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Abstract:  

 

     ASTM A709 Grade 50CR, also known as ASTM A1010, is a structural steel developed to address the corrosion issues 

associated with the use of traditional weathering steels, especially in environments involving combined prolonged wetness and 

chlorine salts. The fabrication of bridge girders from Grade 50CR has largely relied on the use of 309L solid filler wire with heat 

inputs up to 55 kJ/in and maximum interpass temperatures up to 450 °F for 1 in thick plate. The purpose of this project was to 

determine if higher heat inputs could be used when welding 50CR and to evaluate several filler wire materials that could be used 

during plate girder fabrication. Three groups of 50CR plates were used in this study: sixteen 1/2-inch thick welded 50CR plates, 

twelve 1 in thick welded 50CR plates, and two welded AWS D1.5 prequalification record (PQR) plates. The testing performed in 

this study revealed the following: 

 

 The ductile to brittle transition temperature (DBTT) of the 50CR base plate was measured to be -40 °F.  

 A range of austenitic stainless steel filler wires can be used to successfully weld 50CR. In this study, 309LC (metal 

cored wire), 309LSi (Si added for flowability and appearance), and 316L (Mo added for enhanced corrosion resistance) 

were found to be viable alternatives to the incumbent filler wire, 309L. 

 Use of 309L filler wires for 1/2 in plates results in submerged arc welds (SAW) which are borderline with respect to 

impact energy at the high heat input level of 75 kJ/in, over the temperature range investigated. Lower heat inputs (e.g., 

55 kJ/in previously shown effective) are recommended. Similar results were obtained for welds in 1/2 in plates 

produced with 309LSi and 316L. 

 Heat inputs of up to 75 kJ/in at all interpass temperatures explored (up to 450 °F) can be used to weld 1/2-inch plates 

with 309LC filler wire. The enhanced toughness and low DBTT of welds in 1/2 in plates formed using 309LC filler wire 

appears to be due to the mitigation of large, aligned δ-ferrite grain formation during solidification. Such large, aligned 

grains otherwise serve as preferred crack paths in welds. 

 Heat inputs of 90 kJ/in and interpass temperatures of up to 450 °F can be used for all four of the filler wires investigated 

(309L, 309LC, 309LSi, and 316L) for 1 in thick plate.  

 

     It is recommended that when 50CR is considered for bridges in specific corrosive environments due to its corrosion 

resistance, improved mechanical properties, and lifetime cost, the aforementioned findings be incorporated in the guidance 

documents. The availability of alternatives to the conventional solid 309L filler wire currently used to weld 50CR allows more 

vendors, eliminating the requirement for sole source justification and opening broader possibilities to satisfy Buy America 

requirements for federally funded bridge projects. Finally, 309LC (metal-cored filler wire) outperformed the solid filler wires 

examined in this study with respect to production (higher deposition rates and fewer required passes) and mechanical properties 

(especially impact toughness) of the resulting welds. 
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ABSTRACT 

 

ASTM A709 Grade 50CR, also known as ASTM A1010, is a structural steel developed 

to address the corrosion issues associated with the use of traditional weathering steels, especially 

in environments involving combined prolonged wetness and chlorine salts. The fabrication of 

bridge girders from Grade 50CR has largely relied on the use of 309L solid filler wire with heat 

inputs up to 55 kJ/in and maximum interpass temperatures up to 450 °F for 1 in thick plate. The 

purpose of this project was to determine if higher heat inputs could be used when welding 50CR 

and to evaluate several filler wire materials that could be used during plate girder fabrication. 

Three groups of 50CR plates were used in this study: sixteen 1/2-inch thick welded 50CR plates, 

twelve 1 in thick welded 50CR plates, and two welded AWS D1.5 prequalification record (PQR) 

plates. The testing performed in this study revealed the following: 

 

 The ductile to brittle transition temperature (DBTT) of the 50CR base plate was 

measured to be -40 °F.  

 

 A range of austenitic stainless steel filler wires can be used to successfully weld 50CR. In 

this study, 309LC (metal cored wire), 309LSi (Si added for flowability and appearance), 

and 316L (Mo added for enhanced corrosion resistance) were found to be viable 

alternatives to the incumbent filler wire, 309L. 

 

 Use of 309L filler wires for 1/2 in plates results in submerged arc welds (SAW) which 

are borderline with respect to impact energy at the high heat input level of 75 kJ/in, over 

the temperature range investigated. Lower heat inputs (e.g., 55 kJ/in previously shown 

effective) are recommended. Similar results were obtained for welds in 1/2 in plates 

produced with 309LSi and 316L. 

 

 Heat inputs of up to 75 kJ/in at all interpass temperatures explored (up to 450 °F) can be 

used to weld 1/2-inch plates with 309LC filler wire. The enhanced toughness and low 

DBTT of welds in 1/2 in plates formed using 309LC filler wire appears to be due to the 

mitigation of large, aligned δ-ferrite grain formation during solidification. Such large, 

aligned grains otherwise serve as preferred crack paths in welds. 

 

 Heat inputs of 90 kJ/in and interpass temperatures of up to 450 °F can be used for all four 

of the filler wires investigated (309L, 309LC, 309LSi, and 316L) for 1 in thick plate.  

 

It is recommended that when 50CR is considered for bridges in specific corrosive 

environments due to its corrosion resistance, improved mechanical properties, and lifetime cost, 

the aforementioned findings be incorporated in the guidance documents. The availability of 

alternatives to the conventional solid 309L filler wire currently used to weld 50CR allows more 

vendors, eliminating the requirement for sole source justification and opening broader 

possibilities to satisfy Buy America requirements for federally funded bridge projects. Finally, 

309LC (metal-cored filler wire) outperformed the solid filler wires examined in this study with 

respect to production (higher deposition rates and fewer required passes) and mechanical 

properties (especially impact toughness) of the resulting welds. 
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INTRODUCTION 

 

Due to the poor corrosion resistance of mild steel, various steels with comparable 

mechanical properties have been explored as replacements in structural applications.1 Although 

weathering steels can meet the mechanical property requirements of bridge girders, they fail to 

meet the corrosion resistance necessary in environments with prolonged moisture or chloride 

containing salts and would thus need to be periodically coated with a protective barrier every 

twenty years.1,2 A more corrosion resistant alternative was sought. Traditional austenitic (and 

even duplex austenitic-ferritic) stainless steels are more expensive, while traditional ferritic 

stainless steels can exhibit poor weldability due to the excessive grain growth in the heat affected 

zone (HAZ).3-13 Dual phase (ferritic-martensitic) stainless steels, such as ASTM A709 Grade 

50CR (50CR), formerly ASTM A1010, have been offered as a possible solution. Designed to 

form a protective scale that greatly reduces the atmospheric corrosion rate, 50CR was determined 

by various studies to be more cost-effective over the lifetime of a bridge in comparison with 

weathering steel.1,14-16 A predecessor alloy, which was designated 3CR12, had a prescribed 

amount of titanium (Ti) added to the alloy composition to render the material “stabilized” 

relative to sensitization to grain boundary corrosion and cracking phenomena. The idea was that 

Ti would bind excess carbon (C) in the alloy and thereby avoid unwanted chromium carbide 

formation on grain boundaries. Detailed study showed that this well-intentioned alloy design 

strategy was not effective, and therefore, the requirement for Ti-stabilization is not included in 

the specification of 50CR.17-20 

 

In 2004, the first 50CR multi-cell box girder bridge was erected in Williams, California 

as part of the Innovative Bridge Research and Construction Program.21 Following its 

construction, several other state Department of Transportations (DOTs) as well as a commercial 

entity began using 50CR in bridge girder applications.22 Early work on 3CR12 showed that the 

use of austenitic stainless steel filler wire materials was preferred over homogeneous welding, 
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due to problems with cracking of the latter type of weld.8 Work performed by the Oregon DOT 

established the use of a specific austenitic stainless steel alloy, ER309L, filler wire as the 

standard procedure for the fabrication of 50CR bridge girders. The Oregon study focused on 

improving fabrication costs by using a heat input of 55 kJ/in and increasing the maximum 

interpass temperature from the range of 210 to 225 °F to maximum interpass temperatures of 225 

(control), 300, 400, and 450 °F on 1 in thick plate. The welds performed with any combination of 

these welding parameters were observed to pass the mechanical property requirements set by 

AWS D1.5.23  Given that the interpass temperatures used in the Oregon study exceed the 

manufacturer’s recommendations for maximum interpass temperature (210 – 225 °F), at 70 kJ/in 

for 1 in thick plate, the actual limits remain undetermined.24 Increasing the limits on the 

maximum interpass temperature and the heat input can lead to a greater fabrication efficiency 

and lower overall cost, but could cause detrimental effects to the mechanical properties, such as a 

loss in strength and/or impact energy due to effects on the microstructure.   

 

Because the use of 50CR is intended for the construction of maintenance-free girders, 

microstructural analysis of the welds is important to explain the observed performance of the 

welded structures and, perhaps more importantly, to determine if any issues may arise after the 

erection of the bridge.22 Welding produces distinct microstructural regions: the fusion zone, the 

HAZ, and the base material.25 The fusion zone is a mixture of the base material and the filler 

wire and is characterized by the level of dilution experienced by the filler metal. Many factors 

can affect the dilution, including the type of filler wire, heat input, maximum interpass 

temperature, number of passes, and type of welding technique.26,27  The dilution consequently 

affects the phase content of the fusion zone, due to the changing balance of phase stabilizers, 

especially chromium (Cr) and nickel (Ni).28-33 The phases that will be present after welding are 

often predicted using the Schaeffler31, DeLeong33, or WRC-199233 constitution diagrams. The 

latter two are applicable to higher Creq and Nieq ranges than those in this study, so the present 

report will only reference the Schaeffler diagram.  

 

It is well established that welds which only contain the austenite phase (i.e., less than ~5 

vol.% residual δ-ferrite) are prone to hot-cracking, presumably due to the higher solubility of the 

δ-ferrite phase for tramp elements, like sulfur, which are associated with such solidification 

cracking phenomena.34,35 δ-ferrite is a solid solution of C in BCC Fe that has the same structure 

as α-ferrite but it is stable only at temperatures above ~ 2500 °F and melts at ~ 2800 °F. On the 

other hand, it is a matter of controversy as to whether higher levels of residual δ-ferrite result in 

lower mechanical properties of austenitic welds themselves.31,34,36,37 Indeed, strong reductions in 

weld toughness and increases in the ductile to brittle transition temperature (DBTT) have been 

observed for austenitic welds of a martensitic stainless steel.36 However, it has also been shown 

that only very high (> 50%) residual δ-ferrite contents are correlated with strong reductions in 

the toughness of a lean, duplex stainless steel.37 This wide range of observations suggests other 

factors, such as fusion zone microstructure morphology may have an even more important and 

controlling influence than simply residual δ-ferrite content. 

 

Austenitic filler metals can solidify according to four different cases.38 The A case 

involves completely austenitic solidification. The AF cases begin as austenite and then some of 

the high temperature, δ-ferrite phase forms in the interdendritic regions during the final stages of 

solidification. Conversely, FA cases begin the solidification process as δ-ferrite, and the last 
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liquid to solidify does so as austenite. Finally, the F cases complete the solidification process as 

δ-ferrite. The δ-ferrite is thermodynamically unstable at temperatures below 2500°F and will 

tend to undergo a solid-state phase transformation to austenite during cooling to room 

temperature. All of these pathways can result in welds that are primarily austenite; however, the 

microstructures resulting from the various welding conditions can be quite distinct. A new 

technique known as electron-backscattered diffraction (EBSD) within a scanning electron 

microscope has enabled both the phase (crystal structure) and crystal orientation of the phases to 

be determined.39 Using EBSD, it has been shown that despite microstructures with radically 

distinct morphologies, the austenite and retained ferrite regions present in both F and FA type 

welds are crystallographically related to each other through the Nishiyama-Wasserman (NW) or 

Kurjdumov-Sachs (KS) orientation relationships.39 In FA types, the weld metal has a dendritic 

appearance with δ-ferrite residing in the interdendritic regions. All of the welds examined in the 

present study will be shown to follow the F case, which leads to large (here denoted prior δ-

ferrite) grains, which largely transform into austenite having a basket-weave (Widmanstätten) 

type microstructure during cooling.  

 

The results of this study on 50CR have led to the hypothesis that it is not the absolute 

phase fraction of retained δ-ferrite that is most critical. Rather, it is the scale and morphology of 

the microstructure that must be controlled in order to avoid embrittlement of the weld fusion 

zone. 

 

PURPOSE AND SCOPE 

 

The purpose of this project was to 1) determine if a higher heat input combined with the 

maximum interpass temperature up to 450 °F could be used when welding 50CR, and 2) evaluate 

several filler wire materials that could be used during plate girder fabrication. Although the 

producer of 50CR recommends the use of ER308L, ER309L, ER316L, and their higher silicon 

content counterparts,24 ER309L has by far been the most widely used filler wire for welding 

50CR plate girders.40 To address these two areas, discussion with industry experts, a literature 

review, compositional testing, metallurgical analysis and mechanical testing were all performed. 

When applicable, testing was performed in compliance with the appropriate standard. All of the 

50CR test plates were welded at a traditional bridge fabrication shop.  After fabricating test 

plates, all the testing was performed in a controlled laboratory setting.  

 

METHODS 

 

 Ten-filler wire manufacturers and distributers were contacted to find filler wires 

appropriate for submerged arc welding (SAW) of 50CR. Factors that were considered included: 

alloy recommendations by the plate producer, country of origin, cost, availability, and lead time. 

Four different 3/32 in filler wires were ultimately selected: ER309L (309L), ER309LSi (309LSi), 

and ER316L (316L) solid welding wire provided by Lincoln Electric, and ER309L metal cored 

welding wire (309LC) by Select Arc. The three distinct compositions are listed in Table 1 

(309LC has the same nominal composition as 309L).  Characterization of the four-filler wire 

types involved using the Scanning Electron Microscope (SEM) to observe the microstructure and 

Electron Dispersive Spectroscopy (EDS) mapping within the SEM to determine the distribution 

of elements present. These methods are detailed below. 
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Table 1. Nominal compositions of the filler wires used in this study per AWS A5.9 requirements in weight % 

(wt %) 

Note:  Filler wire 309L and 309LC have the same nominal composition 

 

Welded Plate Fabrication 

Plate fabrication was performed by a commercial bridge girder fabricator in accordance 

with AASHTO/AWS D1.5. All welding was performed with SAW with no pre-heat used at the 

start of any of the welding. Single and double V groove welds were used for 1/2 in thick plates 

(referred to as Group 1) and 1 in thick plates (referred to as Group 2), and for 1 in thick PQR 

plates (referred to as Group 3), respectively.41 The aforementioned 3/32 in filler wires were 

utilized to weld the 50CR base plates together: 309L, 309LSi, and 316L solid welding wire, and 

309LC metal-cored welding wire. Lincolnweld 880M® flux was used in all cases.  

Based on published literature, communications with VDOT, Virginia Transportation 

Research Council (VTRC), Turner-Fairbank Highway Research Center (TFHRC), a 50CR steel 

plate producer, and an experienced 50CR bridge girder fabricator, heat inputs of 50 and 75 kJ/in, 

and maximum interpass temperatures of 125, 300, and 450 °F were selected for welding Group 1 

plates.23,24  The maximum interpass temperature is the temperature that the plate must achieve 

before a subsequent weld pass can be laid and is measured at the weld centerline. The lowest 

interpass temperature was chosen based on prior welding experience from VDOT’s Route 340 

Bridge constructed with 50CR steel plate girders. In order to achieve an interpass temperature of 

450 °F the fabricator heated the steel plate with an oxyacetylene torch. Heat inputs of 70 kJ/in 

and 90 kJ/in and maximum interpass temperature of 300 and 450 °F were used on the Group 2 

plates. Based on the results of Charpy V-notch (CVN) testing of Group 1 welds (detailed below), 

a third group of two 1 in thick plates, (Group 3) was tested in accordance with the AWS D1.5 

Welding Procedure: Specification Plate A fabrication requirements using 309L and 309LC with 

a maximum heat input of 90 kJ/in and a maximum interpass temperature of 450 °F.41 A list of all 

the combinations of parameters employed in this study can be found in Table 2. 

 
Table 2. List of welding parameter combinations used in the study 

Group 

Plate 

Thickness 

(in) 

Filler Wires Used 
Heat Input 

(kJ/in) 

Maximum Interpass 

Temp. (°F) 

1 1/2 309L, 309LC, 309LSi, 316L 50  300 

1 1/2 309L, 309LC, 309LSi, 316L 75 125 

1 1/2 309L, 309LC, 309LSi, 316L 75 300 

1 1/2 309L, 309LC, 309LSi, 316L 75 450 

2 1 309L, 309LC, 309LSi, 316L 70 300 

2 1 309L, 309LC, 309LSi, 316L 90 300 

2 1 309L, 309LC, 309LSi, 316L 90 450 

3 (PQR) 1 309L, 309LC 90 450 

 

 

Filler Wire Chromium Nickel Molybdenum Manganese Silicon 

ER309L 23.0 – 25.0 12.0 – 14.0 0.75 1.0 – 2.5 0.30 – 0.65 

ER309LSi 23.0 – 25.0 12.0 – 14.0 0.75 1.0 – 2.5 0.65 – 1.00 

ER316L 18.0 – 20.0 11.0 – 14.0 2.0 – 3.0 1.0 – 2.5 0.30 – 0.65 
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Sample Machining 

 

Samples for metallurgical analysis and mechanical testing were machined from the plates 

in the orientations listed below in Figure 1. The sample configuration maps for the plates from 

Groups 1, 2 and 3 are shown in Appendix A: Cut Diagrams.  

 

 
Figure 1. Schematic illustration of sample orientations with reference to a coordinate system defined by the L 

(longitudinal/rolling), and T (long transverse), and S (short-transverse) directions (the schematic is an 

indication of the types of samples used in Group 1 and 2, not the actual cut plan) 

 

 

Compositional Analysis 

 

Compositional analysis was performed on a 1 in x 1/2 in x 1/2 in sample of the 50CR 

base plate from Group 1 in accordance with ASTM E101942 and ASTM E147943. Filler wire 

samples of 309L and 309LC were analyzed in accordance with ASTM E1019 and ASTM E1479, 

while samples of 309LSi and 316L were analyzed using Energy Dispersive Spectroscopy (EDS). 

 

The composition of the 309L, 309LSi, and 316L solid filler wires was estimated by semi-

quantitative EDS scans in the SEM.  In addition, the EDS scans were used to estimate the 

composition of fifteen regions (400 by 500 microns) on the face perpendicular to the longitudinal 

direction starting from the edge of the weld and moving towards the center of each Group 1 plate 

using scribed line and micro-hardness indention points, spaced 0.025 in apart, as markers. The 

location of the indention points was 0.125 in from the edge of the sample, as shown in Figure 2. 

EDS in the SEM operates by measuring the relative number of X-ray photons characteristic of 

each element, which are emitted by the material when irradiated by electrons.44 
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Figure 2. Welded 1/2 in plate with the reference scribe (shown by the line) and location of micro-Vickers 

hardness indention points shown 

 

The compositions obtained with EDS were used to estimate the level of dilution (D) of Cr 

and Ni using Equation 1, where Cfz, Cbm, Cfm are the concentrations of an element in the fusion 

zone, base metal, and filler metal respectively.26 The concentrations of these two elements were 

used because they had the largest concentration difference between the base metal and the filler 

wire, thus decreasing the uncertainty in the dilution estimates.  

 

 D = (Cfz – Cfm) / (Cbm – Cfm)                                          (Equation 1) 

 

The compositions determined by the EDS area scans of the Group 1 plates were used together 

with the Schaeffler diagram to predict the microstructure of the fusion zone.31 

 

Microstructural Analysis 

 

Conventional Metallography  

 

Samples that spanned across the HAZ were obtained from the planes parallel to the 

longitudinal (L), long-transverse (T), and short-transverse (S) directions, as shown in Figure 1, 

from each group of 50CR plates received. These samples were then ground and polished to a 

0.05 micron finish and etched using Vilella’s reagent, prepared in accordance to ASTM E407.45 

Conventional optical microscopy (OM) and image processing was used to determine the ferrite 

volume fraction. OM micrographs were converted to a binary black and white 2D image and the 

pixels of the ferrite were counted and converted to an area percentage. This area ferrite content 

was assumed equivalent to the volume percentage of residual δ-ferrite in the welds.  

Four inches were cut and discarded from either side of the Group 1 and 2 plates to ensure 

that the steady-state condition for submerged arc welding had been reached, as shown in 

Appendix A. All of the weld cross-section samples were polished to a 0.05 micron finish. The 

welded samples were etched using Kalling’s No. 2 reagent, prepared in accordance with ASTM 

E407.45 OM was used to take micrographs of the various microstructural regions. Image 

processing was used to determine the amount of ferrite present in fifteen areas of 250 by 300 

microns. Scribed lines and micro-hardness indention points, shown in Figure 2, were used to 

ensure that the same region was analyzed with EDS. Three macro-etch samples were prepared in 

accordance with AASHTO/AWS D1.5 Section 5.18.2 and analyzed according to Section 5.19.3, 

for each plate in Group 3.41 
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X-ray Diffraction 

 

One longitudinal face sample was taken from the each of the 1/2 in and 1 in thick 50CR 

base plates as well as one transverse face sample from each of the welded Group 3 plates, ground 

and polished to a 1200 grit finish, and analyzed using conventional X- Ray Diffraction (XRD) to 

estimate the volume fractions of the phases present.  

 

 

Mechanical Testing 

Hardness Testing 

 

 Micro-hardness testing was performed using a Vickers testing machine using a load time 

of 15 seconds and a load of 500 g. Data points were taken 0.025 in apart. One line of micro-

hardness data was taken through the thickness on two 50CR base material samples from the 

Group 1 plates, Group 2 plates, and the Group 3 plates, for a total of six samples. Two lines of 

data were taken across the weld (0.125 in from the top and bottom surfaces) the S direction of 

each of the Group 1 welded plates, as seen in Figure 2. One line of data was taken across the 

weld 0.25 in in the S direction of each of the Group 2 welded plates.  

 

Tensile Testing 

 

Tensile testing was performed on the 1/2 in thick 50CR in the L and T orientations, as 

indicated in Figure 1. The strain rates imposed on the samples involve a ramping up program in 

accordance with ASTM A370, which respects the relative strain rate insensitivity of steels during 

low temperature deformation.46 Samples with a 2 in gage length were machined in accordance 

with the ASTM A370 sheet-type sample geometry, shown in Figure 3a. Five samples were tested 

for each condition. The same sort of tensile testing was performed on each of the Group 1 plates 

in the T orientation with the weld placed in the middle of the gage length. 1/2 in samples were 

tested in sets of five on a load frame with a capacity of 55-kips. In the same way, three samples, 

shown in Figure 3b, from Group 2 plates were tensile tested in the T orientation using a load 

frame with a capacity of 110-kips. Finally, one all-weld-metal tensile and two reduced-section 

tensile samples were machined and tested from each Group 3 plate in accordance with 

AASHTO/AWS D1.5 Section 5.18.1 and Section 5.18.4.41 The samples were then analyzed in 

accordance with Section 5.19.1 and 5.19.4, which leads to the reporting tensile strength, 

reduction in area, and percent elongation for both types of tensile samples and yield strength for 

just the all-weld-metal tensile sample. 
 

Charpy V-notch (CVN) Testing 

 

 Charpy V-notch (CVN) testing of impact toughness (energy absorption) was performed 

on 1/2 in thick 50CR base metal in the LT and TL orientations, indicated in Figure 1. The length 

of the LT sample is oriented in the longitudinal (L) direction and the V notch (cracking direction) 

is parallel to the transverse (T) direction. The TL sample is oriented in the opposite manner. 

Twenty full-size CVN samples of each orientation were machined from one of the Group 1 

welded plates far enough away from both the edge of the plate and the weld to be representative 

of the base metal performance, in accordance to ASTM E23.47 Three samples were tested at 40 
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°F, the temperature indicated by ASTM A709 for Zone 2.48 Samples were tested at each of the 

following additional temperatures: -100, -80, -60, -30, -10, and 10 °F, to determine the ductile to 

brittle transition temperature (DBTT) behavior.  

 
 

 

Figure 3. The sample geometries of both the 50CR and reduced area weld tension samples for a) 

Group 1 samples and b) Group 2 samples 

 

 Full-size weld CVN samples were machined from Group 1 plates in the TL orientation 

and tested on a calibrated 300 ft·lbf capacity Charpy testing machine in accordance with ASTM 

E23.47 The number of samples tested at -20℉ and the additional test temperatures explored is 

presented in Table 3.  In summary, five to ten samples were tested at -20℉ and two to three 

samples were tested at each of the following temperatures: -100, -60, -30, -10, 10, 40, 70, and 

150 °F. Testing temperatures below room temperature were achieved using an ethanol bath in 

accordance to ASTM E23.47 Testing at 150 °F was achieved by heating the samples in hot water 

and used to determine an upper shelf impact energy. Analysis of the DBTT behaviors involved 

least squares minimization to obtain a best-fit double hyperbolic tangent curve. The resulting 

curve is commonly used to define three-regimes: the upper shelf, transition region, and lower 

shelf. Finally, five full-size welded CVN samples were machined from each Group 3 plate and 

tested in accordance to AWS D1.5 Section 5.19.5.41 
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Table 3. List of welding parameter combinations used in the study, along with the number of 

specimens tested at -20 °F and additional temperatures at which 2 or 3 samples were tested 

Welding Parameter 

Combination 

Number of samples tested 

at -20°F 
Additional Test Temperatures 

309L, 50 kJ/in, 300 °F 10 n/a 

309L, 75 kJ/in, 125 °F 10 n/a 

309L, 75 kJ/in, 300 °F 10 n/a 

309L, 75 kJ/in, 450 °F 10 
-100°F, -60°F, -30°F, -10°F, 10°F, 40°F, 

70°F, and 150 °F 

309LC, 50 kJ/in, 300 °F 10 n/a 

309LC, 75 kJ/in, 125 °F 10 n/a 

309LC, 75 kJ/in, 300 °F 10 n/a 

309LC, 75 kJ/in, 450 °F 10 
-100°F, -60°F, -30°F, -10°F, 10°F, 40°F, 

70°F, and 150 °F 

309LSi, 75 kJ/in, 125 °F 5 n/a 

309LSi, 75 kJ/in, 450 °F 5 
-100°F, -60°F, -30°F, -10°F, 10°F, 40°F, 

70°F, and 150 °F 

316L, 75 kJ/in, 125 °F 5 n/a 

316L, 75 kJ/in, 450 °F 5 
-100°F, -60°F, -30°F, -10°F, 10°F, 40°F, 

70°F, and 150 °F 

 

Side-Bend Testing 

 

 Four side-bend test samples were machined from each Group 3 plate and tested in 

accordance to AWS D1.5 Section 5.19.2.41 

 

Fractography  

 

 Fractography was performed on the 1/2 in thick 50CR CVN samples tested at the highest 

and lowest temperatures using OM. Similarly, OM was used to characterize the Group 1 CVN 

samples welded using a heat input of 75 kJ/in and a maximum interpass temperatures 450 °F at 

the highest, lowest, and AWS D1.5 testing temperatures. The conclusions made from the OM 

were then confirmed using SEM. 

 

 

RESULTS AND DISCUSSION 

 

At the time of the project initiation, the 309L, 309LSi, and 316L used in this study did 

not meet the Buy America requirements for FHWA funded projects.49 However, a metal-cored 

wire, 309LC, met the regulation. Although the Buy America regulations were not a primary 

concern for this project, they were taken into consideration for the project recommendations and 

future implementation. Micrographs of the two different wire types (solid and cored wire) can be 

seen in Figure 4. The 309LC metal-cored wire consisted of a metallic sheath mechanically 

wrapped around a mixture of metal powders. EDS mapping of the cored wire, shown in Figure 

4c-f, revealed that the metal powder primarily consists of pure nickel (Ni) particles and particles 

of a 70% chromium (Cr), 28% iron (Fe) alloy containing trace amounts of manganese (Mn), and 

silicon (Si). The metallic sheath had a nominal composition of 68% Fe, 19% Cr, 9% Ni, 1.5% 

Mn, and 1% Si (wt%).  Table 4 provides a compositional analysis of solid filler wires using EDS. 
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Figure 4. Representative SEM micrographs of a) solid wire and b) cored wire samples.  EDS composition 

maps were performed on the 309LC cored wire samples, c) Fe, d) Cr, e) Ni, and f) Mn showing the 

compositional makeup of the powder core sample. Note, the color overlays represent the intensity or quantity 

of the element being identified.  Image d, showing Cr, indicates that the particles inside the sheath is rich in 

Cr when compared to the sheath, and when image d is compared to image f, showing Mn the cored wire is not 

as rich in Mn.  Similar to image d, image e, showing Ni, follows the same trend when comparing the particles 

inside the sheath to the sheath, and the Mn composition that is shown in image f.  SEM = scanning electron 

microscope and EDS = energy dispersive spectroscopy 

Table 4. Semi-quantitative compositional analysis of solid filler wires using EDS  

Note: C = carbon, Cr = chromium, Ni = nickel, Mo = molybdenum, Mn = manganese, Si = Silicon, P = 

phosphorus, S = sulfur, Cu = copper, and EDS = energy dispersive spectroscopy 

 

Welded Plate Fabrication 

 

 Group 1 and 2 plates were welded using the joint preparation indicated by AASTO/AWS 

D1.5 SAW B-U3c-S.41 All but one of the Group 1 plates passed visual inspection and 

radiographic testing in accordance with AWS D1.5 Section 6C, which states that welded plate 

should be free of any cracking or visible piping porosity, limited internal porosity, and have 

thorough fusion between adjacent weld layers, and between the weld metal and the base plate.41 

It was noted that one of the welded plates (which used 309LC filler wire, at a heat input of 75 

Filler Wire C Cr Ni Mo Mn Si P S Cu 

ER309L48,49 0.03 23.0 – 25.0 12.0 – 14.0 0.75 1.0 – 2.5 0.30 – 0.65 0.03 0.03 0.75 

EDS 309L  24.6 13.1  1.6 0.4    

ER309LSi48 0.03 23.0 – 25.0 12.0 – 14.0 0.75 1.0 – 2.5 0.65 – 1.00 0.03 0.03 0.75 

EDS 309LSi  24.4 13.5  2.3 0.8    

ER316L48 0.03 18.0 – 20.0 11.0 – 14.0 2.0 – 3.0 1.0 – 2.5 0.30 – 0.65 0.03 0.03 0.75 

EDS 316L  19.5 11.8 2.1 2.1 0.4    
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kJ/in, and a maximum interpass temperature of 300 °F) contained a 5/64 in (2 mm) weld gap, 

which was determined to be due to welding defect. Mechanical testing of this welded plate was 

still performed to determine if it would still meet the mechanical property requirements.  Those 

results are not included within the main body of this report, but are included in Appendix B.   

 

The Group 3 plates were welded using the AWS D1.5 SAW B-U2-s joint configuration.41  

A comparison of the welding parameters utilized on the PQR plates is presented in Table 5. A 

lower heat input was used for both the root and cap weld passes, but they are not included in the 

heat input calculation per AWS D1.5.41 Fewer passes were required for the 309LC filler wire 

because it has a higher overall deposition rate and lower fume and spatter.50-54 Visual, 

radiographic, and ultrasonic inspection were performed on both PQR plates in accordance to 

AWS D1.541 and no defects were reported. 

 

Finally, it was noted that the wire feed speed employed for the cored wire was reported 

by the girder fabricator to be 53% faster than that of the solid wire (275 vs. 180 inches per 

minute) for the welding of the 1/2 in thick plates in Group 1. Welding of the PQR plates (Group 

3) with cored wire was performed with wire feed speeds, which were 31% faster than the solid 

filler wire (225 vs. 172 inches per minute). This is necessary because the cored wire has a lower 

mass density, due to its construction incorporating powder, as shown in Figure 4.51,52,53 

 
Table 5. Welding parameter data provided by girder fabricators for welding of Group 3 plates 

Welding Parameter 309L, 90 kJ/in, 450 °F 309LC, 90 kJ/in, 450 °F 

Total Number of Weld Passes 12 10 

Average Heat Input (kJ/in) 88.3 88.1 

Average Current (A) 566 514 

Average Voltage (V) 39 40 

Average Travel Speed (in/min) 15 14 

Average Feed Speed (in/min) 172 225 

 

Compositional Analysis 

 

A comparison between the nominal composition and that of the current study are shown 

in Table 6. The single values given in the first two rows of the table indicate a maximum weight 

percentage (wt%) of the element allowed in the alloy. Although Mo is not included in the 

compositional requirements for 50CR according to ASTM A70948, ASTM A75155 allows for the 

addition of alloying elements not specified as long as the steel can still fulfill the necessary 

mechanical properties, which in this case are 50 ksi for yield strength, 70 ksi for tensile strength, 

and 21% elongation. 
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Table 6. Comparison between the ASTM A709 grade 50CR requirements, the 50CR producers’ nominal 

composition, and the composition of the 50CR used for the study. 

Alloy C Mn P S Si Cr Ni N Mo Cu Al 

ASTM48 
0.03

0 
1.50 0.040 0.010 1.00 

11.2 – 

12.5 
1.50 0.030    

Duracorr16 0.02

5 
1.50 0.040 0.010 0.70 

11.0 – 

12.5 
1.00 0.030 

0.20 – 

0.35 
  

Current Study 0.01 1.23 0.025 0.004 0.36 11.40 0.36 0.008 0.28 0.10 0.004 

Note: C = carbon, Mn = manganese, P = phosphorus, S = sulfur, Si = Silicon, Cr = chromium, Ni = nickel, N = 

nitrogen, Mo = molybdenum, Cu = copper, Al = aluminum 

 

A prediction of the fusion zone phase content can be made by plotting the Creq and Nieq 

compositions of the filler metal on a Schaeffler diagram (Figure 5). By connecting these 

compositions with that of the base material (50CR) a dilution line is revealed. For this study, the 

dilution line includes regions with (a) austenite and ferrite (little dilution), (b) a combination of 

austenite, ferrite, and martensite, or (c) martensite and ferrite (in cases of extreme dilution). The 

compositions of the fusion zones determined by EDS were found to be uniform throughout the 

welds, and using the data from those area scans, the dilution of Cr and Ni by the base metal was 

estimated to be 30 - 60% for solid wire and 20 – 50% for the metal cored wire. The ranges of 

measured compositions (by EDS) are depicted by ellipses in Figure 5. These values of dilution 

are consistent with available literature on submerged arc welding dilution, and place all of the 

welds squarely within the region of the Schaeffler diagram, which predicts a combination of 

austenite, ferrite, and martensite.2-4,31 In particular, the predicted ferrite concentrations are in the 

range of 20-30%.29,30,31 This prediction also means that the solidification mode for all of the 

fusion zones will involve the formation of primary δ-ferrite, which will then undergo a solid-

state transformation to austenite (termed the F solidification pathway in the introduction).31,33 

The relatively slow cooling rates experienced by the welds is offered as an explanation for the 

absence of martensite. 
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Figure 5. Schaeffler diagram (after reference 31) including the compositions of the filler wires used in this 

study, dilution lines, and the ranges of measured compositions (by EDS) depicted by ellipses of the 309L (red), 

309LSi (green), 309LC (blue), and 316L (purple) plotted as ellipses which fall squarely in the region labeled 

A+M+F (austenite + martensite + ferrite).  EDS = energy dispersive spectroscopy 

 

Microstructural Analysis 

Conventional Metallography 

 

Micrographs of 50CR base metal revealed the expected1,2,16 dual-phase microstructure for 

this type of alloy and product form (see Figures 6 & 7). The microstructure is comprised of 

elongated ferrite grains between bands of tempered martensite grains, which ranged from 5 to 50 

microns in thickness. The phase identification was determined by the color contrast in the 

micrographs. Vilella’s etchant reveals general features of the microstructure (such as grain size 

and shape) and darkens the martensite grains more than the ferrite (see Figure 6).1,4 The dark 

regions in the optical micrographs (which are highlighted with yellow circles) reveal the 

presence of stringers as well as isolated particles of intermetallic particles, which were found to 

contain Al or Si based according to the semi-quantitative EDS shown in Figure 6d). Sometimes 

these stringer particles also contained trace amounts of Mg, Ca, and Ti. Optical micrographs 

obtained at 250x magnification were processed using an image analysis program, which 

thresholded the micrographs such that the ferrite appears white and the martensite appears black. 

Analysis of such micrographs revealed a ferrite content of 5 to 15 volume % (vol%) in the 1/2 in 
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plates and 5 to 10 vol% in the 1 in plates, with the remainder determined to be martensite. One 

key difference between the 1/2 in and 1 in plate microstructures is the lower degree of alignment 

of the ferrite microstructure, which is less pronounced in the latter (see Figure 7). 

 

 
Figure 6. 50CR microstructure taken from the longitudinal face of 1/2 in thick base plate at 600x 

magnification using bright field OM (aluminum containing particles highlighted with yellow circles around 

each particle) in a) longitudinal and b) transverse planes; c) SEM micrograph of stringers; d) EDS map 

showing the presence of aluminum. OM = optical microscopy, SEM = scanning electron microscope, and EDS 

= energy dispersive spectroscopy  
 

 
Figure 7. 50CR microstructure taken from the longitudinal face of 1 in thick base plate at 600X magnification 

using bright field optical microscopy. Vilella’s reagent colors martensite and leaves ferrite unetched.  

 

Microstructural analysis of both Group 1 and 2 welded samples revealed four distinct 

microstructural zones. These four zones are the fusion zone, the coarse-grained or high 

temperature heat affected zone (coarse or HT-HAZ), the fine-grained or low temperature heat 



15 

 

affected zone (fine or LT-HAZ), and the unaffected base material, shown in Figure 8. This is 

consistent with previous research performed on 50CR24 and its legacy alloy, 3CR12.8,56 Image 

processing of the fine LT-HAZ revealed that the ferrite content remained at ~10 vol%, and the 

size of the martensite bands remained at 5 to 50 microns. Metallographic analysis of the fusion 

zones revealed various particles with sizes up to tens of micrometers. EDS revealed that these 

particles were commonly Al-Mn-Si oxides. These particles were of varying size and no 

correlation with filler wire, heat input, or maximum interpass temperature was observed. 

 

 
Figure 8. Typical welded plate microstructure for all of the filler wires, taken using 35X magnification and 

dark field optical microscopy.  HAZ = heat affected zone. 

 

Austenitic filler wires are designed to have at least 5 vol% residual δ-ferrite to prevent 

hot cracking of the austenitic weld.27 No cracking of any sort was found in the welded plates in 

the present study. Kalling’s No.2 etchant, which preferentially attacks ferrite more readily than 

austenite45, and image analysis software was able to differentiate between the two phases (again 

enabling thresholding of the image, this time coloring ferrite black and austenite white in the 

binary 2D image). Based on a two-sided T-test, it can be stated with 95% confidence that neither 

raising the heat input nor the maximum interpass temperature causes a statistically significant 

change in the amount of residual δ-ferrite in the fusion zone in the Group 1 plates  for all four 

filler wires tested. The nominal ferrite content in the fusion zones is presented in Table 7. The 

rank order in ferrite content is the same for the two plate thicknesses: 316L < 309L = 309LSi < 

309LC, all of which are higher than the minimum δ-ferrite (5 vol%) required. Full reporting of 

the results obtained in this study are presented in Appendix C.  

 
Table 7. Average ferrite content (in volume %) in the fusion zone for plate groups 1 and 2 

Weld Filler Wire 316L 309L 309LSi 309LC 

Group 1 (1/2 in) 10 12 12 17 

Group 2 (1 in) 15 18 18 26 

 

The three macro-etches from each PQR test plate were found to be acceptable. The weld 

fusion zone was free of cracks and porosity, and there was thorough fusion between adjacent 



16 

 

layers of weld metal as well as between the weld metal and the base material. That said, there is 

a subtle trend in the microstructure, which will be shown to correlate with the ductile to brittle 

transition temperature (DBTT) of the resulting welds. Figure 9 reveals that welds produced in 

plates of 1/2 in thickness using the metal-cored wire (309LC) have a somewhat finer, and less 

aligned macrostructure, as compared to the welds produced using conventional 316L (a) and 

309L (b). Higher magnification images in Figure 10 further emphasize the fact that the cored 

wire induces a finer microstructure in the fusion zone.  The images illustrate that use of the cored 

wire results in a finer structure, both at the level of the columnar prior δ-phase grains (Figure 9) 

and in the fineness of the Widmanstätten structure of the austenite phase that results from a solid-

state phase transformation (Figure 10). 

 

X-ray Diffraction 

 

Conventional powder XRD revealed that there was no residual face centered cubic (FCC) 

𝛾-austenite (above the minimum detection limit) in the microstructure of the 50CR base material. 

The XRD pattern of 50CR, shown in Figure 11a, revealed only body centered cubic (BCC) peaks 

indicative of both ferrite and martensite (which cannot be discriminated in such powder 

diffraction experiments). Both FCC 𝛾-austenite and BCC 𝛿-ferrite were revealed to be present in 

the fusion zone, as shown in Figure 11b. As mentioned above, austenitic filler wires are designed 

to retain at least 5 vol% 𝛿-ferrite, to prevent solidification cracking. The larger 𝛿-ferrite (BCC110) 

peak in the diffraction pattern of the weld produced using 309LC confirms that it results in the 

retention of a higher volume fraction of ferrite, as compared to conventional solid 309L filler 

wire (Figure 12b). Again, the range of retained ferrite observed in this study is considered to be 

in the safe range, where no correlation between ferrite content and ductility has been observed. 

Only at very low < 2 vol% is there a correlation with hot cracking57 and at very high > 50 vol% 

is there a correlation with low temperature embrittlement.37  
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Figure 9. Representative macro etch images of the fusion zone from welds produced using a) 316L, b) 309L, 

and c) 309LC which illustrates a more irregular microstructure along the centerline of the weld in case (c), as 

compared with the large, aligned grains in cases (a) & (b). 
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Figure 10. Representative microstructural images of the fusion zones of welds in 1/2 in plates using 309L (a & 

b) and 309LC (c & d) filler metals with a heat input of 75 kJ/in and an interpass temperature of 125 ℉ (a & 

c) and 450 ℉ (c & d). The images illustrate that use of the cored wire results in a finer structure, both at the 

level of the columnar prior δ-phase grains (a & c) and in the fineness of the Widmanstätten structure of the 

austenite phase which results from solid state phase transformation (b & d) 

 

 

Figure 11. XRD pattern of a) the base 50CR is comprised entirely of BCC peaks with no retained austenite 

(FCC) and b) the fusion zone of Group 3 plates having peaks from both austenite and retained δ-ferrite 
 

 

Mechanical Testing 

Hardness Testing 

 

Microhardness testing of the 50CR base metal revealed an average hardness of 200 ± 10 

HV, for Groups 1 (1/2 in) and 2 (1 in). The hardness of the 1 in thick Group 3 plates was 

determined to be slightly higher at 245 ± 10. These differences in hardness between the groups 

reflect the variability of the as-received based material.  
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Microhardness data taken from welded samples of Group 1 all reveal enhanced hardness 

within the weld. The higher hardness in the HAZ region of all the welds is due to precipitation of 

carbides.10,58 Figure 12 reveals an interesting distinction between the plates welded with 75 kJ/in 

heat input and 450 °F interpass temperature using the solid filler wires (309L, 309LSi, and 316L) 

and the metal cored wire (309LC). The plates welded with a solid filler wire had the highest 

hardness values (ranging from 300 – 350 HV) in the fusion zone, and a narrow region of 

depressed hardness right outside the fusion zone. On the other hand, the hardness of the fusion 

zone resulting from the use of 309LC was only about 200 HV, similar to that of the base metal. 

The highest hardness values in the 309LC samples, which ranged from 250 – 300 HV, were 

located in the fine HAZ (not in the fusion zone).  

 

Based on the micro-hardness results on the Group 1 samples welded using a maximum 

interpass temperature of 300 °F, it was clear that these samples had been welded with more 

passes than the other samples. Although this was not originally planned for and occurred due to 

welder variability, this represents a welded plate that has been repaired due to a detected weld 

flaw. The highest hardness found in these samples was approximately 400 HV.  Typical 

microhardness values for the Group 2 samples were in the range of 300 – 375 HV, consistent 

with the fine HAZ hardness values of Group 1 plates welded using a maximum interpass 

temperature of 300 °F.  

  

 
Figure 12. Typical hardness trends found in across the second weld pass using the different fillers, 75 kJ/in, 

and 450 °F in the Group 1 plates.  

Tensile Testing 

 

The base 50CR material from 1/2 in thick plates examined in this study surpassed the 

minimum requirements for the tensile properties indicated in ASTM A709, a yield strength of 50 

ksi and a tensile strength of 70 ksi, and an elongation of 21% for plates less than 24 in in width 

and 19% for plates wider than 24 in as shown in Table 7.45-48 In a prior study of 3Cr12, it was 
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observed that the plates are prone to delamination-type failure, where secondary cracks run 

parallel to the plane of the plate.8 This observation suggests that 3Cr12 and similar alloys such as 

50CR may be susceptible to lamellar cracking during fillet welding of T-joints typical of welded 

plate girders and for which the Cranfield test was developed.59 However, Grobler investigated 

this possibility and, yet, did not observe lamellar cracking in his study of 3CR12.8 However, 

Grobler still indicated that it is an issue worthy of further consideration and suggests a means of 

exploring it. Whether or not this possible failure mode would affect the performance of 50CR 

structural members is beyond the scope of the current report. Notably, the present investigation 

of butt-joints revealed no cracks of any sort in the as-welded plates.  

 

In order to explore the change in the mechanical properties of the welded plate as heat 

input and maximum interpass temperature were increased; tensile testing was performed on each 

of the Group 1 and 2 plates. Because 50CR is not yet included in AWS/D1.5 there are no tensile 

requirements for welded 50CR, so the data was compared to 50CR base metal requirement set 

forth by ASTM A709.45-48 Ten samples were tested from each of the plates welded using the 

309L and 309LC filler wires, and five samples were tested from each of the plates welded using 

309LSi and 316L for Group 1. Three reduced tension samples were tested for each of the Group 

2 plates. A complete reporting of all data obtained is presented in Appendix D and is 

summarized below in Table 8. 
 

Table 8. Tensile properties of 1/2 in thick ASTM A709 50CR used for study 

Sample Direction Yield Strength (ksi) Tensile Strength (ksi) % Elongation 

Longitudinal  66-68 83-90 28.3 - 28.9 % 

Transverse 64-67 81-87 30.2 - 31.1 % 

 

Based on the results from one-sided t-testing of data obtained from mechanical testing of 

1/2 in welded plates in Group 1, it can be said with at least 95% confidence that a sample 

selected at random from any of the welding combinations explored will surpass the minimum 

yield strength requirement of 50 ksi dictated by ASTM A709 for grade 50CR.48 This can be said 

regardless of which filler wire, heat input (50 kJ/in and 75 kJ/in), and maximum interpass 

temperature (125 °F to 450 °F) were employed. Based on the two-sided t-test, it can also be said 

with 95% confidence that neither increasing the heat input nor increasing the maximum interpass 

temperature caused a statistically significant change to the yield strength for all consumables. 

This can be said even though different numbers of welding passes were used to weld the plates 

with a heat input of 75 kJ/in and a maximum interpass temperature of 300 °F. 

 

 Using the same statistical analysis procedure as was used for the yield strength data, it 

can be said with at least 95% confidence that a 1/2 in welded plate sample selected at random 

will meet the 70 ksi tensile strength minimum requirement set forth by ASTM A70948, regardless 

of the alloy of weld wire employed in this study. It can also be stated with a high level of 

confidence that neither increasing the heat input, nor increasing the maximum interpass 

temperature caused a statistically significant change in the tensile strength. 

 

 ASTM A709, which is currently used as the standard to which welded 50CR’s 

mechanical properties are compared, contains minimum requirements for yield strength, tensile 

strength, and percent elongation.48 In this study, the fracture typically occurred outside of the 

reportable region specified in the standard. Indeed, only 14% of the all of the welded samples 
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fracturing within the reportable region. This is due to the fact that the weld nugget was stronger 

than the base material, causing the strain to localize in the surrounding, unaffected 50CR based 

material, where the fracture ultimately occurred. 

  
Tensile test data from the 1 in thick Group 2 plates was also compared to the minimum 

requirements dictated by ASTM A709.48 The average values from the three tensile tests all met 

the minimum requirements for both the yield strength and the tensile strength. A lower level of 

confidence level (< 90%) associated with the yield strength of the Group 2 samples is due to the 

smaller number of samples tested. One-sided t-tests of the tensile strength data showed with at 

least 95% confidence that a sample selected at random from all of the welding parameter 

combinations will meet the 70 ksi required minimum.48 Tensile testing on the two Group 3 

welded PQR plates included two reduced section tensile samples and one all weld metal tensile 

bar. The data obtained from this testing is listed in Table 9. The tensile strengths for the reduced 

section samples exceed the minimum tensile strength requirement of 70 ksi and the yield strength 

exceeded the minimum requirement of 50 ksi.48 The tensile testing data from the two PQR plates 

showed comparable results when compared to the data from analogous plates from Group 2.  

 
Table 9. Results from testing of Group 3 plates welded using 309L and 309LC with a heat input of 90 

kJ/in and a maximum interpass temperature of 450 °F.  

Sample Type Yield Strength 

(ksi) 

Tensile Strength 

(ksi) 

Elongation 

(%) 

Reduction in Area 

(%) 

309L reduced section 59.5 (56, 63) 89.5 (89, 90) 24.5 (23, 26) 25 (25, 25) 

309L all weld 54 88 30 27 

309LC reduced section 58 (61, 55) 93.5 (95, 92) 37 (42, 32) 34.5 (36, 33) 

309LC all weld 58 94 36 46 

Note: Data in parenthesis represents the actual data from the PQR plates.  

 

CVN Testing 

 

Because Virginia is in temperature zone 2, as defined by AASHTO LRFD Bridge Design 

Specifications, three base plate samples were tested in each orientation at 40 °F48,60  The 50CR 

samples surpassed the minimum impact energy requirements dictated by ASTM A709 in both 

orientations.48 The LT samples showed higher energy absorption than the TL samples, which is 

supported by previous work.61 In fact, the LT sample tested at 10 °F stopped the hammer with an 

impact energy of 298 ft·lbf.  To prevent damage to the Charpy testing machine due to operation 

within 80% of its maximum capacity, no additional LT samples were tested at 10 °F or above.47 

The three TL samples had impact energies of 215, 164, and 161 ft·lbf, averaging to 180 ft·lbf at 

40 °F, which falls within the range of the data previously.1,23,60 These values greatly exceed the 

15 ft·lbf minimum required for grade 50CR structural steel.48 Figure 13 shows the measured 

impact energy as a function of temperature for the LT and TL 50CR samples, with  additional 

test temperatures chosen to fill out the transition temperature curve.  The DBTT was determined 

to be -38 °F in the LT orientation and -40°F in the TL orientation.  
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Figure 13. Charpy impact data for the base plate, 50CR, for the entire range of temperatures tested (a) LT 

sample orientation and (b) TL sample orientation.  The length of the LT sample is oriented in the longitudinal 

(L) direction and the V notch (cracking direction) is parallel to the transverse (T) direction. The TL sample is 

oriented in transverse (T) direction and the V notch (cracking direction) is parallel to the longitudinal (L) 

direction.  This is shown in Figure 1. 

 

For 50W, non-fracture critical members, the specified testing temperature for AASHTO 

zones 1 and 2 is 0 °F and -20 °F for zone 3.41 For fracture critical components, the testing is to be 

performed at -20 °F, regardless of zone.41 The requirement for fracture critical welds is 25 ft-lbf, 

however there are currently no requirements for 50CR. A complete listing of data obtained is 

presented in Appendix E, and a summary of the results is provided below. 

 

The data obtained from the Group 1 plate is shown in Table 10. Within the first set of 

samples, it can be seen that the first set of five samples welded using 309L filler, at a heat input 

of 75 kJ/in and a maximum interpass temperature of 450 °F, failed to pass the standard. A second 

set of five samples passed, indicating that this condition is a borderline case. Two-sided t-tests 

indicate with 95% confidence that increasing the maximum interpass temperature did not have a 

significant effect on the CVN values, in comparison to the heat input. Increasing the heat input 

from 50 to 75 kJ/in resulted in a 29% decrease in CVN impact energy (from an average of 53 to 

38 ft·lbf).   
Table 10. Average impact energies of the Group 1 full-size CVN samples 

 

Filler Wire 

Heat Input 

(kJ/in) 

Maximum Interpass 

Temp. (°F) 

Average CVN  

(all 5 samples, ft·lbf) 

AWS D1.5 CVN 

(ft·lbf)** 

309L 50 300 53 53 

309L 75 125 21 20 

309L 75 300 38 39 

309L 75 450 17* 17* 

309L Retest 75 450 22 21 

309LC 50 300 57 57 

309LC 75 125 40 39 

309LC 75 450 41 41 

309LC Retest 75 450 39 36 

309LSi 75 125 26 26 

309LSi 75 450 20 20 

316L 75 125 24 24 

316L 75 450 25 25 

Note: * failed to meet minimum CVN requirements of the AWS D1.5 

**AWS D1.5 indicates the average of five samples with the highest and lowest test values thrown out should 

be reported
41 

 
 (a) (b) 
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The CVN impact energies for Group 2 plate samples measured as a function of the heat 

input and maximum interpass temperature are presented in Table 11. They all greatly exceeded 

the AWS D1.5 minimum requirement for both fracture and non-fracture critical components.41 

One-sided t-testing of the tensile strength data showed with at least 95% confidence that a 

sample selected at random from all of the welding parameter combinations will exceed the 

requirement. The results of the present study agree with previous testing of welded 50CR plates 

performed by Oregon using only 309L filler wires.23 

 

Table 11. Average impact energies of the Group 2 full-size CVN samples 

 

Filler Wire 

 

Heat Input (kJ/in) 

Maximum 

Interpass Temp. 

(°F) 

CVN All 5 Samples 

(ft·lbf) 

AWS D1.5 CVN 

(ft·lbf) 

309L 70 300 72 74 

309L 90 300 66 65 

309L 90 450 50 50 

309LC 70 300 74 74 

309LC 90 300 71 71 

309LC 90 450 71 71 

309LSi 70 300 78 78 

309LSi 90 300 73 74 

309LSi 90 450 74 75 

316L 70 300 43 43 

316L 90 300 52 49 

316L 90 450 65 69 
 

One set of five CVN samples, with the notch placed in the weld, were tested for each 

PQR plate each yielding higher values than Group 1 but comparable to those from Group 2, as 

shown in Table 12. In the Group 1 plate, full-sized CVN samples were taken from the middle 3/8 

in of the 1/2 in thick plate. For the Group 2 and 3 plates, full-size CVN plates were also taken 

from the middle 3/8 in of the plate, keeping in mind that there are more weld passes used when 

welding these plates.  

 
Table 12. Summary of impact energies of PQR full-size weld samples 

 

 A ductile to brittle transition (DBT), typically manifesting as a rapid drop in the impact 

energy as a function of temperature, is typical in BCC materials (in the case of steel, the ferrite 

and martensite phases), but not in FCC materials (the austenite phase). This is due to a more 

temperature- and rate-sensitive yield strength in the BCC phases.63 Previous research on duplex 

stainless steels (50-50 vol% ferrite and austenite) reports a three-regime transition temperature 

curve, similar to that of purely ferritic steels.64 The temperature transition curves of the four filler 

wires welded using a heat input of 75 kJ/in and a maximum interpass temperature of 450 °F on 

the Group 1 plates, deemed the most aggressive welding parameter combination, are shown in 

Figure 14.  

 

Filler Wire 

 

Heat Input (kJ/in) 

Maximum 

Interpass 

Temperature (°F) 

CVN All 5 Samples 

(ft·lbf) 

AWS D1.5 CVN 

(ft·lbf) 

309L 90 450 90 89 

309LC 90 450 93 93 
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Based on the results, the three-regime transition curve was abandoned in favor of linear 

fitting which is more consistent with a microstructure predominantly containing austenite.65 The 

impact energies for the plates welded using 309LC were consistently higher in comparison to 

those welded with the three solid filler wires. Based on the fitted transition temperature curve, 

50CR welded using 309LC will not fall below the 20 ft·lbf minimum until well below -100 °F, 

significantly lower than any minimum service temperature.41 The DBTT of the other filler wires 

(309L, 309LSi, 316L) is estimated to be in the range of 0 - 25°F, based upon the fracture 

appearance transition temperature (FATT), described in detail in the Fractography section below. 

 

Figure 14. CVN data for the 1/2 in welded (Group 1) plates using a heat input of 75 kJ/in and a maximum 

interpass temperature of 450 °F for the entire range of service temperatures for welds made using 309L (a), 

309LC (b), 309LSi (c), and 316L (d). The red arrow indicates the fracture appearance transition temperature 

(FATT), determined based on visual inspection, as described in more detail in the Fractography section 

below. (No FATT was observed for 309LC.) 

 

Side Bend Testing 

 

 The four bend tests performed on each PQR plate were acceptable.41 No cracks were 

observed in the weld when a full 180° bend was placed on the bend test sample. Figure 15 

presents macroimages of a typical side bend test sample. This is consistent with available 

literature on bend testing of the legacy alloy, 3CR12, where no cracking within the coarse-

grained HT-HAZ was observed when welding with austenitic filler wires that were employed in 

the present study.8  

 

 
 (a) (b) 
 

 
 (c) (d) 
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Figure 15. a) Side view and b) top view of the side bend samples with the weld placed in the middle  

 

Fractography  

 

One method of characterizing CVN fracture surfaces is visual inspection and optical 

microscopy. Ductile fractures appear dull whereas brittle fractures (both intergranular and 

intragranular) will generally have a more granular appearance, which will more readily reflect 

light and appear shiny.47,61 (During the course of the study, the nature of the fracture was also 

confirmed using SEM fractography.) Figure 16 shows the fracture surface appearance of welds 

made using all four filler wires at a heat input of 75 kJ/in and a maximum interpass temperature 

of 450 °F. Each row of figures corresponds to CVN tests performed at -100, -20 and 150 °F, 

from left to right. The first observation to be made is the ductile appearance of the fractures at all 

temperatures in the welds made using 309LC. Secondly, one can observe details about the 

appearance of the brittle fractures in the welds made using the other three (solid) filler wires. 

Note the large, bright regions, which are present, especially in Figures 16 (a, d, g, h) that 

correspond to the large prior δ-ferrite grains which extend parallel to the weld centerline in 

Figure 9 (a & b). The use of 309LC metal core filler wire results in the refinement of the δ-ferrite 

grains during solidification as well as the Widmanstätten structure adopted by the austenite 

within those grains during cooling (Figure 10). Thus, as alluded to in the Introduction, it is 

hypothesized that even though the ferrite content of the weld comprised of 309LC filler metal is 

higher than the others (Table 6), the distribution/morphology of that retained ferrite is not 

detrimental to the toughness. Indeed, the refined microstructure appears to be beneficial, in spite 

of the higher ferrite content. 

 

Finally, since the CVN impact toughness of the welds do not exhibit the three-zone 

lower-shelf, upper-shelf, and transition region but instead exhibit linear transition curves, it was 

desirable to develop another means of establishing the DBTT. Therefore, the 50% ductile-50% 

brittle fracture appearance transition temperature (FATT) was determined by optical microscopy. 

The degree of ductile vs. brittle fracture surface appearance was quantified and the results were 

analyzed using linear regression to determine the best-fit temperature at which the 50:50 

transition occurred, as indicated by arrows in Figure 17. These are the DBTT values, which are 

also indicated with arrows in Figure 14. 
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Figure 16. Optical micrographs of the CVN fracture surfaces taken at 20X magnification of the Group 1 

samples welded using a heat input of 75 kJ/in and a maximum interpass temperature of 450 °F.  Each row of 

figures corresponds to tests performed at -100 °F (a, d, g, j), -20 °F (b, e, h, k), and 150 °F (c, f, i, l) on welds 

made using 309L (a, b, c), 309LC (d, e, f), 309LSi (g, h, i), and 316L (j, k, l), respectively 
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Figure 17. The FATT based on optical micrographs of the CVN fracture surfaces taken at 20X magnification 

of the Group 1 samples welded using a heat input of 75 kJ/in and a maximum interpass temperature of 450 °F 

for welds made using 309L (a), 309LC (b), 309LSi (c), and 316L (d). 

 

CONCLUSIONS 

 

 The DBTT of the 50CR base plate was determined to be -40 °F, a marked improvement from 

that of conventional structural weathering steel 50W (-10 °F) and the legacy alloy 3CR12 

(14 °F in LT orientation and 50 °F in the TL orientation). Note that there is no statistically 

significant difference in the DBTT between the L and T orientations of 50CR base plate. 

 

 The following filler wires can be used as alternatives to 309L for the welding of 50CR: 

309LC, 309LSi, and 316L. Note that 309LC metal cored wire requires a higher feed rate 

(~50%), but other welding parameters (voltage, current, and travel speed) can remain the 

same. 

 

 The 309LC filler wire can be used to weld 1/2 in thick 50CR steel plates with heat inputs of 

up to 75 kJ/in and all interpass temperatures explored up to 450 °F. Such welds exceed all 

mechanical property requirements. 

 

 
 (a) (b) 

 

 
 (c) (d) 
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 Use of 309L filler wires for welding 1/2 in thick 50CR steel plates results in welds having 

borderline passing Charpy V-notch requirements at a heat input of 75 kJ/in at interpass 

temperatures ranging from 125 to 450 ℉. The properties of welds produced with a heat input 

of 50 kJ/in exceeded all mechanical property requirements. 

 

 Use of 309LSi and 316L filler wires for 1/2 in thick 50CR steel plates welded at a heat input 

of 75 kJ/in over the entire range of interpass temperatures explored (125 – 450 ℉) produced 

welds which passed the Charpy V-notch requirements for non-fracture critical components, 

but did not pass the Charpy V-notch requirements for fracture critical components. 

 

 The enhanced impact energy and low DBTT of welds in 1/2 in thick 50CR steel plates formed 

using 309LC filler wire appear to be due to the mitigation of large, aligned δ-ferrite grain 

formation during solidification and refinement of the austenite structure, which forms during 

cooling. Otherwise, such large, aligned grains serve as preferred crack paths in welds. 

 

 Heat inputs of 90 kJ/in and interpass temperatures of up to 450 °F can be used for 309L, 

309LC, 309LSi, and 316L filler wires for 1 in thick 50CR steel plate. Thicker plates are more 

tolerant of high heat inputs because they represent a larger heat reservoir outside the fusion 

zone itself. 

 

 

RECOMMENDATIONS 

 

1. VDOT Materials Division should allow for the use of 309L, 309LC, 309LSi, and 316L filler 

wires when welding 50CR steel.  This includes allowing the interpass temperature to be 

increased to 450oF with these alloys.  For the 309L, 309LSi, and 316L filler wires, a 

maximum heat input of 50 kJ/in is recommended for ½ in thick plates.  For the 309LC filler 

wire, the maximum heat input can be increased to 75 kJ/in for ½ in thick plates. For 1 in 

thick plates, VDOT Materials Division should allow an interpass temperature of 450oF, and a 

maximum heat input of 90 kJ/in is recommended for all filler wire alloys tested. 

 

2. VDOT Materials Division should allow for the use of higher feed rates with the 309LC filler 

wire, up to 50% higher, as compared to the other solid filler wires tested. 

  
3. VTRC should work with VDOT Materials Division to evaluate the influence of plate thickness 

and details of 50CR steel weld microstructures, with the primary focus of this effort being on 

the HAZ.  Additional work should be performed by the VTRC to investigate the possibility 

that the failure mode observed during tensile testing in this project could indicate that 50CR 

steel fillet welds are susceptible to lamellar cracking. 

 

4. VTRC should work with VDOT Materials Division and a VDOT district to locate a practical 

location to use the 309LC filler wire in the butt joints of 50CR steel girder flanges for a 

proposed bridge.  During fabrication, as the weld quality is being evaluated and documented, 

additional samples should be produced and evaluated by VTRC for VDOT Materials 

Division.   
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IMPLEMENTATION AND BENEFITS  

 

Implementation 

 

 Implementation of Recommendations 1 and 2 will require VDOT Materials Division to 

update the current 50 CR special provision to incorporate these changes. Implementation of 

Recommendations 1 and 2 will occur within 1 year after the publication of this report. 

 

 Implementation of Recommendation 3 will require VDOT’s Materials Division (project 

Champion) and VTRC to first initiate a project to evaluate the influence of plate thickness on 

change in microstructure during welding.  Then VDOT’s Materials Division and VTRC 

should initiate a second project focused on investigating the possibility of lamellar tearing 

that was suggested by tensile test results.  The VTRC will be tasked with determining if all 

work can be performed or if it requires a university contract to assist in meeting the 

objectives of this recommendation.  Implementation of Recommendation 3 will occur within 

4 years after the publication of this report. 

 

 Implementation of Recommendation 4 will require VDOT’s Materials Division (project 

Champion) and VTRC to initiate a project with a VDOT district to fabricate 50CR girders for 

a bridge.  This will also require VTRC assist VDOT’s Materials Division in revising a 

special provision that will incorporate the findings from this report.  As part of this effort, 

VTRC will assist the district by providing guidance on the use of 50CR and other related 

structural components, as well as providing the cost difference due to the use of 50CR girders 

with 309LC welded butt-joints. Implementation of Recommendation 4 will occur within 4 

years after the publication of this report. 

Benefits 

 The benefit of Recommendations 1 and 2 will improve competitiveness with prestressed 

CFRP and SS reinforced concrete beam products by increasing 50 CR girder fabrication 

productivity by allowing the use of addition filler wires and more favorable welding 

parameters.  This also allows for the possibility of different filler wire companies to compete 

and eliminates the sole source requirement while satisfying the Buy America regulations. 

 

 The benefit of Recommendations 3 and 4 allows VDOT to provide better guidance as 

specifications are developed by AWS and AASHTO for welding ASTM A709 Grade 50CR. 
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APPENDIX A: CUT DIAGRAMS 

 

The Charpy V-Notch (CVN) sample block contained 24 samples for the Group 1 plates 

welded using a heat input of 75 kJ/in and a maximum interpass temperature of 450 °F. Five CVN 

samples were machined for the plates welded using all fillers. An additional set of five CVN 

samples were tested for the Group 1 plates welded using 309L and 309LC. Each block of 

reduced area tension samples contained five samples. An additional set of five reduced area 

tension bars were tested for the Group 1 plates welded using 309L and 309LC. The CVN block 

contained five samples for the Group 2 plates. The reduced area tension block contained three 

samples. Note: All of the dimensions are in inches. 

 
Figure A.1. Group 1 sample configuration map with only welded plate samples shown  
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Figure A.2. Group 2 sample configuration map  
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Figure A.3. Group 3 (PQR) plate sample configuration in accordance to AWS D1.5 PQR Plate A  
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APPENDIX B: MECHANICAL DATA FOR DEFECTIVE GROUP 1 PLATE  

 

During tensile testing, it was discovered that the samples from the plate welded using 

309LC, a heat input of 75 kJ/in, and a maximum interpass temperature of 300 °F contained a 

lack of fusion defect, a gap of roughly 0.0787 in (2 mm) in size, which was visible during 

radiography. Communications with the girder fabricator indicated that the weld gap arose from 

improper weld groove alignment and not from difficulty welding with the metal cored wire. 

Nevertheless, mechanical testing of the plate was performed as if there was no mechanical flaw.  

The samples from the plate with a 2 mm gap (309LC, 75 kJ/in, 300 °F) resulted in an 

average yield strength of 55.2 ksi with a standard deviation of 0.76 ksi. This means that the plate 

would have met the ASTM A709 requirements.40 The one-sided t-test also showed with 99% 

confidence that a sample chosen at random from the defective plate would have been able to 

meet the minimum requirements. Because the yield strength is the amount of stress a sample can 

undergo before yielding and beginning to plastically deform, a gap of this size is shown to be 

tolerable. This is helpful information to guide non-destructive evaluation requirements. 

The samples from the plate with the incomplete weld (309LC, 75 kJ/in, 300 °F) yielded 

an average tensile strength of 69.9 ksi with a standard deviation of 3.42 ksi. This means that the 

plate would have met the ASTM A709 requirements, due to rounding. However, it fails the one-

sided T-test for 90% confidence. This is due to the existence of the 2 mm gap, which acted like a 

pre-existing crack, resulting in a lower tensile strength.  

The CVN impact energies for the plate with the incomplete weld is given below in Table 

B.1. Although there was a 0.0787 in (2mm) gap, the machining of the V-notch eliminated a 

majority of the welding defect. However, some of the welding gap still remained, which caused a 

decrease in the impact energy because the sample was already pre-cracked. The remaining weld 

gap simply continued to split, eliminating the need for a crack path to develop.  

Table B.1. CVN impact energy for the defective plate 

 

Filler Wire 

Heat Input 

(kJ/in) 

Maximum Interpass 

Temp. (°F) 

CVN All 5 

Samples (ft·lbf) 

AWS D1.5 

CVN (ft·lbf) 

309LC* 75 300 22 22 

309LC Retest* 75 300 24 24 

 

Overall, the mechanical testing of the defective plate would have passed according to the 

AWS D1.5 requirements. This is further indication of the advantages that come with using 

309LC filler wire. These results could also indicate that the non-destructive evaluation 

requirements for the welding of 50CR using 309LC filler wire could be relaxed. However, 

further testing of welded plate with planned defects must be performed before a firm conclusion 

on this point could be made.  
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APPENDIX C: FERRITE CONTENTS IN FUSION ZONES 

 

 

Figure C.1. Plots of the ferrite content as a function of heat input while keeping the maximum interpass 

temperature constant at 300 °F on Group 1 plates 

 

Figure C.2. Plots of the ferrite content as a function of maximum interpass temperature while keeping the 

heat input is held constant at 75 kJ/in on Group 1 plates 
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Figure C.3. Plots of the ferrite content as a function of heat input while the maximum interpass temperature 

constant at 300 °F on Group 2 plate 

 

 

Figure C.4. Plots of the ferrite content as a function of maximum interpass temperature while 

keeping the heat input is held constant at 90 kJ/in on Group 2 plates 
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Figure C.5. Plot of the ferrite content as a function of plate thickness while keeping the heat input is held 

constant at 70-75 kJ/in and the maximum interpass temperature is held constant at 300 °F 
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APPENDIX D: TENSILE STRENGTH PROPERTIES OF WELDED PLATES 

 

Figure D.1. Yield strength as a function of heat input while keeping the maximum interpass temperature 

constant at 300 °F of all Group 1 plates. ASTM A709 minimum requirement in red 

  

Figure D.2. Yield strength as a function of maximum interpass temperature while keeping the heat input 

constant at 75 kJ/in of all Group 1 plates. ASTM A709 minimum requirement in red. 
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Figure D.3. Tensile strength as a function of heat input while keeping the maximum interpass temperature 

constant at 300 °F of all Group 1 plates. ASTM A709 minimum requirement in red. 

   

Figure D.4. Tensile strength as a function of maximum interpass temperature, while keeping the heat input 

constant at 75 kJ/in of all Group 1 plates. ASTM A709 minimum requirement in red. 
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Figure D.5. Yield strength as a function of heat input while keeping the maximum interpass temperature 

constant at 300 °F of all Group 2 plates. ASTM A709 minimum requirement in red 

 

Figure D.6. Yield strength as a function of maximum interpass temperature while keeping the heat input 

constant at 90 kJ/in of all Group 2 plates. ASTM A709 minimum requirement in red 
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Figure D.7. Tensile strength as a function of heat input while keeping the maximum interpass temperature 

constant at 300 °F of all Group 2 plates. ASTM A709 minimum requirement in red 

 

Figure D.8. Tensile strength as a function of maximum interpass temperature while keeping the heat input 

constant at 90 kJ/in of all Group 2 plates. ASTM A709 minimum requirement in red 
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APPENDIX E: CHARPY IMPACT TEST DATA 

 
Figure D.9. CVN impact energy as a function of the heat input while keeping the maximum interpass 

temperature constant at 300 °F of all Group 1 plates 

  

Figure D.10. CVN impact energy as a function of the maximum interpass temperature, while keeping the heat 

input is held constant at 75 kJ/in of all Group 1 plates 
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Figure D.11. CVN impact energy as a function of heat input while keeping the maximum interpass 

temperature constant at 300 °F on Group 2 plates 
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Figure D.12. CVN impact energy as a function of the maximum interpass while keeping the heat input is held 

constant at 90 kJ/in on Group 2 plates 

 

 


