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Abstract 

The corrosion of embedded reinforcement is the number one cause of 

deterioration of concrete structures in North America. Of the many strategies to increase 

the service life of such structures, stainless steel reinforcement has proven to be one of 

the most effective but most costly solutions. A need has arisen for more cost-effective 

corrosion-resistant reinforcement options. Unfortunately, there are few data that compare 

the performance of these steels with accepted standards. This thesis presents the results 

of a study conducted to determine the relative performance of several grades of 

reinforcing steel in concrete, and compare them to accepted standards. The performance 

of these reinforcement options was evaluated in terms of corrosion potential and 

corrosion rate. The steel types under study include: plain carbon-steel, MMFX, and the 

316LN, 304, 2205 and XM-28 grades of stainless steel. 
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1.0 Introduction 

1.1 Background Information 

The corrosion of embedded reinforcement is the number one cause of 

deterioration of concrete structures in North America, with billions of dollars in repair 

and maintenance costs each year. The presence of chlorides in marine environments and 

from exposure to common de-icing salts puts reinforced concrete structures at a high risk 

of corrosion. These chlorides depassivate the protective oxide layer on the steel, 

initiating corrosion. The products that result from corrosion occupy a larger volume than 

the original steel, resulting in expansive forces within the concrete. At sufficient 

magnitudes, these forces can cause cracking and spalling of surrounding concrete, which 

may accelerate further corrosion and significantly decrease the service life of the 

structure (Hansson et. al., 2009; Ehlen et. al., 2012). 

Increasingly, owners are requiring greater service lives, often in excess of one 

hundred years, for structures exposed to aggressive environments. There are currently 

many strategies to increase the life of such structures, one of which is the use of 

corrosion-resistant reinforcement. High-grade stainless steels such as 316LN have 

proven to be extremely effective in reducing the risk of corrosion in reinforced concrete 

structures. The alloying elements used in stainless steels, chromium, nickel, 

molybdenum, and nitrogen, promote the formation of a passive oxide film, which is more 

resistant to chlorides than that formed on plain carbon-steel reinforcement (Hansson et. 

al., 2009; Ehlen et. al., 2012). 
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The use of stainless steel in reinforced concrete has become an accepted standard, 

however, the high costs of the associated alloying elements and processing requirements 

make it an expensive alternative to plain carbon-steel reinforcement. These high initial 

construction costs have hindered the widespread use of stainless steel in reinforced 

concrete structures, even given favourable life-cycle costs and a significant increase in 

service life. There are many lower-cost alternatives to stainless steel, known simply as 

corrosion-resistant reinforcement, with lower initial costs. Unfortunately, there are few 

data that compare the performance of these steels with "accepted standards" such as 

316LN (Hansson et. al., 2009). 

The use of corrosion-resistant reinforcing steels in concrete structures provides 

not only a more robust alternative to regular reinforcement, but also a more cost-effective 

alternative to stainless steel. The information resulting from this study should provide 

useful and comparative information on the performance of selected lower-cost 

alternatives to stainless steel reinforcement. The advantages of this research apply not 

only in the aggressive environments of Canada, but worldwide, and will provide 

necessary information about these lower-cost corrosion-resistant reinforcement options 

for the construction of longer lasting, safer concrete structures. 

1.2 Goals and Objectives 

The goal of this project was to expand the current knowledge base for the use of 

corrosion-resistant reinforcing steel in concrete. Research was conducted on various 

types of steel reinforcement with the following objectives: 
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• Determine the relative performance of several types of reinforcing steel in 

concrete in terms of corrosion potential and corrosion rate 

• Compare the performance of these steels in concrete to those of 3 l 6LN 

and plain carbon-steel 

1.3 Project Scope 

To determine the corrosion performance of the six steels under study, laboratory 

and field tests were conducted on a number of bare reinforcing bars, and bars embedded 

in concrete or mortar. 

The laboratory tests were comprised of the following specimens: six corrosion 

cells totalling 30 bare rebar samples, 18 cracked and 18 un-cracked concrete specimens, 

and 12 salt-dip steel samples. The field tests involved 18 bare and 18 mortar-covered 

rebar samples. Relative corrosion-resistance was determined using the following tests: 

• Pore Solution Test (Hansson et. al., 2009) 

• Cracked Beam Test (ASTM Standard A955/ A955M-09a, 2009) 

• ASTM G109 Test (ASTM Standard G109-99a, 2005) 

• Salt-Dip Test (Trejo, 2004) 

• Exposed Bar Test- Marine Exposure 

• Mortar-Clad Bar Test 

The first four tests were conducted under laboratory conditions. The other two 

tests were conducted under field conditions in which specimens were placed at the high

tide level on a marine-exposure site. 
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2.0 Literature Review 

2.1 Corrosion of Steel in Concrete 

In order for corrosion to occur, four basic requirements must be met. A galvanic 

couple must be present in order for electrons to be produced and consumed. First, there 

must be an anode material available to release the electrons. In reinforced concrete, the 

corroding reinforcing steel acts as the anodic site, where electrons are released according 

to the reaction in Equation 2.1 (Thomas, CE6563 Course Notes, 2013; Portland Cement 

Association, 2013). 

Fe --+ Fe2+ + ze- Eq. 2.1 

Secondly, a cathodic site, where the electrons are consumed, is required to 

complete the galvanic couple. In the corrosion of reinforcement in concrete, the cathodic 

reaction is commonly the reduction of oxygen, shown in Equation 2.2 (Portland Cement 

Association, 2013; Daily, 2012). 

Eq. 2.2 

The third requirement for corrosion is an electrical circuit, to complete the flow of 

electrons between the anode and the cathode. This is met in reinforced concrete through 

the inherent continuity of embedded reinforcement. Finally, for corrosion to occur, an 

electrolyte is necessary to conduct the ionic current flow between the anodic and cathodic 

sites. In concrete, the pore solution serves as this medium (Thomas, CE6563 Course 

Notes, 2013; Portland Cement Association, 2013; Daily, 2012). 
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When corrosion occurs, electrons are produced through the dissolution of the 

metal, according to the oxidation reaction in Equation 2.1. These electrons are then 

consumed by the reduction reaction shown in Equation 2.2. The products of these 

rea~tions, the iron and hydroxyl ions, then react according to Equation 2.3 to form an iron 

oxide, or rust. Further oxidation and/or hydration results in the production of a range of 

different ferrous and ferric oxides and hydroxides, some of which may occupy up to six 

times the volume of metallic iron (Portland Cement Association, 2013). 

Fe2+ + 20H- ~ Fe(OH)z Eq. 2.3 

If the four aforementioned conditions are not met, corrosion will not occur. Due 

to the high pH present in concrete, a dense oxide layer forms on the surface of the 

embedded steel reinforcement. This protective layer isolates the reinforcement from the 

electrolyte, impeding the flow of ions and effectively inhibiting corrosion. This process 

is known as passivation (Thomas, CE6563 Course Notes, 2013; Cook, 2012). 

2.1.1 Passivation 

In comparison to typical atmospheric conditions, concrete provides an ideal 

environment for steel reinforcement. The corrosion of embedded steel is not favoured in 

the highly alkaline conditions present in concrete, where a pH of approximately 13 puts 

the steel in a passive state. When in this state, a passive layer will form on the surface of 

the steel, protecting it from active corrosion. If this protective layer becomes unstable, 

however, active corrosion of the reinforcing steel will be initiated (Thomas, CE6503 

Course Notes, 2012; ACI 222R-96). 
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In concrete's highly alkaline environment, the hydroxyl ions in the pore solution 

react with the steel to create a dense oxide layer. In the case of typical reinforcement, or 

black steel, the iron ions react according to the equations below (Thomas, CE6563 

Course Notes, 2013). 

Fe ~ Fe2+ + 2e-

Fe2+ + 20H- ~ Fe(OH)i 

Fe(OH) 2 + 0 2 ~ Fe2 0 3 + H 2 0 

Eq. 2.1 

Eq. 2.3 

Eq. 2.4 

If alkaline conditions remain present and there is no breakdown of this protective 

layer, it will isolate the metal from the electrolyte and corrosion will be mitigated. If the 

pH drops a sufficient amount or aggressive ions penetrate and react with the oxide layer, 

corrosion may be initiated (Thomas, CE6563 Course Notes, 2013). 

2.1.2 Corrosion Mechanisms 

In general, there are two processes responsible for the depassivation of the 

protective layer on steel reinforcement in concrete: carbonation, and the ingress of 

chlorides. 

2.1.2.1 Carbonation-Induced Corrosion 

Carbonation, a process that occurs when atmospheric carbon dioxide diffuses into 

the substructure of the concrete, is one cause of a reduced pH in concrete. When 

carbonation occurs, the carbon dioxide reacts with the sodium, potassium, and calcium 

hydroxides in the pore solution according to the reactions in Equations 2.5, 2.6 and 2. 7 

(Thomas, CE6503 Course Notes, 2012): 
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Ca(OH) 2 + CO2 ~ CaC03 + H 20 

Eq. 2.5 

Eq. 2.6 

Eq. 2.7 

Other calcium-bearing phases, such as calcium-silicate-hydrate (C-S-H), also 

undergo carbonation; for example, C-S-H will react to produce calcium carbonate and 

hydrous silica. These reactions reduce the alkalinity of the concrete pore solution to a pH 

of 8 or 9. When this carbonation front reaches the reinforcing steel, the pH of the 

surrounding pore solution is lowered to the point that active corrosion of black steel is 

initiated (Thomas, CE6503 Course Notes, 2012). Regions of passivation and active 

corrosion at the pH-values of interest are shown in the Pourbaix Diagram in Figure 2.1. 

,e 

oa 
~··· ....... 

Fe 

0 2 ' 6 8 10 12 1-t 

pH 

Figure 2.1 - Pourbaix Diagram for Iron at 25°C (Cook, 2012) 
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At potentials around O versus a standard hydrogen electrode (SHE), black steel in 

an environment with a pH of 13 or higher falls in the passivation region, and corrosion 

will not occur. When the pH drops to 8 or 9, however, the steel enters into a region of 

mild-to-severe pitting, or uniform corrosion. If this occurs and there is an adequate 

supply of moisture and oxygen, corrosion of the reinforcement will occur (Verma, 2007; 

Thomas, CE6503 Course Notes, 2012; Daily, 2012). 

In comparison to black steel, stainless and other more corrosion-resistant steels 

form passive films over a larger range of pH values. The Pourbaix diagram for the 

chromium subsystem of type 304 stainless steel is shown in Figure 2.2. Here, it can be 

seen that the addition of chromium gives the steel passivity in pH systems as low as about 

4, which is rarely seen in concrete. Because the region for active corrosion of stainless 

steel is so small, it is significantly less susceptible to corrosion than black steel (OLI 

Systems, Inc., 2005). 
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0 2 4 6 8 10 12 14 

pH 

Figure 2.2 - Pourbaix Diagram for Chromium at 298 Kand 10-5 M (Lyon, 2012) 

2.1.2.2 Chloride-Induced Corrosion 

Another process by which the corrosion of embedded reinforcement may be 

initiated is the ingress of chloride ions. Chlorides may be introduced into concrete in 

many ways - they may be present in the surrounding environment, such as in seawater or 

groundwater; in the concrete itself, such as in the aggregates, mixing water, or admixtures 

used; or may be introduced in the form of chemical de-icing salts. Regardless of how 

they are introduced, chloride ions are able to diffuse into concrete towards the reinforcing 

steel (Bentz & Thomas, 2012) 

When sufficient chloride ions reach the reinforcing steel, they pass through 

imperfections in the protective oxide layer and begin to react with the underlying steel. 

The chloride ions react with the iron in the steel to form a highly soluble iron-chloride 
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complex. This soluble product then diffuses away from the steel, and will react with 

hydroxyl ions in the pore solution. This results in a ferrous hydroxide, freeing the 

chloride ions to continue corrosion (Ward-Waller, 2005). 

Before corrosion of embedded reinforcement can occur, the chloride ions must be 

present in a sufficient concentration. This chloride threshold for corrosion is dependent 

on the type of steel. The threshold concentration of regular black steel can be as low as 

0.05% mass of concrete (Bentz & Thomas, 2012), while that of a typical stainless steel 

such as 316 is much greater, possibly exceeding 3.2% mass of concrete (Hurley & Scully, 

2006). It is due to this increased threshold concentration that stainless steels have an 

improved resistance to corrosion. Active corrosion will occur, however, if the chloride 

concentration reaches the threshold value of the steel (Bentz & Thomas, 2012). 

2.1. 2.3 Microcell Corrosion 

In terms of corrosion of reinforcement in concrete, the location of the cathode in 

relation to the anode is what determines whether the process is termed microcell or 

macrocell corrosion. Microcell corrosion occurs when the cathodic reaction, generally 

oxygen reduction, is occurring in very close proximity to the anodic reaction. In this 

case, the anode and cathode are adjacent to each other, located on the same piece of 

metal. An example of this is shown in Figure 2.3, in chloride-contaminated concrete 

reinforced with a single mat of steel. Here, the dissolution of iron and reduction of 

oxygen occur in close proximity of one another, and the flow of electrons is contained in 

the one piece of reinforcement. In general, this is the dominant corrosion process in 

reinforced concrete structures (Hansson et. al., 2006). 
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Figure 2.3 - Microcell Corrosion Example (Hansson et. al., 2006) 

Corrosion of steel reinforcement in concrete generally begins as pitting corrosion, 

a form of microcell corrosion. Pitting of reinforcing steel often occurs in concrete due to 

the presence of detrimental or activator species, such as chloride and hydroxyl ions. 

These ions, which are rarely distributed homogeneously over the steel surface, react with 

the passive oxide layer on the steel and lead to local dissolution. This exposes small 

areas of the steel, initiating pitting. The large cathode-to-anode ratio that is created by 

this localized form of corrosion will accelerate further corrosion (Verma, 2007; Thomas, 

CE6563 Course Notes, 2013). 

During pitting corrosion, the oxygen inside the pit is rapidly depleted by the 

cathodic reaction. This causes a localized anode of metal dissolution to develop inside 

the pit, while oxygen reduction outside the pit acts as the cathode. In addition, the 

positively charged metal ions inside the pit may hydrolyze to produce hydrogen· ions. 

This build-up of positive charges inside the pit may also attract chloride ions, and along 

with the presence of hydrogen ions, corrosion is significantly accelerated. Corrosion-
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resistant and black steels are all susceptible to this type of localized corrosion (Cook, 

2012; Verma, 2007). 

When cracks are present in reinforced concrete due to prior corrosion of 

embedded steel, expansion due to alkali-silica reactions, thermal expansion, etc., another 

form of localized corrosion called crevice corrosion may develop (Thomas, CE6503 

Course Notes, 2012). The cracks provide an area for corrosive solutions to stagnate, 

initiating localized corrosion of the reinforcing bar (rebar). When this occurs, the 

oxidation of the metal produces electrons, which promotes oxygen reduction. The 

oxygen in the crevice is rapidly consumed, however, creating a difference in 

concentration between the solution inside and outside the crevice (Cook, 2012; Verma, 

2007). 

This concentration gradient causes a local cell to develop, in which the reduction 

of oxygen outside the crevice acts as the cathode, while the dissolution of the metal 

within the crevice acts as the anode. Because oxygen is readily available outside the 

crack, the reduction reaction, and therefore corrosion of the re bar, will continue (Verma, 

2007). In addition, the build-up of positive metal ions inside the crevice may accelerate 

corrosion, as they attract more aggressive anions such as chlorides. Like pitting 

corrosion, corrosion-resistant and black steels are all susceptible to crevice corrosion 

(Cook, 2012). 

2.1. 2. 4 Macrocell Corrosion 

Macrocell corrosion, also known as galvanic corrosion, occurs when a piece of 

reinforcement is connected to another with a different potential. When this occurs, either 
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due to different environments or because the metals are of different compositions, the two 

bars exhibit different corrosion rates. The difference in potential causes a flow of 

electrons from the bar with the more negative potential to the other. In macrocell 

corrosion, the flow of electrons from the anode to the cathode occurs over more than one 

piece of reinforcement, and ionic flow is through the concrete pore solution between the 

reinforcement (Hansson et. al., 2006). Macrocell corrosion is illustrated in Figure 2.4. 

Figure 2.4 - Macrocell Corrosion Example (Hansson et. al., 2006) 

A potential difference between reinforcing bars may develop even if the bars are 

of the same composition. For example, in a reinforced structure with two mats of steel, 

chlorides may penetrate the concrete surrounding the top layer of steel to the extent that 

its chloride threshold has been reached, while the concrete surrounding the bottom layer 
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of steel is still chloride-free. If this occurs, the top layer of steel will begin to corrode and 

will shift from a positive to a negative potential. The bottom mat, still free of corrosion, 

will remain at its positive potential. This difference in potential creates a flow of 

electrons, accelerating corrosion of the top later of steel (Ward-Waller, 2005). 

Different potentials between reinforcing bars may also develop, for example, if 

one bar is black steel in chloride-contaminated concrete and the other is stainless steel, 

therefore having different compositions. Again, the potential difference between the two 

mats of steel accelerates corrosion by inducing an electric current. In most reinforced 

concrete structures, however, when corrosion of the reinforcing steel is present, both 

microcell and macrocell processes are responsible and the resulting corrosive action is the 

summation of both (Hansson et. al., 2006). 

2.1.3 Corrosion Protection 

Prevention of the corrosion of embedded reinforcement in concrete structures has 

been a highly researched topic over the years. Various methods of corrosion protection 

have been developed, targeting the different corrosion mechanisms. Selected examples 

are outlined in the following sections. 

2.1. 3.1 Moisture Reduction 

The most obvious form of protection is to keep the concrete dry, and especially 

free of corrosive substances such as chloride ions. If the environment cannot be changed, 

however, coatings such as impermeable membranes may be applied to the concrete to 

prevent the diffusion of water and suspended ions (Thomas, CE6503 Course Notes, 

2012). 
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2.1. 3. 2 High-Quality Concrete 

Another method to reduce the time-to-corrosion of embedded reinforcement is to 

use a high-performance concrete. This can be achieved by lowering the water-to

cementitious materials ratio of the mix. By doing this, the concrete pore structure 

becomes less permeable, limiting the ingress of chlorides and other ions. Using 

supplementary materials such as fly ash, slag, and silica fume may also reduce the 

permeability of the concrete (Thomas, CE6503 Course Notes, 2012). 

By limiting the diffusion of chloride ions, their concentration at the location of the 

steel is effectively decreased. As shown in the generalized Evans diagram in Figure 2.5, 

a decreased chloride concentration increases the passive region of the steel. This passive 

region is shown in the Evans diagram by a sudden drop in current density, indicating that 

the steel is no longer actively corroding (Thomas, CE6503 Course Notes, 2012; Verma, 

2007). 
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Figure 2.5 - Effect of Chloride Concentration on Evans Diagram (Verma, 2007) 
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2.1. 3. 3 Corrosion Inhibitors 

An alternative form of corrosion protection for reinforced concrete is the addition 

of corrosion inhibiting admixtures into the concrete mix. Calcium nitrite is a typical 

admixture used in concrete reinforced with black steel. The nitrite anions in the solution 

work with hydroxyl ions to stabilize the ferric oxide, reinstating the passive layer on the 

steel. This process occurs according to the reaction in Equation 2.8 (Thomas, CE6503 

Course Notes, 2012). 

2Fe2+ + 20H- + 2N02 - ~ 2NO + Fe2 0 3 + H2 0 Eq. 2.8 

2.1. 3. 4 Cathodic Protection 

Cathodic protection can also be applied to a reinforced concrete structure to 

reduce corrosion. This involves connecting the reinforcement to an external cell in which 

the steel is made the cathode. This can be accomplished in reinforced concrete by 

impressing a current to the rebar, which forces the reduction rather than oxidation 

reaction to occur on its surface (Cook, 2012). 

2.1. 3. 5 Reinforcement Coatings 

Replacing typical reinforcement with galvanized steel, such as zinc-coated rebar, 

can also reduce potential for corrosion in reinforced concrete. The zinc in this situation 

must be more active than the underlying metal, making it a sacrificial anode. It will 

therefore corrode more readily than the reinforcement, protecting it as long as the zinc 

layer is present (Verma, 2007). 

Epoxy coatings are also useful for reducing the potential for corrosion of steel 

reinforcement by protecting it from corrosive substances, such as chlorides. Epoxy and 
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zinc coatings are only useful as long as they are present and in good condition, however, 

as imperfections and loss of coverage may result in increased corrosion (Thomas, 

CE6503 Course Notes, 2012). 

2.1. 3. 6 Corrosion-Resistant Reinforcement 

Finally, one of the most effective forms of corrosion protection for reinforced 

concrete to-date is the use of corrosion-resistant steels in place of regular black steel. The 

presence of alloying elements such as molybdenum and chromium in stainless steels give 

it this corrosion resistance. As can be seen in Figure 2.6, increasing the content of 

chromium and molybdenum in steels increases the range over which the passive film is 

formed. It is the presence of this dense protective film that protects the steel from 

corroding (Thomas, CE6503 Course Notes, 2012). 
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Figure 2.6 - Effect of Alloying Elements on Evans Diagram (Verma, 2007) 

2.2 Steel Reinforcement 

To compensate for its relatively low tensile strength and ductility, concrete 

structures are reinforced with steel reinforcing bars. These materials exhibit high tensile 

strengths and ductility and serve to carry the tensile loads present in concrete structures. 
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The increased ductility due to the embedded steel allows more deformation of the 

structure prior to ultimate failure, and gives additional warning-time not usually present 

in unreinforced concrete structures (Ward-Waller, 2005). 

One of the disadvantages of the use of steel rebar is its high susceptibility to 

corrosion. When steel reinforcement corrodes, a loss in cross-section results in reduced 

strength, creating an increased potential for failure of the structure (Ward-Waller, 2005). 

In addition, the corrosion product that results occupies a much larger volume that the 

original steel. This increase in volume around the reinforcing steel creates expansive 

forces inside the concrete. When these forces become great enough, they may result in 

cracking, spalling, and delamination of the concrete (Thomas, CE6503 Course Notes, 

2012). 

Other, more corrosion-resistant types of reinforcement are available, however, 

such as high-grade stainless steels. The alloying elements used in stainless steels promote 

the formation of a passive oxide film that is more resistant to chlorides than that formed 

on plain carbon-steel reinforcement (Hansson et. al., 2009). The following section 

outlines the composition and corrosion properties of common reinforcing steels, 

including plain carbon, stainless, and other micro-composite corrosion-resistant steel 

reinforcement. 

2.2.1 Plain Carbon-Steel 

Reinforced concrete structures are most commonly reinforced with plain or mild

carbon-steel due to its relatively low cost and acceptable material properties. More than 

85% of the steel produced and shipped in the United States is carbon-steel, making it, in 
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general, the most commonly used type of steel. The American Iron and Steel Institute 

(AISI) classifies carbon-steel as one in which no minimum content is specified or 

required for chromium, cobalt, niobium, molybdenum, nickel, titanium, tungsten, 

vanadium, zirconium, or any other elements. In addition to this, the specified minimum 

content for copper should be no more than 0.40%, or the maximum content specified for 

manganese, silicon, and copper should not exceed 1.65%, 0.60%, and 0.60%, 

respectively (Key to Metals AG, 2001). 

Plain carbon-steels are typically classified based on their carbon content. Mild

carbon-steels, those most commonly used in reinforced concrete, contain between 0.15 

and 0.30% carbon (Uzorh, 2013). In addition, according to ASTM Standard 

A615/ A615M - 09b, plain carbon-steel intended for use in reinforced concrete shall not 

have a phosphorus content that exceeds 0.06% 

Carbon-steel, also known as black steel, exhibits very poor corrosion resistance in 

chloride-contaminated and carbonated concrete. Corrosion initiation occurs when the 

concentration of chlorides at the reinforcement reaches the chloride threshold, or when 

the pH of the concrete drops into the region for active corrosion of the steel. In the case 

of black steel, pitting corrosion has been initiated at chloride concentrations as low as 

0.06% by mass of cement (Zhang et. al., 2009). 

2.2.2 Stainless Steel 

Stainless steel is generally defined as an iron-based steel alloy with a minimum of 

12% by weight of chromium (Hartt et. al., 2004). Over the years, the development of 

stainless steels has seen a rapid increase in the number of standardized grades available. 
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There are a large number of stainless steels with varying compositions, which are 

traditionally categorized based on their structure at room temperature. This results in a 

rough division based on composition and properties into the following six groups: 

martensitic, martensitic-austenitic, ferritic, ferritic-austenitic, austenitic, and precipitation 

hardening steels (Leffler, 2013). 

This section will focus on the austenitic and ferritic-austenitic ( duplex) groups, 

which are non-hardenable steels typically used in their as-received condition. These 

steels contain alloying elements that have specific effects on the steel properties. In 

general, the effects of these alloying elements combine to produce an increased resistance 

to corrosion for stainless steels when compared to typical carbon-steel (Leffler, 2013). 

2. 2. 2.1 Effects of Alloying Elements 

In terms of corrosion resistance, chromium is the most important alloying element 

in stainless steels. Stainless steels containing sufficient quantities of chromium will form 

a more protective oxide film than will regular carbon-steels. The passive layer formed by 

stainless steels is a dense chromium oxide film that is more resistant to chlorides than that 

produced by carbon-steel, resulting in greater threshold value necessary to initiate 

corrosion. The chromium oxide film is also stable over a larger range of pH values, 

reducing the steel's region for active corrosion (Leffler, 2013; OLI Systems, Inc., 2005). 

As the amount of chromium in the steel increases, a reduction in corrosion rate is 

observed as well. This is illustrated in Figure 2.7, where the most significant reduction in 

corrosion rate is observed around 11 % chromium by weight. It is at this minimum 

chromium content that steel is able to maintain a compact and continuous passive film, 
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significantly reducing the rate of corrosion of the steel. The passivity of the steel will 

continue to increase with increasing chromium content up to about 17%, after which no 

further increase is seen (Leffler, 2013) . 
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Figure 2.7 - Corrosion Rate Versus Chromium Content (Leffler, 2013) 

Although chromium is the most important alloying element in terms of corrosion 

resistance, there are other elements that contribute as well. Molybdenum and nitrogen 

increase the steel's resistance to localized forms of corrosion, such as pitting and crevice 

corrosion, while nickel will increase its resistance to general and pitting corrosion 

(Leffler, 2013). 

It is possible to quantitatively define the pitting resistance of stainless steel using 

the Pitting Resistance Equivalent (PRE) formula, shown in Equations 2.9 and 2.10. 

These formulas take into account and combine the effects of the chromium, molybdenum., 
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and nitrogen in the steel. There are multiple variations of the Pitting Resistance 

Equivalent with slightly different coefficients for nitrogen and molybdenum. Equation 

2.9 is often used for duplex and austenitic steels, while Equation 2.10 is strictly used 

when comparing austenitic steels. This gives an increased PRE-value when comparing 

amongst the nitrogen-alloyed steels (Leffler, 2013). 

PRE16N = (%Cr)+ 3. 3(%Mo) + 16(%N) 

PRE3oN =(%Cr)+ 3.3(%Mo) + 30(%N) 

Eq. 2.9 

Eq. 2.10 

Table 2.1 shows the levels of major alloying elements present in the four stainless 

steels addressed in this research: 304, 316LN, XM-28 (all austenitic), and 2205 (duplex), 

while Table 2.2 shows their typical Pitting Resistance Equivalents. 

Table 2.1- Chemical Composition of Stainless Steels (Leffler, 2013; Reval Stainless 
Steel, 2013) 

Composition 
Steel Grade 

304 316LN XM-28 2205 
C ~0.08 ~0.03 ~ 0.15 ~0.03 
Cr 18.0-20.0 16.0- 18.5 16.5 - 19.0 21.0-23.0 

(% by Ni 8.0-10.5 11.0- 14.0 0.5 -2.5 4.5 -6.5 
weight) Mo - 2.5 -3.0 - 2.5 -3.5 

N ~0.10 0.12-0.22 0.20-0.45 0.10-0.22 
Mn ~2.0 ~2.0 11.0- 14.0 ~2.0 

Microstructure Austenitic 
Ferritic-

austenitic 

Table 2.2 -Typical PRE-Values for Various Stainless Steels 

Steel Grade 304 316LN XM-28 2205 

PRE16N 19 29 23 35 

PREJoN 20 31 28 -
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2.2.2.2 Austenitic Stainless Steels 

Austenitic stainless steels are the most common of the stainless steels, and are 

known for their high corrosion resistance. In general, their resistance to general and 

localized corrosion increase with increasing levels of chromium and molybdenum. For 

the austenitic stainless steels included in this study, their resistance to localized forms of 

corrosion increases from 304, to XM-28, to 316LN. Austenitic stainless steels are also 

the only non-magnetic steels (Leffler, 2013). 

Grade 304 stainless steel is the most versatile and widely used form of stainless 

because of its ease of manufacture. It is the standard "18/8" stainless, generally 

containing 18% chromium and 8% nickel. It exhibits excellent corrosion resistance in 

most atmospheric conditions and corrosive media, but is subject to pitting and crevice 

corrosion in warm chloride environments (Atlas Specialty Metals, 2013) 

The standard molybdenum-bearing grade of the austenitic stainless steels is 316. 

Its molybdenum content gives it superior corrosion-resistant properties, especially to 

pitting corrosion, when compared to the other non-molybdenum-bearing grades of 

stainless. The "L" in 3 l 6LN refers to its low carbon content, which increases its 

resistance to sensitization (Atlas Specialty Metals, 2013). 

When stainless steels are heated to a range of 510 to 790°C, they may "sensitize," 

becoming prone to intergranular attack. Sensitization occurs when chromium carbide 

(Cr23C6) precipitates at the grain boundaries due to its insolubility at these temperatures 

(Cook, 2012). When the carbide precipitates, it pulls chromium from the surrounding 

steel leaving a chromium-depleted zone around the grain boundaries. These zones are 
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therefore less resistant to corrosion. The lower carbon content in 316L stainless steels 

therefore reduces this effect (Skrabski, 2013). 

The "N" in 3 l 6LN implies that it is enhanced with nitrogen. This increased 

nitrogen content provides 316LN stainless with a better resistance to general and 

localized forms of corrosion (Atlas Specialty Metals, 2013). 

XM-28 is a high-manganese, low-nickel austenitic grade of stainless. The high 

manganese content increases the solubility of nitrogen, which allows higher nitrogen 

content in the steel. Nitrogen as an alloy in stainless steels increases their resistance to 

pitting and crevice corrosion. The low nickel content ofXM-28 provides a significant 

cost reduction in comparison to 316 and 304 grades of stainless. Producers ofXM-28 

claim that this reduction in nickel content does not adversely affect its corrosion 

resistance for many applications (North American Stainless, 2011). As an alloying 

element, however, nickel is known to reduce the corrosion rate of stainless steels (Leffler, 

2013). 

2. 2. 2. 3 Ferritic-Austenitic Stainless Steels 

Ferritic-austenitic, or duplex stainless steels are said to have similar corrosion 

resistance to the austenitic stainless grades. Their corrosion resistance tends to increase 

with increasing contents of chromium, molybdenum, and nitrogen. The duplex stainless 

steels are also known for their high strength and toughness, which is associated with the 

ferritic-austenitic structure (Leffler, 2013). 

The duplex steel used in this study, 2205, is the most widely used of the ferritic

austenitic steels because of its excellent corrosion resistance and high strength (Atlas 
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Specialty Metals, 2013). As shown in Table 2.2, it has a high PRE16N value of 35 due to 

its increased levels of chromium, molybdenum, and nitrogen relative to the other stainless 

steels. Its slightly lower nickel content is said to reduce cost while maintaining good 

corrosion resistance (Leffler, 2013). 

2.2.3 MMFX 

Micro-composite multi-structural formable steel (MMFX) is a relatively new 

development of high-strength, high corrosion-resistant steel. The microstructure of 

MMFX steel consists of untransformed sheets of austenite between layers of dislocated 

martensite, resulting in a virtually carbide-free steel (Kahl, 2007). It is a proprietary steel 

that is said to have superior strength and mechanical properties over other high-strength 

steels. Additionally, it is claimed to exhibit corrosion resistance similar to that of 

stainless steel at a much lower cost. These characteristics are achieved by proprietary 

alterations made to the steel's composition and microstructure (Rizkalla & Zia, 2005). 

The chemical composition of MMFX steel is shown in Table 2.3. Since the 

chromium content of MMFX does not meet the minimum content defined by most 

stainless steels, MMFX does not fit into this classification. In addition, due to the 

multiple alloying elements present, it cannot be classified as carbon-steel. MMFX does, 

however, meet the requirements outlined in ASTM A1035/A1035M- 13a, Standard 

Specification for Deformed and Plain, Low-Carbon, Chromium, Steel Bars for Concrete 

Reinforcement. This standard follows the criteria in ASTM A615/ A615M - 09b other 

than allowing for higher yield and tensile strengths and optional corrosion resistance 

(Kahl, 2007). 
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Table 2.3 - Chemical Composition of MMFX Steel (Kahl, 2007) 

Composition MMFX 
C 0.07 

(%by 
Cr 9.980 
Ni 0.090 

weight) 
Mo 0.009 
Mn 0.45 

(ppm) N2 220 

2.3 Corrosion Measurement Techniques for Reinforced Concrete 

Since corrosion is an electrochemical process involving the flow of electrons, 

corrosion monitoring can be done by electronic means. During the corrosion of steel 

reinforcement, oxidation reactions at the anodic site, where corrosion occurs, produce 

electrons. These electrons flow to the cathodic site, where the accompanying reduction 

reaction takes place. It is therefore possible to measure both the rate and risk of corrosion 

of the metal in question (Phares et. al., 2006). The corrosion measurement techniques 

discussed in the following section are those used throughout the duration of this study. 

2.3.1 Half-Cell Potential Monitoring 

In order to conduct half-cell measurements on reinforcement embedded in 

concrete, a reference electrode is placed on the surface of the concrete. The electrode is 

connected through a voltmeter to the piece of reinforcement in question. The voltmeter 

measures the difference in voltage, or potential, between the reference electrode and the 

steel. The electrical potential of the metal is known to be a function of the iron in the 

pore water environment (Phares et. al., 2006). The difference in potentials is related to 

the driving force for the corrosion process and therefore, the more negative the voltage 

measured, the higher the risk of corrosion (Thomas, CE6563 Course Notes, 2013). 
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The reference electrode in half-cell monitoring serves as a point to which the 

potential of the steel is compared. Common reference electrodes used in this monitoring 

technique include the copper-copper sulphate electrode (CSE), and the silver-silver 

chloride electrode (SSC). A CSE in saturated copper sulphate solution has a potential of 

+ 318 m V in relation to the SHE, while a SSC in saturated potassium chloride solution 

will measure a potential of+ 199 m V versus the SHE. Given these reference values, it is 

possible to compare measurements made using CSE and SSC amongst each other 

(Roberge, 2008). 

2.3.2 Voltage Drop - Macrocell Corrosion Monitoring 

Reinforced concrete structures such as bridge decks are especially susceptible to 

chloride-induced macrocell corrosion. Bridge decks are often in a saturated condition, 

which allows plenty of water to transport chloride ions toward the reinforcement. In 

addition, water in the concrete pores increases the electrical conductivity of the concrete, 

allowing better ionic flow between the anode and the cathode during the corrosion 

process (Phares et. al., 2006). 

Since corrosion in concrete structures is most often due to the diffusion of 

chloride ions or carbon dioxide, the topmost layer of reinforcement is the first to exhibit 

signs of corrosion. Lower layers of reinforcing steel, however, are often in uncarbonated 

or chloride-free concrete and remain free of corrosive activity. In this situation, a layer of 

concrete separates the corroding and non-corroding layers of reinforcement, the anodic 

and cathodic sites. This is known in reinforced concrete as macrocell corrosion (Phares 

et. al., 2006). 
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When corrosion is only present on the top layer of reinforcement, a difference in 

electrical potential develops between the two mats of steel and electrons will flow from 

the anode to the cathode. To measure the corrosion rate, a resistor of known resistance is 

used to connect the two layers of reinforcement. The voltage drop across this resistor is 

measured, and the current is calculated using Ohm's law, Equation 2.11 (Phares et. al., 

2006). 

Eq. 2.11 

If the area of corroding steel is known as well, it can be divided into the current to 

determine a corrosion current density. Both the calculated current and current density 

give an indication of corrosion rate; the greater the current, the higher the rate of 

corrosion (Phares et. al., 2006). 

Because the amount of metal corroded is directly proportional to the amount of 

electrons released in the anodic reaction, the mass loss of the re bar can also be calculated 

using Equation 2.12. This equation makes use of Faraday's law and relates the measured 

current to the mass loss of the steel, giving another quantitative measure of corrosion 

(Phares et. al., 2006). 

Eq. 2.12 

In this equation, m is the mass of the metal consumed (in g), Mis the atomic mass 

of the metal (in g/mol), i is the corrosion current (in A), t, is the time (ins), z is the ionic 

charge or valency, and Fis Faraday's number (96,500 As/mol) (Thomas M., CE6563 

Course Notes, 2013). 
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2.3.3 Linear Polarization Resistance - Microcell Corrosion Monitoring 

Linear polarization resistance (LPR) provides a means of measuring the microcell 

corrosion of reinforcement in concrete. This refers to corrosion where the anode and 

cathode are in close proximity to one another on the same section of reinforcing steel. 

LPR functions on the basis that by applying a small change in potential to a corroding 

system, it will exhibit a change in current density, polarizing the electrode (Roberge, 

2008). 

When an electrode is polarized, it is removed from its equilibrium potential by 

means of an electrochemical apparatus, and the overpotential (r,) and net current density 

Unet) can be measured. The amount that it is polarized is known as its overpotential, and 

is the difference between the actual and equilibrium potentials (Roberge, 2008). 

1J = Eactual - Eeq Eq. 2.13 

At equilibrium, the overpotential is equal to zero since the potential of the 

electrode is equal to its equilibrium potential. The net current density is also equal to 

zero, as the anodic and cathodic (forward and backward) reactions are equal. This is 

known as the exchange current density (i0) (Roberge, 2008). 

io = ianode = -icathode Eq. 2.14 

The Butler-Volmer equation, which is derived through basic chemical reaction 

kinetic equations, relates the current passed to the overpotential. In the case of a 

corroding piece of reinforcement in concrete, the corrosion reaction is occurring away 

from the equilibrium potential and the cathodic portion of the current is negligible. This 
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allows a high-field approximation of the Butler-Volmer equation, including only the 

anodic portion of the reaction (ia) (Roberge, 2008): 

. . (flnF ) 
la = lo exp RT 11a Eq. 2.15 

In this equation, io is the exchange current density (a constant for the system), pis 

the symmetry coefficient, n is the number of charges transferred (valency), R is the gas 

constant (8.314 J/molK), Tis the absolute temperature (in K), and 'f/a is the anodic 

overpotential. Equation 2.1~ shows a more convenient representation of the high-field 

approximation, where ba is known as the Tafel coefficient (Roberge, 2008). 

Eq. 2.16 

b - 2.303RT/ 
a - /JnF Eq. 2.17 

Since the corrosion process involves an anodic and a cathodic reaction, the 

Butler-Volmer equation can be used to plot both curves together. A generalized Butler

Volmer plot is shown in Figure 2.8. During the corrosion process, the cathodic reaction 

consumes the electrons produced during the anodic metal dissolution reaction, and 

therefore, the cathodic and anodic currents must be equal. This is known as the corrosion 

current density, icorr· The corrosion potential, Ecorr, is the potential that develops at icorr, 

where the anodic and cathodic currents are equal. Both icorr and Ecorr are represented in 

Figure 2.8 (Roberge, 2008). 
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Figure 2.8 - Generalized Butler-Volmer Plot (Roberge, 2008) 

The LPR method is valid for corrosion under activation control, which is assumed 

to be true in the case of corroding reinforcement in concrete. Activation control refers to 

an electrode reaction that is completely controlled by the rate of charge transfer. During 

LPR monitoring, a small perturbation, approximately 10 m V, is applied to the potential 

around Ecorr· Since the curve within approximately 20 mV of Ecorr is relatively linear, the 

slopes of the anodic and cathodic plots are constant. These slopes are related to icorr, 

which is the value of interest in LPR monitoring (Roberge, 2008). 
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The polarization resistance, Rp, is the change in potential divided by the change in 

current (Roberge, 2008): 

Eq. 2.18 

Manipulating the above equations yields Equation 2.19, a solution for icorr based 

on Rp and a constant B. Bis related to the electrochemical characteristics of the metal 

under test, and is calculated using the anodic and cathodic Tafel coefficients (Millard & 

Broomfield, 2002; Cook, 2012). 

. Bf 
lcorr = R 

p 
Eq. 2.19 

Eq. 2.20 

For actively corroding reinforcement in concrete, a value for B of 26 m V is 

typically used, while a value of 52 mV is used if the steel is considered to be passive 

(Millard & Broomfield, 2002; ACI 222R-96). The LPR technique does not provide an 

accurate representation of the corrosion rate when the steel under test is in a passive state, 

however, it does provide a good estimate for comparison purposes. For the purpose of 

this research, the B-value used was 26 m V (both b0 and be equal to 120 m V), as it is 

typical for LPR measurements in reinforced concrete. 

It should be noted that the corrosion current density, icorr, is a measure of current 

per unit area. The LPR equipment used throughout this study, however, calculates icorr as 

corrosion current in µA. Given the area of exposed steel, however, a corrosion current 

density can be calculated. This gives an indication of the corrosion rate of the steel, and 
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can be compared to known values to determine if the steel is in an active state of 

corrosion (Roberge, 2008). 

2.3.4 Visual Inspection 

When electrochemical testing of reinforcing steel is not possible, corrosion can be 

qualitatively monitored by visual inspection. Specimens are visually inspected 

periodically and assigned a visual inspection rating specific to the condition of the re bar. 

The ratings used throughout this research are presented in Table 2.4. 

Table 2.4 - Visual Inspection Ratings for Steel Reinforcing Bars 

Ratio 
0 
1 
2 
3 
4 

Rebar Condition 
No si ns of corrosion- rebar in ristine condition 

Extensive corrosion damage over majority of sample area along 
with evident mass loss 
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3.0 Experimental Methods 

The objectives of this research were met using the experimental methods outlined 

in this section. The following six types of reinforcement were tested throughout the 

course of the research: plain carbon-steel, MMFX, XM-28, 2205, 304, and 316LN. Plain 

carbon-steel was used as a control to compare the performance of typical reinforcing steel 

to corrosion-resistant reinforcement. 

3.1 Steels Under Study 

For this study, the sizes of all rebar specimens were lOM or 15M, depending on 

the test method being used. Salit Specialty Rebar supplied the XM-28, 2205, 316LN, and 

15M 304 rebar specimens, while the MMFX specimens were supplied by MMFX 

Technologies Corporation. The plain carbon- (black) and 1 OM 304 stainless steels were 

purchased from local construction material suppliers. 1 OM grade 304 stainless rebar was 

not available at the time of ordering, so plain (non-deformed) 304 stainless bars with a 

diameter of 11. 3 mm were used instead. 

The manufacturers for the XM-28, 2205, 316LN, 304, and MMFX steels provided 

a compositional range of alloying elements (see Appendix A). For a more accurate 

elemental analysis, however, the scanning electron microscope (SEM) at UNB was used 

to determine the levels of iron, silicon, chromium, nickel, molybdenum, and manganese 

present in the six types of steel used. 
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3.2 Laboratory Testing 

The following laboratory tests were conducted on the six types of reinforcement. 

Testing of bare reinforcing bars and bars embedded in concrete were done in order to 

compare test methods. 

3.2.1 Pore Solution Test 

The pore solution test made use of Hansson et. al.' s (2009) test method. The 

objective of this test was to evaluate the corrosion performance of the six types of 

reinforcement in a simulated concrete environment containing varying levels of 

chlorides. 

3. 2.1.1 Specimen Preparation 

For this test, 15M re bar specimens of each type were first thoroughly sandblasted 

to remove any exterior contaminants or prior corrosion products. Each type of steel was 

then cut into five 150-mm lengths, which were drilled and tapped to accept a stainless 

steel machine screw at one end. Next, a length of 65 mm was taped off in the centre of 

each bar, and epoxy coating was applied to the remainder, including the connection to the 

machine screw. This was done so that the final exposed areas of all bars were 

comparable, and so crevice or galvanic corrosion between the steel sample and the 

machine screw would not occur. Shrink tubing was then applied over the epoxied ends 

and heated until a seal was created. Finally, hot glue was applied inside the ends of the 

shrink tube to ensure the coating and machine screw connection were adequately sealed. 

The finished samples were labelled according to steel type and number. 
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In each of the lids belonging to six separate plastic containers, five holes were 

drilled through which the specimens for each type of steel could be suspended. The 

machine screw and a stainless steel nut secured on the outside of the lid suspended the 

specimens in each corrosion cell. Each container contained five bars of the same 

material, resulting in a total of 30 specimens in six cells. 

In the center of each lid, a sixth hole was drilled for a stainless steel counter 

electrode. The counter electrode was made of a piece of stainless 316LN steel shim stock 

0.30 mm thick, 25 mm wide, and 150 mm long. One end of the shim was folded and 

drilled to accept a stainless steel bolt and nut to secure it to the lid. The five rebar 

samples and counter electrode hung vertically from the lid as shown in Figure 3 .1. A 

final hole was drilled in each lid through which a SSC could be introduced into the 

solution for periodic measurements. When not in use, this hole was sealed closed. 
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Figure 3.1 - Corrosion Cell 

3. 2.1. 2 Testing Procedure 

When fully assembled, the samples inside the corrosion cells were submersed in a 

synthetic pore solution based on the composition of the 28-day pore solution from a Type 

GU ordinary Portland cement (OPC) paste. The composition of the synthetic pore 

solution used is shown in Table 3 .1. The solution was replaced every two weeks to avoid 

carbonation effects, and each time it was replaced, chlorides were added in order to 
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achieve specific chloride ion concentrations. Beginning at 0.0%, the chloride ion 

concentration was increased every two weeks to achieve the following values: 2.5%, 

5.0%, 7.5%, 10.0%, 12.0%, 14.0%, and 16.0%. Once the concentration reached 16.0%, it 

remained at this value for the remainder of the testing period. 

Table 3.1 - Synthetic Pore Solution (Hansson, et. al., 2009) 

Com onent 
NaOH 5.24 
KOH 17.9 

CaOH2 2.29 

Electrochemical testing was performed on all samples by establishing an electrical 

connection to the machine screw. The stainless steel counter electrode and SSC were 

used for these tests. Gamry testing equipment and software were used to perform 

microcell corrosion measurements on the samples using linear polarization resistance 

(LPR). Each rebar specimen served as a working electrode for these measurements. 

Measurements were done twice every two weeks, once immediately before the 

solution was changed, and once the following day. Once the chloride ion concentration 

reached 16.0%, measurements were done only once every two weeks, immediately before 

the solution was replaced. All bars were visually inspected following each set of 

measurements, and photographs were taken once every two weeks. Using the LPR 

technique, the corrosion current and corrosion potential of each specimen were measured. 

3.2.2 Cracked Beam Test 

A modification of the test outlined in Annex A3 - Cracked Beam Test from 

ASTM A955/A955M- 09a was used for this portion of the testing. The objective of this 
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test was to evaluate the corrosion performance of the six types of reinforcement in a pre

cracked concrete sample exposed to sodium chloride solution. 

3. 2. 2.1 Specimen Preparation 

For this test, prism moulds were fabricated in accordance to Figure 3 .2. The 

moulds were built in an inverted position so that a wooden insert in the bottom could 

create the dam needed for the top of the specimen. Holes were drilled in the ends of the 

moulds to hold the necessary reinforcement. A slot in the top of the wooden-dam-insert 

was made, and a piece of stainless steel shim stock 0.30 mm thick, 150 mm long, and 25 

mm high was inserted. This would serve to create an artificial crack from the ponded 

surface directly to the top layer of reinforcement. When ponded with sodium chloride 

during the testing period, this crack would allow the solution to reach the top layer of 

reinforcement immediately after ponding, ideally accelerating the onset of corrosion. 
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Figure 3.2 - Cracked Beam Specimen Design (ASTM Standard A955/A955M-09a) 

To prepare the reinforcement, it was thoroughly sandblasted to remove any 

exterior contaminants or prior corrosion products. Pieces of each type of steel (IOM 

bars) were then cut into 280-mm lengths, and drilled and tapped to accept a stainless steel 

bolt at each end. The reinforcement was placed in the pre-drilled holes in the moulds and 

held in place using plastic inserts. Three prisms were cast with top bars, or the anodic 

layer, representing each of the six types of steel, resulting in a total of 18 specimens. In 
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all cases, stainless steel bars (316LN) were used as bottom bars to avoid premature 

corrosion of the cathodic layer. 

The concrete surrounding the rebar was cast using the mix design shown in Table 

3.2. It was mixed in accordance to ASTM Standard C192/C192M-I3a, and was cast in 

two layers, each of which was vibrated for 30 seconds on a vibrating table. The surface 

was finished using a steel trowel, and specimens were covered with wet burlap and 

wrapped in plastic for 24 hours. The following day, the specimens were removed from 

the moulds, and the shims removed from the concrete. The ends of the reinforcement 

were coated in petroleum jelly to isolate them from any humidity. The concrete was then 

placed in a humidity chamber at 100% relative humidity (RH) for 48 hours, after which 

the specimens were cured in air for 25 days. 

Table 3.2 - Concrete Mix Design 

Ingredient Amount (kwm3
) 

Cement (Type GU OPC) 370 
Water 185 

Coarse aggregate (maximum diameter = 12mm) 996 
Sand 815 

In addition to the prisms, six cylinders were cast per mix to ensure consistency 

amongst the mixes. The cylinders were removed from the moulds 24 hours after casting, 

and were kept in the humidity chamber at 100% RH until testing. Two cylinders were 

broken at 1, 7 and 28 days to achieve an average strength for each mix. 

21 days after casting, the stainless steel bolts were removed from the ends of the 

reinforcement. 50 mm-long stainless steel machine screws were inserted into the ends of 

the reinforcement on one side of the sample to create an electrical connection to the steel. 
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The ends of the reinforcement on the other side of the sample were left empty. The four 

vertical sides of the specimens, including the holes remaining from the stainless steel nuts 

and the connections to the machine screws, were then coated with Rezi-weld, a two-part 

epoxy. This was done to prevent diffusion of external ions into the concrete and crevice 

or galvanic corrosion between the machine screws and the reinforcement. The epoxy was 

left to dry until the following. day, and any necessary areas were touched-up. Specimens 

were kept on two pieces of wood to allow proper airflow to the bottom surface. 

In order to electrically connect the top and bottom layers of reinforcement, 16-

gauge copper wire and a 10-ohm resistor were soldered together in an inverted T-shape, 

as shown in Figure 3.3. Each end of the horizontal portion of the resistor-wire 

connection was wrapped around one of the two bottom machine screws. The top end of 

the connection was wrapped around the top machine screw. The wire connection was 

secured in place with a stainless steel nut on each side; this was repeated for all three 

machine screws. Finally, the tops of the specimens were lightly sanded using a steel wire 

brush. 
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Figure 3.3 - Resistor-Copper Wire Connection 

3.2.2.2 Testing Procedure 

The testing procedure began once the curing period was complete and the 

specimens had reached an age of 28 days. A 15% sodium chloride solution was prepared 

by adding 150 grams of sodium chloride to enough distilled water to produce one litre of 

solution. On the first day of the testing cycle, the specimens were ponded with 

approximately 800 mL each of the sodium chloride solution, as shown in Figure 3.4. 

Plastic covers were placed over the dams to minimize evaporation, and samples were 

kept at room temperature, between 20 and 24°C. 
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Figure 3.4 - Cracked Beam Specimen During Ponding 

Macrocell corrosion measurements were performed after four days ( ± three hours) 

of ponding by measuring the voltage drop across the two mats of steel. The voltage drop 

was measured using a Fluke voltmeter, and was recorded in millivolts. To do this, the 

negative terminal of the voltmeter was electrically connected to the top layer of 

reinforcement through the machine screw, and the positive terminal to the bottom layer. 

The voltage drop obtained was then converted to a corrosion rate in micrometres per year 

(µm/year) using Equation 3.1 (ASTM Standard A955/A955M-09a, 2009). 

Rate= 11600VjAR Eq. 3.1 
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In this equation, Vis the voltage drop across the resistor (in m V), A is the area of 

exposed metal at the anode bar (in cm2), and R is the resistance of the resistor (in !l). The 

different steel types could then be compared in terms of their rate of corrosion. 

Once the voltage drops had been measured and recorded, the copper wire was 

removed from the top machine screw to disconnect the circuit. After being disconnected 

for two hours, the solution was removed from the dams using a vacuum cleaner. Half

cell measurements were then done on the samples to measure the corrosion potential, in 

volts, of the top and bottom layers of reinforcement with respect to a copper-copper 

sulphate reference electrode (CSE). The half-cell measurements were done using the 

Fluke metre with the negative terminal connected to the reinforcement being measured, 

and the positive terminal to the reference electrode. The contact between the reference 

electrode and the concrete was located directly above the crack in the center of the 

sample. 

When the measurements were completed, the resistor was reconnected to the top 

layer of reinforcement, and samples were moved to a room kept at 38°C where they 

remained for three days. At the end of the three days, the samples were removed from 

the 3 8-degree room and moved to their original location at room temperature. They were 

again ponded with the 15% sodium chloride solution, beginning the same cycle again. 

This wet-dry cycle was repeated for 12 weeks. 

The samples were then subjected to 12 weeks of continuous ponding. The 

specimens were not moved to the 3 8-degree room during the ponding cycle, nor was the 

solution removed from the dams. During this time, the dams were kept covered to 

minimize evaporation, and the solution was kept at a constant level by adding additional 
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sodium chloride solution when needed. The same measurements as during the wet-dry 

cycle were done on all samples during the ponding cycle at the same intervals: voltage 

drop across the resistor, and half-cell with respect to a CSE of the top and bottom 

reinforcement layers. The same Fluke meter and reference electrode were used for these 

measurements. When using the reference electrode for half-cell measurements, it was 

inserted directly into the solution, maintaining the same contact point as during the wet

dry cycle. 

Following the 12 weeks of continuous ponding, the samples were again subjected 

to the 12-week wet-dry cycle described above. These test cycles will continue as future 

testing until a total of 60 weeks is reached, at which time the test will be concluded. 

3.2.3 ASTM Gl 09 Test 

A modification of the test outlined in ASTM G 109 was used for this portion of 

the testing. The objective of this test was to evaluate the corrosion performance of the six 

types of reinforcement in an un-cracked concrete sample exposed to sodium chloride 

solution. 

3. 2. 3.1 Sample Preparation 

For the G 109 test, prism moulds were fabricated to comply with the sample 

shown in Figure 3.5. As with the Cracked Beam Test, the moulds were built in an 

inverted position. This was done so that the form-finished surface could act at the top of 

the specimen. Holes were also drilled in the ends of the moulds to hold the necessary 

reinforcement. 
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Figure 3.5 - G109 Specimen Design (ASTM Standard Gl09-99a) 

To remove any exterior contaminants or prior corrosion products from the 

n 

reinforcement prior to casting, it was first thoroughly sandblasted. Each type of steel 

(lOM bars) was then cut into 360-mm lengths, and drilled and tapped to accept a stainless 

steel machine screw at one end. Next, 80-mm lengths of neoprene tubing were cut and 

placed over the ends of each bar, leaving 200 mm of rebar exposed in the centre. The 

reinforcement was then placed in the pre-drilled holes in the moulds. The holes were 

drilled specifically to fit the outside diameter of the neoprene tubing, allowing the bars to 

remain in place during casting. Three prisms were cast with top bars, or the anodic layer, 
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representing each of the six types of steel, resulting in a total of 18 specimens. In all 

cases, stainless steel bars (3 l 6LN) were used as bottom bars to avoid premature corrosion 

of the cathodic layer. 

The concrete surrounding the rebar was cast using the same mix design as that 

used in the Cracked Beam Test, and is shown in Table 3.2. It was mixed in accordance to 

ASTM Practice C192/C192M, and was cast in two layers, each of which was vibrated for 

30 seconds on a vibrating table. The surface was finished using a steel trowel, and 

specimens were covered with wet burlap and wrapped in plastic for 24 hours. The 

following day, the specimens were removed from the moulds, and the ends of the 

reinforcement were coated in petroleum jelly to isolate them from any humidity. The 

concrete was then placed in a humidity chamber at 100% RH until they reached an age of 

28 days. 

In addition to the prisms, six cylinders were cast per mix to ensure consistency 

amongst the mixes. The cylinders were removed from the moulds 24 hours after casting, 

and were kept in the humidity chamber at 100% RH until testing. Two cylinders were 

broken at 1, 7 and 28 days to achieve an average strength for each mix. 

At 28 days of age, the samples were removed from the humidity chamber and 

placed in a 50% RH environment to dry for 14 days. During this time, 18 plastic dams 

and covers were fabricated according to the dimensions shown in Figure 3.5. After the 

14 days of drying, the tops of the specimens (the form-finished surface) were steel wire 

brushed and the plastic dams were applied centred on the specimens using silicone caulk. 

The caulking was also used to ensure a proper seal between the concrete and the plastic 

dam so that the solution would not leak from the dam. 
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Next, the four vertical sides and the tops ( excluding the area inside the plastic 

dam) of the specimens were coated with Rezi-weld, a two-part epoxy. This was done to 

prevent diffusion of external ions into the concrete. The ends of the reinforcement inside 

the neoprene tubing and the exposed connections to the stainless steel machine screws 

were also coated with epoxy to prevent crevice or galvanic corrosion. The epoxy and 

silicone caulk were left to dry until the following day, and any necessary areas were 

touched-up. Specimens were kept on two pieces of wood to allow proper airflow to the 

bottom surface. 

In order to electrically connect the top and bottom layers of reinforcement, 16-

gauge copper wire and a 100-ohm resistor were soldered together in an inverted T-shape, 

as shown in Figure 3.3. The wire connections were connected to the specimen's machine 

screws in the same manner as outlined in the Cracked Beam Test. 

3.2.3.2 Testing Procedure 

The testing procedure began when the specimens had reached an age of 56 days. 

A 3% sodium chloride solution was prepared by adding 30 grams of sodium chloride to 

enough distilled water to produce one litre of solution. On the first day of the testing 

cycle, the specimens were ponded with enough of the sodium chloride solution to reach a 

depth of 40 mm in the dam, as shown in Figure 3.6. Plastic covers were placed over the 

dams to minimize evaporation, and samples were kept at room temperature, between 20 

and 24°C. 
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Figure 3.6 - G109 Specimen During Ponding 

After seven days of ponding, macrocell corrosion was measured by determining 

the voltage drop across the resistor in millivolts. This would allow a comparison of 

corrosion rates amongst the different steel types. The voltage drop was measured using 

the same Fluke voltmeter as was used during the Cracked Beam Test. To do this, the 

negative terminal of the voltmeter was electrically connected to the top layer of 

reinforcement through the machine screw, and the positive terminal to the bottom layer. 

The voltage drop obtained was then converted to a corrosion rate using Equation 3.1. 

This was calculated to give an indication of the comparative rates of corrosion for each of 

the different types of steel. 
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After seven more days ( 14 days total ponding), the copper wire was removed 

from the top machine screw to disconnect the circuit. After being disconnected for two 

hours, the solution was removed from the dams using a vacuum cleaner. Gamry testing 

equipment and software were then used to perform microcell corrosion measurements on 

the samples using LPR. For these measurements, a stainless steel apparatus was built to 

act as the counter electrode. It was designed to fit inside the plastic dam, making 

electrical contact to the concrete surface through a damp sponge. The vertical hollow 

tube of the counter electrode served to hold the SSC in place, which also made electrical 

contact to the concrete surface through the sponge. For these measurements, the top layer 

of reinforcement acted as the working electrode. The setup for the LPR testing on G 109 

samples is shown in Figure 3. 7. 

Figure 3. 7 - LPR Setup on G 109 Specimen 
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Using the LPR technique, the corrosion current density and corrosion potential of 

each specimen were measured. Once the measurements were complete, the resistor was 

reconnected to the top layer of reinforcement and the specimens were left without 

solution in the dams for 14 days. The four-week wet-dry cycle described above was 

repeated on all specimens, and will continue as future testing until corrosion is initiated. 

Active corrosion is defined by the ASTM 0109 test as the point when the average 

integrated macrocell current reaches 1.50 C or greater and at least half of the samples 

show integrated macrocell currents equal to or greater than 150 C. When this occurs, the 

sample exhibiting active corrosion will be broken to observe the corrosion products and 

to determine the chloride content at the steel. This will represent the chloride threshold 

required to initiate corrosion of that steel. 

3. 2. 3. 3 Cracked Beam versus ASTM G 109 Test Method 

Although the Cracked Beam and ASTM 0109 Tests seem very similar, there are 

important differences between the two. The Cracked Beam Test specimens are cast with 

a simulated crack from the surface of the concrete to the top piece of reinforcement. In 

addition, specimens are ponded with solution with a very high chloride-ion concentration. 

The intention of this accelerated test is to measure the corrosion resistance of the steel at 

a very high chloride level. 

The ASTM 0109 Test specimens are un-cracked, and are ponded with a much 

less concentrated chloride solution. Given these conditions, the chloride content at the 

top layer of reinforcement will increase slowly with time. In this test, the corrosion rate 

of the rebar is monitored until active corrosion is initiated. At this time, the sample is 
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profiled to determine the chloride content at the rebar, and therefore the chloride 

threshold for corrosion of that particular steel. 

3.2.4 Salt-Dip Test 

This test was done as a modification of Trejo's (2004) Solution Test. Its objective 

was to evaluate the corrosion performance of the six types of reinforcement in simulated 

wet-dry concrete conditions containing varying levels of chlorides. 

3. 2. 4.1 Sample Preparation 

Samples were prepared by first thoroughly sandblasting 15M steel bars to remove 

any exterior contaminants or prior corrosion products. Each type of steel was then cut 

into two 50-mm lengths, and a hole was drilled through the diameter of each of the 

twelve samples. Next, one end of a piece of fishing line was fed through the hole and 

tied in a secure knot. This would later serve to suspend the samples from the dipping 

mechanism pulleys. 

3. 2. 4. 2 Testing Procedure 

In order to perform this test, an automated dipping mechanism was fabricated. 

The mechanism consisted of a two-way motor connected to a metal shaft used to hang the 

re bar specimens. Timers were installed to control the motor's power and direction. Two 

trigger switches were also installed so that the motor would stop when samples reached 

the desired heights in and out of the solution. Twelve pulleys were equally spaced along 

the length of the shaft. Each of the twelve lengths of fishing line were secured to a 
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pulley, and wound around until the attached re bar sample hung the desired distance 

below the pulley. The test mechanism is shown in Figure 3.8. 

Figure 3.8 - Salt-Dip Test Mechanism 

Directly below each specimen, plastic containers were placed in a pre-cut piece of 

wood and secured into place. Next, one timer was programmed so that the motor would 

automatically lower the specimens at 10:00 AM, 4:00 PM, 10:00 PM, and 4:00 AM daily. 

The other timer was programmed so that the motor would automatically raise the 

specimens at 11 : 15 AM, 5: 15 PM, 11 : 15 PM, and 5: 15 AM daily. This would result in 

four six-hour wet-dry cycles per day, during each of which the samples would be 

immersed in solution for 75 minutes, and removed from the solution for 285 minutes. 

The solution for this test was the same as that used in the Pore Solution Test, the 

composition of which is shown in Table 3.1. Chlorides were added to this solution in 

terms of three specific chloride-to-hydroxide ratios (Cr/Off) . For the first four weeks of 

testing, a er/Off of 1.5 was used. The second four weeks of testing used a solution with 

a Cr/Off of 4.5, while that for the remainder of the test was 7.5. Each container was 
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filled with approximately 450 mL of solution, enough to completely submerse the 

samples when hanging at their lowest point. The solution was replaced weekly to avoid 

carbonation effects. 

Once testing had begun for each Cr/Off, specimens were visually inspected at 1, 

3, 7, 14, 21, and 28 days for any signs of corrosion. Based on the severity of corrosion, a 

visual rating was assigned to each specimen according to Table 2.4. At the end of the 28-

day period for the final er/OH- of 7.5, specimens were inspected weekly. Detailed 

records were kept regarding the condition of the specimens, and photographs were taken 

on a regular basis. 

3.3 Field Testing 

An exposure site located in the Passamaquoddy Bay, part of the Bay of Fundy, 

was used for the field-testing of bare and mortar-clad re bar specimens in this study. The 

exposure site is located on Treat Island, off the coast of Eastport, Maine, USA, and 

exhibits extremely harsh marine conditions. The following field tests were conducted on 

the six types of reinforcement in order to evaluate their corrosion performance in an 

actual marine environment. 

3.3.1 Exposed Bar Test - Marine Exposure 

The objective of the Exposed Bar Test was to evaluate the corrosion performance 

of the six types of reinforcement in a harsh marine environment without any concrete 

cover. 
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3.3.1.1 Specimen Preparation 

First, all 1 OM re bar samples were thoroughly sandblasted to remove any exterior 

contaminants or prior corrosion products. Each type of steel was then cut into three 200-

mm lengths, the masses of which were measured and recorded. Using zip-ties, the 18 

rebar specimens were secured to a device designed to keep the specimens in place during 

field exposure. A detailed map was drawn of the restraining device in order to identify 

samples in the case that specimen numbers became no longer visible (Appendix B). The 

restraining device holding the exposed and mortar-clad specimens is shown in Figure 3.9. 

Figure 3.9 - Field Test Samples on Treat Island 
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3. 3.1. 2 Testing Procedure 

The restraining device containing the samples was placed at the high-tide level of 

the beach on Treat Island on August 26, 2012. While tides in this location are in excess 

of six metres, specimens placed at this level would undergo approximately 100 freeze

thaw cycles if left for one full year (Thomas et. al., 2011). 

One specimen of each type of steel was retrieved on July 16, 2013, approximately 

11 months later. The other twelve specimens were left on the exposure site for future 

monitoring. The six selected bars were returned to UNB where they were photographed 

and visually inspected and rated in terms of the severity of visible corrosion according to 

Table 2.4. Detailed records were made regarding the condition of all specimens. 

Next, the samples were immersed in a solution of 50% by volume hydrochloric 

acid and 0.1 % hexamine, as shown in Figure 3 .10. The purpose of the hydrochloric acid 

was to remove any corrosion products, while that of the hexamine was to be an inhibitor, 

preventing attack on the steel. The bars were left in the solution until all traces of 

corrosion products were removed. 
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Figure 3.10 - Exposed Bar Test Specimens Immersed in Hydrochloric Acid Solution 

The samples were then washed and weighed, making sure to keep track of the 

sample numbers that were removed during the cleaning process. The corrosion rate, in 

milligrams per decametre squared per day (mg/dm2-day, or mdd), of each specimen was 

calculated using Equation 3 .2, 

w -w; Corrosion Rate = 0 1 At Eq.3.2 

where t is the exposure time (in days), W0 is the initial mass of the specimen (in mg), W1 

is the mass of the specimen after cleaning and washing (in mg), and A is the area of 

exposed reinforcement (in dm2
). 

3.3.2 Mortar-Clad Bar Test 

The objective of the Mortar-Clad Bar Test was to evaluate the corrosion 

performance of the six types of reinforcement in an OPC mortar, while being exposed to 

a harsh marine environment. 
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3. 3. 2.1 Specimen Preparation 

Rebar specimens (lOM) were prepared like those in the Exposed Bar Test, and 

were first thoroughly sandblasted to remove any exterior contaminants or prior corrosion 

products. Each type of steel was then cut into three 200-mm lengths, and drilled and 

tapped at both ends to accept a 100 mm-long stainless steel machine screw. Using the 

machine screws, the rebar pieces were centered and held in place inside 300 mm-long, 

25x25-mm mortar bar moulds. 

The forms were oiled, and the mortar was mixed according to ASTM Practice 

C305. The mortar was made using an OPC, a sand-to-cement ratio of 2.75, and a W/CM 

of 0.42. The mortar was poured into the moulds in two layers, and special care was taken 

to ensure proper consolidation around the reinforcement. The mortar was finished using 

a steel trowel, and moulds were placed over water in a sealed container for 48 hours. The 

mortar bars were then carefully removed from the moulds, and kept at 50% RH until they 

were transported to the exposure site. 

Using zip-ties, the 18 mortar-clad specimens were secured to the restraining 

device containing the exposed bars, shown in Figure 3.9. A detailed map was drawn of 

these samples as well in order to identify them in the case that numbers became no longer 

visible during field exposure (Appendix B). 

3.3.2.2 Testing Procedure 

The restraining device containing the samples was placed at the high-tide level of 

the beach on Treat Island as described in the Exposed Bar Test on August 26, 2012. At 

the time of placement, initial half-cell measurements with respect to a SSC were done on 
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all samples in a saturated condition. Two days later, these measurements were repeated 

to ensure representative values were obtained. 

On July 16, 2013, Gamry testing equipment and software were used to perform 

microcell corrosion measurements on the saturated samples using LPR. For these 

measurements, an apparatus containing stainless steel wire in contact with the mortar 

specimens was used as the counter electrode. The SSC was used as a reference, and the 

electrical connection to the reinforcement was achieved through the machine screw. One 

sample representing each type of reinforcement was then selected to return to UNB for 

further testing. The remaining twelve specimens were left on the exposure site for 

continued monitoring. 

At UNB, the selected specimens were photographed and visually inspected for 

signs of visible corrosion. Detailed records were made regarding the condition of all 

specimens. Next, LPR measurements were repeated on the samples in a saturated 

condition. For these measurements, the stainless steel apparatus used during the G 109 

LPR measurements was used as the counter electrode. The SSC was again used as a 

reference, and the electrical connection to the reinforcement was achieved through the 

machine screw. 

Finally, the mortar cover on all samples was broken off in order to observe the 

corrosion products present on the embedded reinforcement. A visual rating depending on 

the severity of corrosion was assigned to each specimen according to Table 2.4. Again, 

photographs were taken, and detailed records regarding the severity of corrosion were 

made for all samples. 
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4.0 Results 

In the case of high-grade stainless steels, it may take several years to initiate 

corrosion. The results presented herein do not indicate completion of the test methods 

used; they are simply presented as interim data for the purpose of comparing the 

corrosion-resistance of the selected steels. 

4.1 SEM Analysis 

The results of the elemental analysis of the six steels under study are shown in 

Table 4.1. 

Table 4.1 - Elemental Analysis by SEM of Steels Under Study 

Composition 
Steel Grade 

304 316LN XM-28 2205 MMFX Black 
Fe 71.16 66.76 67.33 68.36 87.90 99.59 
Si 0.35 0.64 0.65 0.58 0.35 0.42 

(% by Cr 19.02 17.95 17.86 22.18 10.31 -
weight) Ni 8.01 10.44 1.96 4.29 0.16 -

Mo - 2.42 - 2.69 0.20 -
Mn 1.47 1.79 12.19 1.90 1.10 -

4.2 Pore Solution Test 

As part of the LPR monitoring, the corrosion potential (versus a SSC), Ecorr, was 

recorded for each bar under testing. The averages of Ecorr are plotted versus time in 

Figure 4.1. It should be noted that in all figures in this chapter, "316" refers to the same 

316LN re bar that was used throughout the study. 
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Figure 4.1 - Average Corrosion Potentials of Rebar in Simulated Concrete Pore 
Solution Containing Chlorides versus Time 

The averages of E corr for each type of steel (versus a SSC) are also plotted versus 

chloride content in Figure 4.2. For all data plotted versus chloride content in this study, 

values after only one day of immersion at each chloride-level were not included. This 

was done to ensure all test specimens had sufficient time to stabilize at each chloride-ion 

concentration. 
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Figure 4.2 - Average Corrosion Potentials of Rebar in Simulated Concrete Pore 

Solution versus Chloride Content 

The corrosion current was also determined as part of the LPR testing. A 

corrosion current density, i corr, was calculated by dividing this value by the total exposed 

area of steel. Average icorr values for each type of steel are plotted versus time in Figure 

4.3. According to Hansson et. al. (2009), an icorr greater than 10 mA/m2 indicates active 

corrosion for black steel embedded in concrete. As a basis for comparison, this limit is 

indicated in Figure 4.3 by a solid horizontal line crossing the y-axis at 10 mA/m2
• 
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Figure 4.3 - Average Corrosion Current Densities of All Rebar Types in Simulated 
Concrete Pore Solution Containing Chlorides 

For a better comparison amongst the grades exhibiting lower corrosion current 

densities, the average icorr-values for all steel types other than black steel are plotted in 

Figure 4.4. 
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Figure 4.4 - Average Corrosion Current Densities of Selected Rebar Types in 
Simulated Concrete Pore Solution Containing Chlorides 

The averages of icorr for each type of steel are also plotted versus chloride content 

in Figure 4.5. 
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4.3 Cracked Beam Test 

The macrocell corrosion rates of the Cracked Beam Test samples were 

determined by measuring the voltage drop across a 10-ohm resistor. The voltage drop 

was then used to calculate the rate of corrosion, in µm/year, using Equation 3.1. The 

average corrosion rates for each type of steel are plotted versus time in Figure 4.6. 
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Figure 4.6 - Average Macrocell Corrosion Rates of All Rebar Types in Cracked 
Concrete Specimens 

For a better comparison amongst the grades exhibiting lower corrosion rates, and 

to better illustrate the limits outlined in ASTM Standard A955/A955M-09a, the average 

corrosion rates for all steel types other than black and MMFX steel are plotted in Figure 

4. 7. According to ASTM A955/ A955M-09a, over the 60-week period specified in the 

test method, the average corrosion rate for a minimum of five measurements shall not 

exceed 0.20 µm/year, with no single measurement exceeding a corrosion rate of 0.50 

µm/year. These limits are indicated in Figure 4.7 by solid horizontal lines crossing they

axis at 0.20 and 0.50 µm/year. 
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Figure 4. 7 - Average Macrocell Corrosion Rates of Selected Rebar Types in 
Cracked Concrete Specimens 

The half-cell corrosion potential of the top layer of reinforcement was determined 

by measuring the potential difference versus a CSE. The average corrosion potential 

values for each type of steel versus time are plotted in Figure 4.8. 
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Figure 4.8 - Average Corrosion Potentials of Rebar in Cracked Concrete 
Specimens 

4.4 ASTM G109 Test 

The macrocell corrosion rates of the G 109 Test samples were determined by 

measuring the voltage drop across a 100-ohm resistor. The voltage drop was then used to 

calculate the rate of corrosion, in µm/year, using Equation 3 .1. The average corrosion 

rates for each type of steel are plotted versus time in Figure 4.9. 
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Figure 4.9 - Average Macrocell Corrosion Rates of Rebar in ASTM G109 
Concrete Specimens 

From the LPR monitoring of G109 specimens, the corrosion potential (Ecorr) was 

recorded for each top bar under testing versus a SSC. The averages of Ecorr for each type 

of steel are plotted versus time in Figure 4.10. 
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Figure 4.10-Average Corrosion Potentials of Rebar in ASTM G109 Concrete 
Specimens 

The corrosion current of the top bar in the G 109 specimens was also determined 

as part of the LPR testing. A corrosion current density, icorr, was calculated by dividing 

this value by the total exposed area of steel. Average icorr values for each type of steel are 

plotted versus time in Figure 4.11. 
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Figure 4.11 -Average Corrosion Current Densities of Rebar in ASTM G109 
Concrete Specimens 

4.5 Salt-Dip Test 

A visual inspection of the Salt-Dip Test samples was done each week, and a 

visual rating was assigned to each sample using Table 2.4. Average visual ratings for 

each type of steel are plotted versus time in Figure 4.12. Photographs of one specimen 

per type of steel (42 days into testing) and their visual rating are shown in in Figure 4.13. 
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Figure 4.13 - Salt-Dip Test Specimens and Visual Ratings 42 Days into Testing 
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4.6 Exposed Bar Test - Marine Exposure 

A visual inspection of the Exposed Bar Test samples was done when the selected 

specimens returned to UNB. Figure 4.14 illustrates the condition of the rebar after the 

324-day exposure period. 

Figure 4.14 - Exposed Bar Test Specimens After 324-Day Exposure Period 

During inspection of these specimens, a visual rating was assigned to each sample 

based on Table 2.4. The visual ratings of each type of steel are shown in Table 4.2. 
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Table 4.2 - Visual Ratings for Exposed Bar Specimens Retrieved from Treat Island 

Steel Grade Visual Ratin! 
304 1 

2205 0 
XM-28 2 
MMFX 4 
316LN 0 
Black 4 

In addition, the corrosion rate was calculated for each specimen based on its mass 

loss. The corrosion rates for each type of steel in mg/dm2-day (mdd) are shown in Table 

4.3. 

Table 4.3 - Corrosion Rates of Exposed Bar Specimens Retrieved from Treat Island 

Steel Grade Corrosion Rate (mdd) 
304 0.13 

2205 0.04 
XM-28 0.30 
MMFX 9.89 
316LN 0.08 
Black 40.67 

4.7 Mortar-Clad Bar Test 

In order to compare the corrosion potentials at the beginning and end of testing, 

the initial half-cell potentials were plotted along with the Ecorr-values from the LPR tests 

conducted when the samples were retrieved. These values, with respect to a SSC, are 

plotted versus time in Figure 4.15. 
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Figure 4.15 -Average Corrosion Potentials of Mortar-Clad Rebar Specimens 

324 

The corrosion current was also determined as part of the LPR testing when the 

samples were retrieved. A corrosion current density was calculated by dividing this value 

by the total exposed area of steel. Average icorr-values for each type of steel after a 324-

day exposure period are shown in Table 4.4. 
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Table 4.4 - Average Corrosion Current Densities of Mortar-Clad Rebar Specimens 
After a 324-Day Exposure Period 

Steel Grade icorr ( mA/m 2) 

304 0.28 
2205 0.76 

XM-28 0.43 
MMFX 4.72 
316LN 0.24 
Black 7.56 

Once the mortar had been broken off of the test specimens that had been returned 

to UNB, a visual inspection of the rebar was done. Figure 4.16 illustrates the condition 

of the rebar after the 324-day exposure period. 

Figure 4.16 - Mortar-Clad Rebar Specimens After 324-Day Exposure Period 

During inspection of these specimens, a visual rating was assigned to each sample 

based on Table 2.4. The visual ratings of each type of steel are shown in Table 4.5. 
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Table 4.5 - Visual Ratings for Mortar-Clad Specimens Retrieved from Treat Island 

Steel Grade Visual Rating 
304 0 

2205 0 
XM-28 0 
MMFX 3 
316LN 0 
Black 4 
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5.0 Discussion 

5.1 Pore Solution Test 

5.1.1 Corrosion Potential 

When comparing the corrosion potentials over time for the six grades of steel 

shown in Figure 4.1, there is an evident division between the three high-chromium and 

nickel steels and those low in those elements. Of the six grades, the 2205 stainless 

( duplex grade), which also has the highest chromium content, exhibited the highest 

corrosion potential. Type 304 and 316LN, which have chromium contents slightly lower 

than 2205, performed similarly to each other, with corrosion potentials just below those 

of 2205. 

The distinct division in corrosion potentials lies between the 2205, 304, and 

316LN stainless grades, and XM-28. When comparing this to the compositions in Table 

2.2, it can be seen that it is at this point that a significant drop in nickel content occurs. 

The next significant drop in corrosion potential is seen between the XM-28 and MMFX 

grades, the division between stainless and non-stainless steels. In terms of composition, 

MMFX has a lower nickel and chromium content when compared to XM-28. The plain 

carbon-steel (black steel) with no alloying elements showed the most negative corrosion 

potential, implying that it is the least resistant to corrosion. 

ASTM Standard C876 - 09 states that a potential more negative than -350 m V 

versus a CSE (-231 m V versus a SSC) indicates that there is greater than a 90% 

probability of active corrosion for black steel in concrete. With all of the corrosion 

potentials of the black steel in Figure 4.1 exceeding this limit, active corrosion of the 
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reinforcement is assumed. This limit does not apply to the corrosion-resistant steels, 

however, as this value is related to the stability of the iron oxides and hydroxides. 

Different and more stable oxide films, such as FeCr204 and NiFe204, protect the steels 

with chromium and nickel as alloying elements. In the absence of chloride ions and at 

pH levels typical of concrete pore solution, FeCr204 and NiFe204 films are stable at 

potentials between -275 and -1600 mV, and +500 and -800 mV respectively versus a 

CSE (between -156 and-1481 mV, and +619 and -681 mV respectively versus a SSC) 

(Hansson et. al., 2009). The corrosion potentials of all steel grades in the study fall 

between these limits, even given the high concentrations of chlorides. 

Figure 4.2 plots the corrosion potential versus chloride content, which increased 

with time over the duration of the research. For the three grades high in chromium and 

nickel (2205, 316LN and 304), corrosion potential is relatively constant with respect to 

chloride content. As the nickel content decreases in the other three grades (XM-28, 

MMFX and black), however, an increased effect is observed on corrosion potential 

versus chloride content. 

For the black steel, a sudden drop in Ecorr occurred after the first addition of 

chlorides, at 2.5% er, with a consistent but gradual decrease in Ecorr after this. The 

MMFX steel showed a consistent decrease in Ecorr over the first two additions of 

chlorides, from 2.5 to 5.0% er, after which it became relatively constant. Ecorr for the 

XM-28 steel showed a gradual decrease with increasing chloride content. This decrease 

was not initiated, however, until the chloride level reached 5.0%. 
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5.1.2 Corrosion Current Density 

In terms of corrosion current density, there is a significant difference seen 

between the black steel, with no alloying elements, and those that are considered to be 

corrosion-resistant in Figure 4.3. Corrosion current densities above 10 mA/m2 are 

described as active corrosion for black steel embedded in concrete, a limit that was 

exceeded early on by the black steel. However, corrosion rates measured in simulated 

pore solution have been found to be an order of magnitude higher than those measured 

under the same conditions in concrete (Hansson et. al., 2009). It may therefore be that 

this limit is highly conservative. 

Figure 4.4 better illustrates the differences in icorr of the steels excluding the black 

steel, as it exhibited values much higher than the others. From Figure 4.4, it can be seen 

that the MMFX grade showed a much greater icorr than the stainless steels, and reached 

the limit for active corrosion fairly early on in the testing period. The icorr-value for all 

stainless steels for this test remained below 4 mA/m2
, far below the limit for active 

corrosion. A clear division is seen approximately 70 days into testing, however, between 

XM-28 and the three grades high in nickel, 2205, 316LN and 304. It should be noted that 

the limit for active corrosion discussed here is specifically for black steel embedded in 

concrete, and is intended simply for comparisons amongst the six steels. 

The three grades of stainless with the highest nickel content showed very low 

icorr-values throughout the entirety of the testing period, remaining below 2 mA/m2
• 

Their corrosion current densities remained constant over time. The duplex grade, 2205, 

which has the lowest level of nickel of the three, showed a higher icorr than the high-in-

82 



nickel austenitic grades (316LN and 304). These two grades had similar icorr-values over 

the duration of testing and remained below 1 mA/m2
• 

Figure 4.5 plots the corrosion current densities versus chloride content. For the 

three grades high in chromium and nickel (2205, 316LN and 304), corrosion potential 

remains relatively constant with respect to chloride content. Similarly with the corrosion 

potential values, as the nickel content decreases in the other three grades (XM-28, 

MMFX and black), an increased effect is observed on icorr versus chloride content. 

For the XM-28 steel, an increase in icorr is not seen until after 7.5% er. Values 

for icorr stabilize after 10.0% er, however, and remain constant as the chloride content 

increases. The MMFX steel showed a slight increase in icorr after 2.5% er, and a more 

significant increase after 5.0% er. After this chloride level, however, the corrosion 

current density for MMFX remained stable around 10 mA/m2
• The black steel showed a 

fairly consistent increase in icorr as the chloride content increased, stabilizing around 7 .5% 

er. 

5.2 Cracked Beam Test 

5.2.1 Corrosion Rate 

Figure 4.6 plots the macrocell corrosion rate calculated for the ASTM A955 

Cracked Beam specimens, and shows a significant difference between the black steel, 

with no alloying elements, and those that are considered to be corrosion-resistant. 

According to ASTM A955/A955M-09a, over the 60-week period specified in the test 

method, the average corrosion rate for a minimum of five measurements shall not exceed 

0.20 µm/year, with no single measurement exceeding a corrosion rate of 0.50 µm/year. 
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After only the first wet-dry cycle, the average corrosion rate determined for the black 

steel specimens far exceeded both of these limits. 

The MMFX steel, with a lower chromium and nickel content than the other 

grades, showed an increased corrosion rate when compared to the stainless steels 

included in the study. Although it did not initially exceed the failure limits, it exceeded 

the 0.50 µm/year failure limit after only four wet-dry cycles, 28 days into testing. Figure 

4.7 better illustrates the limits outlined in ASTM Standard A955/A955M-09a. Since the 

black and MMFX grades exceed these limits early on, they are excluded from this plot. 

From Figure 4.7, it can be seen that the corrosion rate for the XM-28 grade, 

characterized by its relatively low nickel content (for stainless steel), also exceeds the 

failure limit of 0.50 µm/year. This occurs after nine wet-dry cycles, 63 days into the 

testing period. The remaining steels, high in chromium and nickel, did not pass the 0.50 

µm/year limit for failure during the testing period. 

The two austenitic steels high in nickel, 316LN and 304, showed similar corrosion 

rates. In general, the corrosion rates for these steels did not exceed the 0.20 µm/year 

limit. As neither of these steels had an average corrosion rate that exceeded this value 

more than five separate times, they are not considered to have failed this test method for 

corrosion resistance. 

Finally, the duplex steel included in the study (2205), with the highest chromium 

content of the six grades, showed the lowest corrosion rate for this portion of the testing. 

Throughout the duration of the test, no values exceed either of the failure limits. 

Negative values for corrosion rate are seen in Figure 4.7, which were obtained 

because the current measured across the resistor in these samples indicated that electrons 
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were flowing in the opposite direction as those in the samples exhibiting positive 

corrosion rates. These currents are small enough, however, to be considered negligible. 

They are assumed to indicate a corrosion rate of zero, as the corrosion of the bottom layer 

of steel in these specimens is highly unlikely. This steel is therefore considered to have 

passed this test method for corrosion resistance. 

For all of the steels tested, a clear trend in corrosion rate versus time was not 

observed. For the black, MMFX, and XM-28 grades that were considered to have failed 

the test for corrosion resistance, an increase in corrosion rate was seen initially, but 

seemed to stabilize with time. 

It should be noted that the specified testing period for the ASTM A955/A955M-

09a Cracked Beam Test of 60 weeks has not yet been reached. The failure of the three 

grades considered to have passed this test up to now (2205, 316LN and 304) is therefore 

still a possibility. 

5.2.2 Corrosion Potential 

Of the six steels, the grade exhibiting the highest corrosion potential was 2205, 

the stainless steel containing the highest amount of chromium. 3 04 and 316LN, which 

have chromium contents lower than 2205, performed similarly to each other, with the 304 

corrosion potentials slightly lower than those for 316LN. XM-28 specimens, with a 

similar chromium-level to 2205 but much less nickel than the other stainless grades, 

exhibited corrosion potentials only slightly more negative than those for 304. 

A clear division in corrosion potentials can be seen between the four stainless 

grades and MMFX, which has a significantly less chromium and nickel than the stainless 
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steels. A distinct drop in corrosion potential is also seen between the MMFX and black 

steels, the division between steels with alloying elements and those without. 

According to the -350 m V limit (versus a CSE) for a probability of corrosion of 

black steel greater than 90% (ASTM Standard C876-09, 2009), active corrosion of the 

black steel in Figure 4.8 is assumed. The four stainless steels do not exhibit corrosion 

potentials outside the NiFe20 4 stability region (between +500 and -800 mV versus a 

CSE). Some, however, fall slightly above the region for stability of the FeCr204 film 

(between -275 and -1600 mV versus a CSE) (Hansson et. al., 2009). 

In terms of corrosion potential versus time, the 2205, 316LN, 304 and black steels 

remain fairly constant. A drop in the corrosion potentials of the XM-28 and MMFX 

grades are seen at approximately the same time, after nine wet-dry cycles, 63 days into 

the testing period. After this drop, the corrosion potentials of these steels remained 

relatively constant with time. 

5.3 ASTM G109 Test 

5.3.1 Corrosion Rate 

The corrosion rates exhibited by the steels in Figure 4.9 are all significantly below 

those measured in the Cracked Beam Test. None of the calculated corrosion rates exceed 

0.05 µm/year, and therefore no active corrosion is assumed to be present. With the 

majority of the measurements between -0.01 and +0.01 µm/year and no evident trend, a 

performance ranking of the steel types is not possible for this portion of the test. 
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5.3.2 Corrosion Potential 

Similar to the corrosion rate results measured during this test, very small 

corrosion potentials were seen, none measuring values more negative than -180 m V 

versus a SSC. With such negligible potentials, no active corrosion is assumed. The 

measured potentials become increasingly negative in the following order: 2205, 304, 

316LN, black, XM-28, and MMFX. 

ASTM Standard C876- 09 states that for potentials greater than -200 mV versus 

a CSE, there is only a 5% probability of active corrosion for black steel in concrete. All 

readings for the black steel specimens in this test fall within this limit. The stainless 

steels do not exhibit corrosion potentials outside the NiFe204 stability region (between 

+619 and -681 mV versus a SSC). They do, however, fall above the region for stability 

of the FeCr204 film (between -156 and -1481 mV versus a SSC) (Hansson et. al., 2009). 

5.3.3 Corrosion Current Density 

Very small corrosion current densities were measured during this portion of the 

testing as well. All values for icorr remained below 3.5 mA/m2, far below the 10-mA/m2 

limit for active corrosion of black steel in concrete (Hansson et. al., 2009). It is therefore 

likely that active corrosion of the black steel specimens has not been initiated, and 

assumed that the same is true for the remaining five steels. 

The calculated corrosion current densities increase in the following order: XM-28, 

316LN, black, MMFX, 2205, and 304. At values so small, however, this rating is not 

indicative of corrosion performance. 
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5.4 Salt-Dip Test 

Throughout the 22-week duration of the Salt-Dip Test, none of the stainless 

samples exhibited any signs of corrosion, remaining at a visual rating for corrosion of 0. 

The black steel samples, with no alloying elements, showed the earliest signs of pitting 

corrosion. These samples showed minor pits ( an average visual rating of 1) only seven 

days, 28 dip cycles, into testing. The black steel samples have not yet reached an average 

visual rating of 2. 

MMFX steel (low in chromium and nickel) was the only other grade to show 

signs of corrosion. Minor pits were visible on the MMFX samples fourteen weeks 

(approximately 392 dip cycles) into the testing period. These samples have yet to exceed 

an average visual rating of 1. 

Although it is observed that the visual rating for the black and MMFX grades is 

increasing with time, and therefore with er/OH-, a relationship is not evident. Jumps in 

visual rating were not seen after increases in er/OH-. It is for this reason that a plot of 

visual rating versus er/OH- is not included in the Results section. 

5.5 Exposed Bar Test - Marine Exposure 

5.5.1 Visual Inspection 

From Figure 4.14, it can be seen that the black and MMFX steel samples 

exhibited extensive corrosion damage over the entire specimen area with strong evidence 

for significant mass loss. The two non-stainless grades were therefore the only test 

specimens to receive a visual rating of 4. The XM-28 sample, low in nickel, showed 
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clear signs of pitting over the general specimen area, and therefore was the only stainless 

specimen to receive a visual rating of 2. 

The type 304 specimen had a few minor signs of pitting corrosion and a visual 

rating of 1. The 316LN and 2205 specimens were in good condition, showing no signs of 

corrosion. They both had visual ratings of 0. The visual ratings of the samples increase 

in the following order: 3 l 6LN/2205, 304, XM-28, MMFX/black. 

5.5.2 Corrosion Rate 

The corrosion rates ( determined by mass loss) of the six specimens increase in the 

following order: 2205, 316LN, 304, XM-28, MMFX, black. This order is the same as 

that determined during the visual inspection. The corrosion rate therefore increased as 

the visual rating of the re bar worsened. 

5.6 Mortar-Clad Bar Test 

5.6.1 Corrosion Potential 

Initially, the average corrosion potentials of the re bar specimens were high, all 

greater than -50 mV versus a SSC. For the black steel after one day, there was only a 5% 

probability for active corrosion, as the average potential was greater than -81 m V versus 

a SSC (ASTM Standard C876-09, 2009). At the time of placement, no active corrosion 

was assumed for any of the test specimens. 

At the time of retrieval, the average potentials for all of the specimens had 

become more negative. The 324-day corrosion potentials for the six specimens become 

increasingly negative in the following order: 2205, 316LN, 304, XM-28, MMFX, and 
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black. For the black steel, the limit for a 90% probability for active corrosion (a potential 

more negative than -231 m V versus a SSC) (ASTM Standard C876-09, 2009) is 

exceeded, indicating that active corrosion is very likely. The four stainless steels do not 

exhibit corrosion potentials outside the NiF e204 stability region (between +619 and -681 

m V versus a CSE). Some, however, fall slightly above the region for stability of the 

FeCr20 4 film (between -156 and -1481 mV versus a CSE) (Hansson et. al., 2009). 

5. 6.2 Corrosion Current Density 

The corrosion current densities of the six specimens increase in the following 

order: 316LN, 304, XM-28, 2205, MMFX, black. The two grades highest in nickel 

exhibited the lowest icorr-values, while those lowest in nickel showed the highest. None 

of the samples reached the 1 O-mA/m2 limit for active corrosion of black steel in concrete 

(Hansson et. al., 2009). Since these specimens are embedded in mortar, however, this 

limit may not be applicable. 

When relating the above ranking to that determined for corrosion potential, only 

the MMFX and black fall into the same positions. This may be due to the fact that the 

polarization of the re bar was not properly conducted. LPR measurements were 

conducted in the field using equipment intended for concrete rather than mortar 

specimens. This may have introduced inconsistencies with the assumptions made for the 

calculation of icorr· Although the 324-day corrosion potentials were also determined 

using the LPR equipment, this measurement did not require polarization of the re bar, and 

may be more reliable. 
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5. 6.3 Visual Inspection 

From Figure 4.16, it can be seen that the black sample exhibited the most 

corrosion, with extensive corrosion over the entire specimen area. Evidence of mass loss 

was visible, giving it a visual rating of 4. The MMFX specimen did not seem to undergo 

corrosion as aggressive as the black steel, but still showed severe signs of pitting, with a 

visual rating of 3. The stainless grades all had visual ratings of 0, as none had any visible 

signs of corrosion. The visual ratings of the samples increase in the following order: 

stainless steels, MMFX, and black. 

Since the stainless steels are grouped together for this ranking, it is difficult to 

compare it with those determined for corrosion potential and corrosion current density. 

The MMFX and black steels, however, still fall into the same positions. In the case of the 

latter ranking (stainless, MMFX, black), as corrosion potential, corrosion current density, 

and visual rating all increase (corrosion is more likely/severe), a decrease in alloying 

elements is observed. 

5. 7 Summary of Findings 

The steels in this research were tested to determine their relative performance in 

terms of corrosion resistance. Plain carbon-steel was included in the study in order to 

compare the performance of the other steel types to reinforcement typical of a reinforced 

concrete structure. 316LN stainless steel was included as the standard against which the 

other corrosion-resistant steels are compared, as its performance has been generally 

accepted by engineers specializing in this field. While cost is the main drawback for the 
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use of 316LN-grade steels in reinforced concrete, similarly performing lower-cost 

options may be a practical alternative. 

The data in this study clearly shows that all corrosion-resistant steels do not 

perform equally, even those classified as stainless steels. With the exception of the 

ASTM 0109 Test, where a longer duration is required to initiate corrosion in any of the 

specimens, the data from this research indicates the following: 

The duplex stainless steel (2205) was the grade most equivalent to 316LN in 

terms of corrosion resistance. It performed better than 316LN in some tests, while not 

quite as well in others. Overall, however, it showed a high resistance to corrosion, and if 

less expensive, is likely a good substitute for 316LN. 

The corrosion-resistance of the 304 austenitic stainless steel was close to that of 

the 3 l 6LN grade, although it did show inferior performance in some tests and may be 

more prone to pitting. This included the Exposed-Bar Test, where the 304 specimen 

showed signs of pitting while 3 l 6LN did not. 

Despite being classified as a stainless steel, the XM-28 grade showed 

performance inferior to 3 l 6LN in all tests. It was much less corrosion-resistant than the 

other stainless steels tested, and if used as reinforcement in a concrete structure, would 

not be expected to provide anywhere near the same service life. It did, however, show 

improved performance when compared to the MMFX and black steels. When 

considering XM-28 as an alternative to black or MMFX steel as concrete reinforcement, 

it must be determined whether or not its improvements in corrosion-resistance justify its 

cost. 
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The MMFX steel, despite being considered a corrosion-resistant option to plain 

carbon-steel reinforcement, did not exhibit corrosion-resistant properties. Its 

performance was not much better than the black steel, and it did not even approach that 

of the 316LN stainless grade. If used as a substitute to black steel in a reinforced 

concrete structure, MMFX steel reinforcement would not be expected to provide a 

significant increase in service life. 

The plain carbon-steel showed the least corrosion resistance of the steels tested. 

This was expected, as it contains no alloying elements. 

In order to provide more comprehensive data on the corrosion-resistance of these 

steels, performance must be monitored under realistic conditions more representative of 

reinforced concrete structures exposed to chlorides. This, however, will take decades to 

establish. 

For use in service-life modeling of concrete structures reinforced with these 

corrosion-resistant steels, chloride thresholds for corrosion initiation and realistic active 

corrosion rates must be determined. It must also be determined how these values are 

impacted by service conditions. For example, even if corrosion in certain steels (possibly 

2205 and 304) is initiated, the rate of corrosion may be so slow that it will not affect the 

design life of most structures. From the data in this study, it is reasonable to assume that 

concrete reinforced with 316LN, 2205 and possibly 304 will not corrode in a normal 100-

year design life under most chloride-exposure conditions. 

93 



6.0 Conclusions 

The goal of this project was to expand the current knowledge base for the use of 

corrosion-resistant reinforcing steel in concrete by comparing the corrosion-resistance of 

several grades of steel. Testing included a variety of means to determine their relative 

corrosion potentials and rates. The following sections outline the conclusions reached as 

a result of this study. 

6.1 Relative Performance 

• The duplex 2205 grade of stainless steel shows similar corrosion potentials 

to the 3 l 6LN grade 

• The austenitic 304 grade of stainless steel shows corrosion potentials more 

negative than the 3 l 6LN grade 

• The austenitic 3 04 stainless grade shows an increased risk of pitting when 

compared to 316LN 

• The remaining grades of steel show corrosion potentials lower than those 

for 2205, 316LN and 304, and become more negative (decrease) in the 

following order: XM-28, MMFX, black 

• The 2205, 316LN, and 304 grades of stainless steels exhibit the lowest 

corrosion rates, and all perform similarly 

• The remaining steels exhibit greater corrosion rates than the 2205, 316LN 

and 304 grades, and increase in the following order: XM-28, MMFX, 

black 
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6.2 Comparison with Accepted Standards 

• In terms of both corrosion potential and corrosion rate, the other five steels 

in the study showed better performance than the black steel 

• In terms of corrosion potential: 

o The duplex 2205 grade of stainless showed similar performance to 

the 316LN steel 

o The 304 grade of austenitic stainless showed slightly inferior 

performance than the 316LN steel 

o The XM-28 and MMFX grades showed inferior performance than 

the 316LN stainless 

• In terms of corrosion rate: 

o The 2205 and 304 grades of stainless showed similar performance 

to the 3 l 6LN steel 

o The XM-28 and MMFX grades showed inferior performance than 

the 316LN stainless 
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7.0 Recommendations 

Because the scope of this study was subject to many limitations, the following 

recommendations can be made for future research: 

• Include a variety of concrete mixes to investigate their effect on the 

performance of embedded reinforcement 

• Include a larger number and wider variation of reinforcement types for a 

more comprehensive understanding of their performance in concrete 

• Investigate the effects that different surface preparations have on the 

performance of steel in concrete 

• Use deformed rebar rather than plain lOM 304 stainless bars for a more 

accurate comparison amongst the other grades 

• Utilize more applicable methods for measuring corrosion rates of 

passivated steels 

• Employ methods to determine accurate values for Tafel coefficients for 

LPR monitoring of steels exhibiting active corrosion 

• Bubble scrubbed air into Pore-Solution and Salt-Dip Test solutions to 

ensure sufficient oxygen for the reduction reaction 

• Consider increasing the chloride concentration of the ASTM G 109 Test 

ponding solution to render the test more aggressive 

• Perform quantitative measurements on Salt-Dip Test specimens to 

determine the change in mass, corrosion potential, and rate with time and 

er/off 
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• Include a larger number of duplicate test specimens to allow consideration 

of variability in the data 

• Continue monitoring of laboratory tests (ASTM G 109 in particular) until 

active corrosion of all reinforcement types is initiated for a more accurate 

comparison of (i) time-to-corrosion, and (ii) rate of active corrosion 

• Continue monitoring of field specimens at Treat Island 

• Investigate the performance of corrosion-resistance reinforcement options 

in structures exposed to chlorides 
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CERTIFICATE OF TESTS 
CERT SERIAL# 000847910 

ABNAHMEPRUEFZEUGNIS CERTU'ICAT DE CONTROLE 

~ TALLEY METALS 
• THE RECOIUl!NO OF FALSE, FJCT!CIOUS OP. Fl!AUDULENT STATDIENTS DR ENTRIES ON 'OHi D0eu!CEMT 

MAV 9E PUl<ISHED AS A FELOM'I Ul4DER FEIJEU•L $1ATUTES IIICLIJD!NG F"EDER4l LAM, TITLE I&, 
CHAPTl:R U. 

~- A Carpenter Company 
• THE VALUES AND O'Of!R TECHlo:ICAL DATA REPREll!NT THE IIESULTS CF AH•LVSES AAlll TESTS MA!>£ 

ON SAMPLES CDLLECTE!I FROM Tt'E TOTAL LCT. Clt!GlliAL DATA RECORDS CAN IE TUCED IIV 
REFEIIEIICI!' TO THE CARPtMTER CRDER NUl<B!R. 

• M;.TERIAL lS MA,.lll'ACTUIIEll FRE'I! FROM MERCURY, R•nlUH, ALPHA A!lt Git.H-.. A SOUIICE CONTAl•l'IAllCN. 

Talley Metals Tecbnology, luc-. 
205 Talley Metali L~ne 

• THIS DOCUMENT SMALL HOT IE REPROlllJCED, EXCEPT IN l'ULL, WITMCL'T TH!: WR!TTPI CONSENT 
\ CF CARPl!l,'TEJI TECHNCLOG¥ CORPORAT!O!I. 

McF!ee. SC. 29101 T.-1: {6101 201'-1000 (~00: 331\-4~92 

10/26/12 
CUSTDM.E.8...L.BESIELl.EILLCLlENT SEI.LE.R...i..Y.ERKALT.EB../.x.ENDI:.JJRP AGE 1 OF 1 

SALIT SPECIALTY REBAR 

3235 LOCKPORT ROAD 
NIAGARA FALLS NY 14305 

HVL 
CARPENTER NC.!WEIKS-NR./"I·' OE REFERENCE IM"'ERNE llATEIDAT1""/l)A'TE WEl31<T/G!~ICHT/PC1DS 

18099 W66688 10/26/12 8894.000 

liEAT Nl.1MBER / SCHMELZE·NR. i ~· DE COlJLEE : 744431 UNS NUMBER S31803 
PRODUCT DESCRIPTION: ENDURAMET 2205 HOT FINISH UNANNEALED PICKLED YIELD MIN 

;;;~;;;~~;;~~c-=~~ C03/26L01) 
-------------- ~.2% bFFSET ONLY 
SIZE 0.626000 IN.( 15.90 MM) RD BAR 
PRIMARY HEAT CHEMISTRY(WT%): (TEST METHOD IS SHOWN IN PARENTHESIS) 

C {COM) MN(XRF) SI(XRF) P (XRF) S (COM) 
0.02 1.74 0.44 0.025 LT .001 

CR(XRF) 
21.48 

NI(XRF) MO(XRF) CU(XRF) 
4.63 2.57 0.28 

N (FUS) 
0.16 

B (OES)CR+3.3MO+l6N 
0.0020 32.52 

(T)RANSVERSE (L)ONGITUDINAL 
YIELD STRENGTH~ (0.20 ~) KSI(MPA) 
TENSILE STRENG~H, K~I(MPA) 
ELONGATION IN 8.00, % 
REDUCTION OF AREA, % 

NO WELD REPAIR PERFORMED 

L 
85.5( 

120.0( 
29.0 
69.0 

590} 
827) 

MATERIAL HAS BEEN MELTED AND MANUFACTURED IN THE USA WHICH IS A ~UALIFYING 
§8m:!~t !~5~,~~~l~EiHi~~i~i5 i~2D~~s7~lau1J~E~fuiE~~~ ~s~?~2~~~~6~y1~g 
252.225-7009. 
THIS ORDER WAS MANUFACTURED IN ACCORDANCE WITH CARPENTER SPECIALTY ALLOYS 
OPERATIONS QUALITY PROGRAM MANUAL, REVISION 30 DATED 09/28/11. 
WE HEREBY CERTIFY THAT THE ABOVE TEST DATA ARE IN ACCORDANCE WITH THE 
PURCHASE ORDER AND SPECIFICATION REQUIREMENTS. CERTIFICATE OF TEST IS 
PREPARED IN ACCORDANCE WITH PARAGRAPH 3.1 OF EN 10204(DIN50049) 

STEPHANIE E. MCCULLUM 
QUALITY ASSURANCE ENGINEER 
CARPENTER TECHNOLOGY CORPORATION 

nm \.'Uti£w:ahoo 111 m.OC to tbt ic1.11!onact p ,m~d oo lbi,. f«l'h ('.QpcO!er ueitbt1 m•Le,. u"' •nts:11H rL~il:t1· fo,, q ,qr.e11<-~a1i®: or ccrti1icr.u~l tG at.bee: part IC'• 
D.. t'GJ...-odt"1hf1ZM'l~ ld uur iii, GPU m ditt,111 Formula, IC"WD:!Lt-u.Ki.mdw JPUtit,t Cai~ u!Mruimm't ~!l"11dbrr 0-iliea bilwl!ei H.altws:f'w dlf ~Dat...,odof Zat;fizico,f.lDHltU 
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CERTIFICATE OF TESTS 
CERT SERIAL# 000852430 

ABNAHMEPRUEFZEUGNIS CERTIFICAT DE CONTROLE 

~ TALLEY METALS 
• TIE l!ECIIRDlNO OF FALSE, fltTICIOIIS OR FRAUDULENT STATDIENTS DR EMTR1D ON THIS DOCUMENT 

IIAV IE Pla!ISHEII Ml A FELOIIV UNIJEII fEllERAL STATUTES· JNCLUDINO FEDl!IIAL LAIi, l!TLE 18, 
CHAPTER U, 

~· A Carpenter Company 
• THE V"LIJES AND OTHER TECHNICAL DAT" REl'ltESENT THE RESULTS OF ANALVSES AND TESTS HAIIE 

ON S'"41'LES COLLECTED FIN)I( THE TOTAL LOT. ORIGINAL DATA RECORDS CAN IE TR..CED av 
REFEll£NCI TO THE CAR,.ENTER ORDER NUIIBER, 

• MATERIAi. IS IWIUFH:TUREII FR!£ l"RCM IIEltCURV, RADIUM, ALPHA AND GAMl'IA SOURCE CONTNHN .. TJON. 

Talley Metala Technology, Inc. 
205 Talley Metals Lane 

• THIS DOCUMENT SHALL NOT IE IIEPRaDUCEll, EXCEPT IN FULL, 
OF CARPENTER TEC>tNOLOOV COltl'QRATION. 

IIITHCUT THE NIIITTE)I CONSENT 

McBee. SC. 29101 Tel: (610i 20ll-2000 (l!OO) 338-4592 

12/03/12 
CUSIOMER I BESTE( I ER til.ll:lil SEil ER t YFRK rillEBR t YENDEPFPAGE 1 OF 1 

SALIT SPECIALTY REBAR 

3235 LOCKPORT ROAD 
NIAGARA FALLS NY 14305 

HVL 

CUSTOMER ORDER NO. /IESTEL L-Nlt. IN' DE COMMANIIE CAUENTtll NO. IIIERKS-t.11.111" DE REFERENCE INTERPE D"TEIDATUMIOATE IIEIIIHT /GElUCHT /POIDS 

. -~-~ ·-- ...... 
18107 . . ,· ----·. -·~----- ··-·~--89_1..;..7--.··-:--··-....._;..t--1--2_/_0 ..... 3_/_l~--- ··3i~3.oo·~c 

HEATNUMBER/SCHMELZE-NR.IN" DECOllLEE: 744581 UNS NUMBER S31803 

:~~~~~:-~~~:~::::~~: ~~g~~,T~OT FINISH UNANNEALED PICKLED YIELD MIN 

SPECIFICATION: ASTM-A276-10 UNS S31803 & S32205 
-------------- ASTM A955-12 YS 0.2% OFFSET ONLY 

SIZE 0.501000 IN.( 12.73 MM) RD ROD 

PRIMARY HEAT CHEMISTRY(WT%): (TEST METHOD IS SHOWN IN PARENTHESIS) 

C (COM) MN(XRF) SI(XRF) P (XRF) S (COM) 
0.02 1.83 0.42 0.022 LT .001 

CR(XRF) 
21.40 

NI(XRF) MO(XRF) CU(XRF) 
4.81 2.57 0.23 

N (FUS) 
0.18 

B (OES)CR+3.3MO+l6N 
0.0023 32.76 

(T)RANSVERSE (L)ONGITUDINAL 
YIELD STRENGTH.c-.(0.20 ~) KSl(MPA) 
TENSILE STRENG~n, K~I(MPA) 
ELONGATION IN 8.00 ,_·x 
REDUCTION OF AREA, ~-

NO WELD REPAIR PERFORMED 

L 
79.0( 

113. 0 ( 
27.0 
74.0 

545) 
779) 

MATERIAL HAS BEEN MELTED AND MANUFACTURED IN THE USA WHICH IS A ~UALIFYING 
COUNTRY TO DFARS REQUIREMENTS 252.225-7014 WITH ALTERNATE 1 FOR UALIFYING 
COUNTRY 225.872.1, SUPERSEDED BY DFARS REQUIREMENTS DFARS 252.22 -7008 AND 
252. 225-7009~' · - - . · .• · 
THIS ORDER WAS MANUFACTURED IN ACCORDANCE WITH CARPENTER SPECIALTY ALLOYS 
OPERATIONS QUALITY PROGRAM MANUAL, REVISION 30 DATED 09/28/11. 

WE HEREBY CERTIFY THAT THE ABOVE TEST DATA ARE IN ACCORDANCE WITH THE 
PURCHASE ORDER AND SPECIFICATION REQUIREMENTS. CERTIFICATE OF TEST IS 
PREPARED IN ACCORDANCE WITH PARAGRAPH 3.1 OF EN 10204(DIN50049) 
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CERTIFICATE OF TESTS 
CBRT SERIAL# 000837586 

A.BNAIIMEPRUEFZEUGNIS CERTDICAT DE CONTROLE 

6 TALLEY METALS 
~- A Carpenter Comsanr 

SALIT SPECIALTY REBAR 

3235 LOCKPORT ROAD 
NIAGARA FALLS NY 14305 

SfJ lD fYDPJDD tYfN>EllJPAGE 1 OF 1 

HVL 

·oistOO ORDER IIO./BESTEU-IIR./N" DE COIIWU CARl'HT£R IKI./IIEIIG·IIR./N" IIE REFER£11CE INTERNE O-TE/0-Tlll/DlTE IIElGKT/GElllCHT/POIOS 

··-········---··--------- __ --=:-_ .. __ .... .,.,~--

18085 W62269 08/17/12 11001.000 

BEATNUMBD/SCJIMEZE.NI.IN°DECOl.UE: 744012 UNS NOMBBR· S31603 

PRODUCT_ DBSCRIPl'ION~E 3~ HOT FINISH UNANNBALED PICKLED 

SPECIFICATION: ASTM-A276-10 (CHEMISTRY ONLY) 
-------------- ASTM A955-12 YS 0.21 OPFSBT ONLY 

SIZE 0.501000 IN.( 12.73 MM} RD ROD 

PRIMARY HEAT CHEMISTRY (W'l'I) : (TEST METHOD IS SHOWN IN 

C (COM} MN(XRF} SI (XRP} P (XRP) 
0.022 1.37 0.83 0.024 

PARBHTHESIS) 
S (COM) 

0.002 
CR(XRF) 

17.90 

NI (XRP) MO (XRF) CU (XRF) CO (XRP) 
10.09 2.05 0.42 0.31 

N (FUS) 
0.12 

B (OBS) 
0.0019 

INTBRGRANULAR CORROSION TESTED TO ASTM-A262, PRACTICE B - ACCBPl'ABLB. 

DC PERM FBBBLY MAG MATERIAL 
PERM X 1000 

SPECIMEN ID# HM OERSTED (A/M) PERMEABILITY 
------------

01 200.0 (915.49) 1.0200000 

fjlr5SVBRSB (L)ONGITODINAL L 
... 'fENsrtl~-to~.~ (:~Af81 {MPA) 1U: g l r~iJ 

ELONGATION IN e~oo•, ' 26.0 
RBDUCTION OF AREA, , 71. 0 

NO lfBLD REPAIR PBRFORMBD 
MATERIAL PRODUCED ON THIS ORDER WAS MBLTBD AND MANOFACTORBD IN THB U.S.A. 
MATBRIAL HAS BBBN MELTED IN USA OR Qt]ALIFYING COUNTRY TO DFARS RBOUIRE
MBNTS 252.225-7014 WITH ALTERNATE 1 POR QUALIFYING COUNTRY 225.872.1, 
SUPERSEDED BY DFARS RBQUIRBMBNTS DPARS 252.225-7008 ANO 252.225-7009. 
THIS ORDER WAS MANUFACTURBD IN ACCORDANCE WITH CARPBNTBa S~BCIALTY ALLOYS 
OPERATIONS QUALITY PROORAM MANUAL, REVISION 30 DATED 09/28/11. 

WE HBRBBY CERTIFY THAT THB ABOVE TEST DATA ARB IN ACCORDANCE WITH THE 
PURCHASE ORDBR AND SPECIFICATION RBQUIRBMENTS. CER.TIFICATB OP TBST IS 
PREPARED IN ACCORDANCE WITH PARAGRAPH 3.1 OP BN 10204(DIN50049) 
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CERTMCATE OF TESTS 
CERT SBRIALI 000843269 

ABNABMEPRUEJl'ZEUGNIS CERTIFICATDECONTROLE 

A TALLEY METALS 
~- A Carpenter Company 

· il'I"' ~AL\E.i:ft'iJClifRi,,&1rm11nwr&_11 ,ma. ON~
15r1'fi'"H~ 

• rrll\\~~c!I X'LWEX"f.imf..{£51ll 'Ml's~a., Uo~ 
• MTEIIIAL JS IWIIFACTURED FREE FRIii NERttlRY. RAOJUN. ALPHA AO GiAM* SWIIC£ COITAIIIIIATION. 

Ttilqu..llT......,,1-. • cl'IWJfilfflT 8lt fkl,JVir.Etl. EXCEPT Ill FULL. IIITIQJT TM£ IIRJITTII CONSEkl 

205Talqtdet111I.- ____ r_E_ ... OG ____ , ... ·-------------

McBee, SC. 29101 Tel: (610) 2101-.2000 (IDO) 33M592 

09/25/12 
CUSIDMEI tBfSPIIP ,a.mrr 

SALIT SPECIALTY REBAR 

3235 LOCKPORT ROAD 
NIAGARA FALLS NY 14305 

SfZ lfl tYFll&:m tYENPEJJIJ>AGB 1 OF 

HVL 

1 

CUSTMR ORDER NO ./8£STELL-lll. /II" DE CONWfO£ CARP£NT£R NO. /11£Rk5-NR./II" 0£ REFERENCE JNTERIIE o,. TE/0,. TUll/0,. TE 11£1 GHT /GOii CfIT /POI OS 

./""''"'r: .'..12'-.. .. 253 l 3 Q.~!'~ 

BF.ATNtJMBD/SCBME.ZB,.N&.IN"~COUJ.EE: 744013 ONS NUMBER S31603 

PRODUCT_ DESCRIPTION:~ 316-~ HOT PDUSH tJNANNBALBD PICKLBD YIELD Mm 75. O 

SPECIFICATION: ASTM A955-12 YS 0.2t OFFSET ONLY 
-------------- ASTM-A276-10 (CHEMISTRY ONLY) 

SIZE 0.626000 IN.{ 15.90 MM) RD BAR 

PRIMARY HEAT CHBMISTRY{WTt): (TEST METHOD IS SHOWN IN 

C (COM) MN (XRF) SI (XRF) P {XRF) 
0.019 1.41 0.85 0.023 

NI (XRF) MO (XRF) CU (XRF) CO (XRF) 
10.18 2.06 0.44 0.32 

INTERGRANULAR CORROSION TESTED TO ASTM-A262, PRACTICE 

DC PBRM PEBBLY MAG MATERIAL 
PERM X 1000 

SPECIMEN ID# HM OERSTED (A/M) 

PARBNTHBSIS) 

S (COM) 
0.002 

CR(XRF) 
17.81 

N (FUS) B (OBS) 
0.13 0.0021 

B - ACCEPTABLE. 

PBRMEABILITY 

01 200.0 (915.49) 1.0200000 

Yli£oRAN.s~'8-'-~tb?Jgiif>~MPA) 8~.0( 565) 
TBNSJ;LB STRBNu·i·.n, KSI (MPA} 110. 0 ( 758) 
ELONGATION DL. 8.00", t 33.0 
REDUCTION 0~ AREA, , 70. 0 

NO WELD RBPAIR PBRPORMBD 
MATBltIAL HAS BBEN MBLTBD AND MANOFACTURBD IN THE OSA WHICH IS A fflIPYING 
COtJNTRY TO DPARS RBOOIREMBNTS 252.225-7014 WITH ALTBRNATB 1 FOR IPYING 
COUNTRY 225.872.1, SUPBRSBDBD BY DFARS RBQOIRBMENTS DFARS 252.22 -7008 AND 
252.225-7009. 
THIS ORDBR WAS MANUFACTORBD IN ACCORDANCE WITH CARPBNTB)t Sl?BCIALTY ALLOYS 
OPERATIONS QUALITY PROGRAM MANUAL, REVISION 30 DATED 09/28/11. 

WB HBRBBY CERTIFY THAT THB ABOVE TBST DATA ARB IN ACCORDANCB WITH THB 
PORCHASB ORDBR AND SPECIFICATION REQUIREMBNTS. CBRTIPICATB OF TEST IS 
PREPARED IN ACCORDANCE WITH PARAGRAPH 3.1 OF EN 10204(DIN50049) 

-------
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,>:-nM:'IDTS -~.i~ >00()844941 
ABNADMEPRUEFZEUGNIS CERTIFICAT DE CONTROLE 

<?T1'1..t.EY METALS 
A 'Carpenter COmpany 

• THI': 'UCliltotNIJ CF 1'4LSE, F1CT1CIQUS OR FRAUDULENT STAT!M&ITS OR ENTRIES CIN THIS DOCUIENT 
MAY IE l'UN1SHED AS A FELCIN'I' UNDER FEllERAL STATUTES 1NCLIIDINO F£oeaAL LAN, TITLE 18, 
CI-UIPTER 47. 

• Tie VALUES - OTH!lt Tl!CHll1CAL Di11TA REl'RESENT THE RESULTS CF ANALYSES AND TESTS IIADE 
OIi IUIMl'LES COLLECTED FIIOM THE TOTAL LOT. DIIIIUWAL DATA RECORDS CAW IE TllolCED BV 
REFERENCE TD THE CARPEWTEI CRIER WUMIEII. 

• MATERIAL IS MANUFACTURED l'REI! FROII MERCUIIV, RADIUM, ALPliA AND GAIMA SOIIICf: CONTAM!MATIOW. 

Talley Metals Technology, IDc. 
205 Talley Metals I.-

• THIS DOCUNENT SHALL NOT K RURODUCED, EXCEPT IN FULL, 
\ OF CMIPENTEII TECIINOLDG'I CORl'OIIATIOII. 

McBee, SC, 29101 Tel: (610) 208-2000 ('00) 33!1-4592 

WITHOUT THE WIIITTI!N CONSENT 
I 

10/15/12 
CUSTQMFK ( BESIEI I EB f CJ JENI SFI IER fYERKi'TiEER ill:NDEUBPAGE 1 OF 1 

SALIT SPECIALTY REBAR 

3235 LOCKPORT ROAD 
NIAGARA FALLS NY 14305 

HVL 

CARPENTO NO./WERKS-WR.tW' DE Rl!l'ERENCE INTERWE DATE1DATLJ4/DATE WIEIIIHT /BIEWICHT IPO!DS 

H3107 W68654 10/15/ft 

PRODUCT DESCRIPTION FINISH UNANNEALED PICKLED 

SPECIFICATION: ASTM-A276-10 (CHEMISTRY ONLY) 
-------------- ASTM A955-12 ts 0.2% OFFSET ONLY 

SIZE 0.501000 IN.( 12.73 MM) RD ROD 

PRIMARY HEAT CHEMISTRY(WT%): (TEST METHOD IS SHOWN IN PARENTHESIS) 

33211.000 

C (COM) MN(XRF) SI(XRF) P (XRF) S (COM) 
0.05 11.98 0.4 0.017 0.001 

CR(XRF) 
17.3 

NI(XRF) 
.o. 7 

MO(XRF) 
0.2 

CU(XRF) 
0.1 

DC PERM FEEBLY MAG MATERIAL 
~- -, PERM X-- 1000-

CO(XRF) 
0.03 

SPEC IMEN ID# HM OERSTED (A/M) 
------------ --------------------01 200.0 (915.49) 

NO WELD REPAIR PERFORMED 

N (FUS) 
0.27 

E - ACCEPTABLE. 

PERMEABILITY 
------------1.0200000 

B (OES) 
0.002 

MATEaIAL HAS BEEN MELTED AND MANUFACTURED IN THE USA WHICH IS A ~~ALIFYING 

;gmi ~s~i~\ ~Ei8i~rsi~I~ i~2
ni~~?iMurtrrlE~~§E~~~~ ~s!~~2~~~MiYf~ 

t252;;225-7009. 
;,'.l'lllSi ORDER WAS MANUFACTURED IN ACCORDANCE WITH CARPENTER SPECIALTY ALLOYS 
:'OPJmAJIONS QUALITY PROGRAM MANUAL, REVISION 30 DATED 09/28/11. 

!WE.l!ERKBY CERTIFY THAT THE ABOVE TEST DATA ARE IN ACCORDANCE WITH THE 
<PURCHASE ORDER AND SPECIE'ICATION REQUIREMENTS. CERTIE'ICATE OF TEST IS 
PREPARED IN ACCORDANCE WITH PARAGRAPH 3.1 OF EN 10204(DIN50049) 

TIMOTHY DUVALL 
QUALITY ASSURANCE REP. 
CARPENTER TECHNOLOGY CORPORATION 
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CERTMCATE OF TES1'S 
CERT SBR:tA:L# 0008f0144 

ABNABMEPRIJEFZEUGNIS CERTD'ICAT DE CONTROLE 

A TALLEY METALS 
\!!'- A Ci11118nter COmpanv 

• 1.,1t°fM IsAL\E·illiJCMIR~lff~TE}'g~fl\; EW.Jlli. °'l~15n~~ 

· 1M1ill.D ~~"i.m-~ii,&A~At- lf11Ao"I 
• MTtRIAL IS IWIIFACTUREO FREE FIOI l'JEJIWIY. RADIUII. ALPHA ANO 6NM1 SOORCE CONTAIIIIIATJOII. 

T.UC,M ... T.....,,Js. • jlwmffrT ~~mf.'ICED, EXCEPT Ill FULL, WITIOIT TIIC WRITTEN COIISOO 

21STa1CJM .... Luc E I • 

McBee, SC. 29101 Tel: (f It) 20S.2000 (IIIO} 33M592 

08/31/12 
QMJ>NEI l8fmJ1 flt Qlf.NI 

SALIT SPECIALTY RBBAR 
3235 LOCKPORT ROAD 
NIAGARA FALLS ,NY 14305 

QJSTOHER IIUIER IIO. /B£ST£ll•IIR./1P M COiNuu 

$Pl ID tVEUAUffl (YFNJ2PI11PAGB 1 OF 

TALLEY MB'l'ALS ~CH, INC. 

ACCOUNTS PAYABt..'B 
P. 0. BOX 2498 
HARTSVILLE ,SC 29551 

CARPEIITER NO./IIEAKS•IIR./IP OC R£fEREIICE INTERIIE 

l 

TLY098101 L16129 08/31/t~ ~1228.000 
-~·: __ --- --······· 

BF.ATNUMBFJll9CJIME.ZE.NJL~~743983 

PRODUCT_DESCRIPTI~OT FINISH UNANNBALBD PICKLED 

SPECIFICATION: ASTM-A276-10 {CHEMISTRY ONLY) 
-------------- ASTM A955-12 YS 0.2, OFFSET ONLY 

SIZE 0.626000 IN.( 15.90 MM) RD BAR 

PRIMARY HBAT CHBMISTRY(WTI): (TEST METHOD IS SHOWN IN PARENTHBSIS) 

-.~~---. .. ~:-··~-. ..-"l w.. 

C (COM) MN(XRF) SI(XRF) P (XRF' S (COM) CR{XRF) 

o.os 12.14 o.4 0.019 ~ 0.001 17.s 

NI(XRF) MO(XR.F) CO(XR.F) CO(XRF) N (FUS) B COBS) 
0.8 0.2 0.1 0.04 0.25 0.002 

INTBRGRANULAR CORROSION TESTED TO ASTM-A26!,_ PRACTICE B - ACCEPTABLE. (OXALIC) 
THIS MATERIAL WAS MANUPACTtJRED IN ACCORDAN(.;.15 WITH CARPB!fTBR SPECIALTY ALLOYS 
OPERATIONS QUALITY PROGRAM MANUAL REVISION 30, DATED 09/28/11. 

DC PBRM FEEBLY MAG MATERIAL 
PERM X 1000 

SPBCIMBN ID# HM OERSTED (A/M) 

01 200.0 

(T)R.ANSVBRSB (t,)ONGITUDINAJ., 
YIBLD STRBNGTHL.. ( 0. 20 I) ICSI (MPA) 
TBRSILB ST.RBNG·.n1, ICSI (Ml-A) 
BLONGATION'!cD:-,,.,,..a;..oo. ' 
REDUCTION ··()p ~:,·, 'I 

NOWBLD RBPAIR PBRPORMED 

(915.49) 

L 
88.5( 610) 

127.0{ 876) 
36.0 
65.0 

PERMEABILITY 

1. 0200000 

MATBRIAL PRODUCBD ON THIS ORDBR WAS MBLTBD AND MANUFAC'l'ORBD IN THE U.S.A. 
MATERIAL HAS BBBN MBLTBD IN USA OR QUALIFYING COUNTRY TO DPARS ~IRB-

~igii,2iJ-ii~WI~ut1'~~Di~R2~~J~~g8~!2~~!s~~OO§~ 

WB HBRBBY CBRTIFY THAT THE ABOVB TBST DATA ARB IN ACCORDANCE WITH THB 
PURCHASE ORDBR AND SPECIFICATION RBOUIRBMBNTS. CBRTIFICATB OF TBST IS 
PREPARED IN ACCORDANCB WITH PARAGRAPH 3.1 OP EN 10204(DIN50049) 
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r CERTIFICATE OF TESTS 
CERT SERIAL# 000858997 

ABNABMEPRUEFZEUGNIS CERTIFICAT DE CONTROLE 

A TALLEY METALS 
• TIE IIECORDINO OF FALSE, FICTJCIOUS OIi FRAUDULENT SUTEMENTS. OR ENTRI.ES 1111 THIS DOCUMENT 

MAI' IE PUNISHED 4S A l'EI.IINY INIER FEDERAL ·STATUTES, INCLIIIIINCI FEOERM. LAIi,. TinE 11;· 
CHAPTER 47. 

~· A Carpenter Companv 
• TIE VALUES AND DTHER TECliNICAL DATA REPRESENT THE RESULTS OF ANAL VSl!S AND TESTS -

DN SAMPLl!I COLLECTED l'ROM THE TOTAL LOT. ORIGINAL DATA RECORDS CloN 11E TRACED IV 
REFEIIENCE TO THE CAltPENTER CIIIIER NUMIEII. 

• MATI!RIAL IS MANIFACTIJRl!D l'Rl!I! FROM ICIICURV, RAD!UH, ALPHA AND CAHMA SOWCI!' CONTAMINATION. 

Talley Metals Tedmology. Inc. 
205 Talley Metals Lane 

• THIS DOCUMENT SHALL NOT IE IIEPIIODUCEII, EXCEPT IN FULL, lf1TIICUT TIE WITTEN CONSENT 
\ Of' CARl'ENTER TECINILIIO"I CORPORATION, J 

McB~. SC. 29101 Tel: (610)208-2000 (800) 338-4:592 

01/22/13 
CJlSTQMFR I BFSIPC I FR t CLlENI SFI I ER tYERKciIIEFB tYENDFPBPAGE 1 OF l 

SALIT SPECIALTY REBAR 

3235 LOCKPORT ROAD 
NIAGARA FALLS NY 14305 

CUSTOMER ORllElt NO./IESTELL•NII./ ... 11£ CDM- CARl'!NTER NO./IIEIIKS·NR.111° DE REFERENCE INTERIC DATEIDATUH/flATE 

HE.ATNUMBER/SCHMELZE-NR./N°DECOULEE· 744733 UNS NUMBER. S32304 

HVL 
MEICIHT /GEMICHT /Pall>$ 

:~~~~::_~~~~~:::!~~: ENDg~JT ~OT FINISH UNANNEALED PI~LED YIELD MIN 

SPECIFICATION: ASTM-A276-10 !CHEMISTRY ONLY) 
-------------- ASTM A955-12E YS 0.2% OFFSEt ONLY 
SIZE 0.501000 IN.( 12.73 MM) RD ROD 

PRIMARY HEAT CHEMISTRY(WT%): (TEST METHOD 

C (COM) MN(XRF) SI (XRF) 
0.02 1.70 0.44 

NI(XRF) MO(XRF) CU(XRF) 
3.66 0.26 0.35 

IS SHOWN IN 

P (XRF) 
0.03 

N (FUS) 
0.17 

PARENTHESIS) 

S CCOM) 
LT .001 

B COES) 
0.002 

INTERGRANULAR CORROSION TESTED TO ASTM-A262, PRACTICE E - ACCEPTABLE. 

(TtRANSVERSE (L)ONGITUDINAL L 
Y!E D STRENGTHTH(0.20 ii KSI(MPA) 85.Sf 5901 if~~ak¥I~~~ a:o~~;(.% A) l~g:g 827 

REDUCTION OF AREA, ~~ 69.0 

NO WELD REPAIR PERFORMED 

CR(XRF) 
22.90 

MATERIAL HAS BEEN MELTED AND MANUFACTURED IN THE USA WHICH IS A ~UALIFYING 

gg=i ~5~,~~1~Ei8l,ll:l~i5 i~2D~~s7ii!u1i~E~¥§E~~~ h~?~2s~%6~f~g 
252.225-7009. 
THIS ORDER WAS MANUFACTURED IN ACCORDANCE WITH CARPENTER SPECIALTY ALLOYS 
OPERATIONS QUALITY PRcx;RAM MANUAL, REVISION 30 DATED 09/28/11. 

WE HEREBY CERTIFY THAT THE ABOVE TEST DATA ARE IN ACCORDANCE WITH THE 
PURCHASE ORDER AND SPECIFICATION REQUIREMENTS. CERTIFICATE OF TEST IS 
PREPARED IN ACCORDANCE WITH PARAGRAPH 3.1 OF EN 10204(DIN50049) 

STEPHANIE E. MCCULLUM 

8UALITY ASSURANCE ENGINEER 
ARPENTER TECHNOLOGY CORPORATION 

Thi, c.1iftC"Mioo i• made lo tbc cmt.,... priutcd oo this f«na. C•paaS• aeithe, m.tc,, oot as,unaes 1UpC1U1ibili1y f«, .,, nprnrallalioo or eenifw:•lioa to Giber partict. 
Ilio-liopodez..tif"lzienlDJirllD fiir dea ;.,_,. Formu1N-Kaodoo.,illi11-~ ubcuimrat ......- ~i11oabaloi~lir die .. pwicooooullal ... odft Ztrtnwffl.ql<II 
C. mrtifioet IHI--..- ••lahle nam la clitffll dom Is nona .s ;-.;-,: swa. fomaulaiN. tAfnemer n·......- nu de -abilile nam w. .:ertifacdieo vir-8.-,-i• d'mw ti.roe ...... om:w. 
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CERTIFICATE OF TESTS 
CERT SERIAL# 000858997 

ABNAHMEPRUEFZEUGNIS CERTIFICAT DE CONTROLE 

A TALLEY METALS 
• THE IIECCIIDING Of' FALSE, Flc:TICIOUS OR FRAUDULENT STATEMENTS OR ENT1t1D ON THIS DOCUMENT 

MAY IE PUNISHED AS A FELONY UNDER FEDEIIAL STATUTES INCI.UDINO FEDERAL LAIi, TITLE 18, 
CHAPTER 0, 

~- A Carpenter Company 
• THE IIALIES AND OTHO Tl!Cl9ollCAL DATA ltEl'R!S!NT THE RESULTS DI' ANALVSES AND TESTS MAI)! 

ON SAMPLES COLLl!CTED fllON THE TOTAL LDT. ORIGINAL D•TA RECORDS CAN IE TRACED av 
RUt•ENCE TO THE CARPDITER DRDEI NUMIER. 

• MAT!RIM. fS HANIIFACTLW!l) l'R!E: FRQM IEIICI.WV, RADIUM, ALPHA AND GAMMA SOI.WCE CONTAMINATION. 

Talley Metal5 Technology, Inc. 
205 Talley Metals Lane 

• THIS DOCUIEIIT SHALL NOT II! Ul'RODUCEII, El<CVT IN FULL, 11I1l1DUT THE WIUTTEN CONSENT 
\ OF CARl'ENTEII Tl!CHNOLOOV COIPOltATIOH, / 

McBee. SC. 29101 Tel: (610) 208-2000 (800) 338-4:591 

01/22/13 
CJ1STQMRB I BESIEI I EB iCTJENI SEI I FR I YEBK.i.JJEFR i.YEJfilEll&PAGE 1 OF 1 

SALIT SPECIALTY REBAR 

3235 LOCKPORT ROAD 
NIAGARA FALLS NY 14305 

HVL 
CUSTOMl!R ORDER NCl,/ll!STELL-NR.IN" D£ COMNANDE DATE/DATUM/DATE MEIDHT/CIEIIICHT/PDIDS 

1811 o':Oci4- -···· .. ···----·------· .------W;:-;;;7"0.:;3~1~1-----+-,.u~, l.i""'_,.,..·z.-..-z17"1.r,\~-- -nsoo. Mcf -

HEATNUMBER/SCHMELZE-N~ 744733 · UNS NUMBER S32304 

PRODUCT_DESCRIPTION~ HOT FINISH UNANNEALED PICKLED YIELD MIN 

SPECIFICATION: ASTM-A276-10 (CHEMISTRY ONLY) 
-------------- ASTM A955-12E1 YS 0,2% OFFSEt ONLY 
SIZE 0.501000 IN.( 12.73 MM) RD ROD 

PRIMARY HEAT CHEMISTRY(WT%): (TEST METHOD IS SHOWN IN 

C (COM) MN(XRF) SI(XRF) P (XRF) 
0.02 1.70 0.44 0.03 

PARENTHESIS) 
S (COM) 

LT .001 
CR(XRF) 

22.90 

Nl(XRF) 
3.66 

MO(XRF) 
0.26 

CU(XRF) 
0.35 

N (FUS) 
0.17 

B COES) 
0.002 

INTERGRANULAR CORROSION TESTED TO ASTM-A262, PRACTICE E - ACCEPTABLE. 

(T)RANSVERSE (L)ONGITUDINAL L 
Y!ELD STRENGTHTH(0.20 ~ KSI(MPA) 85.5l 5901 
if~~ak¥r5~¥~ a:o~~;(% A) l~g:g 827 

REDUCTION OF AREA, % 69. 0 

NO WELD REPAIR PERFORMED 
MATERIAL HAS BEEN MELTED AND MANUFACTURED IN THE USA WHICH IS A ~ALIFYING 
COUNTRY" TO" DFARs--REOUlREMENTs-··zs2: zz5 .. ·7014 W-ITH ALTERNATE 1 FOR · ALIFYING 
COUNTRY 225.872.1, SUPERSEDED BY DFARS REQUIREMENTS DFARS 252.22 -7008 AND 
252.225-7009. 
THIS ORDER WAS MANUFACTURED IN ACCORDANCE WITH CARPENTER SPECIALTY ALLOYS 
OPERATIONS QUALITY PROGRAM MANUAL, REVISION 30 DATED 09/28/11. 

WE HEREBY CERTIFY THAT THE ABOVE TEST DATA ARE IN ACCORDANCE WITH THE 
PURCHASE ORDER AND SPECIFICATION REQUIREMENTS. CERTIFICATE OF TEST IS 
PREPARED IN ACCORDANCE WITH PARAGRAPH 3.1 OF EN 10204(DIN50049) 

STEPHANIE E. MCCULLUM 
QUALITY ASSURANCE ENGINEER 
CARPENTER TECHNOLOGY CORPORATION 

1bit: certiflUlioo is made to the cart__,. priolod OD this fCIITD. C•pcter aeitber l"hb•, Dor aNU'9C't ttllpOOSihility for, any rrpr.edatioo or certification•• odD' parties 
o; ..... 1..,...t1tZertifiDormais11aRrdtam-...Fomm111~ ... ~J1W1(1-~~,..,.....,..n;-,i,,...,1e;JWtm1~d .. ~.DaleoodotZenifw.nmpD. 
C. Qfftif,n1 ..r...,...... Yalable pom; le ,cl)fflt dont le"°"' Ht 9"irnl - ce formul•••· <'.atpemer n aM\ht pu de rir~tlite e-: m. aert;ifacatNIIII vte·•·vt«- 4111w ttel'ot peraomt. 
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Appendix B - Map of Treat Island Specimens 
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Appendix C - Concrete Cylinder Strengths 

Mix# Specimen# 
Streneth (MPa) 

1-Day 7-Day 28-Day 
1 26.3 46.5 58.9 

1 2 26.3 47.9 59.3 
Average 26.3 47.2 59.1 

1 28.0 45.8 66.0 
2 2 29.8 51.6 62.1 

AveraKe 28.9 48.7 64.J 
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