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ABSTRACT

Corrosion resistant reinforcement is crucial inevrth reduce the repair cost of corroding concrete
structures. In the hunt for lower cost and highfgrenance reinforcement, a measure of the chloride
tolerance is needed to select the proper mateagddon the surface chloride content, the contypée
and the surrounding temperature. Critical Chlofiitieeshold Level (CCTL) measurements have been
performed over the past 40 years to investigatehiwide tolerance of different reinforcement niis,
but a standardized method that gives a fast arabtelresponse still does not exist. In this agtiel
potentiostatic in-solution method, which has bes&duby other researchers, is used for determihiag t
CCTL of different stainless steel grades. The rdpeaibility of the method and the influence of the
condition of the stainless steel reinforcementten@CTL are investigated. The results indicate tiinerte
is some scatter in the results also for stainlesgdsand it is better to define the CCTL as a albdly
distribution based on a number of replicates fahesainless steel grade instead of a discrete aumb

INTRODUCTION

Stainless steel reinforcement is a maintenancesfrkgion for corroding concrete structures dutho
superior corrosion resistance of stainless stewtgared to carbon steels or other metallic reinmfgyrc
bars. The stainless steel reinforcement is usedtsetly, with only the outermost layers of theloar

steel reinforcement replaced with the more corrpsesistant reinforcement. This makes the investmen
attractive, with only a minor increase in the @littost, and a much lower maintenance cost duhieg t
predicted life-time.

Determination of the corrosion resistance of steetoncrete is very different to corrosion testing
many other applications. The diffusion rate of ctles is comparatively slow, the presence of the
sponge-like concrete affects transport rates df gases and liquids and the alkaline environment
increases the chloride tolerance, so long as thdqas not drop due to carbonation. As a result,
accelerated testing is needed, where some paranaeteassumed to either a) not affect the corrosion
resistance or b) affect the corrosion resistan@dontrolled degree.

Over the years, the corrosion resistance of theless steels rebars has been determined by many
different methods. Mainly two different ways to eéehine the corrosion resistance have been used, cas
in testing and testing in the concrete pore-satutAn extended discussion of these methods caourelf

in an earlier paper (Randstrém and Adair 2009)it-@aesting, which resembles the real application
most, can be advantageous since the method enbbtedlorides slowly diffuse into the concrete
structure, as they do in a real structure. Howaysing this method, the testing times are oftenesom
years or even longer, and the exact chloride law/&ie position where the corrosion started can
sometimes be difficult to determine. The onsetaryfa@sion on stainless steels can also be difficult



detect when the rebar is cast-in (Hurley and Sca@liy6). Frequently, the use of Linear Polarisation
Resistance (LPR) is used to determine whethertielesss steel is active or still passive. Thishodt
requires a significant part of the material to b&ve, and is therefore better to use on low-altbgteel
where chlorides cause activation of a larger serthan on stainless steel rebars, where chloriaesec
localized corrosion. In addition, the corrosiongutal is often measured to determine whether swro
has occurred. The corrosion potential measurerseart easy, hon-destructive method to detect pessibl
corrosion in structures and bridges made of cagbeel. According to the standard ASTM C876,which is
a standard for half-cell potential measurementgiofforcement in concrete, the probability that the
carbon steel reinforcement is corroding if the pt#d is below -280 m¥ce (MV versus the standard
calomel electrode) is over 90%. However, if thegety level is low, the above mentioned potential can
be measured without any corrosion occurring. Hoodatory-experiments, where shorter times are
investigated, the oxygen level can be low due tometely water-filled pores, so it is strongly
recommended that corrosion is confirmed by visangpection and/or weight loss measurements. For
stainless steels a recent report (Sederholm andp\Asét) 2008) showed that cast-in stainless steseis ¢
have potentials more negative than -280sgi\for several months without showing any signs of
corrosion by visual inspection and weight loss meaments.

For the purpose of determining chloride levels Bomdanking corrosion resistance, a potentiostiast in
synthetic pore-solution can be more useful. In tlase, a solution similar to that found in the parkthe
concrete is used. The composition of such poretisolsiis mainly based on hydroxides of sodium,
potassium and calcium (Bertolini et al., 2004).haligh these tests do not take the solid concretexma
into account, they can predict the corrosion raast and the chloride tolerance in this alkaline
environment in a fast and efficient way. A potestatic method has proved useful to determine the
chloride tolerance since onset of the local coawsittack is immediately detected by the increase i
current (Bertolini et al., 1996), (Hurley and Sgu2006). In this method, the rebar specimen iaqzed
to a fixed potential (often +200 m¥y in a chloride-free synthetic pore-solution. Tinocides are
thereafter added incrementally until corrosion @scé corrosion test using this method takes ardwmad
weeks to perform and different solutions can beluse

EXPERIMENTS

Specimens

Stainless steel rebars with diameters ranging Be2b mm were used in four different stainless steel
grades, with both austenitic and duplex microstned. The nominal compositions of these grades are
seen in Table 1 and the rebars were all commey@atiduced by Outokumpu. The rebars were cut in
10 cm lengths and a hole (4 mm) for electrical aohtvas drilled in one of the ends of the rebar. Fo
investigation of the surface effect, some of thzars were first sand-blasted with aluminium sikcall
rebars were thereafter ultrasonically cleaned etae for 20 min, and covered with Lacomit (Agar
Scientific) in both ends.



Table 1 Nominal composition of the stainless stegtades used

Steel grade EN ASTM Microstructure | Cr | Ni Mo (C

304L 1.4307 304L Austenitic 184 8.1 - 0.02
316L 1.4436 316L Austenitic 16.9 107 2{6 002
LDX 2101° 1.4162 S32101 Duplex 215 1% 03 0J03
2304 1.4362 S32304 Duplex 23 48 03 002

Method

The prepared rebars were hung in a QuickFit beakéra ring counter-electrode of platinum was placed
around it. A Luggin capillary was placed closehie hanging rebar and connected to a standard chlome
electrode (SCE). All potentials will hereafter le¢erred to this reference electrode. 1 L of potatsm,

with a composition of 2.61 g/L NaOH, 9.04 g/L KOHd0.17 g/L Ca(OH)(hereafter referred to as

OPC solution) was poured into the beaker. The refaaradjusted so that the water line was at the
Lacomit-covered area. Air, scrubbed through a wanttie containing 3g/L Ca(OHR)n water was

bubbled through the solution to promote stirring aaturate the electrolyte with oxygen. The sesup i

seen in Figure 1.
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Figure 1Schematic view of the cell setup

The open circuit potential (OCP) was measured fohlbefore the experiment started (OCP part), and
the potential was thereafter increased from 25 raldW the open circuit potential to the final
potential,+200 m¥ce With a scan rate of 10 mV-nifrfLinear Polarisation part). The potential was
thereafter held at this potential throughout thpegsxnent (Chronoamperometric part). Chlorides were
added after at least 10 h had passed at this padtelttis potential has been selected by otherarebe
groups and is believed to give conservative resliltorresponds to an overpotential of more than



400 mV, since open circuit potentials in this alkalenvironment normally are around -200 gg¥
(Hurley and Scully, 2006).

Chloride additions were made by replacing a cerdanount of the synthetic pore solution with a Solut
of the same composition but with a sodium chloodecentration of 5 M. These additions were made
every 12" hour. The volume replaced was selected so thathtloeide concentration in the electrolyte
was increased by 0.1 M every chloride addition.

The CCTL was defined as the chloride content athitie current density exceeded 10 uAdor 5 h.
When CCTL was reached, a sample of the electralgetransferred to an air-tight bottle to meastie p
and chlorides. pH was measured after the experimignta pH meter (Jenway 3345 lon meter equipped
with a Schott pH electrode - Blue line) or a conglaipH /chloride measurement unit (Mettler Toledo
SevenMulti S80 equipped with an InLab Routine Rregbectrode and a DX235-Cl/InLab Reference
electrode for chloride measurements).

RESULTS AND DISCUSSION

An example of the OCP and chronoamperometric gdheoelectrochemical experiment is seen in Figure
2. The increase in current density in this caseestavithin 2 hours after the last addition of cides,
resulting in a chloride concentration of 6.4 wt%iethwas determined as the CCTL. The very long
incubation time of the corrosion supports the tiig¢bat polarization curves may be a too fast metiood
determine CCTL, a discussion earlier brought ugHyrley and Scully, 2006). In their study, the CCTL
determined by a potentiodynamic method was higberpared to when a potentiostatic method with
incremental chloride additions was used. It isef@e important to note what kind of method that ha
been used to determine the CCTL when data is cadpar
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Figure 2 Left: Open circuit potential (corrosion patential) of a rebar specimen in this experiment. Rjht: Example of
curve during the chronoamperometric part of the exgriment, from the first chloride addition. The graph illustrates a
316 rebar specimen. The time which chloride addities were made are marked with red diamond markers.

In the test, the corrosion at the stainless st rtypically starts as a spot where corrosiodycts are
deposited, as seen in Figure 3. The corrosion gaipa and a larger area is covered with corrosion
products, as seen in the right part of Figure & pitopagation is sometimes very slow, and the smmo
at the spot can stop so the current decreasel®io\alue. Therefore, the CCTL was defined as the
chloride concentration where propagating corrosiccurred.



Figure 3 The onset of corrosion attack on a staings steel rebar when using the potentiostatic metho@he right image
is taken approximately 30 minutes after the left imge. Note that a high potential was applied to thgpecimen, forcing
the corrosion to occur rapidly

The CCTL values determined by this potentiostatathrad for the four different grades are seen infeg

4. The figure shows test results from commercipilyduced rebars, and the corrosion resistance siwown
therefore representative for stainless steel redbatsare delivered to the customer.
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Figure 4 CCTL values of the different stainless std grades

The results indicate that there is no significaffecence in corrosion resistance between 316L, LDX
2101° and 2304, while 304L has a slightly lower CCTLeTesults correspond fairly well with those
from other researchers who have used a similangostatic method, as can be seen in Table 2. The
largest deviation compared to other authors is f@elnDX 2101°, which clearly has a corrosion
resistance comparable to 316L in this study, bug regorted to have a corrosion resistance lower tha
316L in the study by (Hurley and Scully, 2006) g&Bértolini et al., 2009). In the case of (Hurleydan
Scully, 2006), the LDX 21(1it was stated that the rebar was laboratory pitkiich could be the
reason for the difference in corrosion resistance.



Table 2 CCTL values in wt% chlorides for the invesigated stainless steel rebar grades. Comparisonstiwiother groups
using a similar method have also been added, withldditional data of low-chromium alloys not includedin this study.
Numbers in brackets represent the numbers of rebatested.

This Bertolini et al. Bertolini et al. Hurley and Scully
investigation | 1996 2009 2006

Stainless steel Commercially | Not mentioned | Commercially Commercially

product produced and | [No. of specimens produced and produced rebar,
pickled rebar | tasted not stated]| pickled rebar laboratory pickled
(Outokumpu)

pH (after test) 12.8-13.3 12.6 12.6 12.6

Carbon steel <0.4 [3] 0.1-0.6 - 0.04-0.05 [3]

Fe-9%Cr - - - 0.4-0.6 [3]

410 - 2 - -

304L 2.8-10.6 [7] 5.0 6.5-10 (304LN) [2

316L 5.7-6.8 [6] 5.5 >10 (316LN) [2] 2.8-11.29 (316LNY] [

LDX 2101® -type | 5.7-10.6 [9] - 3.5-6 [2] 1.1-1.4 [3]

2304 4.6-10.6 [5] 10 7.5-8 [2] -

The pickling time has an effect on the corrosigistance in potentiostatic tests. The chlorider&wiee
of three different surface types for LDX 2f0%een in Figure 5 was investigated and the reanlbe
seen in Figure 6. The over-pickled surface, showthé left image in Figure 5, had many micro-cresic
in the outermost layers of the stainless steelrrabd clearly has a lower corrosion resistance eoetp
to normally pickled LDX 210%. These types of micro-crevices are typical wheinktss steels are over-
pickled particularly if they contain precipitatesih increase the pickling rate at the grain boueda
Grain boundary precipitates are introduced by yalu#tat-treatments or when carbon contents are too
high. This could explain the low corrosion resisgf the 2101-type stainless rebar tested by ¢beirt
et al. 2009), since the carbon content was 0.048,above the normal carbon content for LDX 2%0it
can therefore be stated that the pickling procedncemelt composition is critical in order to obtai
satisfactory performance of the material. It is eamer important to consider the surface conditibienv
rebars in different grades are compared, andvitas for a producer to deliver material with good
surfaces with optimal corrosion resistance.

A sand-blasted surface, included in Figure 5 aggifé 6, was found to have the same CCTL as a
normally pickled surface. If such an operationssd it should be verified that the surface afeaitment
is reasonably smooth without embedded particlesvitsall sand-blasting of stainless steels, dlso
critical to ensure that the blasting sand has sehlzontaminated by previous use on carbon steeth S
contaminated sand can very quickly lead to rustidpey on the stainless steel because of embedded
carbon steel particles.



Figure 5 Surface of over-pickled (left), normally pckled (middle) and sand-blasted rebar (right).

12.00

10.00

8.00

6.00

CCTL/ wt%

4.00

2.00

LDX 2101 ® over-pickled LDX2101® LDX 2101 ® sand-blasted

0.00

Figure 6 Effect of surface modification (over-picking and sand-blasting) of LDX 2101

The scatter seen in the results in Figure 4 asagalh the study of (Hurley and Scully, 2006), gsmup

the discussion whether it is correct to define@@ETL value as a discrete number or if it is betiber
define it as a probability that the stainless stelear corrodes. If it is assumed that the dataegére
normally distributed, a probability plot, can bedeaas shown in Figure 7. This plot emphasizes a
number of the points made qualitatively earlietha paper. Firstly it is seen that at the 90% piodiba
level, indicated with a grey circle, there is gamilrespondence between the CCTL levels for 316X LD
2101° and 2304, while that for 304L is significantly lew Secondly the slope of the curves, which is
related to the standard deviation in the measuresnisnsimilar for 304L, LDX 210%.and 2304, but
somewhat lower for 316L. This type of plot is venmmon for e.qg. life-time predictions and is strigng
recommended as an assessment tool for CCTL dasaideof the scatter seen in the measurements.
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Figure 7 Probability graph assuming that the CCTL results are normally distributed

A chloride threshold based on the concept of astitzdl distribution has earlier been introduced fo
carbon steels cast in concrete (Glass 1995), (Bed@82), and mentioned in Concrete Society’s
Technical Report 61 (Bamforth, 2004) suggesting ¢barosion of carbon steel should be considered as
an increased probability for corrosion rather thatiscrete value. The probability classificatioogosed
by (Browne 1982) is shown in Table 3.

Table 3 Probability classification of carbon steetebar seen in Concrete Society Technical Report @Bamforth 2004),
proposed by (Browne 1982)

Chloride (% weight of cement) | Risk of corrosion
<0.4 Negligible
0.4-1.0 Possible

1.0-2.0 Probable

>2.0 Certain

The threshold limit for carbon steel differs betweegions. In the USA, the value of 0.2% chloriges
mass of cement is often regarded as the limit,eM®#% is often mentioned as the limit in EuropasT
seems to correspond to a probability that the oec@iment is not corroding of 90% and 80%, respelstiv
(Bamforth, 2004). Using these probability perceetéay the stainless steel reinforcement investijate
this study, especially for LDX 2161that has been tested nine times; the differem&@QdTL using these
to criteria would be around 1wt%. Although the €iffnce is not very large, it is recommended that a
90% probability criterion is used, since this isiare conservative result, and since it underlihesieed
for a large number of tests to determine eventifi@rdnces between stainless steel grades.



Compared to cast-in rebars, the environment (pidp&zature, conductivity, chloride and oxygen leyels
iIs more strictly controlled in the pore-solutiostteThe scatter of the results therefore indicttasit is
related to the variability in corrosion initiati@md propagation processes. Such variability coxjbdiaén
the scatter of data both seen in cast-in experisn@ionso et al, 2006) and other pore-solutionstest
(Hurley and Scully, 2006) when a significant numbkspecimen have been investigated.

The potentiostatic method used in this articleeddffrom the real situation in the concrete stngctu
regarding transport rates of oxygen and chloridgsibvertheless gives an idea what to expect mgerf
corrosion resistance. The applied potential of +20gcein the potentiostatic tests corresponds to a
large overpotential of around 400 mV, which is éedid to give conservative results. On the othedhan
the solid concrete matrix in cast-in tests createsices, which could decrease the corrosion eesist
Recently, (Bertolini et al., 2009) suggested thaeptiostatic tests were misleading since theyddck
correlation to cast-in tests. However, this conolusvas based on two measurements in pore-solution
and corrosion potentials plus LPR measurementeraéimes only single specimens in concrete blocks
with different chloride levels. Of course, it idfdiult to predict what will happen in a real apgtion,

and there will likely be some discrepancies betwaae-solution tests, cast-in tests and the real
application, as there is for all comparisons betwlab-scale testing and the industrial application.
Nevertheless, for the understanding of the chlatkrance of stainless steel in this applicattas very
important to start with a few controlled parametand thereafter move on by adding more unknown
parameters, with control of the scatter and linota of the method used at each step.

CONCLUSIONS

In this study, stainless steel rebars in four déffie grades have been tested. At least five diitere
specimens were tested for each grade, to allovesisent of the scatter of the method. The results
indicate that 316L, LDX 210, and 2304 have similar corrosion resistance wB0KL has slightly lower
corrosion resistance. The results are generaligeement with what other researchers have found
except for the fact that this study shows that LEDX0T® has similar corrosion resistance to 316L. It has
also been demonstrated that over-pickling of th&1I101° material decreases the corrosion resistance,
which could explain the lower corrosion resistareq@orted for this grade.

The scatter of the results is quite large evendhdbe parameters are carefully controlled in théthod.
There is therefore a risk that making only onesar measurements can give completely misleading
results. Even when the surface is normalized by-$dasting, the scatter seems to remain. Thereffoise,
much more relevant to describe the chloride toleganf stainless steel rebars as a probabilityibigion
rather than as a discrete, critical value. Thia ine with the approach used for carbon sted lias
been cast in concrete. It would appear that theevaf 0.2% chloride by mass of cement used forararb
steel in the USA would correspond to 90% probabditd the European figure of 0.4% chlorides
correspond to 80% probability. The analysis of tesearch would indicate that a value of 90%
probability should be used for stainless steelneba
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