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SUMMARY 

Corrosion is a common 

deterioration mode for bridges in 

the Commonwealth of Virginia 

and the rest of the United States. 

Steel bridges are susceptible to 

corrosion from exposure to 

chlorides, either due to close 

proximity to a saltwater coastline 

or from exposure to de-icing 

salts. Deterioration from 

corrosion often results in section 

loss and leads to subsequent 

expensive repairs. Traditionally, 

protection systems such as 

painting, weathering steel, and 

galvanized steel have been used 

for steel bridges, but it is unlikely 

that these methods will provide a 

100 year service life in aggressive 

environments.  

Over the past decade ASTM 

A709 Grade 50CR, a stainless 

steel, has been successfully used 

on six bridges in the United 

States and has shown to be 

approximately 4-10 times more 

corrosion resistant than uncoated 

weathering steel. Duplex stainless 

steels possess increased strength 

and corrosion resistance 

compared to Grade 50CR. Since 

VDOT and many other 

transportation agencies are 

considering life cycle cost 

analysis to justify the use of 

alloyed steel in bridges, this 

paper will provide a comparison 

between these alloyed steels and 

those traditionally used in the 

past. This comparison includes 

corrosion resistance, mechanical 

properties, fabrication 

considerations, and cost 

considerations to demonstrate the 

potential benefits of using alloyed 

steels to produce steel bridges 

with a service life of 100 years.  
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CORROSION RESISTANT ALLOYED STEEL FOR LOW 

MAINTENANCE STEEL BRIDGES 

 

Introduction 

Corrosion is a common deterioration mode for steel 

and concrete bridges within Virginia and the rest of 

the United States. Numerous bridges in the country 

are subject to chlorides, either from close proximity 

to a saltwater coastline or from exposure to de-icing 

salts. In any case, chlorides can lead to corrosion 

damage and subsequent expensive maintenance and 

repairs. For example, a study from 2013 indicated that 

the Virginia Department of Transportation (VDOT) 

spends approximately $10 million per year on steel 

bridge coatings maintenance (1).  

In recent years VDOT has transitioned from using 

coated reinforcing steel to alloyed steel reinforcement 

in reinforced concrete bridge applications. VDOT is 

also currently expanding this transition into 

prestressed concrete girders through the use of 

stainless steel or carbon fiber prestressing strands. 

These changes demonstrate that one of the primary 

factors for material selection should not solely be 

initial cost, but should also include future 

maintenance cost. Since these changes have been 

largely successful, the potential exists for similar 

alloyed steel solutions for steel plate girder 

applications. 

Traditional steel plate girder bridge corrosion 

protection systems have included the use of painting, 

weathering steel, and galvanized steel. Each of these 

systems can be relatively successful in appropriate 

applications, but do have potential drawbacks. 

Painting has an inexpensive initial cost, but typical 

systems (inorganic zinc-rich primer, epoxy midcoat, 

and urethane topcoat) have expected service lives of 

approximately 20-30 years before recoating is 

required; this means several recoating operations are 

necessary to meet service life expectations. These 

recoating applications applied in the field are also 

expected to have a shorter life than a coating applied 

in a fabrication shop. 

Weathering steel, or Grade 50W steel, which is 

expected to cost minimally more than typical carbon 

steel, has performed successfully in some areas, but 

has shown poor performance in marine coastal, 

prolonged wetness, and industrial environments. 

Historical inadequate performance in these 

applications led to a Federal Highway Administration 

(FHWA) technical advisory to be published in 1989 

which recommended areas in which uncoated 50W 

steel should not be used (2). This technical advisory, 

as well as selected poor performance, has led some 

agencies to have a negative view of uncoated 50W 

steel. 

Galvanized steel can perform well in atmospheric 

environments, but much of its corrosion resistance 

depends on the quality of the galvanizing process. In 

cases where the galvanizing has failed, the corrosion 

rate of the steel base metal is greatly increased until 

the coating is reapplied in the field. Galvanizing baths 

are also limited in size, which can require designers 

to limit the length of structural members so that they 

can fit in the baths. These size limitations can lead to 

additional members and splices, which increase the 

initial cost of a structure. 

Over the past decade, ASTM A709 Grade 50CR steel 

(formerly referenced as ASTM A1010) has begun 

gaining traction as an alloyed steel solution to the 

challenges associated with painted, weathering, or 

galvanized steels (3, 4). Grade 50CR steel is a low-

alloy, cost effective stainless steel which has been 

used in six steel bridges in the United States and two 

in Canada (5). In accelerated corrosion tests, 50CR 

steel has shown to possess a corrosion rate of 

approximately 10 times less than Grade 50W in 

vertical applications and 4 times less in horizontal 

applications, with the difference being attributed to 

the increase in time of wetness when placed 

horizontally (6, 7). Also, due to its ferrite and 

tempered martensite microstructure, 50CR has 

exhibited good strength, toughness, and weldability, 

making it an attractive option for use in steel bridges 

(5). 

Aside from 50CR, duplex stainless steels are higher-

alloyed, more corrosion resistant steels which possess 

excellent strength and toughness properties. The 

world’s first duplex stainless steel vehicular bridge, 

the Cala Galdana Bridge, was constructed in Spain in 

2005 (8). Since then, duplex stainless steel has seen 
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increased usage as structural elements on vehicular, 

pedestrian, and rail bridges across Europe. In the 

United States, one major bridge application using 

duplex stainless steel is the Harbor Drive Pedestrian 

Bridge in San Diego, California, constructed in 2011. 

Duplex stainless steel was selected for this bridge 

because of its superior corrosion resistance and its 

shiny, aesthetic appearance (9). 

Since many agencies in the United States and around 

the world are now using life cycle cost analysis to 

justify the use of alloyed steels in bridges, this paper 

will provide an initial comparison between these 

alloyed steels, such as 50CR and duplex stainless 

steel, and traditionally used bridge steels, such as 

ASTM A709 Grade 50 and 50W. This comparison 

will include corrosion resistance, mechanical 

properties, fabrication considerations, and cost 

considerations to illustrate the potential benefits 

gained from using these alloyed steel solutions. These 

comparisons were made using a combination of 

literature review, experimental testing, and 

discussions with industry experts. 

Table 1 shows a list of the corrosion resistant alloyed 

steel plate types included in this comparison, as well 

as how they will be referred to within this paper. 

Table 1. Corrosion resistant alloyed steel plate 

types included in comparison. 

Steel type 
Referred to 

as 

ASTM A709 Grade 50CR 50CR 

Plate meeting chemistry 

requirements of ASTM A1035CS 

A1035CS 

steel plate 

Duplex stainless steel UNS 32101 2101 

Duplex stainless steel UNS 32202 2202 

Duplex stainless steel UNS 32304 2304 

Duplex stainless steel UNS 32205 2205 

 

The second entry in the table refers to A1035CS steel 

plate. Although the ASTM A1035 specification is 

limited to reinforcing steel, the plate referenced here 

meets the compositional requirements of A1035CS 

(10). This plate was included in this study because of 

its high strength and enhanced corrosion resistance 

compared to Grade 50 steel.  Four types of duplex 

stainless steel were selected for inclusion into this 

study (2101, 2202, 2304, and 2205) since they 

appeared to be the most widely used and cost 

effective types of duplex stainless steel. 

Corrosion Resistance 

PREN Comparison 

An initial corrosion resistance ranking was done 

using their pitting resistance equivalent resistance 

number (PREN). PREN is a common, simple method 

for comparing stainless steels’ relative corrosion 

resistance based on their chemical composition of 

chromium, molybdenum, and nitrogen; however 

PREN does not indicate steels’ actual corrosion rates 

when subjected to different exposure conditions. This 

method is only applicable to stainless steels, which 

have a minimum of 10.5% chromium content. Table 

2 shows the PREN range comparisons for the 

corrosion resistant steels. 

Table 2. PREN ranges for corrosion resistant 

alloyed steels. 

Steel PREN range 

50CR 11-13 

2101 25-29 

2202 25-27 

2304 22-30 

2205 34-38 

 

Although traditional carbon steel used for bridges 

falls outside of the scope of PREN, their values can 

be computed to provide a baseline of comparison. For 

example, Grade 50 steel has a PREN value of 0 and 

Grade 50W has a PREN that ranges from 0-1. 

Although not a stainless steel since it is not 

guaranteed to have 10.5% chromium, A1035CS steel 

plate would have a PREN value of 9-12. Using these 

values, simple comparisons can be made between 

steel types and it is clear that alloying can strongly 

enhance the corrosion resistance of a steel. 50CR and 

A1035CS steel plate have a corrosion resistance of 

roughly 10 times better than Grade 50W, while the 

duplex stainless steels are approximately 25-40 times 

better. 

Long Term Corrosion Data 

Long term atmospheric corrosion data is extremely 

valuable when evaluating the corrosion resistance of 

materials it allows observations to be made as the 

material corrodes in a natural environment, similar to 

how it would be placed in service. Two historical long 

Page 3 of 15 



  

 

term corrosion studies were examined to evaluate the 

relative corrosion resistance of alloyed steels, and 

their results will be discussed. 

One such study was conducted by the United States 

Naval Research Laboratory in Panama over the 

course of 16 years (11). Notable steels included in the 

study were carbon steel, weathering steel, galvanized 

steel, and stainless steels. The carbon steel samples 

presented in this paper were prepared with a mill scale 

finish. Other finishes, such as pickled or machined, 

were also reported in the study. The galvanized steel 

sample was used in the as-received condition. The 

two stainless steels documented here included type 

410 and type 316. The type 410 stainless steel is 

included in this comparison because it is expected to 

have a similar corrosion resistance to 50CR and 

A1035CS steel plate. While the three steels have 

different microstructures, they are all predominantly 

martensite with chromium contents near the lower 

limit to qualify as a stainless steel. The type 316 

stainless steel is included because it is expected to 

have a corrosion resistance somewhat similar to the 

lean duplex stainless steels of 2101, 2202, and 2304. 

It is acknowledged that the type 316 is an austenitic 

stainless steel with a higher amount of nickel than the 

duplex stainless steels, but the corrosion resistance 

will be similar to the duplex stainless steels especially 

when compared to the weathering, galvanized or 

50CR steels. Both the type 410 and 316 were used in 

the as-received condition. 

The long term atmospheric corrosion samples were 

all 4 in. x 8 in. steel plate samples, with thicknesses 

of either 1/16 or 1/4 in. Samples were placed at an 

exposure site on a rooftop about 55 ft. above sea level 

in Cristobal, Panama. The site was described as 

“costal marine” and experiences salt-bearing winds 

from the Caribbean Sea. The samples were placed at 

a 30 degree angle, facing towards the sea; placing the 

samples at an angle allowed them to be naturally 

cleaned with rain water. Weight loss measurements 

were recorded over time to indicate the degree of 

corrosion damage. Data from these weight loss 

measurements are shown in Figure 1. Note the 

logarithmic scale on the y axis. 

 

Figure 1. Weight loss corrosion data of steels in 

Cristobal, Panama over 16 years (11). 

Although the weight loss of the type 316 stainless 

steel was reported as 0.00 g, for the purposes of 

displaying relative performance, it was entered into 

Figure 1 as 0.001 g. From examining the figure, some 

clear trends are apparent. The weathering steel had a 

mass loss of approximately 50% that of the carbon 

steel over 16 years, which was much better than the 

PREN indicated. Although the 16 year data for the 

galvanized steel was not presented, it had a mass loss 

of approximately 10% that of carbon steel over 8 

years. The type 410 and 316 stainless steels, being 

more similar in composition to the 50CR and lean 

duplex stainless steels, both performed well, having 

mass losses of approximately 1% and 0.00001% that 

of carbon steel, respectively. 

The second long term corrosion study examined was 

conducted by the Council for Scientific and Industrial 

Research in South Africa over the course of 20 years 

(12). Notable metals included in this study were 

carbon steel, weathering steel, zinc, 3CR12, and type 

316 stainless. The zinc was included in the current 

paper to represent galvanized steel, the 3CR12 steel 

was included since it has a nearly identical chemistry 

to 50CR, and the type 316 was included to represent 

the lean duplex stainless steels. 

The long term corrosion samples were all 5 in. x 8 in. 

steel plate samples. The carbon steel and weathering 

steel samples had approximately thicknesses of 0.24 

and 0.20 in., respectively, while the remaining 

samples were 0.06 in. thick. Although data from 

multiple sites were presented in the study, two of the 

most aggressive sites were selected for inclusion into 
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this paper: Durban-Bluff (Bluff) and Walvis Bay-

Military Camp (Walvis). The Bluff site was described 

as having a “severe marine” environment with a 

“moderate/low” industrial pollution, while the Walvis 

site had a “severe marine” environment with a “low” 

industrial pollution. At both sites, the specimens were 

placed at a 30 degree angle, facing prevailing winds 

to get maximum exposure to salt-laden winds coming 

in from the ocean. The corrosion rates from each of 

the metal sample types were presented in 5 year 

intervals over the 20 year study. Figure 2 shows the 

corrosion data from Bluff site and Figure 3 shows the 

data from the Walvis site. Note the logarithmic scale 

on the y axis of both plots. 

 

Figure 2. Corrosion rate of metals at Durban-

Bluff site in South Africa over 20 years (12). 

The trends shown in Figure 2 are somewhat similar to 

those shown previously. Since data was only 

presented up to 10 years for the carbon steel, relative 

comparisons between it and the rest of the metals 

were made at that point in time. The weathering steel 

had a corrosion rate of approximately 40% of the 

carbon steel. The zinc, representing galvanized steel, 

had a corrosion rate of approximately 5% of the 

carbon steel. The pickled 3CR12, representing 50CR, 

had a corrosion rate of approximately 1% of carbon 

steel. All three of these values were similar to what 

was presented in the data from Panama. The type 316 

stainless steel, representing the lean duplex stainless 

steels, had a corrosion rate of approximately 0.01% of 

carbon steel, showing its superior corrosion 

resistance.  

 

Figure 3. Corrosion rate of metals at Walvis Bay-

Military Camp in South Africa over 20 years 

(12). 

The data from the Walvis site, shown in Figure 3, 

shows different trends for the weathering steel and 

zinc, but similar trends for the pickled 3CR12 and 

type 316 stainless steels. From the last data presented 

for each traditional metal type, 15 years for the 

weathering steel and 5 years for the zinc, both appear 

to behave relatively similar to the carbon steel, 

exhibiting little to no increase in corrosion resistance. 

Review of the weather data within the study revealed 

that Walvis site had more relative humidity than the 

Bluff site did, thus creating a longer time of wetness. 

This agrees with concept that weathering steel does 

not perform well in these environments and indicates 

that galvanized steel may not perform well in this 

environment either. 

The pickled 3CR12 and type 316 stainless, however, 

did not experience a decrease in corrosion resistance 

due to the high time of wetness like the weathering 

steel and zinc did. Instead they had corrosion rates of 

approximately 1% and 0.005% of carbon steel, 

respectively, which were nearly identical to their 

behavior at the Bluff site. Although this is the 

corrosion behavior at one specific environment, it 

does suggest that both 50CR and duplex stainless 

steels could have the potential to perform well in an 

environment where weathering steel and galvanized 

steel have historically not. 

The South African study also compared the corrosion 

resistance of 3CR12 in both the pickled and hot rolled 

finished condition. Samples were placed at both the 

Bluff and Walvis sites over a period of 10 years. At 
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both sites, the pickled 3CR12 samples outperformed 

their hot rolled counterparts. At the Bluff site, the 

pickled samples had a corrosion rate of 40% of the 

hot rolled samples. At the Walvis site, this differences 

was even greater, with the pickled samples having a 

corrosion rate of 15% of the hot rolled samples. Since 

50CR is supplied as hot rolled plate in the United 

States, this suggests that the corrosion resistance of 

the material could be even further increased if it could 

be pickled instead. 

Mechanical Properties 

Tensile Testing 

To determine the material properties of the corrosion 

resistant alloyed steels, uniaxial tensile tests were 

performed on the following steel types: 50CR, 

A1035CS steel plate, and four grades of duplex 

stainless steels, including 2101, 2202, 2304, and 

2205. Since 50CR steel is a relatively new material, a 

variety of thicknesses were also tested, including ½, 

1, 1¾, and 3 in. thick samples. Currently the ASTM 

A709 Grade 50CR specification does not allow for 

plates over 2 in. thick. However, the material 

producer is now supplying material that is 3 in. thick 

and meets the chemical composition requirements. 

This material will be referred to as 3 in. thick 50CR 

steel throughout the remainder of this paper. For the 

A1035CS steel plate and duplex stainless steels only 

½ in. thick samples were tested, but up to 6 in. thick 

duplex stainless steel plate material is available.  

For the 50CR and duplex stainless steel materials, 

samples were tested in the longitudinal and transverse 

direction with respect to the rolling direction. For the 

A1035CS steel plate material, samples were tested in 

the longitudinal direction only. Triplicates were 

tested of each material type, thickness, and 

orientation to rolling direction combination. The 

results of these tests were compared to Grade 50 steel 

to determine how the alloyed steels differed to 

determine if significant changes would be needed to 

the bridge design process when using a corrosion 

resistant steel. 

All of the tensile tests were conducted using the 

ASTM A370 or E8 specifications, as applicable (13, 

14). The tensile tests were conducted on a variety of 

servo-hydraulic controlled testing frames ranging 

from 55-kip to 550-kip capacity at either Virginia 

Transportation Research Council (VTRC) or FHWA 

Turner-Fairbank Highway Research Center 

(TFHRC). Load and displacement was recorded on 

the test frame’s data acquisition system. Strain was 

measured using one of the three methods: clip-on 

extensometer, laser extensometer, or video 

extensometer. The test frame and strain measurement 

system were selected based on the specimen size and 

equipment available at the site where testing was 

conducted. 

Once the tensile tests were complete, stress vs. strain 

curves were developed for each specimen. Overall, 

there were only slight differences between the 

samples tested in the longitudinal and transverse 

orientation with respect to the rolling direction for all 

of the steels. Therefore, only the longitudinal samples 

will be discussed for the remainder of this paper. 

Figure 4 shows a typical stress vs. strain curve for a 

½ in. thick sample of each corrosion resistant steel 

type. Included in the figure is a curve for a Grade 50 

steel sample for comparison. 

 

Figure 4. Stress vs. strain curves of corrosion 

resistant alloyed steels. 

From the figure, it is clear that 50CR has a similar 

stress-strain behavior to Grade 50 steel; both steels 

have similar yield stresses and ultimate strengths. 

From simply looking at the figure, it would appear 

that 50CR has more ductility, but this was only the 

case for some of the samples tested. The average test 

data, which will be presented, showed that the 

elongation of 50CR was similar that of Grade 50 steel. 

The A1035CS steel plate has more than double the 

strength than the Grade 50 steel, but about half of the 

ductility. All four of the duplex steels behaved 

similarly, having greater strength and ductility than 

the Grade 50 and 50CR steels. Figure 5 shows 
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enlarged plots for the Grade 50, 50CR, and 2205 

duplex stainless steel from 0 to 1.2% strain. 

 

Figure 5. Stress vs. strain curve for Grade 50, 

50CR, and 2205 up to 1.2% strain. 

One slight difference between the stress-strain curves 

of 50CR and duplex stainless steels compared to 

Grade 50 steel is the continuous yielding behavior 

shown in Figure 5. This behavior is common to 

stainless steels and is indicated on the figure where 

the 50CR and 2205 plots are gradually rounded in the 

transition from elastic to plastic behavior. The Grade 

50 steel, on the other hand, follows a discontinuous 

yielding behavior, which transitions from elastic 

behavior to a yield plateau, and then to strain 

hardening. The A1035CS steel plate also exhibited 

the continuous yielding behavior, just at larger 

stresses. 

Table 3 shows the average test results for each steel 

type and thickness combination tested. Included in 

the table are the yield stress, ultimate strength, and 

elongation at fracture for each steel type. 

 

 

 

 

 

 

 

 

Table 3. Average tensile test results of corrosion 

resistant alloyed steels. 

Steel 

type 

Thickness 

(in) 

Yield 

Stress 

(ksi) 

Ultimate 

Strength 

(ksi) 

Elongation 

at 

Fracture 

(%) 

50CR 0.5 54.0 75.7 34a 

50CR 1 52.3 74.7 25b 

50CR 1.75 59.8 82.4 24b 

50CR 3 81.0 97.1 36a 

A1035c 0.5 133.1 173.1 15a 

2101 0.5 71.1 101.9 48a 

2202 0.5 74.6 103.1 46a 

2304 0.5 62.8 97.9 51a 

2205 0.5 72.8 107.3 45a 
a – denotes elongation measured over 2-in. gauge length 
b – denotes elongation measured over 8-in. gauge length 
c – denotes A1035CS steel plate 

 

Although not shown in Table 3, the 0.2% offset 

elastic modulus of all of the steels tested followed the 

widely accepted value of 29,000 ksi used for typical 

carbon steels. As expected, all thicknesses tested of 

the 50CR steel met the ASTM A709 Grade 50 steel 

tensile requirements, which include the following 

minimum values: yield stress of 50 ksi, ultimate 

strength of 70 ksi, and elongation at fracture of 18% 

and 21% when measured over an 8-in. and 2-in. gauge 

length, respectively. This includes the 3 in. thick 

50CR, which had a yield stress of 81.0 ksi and 

ultimate strength of 97.1 ksi. It is important to note 

that Charpy V-notch (CVN) testing would also need 

to be conducted to further determine if 3 in. thick 

50CR meets all of the ASTM A709 mechanical 

testing requirements. 

The A1035CS steel plate met the Grade 50 yield 

stress and ultimate strength requirements, but did not 

meet the elongation requirement. The higher yield 

stress and ultimate strength of the A1035CS steel 

plate could put it into a category more similar to high 

performance steels (HPS), which have yield stresses 

of 50, 70, and 100 ksi, depending on the grade. The 

elongation of the A1035CS steel plate is slightly less 

than the HPS requirements of 18-21%, but the steel 

likely possesses a similar amount toughness because 

of its increased ultimate strength. To meet the 

requirements of an HPS, A1035CS steel plate would 

need to meet CVN and weldability requirements, 

neither of which are discussed in this paper. 

Nevertheless, the steel’s enhanced corrosion 

resistance could lend itself well to use in bolted 
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repairs until further research and material 

characterization is complete. 

The duplex stainless steels all possessed tensile 

properties that easily meet the Grade 50 requirements. 

When considering the 2101, 2202, and 2205 steels, it 

is possible that bridge designs using these duplex 

grades could use a design yield stress of 65 ksi and a 

design ultimate strength of 90 ksi. The additional 

yield stress provided by the duplex steels could result 

in less material required for design, thereby reducing 

cost. Overall, the steel bridge design process for using 

a duplex stainless steel would be similar to if a Grade 

50 steel were used, aside from the potential increased 

design yield and ultimate strengths. Adjustments 

would need also need to be made to some of the 

buckling calculations within the AASHTO LRFD 

Bridge Design Specifications because of the 

continuous yielding behavior of duplex stainless 

steels (15). However, many of these adjustments have 

already been determined and are published in the 

AISC Steel Design Guide 27: Structural Stainless 

Steel (16). 

Metallography & Fractography of 50CR 

Tensile Samples 

Once the tensile tests were complete, samples of 

50CR steel were taken from the tensile specimens to 

conduct metallography and fractography analysis. 

Metallographic samples were taken from the ends of 

the tensile specimens, in areas which had not been 

tested. These samples were cut, ground, and polished 

according to ASTM E3 (17). Vilella’s reagent 

(ASTM E407, #80) was chosen as the etchant for the 

50CR steel because it is known for revealing the 

microstructure of martensitic stainless steels (18). 

Once the samples had been etched, they were viewed 

under an optical microscope with bright-field 

illumination. Figure 6 shows a typical microstructure 

of 50CR steel taken from a ½ in. thick sample 

longitudinal to the rolling direction. 

 

 

Figure 6. Microstructure of longitudinal 50CR 

sample at 600x magnification etched with 

Vilella’s reagent. 

As seen in the figure, the microstructure of 50CR is 

dual phase, consisting thin bands of ferrite located 

between bands of martensite. Intermittent carbides 

are also located within the microstructure. All of the 

grains are elongated in the direction of rolling 

(horizontal). These observations confirmed the 

producer’s expected microstructure (19). 

Two fracture surfaces were examined from the tensile 

specimens. Although the dominant failure mode of 

the 50CR tensile specimens was yielding and 

eventual fracture on the gross area perpendicular to 

the direction of loading, a secondary failure mode was 

also present. This secondary failure mode consisted 

of a delamination parallel to the loading direction in 

the reduced cross section. This delamination was not 

visible on the test specimens until the strain was 

within less than 1% of the final elongation before 

final fracture, and thus is not a concern for design. 

The delamination appeared similar in specimens 

loaded both longitudinal and transverse to the rolling 

direction of the steel. Similar delaminations were 

observed in tensile tests of welded 50CR performed 

by Seradj (20). An example of a delamination 

observed from the tensile tests is shown in Figure 7. 

Further research is needed to determine the exact 

cause of this delamination. 
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Figure 7. Delamination after significant 

elongation of 50CR during tensile testing. 

The fracture surface on the gross area perpendicular 

to the loading (i.e. dominant fracture) was observed 

under a scanning electron microscope (SEM) to 

analyze the fracture morphology. An example 

fracture surface of one of the 50CR tensile samples is 

shown in Figure 8. The surface consists 

predominantly of microvoid coalescence, which is 

indicative of a ductile failure. 

 

Figure 8. Fracture surface of 50CR tensile sample 

viewed under SEM shows ductile behavior. 

Fatigue Testing of 50CR Bolted 

Connections 

In addition to the uniaxial tensile testing, fatigue tests 

were also conducted on bolted connections with 

50CR steel plates. The 9 fatigue specimens were 

designed as slip-critical in a double shear lap splice 

configuration. Each specimen used eight 7/8 in. 

diameter ASTM F3125 Grade A325 bolts that were 

tightened using the turn-of-nut method (21). Since the 

bolts were pretensioned, the connections were 

expected to behave as an AASHTO fatigue Detail 

Category B (15). Figure 9 shows the geometry of the 

fatigue specimens. 

 

Figure 9. Slip-critical bolted 50CR fatigue 

specimen. 

The fatigue tests were conducted at TFHRC using 

closed loop servo-hydraulic controlled test frames 

with either a 100-kip or 220-kip capacity; two test 

frames were used to allow for parallel testing. 

Specimens were loaded in tension under constant 

amplitude cyclic loading, with stress ranges selected 

to produce a fatigue failure within a reasonable 

amount of time and to maintain elastic behavior in the 

net section of the bolted connection. Load and cycle 

count were recorded during testing using the test 

frame’s data acquisition system. All specimens were 

cycled with a minimum stress of 3 ksi. 

During testing, it was common that a single splice 

plate would fail in fatigue before the other did. Once 

this occurred, that splice plate would be replaced by 

an untested plate and cycling was resumed. This 

allowed for every splice plate to produce a fatigue 

data point, rather than acquiring one data point per 

two splice plates. All of the plates cycled at 30ksi 

produced fatigue failures, while the two plates cycled 

at 20 ksi reached over 15 million cycles without 

failure; these tests were considered runouts. Test data 

for each splice plate are shown in Table 4. The stress 

ranges in the table were determined based on the 

gross sectional properties since the bolts were 

installed as slip-critical. 
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Table 4. Fatigue test data for slip-critical bolted 

50CR specimens. 

Plate 

number 

Stress 

range (ksi) 
Cycles to failure 

1 30 2,259,345 

2 30 3,238,799 

3 30 2,546,022 

4 30 8,048,272 

5 30 9,905,753 

6 30 2,586,003 

7 30 14,434,442 

8 20 15,244,403a 

9 20 15,244,403a 
a – denotes cyclic loading was stopped and test 

was considered a runout 
 

The splice plates failed due to either net section 

fatigue or fretting fatigue. When net section fatigue 

occurred, a fatigue crack propagated between two of 

the innermost holes. Fretting fatigue was apparent 

when the fatigue crack propagated at the region 

between the innermost two pretensioned bolts and the 

inside edge of the splice plate. In some cases, the 

fatigue crack propagated to the outside edge of the 

splice plate. Figure 10 shows examples of both of 

fatigue failure modes; the top photos in the figure 

show an example of net section fatigue, while the 

bottom photos show an example of fretting fatigue. 

 

Figure 10. Typical fatigue failure surfaces of 

50CR bolted connections. 

The fatigue test data were plotted on an S-N plot so 

they could be compared to the AASHTO fatigue 

design curves. This is shown in Figure 11. Note that 

the two runout tests, conducted at a stress range of 15 

ksi were stopped at the same cycle count, so they 

appear as a single runout data point on the figure. 

Other specimens also produced similar cycle counts 

so it is difficult to distinguish each unique data point 

on the figure. 

 

Figure 11. S-N plot of bolted 50CR test data with 

mean and 95% confidence interval (CI) 

regressions. 

A regression analysis was conducted on the test data 

to determine the mean and 95% confidence interval 

(CI) regression lines. Both of these lines are included 

in Figure 11. As shown in the figure, the 95% CI 

regression line falls above the AASHTO fatigue 

Detail Category B, which is the category for slip-

critical bolted connections. This shows that slip-

critical bolted connections made with 50CR plate can 

be considered equivalent to typical Grade 50 steel for 

fatigue resistance. 

Duplex Stainless Steel Charpy V-

notch & Fatigue Data 

Charpy V-notch (CVN) test data for duplex stainless 

steel were synthesized from steel producers as a 

means of comparing impact toughness of duplex 

stainless steels to conventional Grade 50 steel. CVN 

testing was not conducted on Grade 50CR and 

A1035CS steel plate due to project timeline 

constraints; however since 50CR is included within 

ASTM A709, it has requirements which are identical 

to those for Grade 50 steel, up to 2 in. thick. Similarly, 
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fatigue testing was not conducted on A1035CS steel 

plate due to project timeline constraints. 

The CVN values for the base metal of typical steel 

bridges are generally reported at temperatures of 

70°F, 40°F, and -10°F, depending on the design 

temperature zone specified. To provide a comparison, 

a temperature of 40°F was selected, since it represents 

the testing temperature for the AASHTO LRFD 

temperature Zone 2, which is representative for the 

Commonwealth of Virginia. At this temperature, 

steels with a thickness of 2 in. or less are required to 

have a CVN value of 15 ft.-lbs for nonfracture critical 

applications and 25 ft.-lbs for fracture critical 

applications. 

Unfortunately, published CVN values for duplex 

stainless steels could not be found tested at 40°F. 

Knowing that CVN values decrease with decreasing 

temperature, the decision was made to find duplex 

stainless steel CVN testing results at lower 

temperatures since this would represent a worse case 

than necessary for bridge steels. Therefore CVN 

values were gathered from steel producers of 2202, 

2304, and 2205 duplex stainless steels at -40°F, which 

is 80°F less than typically specified; these results are 

shown in Figure 12. 

Figure 12. Published duplex stainless steel CVN 

values tested at -40°F. 

Steel 

type 

CVN values 

(ft.-lbs @ °F) 

2202 19+ @ -40 

2304 30+ @ -40 

2205 40+ @ -40 

 

The table shows that the 2304 and 2205 steels have a 

greater toughness at -40°F than the AASHTO 

specification at 40°F for fracture critical applications. 

The CVN value for 2202 at -40°F meets the Zone 2 

requirements for nonfracture critical applications, but 

falls below the requirement for fracture critical 

applications; however, it is important to remember 

the 80°F temperature difference between the two. It is 

quite possible that if the 2202 were tested at the Zone 

2 specified temperature, it would meet the toughness 

requirements. CVN testing of duplex stainless steels 

is necessary to provide a more direct comparison to 

the AASHTO specifications, but this information 

does illustrate that duplex stainless steels have the 

potential to possess sufficient toughness for steel 

bridge applications. 

Similar to the fracture toughness, the fatigue 

properties of duplex stainless steels were evaluated 

through examining existing literature. A limited 

number of known experimental fatigue tests have 

been conducted on duplex stainless steels; these tests 

have shown that some typical bridge welded details 

have met or exceeded the performance of the same 

details constructed with carbon steel (22, 23). 

Historical test specimens made from 2205 were 

fabricated into longitudinal and transverse fillet 

welded specimens. Constant amplitude loading was 

applied to the specimens and the 95% confidence 

interval was determined to meet or exceed test 

specifications for similar carbon steel details (24). 

Another study conducted additional fatigue tests on 

welded connections made from 2205 steel (25). 

Experimental tests were conducted on typical bridge 

details, including longitudinal welded attachments, 

transverse complete joint penetration welds with and 

without the reinforcement removed, transverse 

welded attachments, and a shear stud welded to a steel 

plate. Test specimens were loaded axially under 

constant amplitude loading until failure occurred. All 

specimens produced 95% confidence intervals which 

were either nearly identical or exceeded their carbon 

steel counterparts.  

Fabrication, Construction, & Cost 

The cost of a corrosion resistant alloyed steel girder 

is expected to be greater than a Grade 50 steel girder 

due to the higher material cost and increase in 

fabrication time. Much of the greater material cost is 

due to the corrosion resistant, alloying elements, 

primarily nickel and molybdenum. The increase in 

fabrication time can be attributed to differences in 

welding preparation, complexity, inspection, etc. 

Although corrosion resistant alloyed steels will have 

a higher initial cost, it may be warranted when 

considering a life cycle cost analysis since these steels 

are not expected to require any initial or re-painting 

operations over their entire service lives. 

There is a great deal of information already known 

about fabricating with 50CR steel and has been 

presented in previous references, so much of this 

discussion will be geared toward fabricating with 

duplex stainless steels (26, 27, 28). Since stainless 

steels have been used as structural members in the 
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food and beverage, oil and gas, and pipeline industries 

for many years, there is already a great deal of 

published information on their fabrication. In fact, the 

International Molybdenum Association (IMOA) has 

published a guideline specifically for fabricating 

duplex stainless steels, with information on 

machining, welding, and finishing (29). Machining of 

duplex stainless steels is comparable to that of carbon 

steels, but may be slightly more difficult due to the 

higher strength and higher hardness. Clean tools, 

dedicated only to stainless steels, are recommended 

to prevent any carbon steel particles from 

contaminating the surface (30). 

Since duplex stainless steels have been welded for 

many years, it is not substantially more difficult 

compared to carbon steel, but it is different. The joint 

design is similar, but a wider angle, wider root gap, 

and smaller land can be necessary. The cooling speed 

when welding duplex stainless steels is also critical. 

By cooling either too fast or too slow, undesirable 

changes in the heat affected zone (HAZ) 

microstructure can occur, including forming either an 

excessive amount of ferrite or a detrimental sigma 

phase (30). Both of these changes in the 

microstructure can lead to a reduction in the corrosion 

resistance and toughness and increase the potential 

for post-weld cracking (30). Since neither change in 

the microstructure can be revealed through visual 

inspection, it is important to properly qualify the 

welder and welding procedure (30). 

During the welding process, neither pre- nor post-

heating are typically necessary for duplex stainless 

steels. Typical maximum interpass temperature limits 

are 300°F for lean and standard duplex stainless steels 

and 210°F for super duplex stainless steels. E2209 

welding electrodes can be used for welding uniform 

standard duplex stainless steel joints and for welding 

dissimilar metal joints between standard duplex 

stainless steels and carbon steels (29). Similar 

welding methods for carbon steels can be used such 

as submerged arc welding (SAW), shielded metal arc 

welding (SMAW), and flux core arc welding 

(FCAW) (29). 

Once the fabrication process is complete, it is 

important that the weld and base metal of duplex 

stainless steels be cleaned. If the surfaces are not 

cleaned properly, the corrosion resistance of the steel 

is reduced (29). Pickling has been shown to be an 

effective method of cleaning and can remove mill and 

fabrication markings, embedded iron, and heat tint 

from welding (30). 

As part of this project, VTRC engaged with duplex 

stainless steel experts and plate producers to discuss 

items related to fabrication and construction of the 

material. The discussions revealed that duplex 

stainless steel plate material is produced in the United 

States to meet the Buy America regulations (31). The 

E2209 consumables necessary for welding duplex 

stainless steels are also being domestically produced 

and are readily available for purchase to meet Buy 

America regulations. 

The stainless steel experts indicated that fabrication 

of a duplex stainless steel bridge would likely require 

about twice as much time as a Grade 50 steel bridge; 

this was also likely the case for fabricating VDOT’s 

Rt. 340 bridge with 50CR. The increase in time 

required is due to the increased relative complexity in 

the welding process, and would increase the total cost 

of the project. The stainless steel experts also 

indicated that if a transportation agency were to 

construct a duplex stainless steel bridge, it may be 

advantageous to use a specialized duplex stainless 

steel fabricator. Many stainless steel fabricators exist 

and have fabricated large structures for the nuclear, 

pipeline, and architectural sectors. These fabricators 

would have extensive knowledge in welding duplex 

stainless steel structures and some may have carbon 

steel bridge experience. Using a stainless steel 

fabricator would reduce the learning curve of a carbon 

steel fabricator, which would likely reduce the project 

cost. 

The discussions with plate producers centered on 

maximum plate thickness availability and cost. In 

general the maximum plate thickness of duplex 

stainless steel plates ranged from 2-6 in., depending 

on type, which is sufficient for steel bridge 

applications. Table 5 shows the comparative cost 

between a Grade 50 or 50W steel and the other 

corrosion resistant alloyed steels. The material costs 

in the table are budgetary unit costs of the raw steel 

material and do not include any surcharge cost values. 

These cost values were based on the plate quantities 

required for VDOT’s Rt. 340 bridge. Cost values for 

the 50, 50W, and duplex stainless steels were 

obtained in the fall of 2018, while the cost of the 

50CR was taken from cost analysis of the Rt. 340 

bridge project (28).  
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Table 5. Cost comparison of corrosion resistant 

alloyed steels. 

Steel 

type 

Unit 

material 

cost ($/lbs) 

50 $0.51 

50W $0.54 

50CR $1.35 

2101 $2.11 

2304 $1.87 

2205 $1.79 

 

When comparing the cost of the corrosion resistant 

alloyed steels, it is important to remember the relative 

corrosion resistance of the materials. The 50CR steel 

is approximately 2.5 times more expensive than 

Grade 50W, but is can possess a corrosion resistance 

of approximately 2 orders of magnitude better based 

on long term atmospheric corrosion testing. Of the 

duplex stainless steels, 2205 is the least expensive. 

Although this type is more alloyed than the others, it 

was the least expensive at the time because of its 

common use for structural applications. The 2205 is 

approximately 3.3 times more expensive than Grade 

50W, but has a corrosion resistance of approximately 

4 orders of magnitude better based on long term 

atmospheric corrosion testing. 

Conclusions 

The following conclusions were reached during this 

study: 

 Based on telong rm a corrosiontmospheric

studies, Grade 50CR and duplex stainless steels 

inincreasesdramatichavetoexpectedare

corrosion resistance when compared to Grade 50 

or 50W steels. In 16- and 20-year studies, 

stainless steels with a lower chromium content, 

such as 50CR, had a corrosion resistance of 

approximately 2 orders of magnitude better than 

Grade 50W, duplex stainless steels with a much 

higher chromium content were approximately 4 

orders of magnitude better. 

 Based on long term corrosion data, pickled 50CR 

ofresistancecorrosionahavecansteel

approximately 2-6 times better than hot rolled 

50CR. 

 Steel plate meeting the chemistry requirements of 

ASTM A1035CS provides inherent corrosion 

resistance and excellent tensile mechanical 

properties offers potential for use in steel bridge 

applications. Further research is necessary to 

fully develop the mechanical properties of 

A1035CS steel plate, including CVN toughness 

and weldability. 

 ASTM A709 Grade 50CR steel possesses good 

tensile mechanical and slip-critical bolted fatigue 

properties that exceed the requirements of Grade 

50 steel.  

 Duplex stainless steels have better mechanical 

properties when compared to Grade 50 steel. 

Duplex stainless steel bridge designs using a 

yield stress of 65 ksi and 90 ksi may be warranted. 

This could result in less steel being used in girder 

cross sections, provided the designs meet fatigue 

and all other requirements. 

 Based on published literature duplex stainless 

steels likely possess sufficient CVN toughness 

and fatigue resistance to meet or exceed the 

requirements of Grade 50 steel. 

 Current guidance exists for the design and 

fabrication of duplex stainless steel structural 

members.  

 Duplex stainless steel plate are available that 

meet Buy America regulations, but the necessary 

E2209 welding electrodes may not be currently 

being produced domestically in the small 

quantities required for a single bridge; the 

infrastructure exists for increased domestic 

production of the electrodes should the demand 

increase. 

 Grade 50CR and duplex stainless steels cost 

approximately 2.5-3.3 times more than Grade 

50W steel in terms of bulk material cost, but offer 

substantially more corrosion resistance to offset 

the increase in initial cost. 
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