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CHAPTER 1. INTRODUCTION 

The service life of many concrete highway structures is limited by their reinforcing steel. Carbon 

steel has been used as reinforcement in concrete for more than a century. Corrosion of carbon 

steel reinforcing bars has been a serious issue for many years. The deterioration of the original 

San Mateo-Hayward bridge in California was studied in 1958.(2) Increased cases of bridge deck 

deterioration caused by rebar corrosion have been commensurate with accelerated use of deicing 

salts starting around 1960.(3) The Federal Highway Administration (FHWA), along with many of 

the State departments of transportation (DOTs), began experimenting with methods to extend the 

life of concrete carbon steel reinforcing bars in the 1970s as a result of these corrosion issues.(4) 

With developments of stainless steels in structural applications, the use of stainless steel provides 

superior durability and reduction in the lifecycle cost of a bridge compared with regular 

structural steel. 

Stainless steel reinforcing bars have been used successfully in corrosive environments for more 

than 70 yr. Tests by FHWA and various State DOTs show that solid stainless steel reinforcing 

bars will last at least 100 yr in typical northern State conditions.(4) The obvious advantages of 

solid stainless steel reinforcing bars are an extremely long life with excellent corrosion 

resistance, high strength with good ductility, and good concrete bonding. 

The use of stainless steel as concrete reinforcement has continued to gain momentum in highway 

construction.(5,6) Faced with corrosion problems, particularly on bridge decks, some State DOTs 

have been embracing the application of stainless steel reinforcement. For example, the Vermont 

Agency of Transportation (VTrans) used solid stainless steel rebars as reinforcement on a 

concrete deck in 2009.(7) Subsequently, in March 2012 VTrans made stainless steel reinforcing 

standard for bridge superstructures on high-traffic pavements, replacing epoxy-coated steel.(8) 

The 2018 VTrans Standard Specifications for Construction specifies the use of corrosion-

resistant reinforcement based on exposure conditions.(9) Recently (2013 and 2016), Virginia 

DOT used duplex stainless steel 2205 as reinforcement in prestressed bridge piles in the marine 

environment.(10) 

The main reason behind stainless steel’s popularity is obviously its inherent corrosion resistance. 

Stainless steel does not rust because of the interaction between its alloying elements and the 

environment. Stainless steel contains iron, chromium (Cr), manganese, silicon, carbon, and, in 

many cases, significant amounts of nickel (Ni) and molybdenum (Mo). These elements react 

with oxygen from water and air to form a thin, stable film that consists of such corrosion 

products as metal oxides and hydroxides. Cr plays a dominant role in reacting with oxygen to 

form this corrosion product film. In fact, all stainless steels contain at least 10-percent Cr. 

The presence of the stable film prevents further corrosion by acting as a barrier that limits 

oxygen and water access to the underlying metal surface. Because the film forms so readily and 

tightly, even only a few atomic layers reduce the rate of corrosion to low levels. Because the film 

is much thinner than the wavelength of light, the film is difficult to see, even with the aid of 

modern instruments, which is the reason why stainless steel’s surface looks shiny in visible light. 

Thus, although the steel is corroded at the atomic level, it appears stainless. Common steel, in 

contrast, reacts with oxygen to form a relatively unstable iron oxide/hydroxide film that 
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continues to grow with time and exposure to water and air. As such, this film, otherwise known 

as rust, grows to sufficient thickness soon after the steel is exposed to water and air, making it 

easily observable. 

The stainless steels for construction are austenitic and austenitic-ferritic stainless steels. The 

commonly used austenitic stainless steels are 304L (unified numbering system (UNS) S30403), 

316LN (UNS S31653), and XM-28 (UNS S24100).(1) 304L is an austenitic stainless steel with a 

minimum of 18-percent Cr and 8-percent Ni, and the carbon maximum is 0.030 percent. 304L is 

the most versatile and widely used alloy in the stainless steel family. Ideal for a wide variety of 

home and commercial applications, 304L exhibits excellent corrosion resistance, ease of 

fabrication, and outstanding formability. The austenitic stainless steels are also considered to be 

the most weldable of the high-alloy steels and can be welded by all fusion and resistance welding 

processes. 

316LN (UNS 31653)(1) is a nitrogen (N) alloyed austenitic stainless steel with an addition of Mo. 

The “L” stands for “low carbon” content. Due to its lower carbon amount, 316L stainless steel 

has a reduced risk of sensitization (grain boundary carbide precipitation), but at the same time, it 

loses some of its strength. Stainless steel 316LN is alloyed with N to compensate for the loss of 

strength. 

XM-28 (UNS S24100)(1) is a high-manganese, low-Ni austenitic stainless steel, strengthened by 

extra N present in the solid solution. Due to lower Ni content compared with the 304- and 

316-type stainless steels, XM-28 provides a major cost advantage without adversely affecting 

corrosion resistance for many applications. High N content provides significantly higher tensile 

strength and yield strength without adversely affecting elongation and reduction in area 

(ductility) or nonmagnetic properties. This grade is an excellent choice for rebars used in bridge 

construction and in the marine environment. 

Duplex stainless steels are alloys containing both austenite (face-centered cubic lattice) and 

ferrite (body-centered cubic lattice) phases in the metallurgical structure with a balanced 

proportion. The 2205 duplex (UNS S32205) stainless steel contains about 40- to 50-percent 

ferrite in the annealed condition. The high Cr, Mo, and N contents provide superior corrosion 

resistance in most environments. The design strength of 2205 is significantly higher than that of 

316/316L, thus, often permitting lighter construction. 

Alloy 2304 (UNS S32304)(1) is a 23-percent Cr, 4-percent Ni, Mo-free duplex stainless steel. 

Usually called a lean duplex, 2304 has corrosion resistance properties similar to 316L, but with 

yield strength nearly double that of austenitic stainless steels. Its duplex microstructure and 

low-Ni and high-Cr contents also allow duplex 2304 to demonstrate improved stress 

corrosion-resistant properties compared to stainless steel grades 304 and 316.(1) 

Some grades of stainless steel are susceptible to stress corrosion cracking (SCC). SCC occurs in 

an alloy that is simultaneously under tensile stress and exposed to a corrosive environment, and 

SCC happens in some specific combination of alloy, environment, and stress conditions.(11,12) 

Microscopic observation has revealed that SCC is either transgranular or intergranular. SCC, 

which is normally associated with austenitic stainless steel at high temperatures, can also happen 
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at a rather low temperature in the presence of concentrated chlorides in commonly used 

austenitic stainless steels.(13,14)  

The cracking develops in the alloys at stresses below their tensile strength. According to 

ASTM G30, the total strain (ε) on the outside of the bend is approximately calculated as:(15) 

ε=T/2R when T << R 

Where: 

T = specimen thickness. 

R = radius of bend curvature. 

In the U-bend specimens used for this study, the total strain on the outside of the bend is 

approximately 0.125. Per American Concrete Institute (ACI) 318(16) and ASTM 

A767/A767M,(17) the minimum finished bend diameter for a no. 4 bar is 6d, where d is the 

diameter of the rebar. Using the aforementioned formula, the total strain is approximately 1/6, or 

0.167, which is higher than the strain in the U-bend specimen. However, the stress in the U-bend 

specimen and in a bent rebar is circumferential and not uniform. The nonuniformity can be 

attributed to three factors, according to ASTM G30.(15) First, a stress gradient is present through 

the specimen thickness, varying from a maximum tension on the outer surface to a maximum 

compression on the inner surface. Second, the stress varies from zero at the ends of the specimen 

to a maximum at the center of the bend. Third, the stress may vary across the width of the bend. 

The stress is even more complicated in a bent rebar due to its ribbed and uneven surface. 

Determination of actual residual stress in the specimen is beyond the scope of this study. 

When a U-bend specimen is stressed, the material in the outer fiber of the bend is strained into 

the plastic portion of the true-stress–true-strain curve. Some elastic strain relaxation has occurred 

as a result of allowing the U-bend legs to spring back slightly at the end of the stressing sequence 

and before the restraining bolts and nuts are installed. 

The U-bend specimen contains a large amount of elastic and plastic strain, yet the stress 

conditions are not usually known, and a wide range of stresses exists in a single specimen. The 

U-bend specimen is unsuitable for studying the effects of different stresses on SCC. This 

specimen is most useful for detecting differences between the SCC resistance of different metals 

in the same environment. Due to the aforementioned reasons, this study does not intend to 

establish any relation between the behavior of U-bend specimens and rebars in bridge decks.  

While stainless steel has a tendency to develop SCC at a relatively high temperature of above 

100 ℃ (212 ℉), some austenitic stainless steels suffer SCC at temperatures as low as 30 ℃ 

(86 ℉).(12) Existing literature(19,19) suggests that duplex stainless steels such as 2304 and 2205 do 

not develop environmental cracking at temperatures below 70 ℃ (158 ℉). Although rare, duplex 

stainless steel is also vulnerable to SCC at 50 ℃ (122 ℉). Research on SCC in stainless steel has 

been mainly focused on environments with high temperatures above 100 ℃ (212 ℉). At low 

temperatures (≤50 ℃ (122 ℉)), stainless steel may develop localized corrosion in the presence 

of chloride ions. When stainless steel is used in reinforced concrete, knowing the long-term 

structural integrity of such structures in a corrosive environment is important. 
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The main controlling environmental factors for SCC are temperature, humidity, the presence of 

salt (chloride ions) and its composition, and the time of wetness. Deliquescence is a condition in 

which a salt absorbs moisture from the air and forms a liquid phase on the salt crystal. As the 

ambient relative humidity reaches the deliquescence point, the salt particle surface changes 

gradually with increasing relative humidity until the particle transforms to an aqueous droplet.(20) 

At the deliquescence condition, salt containing chloride ions can form a concentrated electrolyte 

layer at the salt-metal interface. The chloride concentration in the electrolyte layer is much 

higher than the concentration in the bulk solution. For example, at the deliquescence point of 

magnesium chloride (MgCl2), the concentration of chloride in the electrolyte layer can reach 

12 M (1 M is equal to 1 mol/L) at ambient temperature.(18) Such a high concentration of chloride 

is not found in bulk solution at the same temperature. 

This study assessed the environmental condition and the application limits of commonly used 

stainless steels for concrete reinforcement. The stainless steel grades tested were austenitic 

stainless steels 304L, 316LN, and XM-28, and austenitic-ferritic (duplex) stainless steels 2205 

and 2304.(1) The researchers carried out a series of exploratory testing t to evaluate the possibility 

of SCC in stainless steels at close-to-ambient temperature. U-bend specimens were constantly 

exposed to salts such as calcium chloride (CaCl2), MgCl2, and sodium chloride (NaCl) in an 

evaporative condition. The temperature was elevated to 50 ℃ (122 ℉), simulating the 

temperature inside a concrete bridge deck in the summer. The U-bend test serves as a prelude to 

the cracked beam test described in ASTM A955 A3.(21) 



5 

CHAPTER 2. EXPERIMENTAL SETUP 

U-bend specimens (based on ASTM G30-97(15)) were made from stainless steels 2304, 2205, 

XM-28, 316LN, and 304L.(1) The specimens were exposed to an evaporative condition. The 

temperature was elevated to 50 ℃ (122 ℉), simulating the temperature inside a concrete bridge 

deck in the summer. The stainless steel grades and their chemical composition are listed in 

table 1. 

Table 1. Stainless steel stocks. 

Stainless Steel Grade 

Microstructure 

Alloying Chemical Composition 

 (weight percent) 

ASTM UNS Cr Mo Ni N 

304L S30403 Austenite 18.2 0.3 8.0 0.08 

316LN S31653 Austenite 17.7 2.1 10.2 0.12 

XM-28 S24100 Austenite 18.1 0.0 1.0 0.29 

2304 S32304 Duplex 22.8 0.3 3.6 0.17 

2205 S32205 Duplex 21.6 2.6 4.7 0.18 

U-BEND SPECIMEN FABRICATION 

The specimen fabrication process is described in ASTM G30-97.(15) The stock material used for 

fabricating the specimens was reinforcing bars. The researchers cut a rectangular strip from the 

bar-shaped stock longitudinally along the direction of rolling using wire electrical discharge 

machining. The strip was cut into plates with the following dimensions: 1.6 mm (1/16 inch) 

thick, 19.0 mm (3/4 inch) wide, and 63.5 mm (2-1/2 inch) long (before bending) with two 

9.5-mm (3/8-inch)-diameter holes located 12.7 mm (1/2 inch) from each end and centered. Each 

plate was stamped with the steel grade number for identification. The plate was bent 180 degrees 

around a 6.35-mm (1/4-inch) radius and then kept in the constrained U-shape with stainless steel 

fasteners and insulating bushings (figure 1). 

 
Source: FHWA. 

Figure 1. Photo. U-bend specimens. 
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The surface of the steel was polished with 400-grit sandpaper to eliminate machine marks. The 

assembled U-bend specimen was degreased before being subjected to the corrosive environment. 

Acetone, which is chemically inert to steel, was used for degreasing. Each specimen was 

examined under an optical microscope for any mechanical cracking. 

TEMPERATURE AND RELATIVE HUMIDITY OF THE ENVIRONMENT  

The relative humidity and temperature were controlled to maintain deliquescent points of each 

salt that was deposited on the steel surface of the U-bend specimens. From existing literature, the 

deliquescent point of a few common salts (e.g., NaCl) at room temperature was determined.(12) 

At elevated temperature, the relative humidity was controlled so that the salt was unable to 

absorb too much moisture from the environment. The goal was to create an environment so that 

the salt deposit maintained a saturated liquid on the steel surface. 

The drop evaporation test creates an atmospheric exposure condition that is defined by the 

temperature, relative humidity, and deposit composition. (CaCl2, MgCl2, and NaCl were used as 

chloride deposits.) This test method is described in International Organization for 

Standardization (ISO) 15324-2000, Corrosion of Metals and Alloys—Evaluation of Stress 

Corrosion Cracking by the Drop Evaporation Test.(22) 

In aqueous solution, the solubility of CaCl2 is 745 g/L (6 lb/gal) at 20 ℃ (68 ℉), 811 g/mL 

(7 lb/gal) at 25 ℃ (77 ℉), and 1,345 g/L (11 lb/gal) at 60 ℃ (140 ℉), and the mass percentage 

of chloride in CaCl2 is 64 percent. The solubility of MgCl2 is 543 g/L (5 lb/gal) at 20 ℃ (68 ℉) 

and 726 g/L (6 lb/gal) at 100 ℃ (212 ℉), and the mass percentage of chloride in MgCl2 is 

74.5 percent. The solubility of NaCl in water is 360 g/L (3 lb/gal) at 25 ℃ (77 ℉). The mass 

percentage of chloride in NaCl is 60.7 percent. 

The solutions used for depositing chloride on the steel surface are listed in table 2. The chloride 

concentration in the MgCl2 and CaCl2 solutions was 12 M (45 mol/gal) and in the NaCl solution 

was 6.2 M (23 mol/gal). The higher concentration cannot be achieved in NaCl because it reaches 

saturation. 

Table 2. Chloride concentration in solutions. 

Salt 

Salt in 1-L Solution 

(g (lb)) 

Chloride Concentration 

(M (mol/gal)) 

Chloride Concentration in 

Solution (g/L (lb/gal)) 

CaCl2 665.9 (1.5) 12 (45) 426.0 (3.6) 

MgCl2 571.2 (1.3) 12 (45) 426.0 (3.6) 

NaCl 360.0 (0.8) 6.2 (23) 218.8 (1.8) 
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Sodium hydroxide (NaOH) solution was used to achieve high pH in the salt solutions. Measured 

amounts of salt were added to the pH 13 NaOH solution. The solutions were kept in airtight 

containers to prevent carbonation, since high-alkali aqueous solution (pH > 10) reacts directly 

with carbon dioxide (CO2) in the air to form sodium bicarbonate (NaHCO3), which further reacts 

with the alkali to form sodium carbonate (Na2CO3) by neutralization. The chemical reaction can 

be presented as: 

NaOH+CO2=NaHCO3 

NaHCO3+NaOH=Na2CO3+H2O 

Therefore, the pH of the NaOH solution decreases with time if the solution is exposed to air. In 

the laboratory, the research team monitored the pH change by periodically measuring the pH of 

the NaOH solutions of 10 mL in open beakers. The pH of the solutions decreased from pH 13 to 

pH 9 in 28 h, and to pH 8.5 in 144 h, and was stable at this value for the remaining 10 d of 

monitoring. 

Droplets of pH 13 salt solutions were placed on clean glass plates in a sealed glass container. 

After 8 w of exposure to the air in the container, the solutions were neutralized to various 

degrees of much lower pH, as shown in table 3. Although the pH of the salt solution droplets 

placed on the U-bend was not directly measured, the researchers expected that neutralization 

occurred, and the pH lowered to the same level as that in the mockup droplets. 

Table 3. pH of salt solutions. 

Solution Initial 7 d 14 d 28 d 42 d 

CaCl2+NaOH 13 12 10 9.5 8.5 

MgCl2+NaOH 13 12 9.5 9 7.0 

NaCl+NaOH 13 12.5 12.0 10 11.5 

Two 30-µL (0.001-fl oz) droplets of salt solution were placed on the arch of the U-bend, as 

shown in figure 2. The volume of the droplets was measured with a precision syringe to control 

the volume. The wetted area by the droplet on the U-bend was about 20 mm2 (0.031 in2), but 

some droplets shrunk to about 12.5 mm2 (0.019 in2) due to evaporation. 
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Source: FHWA. 

Figure 2. Photo. U-bend specimen with two saltwater droplets. 

The U-bends were stored in a desiccator, as shown in figure 3. Inside the desiccator, a beaker 

containing the same salt solution was placed next to the specimens. A digital meter was placed in 

the desiccator to record the temperature and humidity. The elevated temperature was achieved in 

an insulated hotbox with a halogen lamp providing heating, as shown in figure 4. A 

programmable controller turned the lamp on and off so that the temperature in the hotbox stayed 

constant once stabilized. A small fan was placed in the middle of the upper rack in the hotbox so 

that air circulated to keep the temperature evenly distributed inside the box. 

 
Source: FHWA. 

Figure 3. Photo. U-bend specimens in a desiccator. 
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Source: FHWA. 

Figure 4. Photo. Desiccator in a temperature-control hotbox. 

The temperature and relative humidity in the sealed desiccators were monitored. Periodically the 

desiccators were opened to retrieve the digital monitor to download the data, and in the case of 

NaCl droplets, to remount the droplets as some had rolled off the U-bend specimens. The 

temperature reached stability in 2 h, but the relative humidity needed 12 h to stabilize. The 

temperature and relative humidity at the stable state are shown in table 4. 

Table 4. Temperature and relative humidity at stable state. 

Solution Temperature (℃ (℉)) Relative Humidity (percent) 

CaCl2+NaOH 50±1 (122±0.5) 30±2 

MgCl2+NaOH 50±1 (122±0.5) 35±2 

NaCl+NaOH 50±1 (122±0.5) 75±2 
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CHAPTER 3. RESULTS AND ANALYSES 

DEVELOPMENT OF SCC 

A stereo microscope with sufficient magnification and image capturing capability was used to 

observe the cracks in the stainless steel U-bend specimens and document the corrosion damage 

and SCC development. 

Metallographic analysis was carried out once the samples were polished, allowing a clear image 

under the microscope for determining SCC in the stainless steels. Various etchants were applied 

to the polished surface to determine the type of cracking that occurred in relation to the steel 

grain boundaries. 

Periodic observation was carried out following the initial droplet placement, and additional 

solution was added if the droplet rolled off the surface or evaporated to a much smaller amount. 

In most cases with CaCl2 and MgCl2 solutions, the droplet became gel-like and remained firmly 

on the U-bend arch (as shown in figure 5 and figure 6). However, NaCl solution did not form a 

gel-like droplet, and often the liquid solution would either roll off the surface or evaporate, and 

salt crystals became visible (as shown in figure 7). The NaCl solution was frequently replenished 

for some of the U-bend specimens. 

Corrosion occurred close to the center of the droplet, as shown in figure 5 and figure 6. The 

anode was located close to the center of the droplet because the supply of oxygen was limited by 

the liquid phase of the droplet. The rim of the droplet, being close to air, became the cathode 

because oxygen was readily available. The brown-colored iron corrosion products spread 

between the anodic and cathodic regions. The anodic area was not always perfectly centered in 

the area covered by the droplet. Stainless steels are passive by nature, and pitting corrosion 

initiates at anodic sites. 

 
Source: FHWA. 

1,000 μm = 39 mils (1 thousandth of 1 inch). 

Figure 5. Photomicrograph. High-pH CaCl2 droplet on a 304L stainless steel U-bend 

specimen. 
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Source: FHWA. 

1,000 μm = 39 mils. 

Figure 6. Photomicrograph. CaCl2 solution formed gel-like droplet on 316LN stainless steel 

U-bend specimen. 

The NaCl droplets on the U-bends sometimes evaporated, and salt crystals form, as shown in 

figure 7. 

 
Source: FHWA. 

1,000 μm = 39 mils. 

Figure 7. Photomicrograph. NaCl droplet evaporated, and salt crystals formed, on a 316LN 

stainless steel U-bend specimen. 

Oxygen is available in the air surrounding the droplet. The dissolved oxygen is concentrated near 

the edge of the droplet. Diffusion of oxygen into the interior of the droplet is limited. In a 

perfectly circular droplet, the anode is at the center and the cathode is at the peripheral area of 

the droplet. However, the droplet on the U-bend was rarely a perfect circle, and the outer surface 

of the droplet was not spherical. Therefore, the most oxygen-depleted site was usually off-center, 

resulting in the initiating anodic site being offset from the geometric center of the droplet. The 

stress in the U-bend assisted the corrosion reaction, increasing the chances that an anodic 

reaction would take place at the center of the droplet-covered area. 
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Periodically, the U-bends were removed from the desiccators and examined microscopically. 

Figure 8 shows some visible cracks extending beyond the boundary of the salt droplet. Localized 

corrosion, commonly in the form of pitting, was also observed on some of the stainless steel 

specimens (figure 9). 

On some U-bends, pitting corrosion was observed to initiate near the edge of the droplet, as 

shown in figure 9. This circumstance occurred when the droplet relocated due to rolling on the 

U-bend, a rough spot on the U-bend for the saltwater to stay, or evaporation. 

 
Source: FHWA. 

1,000 μm = 39 mils. 

Figure 8. Photomicrograph. Cracks developed on a 304L stainless steel specimen exposed 

to high-pH MgCl2 droplet. 

 
Source: FHWA. 

1,000 μm = 39 mils. 

Figure 9. Photomicrograph. Pitting and rust formed at the edge of a high-pH CaCl2 droplet 

on 316LN stainless steel. 
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Exposure to CaCl2, MgCl2, and NaCl at 50 ℃ (122 ℉) 

Two batches of U-bend specimens were tested. On the first batch of specimens, salt droplets with 

a pH of 7 were mounted on the U-bends. The specimens were examined periodically under a 

microscope to observe corrosion damages. Testing on the first batch of specimens ended after 

25 w of exposure when cracks severed some U-bends. 

The high-pH salt solutions were mounted on the second batch of specimens. After 1 yr of 

exposure, the U-bend specimens were removed from the desiccators, and the salt solution 

deposits were wiped clean. As shown in figure 10, the stainless steels showed varying degrees of 

corrosion. The findings in the following subsections pertain to specimens exposed to high-pH 

salt solutions. The SCC pattern and other forms of corrosion were essentially the same for both 

pH cases, although the time of corrosion initiation and degree of corrosion damage were slightly 

different. Therefore, primary attention was paid to the corrosion under the high-pH salt solutions, 

unless specified otherwise.  

 
Source: FHWA. 

Figure 10. Photo. U-bends after 1 yr of exposure. 

304L and 316LN  

Stress corrosion cracks were found on the specimens of stainless steel grades(1) 304L and 316LN 

exposed to CaCl2 and MgCl2 when the initial microscopic examination was carried out after 8 w 

of exposure. The cracks were located at the center area of the U-bend (crown or apex of the arch) 

where the stress was maximized. Cracks initiated from a pit, as shown in figure 11 and figure 12. 

The crack branched out as it propagated along the crown of the arch. Although no cracks were 

observed on NaCl-contaminated stainless steels, many pits were developed on the crown of the 

U-bend, as shown in figure 13. 
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Source: FHWA. 

1,000 μm = 39 mils. 

Figure 11. Photomicrograph. Cracks initiated from a pit in stainless steel 304L exposed to 

MgCl2 droplet. 

 
Source: FHWA. 

1,000 μm = 39 mils. 

Figure 12. Photomicrograph. Pits and cracks developed in stainless steel 316LN exposed to 

MgCl2 droplet. 
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Source: FHWA. 

1,000 μm = 39 mils. 

Figure 13. Photomicrograph. Pitting on 304L stainless steel exposed to NaCl droplet. 

SCC caused severe damage to the austenitic stainless steels(1) 304L and 316LN by CaCl2 and 

MgCl2. Cracking was more extensive in the 304L stainless steel specimens than in the 316LN 

ones, as demonstrated in figure 14 and figure 15. Both U-bends were exposed to MgCl2 for the 

same period, but the cracks were wider on the 304L specimen. The same pattern was not 

observed on U-bends exposed to CaCl2, as shown in figure 16 and figure 17. 

 
Source: FHWA. 

Figure 14. Photo. Cracking through U-bend specimen with high-pH MgCl2 droplet on 304L 

stainless steel. 
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Source: FHWA. 

Figure 15. Photo. Cracking through U-bend specimen with high-pH MgCl2 droplet on 

316LN stainless steel. 

 
Source: FHWA. 

Figure 16. Photo. Cracking through U-bend specimen with high-pH CaCl2 droplet on 304L 

stainless steel. 
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Source: FHWA. 

Figure 17. Photo. Cracking through U-bend specimen with high-pH CaCl2 droplet on 

316LN stainless steel. 

Metallographic examination revealed extensive cracking caused by stress corrosion. Cracks in 

stainless steel 304L(1) samples exposed to CaCl2 were wider than those exposed to MgCl2, as 

compared between figure 18 and figure 19. Although both U-bends fractured after 1 yr of 

exposure, MgCl2 created much more extensive cracking. Intergranular and intragranular cracks 

are observed in these specimens, as shown in figure 20 and figure 21. 

 
Source: FHWA. 

500 µm = 20 mils. 

Figure 18. Photomicrograph. Cracks in U-bend specimen with high-pH CaCl2 droplet on 

304L stainless steel. 
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Source: FHWA. 

50 µm = 2 mils. 

Figure 19. Photomicrograph. Cracks in U-bend specimen with high-pH MgCl2 droplet on 

304L stainless steel. 

 
Source: FHWA. 

20 µm = 0.8 mil. 

Figure 20. Photomicrograph. Intergranular and intragranular cracks through U-bend 

specimen with high-pH CaCl2 droplet on 304L stainless steel. 
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Source: FHWA. 

10 µm = 0.4 mil. 

Figure 21. Photomicrograph. Intergranular and intragranular cracks through U-bend 

specimen with high-pH CaCl2 droplet on 304L stainless steel. 

The stainless steel 316LN(1) specimens exposed to CaCl2 developed multiple major cracks under 

the salt droplet, as shown in figure 22. The cracks then branched out as they propagated deep 

into the bulk of the steel. The cracks in the stainless steel 316LN specimens exposed to MgCl2 

were more numerous than those exposed to CaCl2, as shown in figure 23. Many cracks 

penetrated the whole depth of the U-bend specimen.  

 
Source: FHWA. 

500 µm = 20 mils. 

Figure 22. Photomicrograph. Multiple major cracks through U-bend specimen with 

high-pH CaCl2 droplet on 316LN stainless steel. 
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Source: FHWA. 

1,000 μm = 39 mils. 

Figure 23. Photomicrograph. Cracking in stainless steel 316LN exposed to MgCl2 droplet. 

XM-28 

Although stress corrosion cracks were not found on the XM-28 stainless steel,(1) severe pitting 

corrosion did develop, as shown in figure 24. Pitting corrosion was not limited to the crown of 

the arch, but also occurred elsewhere, including the legs of the U-bend where stress was low. 

Metallographic examination did not find any sign of cracks, but deep pits were formed in the 

stainless steel structure as shown in figure 25, figure 26, and figure 27. After 1 yr of exposure, 

pitting corrosion perforated the stainless steel, as shown in figure 28 and figure 29. 

 
Source: FHWA. 

1,000 μm = 39 mils. 

Figure 24. Photomicrograph. Pitting corrosion of stainless steel XM-28 exposed to NaCl 

solution. 
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Source: FHWA. 

20 µm = 0.8 mil. 

Figure 25. Photomicrograph. Pitting corrosion of stainless steel XM-28 exposed to 60-µm 

(2.4-mil) MgCl2 droplet. 

 
Source: FHWA. 

100 µm = 4 mils. 

Figure 26. Photomicrograph. Pits in stainless steel XM-28 exposed to 580-µm (23-mil) NaCl 

droplet. 
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Source: FHWA. 

200 µm = 8 mils. 

Figure 27. Photomicrograph. Pits in stainless steel XM-28 exposed to 900-µm (35-mil) NaCl 

droplet. 

 
Source: FHWA. 

Figure 28. Photo. Localized corrosion on U-bend specimen with high-pH MgCl2 droplet on 

XM-28 stainless steel. 
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Source: FHWA. 

Figure 29. Photo. Localized corrosion on U-bend specimen with high-pH NaCl droplet on 

XM-28 stainless steel. 

Duplex stainless steel grades 2205 and 2304(1) showed no sign of SCC. The stainless steel 2304 

specimens developed pitting corrosion, as seen in figure 30 and figure 31, although the pits were 

usually shallow with depth less than 10 µm (0.4 mil), as shown in figure 32. 

 
Source: FHWA. 

1,000 μm = 39 mils. 

Figure 30. Photomicrograph. Pitting corrosion on stainless steel 2205 exposed to MgCl2 

droplet. 
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Source: FHWA. 

1,000 μm = 39 mils. 

Figure 31. Photomicrograph. Pitting corrosion on stainless steel 2304 exposed to NaCl 

droplet. 

 
Source: FHWA. 

20 µm = 0.8 mil. 

Figure 32. Photomicrograph. Stainless steel 2304 exposed to MgCl2 droplet. 

In addition to sporadic shallow pits, on rare occasions, corrosion hollowed out part of the steel 

from beneath the surface, as shown in figure 33. The stainless steel was electrolytically etched 

with 40-percent aqueous NaOH solution, showing blue austenite and yellow ferrite. 
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Source: FHWA. 

50 µm = 2 mils. 

Figure 33. Photomicrograph. Pitting corrosion hollowed out the top layer of stainless steel 

2304 exposed to MgCl2 droplet. 

The surface of stainless steel 2205 had small pits and shallow etched areas with NaCl exposure, 

as shown in figure 34. The corrosion damage to the steel was rather superficial, as shown in 

figure 35. The duplex stainless steel 2205 showed no sign of SCC or pitting (figure 36, figure 37, 

and figure 38). 

 
Source: FHWA. 

1,000 μm = 39 mils. 

Figure 34. Photomicrograph. Pitting corrosion on stainless steel 2205 exposed to NaCl 

droplet. 
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Source: FHWA. 

10 µm = 0.4 mil. 

Figure 35. Photomicrograph. Corrosion in the surface layer of stainless steel 2205 exposed 

to MgCl2 droplet. 

 
Source: FHWA. 

10 µm = 0.4 mil. 

Figure 36. Photomicrograph. No corrosion damage in stainless steel 2205 exposed to CaCl2 

droplet. 
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Source: FHWA. 

1,000 μm = 39 mils. 

Figure 37. Photomicrograph. No crack in stainless steel 2205 exposed to NaCl droplet. 

 
Source: FHWA. 

100 µm = 4 mils. 

Figure 38. Photomicrograph. High magnification showing no crack in stainless steel 2205 

exposed to NaCl droplet. 
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Cracking Development Under High-pH Droplets 

Localized corrosion or SCC developed on austenitic stainless steels after 9 w of exposure to 

high-pH chloride solutions MgCl2 and CaCl2. Small cracks were observed in 304L and 316LN.(1) 

Pits about 50 µm (2 mils) formed in XM-28.(1) Gorges longer than 1 mm (39 mils) were also 

present on the surface. After 16 w, the major cracks on 304L and 316LN widened and branched 

out. The pits on XM-28 grew much deeper, and etched valleys grew longer and deeper. After 

1 yr of exposure, the cracks in 304L and 306LN severed the cross section of the U-bend, and the 

pits on XM-28 perforated the steel plates in multiple locations. 

The high-pH NaCl solution did not cause SCC in any of the stainless steel grades, although 

superficial pitting corrosion was found on all the U-bends except XM-28. NaCl developed 

aggressive pitting corrosion on XM-28. 

The duplex stainless steels were able to resist SCC, and no SCC was observed after 1 yr of 

exposure. After 16 w of exposure to CaCl2, 0.5-mm (20-mil)-diameter pits developed on 2205. 

Surface etching and corroded valleys were also present on 2205 and 2304(1) at the same time. In 

general, the degree of localized corrosion damage caused by MgCl2 and NaCl was less severe 

than that for CaCl2. 

Cracking Development Under Neutral-pH Droplets 

Localized corrosion or SCC developed on austenitic stainless steels after 8 w of exposure to 

neutral-pH chloride solutions MgCl2 and CaCl2. Cracks initiated from pits on 304L and 

316LN.(1) Pits, together with gorges, were present on XM-28.(1) After 12 w, the major cracks on 

304L and 316LN had widened and branched out. After 25 w, the cracks had penetrated the depth 

and width of the U-bends, severing them in half. 

NaCl droplets also caused pitting corrosion on 304L and316LN, although no SCC was observed. 

After 8 w of exposure to NaCl, 304L developed pits with a 100-µm (4-mil) diameter; 316LN had 

no visible pits. After 12 w of exposure, the pits on 304L grew numerous, and pits also appeared 

on 316LN. 

Numerous pits were present on XM-28 after 8 w of exposure to NaCl, with diameters less than 

40 µm (1.6 mils). After 12 w of exposure, the pits on XM-28 grew to 1-mm (39-mil) deep, and 

their shapes became irregular. After 25 w, the pits on XM-28 grew larger and deeper but did not 

perforate the steel plate. The neutral-pH NaCl solution did not cause SCC on XM-28. 

The duplex stainless steels were able to resist SCC under neutral-pH chloride solutions. After 

8 w of exposure to MgCl2, a few pits developed on 2304,(1) and the diameters of the pits were 

less than 100 µm (3.9 mils). Some pits with diameters less than 50 µm (2 mils) also developed 

on 2205,(1) together with small etched areas of about 0.4 mm2 (0.0006 in2) or smaller. After 12 w, 

the number of small pits on 2304 grew, and etched areas of 1 mm2 (0.0016 in2) were also visible. 

At the same time, some 50-µm (2-mil)-diameter pits on 2205 grew deeper, and etched areas of 

about 1 mm2 (0.0016 in2) were visible. After 25 w, the pits and etched areas did not seem to 

change significantly. 
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The localized corrosion caused by CaCl2 was similar to that of MgCl2. After 8 w, a few pits were 

visible on 2304 and 2205 but were 50 µm (2 mils) in diameter or smaller. After 12 w, etched 

areas of 1 mm2 (0.0016 in2) were present on 2304, and a few shallow pits with 0.5-mm (20-mil) 

diameters were found on 2205. After 25 w of exposure, no significant changes were visible, 

although more black-colored corrosion product accumulated on the surface. 

NaCl also caused pitting and surface etching on the duplex stainless steels. After 8 w, many 

small pits were visible on 2304 and 2205, and their diameter was less than 50 µm (2 mils). After 

12 w, 2304 developed 1-mm2 (0.0016-in2) etched areas, and the number of pits grew. The 2205 

also developed pits, and the pits and corrosion products formed dark-colored lines. Some 

corroded areas were about 0.75 mm (30 mils) in diameter. After 25 w of exposure, some pits 

grew slightly, and more corrosion products formed on the surface of the specimens. In general, 

the degree of localized corrosion damage caused by NaCl was as severe as that caused by MgCl2 

or CaCl2. 

PITTING POTENTIAL 

Pitting is a form of localized corrosion that occurs on metals with protective films. Pitting 

manifests signs of attack with localized holes on the metal’s surface. The holes can propagate in 

the metal rapidly, while other parts of the metal surface remain free from corrosion. The 

presence of chloride on the metal vigorously enhances pitting corrosion in some stainless steels. 

An electrochemical method called cyclic potentiodynamic polarization provides simple and fast 

measurements to determine a metal’s relative susceptibility to pitting corrosion. The test method 

is described in ASTM G61(23) and ASTM F746.(24) As the anodic potential moves in the more 

noble direction and passes the passive region, the anodic current increases rapidly, indicating 

localized pitting corrosion has initiated. This characteristic potential is defined as critical pitting 

potential and is broadly used to estimate the tendency of metal to develop localized corrosion. 

The more noble the critical pitting potential, the less likely pitting corrosion initiates on the 

metal.  

The critical pitting potential was measured following ASTM G61 and ASTM F746. The test was 

carried out at 50 ℃ (122 ℉), and the electrolyte was a 3.56-percent (by weight) NaCl solution. 

Figure 39 presents the results for stainless steels 304L, 316LN, and XM-28. Stainless steel 

316LN has the most noble critical pitting potential among the three, while the least noble belongs 

to XM-28. The critical pitting potential for 304L is slightly more noble than that for XM-28. 

Figure 40 shows the critical pitting potentials for stainless steels 2205 and 2304. Within the 

tested potential range, the 2205 curve does not have a potential where the current increases 

rapidly, meaning pitting corrosion does not initiate. By comparison, stainless steel 2304 has 

reached its critical pitting potential, and pits initiated on the steel surface. Even so, 2304 has a 

more noble critical pitting potential that the three steels shown in figure 39.  
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Source: FHWA. 

Ref. = reference potential; V =voltage; I = current. 

Figure 39. Graph. Critical pitting potential curves for 304L, 316LN, and XM-28 stainless 

steels in NaCl solution. 

 
Source: FHWA. 

Figure 40. Graph. Critical pitting potential curves for 2304 and 2205 stainless steels in 

NaCl solution. 

The pitting resistance equivalent number (PREN) is a measure of the relative pitting corrosion 

resistance of stainless steel in a chloride-containing environment.(25) Stainless steel’s pitting 

resistance is primarily determined by its chemical composition. The elements that have a 

significant impact are Cr, Mo, and N. The PREN is calculated as: 

PREN=Cr+3.3Mo+16N 

Higher PREN values indicate greater corrosion resistance. The PREN is listed in table 5, and the 

chemical composition data were provided in the mill report. 
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Table 5. PREN of the stainless steels. 

Stainless Steel Grade Alloying Chemical Composition (percent weight) 

PREN ASTM UNS Cr Mo Ni N 

304L S30403 18.2 0.3 8.0 0.08 21 

316LN S31653 17.7 2.1 10.2 0.12 26 

XM-28 S24100 18.1 0.0 1.0 0.29 23 

2304 S32304 22.8 0.3 3.6 0.17 26 

2205 S32205 21.6 2.6 4.7 0.18 33 
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CHAPTER 4. SUMMARY AND CONCLUSION 

SUMMARY OF FINDINGS 

Austenitic Stainless Steel 

The experiments showed that austenitic stainless steels 304L and 316LN(1) developed SCC when 

exposed to MgCl2 and CaCl2 at 50 ℃ (122 ℉). 

The cracking damage caused by CaCl2 deposits was more extensive (aggressive) than that caused 

by MgCl2 deposits. Multiple cracks developed under the CaCl2 droplet, and each major crack 

then branched out extensively, penetrating deep into the bulk of the steel, with some cutting 

though the depth of the steel specimen. 

The corrosion damage on 304L and 316LN caused by NaCl was limited to shallow pits and 

surface etching. SCC did not develop in these stainless steel samples exposed to NaCl. The 

chloride concentration in the NaCl droplet was half of the concentration in MgCl2 and CaCl2. 

SCC did not develop in XM-28.(1) XM-28 is an austenitic stainless steel alloyed with high 

manganese and low Ni and is strengthened by extra N present in a solid solution. High N 

provides significantly higher tensile strength and yield strength without adversely affecting 

ductility. XM-28 has almost twice the yield strength of 304 stainless steel, which may have 

contributed to the resistance to SCC in the samples. 

Localized corrosion perforated the samples exposed to NaCl. NaCl caused more aggressive 

pitting corrosion on the XM-28 than MgCl2 and CaCl2 did. The samples exposed to MgCl2 

developed deep pits. Pitting corrosion also appeared on CaCl2-deposited samples, but the pits 

were much shallower. XM-28 seems to be prone to pitting corrosion, and pitting corrosion 

propagates faster at a relatively lower chloride concentration and higher relative humidity. 

At 50 ℃ (122 ℉), the relative humidity at the deliquescence point was 30 percent for CaCl2, 

35 percent for MgCl2, and 75 percent for NaCl. 

Based on the observation of corrosion damages to the stainless steel samples, CaCl2 was the most 

aggressive solution to cause SCC compared with MgCl2 and NaCl. MgCl2 was relatively less 

aggressive, but still initiated SCC. The stainless steel samples exposed to NaCl did not develop 

SCC. NaCl did cause varying degrees of pitting corrosion on all austenitic stainless steels. 

The pitting corrosion was most severe on XM-28. Shallow pits were found on 304L and 316LN. 

The researchers found no clear relationship between PREN and pitting among the austenitic 

stainless steels. The PREN followed the order 316LN > XM-28 > 304L, but the pitting corrosion 

damage from severe to mild was XM-28 > 304L > 316LN. The reason for the XM-28 being 

prone to pitting corrosion was not clear, but the researchers noticed that XM-28 contains much 

less Ni (1 percent) than 304L (8 percent) and 316LN (10 percent) do. Ni-based alloys are 

generally classified as corrosion-resistant alloys that resist low-temperature aqueous corrosion. 
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The experimental results demonstrated that SCC in austenitic stainless steel was associated with 

the stainless steel grade, the type of salt applied, and relative humidity; although the latter two 

factors were interconnected when the condition was kept at the deliquescence point of the salt. 

The concentration of the chloride ions in the surface solution was directly related to the 

aggressiveness of the salt droplets. At the deliquescence point, salt crystals absorb water 

molecules from the atmosphere to form a saturated solution.(12) However, the salt crystals remain 

dry if the relative humidity in the atmosphere is lower that the salt’s deliquescence point. The 

most hygroscopic salt forms saturated solution at the lowest relative humidity. With increased 

humidity in the air, the salt crystals absorb more water molecules, the volume of the solution 

increases, and the concentration decreases. 

The temperature and relative humidity data collected from the experiments shed light on the 

deliquescence point of the salts. At 50 ℃ (122 ℉), CaCl2 reaches equilibrium at 30-percent 

relative humidity, meaning the CaCl2 droplet on the stainless steel absorbs the same amount of 

water molecules as it gives back to the atmosphere. Therefore, the volume of the droplet is 

constant, which leads to a constant concentration. The relative humidity was 35 percent at 

equilibrium for MgCl2 and 75 percent for NaCl. 

Research showed that at 50 ℃ (122 ℉), the deliquescence points of the solutions are as follows: 

CaCl2 is 13 percent relative humidity and 23.8 M chloride concentration; MgCl2 is 28 percent 

relative humidity and 12.4 M chloride concentration; and NaCl is 75 percent relative humidity 

and 6.4 M chloride concentration. Clearly, CaCl2 creates the highest concentration chloride 

solution and is, therefore, the most corrosive among the salts. 

When temperature is constant, with increased humidity the chloride concentration decreases, and 

the corrosiveness of the salt droplets decrease as well. In contrast, when the humidity is lower 

than the dew point, water evaporates, the droplet becomes oversaturated, and salt crystals form. 

The experiment showed that for NaCl, when the humidity was lower than 75 percent, the droplet 

evaporated, leaving dry crystals on the stainless steel surface. Therefore, the chloride 

concentration at equilibrium is 6.4 M, which is too low to initiate SCC but is corrosive enough to 

cause pitting corrosion on the austenitic stainless steels. 

Austenitic-Ferritic Stainless Steels 

The duplex stainless steels 2205 and 2304(1) were resistant to SCC. However, the researchers 

observed localized corrosion on the steels. In addition to the small pits present on the steel 

surface, the team also found areas with shallow deterioration (as shown in figure 41 and 

figure 42 for 2304 and figure 43 and figure 44 for 2205), which Prosek, Iversen, and Taxen 

described as “etched zones.”(13) They found that the etched zones were often elongated in the 

same direction as the cracks on the austenitic stainless steel. This direction is perpendicular to the 

plane of residual stress of the U-bend. 
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Source: FHWA. 

1,000 μm = 39 mils. 

Figure 41. Photomicrograph. Pitting corrosion on stainless steel 2304 exposed to CaCl2 

droplet. 

 
Source: FHWA. 

1,000 μm = 39 mils. 

Figure 42. Photomicrograph. Etched zones on stainless steel 2304 exposed to CaCl2 droplet. 
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Source: FHWA. 

1,000 μm = 39 mils. 

Figure 43. Photomicrograph. Etched zone and pitting corrosion on stainless steel 2205 

exposed to MgCl2 droplet. 

 
Source: FHWA. 

1,000 μm = 39 mils. 

Figure 44. Photomicrograph. Etched zones and pitting corrosion on stainless steel 2205 

exposed to MgCl2 droplet. 
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The localized corrosion on the U-bend specimens developed “ridges and valleys” along the 

longer dimension of the steel, which is parallel to the plane of the residual stress, as shown in 

figure 45 through figure 48. These ridges and valleys were found on both 2304 and 2205 

stainless steels(1) exposed to more aggressive environments (i.e., MgCl2 and CaCl2). The 

researchers did not observe this form of corrosion on austenitic stainless steel specimens in this 

study. 

 
Source: FHWA. 

1,000 μm = 39 mils. 

Figure 45. Photomicrograph. Etched zones and small pits on stainless steel 2304 exposed to 

CaCl2 droplet. 

 
Source: FHWA. 

1,000 μm = 39 mils. 

Figure 46. Photomicrograph. Etched zones and pits on stainless steel 2304 exposed to 

MgCl2 droplet. 
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Source: FHWA. 

1,000 μm = 39 mils. 

Figure 47. Photomicrograph. Etched zones and pits on stainless steel 2205 exposed to CaCl2 

droplet. 

 
Source: FHWA. 

1,000 μm = 39 mils. 

Figure 48. Photomicrograph. Etched zones and pits on stainless steel 2205 exposed to 

MgCl2 droplet. 

Small areas of the surface layer were found to be selectively corroded in addition to the 

superficial etching and small pits. The 2304 stainless steel had pits 20 µm (0.8 mil) deep. 

Hollowed-out spots were also found in 2304, with a depth of about 50 µm (2 mils). The ferritic 

phase was selectively corroded (or selective dissolution), while the austenitic phase seemed 
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intact. The superficial corrosion (or dissolution) on 2205 was less pronounced than on 2304: only 

the surface suffered minor metal loss of less than 10 µm (0.4 mil). The superficial corrosion and 

the aggressiveness of the chloride droplets had no clear coordination. For example, NaCl caused 

as much corrosion as CaCl2 on the 2205 steel surface. 

Other researchers (Örnek, Zhong, and Engelberg, along with Prosek et al.) found SCC in duplex 

stainless steel exposed to chloride-containing droplets. 18,19) Örnek, Zhong, and Engelberg used 

MgCl2:FeCl3 (ferric chloride) droplets on 2205 stainless steel to study chloride-induced SCC.(18) 

The specimen was put under a direct tension rig to achieve 0.3-percent strain. The specimen was 

exposed to 50 ℃ (122 ℉) and 30-percent relative humidity for 368 d. The FeCl3:MgCl2 droplet 

(0.68:1 mol ratio) contained 0.4 M chloride, calculated based on the data given in the paper. 

Multiple forms of corrosion were also present, such as selective dissolution, hydrogen 

embrittlement of the ferrite, pitting/crevice, and chloride-induced SCC of the austenite. 

Cracks between tens of nanometers and tens of micrometers long were found in ferrite and 

austenite. Most cracks were arrested or diverted at the phase boundaries.(26) Örnek and Engelberg 

did not find SCC in 2205 when MgCl2 was used in the droplet even at 80 ℃ (176 ℉) and 

27-percent relative humidity for 212 h.(26) However, Örnek et al. found SCC in 2205 after the 

steel was exposed to MgCl2 at atmosphere 50±1 ℃ (122 ±2 ℉) and 30±3-percent relative 

humidity for 512 and 615 d.(27) Örnek, Zhong, and Engelberg observed the effect of tensile 

loading on the development of discrete anodic and cathodic sites with the introduction of 

strain.(18) Örnek and Engelberg further state, “This observation supports the concept of an 

enhanced propensity of local electrochemical activity with increasing applied strain in duplex 

stainless steel.”(28) 

Prosek et al. studied SCC of austenitic and duplex stainless steels under MgCl2 and CaCl2 

droplets.(19) They created the residual stress by circular welding on stainless steel plates. They 

found that at 70 ℃ (158 ℉), SCC developed in duplex stainless steel grade 2205 but not in 

2304.(1) They reasoned that selective corrosion of ferrite grains leads to stress relief in 2304, and 

since 2205 is more resistant to selective corrosion of the ferrite phase, 2205 does not contain 

stress relief. Prosek et al. concluded that the initiation of SCC and selective/pitting corrosion 

depended on the equilibrium chloride concentration in the droplet. 

Findings from this study and others (i.e., Prosek’s and Örnek’s research) lead to the conclusion 

that the susceptibility of SCC in duplex stainless steel depends on the chloride concentration 

(therefore, the relative humidity of the air), temperature, and exposure time. (See references 18, 

19, 26, and 27.) 

CONCLUSION 

The report conclusions are summarized as follows: 

• Austenitic stainless steel grades 304L and 316LN(1) were susceptible to SCC when 

exposed to MgCl2 and CaCl2 at 50 ℃ (122 ℉) and at a relative humidity approximating 

the deliquescent point. SCC in austenitic stainless steels 304L and 316LN was both 

intergranular and transgranular. 
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• XM-28(1) was not attacked by SCC; rather it developed severe pitting corrosion. 

• Austenitic-ferritic duplex stainless steel grades 2304 and 2205(1) did not develop SCC. 

Selective dissolution of the ferrite phase was observed. Pitting corrosion and surface 

etching corrosion was superficial. The depth of corrosion damage was less than 20 µm 

(0.8 mil). 

• PREN was a good indicator of SCC and pitting for both austenitic and duplex stainless 

steels, except for XM-28. 

• High pH prolonged the time to initiation of SCC slightly, as the solution was carbonated 

in the air and pH decreased to slightly above neutral in a relatively short time. Corrosion 

reaction might have decreased the pH of the droplet even further. 

• The corrosivity of the salts at their deliquescent point decreased in the order CaCl2 > 

MgCl2 > NaCl; the relative humidity increased in the same order. 

• Pitting corrosion developed under the NaCl droplets, although NaCl did not cause SCC. 

• SCC was closely associated with the metallurgical structure of the alloy, type of chloride 

salt and its concentration, temperature, and relative humidity. 
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