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ABSTRACT 

Corrosion resistant reinforcement is crucial in order to reduce the repair cost of corroding concrete 
structures. In the hunt for lower cost and high performance reinforcement, a measure of the chloride 
tolerance is needed to select the proper material based on the surface chloride content, the concrete type 
and the surrounding temperature. Critical Chloride Threshold Level (CCTL) measurements have been 
performed over the past 40 years to investigate the chloride tolerance of different reinforcement materials, 
but a standardized method that gives a fast and reliable response still does not exist. In this article, a 
potentiostatic in-solution method, which has been used by other researchers, is used for determining the 
CCTL of different stainless steel grades. The reproducibility of the method and the influence of the 
condition of the stainless steel reinforcement on the CCTL are investigated. The results indicate that there 
is some scatter in the results also for stainless steels and it is better to define the CCTL as a probability 
distribution based on a number of replicates for each stainless steel grade instead of a discrete number. 

INTRODUCTION 

Stainless steel reinforcement is a maintenance-free solution for corroding concrete structures due to the 
superior corrosion resistance of stainless steels compared to carbon steels or other metallic reinforcing 
bars. The stainless steel reinforcement is used selectively, with only the outermost layers of the carbon 
steel reinforcement replaced with the more corrosion-resistant reinforcement. This makes the investment 
attractive, with only a minor increase in the initial cost, and a much lower maintenance cost during the 
predicted life-time.  

Determination of the corrosion resistance of steels in concrete is very different to corrosion testing for 
many other applications. The diffusion rate of chlorides is comparatively slow, the presence of the 
sponge-like concrete affects transport rates of both gases and liquids and the alkaline environment 
increases the chloride tolerance, so long as the pH does not drop due to carbonation. As a result, 
accelerated testing is needed, where some parameters are assumed to either a) not affect the corrosion 
resistance or b) affect the corrosion resistance to a controlled degree. 

Over the years, the corrosion resistance of the stainless steels rebars has been determined by many 
different methods. Mainly two different ways to determine the corrosion resistance have been used, cast-
in testing and testing in the concrete pore-solution. An extended discussion of these methods can be found 
in an earlier paper (Randström and Adair 2009). Cast-in testing, which resembles the real application 
most, can be advantageous since the method enables that chlorides slowly diffuse into the concrete 
structure, as they do in a real structure. However, using this method, the testing times are often some 
years or even longer, and the exact chloride level at the position where the corrosion started can 
sometimes be difficult to determine. The onset of corrosion on stainless steels can also be difficult to 



detect when the rebar is cast-in (Hurley and Scully, 2006). Frequently, the use of Linear Polarisation 
Resistance (LPR) is used to determine whether the stainless steel is active or still passive. This method, 
requires a significant part of the material to be active, and is therefore better to use on low-alloyed steel 
where chlorides cause activation of a larger surface than on stainless steel rebars, where chlorides cause 
localized corrosion. In addition, the corrosion potential is often measured to determine whether corrosion 
has occurred. The corrosion potential measurement is an easy, non-destructive method to detect possible 
corrosion in structures and bridges made of carbon steel. According to the standard ASTM C876,which is 
a standard for half-cell potential measurements of reinforcement in concrete, the probability that the 
carbon steel reinforcement is corroding if the potential is below -280 mVSCE (mV versus the standard 
calomel electrode) is over 90%. However, if the oxygen level is low, the above mentioned potential can 
be measured without any corrosion occurring. For laboratory-experiments, where shorter times are 
investigated, the oxygen level can be low due to completely water-filled pores, so it is strongly 
recommended that corrosion is confirmed by visual inspection and/or weight loss measurements. For 
stainless steels a recent report (Sederholm and Almqvist, 2008) showed that cast-in stainless steels can 
have potentials more negative than -280 mVSCE for several months without showing any signs of 
corrosion by visual inspection and weight loss measurements. 

For the purpose of determining chloride levels and for ranking corrosion resistance, a potentiostatic test in 
synthetic pore-solution can be more useful. In this case, a solution similar to that found in the pores of the 
concrete is used. The composition of such pore-solutions is mainly based on hydroxides of sodium, 
potassium and calcium (Bertolini et al., 2004). Although these tests do not take the solid concrete matrix 
into account, they can predict the corrosion resistance and the chloride tolerance in this alkaline 
environment in a fast and efficient way. A potentiostatic method has proved useful to determine the 
chloride tolerance since onset of the local corrosion attack is immediately detected by the increase in 
current (Bertolini et al., 1996), (Hurley and Scully, 2006). In this method, the rebar specimen is polarized 
to a fixed potential (often +200 mVSCE) in a chloride-free synthetic pore-solution. The chlorides are 
thereafter added incrementally until corrosion occurs. A corrosion test using this method takes around two 
weeks to perform and different solutions can be used. 

EXPERIMENTS 

Specimens 

Stainless steel rebars with diameters ranging from 8-25 mm were used in four different stainless steel 
grades, with both austenitic and duplex microstructures. The nominal compositions of these grades are 
seen in Table 1 and the rebars were all commercially produced by Outokumpu. The rebars were cut in 
10 cm lengths and a hole (4 mm) for electrical contact was drilled in one of the ends of the rebar. For 
investigation of the surface effect, some of the rebars were first sand-blasted with aluminium silicate. All 
rebars were thereafter ultrasonically cleaned in acetone for 20 min, and covered with Lacomit (Agar 
Scientific) in both ends. 



 

Table 1 Nominal composition of the stainless steel grades used 

 

 

 

 

 

 

Method 

The prepared rebars were hung in a QuickFit beaker and a ring counter-electrode of platinum was placed 
around it. A Luggin capillary was placed close to the hanging rebar and connected to a standard calomel 
electrode (SCE). All potentials will hereafter be referred to this reference electrode. 1 L of pore solution, 
with a composition of 2.61 g/L NaOH, 9.04 g/L KOH and 0.17 g/L Ca(OH)2 (hereafter referred to as 
OPC solution) was poured into the beaker. The rebar was adjusted so that the water line was at the 
Lacomit-covered area. Air, scrubbed through a wash bottle containing 3g/L Ca(OH)2 in water was 
bubbled through the solution to promote stirring and saturate the electrolyte with oxygen. The setup is 
seen in Figure 1. 

 

Figure 1Schematic view of the cell setup 

The open circuit potential (OCP) was measured for 1.5 h before the experiment started (OCP part), and 
the potential was thereafter increased from 25 mV below the open circuit potential to the final 
potential,+200 mVSCE with a scan rate of 10 mV·min-1 (Linear Polarisation part). The potential was 
thereafter held at this potential throughout the experiment (Chronoamperometric part). Chlorides were 
added after at least 10 h had passed at this potential. This potential has been selected by other research 
groups and is believed to give conservative results. It corresponds to an overpotential of more than 

Steel grade EN ASTM Microstructure Cr Ni Mo C 

304L 1.4307 304L Austenitic 18.1 8.1 - 0.02 

316L 1.4436 316L Austenitic 16.9 10.7 2.6 0.02 

LDX 2101® 1.4162 S32101 Duplex 21.5 1.5 0.3 0.03 

2304 1.4362 S32304 Duplex 23 4.8 0.3 0.02 

Counter Electrode 

Rebar Specimen 

Luggin cappillary Air bubbling 



400 mV, since open circuit potentials in this alkaline environment normally are around -200 mVSCE 
(Hurley and Scully, 2006).  

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

The CCTL was defined as the chloride content at which the current density exceeded 10 µA·cm-2 for 5 h. 
When CCTL was reached, a sample of the electrolyte was transferred to an air-tight bottle to measure pH 
and chlorides. pH was measured after the experiment with a pH meter (Jenway 3345 Ion meter equipped 
with a Schott pH electrode - Blue line) or a combined pH /chloride measurement unit (Mettler Toledo 
SevenMulti S80 equipped with an InLab Routine Pro pH-electrode and a DX235-Cl/InLab Reference 
electrode for chloride measurements). 

RESULTS AND DISCUSSION  

An example of the OCP and chronoamperometric part of the electrochemical experiment is seen in Figure 
2. The increase in current density in this case started within 2 hours after the last addition of chlorides, 
resulting in a chloride concentration of 6.4 wt% which was determined as the CCTL. The very long 
incubation time of the corrosion supports the theory that polarization curves may be a too fast method to 
determine CCTL, a discussion earlier brought up by (Hurley and Scully, 2006). In their study, the CCTL 
determined by a potentiodynamic method was higher compared to when a potentiostatic method with 
incremental chloride additions was used. It is therefore important to note what kind of method that has 
been used to determine the CCTL when data is compared. 

 

Figure 2 Left: Open circuit potential (corrosion potential) of a rebar specimen in this experiment. Right: Example of 
curve during the chronoamperometric part of the experiment, from the first chloride addition. The graph illustrates a 
316 rebar specimen. The time which chloride additions were made are marked with red diamond markers.  

In the test, the corrosion at the stainless steel rebar typically starts as a spot where corrosion products are 
deposited, as seen in Figure 3. The corrosion propagates and a larger area is covered with corrosion 
products, as seen in the right part of Figure 3. The propagation is sometimes very slow, and the corrosion 
at the spot can stop so the current decreases to a low value. Therefore, the CCTL was defined as the 
chloride concentration where propagating corrosion occurred. 



 

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

The CCTL values determined by this potentiostatic method for the four different grades are seen in Figure 
4. The figure shows test results from commercially produced rebars, and the corrosion resistance shown is 
therefore representative for stainless steel rebars that are delivered to the customer. 

 

Figure 4 CCTL values of the different stainless steel grades 

The results indicate that there is no significant difference in corrosion resistance between 316L, LDX 
2101® and 2304, while 304L has a slightly lower CCTL. The results correspond fairly well with those 
from other researchers who have used a similar potentiostatic method, as can be seen in Table 2. The 
largest deviation compared to other authors is seen for LDX 2101®, which clearly has a corrosion 
resistance comparable to 316L in this study, but was reported to have a corrosion resistance lower than 
316L in the study by (Hurley and Scully, 2006) and (Bertolini et al., 2009). In the case of (Hurley and 
Scully, 2006), the LDX 2101® it was stated that the rebar was laboratory pickled, which could be the 
reason for the difference in corrosion resistance. 



Table 2 CCTL values in wt% chlorides for the investigated stainless steel rebar grades. Comparisons with other groups 
using a similar method have also been added, with additional data of low-chromium alloys not included in this study. 
Numbers in brackets represent the numbers of rebar tested. 

 This 
investigation 

Bertolini et al. 
1996 

Bertolini et al.  
2009 

Hurley and Scully 
2006 

Stainless steel 
product 

Commercially 
produced and 
pickled rebar 
(Outokumpu) 

Not mentioned 
[No. of specimens 
tested not stated] 

Commercially 
produced and 
pickled rebar 

Commercially 
produced rebar, 
laboratory pickled 

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 (316LN) [9] 
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 corrosion resistance in potentiostatic tests. The chloride tolerance 
of three different surface types for LDX 2101®, seen in Figure 5 was investigated and the result can be 
seen in Figure 6. The over-pickled surface, shown in the left image in Figure 5, had many micro-crevices 
in the outermost layers of the stainless steel rebar and clearly has a lower corrosion resistance compared 
to normally pickled LDX 2101®. These types of micro-crevices are typical when stainless steels are over-
pickled particularly if they contain precipitates which increase the pickling rate at the grain boundaries. 
Grain boundary precipitates are introduced by faulty heat-treatments or when carbon contents are too 
high. This could explain the low corrosion resistance of the 2101-type stainless rebar tested by (Bertolini 
et al. 2009), since the carbon content was 0.049, well above the normal carbon content for LDX 2101®. It 
can therefore be stated that the pickling procedure and melt composition is critical in order to obtain 
satisfactory performance of the material. It is moreover important to consider the surface condition when 
rebars in different grades are compared, and it is vital for a producer to deliver material with good 
surfaces with optimal corrosion resistance. 

A sand-blasted surface, included in Figure 5 and Figure 6, was found to have the same CCTL as a 
normally pickled surface. If such an operation is used, it should be verified that the surface after treatment 
is reasonably smooth without embedded particles. As with all sand-blasting of stainless steels, it is also 
critical to ensure that the blasting sand has not been contaminated by previous use on carbon steel. Such 
contaminated sand can very quickly lead to rust speckling on the stainless steel because of embedded 
carbon steel particles. 



 
 

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

 

 

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

 

The scatter seen in the results in Figure 4 as well as in the study of (Hurley and Scully, 2006), brings up 
the discussion whether it is correct to define the CCTL value as a discrete number or if it is better to 
define it as a probability that the stainless steel rebar corrodes. If it is assumed that the data values are 
normally distributed, a probability plot, can be made as shown in Figure 7. This plot emphasizes a 
number of the points made qualitatively earlier in the paper. Firstly it is seen that at the 90% probability 
level, indicated with a grey circle, there is good correspondence between the CCTL levels for 316L, LDX 
2101® and 2304, while that for 304L is significantly lower. Secondly the slope of the curves, which is 
related to the standard deviation in the measurements, is similar for 304L, LDX 2101® and 2304, but 
somewhat lower for 316L. This type of plot is very common for e.g. life-time predictions and is strongly 
recommended as an assessment tool for CCTL data because of the scatter seen in the measurements. 



Figure 7 Probability graph assuming that the CCTL results are normally distributed 

 

A chloride threshold based on the concept of a statistical distribution has earlier been introduced for 
carbon steels cast in concrete (Glass 1995), (Browne 1982), and mentioned in Concrete Society’s 
Technical Report 61 (Bamforth, 2004) suggesting that corrosion of carbon steel should be considered as 
an increased probability for corrosion rather than a discrete value. The probability classification proposed 
by (Browne 1982) is shown in Table 3. 

Table 3 Probability classification of carbon steel rebar seen in Concrete Society Technical Report 61 (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 between regions. In the USA, the value of 0.2% chlorides per 
mass of cement is often regarded as the limit, while 0.4% is often mentioned as the limit in Europe. This 
seems to correspond to a probability that the reinforcement is not corroding of 90% and 80%, respectively 
(Bamforth, 2004). Using these probability percentage for the stainless steel reinforcement investigated in 
this study, especially for LDX 2101®, that has been tested nine times; the difference in CCTL using these 
to criteria would be around 1wt%. Although the difference is not very large, it is recommended that a 
90% probability criterion is used, since this is a more conservative result, and since it underlines the need 
for a large number of tests to determine eventual differences between stainless steel grades. 

 



Compared to cast-in rebars, the environment (pH, temperature, conductivity, chloride and oxygen levels) 
is more strictly controlled in the pore-solution test. The scatter of the results therefore indicates that it is 
related to the variability in corrosion initiation and propagation processes. Such variability could explain 
the scatter of data both seen in cast-in experiments (Alonso et al, 2006) and other pore-solution tests 
(Hurley and Scully, 2006) when a significant number of specimen have been investigated. 

The potentiostatic method used in this article differs from the real situation in the concrete structure 
regarding transport rates of oxygen and chlorides but nevertheless gives an idea what to expect in terms of 
corrosion resistance. The applied potential of +200 mVSCE in the potentiostatic tests corresponds to a 
large overpotential of around 400 mV, which is believed to give conservative results. On the other hand, 
the solid concrete matrix in cast-in tests creates crevices, which could decrease the corrosion resistance. 
Recently, (Bertolini et al., 2009) suggested that potentiostatic tests were misleading since they lacked 
correlation to cast-in tests. However, this conclusion was based on two measurements in pore-solution 
and corrosion potentials plus LPR measurements of sometimes only single specimens in concrete blocks 
with different chloride levels. Of course, it is difficult to predict what will happen in a real application, 
and there will likely be some discrepancies between pore-solution tests, cast-in tests and the real 
application, as there is for all comparisons between lab-scale testing and the industrial application. 
Nevertheless, for the understanding of the chloride tolerance of stainless steel in this application it is very 
important to start with a few controlled parameters and thereafter move on by adding more unknown 
parameters, with control of the scatter and limitations of the method used at each step. 

CONCLUSIONS 

In this study, stainless steel rebars in four different grades have been tested. At least five different 
specimens were tested for each grade, to allow assessment of the scatter of the method. The results 
indicate that 316L, LDX 2101®, and 2304 have similar corrosion resistance while 304L has slightly lower 
corrosion resistance. The results are generally in agreement with what other researchers have found 
except for the fact that this study shows that LDX 2101® has similar corrosion resistance to 316L. It has 
also been demonstrated that over-pickling of the LDX 2101® material decreases the corrosion resistance, 
which could explain the lower corrosion resistance reported for this grade. 

The scatter of the results is quite large even though the parameters are carefully controlled in this method. 
There is therefore a risk that making only one or two measurements can give completely misleading 
results. Even when the surface is normalized by sand-blasting, the scatter seems to remain. Therefore, it is 
much more relevant to describe the chloride tolerance of stainless steel rebars as a probability distribution 
rather than as a discrete, critical value. This is in line with the approach used for carbon steel that has 
been cast in concrete. It would appear that the value of 0.2% chloride by mass of cement used for carbon 
steel in the USA would correspond to 90% probability and the European figure of 0.4% chlorides 
correspond to 80% probability. The analysis of this research would indicate that a value of 90% 
probability should be used for stainless steel rebar. 
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