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ABSTRACT 

 

This study proves that a bead-on-plate dissimilar metal gas metal arc weld, with ~40% dilution 

can be made using a volumetric feed rate greater than the maximum rate predicted in literature 

studies. The base material used was 316L plate and the filler metals studied with their matching 

base material in parentheses were ER308L (304L), ER385 (904L), ERNiCrMo-3 (625), and 

ER2209 (2205). While the dilution is much greater than the 0% dilution predicted, the weld 

shows a lack of mixing in the weld pool, micro- and macrosegregation, and a lack of a heat 

affected zone. All of these properties can be attributed to the low heat input produced by the 

welding input parameters. The as-welded material was heat treated at 750°C and 1205°C for 1-

hour, 6-hours, and 24-hours to understand the precipitation and dissolution of secondary phases 

with relation to the thermodynamic predictions. Ferrite numbers (FN) of the welds were measured 

and compared to the values predicted by the WRC-1992 diagram, revealing that the diagram 

over-predicted the FN for the 308L and 2209 welds. Electron-probe microanalysis (EPMA) was 

performed on the as-welded samples to study the micro- and macrosegregation between the 

dendrites and across the weld fusion zone. Micrographs of the welds were obtained using light 

optical microscopy and hardness measurements were taken using Rockwell Hardness B. The 

major findings of this study are that (1) the WRC-1992 diagram inaccurately predicts the 

solidification method for rapidly cooled gas metal arc welds, (2) sensitization of the 308L welds 

causes a maximum hardness at 6-hours at 750°C, indicating carbide embrittlement, (3) sigma 

phase rapidly grows along the interdendritic regions of the 904L, 625, and 2209 welds increasing 

the hardness by embrittlement, and (4) the 1205°C heat treatment initially dissolves ferrite and 

stabilizes austenite; NiO forms after the 24-hour heat treatment in the 308L, 904L, and 625 welds, 

stabilizing ferrite in the Ni depleted weld metal after this exposure.  
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1. INTRODUCTION: 

1.1  An Introduction to Stainless Steels 

Steels have been integral to society for their mechanical properties since as early as the 13th 

century BCE, but improvements in steel processing did not occur until the 1800s during the 

Industrial Revolution [1]. In the 1880s, the first steel suspension bridge, the Brooklyn Bridge, and 

the first steel skyscraper, the Home Insurance Building in Chicago was created and were lauded 

for their ingenuity. For the first time, larger structures could be built due to the improved 

mechanical properties of steel compared to the mechanical properties of traditional masonry 

materials like rocks, wood, or plaster. While carbon steels populated the market due to their 

structural integrity, scientists began the search for a more corrosion resistant alloy.  

In 1911, German scientists Monnartz and Borchers discovered that the corrosion resistance of 

carbon steel was significantly improved when at least 10.5% chromium (Cr) was present in the 

alloy, and in 1913, an English scientist, Brearly, created a steel with 12.8% Cr that was found to 

be resistant to nitric acid, vinegar, and lemon juice, proving that it would be a useful alloy for 

making cutlery. While the development of stainless steels began over 100 years ago, they are 

commonly used today in everything from cooking utensils and cutlery to equipment for chemical, 

petroleum, and food processing plants [2]. 

Stainless steels, while more expensive than carbon steels, are commonly used in applications 

where corrosion resistance and mechanical properties for a given temperature range are the 

greatest concerns [2]. These steels are iron-base alloys with at least 10.5% chromium, the primary 

element that provides corrosion resistance in an oxygen rich environment by forming a self-

healing chromium-oxide (Cr2O3) layer. In general, stainless steels have a composition containing 

12-27% Cr, 1-2% Mn, the addition of Ni in some grades, and some carbon content either as 

impurity or deliberately added. There are five different types of stainless steels (martensitic, 

ferritic, austenitic, duplex, and precipitation hardened), but this study focuses on austenitic and 

duplex stainless steels, with the addition of one nickel-base alloy.  

Within stainless steel systems, each element imparts different properties to the alloy system and 

typically promote the formation of austenite (face centered cubic, fcc) or ferrite (body centered 

cubic, bcc). The ferrite promoting elements include chromium and molybdenum, while the 

austenite promoting elements include nickel, manganese, and nitrogen. Chromium acts as an 

oxide stabilizer, as a strong carbide former, and as a solid solution strengthening agent as it is 

substitutional in both ferrite and austenite [5]. Since chromium is a strong carbide former, the 

alloy can experience sensitization when chromium carbides deplete the grain or cell cores of Cr, 

increasing the susceptibility to corrosion attack. Molybdenum (Mo) can greatly improve an 

alloy’s pitting resistance in a chloride rich environment even when added in small amounts from 

0.2 - 3 wt% in 304L or 316L.  

Nickel (Ni) is primarily added to the alloy system as an austenite stabilizer, but it also acts as a 

solid solution strengthener and improves the mechanical and corrosion resistant properties of an 

alloy system [5]. Manganese (Mn) was originally added to the stainless steel alloy system to 

reduce the susceptibility to solidification cracking by promoting the formation of manganese 

sulfides over iron sulfides. However, manganese improves the de-oxidation properties of the alloy 

system and can promote low temperature austenite in certain systems. Nitrogen (N) is an 
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austenite promoting element, tends to act as a solid solution strengthener, and can form nitrides in 

the alloy system, which could improve the strength of the alloy if desired. 

Typically, impurity elements such as silicon (Si), sulfur (S), and phosphorus (P) remain in 

solution from the melt process and can be detrimental to the alloy system by forming undesired 

secondary phases. Silicon is typically added to the alloy system to aid with deoxidation in the 

melt. However, the Si content is typically kept low in stainless steels because it strongly 

segregates to the terminal liquid during solidification, combining with Ni, Fe, and Cr to create 

both low melting constituents and brittle intermetallic compounds. Sulfur and phosphorous are 

also undesirable as they form low-melting interdendritic compounds during terminal 

solidification that can cause solidification cracking.  

Austenitic stainless steels are the most common type of stainless steel as they are nonmagnetic, 

easily formed and welded, and can be used in a wide range of temperatures, from very cold 

cryogenic temperatures to the extremely hot temperatures of furnaces and jet engines [3]. These 

steels have a chromium content of at least 15% to improve the oxidation and corrosion resistance 

that is matched by austenite stabilizing elements with a nickel content of up to 35%, manganese 

up to 15% and nitrogen from 4-15.5%. The nickel added to the Fe-Cr base of these alloys 

stabilizes the austenitic (fcc) structure from about room temperature to about 1100°C. Other 

elements that can be added to austenitic stainless steels include molybdenum to increase the 

corrosion resistance, silicon to increase the resistance to oxidizing acids, copper to increase the 

resistance to sulfuric acid, niobium to increase the creep resistance, and sulfur and selenium to 

increase the machinability. These compositional contents make austenitic stainless steels tough 

and ductile from absolute zero to elevated temperatures [3].  

While austenitic stainless steels have great corrosion resistance and mechanical properties, they 

are not appropriate for all engineering applications. They are less resistant to cyclic oxidation 

than ferritic stainless steels due to their larger thermal expansion coefficients, they can experience 

stress corrosion cracking (SCC) in chloride rich environments, and they have a fatigue endurance 

limit of approximately 30% of their tensile strength, making them prone to thermal fatigue. 

Additionally, austenitic stainless steels are prone to solidification cracking during welding if an 

insufficient amount of ferrite is formed. 

Duplex stainless steels have a mixture of about 40-50% γ-austenite (fcc) and δ-ferrite (bcc) phase 

which gives these alloys corrosion resistance that is similar to austenitic stainless steels, with a 

yield strength that is almost double that of austenitic stainless steels [4]. In terms of stress 

corrosion cracking and pitting resistance, duplex stainless steels outperform austenitic stainless 

steel 316. However, duplex stainless steels have only moderate ductility compared to austenitic 

stainless steels and can form brittle phases when exposed for long periods of time at elevated 

temperatures. 

Nickel-base alloys are typically used for their excellent corrosion resistance at high temperatures 

and in aqueous environments, as well as for their high strength at ambient and elevated 

temperatures and ductility and toughness at low temperatures [15]. Additionally, Ni-base alloys 

show versatility in their welding applications as they can join not only Ni-base alloys, but also 

stainless steels as well as cast irons. Ni-base filler metals are used for this application because 

they can be diluted by a significant amount of iron and carbon and maintain their ductility and 

machinability. Lastly, Ni-base alloys have a coefficient of expansion between that of carbon 

steels and austenitic stainless steels, so they can be used as a dissimilar filler metal in applications 
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that are exposed to elevated temperatures. While Ni-base alloys display great mechanical and 

corrosion resistant properties, they are very expensive relative to other Fe-base alloys and certain 

alloy systems can be prone to embrittlement. 

This study investigates the dissimilar metal welds made between 316L austenitic stainless steel 

base plate and ER308L, ER385, ERNiCrMo-3, and ER2209. ER308L is the matching filler metal 

to austenitic 304L stainless steel, ER385 is the matching filler metal to superaustenitic 904L 

stainless steel, ERNiCrMo-3 is the matching filler metal to Ni-base Alloy 625, and ER2209 is the 

matching filler metal to duplex 2205 stainless steel. This matrix of materials was chosen as they 

are commonly used alloys for corrosion resistance in the paper and pulp industry, so it was of 

interest to understand the weld chemistry. 

 

1.2 Dissimilar Metal Welding 

Carbon steels and stainless steels are often joined together by welding processes since carbon 

steels are utilized for their structural integrity, but stainless steels provide greater corrosion 

resistance for applications in harsh environments. This joining of two or more different alloy 

systems is classified as dissimilar metal welding. The overlays or joints between dissimilar metals 

yield a cast structure that often displays mechanical and chemical properties different than its 

corresponding wrought material. These changes result from the difference between a cast and 

wrought microstructure, so proper welding parameters and material selection is integral to 

creating a weldment that will not fail in its designated environment. 

 

1.2.1.  Gas Metal Arc Welding 

The welding process used in this study is gas metal arc welding (GMAW). GMAW works by 

melting and joining filler metal to a workpiece using heat created by an arc established between 

the continuously fed filler wire electrode and the workpiece [6]. During this process, the arc and 

the weld pool are shielded with an inert gas such as argon. Figure 1.1 shows a representation of 

this process. GMAW is advantageous in applications that require a clean weld with little spatter, 

and where time and amount of material are important. GMAW creates welds with a high 

deposition rate so that large, thick workpieces can be welded more efficiently, but the guns can be 

bulky, making the welding of smaller areas or corners an issue. The welds created using this 

process typically show about 20-40% dilution.  
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Figure 1.1: Gas metal arc welding representation [7]. 

While most welds are made to join two or more materials together, single bead-on-plate welds are 

studied in order to simplify the mixing, diffusion, and dilution. The dilution of the weld is defined 

as the ratio of the amount of substrate that has been melted to the total amount of melted substrate 

and deposited filler metal. Dilution can be mathematically expressed by Equation 1.1 and is 

represented in Figure 1.2 where As is the melted cross-sectional area of the substrate and Afm is 

the cross-sectional area of the deposited filler metal [8].  

% 𝐷𝑖𝑙𝑢𝑡𝑖𝑜𝑛 =  (
𝐴𝑠

𝐴𝑠+𝐴𝑓𝑚
) × 100     (1.1) 

 

Figure 1.2: Illustration of dilution in a single pass weld.  

The dilution of the weld is important in dissimilar metal welding where corrosion resistance is the 

primary importance. For cladding applications where a corrosion resistant alloy is deposited onto 

a less corrosion resistant base metal, low dilution is desirable so that the weld composition is 

close to that of the filler metal to maintain corrosion resistance. While corrosion resistance is 

important in joining ferritic steels to austenitic stainless steels, the formation of undesirable 

secondary phases is of more concern.  
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1.2.2  Effect of Welding Parameters on Filler Materials 

The inputs used in the welding process are directly correlated to the desired dilution of the weld. 

If a certain dilution is desired, the Equations 1.2-1.7 can be used to derive an input parameter set 

[8]. While dilution can be represented by the cross-sectional area of a weld as seen in Figure 1.2, 

it is actually a product of the volumetric melting rates of the filler metal and substrates. This is 

expressed in Equation 1.2 where Vs is the volumetric melting rate of the substrate and Vfm is the 

volumetric melting rate of the filler metal.  

%𝐷𝑖𝑙𝑢𝑡𝑖𝑜𝑛 =  (1 + (
𝑉𝑓𝑚

𝑉𝑠
)

−1
) × 100    (1.2) 

If it is assumed that the volumetric filler metal rate corresponds to the actual deposited filler metal 

rate, ignoring losses to spatter, the volumetric filler metal rate, Vfm can be calculated by Equation 

1.3. 

𝑉𝑓𝑚 = 𝑊𝑖𝑟𝑒 𝑓𝑒𝑒𝑑 𝑠𝑝𝑒𝑒𝑑 × 𝑊𝑖𝑟𝑒 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟        (1.3) 

Since only the volumetric melting rate of the filler metal is controlled in the welding process, the 

volumetric melting rate of the substrate must be equated in other terms. Equation 1.4 shows the 

melting power of the arc (left-hand side) equated to the power needed to melt the filler and 

substrate materials (right-hand side). In this equation, ηa is the arc efficiency, ηm is the melting 

efficiency, V is the voltage, Vfm is the volumetric melting rate of the filler metal, Efm is the 

enthalpy change required to melt the filler metal, Vs is the volumetric melting rate of the 

substrate, and Es is the enthalpy change required to melt the substrate 

𝜂𝑎𝜂𝑚𝑉𝐼 = 𝑉𝑓𝑚𝐸𝑓𝑚 + 𝑉𝑠𝐸𝑠    (1.4) 

The arc efficiency (ηa) for GMAW can be estimated as 0.84±0.04, and the melting efficiency can 

be estimated according to Equation 1.5, where V is the voltage, I is the current, and S is the travel 

speed [8]. 

𝜂𝑚 = 0.5 𝑒𝑥𝑝 (
−175

𝜂𝑎𝑉𝐼𝑆/73
)    (1.5) 

By combining Equations 2-5, the final equation for dilution can be expressed in Equation 1.6: 

%𝐷𝑖𝑙𝑢𝑡𝑖𝑜𝑛 =  [1 +
𝑉𝑓𝑚𝐸𝑠

{𝜂𝑎𝑉𝐼(0.5𝑒𝑥𝑝 (
−175

𝜂𝑎𝑉𝐼𝑆/73
)}−𝐸𝑓𝑚𝑉𝑓𝑚

]

−1

× 100   (1.6) 

The values of Efm and Es were both assumed to be respectively 8.7 J/mm3 for a weld made using 

308L filler on 304L substrate [8]. This estimation was deemed appropriate for the defining the 

input parameters for welding 308L on 316L as 316L has a very similar composition to 304L. 

When creating an input parameter set for a desired dilution using Equations 1.2-1.6, there is a 

maximum volumetric filler rate that needs to be taken into account. If this rate is used, the 

dilution will be reduced to zero and the filler metal will not adequately fuse to the base. This can 

be expressed in Equation 1.7. 

𝑉𝑓𝑚,𝑚𝑎𝑥 =
𝜂𝑎𝜂𝑚𝑉𝐼

𝐸𝑓𝑚
    (1.7) 
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The welding input parameters used in the experiment were created using Equations 1.2-1.7. The 

maximum filler metal feed rate was used to understand the dilution and microstructure of the 

weld. Additionally, the wire feed speed required to produce these welds was the maximum feed 

speed that the AGMAW machine could run, so it was of interest to see what the maximum 

machine output could create. 

The parameters specified and used are shown in Table 1.1. There is a slight variation between the 

specified parameters and the as the machine was only capable of running at 19.05 mm/s (45 

in/min), so the parameters were adjusted accordingly. The Vfm calculated from the parameters of 

the welds created was 338.4 mm3/s, which is ~4.7% larger than the maximum filler metal feed 

rate.   

Table 1.1: Input parameters created using Equations 3-7 compared to the parameters actualized in the process. 

 

Dissimilar metal welding can be prone to inhomogeneities within the weld due to the difference 

in chemical compositions of the base and filler metals. These inhomogeneities include 

microsegregation, macrosegregation, and compositional changes near the fusion boundary of the 

weld [6]. Micro and macrosegregation typically occur within the bulk weld metal, and the 

compositional changes near the fusion boundary can be seen in the unmixed zone, partially 

melted zone, and heat affected zone asshown in Figure 1.3.  

 

Figure 1.3: Dissimilar metal weld profile showing the different zones that can occur. 

Microsegregation occurs during solidification when elements tend to segregate to the terminal 

liquid. These elements are said to have an equilibrium segregation coefficient, k < 1, causing 

them to segregate to the grain boundaries or boundaries between dendrite arms. Conversely, 

elements with an equilibrium segregation coefficient, k > 1, segregate to the solid grain centers or 

dendrite arms. Microsegregation can be detrimental to a weld by causing solidification cracking if 

low melting alloying elements are present in the terminal liquid. The low melting alloy that forms 

on the grain boundaries can remain liquid as the alloy solidifies, and residual stress from welding 

can cause cracks to propagate along this mushy zone.  
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Additionally, microsegregation can reduce the corrosion resistance in the grains if corrosion 

resistant elements segregate to the grain boundaries. This is typically seen in systems alloyed with 

molybdenum or other rare earth elements. Microsegregation is also dependent on the 

solidification method of the weld as diffusion occurs more easily in ferrite. Since ferrite has a 

more open body centered cubic structure than the more closely packed face centered cubic 

structure of austenite, some elements will tend to segregate to the more open structure. If 

microsegregation is a concern, the weld can be homogenized through a series of post weld heat 

treatments to promote solid state diffusion.  

Macrosegregation can be seen in the bulk weld metal of single pass dissimilar metal welds if the 

weld pool mixing is insufficient. Insufficient mixing can occur when welding at too high of a 

speed to allow mixing to occur. These macrosegregation bands can cause localized corrosion 

attack if the filler or base material has differences in corrosion resistance, and the banding can 

cause reduced mechanical properties. 

Compositional changes near the fusion boundary are often seen in dissimilar metal welds due to 

the compositional differences of the filler and base metals. Adjacent to the fusion boundary is the 

unmixed zone that has nearly the same composition as the base metal. The unmixed zone can 

form when the fluid flow is not strong enough to mix this melted base metal with the filler metal.  

The partially melted zone is shown in Figure 1.3 as the area directly outside the fusion zone. This 

area is particularly susceptible to liquation during welding and can be noted as the area where the 

grain boundaries along the fusion zone in the base metal etch darker than the surrounding grain 

boundaries. These liquated grain boundaries usually form eutectic phases, and, in some cases, this 

liquation can also occur inside the grains [6]. If the solid at the grain boundaries or inside the 

grains has a eutectic composition, it will partially melt from the heat of welding. Constitutional 

liquation occurs where an alloy has residual particles AxBy, such as N2Nb Laves phase or carbides 

in Ni-base superalloys. If there is enough heat to melt the grain boundary solid, liquation cracking 

can occur where the crack propagates intergranularly through this zone. 

The heat affected zone (HAZ), as shown in Figure 1.3, can show a loss in strength of the base 

material due to recrystallization and grain growth from the heat transfer during the welding 

process. If the base material had been previously work hardened, the HAZ can display 

recrystallization and grain growth, softening the material and reducing the fracture toughness. 

Since the mechanical integrity of a weld is typically desired, the input parameters must be 

analyzed to prevent excessive softening in the base material. 

1.3 Solidification Mode: Thermodynamic Stability & the WRC-1992 Diagram 

The solidification mode in austenitic stainless steels directly correlates to the susceptibility to 

solidification cracking in a weld. If the weld does not have enough δ-ferrite (<5 volume %), the 

weld can be susceptible to solidification cracking, but if it has >10 volume % δ-ferrite, the 

ductility, toughness, and corrosion resistance of the weld can be reduced [6]. Superaustenitic 

stainless steels and Ni-base alloys are also prone to solidification cracking, but the amount of 

ferrite in the weld is much harder to control as these alloys tend to solidify as primarily austenitic 

due to their high nickel content. Duplex stainless steels typically do not experience solidification 

cracking as they have a high ferrite content. Thus, thermodynamic phase diagrams must be 

analyzed to understand the phase stability in austenitic and duplex stainless steel, as well as 

nickel-base alloy systems. 
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Since stainless steels are primarily Fe-Cr-Ni systems, the ternary phase diagrams of Cr-Fe-Ni, 

shown in Figure 1.4 can be used to predict primary solidification. Using the Cr-Ni-Fe liquidus 

projection, one can follow the dark line called the line of twofold saturation from the binary Fe-

Ni peritectic reaction temperature to the ternary eutectic point at 49Cr-43Ni-8Fe. If an alloy used 

is Cr-rich, it will lie above the line of twofold saturation, yielding δ-ferrite in the primary 

solidification, and if the alloy is Ni-rich, it will lie below this line, γ-austenite will be the primary 

solidification phase. The dark curved lines on the solidus ternary phase diagram follow closely to 

the liquidus line of twofold saturation and converge at the ternary eutectic temperature. 

 

Figure 1.4: Liquidus projection (left) and solidus projection (right)  of the Fe-Cr-Ni ternary phase diagram [6]. 

Sections of the Fe-Cr-Ni ternary phase diagrams, called pseudo-binary phase diagrams, can be 

used to understand how an alloy system solidifies at a particular composition. One such pseudo-

binary phase diagram at 70% Fe is shown in Figure 1.5. There are four possible solidification 

modes possible in this system: austenite (A), austenite-ferrite (AF), ferrite-austenite (FA), and 

ferrite (F). 

 

Figure 1.5: Pseudo-binary phase diagram of Cr-Fe-Ni ternary phase diagram at 70% Fe [6]. 
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The austenitic (A) solidification mode occurs in nickel-rich alloys that solidify on the Ni-rich, 

left-hand side of the eutectic triangle. This solidification mode shows that the intercellular and 

interdendritic regions contain secondary austenite that is rich in Cr, but not enough Cr to form 

ferrite. This secondary austenite forms during terminal solidification from the segregation of Cr to 

the liquid. While this phase may appear as a secondary phase upon etching a sample that shows 

this solidification mode, the phase has the same face centered cubic structure as the bulk cell or 

dendrite core.  

The austenite-ferrite (AF) solidification mode occurs when the alloy has enough Ni to solidify to 

the left of the eutectic triangle. Primary austenite will form in the primary dendrite arms, and 

upon cooling, the composition will enter the γ + δ region. The terminal solidification liquid 

becomes enriched in Cr forming interdendritic δ-ferrite.  

The ferrite-to-austenite (FA) solidification mode occurs when the alloy system has enough Cr to 

solidify to the right of the three phase eutectic triangle forming primary δ-ferrite dendrites. Upon 

cooling, the δ-ferrite dendrite arms transform to γ-austenite when the composition enters the γ + δ 

region, leaving a δ-ferrite core behind. This transformation causes microsegregation of Ni to the 

terminal liquid, forming terminal austenite. The two types of microstructures created from this 

solidification mode are called vermicular ferrite, where the skeletons of ferrite dendrites are left 

behind, or lathy ferrite.  

The ferrite (F) solidification mode occurs when the alloy system is Cr rich so that alloy will 

solidify to the right of the eutectic triangle forming δ-ferrite. Upon cooling, the composition will 

continue to solidify as ferrite, but Ni will segregate to the terminal liquid. The terminal liquid will 

then form γ-austenite that can nucleate and grow, resulting in complete coverage of ferrite grain 

boundaries in austenite. In this solidification mode, austenite can grow into Widmanstatten side 

plates from the austenite at the grain boundary, or it can grow within the ferrite grains. [18].  

Since solidification prediction is important to prevent weld cracking, models have been created to 

predict the solidification mode as well as ferrite content. These models typically rely on the ratio 

of chromium equivalents (Creq), elements that are ferrite stabilizers, to nickel equivalents (Nieq), 

elements that are austenite stabilizers. The first such model, the Schaeffler diagram created in 

1949, is shown in Figure 1.6. The Schaeffler diagram was the first proposed relationship between 

ferrite forming elements and austenite forming elements. While this diagram has been widely 

used for welding solidification predictions, the Schaeffler diagram does not consider nitrogen as 

an austenite promotor at the expense of ferrite, and it incorrectly states that manganese promotes 

high temperature formation of austenite [6]. Additionally, the Schaeffler diagram predicts the 

percent ferrite formed during solidification, which is imprecise and difficult to measure.  

In 1974, the Schaeffler diagram was revised to become the DeLong diagram, shown in Figure 

1.7. The DeLong diagram incorporated the more accurate ferrite number (FN) scale and added 

nitrogen as a coefficient in the nickel-equivalent [12]. Compared to the Schaeffler diagram, the 

DeLong diagram has a narrower accurate composition rage, still incorrectly includes Mn as an 

austenite stabilizer, and it typically overestimates the FN of highly alloyed stainless steels.  

The most recent and most accurate solidification prediction diagram created thus far is the WRC-

1992 diagram created by Kotecki and Siewert [12]. This diagram, shown in Figure 1.8, removed 

Mn, while adding Cu to the nickel-equivalent, eliminated the overestimation of the FN for heavily 
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alloyed systems, and provided a medium range of compositions that it predicted accurately over 

compared to the Schaeffler and DeLong diagrams [12]. While the range that the diagram was 

created for is significantly smaller than the range that the Schaeffler diagram covers, the model 

can be extended to predict the FN of dissimilar metal welds. Thus, the WRC-1992 will be used as 

the solidification prediction model in this study. 

 

 

Figure 1.6: Schaeffler diagram [6]. 

 

 

Figure 1.7: DeLong diagram [6]. 
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Figure 1.8: WRC-1992 diagram. Note that this diagram only accurately depicts weld compositions that fall within the 

boundaries of the ferrite number (FN) lines from 0 to 100 [12]. 

Table 1.2 below summarizes the solidification effects of the ratio of the Creq to the Nieq where the 

equivalents can be expressed as Creq = %Cr + %Mo + (0.7 ∗ %Nb) and Nieq = %Ni +

(35 ∗ %C) + (20 ∗ %N) + (.25 ∗ %Cu). 

Table 1.2: Summary of possible solidification modes [5]. 

 

The ferrite number system, according to ANSI/AWS A4.2 and ISO 8249, defines the quantity of 

ferrite in an alloy by measurements made by instruments calibrated to the defined procedure [13]. 

In this way, the FN is “an arbitrary, standardized value related to the ferrite content of an 

equivalently magnetic weld metal.” Therefore, the FN is not equivalent to the percent ferrite in a 

weld, but a FN < 10 gives an accurate average of percent ferrite in the weld. Above a FN of 10, 
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one can estimate the percent ferrite at 0.7 multiplied by the FN. One should note that the FN 

measurements should only be performed on weldments and not wrought or cast stainless steels. 

1.4  Thermodynamic Predictions 

Phase diagrams can be used to predict the solidification and evolution of phases based on 

thermodynamic stability in an alloy based on temperature and composition. Understanding the 

phase transformations in a system is important to understand the way that the mechanical 

properties and corrosion resistance can be affected so that the alloy is not used in an improper 

engineering application. While traditional binary diagrams are useful to understand correlations 

between two different elements, stainless steels and nickel-base alloys are complicated alloy 

systems that can be better described by ternary phase diagrams. Ternary phase diagrams, 

however, can be complicated to read, so they can be simplified by setting one of the elements 

equal to a constant value or by setting a ratio of two elements to a constant value and varying the 

third from 0-100%, creating a pseudo-binary phase diagram [14]. 

While phase diagrams are good at describing the thermodynamics of an alloy, the kinetics of the 

system can cause segregation of elements during solidification. If cooling takes place too rapidly 

to maintain equilibrium, the dendrites and grains formed will have cores with different 

compositions than their edges and their liquid between the boundaries [14]. Typically, elements 

with the lowest solidification temperature segregate to the liquid and are the last to freeze within 

the grain boundaries. If this solidified composition is then exposed to temperatures above its 

melting temperature, as in a multi-pass weld, this solid can melt and cause liquation cracking or 

hot shorts, significantly impacting the mechanical properties of the material. If the coring is of 

concern whether, for mechanical properties or corrosion resistance, heat treatments can be carried 

out to homogenize the coring seen in the structure.  

To describe the stainless steel and nickel-base alloys systems, the following phase diagrams will 

be considered: Fe-Cr, Ni-Cr, Fe-Cr-C, Fe-Cr-Ni, and Ni-Cr-Mo. These phase diagrams will be 

analyzed within each alloy system at the specific temperature to predict the phases seen in the 

weld. 

1.4.1 Fe-Cr System 

The iron-chromium binary system, as seen in Figure 1.9, is the first binary system considered 

since chromium is the main alloying element that contributes to the corrosion resistance. It is 

usually the most abundant alloying element in the system and Fe and Cr show complete solubility 

within each other. At low concentrations of chromium, <13.4% Cr, and between 912-1394°C, 

austenite will form in the area of the phase diagram known as the gamma loop. Since all 

compositions considered herein have ≥20% Cr, this loop will not be investigated since the 

primary phase stabilized is α-ferrite. However, brittle phases can form within the Fe-Cr binary 

system. There are two noteworthy brittle phases: α’ and σ-phase; α'-phase is an ordered, body 

centered cubic, coherent, Cr-rich, brittle phase that forms between 400-540°C [5]. The other 

brittle phase, σ, is a hard, brittle, tetragonal phase that forms upon extended holding times 

between approximately 475-830°C. Sigma is slow to form, but once it begins forming, the change 

to sigma precipitates quickly [14]. 
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1.4.2 Ni-Cr System 

While the Fe-Cr system is pertinent for stainless steels, nickel-base alloys usually have a small 

amount of iron, so the Ni-Cr system is of interest. This diagram, as shown in Figure 1.10, shows a 

eutectic system as Ni has an fcc crystal structure and Cr has a bcc crystal structure. There is a 

eutectic reaction at 53 wt% Cr, indicating that Cr is highly soluble in Ni. Due to this fact, Ni-Cr 

base alloys are extremely corrosion resistant alloys that are solid-solution and precipitation 

strengthened [15]. 

 

1.4.3 Fe-Cr-C System 

Carbon is an important addition to the Fe-Cr system as it not only expands and stabilizes the 

austenitic γ-loop, but it can also lead to the precipitation of carbides in the alloy. The pseudo-

binary diagram shown in left of Figure 1.11 below represents an isopleth of the Fe-Cr-C phase 

diagram at 17 wt% Cr. Within the diagram, C1 represents the M23C6 carbides, and C2 represents 

the M7C3 carbide. An additional diagram seen on the right side of Figure 1.11 shows a section of 

a calculated quaternary diagram for 74% Fe, 18% Cr, 8% Ni, and a varying amount of carbon. 

This diagram closely represents the behavior of alloys 304L and 308L as used in this study. 

 

1.4.4 Fe-Cr-Ni System 

The addition of Ni to the Cr-Fe system expands the range over which austenite is stable, 

including at room temperature. Using the Cr-Ni-Fe liquidus projection in Figure 1.12, one can 

follow the dark line called the line of twofold saturation from the binary Fe-Ni peritectic reaction 

temperature to the ternary eutectic point at 49Cr-43Ni-8Fe. If an alloy used is Cr-rich, it will lie 

above the line of twofold saturation, yielding δ-ferrite in the primary solidification, and if the 

alloy is Ni-rich, it will lie below this line, austenite will be the primary solidification phase [6]. 

The dark curved lines on the solidus ternary phase diagram follow closely to the liquidus line of 

twofold saturation and converge at the ternary eutectic temperature. Pseudo-binary phase 

diagrams at selected weight percentages of Fe will be investigated for 308L, 904L, 625, and 2209 

weldments and isothermal sections of the ternary Fe-Cr-Ni will be considered for each of the heat 

treatments of the alloy systems.  

 

1.4.5 Ni-Cr-Mo System 

The Ni-Cr-Mo system is important for nickel-base alloys, in this case, Alloy 625. The liquidus 

projection of this alloy can be seen in Figure 1.13 below, showing the stability of σ and P phase 

due to the addition of Mo. These alloys always begin solidification as austenite with Mo strongly 

segregating to the liquid, promoting the formation of intermetallic compounds in the 

interdendritic regions [15]. These intermetallic compounds also are prone to forming when the 

alloy is held at higher temperatures since the solubility of Cr and Mo in Ni decreases. Pseudo-

binary phase diagrams at selected weight percentages of Ni will be investigated the 625 

weldments and isothermal sections of the ternary Ni-Cr-Mo will be considered for each of the 

heat treatments of the alloy system.  
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Figure 1.9: Fe-Cr binary phase diagram [14]. 

 

 

Figure 1.10: Ni-Cr binary phase diagram [15]. 
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Figure 1.11: Top: An isopleth of the C-Cr-Fe at 17% Cr [5]. Bottom: Section of the quaternary Fe-Cr-Ni-C diagram at 

74% Fe, 18% Cr, 8% Ni, and varying Ni [16]. 

 

Figure 1.12: Liquidus projection (left) and solidus projection (right)  of the Fe-Cr-Ni ternary phase diagram [6]. 
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Figure 1.13: Ni-Cr-Mo ternary phase diagram liquidus projection [15]. 

1.5 Heat Treatments 

While many stainless steels can be used in the as-welded condition, annealing can help relieve 

residual stress or can precipitate or dissolve secondary phases to improve desired mechanical 

properties. When a stressed, or work hardened material is annealed, the grains tend to 

recrystallize to form soft, strain free grains [6]. In this way, the system reduces its free energy by 

reducing the number of grain boundaries, and grain boundaries are areas with high free energy. 

The amount of recrystallization is dependent on the time and temperature of the annealing 

process; longer periods of exposure will increase the amount of recrystallization. 

As predicted in the phase diagrams presented above, the 750°C heat treatment can stabilize brittle 

phases such as carbides and sigma phase. The precipitation of secondary phases is important in 

this study as the welds created are more rapidly cooled than traditional welds. It is of interest to 

see if the precipitation in the solidified weld aligns with the thermodynamic predictions, and if 

not, how the rapid cooling rate shifts the predictions. The precipitation of embrittling phases 

cannot only greatly reduce the mechanical properties like ductility and impact toughness of a 

weld, but they can also decrease the corrosion resistance by forming phases rich in the corrosion 

resistant elements like Cr, Mo, and Nb.  

The precipitation of carbides is called sensitization, as it increases the alloy’s sensitivity to 

corrosion. In this process, carbon diffuses along the grain boundary to combine with chromium or 

iron to form M23C6 carbides [6]. Carbide precipitation typically occurs at the grain boundaries or 

in as carbon has a higher diffusion coefficient; the precipitates deplete the adjacent grains of their 

chromium content, creating areas of preferential corrosion attack. Thus, carbide precipitates can 

reduce the lifetime of a component due to embrittlement as well as reduced corrosion resistance. 

Carbides typically form in one of two ways: by heat treatment or long-term service temperature 

that lies within the sensitization region, or by formation during welding, particularly in the heat 

affected zone (HAZ). The sensitization region occurs between approximately 500-850°C. Carbide 

formation from heat treatment or exposure usually appears along the grain boundaries fairly 

uniformly throughout the material assuming relatively little heat gradient. However, during the 
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welding process, the weld and the fusion zone of the joint are too hot to sustain the temperature 

range to form the carbides, but the heat conducted away from the weld into the base material 

creates a temperature gradient that sustains the carbide precipitation temperatures needed. While 

carbides can be detrimental to a component, they can be put back into solution above 

approximately 1000°C. Within nickel-base alloys, like 625, rare earth elements can segregate to 

the grain boundaries during solidification. When held at 750°C, M23C6 carbides as well as MC 

carbides, typically NbC, can form as thin grain boundary films.  

Other brittle phases than carbides can be precipitated at the 750°C heat treatment, most notably 

being the formation of σ phase in austenitic-ferritic welds. Sigma phase is a tetragonal phase that 

forms between 600-1000°C [18]. At this temperature in austenitic-ferritic welds, the ferrite is 

dissolved, M23C6 carbides form, followed by sigma formation. Sigma phase is promoted by Cr, 

Si, and Mo, and typically has a higher Cr content than ferrite. Thus, an alloy system must have a 

substantial amount of ferrite for sigma to form in the weld material. Usually, the amount of sigma 

is proportional to half of the ferrite number measured, and a continuous network of sigma is 

needed to significantly impact the toughness and ductility of a weld. Thus, if the percent ferrite is 

maintained below 8%, there should be a small amount of sigma phase formed so that 

embrittlement will not greatly affect the structure.  

While sigma tends to form from the ferrite in austenitic-ferritic welds, purely austenite welds that 

also contain a significant amount of molybdenum show the formation of sigma phase by a 

eutectoid reaction. This transformation is mostly seen to occur within interdendritic areas where 

secondary austenite is formed with a higher Cr and Mo content. The sigma formation in these 

alloy systems can have up to 30% Cr, 10-20% Mo, and less than 14% Ni [22]. 

While 750°C tends to precipitate brittle phases, 1205°C should act as a solutionizing heat 

treatment temperature [23]. Solutionizing temperatures for austenitic and duplex stainless steels 

are typically around 1100°C, but nickel-base alloys, like 625, requires a higher temperature of 

approximately 1200° to fully solutionize carbides, delta, and Laves phases. Therefore, 1205°C 

was chosen as the solutionizing heat treatment in this study 

The thermodynamic phase diagrams described in section 1.4 will be used to derive predictions of 

the stable phase systems to compare to the experimental samples. As described above, it is 

expected that the 750°C heat treatment will promote the formation of carbides as well as brittle 

sigma phase in the alloys, and the 1205°C heat treatment should dissolve all carbides and 

secondary phases. These two temperatures were chosen to study the extremes of annealing in 

these 308L, 904L, 625, and 2209 alloy systems. 
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2. EXPERIMENTAL PROCEDURE 

The materials and welding for this experiment were provided by Miller Mechanical Services Inc. 

A 2’ x 3’ x 1/2” plate of 316L was used as a base plate and ER308L, ER385, ERNiCrMo-3, and 

ER2209 were used as filler metals. The compositions of these materials can be seen in Table 2.1. 

Bead-on-plate welds were created using automated gas metal arc welding (AGMAW) spray arc 

transfer; the inputs for this process can be seen in Table 2.2. A representation of the welded plate 

can be seen in Figure 2.1 below. 

Table 2.1: Compositions of the filler and base materials. Note that ER 308L is the matching filler for 304L, ER385 is 

the matching filler for 904L, ER2209 is the matching filler for 2205, and ERNiCrMo-3 is the matching filler metal for 

Alloy 625. The 316 Base Plate was analyzed using electron probe microanalysis (EPMA) for composition. 

 

Table 2.2: Input parameters for AGMAW process described above. 

 

 

Figure 2.1: A top-down view of a representative sketch of the welded plate. Each thick black line represents a bead-on-

plate GMAW weld of the four filler metals used: 308L, 904L (385), 2209, and 625. The perpendicular dashed lines 

represent the sectioning directions for the plate. 
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The welded plate was cut along the dashed lines shown in Figure 2.1, and the seectioned plate can 

be viewed in Figure 2.2.  

 

Figure 2.2: Sectioned plate showing the four bead-on-plate welds of 625, 308L, 2209, and 904L. 

In addition to the welded plate, matching base materials to the filler materials, excluding 904L, 

were obtained to be used as comparisons to the weldments. The plates obtained included 304L, 

316L (from welding base plate), 625, and 2209. Both the welded plate and base plates were 

sectioned for metallographic preparation and heat treating. The welds were cut into 1” x ½” 

blocks and base materials were cut into ½” x ½” blocks. 

A series of heat treatments for 1-hour, 6-hours, and 24-hours were performed on both the welds 

and the base materials at 750 °C and 1205 °C. The heat treatments at 750 °C were conducted in a 

Thermolyne Type 2000 Furnace with a tungsten heating element. The 1205 °C heat treatments 

were conducted in a CM Rapid Temperature Furnace with a molybdenum disilicide heating 

element. The samples were arranged on an alumina slab as seen in Figure 2.3. Upon removal 

from the furnace, the samples were water quenched.  

 

Figure 2.3: Arrangement of samples on alumina slab for heat treatment. 

Prior to mounting all samples, the ferrite number, measuring the amount of delta ferrite of each 

weld was taken using a Magne-Gage Model 5-660. The Magne-Gage was calibrated using a No.3 

magnet in accordance with AWS A4.2-74 and ASTM A799.  The magnet tip was touched to the 

surface of the welds, and the mechanism was rotated until the magnet tip broke away from the 
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surface. The number on the dial was recorded and this process was repeated 5 times at various 

points on the surface. The numbers recorded correspond to a ferrite number on the calibration 

chart.  

After the ferrite numbers were gathered, samples were mounted for metallographic preparation 

using a combination of both cold epoxy mounting and hot mounting. The mounts were ground 

using 180, 240, 400, and 600 grit SiC paper and polished using 9 µm, 3 µm, and 1 µm diamond 

and finished using 0.06µm colloidal silica. After polishing, samples were electolytically etched at 

3 V using a 10% oxalic acid solution to reveal the grain structure.  

Optical images of the bulk welds and base materials were taken using an Olympus SZX12 

Stereoscope and metallographic optical images were taken using an Olympus Leco PMG 3. The 

Olympus phase analysis software on the optical microscopes was used to calculate the percent of 

the material that was composed of secondary phases, ferrite, and austenite. Microprobe analysis 

of the as-welded compositions and base materials was performed to confirm the bulk 

compositions of each sample as well as the interdendritic and secondary phase composition 

within the welds. A JEOL JSM-840 Scanning Electron Microscope (SEM) and energy dispersive 

x-ray spectroscopy (EDS) system were used to analyze the composition of the 904L weld aged 

24-hours at 1205°C. 

Rockwell hardness tests were conducted using a Leco R-700 Hardness tester using the Rockwell 

Hardness B scale. Four locations were tested in the weldments, at the top of the weld, the fusion 

zone, the heat affected zone, and the base metal, as shown in Figure 2.4.  

 

Figure 2.4: Location of hardness measurements in the weldments. 
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3. RESULTS 

3.1 Effect of Welding Input Parameters 

3.1.1 Weld Shape 

It was noted that the 625 and 904L weld beads looked ropy and showed much more spatter than 

the 308L and 2209 weld beads. The variation in the weld beads can be seen in Figure 3.1. The 

variation in weld bead is also apparent in the cross-sections of the 625 and 904L welds as can be 

seen in the micrographs in sections 3.2 – 3.5. 

 

Figure 3.1: Variation in weld bead appearance based on input material. A) 308L, B) 904L, C) 625, D) 2209. 

3.1.2 Dilution 

The area of the weld bead and the area of the penetration of four different optical micrographs of 

each weld were measured to find the area percent dilution. These dilutions were averaged and are 

presented in Table 3.1. One can see that the 308L weld and 2209 weld have comparable dilution 

around 42% as they also have comparable weld compositions. 904L shows the least dilution 

Table 3.1: The average dilution (by percent area) of the welds created. 

 

These area percentage dilution values were used to calculate the expected weld composition by 

using the specification sheet elemental compositions for the weld wire and the electron probe 

microanalysis (EPMA) gathered composition of the 316L base plate. The calculated compositions 

are presented in Table 3.2. 



22 

 

Table 3.2: Predicted weld compositions using the dilution area percentage measurements and the base and filler metal 

compositions.  

 

Experimental compositions of the weld material were gathered using EPMA spot scans across the 

welds. The average of the data for each weld is shown in Table 3.3. 

Table 3.3: Weld compositions averaged from EPMA spot scans. 
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The percent error was calculated and is shown in Table 3.4.  It can be seen that the heavier, 

primary compositional elements, Fe, Cr, and Ni, have a relatively low percent error, while the 

lighter, trace compositional elements, C, Si, P, and S have relatively high percent error as they are 

more difficult to accurately detect using EPMA. 

Table 3.4: Percent error between the measured weld composition and calculated weld composition. 

 

 

3.1.3 Ferrite Numbers & Solidification Mode 

As discussed in the introduction, and summarized in Table 3.5 below, the ratio of the chromium 

and nickel equivalents can help predict the solidification mode. These values are correlated to the 

Creq and Nieq in Table 3.6. 

Table 3.5: Summarized solidification mode to equivalent ratio [5]. 

 

Table 3.6: Predicted Solidification mode based off of the ratio of chromium to nickel equivalents. 
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The WRC-1992 model was used to predict the ferrite numbers of the welds by plotting the Ni-

equivalent against the Cr-equivalent. The input base and filler metal were plotted and the weld 

composition was estimated by using a tie line with the percent dilution of the weld. These 

predictions were used for the as-welded state of the 308L, 904L, 625, and 2209 bead-on-plate 

welds. These diagrams can be seen in Figures 3.2-3.5. 

 

 

Figure 3.2: Ferrite number prediction for 308L weld using the WRC-1992 model. 

 

 

Figure 3.3: Ferrite number prediction for 904L weld using the WRC-1992 model. 
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Figure 3.4: Ferrite number prediction for 625 weld using the WRC-1992 model. 

 

Figure 3.5: Ferrite number prediction for 2209 weld using the WRC-1992 model. 

The ferrite numbers predicted by the WRC-1992 diagram are summarized in Table 3.7. It should 

be noted that the predicted FN for 308L and 2209 welds were significantly larger than the 

measured ferrite numbers. The FN for the 904L and 625 welds were predicted to be zero and their 

measured ferrite numbers are slightly greater than zero. This is a closer estimation as the small 

amount of ferrite that might be picked up could be due to the fact that the welds were made on 

316L base plate, which will give a ferrite signal. 
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Table 3.7: Predicted ferrite numbers using the WRC-1992 diagram and the Ni and Cr-equivalents for each predicted 

and measured weld composition. 

 

Ferrite number measurements were made on all heat treated welds and are summarized in Table 

3.8. 

Table 3.8: Ferrite numbers measured from the welds without heat treatment and after heat treatment. 

 

3.2 308L 

3.2.1 308L Thermodynamic Predictions 

Pseudo-binary diagrams were used to analyze the solidification behavior and secondary phase 

formation in the 308L weldment and are a good approximation for the 70Fe-20Cr-9Ni-0.02C 

composition of the welds created in this study. Figure 3.6 shows the solidification behavior as 

predicted for a weld with 73% Fe and the vertical dashed line is representative of the composition 

of the 308L weld [6]. Since the composition of the alloy lies to the right of the eutectic triangle of 

γ + δ + L, the weld should solidify with primary ferrite followed by a solid-state transformation to 

austenite. Isothermal lines are drawn over the pseudobinary phase diagram to indicate the stable 

phases of the heat treatments performed at 750°C and 1205°C. The 750°C isotherm shows that 

the composition will lie in the γ + σ region and the 1205°C isotherm shows that the composition 

will lie on the cusp of the γ + δ region. 

Figure 3.7 shows two pseudo-binary diagrams from the Cr-Fe-Ni ternary diagram; the left 

diagram shows the pseudo-binary phase diagram of Cr-Fe at 8% Ni and the right diagram shows 

the pseudo-binary Fe-Ni at 18% Cr. Two isothermal lines are drawn at 750°C and 1200°C. At 

750°C, σ-phase is predicted to form in the Fe-Cr phase diagram, and γ with a very small amount 

of σ as the composition lies on the cusp, is predicted to form in the Fe-Ni phase diagram. At 

1200°C, ferrite is predicted to form in the Fe-Cr phase diagram and γ, with the possibility of a 

small amount of ferrite, will form according to the Fe-Ni phase diagram. 

Carbide precipitation is a concern as 750°C has been noted to lie in the sensitization temperature 

range. The left side of Figure 3.8 shows the pseudobinary phase diagram for 74Fe-18Cr-8Ni-C 

with two isothermal lines at 750°C and 1200°C. The 1200°C isotherm shows that the structure 

will be fully austenitic while the isotherm at 750°C reveals that composition lies on the cusp of γ 

and γ + M23C6 carbide. Thus, if microsegregation in the weld creates areas of higher carbon 

content, i.e. ferrite or interdendritic solids, carbides will be prone to precipitating. The right side 

of Figure 3.8 shows a TTT curve for carbide precipitation regions noting that carbides will form 
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at the grain boundaries and non-coherent twin boundaries after the 1-hour heat treatment, and will 

continue to form on the coherent twin boundaries in the 6 and 24-hour heat treatments. However, 

both diagrams in Figure 3.8 show that the carbides will dissolve at the 1200°C heat treatment as γ 

becomes the dominant phase. 

Figure 3.9 shows the isotherms of the Cr-Fe-Ni ternary phase diagram at 800°C, 1000°C, and 

1300°C. Estimating the composition as 9% Ni, 20% Cr, and 70% Fe, the 800°C isotherm shows 

the stability of ferrite + austenite, and the 1000°C and the 1300°C isotherms show the stability of 

the ferrite + austenite region, with a primarily austenite composition. 

 

Figure 3.6: The pseudo-binary diagram of the Cr-Fe-Ni ternary phase diagram is shown here at 73% Fe. The figure on 

the right shows the diagram with isothermal lines drawn at 750°C and 1200°C. [6]. 

 

 

Figure 3.7: The left diagram shows the iron-chromium phase diagram at 8% Ni and the right diagram shows the iron-

nickel phase diagram at 18% Cr. Two isothermal lines are drawn on the diagram at 750°C and 1200°C [3]. 

https://www.asminternational.org/documents/10192/3473958/05231G_Sample.pdf/7c5e4830-b443-4c71-a8c8-1a85c5b39dc5
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Figure 3.8: Left: The pseudo-binary diagram for 74Fe-18Cr-8Ni-C. The carbide formed is of the form M23C6. The lines 

drawn show the point, lying within the γ-phase, where the composition and temperature meet [16]. Right: Location of 

precipitation of Cr23C6 carbides with time for an alloy with 18%Cr10%Ni composition [3]. 

 

Figure 3.9: Isothermal section of the Cr-Fe-Ni ternary phase diagram at 800°C 1000°C and 1300°C [14]. 
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3.2.2 308L As-Welded 

The macroscopic view of the 308L weld can be seen in Figure 3.10 revealing fairly uniform 

penetration with two large trapped gas pores measuring approximately 260 µm and 101 µm. 

Additionally, there is no apparent grain growth in the base material directly adjacent to the fusion 

zone where the heat affected zone would normally occur, but there is some liquation of the grain 

boundaries. There appears to be good mixing of the weld as dendritic growth begins at the fusion 

zone, but some macrosegregation can be seen in the darker bands near the toes that follow down 

the fusion zone. The lower right region of the fusion boundary shows an area that extends ~0.5 

mm from the fusion zone into the weld that appears darker and shows the growth of smaller 

dendrites. While there is dendritic growth, this area is an area of poor mixing and shows where 

the weld pool was stagnant. 

 

Figure 3.10: Macroscopic view (12X)  of the as-welded 308L bead-on-plate weld. 

Figure 3.11 shows the inspection of the 308L weld at 500X at the top and middle of the weld 

revealing a cellular and dendritic structure respectively with primary austenite solidification and 

interdendritic ferrite.  

 

Figure 3.11: The top of the weld examined at 500X on left and center of the weld examined at 500X on the right show 

the growth of primary austenitic with interdendritic ferrite in cellular form toward the top of the weld and as dendrites 

in the center of the weld. 
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3.2.3 308L Microprobe Analysis 

Two interdendritic and one cross-fusion zone line scans were performed to search for elemental 

segregation and formation of secondary phases. The first interdendritic scan shows that there is 

relatively little change in composition between the dendrite core and interdendritic region. The 

interdendritic region shows a slight increase in Fe and a slight decrease in Ni and Mn. This shows 

that the interdendritic phase could be ferrite as the austenite promoting elements decrease. There 

were no other apparent interdendritic phases than the ferrite noted in line scan 1. The second line 

scan shows the same correlation between Ni and Mn segregating together opposite the Fe. The 

line scan across the fusion zone also showed no apparent fluctuations in composition showing a 

smooth transition in the weld joint. These figures can be seen in Appendix A.1. 

 

3.2.4 308L Heat Treatments 

Figure 3.12 shows the variation in the macroscopic structure of the 308L welds aged at 750°C (B-

D) and aged at 1205°C (E-G) compared to the as-welded state (A). Metallographic images of the 

change in the microstructure at the center of the weld are shown in Figure 3.13 where A shows 

the center of the as-welded state, B-D show the 750°C heat treatments, and E- G show the 

1205°C heat treatments. The 750°C heat treatments show the dissolution of interdendritic ferrite 

to austenite with the formation of M23C6 carbides in Figures 3.13 B-D. The 1205°C heat 

treatments show the transformation of ferrite to austenite leaving behind residual interdendritic 

regions inside the growing austenite grains as seen in Figure 3.13 E-G. The precipitates that 

appear in the 1205°C heat treatments are thought to be oxides. Phase analyses of the micrographs 

can be seen in Appendix B.1, but it should be noted that due to human error during the software 

analysis, the measurements should be used with caution.  
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Figure 3.12: Macroscopic (12X) comparisons of the 308L welds in the following conditions A) as-welded B) 1 hour 

750°C, C) 6 hours 750°C, D) 24 hours 750°C, E) 1 hour 1205°C, F) 6 hours 1205°C, and G) 24 hours 1205°C. 
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Figure 3.13: Middle of 308L weld at 500X for A) as-welded, B) 1 hour 750°C, C) 6 hours 750°C, D) 24 hours 750°C, 

E) 1 hour 1205°C, F) 6 hours 1205°C, and G) 24 hours 1205°C. 
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3.2.5 308L Hardness Testing 

It should be noted that the hardness for 308L is 80 HRB and the hardness of 316L is 79 HRB 

[29], [33]. The hardness measurements in Figure 3.14 show that the data at point 1 at the top of 

the weld is significantly softer than the region of the weld above the fusion zone shown in the 

data at point 2. The heat treatment at 750°C shows initial softening after 1-hour, likely due to the 

transformation of ferrite to austenite. The 6-hour heat treatment at 750°C shows the highest 

hardness at point 1 out of the entire dataset, and the hardness at point two near the fusion zone 

increases slightly. The slight increase in hardness at points 2-4 in the 6-hour heat treatment at 

750°C is likely due to carbide formation as sigma precipitates would cause greater embrittlement. 

The 24-hour heat treatment at 750°C displays significant softening throughout the weld and base 

material. This is contrary to the expected behavior of carbide precipitation, but it appears that the 

transformation of ferrite to austenite dominates the carbide precipitation and no sigma phase 

forms. Overall, the 750°C showed a peak in hardness at the 6-hour heat treatment due to some 

sensitization, but carbide precipitation plateaued and the residual ferrite continued to transform to 

austenite separating the proximity of any carbides in the weld, resulting in a lower hardness. 

The heat treatments conducted at 1205°C show the hardness at Point 1 increases with 

temperature, showing a very low hardness at the 1-hour heat treatment. Point 2 shows increased 

softening with increasing time for all heat treatments, with the lowest hardness seen after the 24-

hour heat treatment The softening in the 316L base material is due to austenitic grain growth and 

dissolution of ferrite. 

 

Figure 3.14: Rockwell hardness B measurements across the 308L weld. 
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3.3 904L 

3.3.1 904L Thermodynamic Predictions 

While the Mo content of 904L can complicate the thermodynamics of the system, the diagrams 

presented herein are a good approximation for the 56Fe-20Cr-19Ni-3Mo-0.02C weld 

composition. The pseudo-binary 20wt%Ni-Cr-Fe phase diagram in Figure 3.15 was used to 

predict the solidification behavior of the 904L weldment [6]. Since the composition of the alloy 

lies to the left of the eutectic triangle of γ+ δ + L, the weld should solidify as primary austenite, 

with secondary austenite that is rich in Fe and Cr.  Two isothermal lines are drawn at 750°C and 

1205°C showing the equilibrium compositions within the γ + σ and γ regions respectively. 

Figure 3.16 shows an equilibrium phase diagram created for 904L using ThermoCalc [21]. Two 

isothermal lines are drawn at 750°C (1023K) and 1205°C (1478K) respectively showing the 

equilibrium compositions within the γ + σ + M23C6 and γ regions respectively. While the 904L 

weld composition has 19% Ni, it is assumed that the equilibrium composition will lie within the 

same region as at 21% Ni. 

Isotherms of the Cr-Fe-Ni ternary phase diagram at 800°C, 1100°C, and 1300°C can be viewed in 

Figure 3.17. The equilibrium composition at 800°C lies in the γ region, but since it is so close to 

the γ + σ phase, σ could be stabilized at 750°C. The 1000°C and 1300°C isotherms show 

stabilization of purely γ austenite. 

 

 

Figure 3.15: Pseudobinary phase diagram of the Fe-Cr-Ni ternary phase diagram held at 20% Fe [39]. 
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Figure 3.16: Equilibrium diagram for alloy 904L as created by Bogdanowocz, Jozwik, and Nasilowska, [21]. 

 

Figure 3.17: Cr-Fe-Ni isotherm at 800 °C, 1000°C, and 1300°C with compositional lines drawn at 9% Ni, 20% Cr, 

and 70% Fe [14]. 
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3.3.2 904L As-Welded 

The macroscopic view of the 904L weld can be seen in Figure 3.18 showing non-uniform 

penetration with small trapped interdendritic gas pores, four of which were identified through 

visual microscopy, measuring approximately 16 µm, 25 µm, 30 µm, and 47 µm. Additionally, 

there is no apparent grain growth in the base material directly adjacent to the fusion zone where 

the heat affected zone would normally occur, but there is a visible partially melted zone. There is 

poor mixing within the weld seen by the dark macrosegregation bands that begin about halfway 

through the weld above the penetration area into the base material. The area of stagnant mixing 

extending ~0.5 mm from the fusion zone into the weld that appears lighter and shows cellular 

formation. While there is dendritic growth directly above this area, the weld pool was stagnant 

and showed insufficient mixing.  

 

 

Figure 3.18: Macroscopic view (12X) of the 904L bead-on-plate weld. 

 

Micrographs in Figure 3.19 reveal four different areas of interest in the weld. Figure 3.19A shows 

the solidification in the center of the weld, revealing dark interdendritic regions that appear to be 

carbides. Figure 3.19B shows the dendritic growth directly above the unmixed zone above the 

fusion zone and Figure 3.19C shows the cellular structure in the unmixed zone. The interdendritic 

regions in Figures 3.190B and 3.19C reveal secondary austenite formation rich in Cr and Mo. 

Figure 3.19D shows the partially melted zone along the fusion boundary of the 904L weld mixing 

with the 316L base plate. This indicates that the weld pool did not mix thoroughly enough to 

create a smooth transition.  
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Figure 3.19: (A) Middle of weld 904L as-welded; (B) dendritic growth above unmixed zone directly above the fusion 

zone; (C) cellular structure of unmixed zone directly above the fusion zone; (D) partially melted zone of 904L weld 

mixing with 316L base plate. 

    3.3.3 904L Microprobe Results 

Two interdendritic line scans, one cross-fusion boundary line scan, and three secondary phase 

point scans were completed using EPMA to characterize the 904L weld. The first interdendritic 

line scan as seen in Appendix A.2 revealed a strong segregation of Mo to the terminal 

solidification liquid with slight segregation of C and Mn as well as slightly reduced Fe content. 

Line scan 2, seen in Appendix A.2, shows strong segregation of carbon to the interdendritic 

region with a slight increase in Cr and slight decrease in Ni and Fe. This composition reveals that 

this is most likely chromium carbide. The three point scans collected information on 

interdendritic phases that appeared lighter or darker than the surrounding dendrite material. The 

two dark secondary phases appear to be chromium carbides and the one light phase appears to be 

secondary austenite with an equal Ni concentration as the austenite dendrites, but with increased 

Cr, Mo, P and C. The data from the point scans can be viewed in Appendix A.2 

The most significant scan performed in the 904L weld can be seen in Appendix A.2, showing the 

line scan through the fusion zone. This line scan reveals clear fluctuations in chemistry as 

expected from viewing the macrosegregation in the metallographic images. The Ni and Mo tend 

to segregate together opposite the behavior of Fe. The Cr content is relatively equal between the 

weld and the base plate, showing minor fluctuations. The Mn and Si show slight fluctuations 

appearing to segregate with the Ni and Mo as austenite promoters, while the C content fluctuates 

with the Fe content. 
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3.3.4 904L Heat Treatments 

Figure 3.20 shows the variation in the macroscopic structure of the 904L welds aged at 750°C (B-

D) and aged at 1205°C (E-H) compared to the as-welded state (A). Metallographic images of the 

change in the microstructure at the center of the weld are shown in Figure 3.21 where A shows 

the center of the as-welded state, B-D show the 750°C heat treatments, and E- H show the 

1205°C heat treatments. Phase analyses of the micrographs can be seen in Appendix B.2, but it 

should be noted that due to human error and the software analysis, the measurements should be 

used with caution.  

The 750°C heat treatments show the growth of austenite grains and formation and growth of 

carbides and sigma phase. It is thought that the larger globular phases are carbides, while sigma 

phases are the smaller round phase that links together about the grain boundaries as seen in Figure 

3.21 B-D.  

The 1205°C heat treatments show the transformation of ferrite to austenite leaving behind 

residual interdendritic regions inside the growing austenite grains for the 1 and 6-hour heat 

treatments as seen in Figure 3.21 E & F. However, the 24-hour heat treatment at 1205°C causes 

the weldment to crack. Figure 3.21 G & H show the weld nearly completely oxidized and cracked 

off as well as in the half-cracked state leaving behind some of the weld material to study. It is 

believed that 904L weld metal completely oxidized and the coefficient of thermal expansion 

difference between the oxide and that of the weld metal caused the weld to break off.  

An SEM/EDS analysis was performed on the broken weld heat treated 24-hours at 1205°C to 

identify the composition of the broken weld metal. Figure 3.22 shows the areas of interest of the 

weld that were identified by point scans; the white stars show the areas chosen for an EDS point 

scan. The EDS scans can be seen in Appendix C showing that the remaining weld metal has an 

increased amount of carbon, iron, and molybdenum, and about half the amount of nickel 

compared to the as-welded 904L. It was also seen that there was a chromium carbide layer near 

the broken edge of the weld metal that showed extremely low amounts of nickel and reduced 

amounts of iron. The average compositional values of the 904L weld in the as-welded and heat 

treated states, as well as the carbide layer can be viewed in Table 3.9.  
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Figure 3.20: Macroscopic (12X) comparisons of the 904L  welds in the following conditions A) as-welded B) 1 hour 

750°C, C) 6 hours 750°C, D) 24 hours 750°C, E) 1 hour 1205°C, F) 6 hours 1205°C, G) 24 hours 1205°C completely 

broken weld, and  H) 24 hours 1205°C half broken weld. 
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Figure 3.21: Metallographic (500X) comparisons of the 904L  welds in the following conditions A) as-welded B) 1 

hour 750°C, C) 6 hours 750°C, D) 24 hours 750°C, E) 1 hour 1205°C, F) 6 hours 1205°C, and G) 24 hours 1205°C 

half broken weld. 
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Figure 3.22: SEM analysis of the broken 904L weld aged 24-hours at 1205°C. The white stars represent areas where 

EDS point scans were taken. 

Table 3.9: Composition comparison across the broken 904L weld aged 24-hours at 1205°C. 
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3.3.5 904L Hardness Testing  

It should be noted that the hardness for 904L is 70-90 HRB and the hardness of 316L is 79 HRB 

[35], [33]. The hardness measurements in Figure 3.23 show that the 904L weld is significantly 

softer than the 316 base metal in all heat treatments. It should be noted that point 1 on the as-

welded 904L weld gave a false reading and was discarded. The heat treatment at 750°C showed a 

significant amount of hardening at the top of the weld increasing from a hardness of 15 at the 1-

hour heat treatment to a hardness of 40 at the 6-hour heat treatment. Point 2 near the fusion zone 

of the weld showed a relatively unchanging hardness of ~49. Points 3 and 4 in the base material 

showed a slight increase in hardening likely due to sensitization. 

The heat treatment at 1205°C revealed softening in all four data points as time increased. This 

correlates to the large grain sizes seen in the microstructure. However, the hardness at point one 

for the 1-hour and 6-hour heat treatment was greater than the hardness seen at the 1-hour heat 

treatment at 750°C. This greater hardness is likely due to the presence of oxide formation. The 

lack of a first data point in the 24-hour heat treatment at 1205°C is due to the fact that the weld 

broke upon quenching due to the spalling of the oxide. 

 

Figure 3.23: Rockwell hardness B measurements across the 904L weld. 
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3.4 625 

3.4.1 625 Thermodynamic Predictions 

The phase diagrams used to describe the 625 weld show a good approximation to the 42Ni-28Fe-

22Cr-6Mo-3Nb weld composition. Figure 3.24 shows the pseudobinary phase diagram at 55%Fe-

Cr-Ni; solidification will occur far to the left of the L + γ + δ eutectic, yielding a weld that is 

completely austenitic. While isothermal lines are drawn at 750°C and 1205°C, the weld 

composition will not fall along the dashed line at 25 wt% C, but rather closer to the 15 wt% Cr 

and 30 wt% Ni composition, yielding stabilization of γ in both cases. 

Isotherms of the Fe-Cr-Mo phase diagrams at 600°C and 1200°C are shown in Figure 3.25, 

yielding compositions within the γ + σ region and γ region respectively. The Ni-Cr-Fe isotherms 

at 800°C, 1000°C, and 1300°C are seen in Figure 3.26 and the composition plotted shows the 

stability of γ phase in all three phase diagrams. The TTT diagram shown in Figure 3.27 denotes 

that precipitation will occur at 750°C (1382°F) and precipitates will dissolve above 2000°F 

(1093°C). The one-hour heat treatment at 750°C should not precipitate any phases, but the 6-hour 

and 24-hour heat treatment should precipitate M23C6 carbides and a mixture of M23C6 and γ” 

phases respectively.  

 

Figure 3.24: Pseudobinary phase diagram at 55% Fe for a Cr-Fe-Ni ternary system [6]. 
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Figure 3.25: Ni-Cr-Mo isotherms at 600°C and 1200°C [14]. 

 

Figure 3.26: Ni-Cr-Fe isotherms at 800°C, 1000°C and 1300°C [14]. 
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Figure 3.27: TTT diagram for phase formation in 625 [23]. 

3.4.2 625 As-Welded 

The macroscopic view of the 625 weld can be seen in Figure 3.28 shows fairly uniform 

penetration with very small trapped interdendritic gas pores, three of which were identified 

through visual microscopy, measuring approximately 7.6 µm, 10 µm, and 12 µm. There is no 

apparent grain growth in the base material directly adjacent to the fusion zone where the heat 

affected zone would normally occur, but there is a visible partially melted zone. There is an 

apparent lack of heat in the weld as the weld sits high on the plate and the metal near the toes 

does not show good tie-in to the base plate, even though the weld has a dilution of ~ 32%. There 

is poor mixing within the weld seen by the mixture of light and dark macrosegregation bands 

throughout the weld, which is most apparent at the toes and the area that follows the curvature of 

the fusion zone.  

 

Figure 3.28: Macroscopic view (10X) of the 625 bead-on-plate weld  as-welded. 
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The micrographs in Figure 3.29 show that the 625 weld solidified as fully austenitic. Figure 

3.29A shows solidification in a cellular structure at the top of the weld, Figure 3.29B shows 

dendritic solidification in the middle of the weld, and Figure 3.29C shows a mixture of dendritic 

and cellular solidification in the fusion zone. Figures 3.29 A-C show segregation in the 

interdendritic regions that appear to be a mixture of secondary austenite (light phase) and a Nb-

carbide that is also rich in Fe and Si. This elemental composition points to the fact that this may 

be Laves phase. However, the dark particles appear to be globular and not as lamellar as Laves 

phase typically is, so the particles are most likely Nb-carbides. Figure 3.29D shows the 

macrosegregation and the partially melted zone resulting from the sluggish mixing of the weld 

pool.  

 

Figure 3.29:(A) Cellular structure of the top of the  625 weld, (1000X); (B) Center of the 625 weld (1000X); (C) Fusion 

zone of the 625 weld (1000X); (D) Macrosegregation and partially melted zone at the fusion boundary of the 625 weld. 

3.4.3 625 Microprobe Results 

Four interdendritic line scans, two secondary phase point scans, and one cross-fusion boundary 

line scan were performed using EPMA to characterize the solidification of the 625 weld. Several 

small interdendritic pores were noted during these point scans as they appeared to be secondary 

phases, but turned out to be voids upon analysis.  

The first interdendritic line scan shows strong segregation of Mo ~5%, Nb + Ta ~5%, Si ~4%, 

and C ~6% to the grain boundary with a significant dip in the Fe, Ni, and Cr content. The second 

interdendritic line scan shows similar behavior with an even larger Nb + Ta signal of ~12%, a Mo 
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content of ~9% and a C content of ~5.5%. Line scan 3 shows a Mo content of ~8.5%, Nb + Ta of 

~8.4% with reduced amounts of Fe, Cr, and Ni. Line scan 4 shows a large dip in the Fe, Cr, and 

Ni content, while the Mo ~6.3%, Nb + Ta ~6.5%, Si ~5.8%, and C ~4.5%. These interdendritic 

line scans can be viewed in Appendix A.3. The dark secondary phase appears to be a Nb-carbide 

that is also rich in Si and Fe and the light secondary phase measured appears to be rich in Fe, Mo, 

Nb, and P, indicating secondary austenite rich in these elements. These point scans can be viewed 

in Appendix A.3 

Like the 904L weld, the line scan across the fusion zone is of great interest as there is 

macrosegregation and a lack of mixing in the weld. The line scans shown in Appendix A.3 show 

that there is segregation of Ni, Mo, and Nb + Ta immediately before the joint to the 316L base. 

This data confirms the macroscopic segregations viewed in the metallographic images of the 625 

weld. 

3.4.4 625 Heat Treatments 

Figure 3.30 shows the variation in the macroscopic structure of the 625 welds aged at 750°C (B-

D) and aged at 1205°C (E-H) compared to the as-welded state (A). Metallographic images of the 

change in the microstructure at the center of the weld are shown in Figure 3.31 where A shows 

the center of the as-welded state, B-D show the 750°C heat treatments, and E- G show the 

1205°C heat treatments. Phase analyses of the micrographs can be seen in Appendix B.3, but it 

should be noted that due to human error and the software analysis, the measurements should be 

used with caution.  

The 750°C heat treatments show the growth of carbides and sigma phase. It is thought that the 

larger globular phases in the 1 and 6-hour heat treatments are carbides while the smaller round 

phase that links together about the grain boundaries and fills the interdendritic regions in the 24-

hour heat treatment is sigma as seen in Figure 3.31 B-D.  

The 1205°C heat treatments show the transformation to a completely austenitic structure leaving 

behind residual interdendritic regions including carbides inside the growing austenite grains for 

the 1 and 6-hour heat treatments as seen in Figure 3.31 E & F. However, the 24-hour heat 

treatment at 1205°C caused one of the weldments to crack. Figure 3.31 G shows the cracked 625 

weld. It is believed that carbides within the 625 weld liquated after the 24-hour heat treatment, 

causing the weld to crack from residual stress at the weld grain boundary. Figure 3.32 shows the 

625 weld aged 24 hours at 1205°C near the fusion/toe area. The dark phases appear to be carbides 

that liquated at the grain boundaries forming acicular phases. 

Figure 3.33 shows the top of the 625 welds at the 1205°C heat treatment. The oxide layer is seen 

to grow from 1 hour to 24 hours (Figure 3.33 A-C). It is thought that the dark phases seen 

adjacent to the oxide layer contain a mixture of ferrite, carbides, and some oxides along the grain 

boundaries. 
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Figure 3.30: Macroscopic (12X) comparisons of the 625  welds in the following conditions A) as-welded B) 1 hour 

750°C, C) 6 hours 750°C, D) 24 hours 750°C, E) 1 hour 1205°C, F) 6 hours 1205°C, G) 24 hours 1205°C completely 

broken weld, and  H) 24 hours 1205°C unbroken weld. 
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Figure 3.31: Metallographic (1000X) comparisons of the 625  welds in the following conditions A) as-welded B) 1 hour 

750°C, C) 6 hours 750°C, D) 24 hours 750°C, E) 1 hour 1205°C, F) 6 hours 1205°C, G) 24 hours 1205°C completely 

broken weld, and  H) 24 hours 1205°C half broken weld. 
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Figure 3.32: Toe area of cracked 625 weld aged 24-hours at 1205°C. 

 

Figure 3.33: Top of 625 weld aged A) 1-hour,  B) 6-hours, and C) 24-hours at 1205°C at 50X. 
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3.4.5 625 Hardness Testing 

It should be noted that the hardness for 625 is 96 HRB and the hardness of 316L is 79 HRB [36], 

[33]. The hardness measurements in Figure 3.34, show that the top (point 1) of the 625 weld is 

much softer than the 316L base plate in the as-welded state. However, the hardness in the bottom 

of weld near the fusion zone (point 2) shows an increased hardness likely due to the trapped strain 

energy from welding.  

The 750°C heat treatments showed an increase in hardness for all four test points. However, point 

2 near the fusion zone showed the most hardening. This proves that embrittling phases such as 

carbides and sigma phase precipitated in this heat treatment. 

The 1205°C heat treatments showed a general softening in the points near the fusion zone and the 

316L base material. While point 1 at the top of the weld initially softened slightly, the hardness 

increased with increased longevity. It is thought that the hardness near the top of the weld 

increased due to stress relief of the joint and oxide formation. Point 2 for the 6 and 24-hour heat 

treatments at 1205° C showed nearly the same hardness as the base 316L plate, showing stress 

relief of the joint. 

 

Figure 3.34: Rockwell hardness B measurements across the 625 weld. 
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3.5 2209 

3.5.1 2209 Thermodynamic Predictions 

The pseudobinary phase diagram at 70%Fe-Ni-Cr is shown in Figure 3.35 with isothermal lines 

drawn at 750°C and 1200°C. The 2209 composition will solidify as primary ferrite with austenite 

formation during terminal solidification. The 750°C heat treatment shows that the composition 

will lie on the line between the γ + σ + α and the γ + σ phase, and the 1205°C heat treatment will 

show phase equilibrium in the γ + δ region with approximately 40% δ and 60% γ using the lever 

rule. 

Figure 3.36, shows the equilibrium phase diagram for 2205 with varying nitrogen content and the 

volume fraction phase diagram. At 750°C, the equilibrium concentration will lie in the γ + Cr2N + 

M23C6 + σ region, and, excluding the few carbides and nitrides that form, the equilibrium volume 

fraction of the phases will be approximately 88% austenite and 12% σ phase according to the 

volume fraction diagram. This volume fraction of sigma corresponds to the volume percent sigma 

shown in the TTT diagram for 2205 in Figure 3.36. This is a significant amount of sigma and 

enough to embrittle the alloy system thoroughly. At 1200°C, the equilibrium concentration will 

lie in the α + γ region, and the equilibrium volume fraction of the phases will be approximately 

58% ferrite and 42% austenite, which agrees reasonably with the percent phases calculated. 

Lastly, the Cr-Fe-Ni system at 800°C, 1000°C, and 1300°C isotherms are examined in Figure 

3.37. The equilibrium composition of each isotherm lies within the α + γ system. 

 

Figure 3.35: Pseudo-binary phase diagram at 70%Fe-Cr-Ni [18]. 
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Figure 3.36: Left: Equilibrium phase diagram for 2205 varying with the addition of N, calculated using ThermoCalc. 

Center: the volume fraction of phases in 2205 versus temperature. Right: TTT and CCT curves for duplex stainless 

steel 2205 [18], [34]. 
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Figure 3.37: Fe-Cr-Ni isotherms at 800°C, 1000°C, and 1300°C [14]. 

3.5.2 2209 As-Welded 

The macroscopic view of the 2209 weld can be seen in Figure 3.38 showing fairly uniform 

penetration with small trapped interdendritic gas pores, three of which were identified through 

visual microscopy, measuring approximately 14 µm, 17 µm, and 19 µm. There is no apparent 

grain growth in the base material directly adjacent to the fusion zone where the heat affected zone 

would normally occur. While a dendritic structure with no apparent macrosegregation is seen 

throughout the weld, the fusion zone appears cold as the dendrite size is smaller than the rest of 

the weld.  
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Figure 3.38: Macroscopic view (12X) of the 2209 bead-on-plate weld as-welded. 

The micrographs in Figure 3.39 show that the weld solidified in the ferrite mode with the terminal 

liquid solidifying as austenite. This is seen by the formation of Widmanstatten platelets of 

austenite, also referred to as acicular austenite, as well as dendritic austenite in A, B, and C. 

Figure 3.39A shows the presence of some cellular austenite forming within the ferrite grains due 

to the high cooling rates. Figure 3.39B and C show that the middle and fusion zone of the weld 

contain more austenite (light phase) than the top of the weld. This was also seen during the 

etching process as austenite does not etch as easily as ferrite, and it was seen that the bottom of 

the weld took longer to reveal the grain structure. Since there was no apparent partially melted 

zone, but there was stagnant metal toward the fusion zone, it is believed that the 316L base mixed 

sufficiently to promote the growth of austenite near the fusion zone up to the middle of the weld, 

but did not fully homogenize the weldment so that more ferrite is seen near the top of the weld 

where the cooling rate was higher.  

 

Figure 3.39: (A) Top of 2209 weld 200X; (B) Center of 2209 weld; (C) Fusion zone of 2209 weld. 
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3.5.3 2209 Microprobe Results 

Two interdendritic line scans and a cross-fusion zone line scan were performed using EPMA to 

characterize the 2209 weld. What appeared to be an interdendritic dark phase like a carbide 

turned out to be an interdendritic pore from trapped gas. The interdendritic scans proved to show 

little variation between dendrites and can be seen in Appendix A.4.  The first line scan shows 

interdendritic regions with slight variations of C, Mo, and Cr indicating the possibility of 

chromium carbides. The second line scan showed uniformity across the dendrites as no 

significant compositional fluctuations were noted. The line scan across the fusion zone, seen in 

Appendix A.4, showed a fairly uniform transition with some variations in the Mo content on the 

weld side. Overall, the joint appeared compositionally smooth. 

3.5.4 2209 Heat Treatments 

Figure 3.40 shows the variation in the macroscopic structure of the 2209 welds aged at 750°C (B-

D) and aged at 1205°C (E-H) compared to the as-welded state (A). Metallographic images of the 

change in the microstructure at the center of the weld are shown in Figure 3.41 where A shows 

the center of the as-welded state, B-D show the 750°C heat treatments, and E- G show the 

1205°C heat treatments. Phase analyses of the micrographs can be seen in Appendix A.4, but it 

should be noted that due to human error and the software analysis, the measurements should be 

used with caution.  

The 750°C heat treatments show the dissolution of ferrite and growth of austenite grains and 

formation and growth of sigma phase. It is thought that the appearance of the dark secondary 

phase in Figure 3.41D is sigma phase as it is a small, interconnected phase forming after the 

dissolution of ferrite to austenite. Additionally, the hardness of the weld increases, proving the 

existence of a brittle phase. 

The 1205°C heat treatments show the initial growth of ferrite in the 1-hour heat treatment as the 

FN increases. The 6 and 24-hour heat treatments showed the transformation of ferrite to austenite 

leaving behind residual interdendritic regions inside the growing austenite grains as shown in 

Figure 3.41 F & G. The growth of austenite at this heat treatment corresponds with the drop in 

hardness measurements seen. 
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Figure 3.40 Macroscopic (12X) comparisons of the 2209  welds in the following conditions A) as-welded B) 1 hour 

750°C, C) 6 hours 750°C, D) 24 hours 750°C, E) 1 hour 1205°C, F) 6 hours 1205°C, G) 24 hours 1205°C. 
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Figure 3.41: Metallographic (500X) comparisons of the 2209  welds in the following conditions A) as-welded B) 1 hour 

750°C, C) 6 hours 750°C, D) 24 hours 750°C, E) 1 hour 1205°C, F) 6 hours 1205°C, G) 24 hours 1205°C. 
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3.5.5 2209 Hardness Testing 

It should be noted that the hardness for 2209 is 106 HRB and the hardness of 316L is 79 HRB 

[37], [33]. The hardness measurements in Figure 3.42, show that the 2209 weld (measurements 1 

and 2) has a higher hardness than the 316L base (measurements 3 and 4). This is due to the 

greater ferrite content of the weld. All heat treatments show softening at measurement 1 at the top 

of the weld compared to the hardness from the as-welded state. The 750°C heat treatment shows 

that the weld becomes embrittled at point 2 in the weld near the fusion zone. The 24-hour heat 

treatment at 750°C, while showing softening at the top of the weld compared to the as-welded 

state, is the hardest of the annealed measurements. The heat treatment at 1205°C shows the most 

softening, most likely due to the transformation of ferrite to austenite and significant grain 

growth. The 6-hour and 24-hour heat treatment display the same hardness values in the weld 

indicating that the ferrite to austenite transformation must stop propagating after 6-hours in this 

system. 

 

Figure 3.42: Rockwell hardness B measurements across the 2209 weld. 
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4. DISCUSSION 

4.1 Ropy Welds, Spatter, Porosity, and Lack of HAZ  

It was noted that there was a correlation between the amount of nickel in the composition of the 

filler metal and the amount of spatter and ropiness seen in the weld bead. This showed unequal 

melting of the filler metal as discontinuities in the width of the weld bead were seen. The 904L 

and 625 welds also showed smaller pores located in interdendritic regions. While the 308L and 

the 2209 welds showed more uniformity and less spatter, the cross sections showed large pores 

from trapped gas.  

Fusion within the weld was not expected due to the calculations specified by DuPont and Marder, 

but a dilution of approximately 42% was observed in the 308L and 2209 weld, 40% in the 625 

weld, and 35% in the 904L weld [8]. The dilution averages were lower in the alloys with greater 

nickel content (i.e. 904L and 625), and these welds also showed greater macrosegregation and 

lack of mixing. It was also seen that the welds did not have an apparent heat affected zone into 

the base 316L material. 

The amount of spatter produced is due to the fact that these welds were created at too fast of a 

travel speed, causing insufficient time for the shielding gas to cover the weld pool [27]. The 

ropiness of the weld beads can be attributed to the cold parameters used. Since parameters were 

selected at the maximum value of volumetric filler rate and the travel speed was high, the weld 

pool did not have sufficient time to heat and mix thoroughly. Additionally, nickel-base alloys are 

notoriously sluggish and penetrate the base metal less than stainless steels or carbon steels would 

[28]. This sluggish behavior promoted by excessively fast travel speeds also reveals that nickel-

base alloy welds are more likely to show an unmixed zone adjacent to the fusion boundary, 

causing the base metal to melt  

The heat input used in this study was just enough to melt the filler and base metal for fusion, but 

not enough to ensure a well-mixed weld that would have sufficient gas coverage. If the travel 

speed was reduced, the filler metal would melt more easily, a heat affected zone would be seen, 

the weld pool would mix thoroughly eliminating the macrosegregation and the unmixed zone. 

4.2  Ferrite Number Predictions vs. Observations 

The WRC-1992 Diagram over-predicts the FN for the 308L and 2209 welds and slightly 

underpredicts the FN for the 904L and 625 welds. The 904L and 625 welds were predicted to 

solidify completely austenitic (FN = 0), but the FN was not completely zero on measurement with 

the Magne-Gage (FN904L = 0.75, FN625 = 0.8). It is thought that the slight FN in the 904L and 625 

was picked up from the base 316L material, as the micrographs and EPMA line scans showed no 

apparent ferrite. These discrepancies in prediction are due to the fact that the welds created cooled 

much quicker than typical GMAW welding using good parameters. 

 A faster rate of cooling typically shifts solidification towards the austenitic side of the Fe-Ni-Cr 

system. In this way, the 308L weld solidified in the AF mode when it was predicted to solidify in 

the FA mode. Therefore, the WRC-1992 model cannot accurately predict the solidification mode. 

The prediction of the FN of the weld using the actual weld composition identified by EPMA 
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shows that the FN and solidification mode are overpredicted. The predicted FN of the 308L 

composition was 11 with a predicted solidification mode into the F mode. However, the measured 

FN of the 308L weld was 7 and solidified in the AF mode. The FN and solidification mode of the 

2209 weld using the measured composition was also greatly overpredicted. The predicted FN was 

34.5 with solidification occurring in the F mode, while the weld measured a FN of 15.5 and 

solidified in the F mode with significant secondary austenite precipitation. 

It has been noted that a faster solidification rate will promote the formation of austenite in a weld, 

but this behavior is typically seen in processes like laser beam welding or electron beam welding, 

where a high cooling rate is inherent to the process [18]. It is interesting that similar behavior can 

be seen using the GMAW process using a high travel speed and volumetric feed speed. 

4.3 Heat Treatment Kinetics 

The two heat treatments that were studied provided two examples of diffusion: grain boundary 

dominated diffusion at 750°C and lattice diffusion at 1205°C. At 750°C, the secondary phases 

tend to form along the twin grain boundaries, or other high diffusivity paths such as twin 

boundaries, dislocations, interfaces, and free surfaces. These areas have a more open structure, 

leading to a lower activation energy for diffusion, allowing atoms to have a higher jump 

frequency compared to that inside the lattice. The main precipitation regions in the alloys studied 

here are along the grain boundaries which can be described by the Arrhenius equation 4.1, where 

D is the diffusivity, D0 is the frequency factor, and Q is the experimentally determined value of 

activation energy for diffusion.  

𝐷 = 𝐷0 exp (
−𝑄

𝑅𝑇
)    (4.1) 

The equation can be applied respectively to lattice diffusion (Dl) by interstitial diffusion and 

vacancy diffusion (self-diffusion or substitutional diffusion) as well as to grain boundary 

diffusion (Db). There is limited diffusion within the lattice at 750°C because a greater activation 

energy is required to break the bonds of an atom to allow jumping. Grain boundaries, in general, 

are regions of atomic mismatch and are less densely packed, allowing atoms to diffuse in these 

areas more easily than the tightly packed lattice. Db is the grain boundary surface diffusivity, Db0 

is the frequency factor, and Qb is the experimentally determined value of the activation energy for 

diffusion [26].  

While diffusion along the grain boundaries is of great importance since the total grain boundary 

area is much greater than the free surface area, diffusion within the lattice is not to be ignored. At 

about 0.75-0.8Tm, the lattice diffusion dominates and the melting points of the weld materials 

used in this study and 0.8Tm can be viewed in Table 4.1. Since 1205°C is greater than 0.8*Tm, 

lattice diffusion will dominate. 
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Table 4.1: Melting points and 0.8*Tm of each weld and 316L base material. 

Weld 
Melting Temperature 

Range (°C) 
0.8*Tm (°C) 

Reference 

308L 1399 – 1454 1119 – 1163 [29] 

904L 1300 – 1390 1040 – 1112 [30] 

625 1290 – 1350 1032 – 1080 [31] 

2209 1385 – 1443 1108 – 1154 [32] 

316L 1371 - 1399 1097 - 1119 [33] 

 

 Diffusion within the lattice can be modeled as either interstitial or substitutional diffusion. 

Lattice diffusion is important at this temperature to solutionize carbides and other unwanted 

brittle phases like sigma. However, if the alloy is held too long at this temperature, the average 

grain size increases, significantly softening the weld. The grain growth within the weld leaves 

behind “ghost sites” of the interdendritic regions that could be mistaken for precipitates. 

However, the general size and direction of these intragranular sites align with the placement of 

the original interdendritic boundaries [26].  

While some twinning was seen in the weld metal after long heat treatments, it was most 

commonly seen in the 316L base plate. Twins appear in these materials because the alloys are 

mostly austenitic with little secondary phases like ferrite or carbides that could pin the grain 

boundaries. Since austenite has a low stacking fault-energy, twins are easily created in the 

annealing process. Twin boundaries form to lower the grain boundary energy and they only occur 

at certain misorientations [26]. Twins usually form at boundary planes where the two neighboring 

lattices join with little distortion of interatomic bonds. If the twin boundary is parallel to the 

twinning plane, and the atoms in the grain boundary fit perfectly into both grains, a coherent twin 

boundary will be produced along a close packed plane in an fcc phase, like austenite. Coherent 

twin grain boundaries greatly reduce the energy of the system by allowing atoms to sit in 

undistorted positions. If the atoms between planes do not fit perfectly into each other, but still 

align enough, an incoherent twin boundary is formed. While incoherent twin boundaries do not 

have as low an energy as a coherent twin boundary, they still significantly lower the energy of the 

system. A study on 304 stainless steel found that the coherent twin boundary energy is about 45 

times less than the random grain boundary energy and the incoherent twin boundary energy is 

about four times less than the random grain boundary energy [26]. Twins in fcc metals typically 

have a misorientations angle of about 70.5° about a (110) axis. In addition to the twin boundaries, 

high and low angle grain boundaries are seen between large equiaxed grains. During annealing, 

the grain boundaries adjust themselves to produce a metastable equilibrium at the grain boundary 

intersections.  
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4.4 Weld Observations 

4.3.1 308L 

The 308L weld solidified in the AF mode due to the fast cooling rate of the weld, giving the weld 

a FN of 7. Upon performing EPMA scans, the 308L weld yielded a weld composition of 

approximately 70% Fe, 20% Cr, 9% Ni, and 0.02% C, which was used with phase diagrams to 

predict the thermodynamic phase stability in the 750°C and 1205°C heat treatments. The 

microprobe analysis also revealed that other than interdendritic ferrite, there was no apparent 

formation of secondary phases like carbides in the as-welded state. However, the data did show 

that the ferrite composition showed increased Fe and decreased Ni and Mn. While 

macrosegregation banding was visible in the stereographic image of the weld, the banding did not 

appear to have any notable effect on the cross-fusion boundary composition, and a smooth joint 

was seen in terms of composition. 

It was found that 750°C heat treatment should precipitate σ-phase and M23C6 carbides and that 

1205°C should austenitize the weld, dissolving any σ or carbides, but some potential ferrite 

retention. The carbides were predicted to form on grain boundaries and incoherent twin 

boundaries after the 1-hour heat treatment, and on coherent twin boundaries after the 6 and 24-

hour heat treatments at 750°C. Carbide precipitation was seen along the interdendritic boundaries 

in the weld and along the grain boundaries in the base material. 

While sigma phase is predicted to form in small amounts based on the weld chemistry, the 

kinetics of formation in alloy 308L are very sluggish. Since σ-phase has a low carbon content and 

is incoherent with austenite, carbides will form first, providing nucleation sites for late forming 

sigma since sigma has trouble nucleating [41]. A study found that 308 heated at 750°C showed 

precipitation of σ only after a 100-hour exposure, so precipitation was not expected to be seen in 

the heat treatment studies conducted here [40]. Additionally, the welds only showed a slight 

increase in hardness after the 6-hour heat treatment and softening after the 24-hour heat 

treatment. If σ-phase had formed, it would have propagated quickly to embrittle the material. 

Instead, it appears that carbide formation peaked at 6-hours and the ferrite-to-austenite 

transformation worked to soften the weld to the 24-hour heat treatment. This transformation of 

austenite is seen in the ferrite numbers measured showing a transformation from 7 in the as-

welded state to 4.1, 3.5, and 2.7 after the 1, 6, and 24-hour heat treatments at 750°C respectively. 

The 1205°C heat treatments worked to austenitize the weld from a ferrite number of 7 in the as-

welded state to a FN of ~1 in the 1 and 6-hour heat treatments. However, the 24-hour heat 

treatment showed a FN of 9.3, indicating the presence of ferrite. This change was unpredicted and 

has not been seen in previous literature. It is thought that the ferrite transformation occurred from 

the oxide formation at the surface of the weld. It is believed that the 1205°C stabilized the NiO 

over the standard Cr2O3 oxide, causing a depletion of Ni in the weld composition. The 

micrographs of the 308L welds aged at 1205°C also show the presence of what appears to be fine 

intragranular precipitates along the original dendrite boundaries in the material. Since carbides 

are not predicted to form at 1205°C, it is believed that these particles are oxides. It is thought that 

the mounted metallographic samples were not ground far enough into the material to get through 

the entire oxide, so oxide remnants are seen in the metallographic images.  
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Hardness measurements of the heat treated welds were obtained to compare the relative 

transformations. It should be noted that the hardness specifications for 308L is 80 HRB and the 

hardness of 316L is 79 HRB [29], [33]. The hardness of the 308L weld was measured at 32 HRB 

at the top of the weld (point 1) and 54.6 HRB in the lower part of the weld (point 2) in the as-

welded state, showing that the cast weld structure is much softer than the wrought structure. The 

750°C heat treatment revealed that the 6-hour heat treatment had the greatest increase in 

hardness, reading 51 HRB at point 1 and 56.3 HRB at point two, but showed softening at the 24-

hour heat treatment to a hardness of 18.6 and 47.4 at points 1 and 2. This behavior reveals that 

carbides precipitated to harden the material, but the δ-ferrite transformation to γ-austenite 

dominated the carbide hardening after 6 hours and led to softening in the weld. The 1205°C heat 

treatment showed softening at point 2 in the weld from ~47 HRB to 46 HRB to 43 HRB for the 1, 

6, and 24-hour heat treatments respectively. However, the top of the weld appeared to harden 

from 11 HRB to 29 HRB to 27 HRB for the 1, 6, and 24-hour heat treatments. This increase in 

hardness points to the presence of oxide formation at the surface of the weld. 

4.3.2 904L 

The 904L weld solidified completely austenitic, but showed a ferrite number of 0.75 which is 

slightly greater than the predicted FN of 0. It is thought that the slight FN was picked up from the 

base 316L material, as the micrographs and EPMA line scans showed no apparent ferrite. The 

EPMA scans also showed a substantial amount of Cr-carbides in the interdendritic area in the 

center of the weld and showed the formation of secondary austenite that was rich in Cr, Mo, P 

and C. The line scan across the fusion zone revealed strong segregation of Mo and Ni with some 

Mn and Si, while Fe varies with C. The Cr levels were relatively equal between the 904L weld 

and the 316L base and showed little variation through the fusion zone. The overall weld 

composition was identified to be approximately 56% Fe, 20% Cr, 19% Ni, 3% Mo, and 0.02% C 

which was used with pertinent phase diagrams to find the thermodynamic phase stability for the 

750°C and the 1205°C heat treatments. 

Several small trapped gas pores were noted within the interdendritic region, and there was a 

significant amount of banding that was visible through lack of mixing of the weld pool. The area 

directly above the fusion zone showed stagnant weld metal that formed into a cellular structure as 

there was not enough heat to distribute the solution throughout the weld. Swirls of the 904L weld 

metal with the 316L base metal were also noted in the unmixed zone indicating that there was not 

a great enough heat input used in the welding process. The trapped gas pores were seen from 

using too rapid of a travel speed, and the variations in composition can be attributed to the low 

heat input of the welding parameters used. 

The 750°C heat treatments predicted the formation of γ + σ + M23C6 carbides and the 1205°C heat 

treatments predicted a completely austenitic structure. While sigma phase forms from residual 

ferrite in stainless steels like 308L or 2209, sigma phase in 904L forms from austenite [41]. This 

precipitation of sigma is the same for all stainless steels with Creq/Nieq <1.5, so the 625 weld will 

also show similar precipitation. The 904L weld aged at 750°C showed carbide precipitation and 

sigma formation at 1-hour, but the σ phase was relatively small compared to the carbides and 

linked together on the dendrite boundaries. The 6-hour heat treatment showed a greater amount of 

sigma phase coating the dendrite boundaries. The 24-hour heat treatment at 750°C showed the 

most formation of sigma phase coating the dendrite boundaries and notable growth forming 

irregularly shaped particles. Round carbides were still visible in the structure, usually in areas 
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separate from the sigma formation. All heat treatments at 750°C did not reveal any significant 

FN, showing that the weld remained completely austenitic with FNs of 0.34, 0.65, and 0.75 at the 

1, 6, and 24-hour heat treatments. 

The 1205°C heat treatment showed grain growth of austenite and dissolution of carbides in the 

structure. The 1-hour heat treatment revealed significantly fewer carbides than the as-welded 

structure, but the carbides appeared as relatively circular intragranular phases that reduced in size 

during the 6-hour heat treatment. The 1 and 6-hour heat treatments showed low FNs of 0.65 and 

1.1, indicating that the structure was fully austenitic. The 24-hour heat treatment showed that the 

weld broke nearly completely off in the first treatment at this temperature and similar behavior 

happened in the second treatment at this time and temperature. It appeared that the weld bead had 

nearly completely oxidized except for the 35% diluted filler and base metal. The remaining weld 

material showed long equiaxed grains with smaller grains around the fusion boundary. 

Additionally, the 1205°C 24-hour heat treatment showed a ferrite number of 12.6, but the weld 

showed a hardness of 36.5 HRB compared to the as-welded state of 46 HRB and the 1-hour and 

6-hour hardness of 43.1 HRB and 40.8 HRB respectively. Therefore, it is thought that this is a 

ferrite stabilization, not a martensitic transformation. This stabilization of ferrite was unpredicted 

in any phase diagram, but the SEM/EDS analysis shows the lack of nickel in the broken weld, as 

well as the increase of Fe and Cr content. An area rich in chromium and carbon was seen forming 

a layer adjacent to the crack, indicating possible carbon diffusion toward the oxide forming area.  

Due to the chemical composition of the remaining weld metal, it is thought that the oxidized weld 

was primarily a Ni-base oxide as there was about half the original nickel content left in the 

cracked weld. Thus, at 1205°C, the Cr2O3 oxide layer is less stable than NiO oxide. NiO has been 

seen to be a rapidly forming oxide in nickel-base superalloys, dominating the formation of Cr2O3 

[42]. The formation of NiO depleted the weld material of nickel, pushing the material to the 

approximate composition of 62Fe-21Cr-10Ni-4Mo, allowing the material to be stable in the γ + δ 

phase region, leading to the ferrite formation shown by the ferrite number of 12.6. 

Hardness measurements of the heat treated welds were taken to compare to the relative phase 

formation seen. It should be noted that the hardness specifications for 904L is 70-90 HRB and the 

hardness of 316L is 79 HRB [35], [33]. The hardness of the 904L weld was measured at 46 HRB 

in the lower part of the weld (point 2) in the as-welded state, showing that the cast weld structure 

is much softer than the wrought structure. The 750°C heat treatment showed that there was 

hardening in the top of the weld from 15 HRB to 38.8 HRB to 42.9 HRB corresponding to the 1, 

6, and 24-hour heat treatments. However, the hardness at point 2 near the bottom of the weld 

showed a steady hardness of ~49 HRB. This is likely due to the unmixed region in the bottom of 

the weld, while the top to middle of the weld showed precipitation of carbides in the as-welded 

state. The 1205°C heat treatment showed softening from 43 to 41 to 37 HRB for the 1, 6, and 24- 

hour heat treatments. 

4.3.3 625 

The 625 weld solidified completely austenitic showing a FN of 0.75. It is thought that the slight 

FN in the 625 weld was picked up from the base 316L material, as the micrographs and EPMA 

line scans showed no apparent ferrite. Investigation of the EPMA scans revealed strong 

segregation of Mo and Nb + Ta to the grain boundaries, and also showed segregation of C and Si 

in the interdendritic regions where dark carbides formed. Secondary austenite was also identified 
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as the light interdendritic phase and it appeared rich in Fe, Mo, Nb, and P. The 625 EPMA line 

scans revealed that the terminal solidification liquid was the most prone to segregation of 

impurity elements such as P and Si, compared the 308L, 904L and 2209 welds. The line scan 

across the fusion zone showed that the segregation bands visible showed Ni, Mo, and Nb + Ta 

segregating and fluctuating together opposite the behavior of the Fe content. Several small 

interdendritic gas pores were visible in the micrographs that were first mistaken for secondary 

phases. 

The 625 weld composition was investigated by EPMA scans and showed an average composition 

of 42% Ni, 28% Fe, 22% Cr, 6% Mo, and 3% Nb. Phase diagrams were used to predict the 

thermodynamic stability of the weld composition for the isothermal heat treatments performed. 

The 750°C heat treatments predicted the formation of γ + σ + M23C6 +γ” while the 1205°C heat 

treatments predicted the stabilization of γ. 

The 750°C heat treatments revealed that the NbC and Mo rich interdendritic areas transformed to 

σ and remnant NbC. It did not seem that there was additional carbide precipitation or γ” 

precipitation within the austenite grains. The sigma formed by nucleating at the boundary of the 

NbC particles, or by creating what looked like a eutectic composition within the interdendritic 

solid. The interdendritic boundaries seemed to be completely σ phase after the 24-hour heat 

treatment at 750°C with sigma phase appearing as small, round particles that interconnected in a 

“pearl necklace” fashion around the dendritic boundaries. The FN of these heat treatments 

showed that the weld remained completely austenitic with FN’s of 0.34, 0.65, and 0.65 for the 1, 

6, and 24-hour heat treatments at 750°C. 

The 1205°C heat treatments revealed a primarily austenitic structure, showing the growth of large 

austenite grains encompassing the original interdendritic regions of NbC and Mo segregation. 

The carbides appear to become spherical and dissolve with increasing time of the heat treatment. 

The 24-hour heat treatment showed liquation of the carbides that formed into acicular-looking 

phases on the grain boundaries apparent near the top and the toes of the weld.  

It was noted that the FN increased from 0.8 in the as-welded state to 1.7, 2.8 and 2.5 in the 1, 6, 

and 24-hour heat treatments respectively. This increase in FN is attributed to the formation of an 

oxide layer. An oxide layer of about 31 µm, 63 µm, and 85 µm were seen on the outside of the 1-

hour, 6-hour, and 24-hour heat treatments respectively. This oxide layer, most likely NiO due to 

the high nickel content of the weld, gives rise to the increasing FN as the NiO depletes the nearby 

area of Ni, possibly transforming a small amount of the material to ferrite.  

Hardness measurements of the heat treated welds were taken to compare to the relative phase 

formation seen.  It should be noted that the hardness specification for 625 is 96 HRB and the 

hardness of 316L is 79 HRB [36], [33]. The hardness of the 904L weld was seen to increase at 

point 1 in the 750°C heat treatments showing 18.6 HRB in the as-welded state and 48.5 HRB, 

51.1 HRB and 50.2 HRB at 1, 6, and 24-hour heat treatments. This aligns with the formation of σ 

phase. Point 2 for the 750°C heat treatments showed an increased hardness of 57.5 in the as-

welded state to 63.5 HRB, 64 HRB, and 66 HRB at 1, 6, and 24-hour heat treatments. The 

1205°C heat treatment showed softening at point 2 of the weld transforming from 52.4 HRB to 

47.8 to 47.6 at the 1, 6, and 24-hour heat treatments respectively. 
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4.3.4 2209 

The WRC-1992 Diagram over-predicts the FN for the 2209 weld showing a predicted FN of 34.5, 

while the measured FN was 15.5. However, the 2209 weld did solidify in the predicted ferrite 

mode with secondary Widmanstatten austenite precipitation. The EPMA data revealed that the 

ferrite phase had a higher C, Mo, and Cr content than the austenite. Other than ferrite 

precipitation, only some small interdendritic pores were found in the search for secondary phases. 

The austenite content of the weld was much higher than expected and the swaths of austenite 

increased in frequency and size closer to the fusion zone. The increase in the amount of austenite 

is caused by the rapid cooling of the weld, and the gradient from top to fusion zone is likely 

caused by lack of mixing within the weld pool. While 2209 showed good mixing with the 316L 

base plate seen by a lack of an unmixed zone, the heat input for the weld was too low to ensure 

that there was enough time for mixing. The gradient in the structure was not only noted in the 

metallographic images, but was seen during the etching process as the top of the weld etched at a 

much faster rate than the bottom. 

EPMA scans revealed an average weld composition of 67% Fe, 22% Cr, 8% Ni, and 2% Mo. 

Phase diagrams were used to predict the thermodynamic stability of phases of the weld 

composition for the isothermal heat treatments performed. The 750°C heat treatments predicted 

the stability of γ + Cr2N + M23C6 + σ + δ, with the predicted composition of 12% σ and 88% γ in 

one phase analysis. The 1205°C heat treatment predicted the stability of about 42% γ and 58% δ.  

The 750°C heat treatment showed a rapid transformation to σ phase. A study of σ-phase in 2205 

found that χ phase precipitated after about 10 minutes and σ phase formed after about 20 minutes 

[43]. Since χ phase forms rapidly, it is usually difficult to detect after extended heat treatments as 

it quickly changes to sigma phase. Sigma preferentially forms at the χ phase boundaries before 

consuming the ferrite and χ around it. Using the phase analysis software, it was found that the 

percent secondary phase for the 2209 weld aged at 750°C increased from 3.7% at 1-hour, to 4.9% 

at 6-hours, and 18.4% at 24-hours. It is assumed that the software overpredicted the amount of 

secondary phase by identifying possible ferrite as sigma or carbides, especially at the 24-hour 

heat treatment. Only a maximum of 12% σ was expected to precipitate at 750°C according to the 

composition of the alloy as sigma is dependent on the Cr content of the alloy. The low percentage 

of sigma phase seen in the 1-hour heat treatment does not seem to embrittle the alloy significantly 

as the hardness remains the same at ~66 HRB. The 6-hour heat treatment shows a hardness of 

~67 HRB and the 24-hour heat treatment shows a hardness of ~70 HRB. The increase in hardness 

and σ phase precipitation also corresponds to the FN decrease from 15.5 in the as-welded state to 

14.9, 10.2, and 2.4 in the 1, 6, and 24-hour heat treatments respectively. 

The 1205°C heat treatment revealed large grain growth within the weld, and the dissolution of 

ferrite was seen. Austenite and ferrite phases were identified, and it was noted that the FN showed 

a slight increase to a FN of 17 in the 1-hour heat treatment, but transformed to a FN of 13 and a 

FN of 11.1 in the 6 and 24-hour heat treatments respectively. The dissolution of ferrite 

corresponded to a slight decrease in hardness. The as-welded hardness in point 1 was 67.7 HRB 

and point 2 was 66.1 HRB. The hardness at point 1 measured 39.6 HRB for the 1 and 6-hour heat 

treatment and 34 HRB for the 24-hour heat treatment, while point 2 measured 59.5 HRB for the 1 

and 6-hour heat treatments and 57.8 for the 24-hour heat treatment. 
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It should be noted that the specified hardness for 2209 is 106 HRB and the hardness of 316L is 79 

HRB [37], [33]. Thus, the welded 2209 shows a significantly lower hardness than its annealed, 

drawn state. 

4.3.5 Hardness Comparisons 

The greatest amount of precipitation was seen at the 24-hour heat treatment at 750°C. The 

hardness of the four weld beads is shown in Figure 4.1, noting that 2209 had the highest hardness 

indicated by the most sigma formation within the weld bead. The 625 weld also showed nearly 

complete sigma formation in the interdendritic regions and has the second highest hardness. The 

top of the 904L weld bead shows hardening, while the point near the fusion boundary of the weld 

appears similar to the 308L weld; this is caused by the unmixed material in the area directly 

above the fusion boundary of the weld. Thus, the sigma embrittlement affects the 2209 and 625 

welds the most. 

 

Figure 4.1: Hardness of 308L, 904L, 625, and 2209 aged at 24-hours at 1205°C. 

 

5. CONCLUSIONS 

This study proves that a joint with ~40% dilution can be made using weld parameters with a 

volumetric filler rate greater than the maximum rate predicted in literature. While a dilution close 

to 0% was expected for the weld metal due to the assumption that all heat created by the weld 

would be used to melt the filler, there was sufficient heat to melt the filler metal and create a 

joint. However, the bead-on-plate welds created were rapidly cooled from the fast travel speed 

and low heat input, causing macrosegregation and visible unmixed zones near the fusion 

boundary. The welds also showed displayed porosity, with the 308L welds having the largest pore 

sizes and the 625 weld having the smallest pore size. The 308L and 2209 welds showed larger, 

rounder pores than the 904L and 624 welds which showed smaller, interdendritic pores. 
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The low heat input to the weld was also viewed by the weld shape where the 904L and 625 welds 

were ropy, showed a great deal of spatter, had stagnant weld pools upon inspection, and lower 

dilutions of 35% and 40% respectively. The 904L and 625 welds responded more to the low heat 

input because alloys with a high nickel content typically produce sluggish weld pools and slower 

travel speeds are required to ensure good tie-in to the base plate. While the low heat input created 

visible effects, it also skewed the solidification predictions due to the high cooling rate. 

The high cooling rate of the gas metal arc welds caused the WRC-1992 diagram to overpredict 

the ferrite number of the 308L and 2209 welds. While the 904L and 625 welds showed measured 

ferrite numbers of 0.75 and 0.8 respectively, this subtle change is negligible as the structure 

solidified completely austenitic. The over-prediction in ferrite number from the WRC-1992 

diagram has been seen in welds with high solidification rates like laser beam welding, but has not 

been noted in literature for GMAW beads [18]. Therefore, the diagram should be further 

expanded to include solidification predictions at higher weld cooling rates, or should not be used 

to predict the solidification of a rapid cooling weld. 

Microprobe data of the as-welded samples revealed that the 308L and 2209 welds showed little 

microsegregation and good mixing across the fusion zone. However, the 904L and 625 welds 

significant microsegregation due to their higher molybdenum, and in 625, niobium, contents as 

well as their tendency to solidify completely austenitic from their nickel content. This 

microsegregation is thought to promote the formation of secondary phases during the 750°C heat 

treatments as the enriched composition has higher thermodynamic stability to form secondary 

precipitates. Additionally, the 904L and 625 welds showed macrosegregation across the fusion 

boundary causing fluctuations in weld composition. This proves that there was not enough heat to 

thoroughly mix the weld pool. While the microsegregation in the 904L and 625 welds was 

predicted, further work should be completed to see how this solidification compares to GMAW 

welds created using input parameters to ensure thorough mixing and a good tie-in to the plate. 

Additional microprobe scans with more data points would also provide more conclusive data as 

the step size was approximately 10 µm. Including more data points would provide clearer trends 

in the data that could point to localized concentration fluctuations around secondary phase 

formations that could indicate regions susceptible to corrosion attack. 

The two heat treatments at 750°C and 1205°C were conducted to promote secondary phase 

precipitation and dissolution respectively. The 750°C heat treatment tends to precipitate 

secondary phases along the dendrite boundaries, grain boundaries, and the boundary between two 

different phases. This is because the kinetics show that grain boundary fusion dominates at this 

temperature. The 1205°C heat treatments reveal dissolution of ferrite, carbides, and any other 

secondary phases. This dissolution occurs because the temperature is greater than 0.8 times the 

melting temperature which is the requirement for lattice diffusion to occur.  

The 750°C heat treatment revealed the precipitation of carbides and the transformation of ferrite 

to austenite in the 308L and 2209 welds and caused the formation of σ phase in 904L, 625 and 

2209. The precipitation of carbides and sigma phase was important as it showed that the 750°C 

embrittles the weldment. The sensitization seen in the 308L weld showed the most embrittlement 

at the 6-hour heat treatment, indicating that the 24-hour heat treatment showed that growth of 

austenite dominated the phase stability and softened the weld. This weld should be submitted to a 

series of corrosion tests to see if the corrosion resistance improves at the 24-hour heat treatment, 
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and EPMA scans should be run to see if Cr depletion from carbide precipitation, redistributes 

itself through the depletion zone after the 24-hour heat treatment. 

The sigma formation seen during the 750°C heat treatments of the 904L, 625, and 2209 welds, 

show that there is significant embrittlement of the welds. The 24-hour heat showed the highest 

hardness, indicating that the longer the welds were held at 750°C, the more sigma phase 

nucleated and grew in the interdendritic boundaries. The 625 and 904L weld showed sigma phase 

begin to connect around the dendritic grain boundaries. This network of sigma phase can greatly 

embrittle the weld, showing that if these weldments were exposed for an extended period of time 

at 750°C, cracking due to embrittlement would be a great concern. 

 The 1205°C heat treatments produced oxide layers on the surfaces of all of the welds that 

impacted the phase stability of the 308L, 904L, and 625 welds. It is believed that NiO was 

stabilized over the standard Cr2O3 oxide at 1205°C, causing localized depletion of Ni from the 

welds. This nickel depletion stabilized the ferrite phase causing an increase in ferrite numbers of 

the 308L, 904L, and 625 welds. The 308L weld showed a jump in ferrite number from 1 to 9.3 

from the 1 and 6-hour heat treatments to the 24-hour heat treatments. The 904L weld revealed 

that the weld had nearly completely oxidized and spalled off; the remaining weld metal showed a 

FN of 12.6. The 625 weld did not show as radical an increase in FN, but showed an increase to 

2.8 and 2.5 in the 6 and 24-hour heat treatment, showing that the oxide localized ferrite 

stabilization around the nickel depletion zone. The 1205°C heat treatments also created what 

appeared to be precipitation of intragranular phases along the “ghost” interdendritic boundaries 

on all samples heat treated from 24-hours; these phases are believed to be oxides. It is thought 

that the mounted samples were not ground far enough into the structure to eliminate the presence 

of the oxides.  

Additionally, the first 625 weld heat treated for 24-hours at 1205°C expanded through oxidation 

and cracked, while the second heat treatment ran only showed the flaking of oxide off of the weld 

surface. Upon further investigation, both 625 welds revealed acicular phases at the interdendritic 

grain boundaries especially near the toes of the weld. While these phases look similar to the 

acicular, orthogonal delta phase, it is believed that they are liquated carbides that froze upon 

quenching. Delta phase tends to form at much lower temperatures and times in Alloy 625, so it 

should not form after long exposures at high temperatures. The 1205°C heat treatment for alloy 

625 should be studied in more depth in an oven with inert gas backfill, to see if carbides liquate in 

the same way along the interdendritic grain boundaries. The large grain growth and softening 

seen in the 1205°C heat treatments as well as the stabilization of NiO show that this heat 

treatment is not ideal for engineering applications, where the integrity of mechanical properties is 

a concern. Further work is necessary to understand the effect of the oxide on the microstructure, 

but, the 1205°C heat treatment should not be used by itself to solutionize any secondary phases. 

Hardness data of each weld was taken to correlate to the phase formation seen. It was noted that 

the as-welded hardness was significantly lower than the materials specification sheet showing that 

the cast state is much softer than the wrought product. It was shown that the carbide formation in 

the 308L weld peaked during the 6-hour heat treatment, after which the transformation for ferrite 

to austenite softened the weld. The sigma precipitation in the 904L, 625, and 2209 welds showed 

increased hardness with increased time when held at 750°C. The 1205°C heat treatment caused 

softening in the bulk welds and base material due to grain growth, but caused hardening near the 

top of the welds due to oxide formation. 
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While this study was completed to study the extremes of welding input parameters and heat 

treatments, it laid the groundwork for future studies concerning welding near the maximum 

volumetric melting rate of the filler metal. This work is significant because it characterizes the 

simplified mixing of dissimilar filler metal with 316L base plate, revealing inhomogeneities 

throughout the as-welded state and the change in microstructure when heated at 750°C and 

1205°C. This study tested the extremes of heat input and heat treatments to prove that the welds 

are susceptible to embrittlement and oxidation which can impact the mechanical properties. 

To further this study, additional microprobe and SEM/EDS work should be completed to identify 

the precipitated phase compositions. Kikuchi patterns and x-ray diffraction should be used to 

reveal the structure of the nickel oxide films and the acicular liquated carbides seen in the 625 

weld. Heat treatments in an inert gas oven would be of interest to see the comparison of 

microstructure at the 1205°C heat treatments to show how great of an effect the oxide layer has 

on the structure and properties of the weld. Since the welds created showed a good deal of 

banding, it would be of interest to see if there is localized corrosion in these areas. The 

parameters created here should also be used to join two base plates together to see if a weld with 

any dilution will be seen. 
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APPENDIX 

A. EPMA Line Scans 
It should be noted that the EPMA line scan graphs shown in this section show the trend over 10-

12 points of interest. Since the scans occur over a relatively wide area, the trends are noted, but 

require further investigation to prove a correlation between data. 

A.1 308L EPMA Line Scans 

The second EPMA interdendritic line scans in the 308L weld is shown in Figures A.1. It should 

be noted that the Ni and Mn slightly increase in the interdendritic region while Fe slightly 

decreases. Figure A.2 shows the results of a line scan performed across the fusion boundary. It 

should be noted that there were relatively no fluctuations in composition and that the filler and 

base materials joined together well. Figure A.3 shows the line scan performed across the fusion 

boundary. 

 

Figure A.1: 308L weld interdendritic microprobe line scan 1.  
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Figure A.2: 308L weld interdendritic microprobe line scan 2. 
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Figure A.3: Line scan across the fusion zone of 308L weld to 316L base. 
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A.2 904L Line Scans 

Two EPMA interdendritic line scans in the 904L weld are shown in Figures A.4 and A.5. Figure 

A.4 shows the results of a line scan performed across the fusion boundary. Table A.1 shows the 

compositions of the secondary phases identified and Table A.2 shows the percent change from 

the bulk composition of the secondary phases. Figure A.6 shows the line scan performed across 

the fusion boundary. 

 

Figure A.4: 904L weld interdendritic microprobe line scan #1. 
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Figure A.5: 904L weld interdendritic microprobe line scan #2. 
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Figure A.6: 904L weld microprobe line scan across fusion zone. Note the fluctuation in composition within the weld 

near the fusion zone due to a lack of mixing. 
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Table A.1: 904L weld secondary phase EPMA point scans. 

904L EPMA Point Scan Compositions 

Element 
Dark Secondary 

Phase #1 

Dark Secondary 

Phase #2 

Light Secondary 

Phase #1 

Ni 18.35 17.99 19.29 

Fe 47.73 50.16 48.64 

Cr 21.16 20.28 22.80 

Mo 4.72 3.74 6.31 

C 8.25 12.07 0.25 

Mn 2.32 1.97 2.42 

Si .70 0.61 0.71 

P 0.14 0.11 0.30 

N 0 0 0.05 

S 0.09 0.08 0.07 

 

 

Table A.2: Percent change of point scan compositions to the bulk composition average of 904 weld. 

Composition Change From Base Material 

Element 
Dark Secondary 

Phase #1 

Dark Secondary 

Phase #2 

Light Secondary 

Phase #1 

Ni 95% 93% 100% (Equal to bulk) 

Fe 85% 89% 87% 

Cr 105% 101% 113% 

Mo 159% 125% 211% 

C 45090% 65930% 1361% 

Mn 135% 114% 140% 

Si 194% 168% 196% 

P 470% 361% 969% 

N 0 0 82% 

S 507% 469% 413% 
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A.3 625 Line Scans 

Four EPMA interdendritic line scans in the 625 weld are shown in Figures A.7 through A.10. 

Figure A.11 shows the line scan performed across the fusion boundary. Table A.3 shows the 

compositions of the secondary phases identified and Table A.4 shows the percent change from 

the bulk composition of the secondary phases. 

 

Figure A.7: 625 weld interdendritic microprobe line scan #1 primary elements. 
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Figure A.8: 625 weld interdendritic microprobe line scan #2 primary elements. 



85 

 

 

Figure A.9: 625 weld interdendritic microprobe line scan #3 primary elements. 
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Figure A.10: 625 weld interdendritic microprobe line scan #4 primary elements. 
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Figure A.11: Line scan through fusion zone of 625 weld to 316 base. 
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Table A.3: 625 weld secondary phase EPMA point scans. Note that the Nb content was extrapolated as it was not 

directly measured. 

625 EPMA Line Scan Compositions 

Element 
Dark Interdendritic 

Phase 

Light Interdendritic 

Phase 

Ni 34.2 36.9 

Fe 30.3 28.9 

Cr 20.3 20.9 

Mo 4.8 7.3 

Nb 5.6 4.7 

C 1.0 0 

Mn 0.93 0.94 

Si 2.8 0.44 

P 0.006 0.10 

N 0 0 

S 0.007 0.03 

 

Table A.4: Percent change of point scan compositions to the bulk composition average of the 625 weld. 

Composition Change From Base Material 

Element 
Dark Interdendritic 

Phase 

Light Interdendritic 

Phase 

Ni 81% 88% 

Fe 110% 104% 

Cr 93% 96% 

Mo 82% 124% 

Nb 197% 154% 

C 5720% 0 

Mn 124% 125% 

Si 1072% 167% 

P 31% 526% 

N 0 0 

S 57% 219% 
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A.4 2209 Line Scans 

Two EPMA interdendritic line scans in the 904L weld are shown in Figures A.12 and A.13. 

Figure A.14 shows the line scan performed across the fusion boundary. 

 

Figure A.12: 2209 weld interdendritic microprobe line scan #1 primary elements. 
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Figure A.13: 2209 weld interdendritic microprobe line scan #2 primary elements. 
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Figure A.14: Line scan through fusion zone of 2209 weld to 316 base. The 316 base is shown from 0-20 microns and 

the 2209 weld is shown from about 30-80 microns. 
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B. Phase Analyses 

B.1 308L Phase Analyses 

Table B.5 shows the compiled information from the phase analyses completed. The 750°C heat 

treatments showed an increase in the precipitation of carbides with increased time. The 1205°C 

heat treatments showed a slight increase in secondary phases from the 1 to 6-hour heat treatments, 

but these secondary phases were falsely identified as remnant interdendritic boundaries that had 

been dissolved in the growing austenite grains.  

Table B.5: Compiled phase analysis data for the 308L welds. 

Material Heat Treatment 

Average 

Austenite 

(%) 

Average 

Secondary 

Phase (%) 

Average 

Measurement 

(µm) 

Particle 

Size Range 

(µm) 

308L 

No Heat Treatment 95.3 4.7 0.97 0.58 - 1.37 

1 h 750°C 82.4 17.3 1.20 0.65 - 2.1 

6 h 750°C 76.4 23.6 1.70 0.72 - 4.01 

24 h 750°C 78.0 22.0 0.95 0.48 - 1.58 

1 h 1205°C 95.5 4.5 0.78 0.13 - 2.04 

6 h 1205°C 91.4 8.6 0.99 0.17 - 2.12 

24 h 1205°C 98.0 2.0 1.34 0.42 - 3.41 

B.2 904L Phase Analyses 

Table B.6 shows the compiled information from the phase analyses completed. At 750°C, the 

amount of secondary phase seen increased by approximately 2% between each heat treatment. 

The 1205°C heat treatment revealed the dissolution of secondary phases and the liquation of 

secondary phases along the grain boundaries at the 24-hour heat treatment. 

Table B.6: Compiled phase analysis data for the 904L welds. 

Material Heat Treatment 

Average 

Austenite 

(%) 

Average 

Secondary 

Phase (%) 

Average 

Measurement 

(µm) 

Particle Size Range (µm) 

904L 

No Heat Treatment 99.4 0.6 2.35 1.12 - 3.86 

1 h 750°C 97.4 2.6 1.13 0.33 - 2.26 

6 h 750°C 95.7 4.3 1.75 0.43 - 4.74 

24 h 750°C 92.1 7.9 2.07 0.69 - 4.25 

1 h 1205°C 90.9 9.1 2.01 0.95 - 3.13 

6 h 1205°C 99.9 0.9 1.32 0.68 - 2.33 

24 h 1205°C 94.4 5.6 2.29 / 1.13 1.89 - 2.57 / 0.8 - 1.61 
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B.3 625 Phase Analyses 

Table B.7 shows the compiled information from the phase analyses completed. The 750°C heat 

treatment revealed an increase in the amount of secondary phase and a decrease in the amount of 

secondary austenite. The 1205°C heat treatment revealed the dissolution of interdendritic 

boundaries inside the growing austenite grains and the liquation of carbides at the 24-hour heat 

treatment. 

Table B.7: Compiled phase analysis data on the 625 weld 

Material Heat Treatment 

Average 

Austenite 

(%) 

Average 

Secondary 

Phase (%) 

Average 

Secondary 

Austenite (%) 

Average 

Measurement 

(µm) 

Particle 

Size Range 

(µm) 

625 

No Heat Treatment 90.7 9.3   1.81 0.71 - 2.86 

1 h 750°C 59.1 18.1 22.8 2.08 1.06 - 3.19 

6 h 750°C 60.5 28.1 11.4 1.70 1.12 - 2.38 

24 h 750°C 73.9 20.1 6.0 2.88 0.3 - 6.37 

1 h 1205°C 96.8 3.2   1.23 0.35 - 2.01 

6 h 1205°C 97.0 3.0   2.46 0.47 - 5.44 

24 h 1205°C 90.5 9.5   4.62 0.79 - 14.6 

 

B.4 2209 Phase Analyses 

Table B.8 shows the compiled information from the 2209 phase analyses completed. The amount 

of the secondary phase appears to increase in the 750°C heat treatment. The 1205°C heat 

treatment shows the dissolution of ferrite. 

Table B.8: Compiled phase analysis data for the 2209 welds. 

Material 
Heat 

Treatment 

Average 

Austenite 

(%) 

Average 

Secondary 

Phase (%) 

Average 

Secondary Ferrite 

(%) 

Average 

Measurement 

(µm) 

Particle 

Size Range 

(µm) 

2209 

No Heat 

Treatment 
85 

 
15 1.14 0.83 - 1.44 

1 h 750°C 52.5 3.7 43.8 0.78 0.33 - 1.32 

6 h 750°C 55.2 4.9 39.9 0.61 0.33 - 0.86 

24 h 

750°C 
54.6 18.4 27.0 0.72 0.3 - 1.48 

1 h 

1205°C 
41.2  58.8 2.14 0.86 - 4.3 

6 h 

1205°C 
65.7 3.6 30.7 0.78 0.18 - 1.66 

24 h 

1205°C 
46.9 2.0 51.1 1.34 0.42 - 3.41 

 

  



94 

 

C. 904L EDS Scans 

Figures C.15 through C.21 show the EDS point scans obtained in the broken 904L weld aged 24-

hours at 1205°C. It is noted that the composition is high in Fe and Cr and low in Ni. The 

composition near the broken edge was high in Cr and C indicating the presence of a carbide layer 

adjacent to the broken off oxide. 

 

Figure C.15: Point scan in a columnar grain in the 904L weld aged 24-hours at 1205°C. 



95 

 

 

Figure C.16: Point scan in the fusion boundary of the 904L weld aged 24-hours at 1205°C. 
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Figure C.17: Point scan in the area adjacent to the broken 904L weld aged 24-hours at 1205°C. 
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Figure C.18: Point scan in the chromium carbide area adjacent to the broken 904L weld aged 24-hours at 1205°C. 
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Figure C.19: Additional point scan in the chromium carbide area adjacent to the broken 904L weld aged 24-hours at 

1205°C. 
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Figure C.20: Point scan in the inner area of the broken 904L weld aged 24-hours at 1205°C. 
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Figure C.21: Additional point scan in the inner area of the broken 904L weld aged 24-hours at 1205°C. 


