. It is proven that oxygen diffusion is a key factor
that can determine the corrosion rate of CS reinforcements at 95%
HRor in submerged structures [38]. As the present tests are carried
out at high relative humidity (close to 95%), the O, diffusion influ-
ence in the low-frequency region of the impedance spectra can be
expected.

The lowest-frequency time-constant in Fig. 6b (that for stainless
steel has been identified with the passive layer influence), for sam-
pleswith corroding CS—where the passive layer is totally destroyed
(Fig. 4), can be better identified with the influence of the rust layer
formed on the surface of the CS bars. Hence, Ry and CPE; in circuit in
Fig.6bareusedtosimulate the resistance and the capacitive behav-
ior of the rust layer in CS. Bearing in mind the results of the visual
observation of the reinforcements after the tests, the parameters
obtained from the EIS spectra have been normalized using only the
exposed surface of CS and not the whole metallic surface exposed
inside the mortars.

Moreover, the circuit in Fig. 6b is also useful to simulate
the behavior of similar welded stainless steels whose Ecorr is in
the active region (as the example in Fig. 6a corresponding to
§20430-5S20430 in carbonated mortar exposed for 60 months,
whose Ecor can be checked in Fig. 3b). In this case, the lowest-
frequency time-constant (for similar welded stainless steel, R, and
CPEy)incircuitin Fig. 6b could be better identified with the passive
layer remaining on the surface of the welded stainless steel.

Usually, one of the most meaningful parameters that can be
obtained from the EIS analysis is the R; value. The R: corresponding
to similar welded and dissimilar welded stainless steel reinforce-
ments embedded in non-carbonated mortar are shown in Fig. 7a.
For similar welded stainless steels, the Rt exhibits values charac-
teristic of stainless steel reinforcements in passive state [27]. Those
values are obtained by extrapolation of the experimental spectra to
very-low frequencies, so they imply a high uncertainty about their
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exact value. However, they are relevant as they allow to assure
that similar welded stainless steels do not suffer any kind of corro-
sive attack during the testing period when they are embedded in
non-carbonated mortar with chlorides.

When dissimilar welded stainless steels are embedded in
non-carbonated mortar (Fig. 7a), the R; values are much lower,
suggesting active corrosion. All these results are coherent with the
information deduced from the E values in Fig. 3a.

The R; values corresponding to the welded samples in car-
bonated mortar are plotted in Fig. 7b. S30403-S30403 and
$32205-S32205 exhibit high R; values throughout the exposure,
confirming their passivity. On the other hand, a marked decrease
on the R; for S20430-520430 is observed after 60 months, coin-
ciding with the Ecor leaving the passivity region (Fig. 3b). These
low R; values, typical of active state, can be calculated with much
more precision as their influence appears in frequency regions of
the spectra where experimental data exists.

Dissimilar welded steels embedded in carbonated mortar
(Fig. 7b) show R; values that tend to be slightly lower than those of
the same reinforcements in non-carbonated mortar. This is coher-
ent with the higher aggressivity of chlorides in mortars with lower
pH. Carbonation fosters the chloride attack on the CS bars. Anyway,
itisworth pointing out that R; values obtained for dissimilar welded
stainless steels (that is to say, for sandblasted CS) are always lower
than those calculated for corroding S20430-S20430 in carbonated
mortar.

Some examples of other data obtained from the EIS spectra of the
similar welded stainless steel reinforcements are shown in Table 2.
The Cg4 values shown in Table 2 are similar or very close to the
typical capacitances of those associated to a charge transfer step of
passive steel-concrete systems [39,40].

It can also be seen that Ry and Ry in Table 2 exhibit values
that are orders of magnitude lower than R (Fig. 7). That is to say,
the charge transfer is the rate-limiting step for passive reinforce-
ments. This fact also allows us to identify R; with the polarization
resistance in the Stern-Geary equation [41] and calculate corrosion
intensities (icorr ). A Stern-Geary constant (B) value of 48-53 mV has
been determined for stainless steel in alkaline media [5]. Then, the
icorr for similar welded stainless steels in non-carbonated mortar
with chlorides would be about nA/cm?. It is obvious that these icor
are able to comply with any durability requirement of reinforced
structures, in spite of the suggested adverse effect of the weldings
on the stability of the passivity [17].

Examples of other results different from R; obtained from the
simulation of the EIS spectra of the dissimilar welded bars can be
seen in Table 3, being the impedance results completely dominated
by the response of CS. The values obtained from the simulation to
capacitive behavior of the rust layer shows a much higher disper-
sion than those found for the capacitive behavior of the passive
layer (Table 2). This can be easily understood bearing in mind the
much more heterogeneous, unstable structure and morphology
that the rust layers should have. The obtained R; values (Table 3)
are lower than those shown in Table 2 for Ry, as expected. The high
Cq; and low ng; values are typical of CS corroding at a high rate in
concrete, as other authors have previously reported [39,42].

In Table 3, values for R; and Ry, are lower than R; (Fig. 7), but
clearly not negligible. The influence of the value determined for
Rm on the development of the corrosion process is not easy to
extrapolate. The Ry, measured is the resistance through the mortar
thickness surrounding the metallic reinforcement (Fig. 2), but the
mortar resistance that can cause a decrease in the corrosion rate is
that corresponding to mortar volume existing between the anodes
and the cathodes that form the corrosion cells on the reinforcement
surface. It can be assumed that this resistance could be lower than
the measured Ry,. Anyway, the influence of R; on the calculus of the
global corrosion rate should not be omitted in these cases.

Table 2

Values for Rm, Rpi, Cpi, nr, Cgi and ng; obtained from the analysis of the EIS spectra of similar welded stainless steels embedded in non-carbonated and carbonated mortar with chlorides.

Carbonated

Non carbonated

Exposure time
(months)

Similar welded

grade

Nq

Cai (WFem=2s1-1)

37
27
70
82
80

Rpi (kQ cm?)

np)

Cpr (WFem=2sn-1)

29
38
29
72
43

Rm (k2 cm?)

Nq

Cai (WFem=2s1-1)

85

Ry (kQ cm?)

04
0.4

4.1

npy

Cpi (WFem2sn1)

50

Rm (k2 cm?)

0.84
0.83
0.76
0.75
0.80

17
44

0.85
0.84
0.75
0.73
0.75

29
3.6

4.5

0.83
0.81
0.80
0.79
0.75

0.82
0.83
0.79
0.81
0.80

0.9

3
18
66
84
96

$20430-520430

94
76
80
87

3.7

14
1.5
1.9

25

8.6
7.8
5.5

22
34

3.5

20
22

2.7

0.86
0.85
0.81
0.79
0.78

41

1.4
1.0

4.8

0.86
0.85
0.78
0.79
0.89

30
18
32

22
43

0.85
0.81
0.76
0.81
0.79

14
48

134

0.82
0.82
0.75
0.76
0.79

88
37

2.1

S30403-
$30403

45

114

8.2
149

18
66
84
96

35

3.2
23
10.6

53
59

29.2

15
22

50

1.8
10.0

20

31.7

13.0

14

74

171

19

9.2

0.82
0.81
0.81
0.78
0.75

43

3.2

9.5
121

0.82
0.80
0.75
0.75
0.79

25

34
6.6

0.76
0.85
0.81
0.81
0.81

51

1.1
5.5

0.98
0.80
0.94
0.94
0.92

68

1.1
5.3

$32205-
$32205

30
25
45

29
46

59
87
98

39

18
66
84
96

14
1.1

8.4

6.0
6.4

13
12
13

7.0
44
45

3.6
314

33

11

12

6.7

90




g

0.54
0.61
0.59
0.75
0.73
0.60
0.72
0.85
0.85
0.52
0.60
0.63
0.57
0.56
0.96

Cai(pFem™2 s7-1)
835
1889
2600
4141
289
248
1247
1625
710
607
547
743
213

R; (k§2cm?)
0.20
0.25
0.41
0.28
1.46
0.15
168
255
1.82
1.27
0.24
0.78
0.39
0.15
6.20

0.51
0.58
0.54
0.52
0.56
0.55
0.60
0.59
0.74
0.90
0.53
0.54
0.60

Ty
0.73

C; (WFem=2 571

60
178
1663
269
2438
257
323
176
218
104
33
118

1322

R (k€2 cm?)

Carbonated
083
142
0.45
071
0.68
1.88
278
0.80
0.82
133
248
3.65
0.29
091
388

g

0.71
0.74
0.71
0.71
0.73
0.80
0.60
0.60
0.60
0.60
0.62
0.85
0.74
0.76
0.81

Ca (wFem~257-1)

249
249
222
132
184
248
221
108

77
116
226
192
196

Ry (k2cm?)

0.3
0.3
0.1
1.3
0.9
1.0
0.5
1.0
1.1
1.0
1.2
1.5
25
1.5
27

ny

0.95
0.90
0.90
0.80
0.80
0.88
057
0.53
051
0.58
0.90
0.70
0.70
0.55
0.59

C; (pFem=2sm-1)
95
35
21
34
17

103
48
72

107

110

190

MNon carbonated
R (k€2 cm?)

0.84
1.21
2.67
4.83
3.82
0.83
202
3.41
244
2.01
0.88
417
5.95
568
573

Exposure
time(months)

60
96
60
84
96
60
84
96

Dissimilar
welded grades
520430-CS
S530403-CS

§32205-CS

Values for R, Ry, G, ny, Cqy and ny obtained from the analysis of the EIS spectra of dissimilar welded stainless steels embedded in non-carbonated and carbonated mortar with chlorides.
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Fig. 8. Ratiobetween o values (related to the O; diffusionimpedance) and R; values,
both obtained from the analysis of the EIS spectra of active welded reinforcements.

Another parameter than can sometimes exert an important
influence on the corrosion kinetic of corroding reinforcements is
the Warburg coefficient (o). o is related to diffusion of the species
involved in the corrosive attack. Though minor discrepancies can
be found in the literature regarding the relationship between o and
the Nernst diffusion layer thickness [43], in this case, semi-infinite
diffusion can be assumed. The effect of the diffusion appears on the
spectraofactive samples(Fig.6a). Ahigher value of o implies higher
diffusion impedance, and thus, a higher influence of the diffusion
step on the control of the corrosion rate. A certain uncertainty asso-
ciated to the values obtained for this parameter can be understood
bearing in mind that the influence of the diffusion appears in the
very low frequency region of the spectrum. o values are mainly
obtained by extrapolation from points that already have a small
experimental error.

The ofRt values for the welded CS bars and active
$20430-520430 are plotted in Fig. 8. o/R; ratio has been used
to estimate which step determines the corrosion rate (diffusion
or charge transfer) [44]. For dissimilar welded steels in non-
carbonated mortars, o/R; ratios range from 0.01 to 0.04s- 12,
The ofR; values obtained allow to know that diffusion is not the
corrosion rate controlling step for those CS bars and the influence
of the diffusion on the corrosion rate can be considered negligible
for these cases, as the ratios are always much lower than 1.
However, it should be pointed out that the increase of & randomly
observed during the last stage of the exposure of carbonated
samples suggests that, under those circumstances, the diffusion
impedance could exert a certain influence on the control of the
corrosion rate, always being lower than the influence of the charge
transfer step. For these cases, a mixed control of the corrosion
rate could be assumed, being the charge transfer step the most
influencing one. The increase of the diffusion impedance could be
related to a partial blocking of the pores by the corrosion products.
Steel in carbonated mortar corrodes at a higher rate and, the lower
porosity of carbonated samples (due to the precipitation of CaCO4
inside the pores, [45]) can promote the corrosion products to exert
a more noticeable influence on the diffusion impedance than on
the non-carbonated samples.

Hence, it is clear that the corrosion rate is mainly controlled by
the charge transfer step, but other resistances causing ohmic drop
(and sometimes also the Warburg impedance) could contribute to
slightly decrease the corrosion rate of welded CS bars. That is to say,
the polarization resistance can be considered slightly higher than
Rt. Assuming B values about 26 mV [40], approximated icorr values
for the welded CS between 1 and 10 pAfcm? could be estimated.
The corrosion rates in non-carbonated mortar are in the lowest part
of this range, while those calculated for reinforcements in carbon-
ated mortar are in the highest part, It should be borne in mind that
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icorr >1 WA/cm? should be considered as heavy corrosion, following
the RILEM recommendations [46].

$20430-S20430 in carbonated mortar is active during the last
years of exposure (Figs. 3 b and 7 b). As in this case the o/R; is
about 0.01s71/2 (Fig. 8), the influence of the diffusion step on the
corrosion rate can be considered as negligible, and the corrosion
rate is controlled by charge transfer step. A polarization resistance
of 3 x 10°  x cm? has been previously suggested to discriminate
between active and passive CS reinforcements [13]. The values
obtained for this R; after 5 year of exposure are below this value.
If R is identified to the polarization resistance, the active state of
the system will be confirmed. Assuming B values about 26 mV, as it
has been traditionally done for active steel in concrete [40], icorr Of
approximately 0.5 wA/cm? could take place. For steel in concrete,
these icorr vValues would correspond to low-moderate corrosion
[46]. The corrosion rates of S20430-S20430 in carbonated mor-
tar at the end of the exposure are lower than those estimated for
welded CS.

The EIS spectra corresponding to the non-welded CS bars are
mainly dominated by the resistive behavior of the mortar. More-
over, when cracks appear the mortar, they partially disrupt the
propagation of the electrical signal in some regions and probably
caused big heterogeneities in the development of the corrosion pro-
cess. The blocking of the pores by the corrosion products can also
contribute to the anomalies in the electric signal propagation. These
distorted spectra are typical of steels that have been corroding at
a high rate for a long time in mortar or concrete [47]. The only
meaningful information that can be obtained from them is that the
resistances associated to the corrosion process are lower than Ry,
(that is about 4-7 k2 cm?).

This data confirm the information suggested in Fig. 4 about the
beneficial effect of welding and sandblasting on the corrosion rate
of CS, as information about the corrosion process can be obtained
from the EIS spectra of welded CS but not from non-welded CS.
The strength of the galvanic couple formed by stainless steel and
CS in mortar has been reported as negligible [11,12], as mentioned
previously. Moreover, a potentially weak effect of the stainless steel
on the corrosion rate of the CS can be masked by the beneficial effect
of the sandblasting. Several authors have reported that sandblasted
CS bars exhibit higher chloride-threshold levels than those in as-
received (mill-scaled) conditions [48,49]. The presence of mill-scale
damages the protective characteristics of the passive layer [50] and,
if the CSis severely pre-rusted, the passivity can be totally inhibited
[51].

Anodic polarizations are carried out after 8 years of exposure to
obtain additional information about the stability of the aged passive
films formed in mortar and their protective ability in the tested con-
ditions. The results of the polarization of the welded reinforcements
are plotted as Evans diagrams in Fig. 9. Except S20430-520430 in
carbonated mortar, curves corresponding to similar welded stain-
less steel are defined at low current densities (typical of a passive
state) during a wide range of potentials. Hence, the existence of a
stable protective layer on the surface of these samples is confirmed.
The oxidation of Cr(III) in the passive layer to Cr(VI) that takes place
during the anodic polarization [25] does not allow to observe the
high anodic slopes seen in the polarization curves in other passive
systems.

Curves corresponding to S20430-520430 in carbonated mortar
and all the curves corresponding to dissimilar welded have the typ-

Table 4
Localization of the pits after the testing in similar welded stainless steels.

—520430- 520430 - -S20430-CS
—S530403 - S30403 — -S30403-CS
—832205- $32205 ---532205-CS
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Fig. 9. Anodic polarization curves of the reinforced mortar: (a) non-carbonated
mortar; (b) carbonated mortar.

ical shape of the anodic branch of the polarization curve of active
systems. This confirms the conclusions about the corrosion activity
drawn from the Ecorr results (Fig. 3) and R; values (Fig. 7) obtained
for all those welded samples at the end of the 8 year exposure.

It is also worth pointing out that the current densities defined at
low anodic overpotentials for welded CS in non-carbonated mortar
(Fig. 9a) are lower than those defined for the same reinforcements
in carbonated mortar (Fig. 9b), confirming the information sug-
gested by the R; about the influence of the mortar pH on the
corrosion rate (Fig. 7). Moreover, in carbonated mortar and at
potentials close to Ecorr (Fig. 9b), the curve corresponding to the
active S20430-520430 is shifted to lower current densities than
the curves corresponding to welded CS. This is coherent with lower
icorr for active S20430-S20430 than for CS welded reinforcements,
as EIS results have suggested.

In Fig. 9b, information corresponding to a non-cracked sample
with non-welded CS has been included. The intensities observed for
non-welded CS at small anodic polarizations are about one order of
magnitude higher than those for welded CS in the same conditions.
This seems to confirm again the positive effect of sandblasting on
the corrosion behavior of CS.

In order to easily visualize the relative stability of the passive
systems studied, the anodic potentials corresponding to current
densities of 2 x 1076 A/cm? of the curves in Fig. 9 have been plot-
ted in Fig. 10. This criterion has been used in previous research
[27] with the same aim. Results of non-welded materials submit-
ted to similar tests [27,52] have also been included in the figure for

Chloride contaminated mortar S20430

S30403 $32205

Non-carbonated
Carbonated

Corrugated bar
Corrugated bar +weld material

Weld material
Weld material

Corrugated ba +weld material
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Fig. 10. Potentials needed to reach an anodic current density of 2 x 10-6 Ajcm~2
for reinforcements embedded for 8 years in mortar with chlorides at high relative
humidity (92-93%): (a) non-carbonated mortar; (b) carbonated mortar.

comparison. Similar welded stainless steels need anodic polariza-
tions to corrode at high rate that are proportional to their corrosion
resistance when they are non-welded [17]. The pitting resistance
of the welded reinforcements is conditioned by the alloying degree
of the stainless steels. Polarization tests in mortar show a certain
decrease in the length of the passive regions of similar welded
stainless steel in comparison to the non-welded bars in similar
conditions, in spite of the sandblasting.

Dissimilar welded bars exhibit the same results in Fig. 10, inde-
pendently from the composition of the stainless steels, but there
are clear differences due to the pH of the mortar. The adverse effect
of carbonation on corrosion behavior is again confirmed, not only
when general corrosion takes place, but also when corrosion pro-
ceeds in a generalized way (Fig. 4).

After being polarized, the mortar samples continued their expo-
sure at high relative humidity for 1 year. During this period, the
attack caused by anodic polarization was allowed to grow and to
become clearly detectable. After breaking the mortar samples and
cleaning the reinforcements, it could be checked that all similar
welded stainless steels corrode by pitting (Table 4), while in those
welded to CS, only the CS is attacked and the attack is completely
general (Fig. 4a). Hence, a certain cathodic protection of the stain-
less steels caused by their welding to CS can be assumed.

$32205-S32205 only pits in the weld material (Table 4). So, the
corrugated surfaces of $32205 have very good behavior in spite of
the high polarizations they have been submitted to (Fig. 9) and the
aggressivity of the exposure. The weld electrode used for S32205
is one of the recommended by the manufacturers and used habit-
ually for this grade. However, in these alkaline conditions, it has
a lower corrosion resistance than the S32205. The corrosion resis-
tance of S32205-S32205 is very high and can fulfill any service
requirement, but it could be improved even further by using a more
alloyed welding electrode.

On S30403-S30403, pits appear on the corrugated bar as well
as on the weld material, so both have similar corrosion resistance
in mortar. The results in Fig. 10 comparing non-welded S30403
and S30403-S30403 reflect the decrease in the corrosion resis-
tance caused by the surface modifications due to sandblasting
(Fig. 1). The embedded sand particles can introduce stresses in
the surface material and create crevices [17]. Results in Table 4

corresponding to S20430-S20430 suggest that the decrease in its
corrosion resistance in comparison to the non-welded grade is also
due to secondary effects of the cleaning.

4. Conclusions

1. If the heat-tints are previously cleaned by sandblasting, welded
stainless steels could be embedded in non-carbonated mortar
and exposed to chloride-contaminated conditions and high rel-
ative humidity (92-93%).

2. Sandblasted S20430-S20430 corrodes spontaneously in carbon-
ated mortar with chlorides after a few years of exposure.

3. Welded, sandblasted stainless steel reinforcements have lower
corrosion resistance than non-welded stainless steels with the
same composition.

4. The effect of sandblasting is beneficial for the CS, as it reduces
the corrosion rate. The possible increase of the corrosion rate of
CS due to the galvanic couple formed with the stainless steels
during welding is masked by the sandblasting.

5. The corrosion resistance of sandblasted duplex S32205-S32205
is very good, but it could be improved even further by using a
more alloyed welding electrode than the one used in the present
research.
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