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Duplex stainless steels (DSS) are an attractive potential material in nuclear power generation 

systems due to an excellent combination of corrosion resistance, strength, toughness, and 

affordability. Thermal embrittlement caused by phase instability in the temperature range of ~300-

550°C severely limits the service temperature of DSS. The rate of embrittlement varies markedly 

among commercial alloys. Specifically, alloys with high concentrations of Cr, Ni, and Mo are 

thought to demonstrate an enhanced rate of thermal embrittlement. The present study investigates 

a set of standard and lean grade wrought (2003, 2101, and 2205) and weld (2209-w and 2101-w) 

alloys in order to better understand how alloying elements affect thermal embrittlement. Samples 

were aged at 427°C for up to 10,000 hours, and the embrittlement was assessed via nanoindentation 

testing. Furthermore, the phase transformations were characterized with atom probe tomography. 

The results show that there are apparent compositional factors that greatly influence both the phase 

instability and the resulting embrittlement. The lean grade alloys demonstrated less hardening and 



 

 

embrittlement compared to the standard grade alloys. The reduced concentration of Mo and Ni in 

the lean grade alloys was found to be the most likely explanation for the reduced mechanical 

degradation. 
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1 INTRODUCTION 
 

1.1 Motivation 
 

Duplex stainless steel (DSS) is a subset of stainless steel that offers a desirable combination of 

strength, toughness, corrosion resistance, and affordability. Due to these material properties, DSS 

are currently used in chemical storage and processing, desalinization, and other industries. There 

are additional applications in which DSS are not currently used, specifically nuclear power 

generation, wherein the combination of corrosion resistance and mechanical properties make them 

ideal options. However, thermal instabilities at high service temperatures that result in material 

degradation through embrittlement currently make DSS an impractical material for these 

applications.  

The primary source of embrittlement is spinodal decomposition, though, secondary precipitates, 

specifically G-phase, have been proposed as contributors as well. Because the phase 

transformations responsible for this embrittlement occur exclusively within the ferrite phase, this 

same phenomenon is also observed in ferritic and cast austenitic stainless steels limiting their usage 

in high service temperature applications as well.  

There have been many studies focused on the thermal embrittlement of DSS, however, new alloys 

continue to be developed that have not yet been tested. Furthermore, due to the complexity of 

alloying required to manufacture optimal DSS, the relationship between the various alloying 

elements and detrimental phase transformations is currently not fully understood. Alloys with only 

minimal differences in chemical composition can demonstrate significantly different 

embrittlement and phase stability behaviors.  
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An improved understanding of how alloying affects both the thermal instability and resulting 

thermal embrittlement in DSS would allow for the creation of new alloys that are more stable at 

high temperatures. Thus, DSS could become suitable for applications, such as nuclear power 

generation, in which high service temperatures currently limit their usage.  

1.2 Purpose 
 

The purpose of this thesis is to enhance the knowledge of DSS thermal instability and 

embrittlement. Specifically, it is the focus of this thesis to form a better understanding of the 

relationship between alloying, thermal instability, and embrittlement. In order to achieve this goal, 

five DSS alloys (2205, 2101, 2003, 2209-w and 2101-w) were considered. These alloys were 

chosen because they demonstrate an array of chemical compositions and microstructures. The 

chosen five alloys allow for the comparison of lean grade alloys (2101, 2101-w and 2203) to 

standard grade alloys (2205, 2209-w) as well as the comparison of weld alloys (2209-w, 2101-w) 

to wrought alloys (2101, 2205, and 2003) in one study. Each alloy was aged at 427°C for durations 

of up to 10,000 h, so that the different stages of aging could be observed. 

Because both the kinetics and the mechanical degradation of each alloy needed to be tracked, 

various techniques were required. To observe the microstructural and nanostructural changes with 

aging, scanning election microscopy (SEM) and atom probe tomography (APT) were utilized. To 

track the changes in mechanical properties, nanoindentation was conducted. Additionally, work 

completed by collaborators allowed for microhardness, macrohardness, and Charpy impact 

toughness results from each alloy to be used to study mechanical changes with aging. Through 
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these tests, the kinetics of each alloy was related to the embrittlement behavior, and the influence 

of chemical composition was compared to both embrittlement and microstructural evolution.  

1.3 Objectives 

 

The objectives of this thesis are to (1) enhance the understanding of thermal instability in DSS, (2) 

relate wavelength and amplitude of spinodal decomposition to embrittlement, (3) determine the 

role of secondary precipitates (G-phase and ε) on phase instability and embrittlement (4) develop 

a relationship between alloying, phase transformations, and embrittlement. The following steps 

were used to achieve these objectives: 

 Observation of microstructure with SEM and optical micrographs. 

 Observation of resulting phase transformations after aging with APT.  

 Tracking of embrittlement through mechanical testing (hardness and impact toughness). 

 Developing a relationship between changes in mechanical properties and phase 

transformations. 

 Comparing APT data with the bulk chemical composition of the five alloys in order to 

better understand the role of alloying on thermal instability. 

 Comparing mechanical testing with bulk chemical compositions to determine the role of 

alloying on thermal embrittlement. 
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2 LITERATURE REVIEW 
 

2.1 Duplex Stainless Steel Background 

 

2.1.1 Duplex Microstructure 
 

The name duplex stainless steel (DSS) comes from the duplex microstructure that is comprised of 

an approximately equal phase fraction of ferrite (α) and austenite (γ), typically 30-70 wt.% ferrite 

[1]. Figure 1 shows an example of a wrought DSS with the ferrite shown as the darker phase. The 

ferrite phase has a body centered cubic (BCC) crystal structure and is ferromagnetic, whereas the 

austenite phase has a face centered cubic (FCC) crystal structure and is nonmagnetic. In steels with 

limited alloying, austenite is unstable at room temperature [2]. Stainless steels, on the other hand, 

have a much higher degree of alloying that allows for ferrite, austenite, or a combination of the 

two (DSS) to be stable at room temperature [3].  

 

Figure 1: Example of duplex microstructure [4]. 
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Ferritic stainless steels are inexpensive in relation to austenitic stainless steels due to the lower Ni 

content. They are also, on average, stronger than austenitic stainless steels [3]. However, ferritic 

stainless steels tend to be difficult to weld and are more brittle than their austenitic counterparts 

[5]. Furthermore, ferritic stainless steels experience embrittlement at high temperatures due to 

phase transformations [1]. Austenitic stainless steels are much more easily welded than ferritic 

stainless steels, more ductile, and while cast austenitic alloys can experience thermal 

embrittlement, embrittlement is less severe due to the reduced ferrite phase fraction [5]. One key 

attribute of both austenitic and ferritic stainless steel is excellent corrosion resistance [5]. 

By combining both phases in approximately equal proportions, DSS offer many of the advantages 

of ferritic and austenitic alloys. DSS demonstrate excellent corrosion resistance, toughness, 

strength, and affordability [6]. Unfortunately, as with ferritic and cast austenitic alloys, DSS do 

experience thermal embrittlement [3]. 

2.1.2  Applications 

 

The use of DSS lags significantly behind that of other stainless steels, and stainless steel production 

accounts for a small fraction of overall steel production. However, DSS are an essential material 

for numerous applications [6]. The vast majority of DSS usage is in highly corrosive environments 

in order to capitalize on the excellent corrosion resistance. DSS also provides a cost effective 

alternative to austenitic stainless steels due to a lower Ni content [7].  

The primary usage of DSS is in the oil and gas, chemical storage, desalinization, pollution control, 

and pulp and paper industries [6]. Additionally, DSS are used for pressure vessels, storage, and 

piping in various other industries. Although the majority of these applications utilize DSS due to 
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its corrosion resistance, the usage of DSS in non-corrosive applications is becoming more common 

[5]. The combination of mechanical properties, corrosion resistance, and affordability compared 

to Ni alloys also make DSS an ideal option for nuclear power generations systems. However, 

thermal embrittlement that occurs at high service temperatures currently makes standard grade 

DSS unusable in nuclear power generation systems. 

2.1.3 Alloying 
 

The alloying of DSS is complicated due to the effects of each alloying element on mechanical 

properties, corrosion resistance, and phase stability. In order to optimize all of these factors, a large 

number of elements are required in most DSS in addition to iron (Fe). Some common alloying 

additions include: chromium (Cr), nickel (Ni), molybdenum (Mo), manganese (Mn), silicon (Si), 

copper (Cu), carbon (C), sulfur (S), tungsten (W), phosphorus (P) and nitrogen (N). Other elements 

may also be present in small quantities.   

Outside of Fe, Cr accounts for the largest chemical composition of DSS. At least 10.5wt% Cr is 

required to form an outer CrO layer necessary to protect the material from atmospheric corrosion 

[7]. However, Cr content must not be too high due to its tendency to cause phase instability at high 

temperatures. The presence of Cr also promotes a BCC structure, and thus promotes the formation 

of ferrite. With this in mind, Cr content must be carefully controlled to produce an optimal ferrite-

austenite phase fraction. Most DSS have a Cr content of at least 17 wt. %, but less than 30 wt. % 

[5].  Mo, which also acts as a ferrite stabilizer, is included in stainless steels to improve corrosion 

resistance. Like Cr, Mo promotes the formation of intermetallic phases and phase instability, and 

thus is typically limited to a maximum of ~3 wt% [3]. Si can also be added to DSS to increase 
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ferrite content. Additionally, Si improves corrosion resistance, though it can significantly increase 

the likelihood of high temperature precipitation of detrimental phases [3]. Figure 2 shows the 

Schaeffler diagram which is a convenient tool used to approximate the phase fraction of a steel 

based on the Cr (BCC stabilizers) and Ni (FCC stabilizers) equivalent compositions.  

 

Figure 2: Schaeffler diagram showing effects of Ni and Cr equivalents [8]. 

 

The addition of Ni promotes the formation of the FCC structure, austenite. Ni also greatly increases 

the toughness of stainless steel. Nonetheless, because Ni is expensive and contributes to thermal 

instability, Ni content is typically limited to 1.5-7wt.% of DSS [7]. Though, DSS welding wire 

and other alloys that require a greater austenite phase fraction can have a higher Ni content. N and 

C are other alloying element that stabilizes austenite. Both are excellent interstitial elements, so 

the addition of either increases the strength of the material [5]. The addition of N also increases 

the corrosion resistance of the material, and can delay the formation of intermetallic phases at very 

high temperatures (700-1000°C) [3]. Cu is another austenite stabilizer that improves corrosion 

resistance, however, Cu, if present in sufficiently high concentrations, promotes the formation of 
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Cu rich precipitates that degrade mechanical properties [1]. Finally, Mn is also commonly 

considered an austenite stabilizer, however, in DSS there have been varying reports on its 

effectiveness as an austenite stabilizer [3]. Mn is added to DSS in order to improve tensile 

properties and wear resistance while maintaining ductility [3]. The addition of Mn can also 

increase phase instability at elevated temperatures.   

2.1.4 Alloy Grades 

 

There are many different classifications of DSS that are based on the composition of the material. 

These different groupings are commonly referred to as grades, and can be broken down into three 

main categories: lean, standard, and super [3] [5] [9]. Lean alloys are typically the least alloyed of 

the three grades, specifically, both the Mo and Ni contents are significantly lower than that of the 

standard and super grades. Additionally, the Cr content is on average the lowest in the lean grade 

alloys to maintain the desired phase fraction [9]. N content can also be increased in lean grade 

alloys to compensate for the reduced Ni content. The super duplex grade alloys, conversely, are 

the most alloyed, and have significantly higher Cr and Ni contents than the other two grades. The 

standard grades are moderately alloyed and are typically somewhere between the lean and super 

grades in Ni, Cr and Mo content [9].  

2.2 Thermal Instability 

 

Prolonged exposure in the temperature range of ~300-550°C leads phase instability within the 

ferrite phase in duplex, ferritic and cast austenitic stainless steels. Spinodal decomposition is the 

primary phase transformation, though secondary precipitates are also commonly observed. These 

phase transformations significantly degrade mechanical properties through embrittlement. 
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2.2.1 Spinodal Decomposition 

 

Spinodal decomposition occurs in alloys with a miscibility gap, such as the Fe-Cr system. The 

spinodal region of the miscibility gap is the result of a negative second derivative in the Gibbs free 

energy equation with its outer limit defined by locations with a second derivative of zero [10]. An 

example Gibbs free energy curve is shown in Figure 3 with a corresponding phase diagram of the 

miscibility gap. If a material is at a temperature and composition within the spinodal, the parent 

phase will be unstable; the Gibbs free energy curve is such that the total energy of the system can 

be decreased through an un-mixing of the parent phase [11].  

 

Figure 3: Phase diagram and Gibbs free energy diagram for miscibility gap [11]. 
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The resultant two phases have the same crystal structure, but possess compositional differences. 

Initially, the two regions will have slight compositional differences that will increase with 

prolonged exposure within the spinodal. In an alloy with a miscibility between two elements (A 

and B), the un-mixing will result in a region that is rich in A and depleted of B and a second region 

that is rich in B and depleted of A. In addition to the segregation of A and B, there can be some 

partitioning of other elements within the alloy [6].  

The compositional profile, particularly in its early stages, will demonstrate a sinusoidal behavior 

[11]. This will then develop into a square profile if given enough time. A representative 

compositional evolution over time is shown in Figure 4. The amplitude of the spinodal sine wave 

represents the degree of phase separation, or the difference in composition between the two 

regions, while the wavelength represents the distance between the decomposed regions. 

 

Figure 4: Compositional evolution of spinodal decomposition over time [11]. 
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It is important to note that outside of the spinodal region, phase separation can occur through 

nucleation and growth. Nucleation and growth can be differentiated from spinodal decomposition 

by examining the chemical composition of the early precipitates. Unlike spinodal decomposition, 

with nucleation and growth the earliest precipitates will have a composition that is significantly 

different than that of the original phase and will not change to a large degree with growth [11]. 

This behavior is demonstrated in Figure 5, which shows the evolution of the size and composition 

of nucleation and growth precipitates with time. With increased aging time, the composition is 

mostly unaffected, however, the size of the precipitates increases.   

 

Figure 5: Compositional evolution of precipitates under nucleation and growth mechanisms 

[11]. 
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2.2.1.1 Spinodal Decomposition in Duplex Stainless Steels 

 

In the temperature range of ~300-550°C, DSS experience thermal instability resulting from a 

miscibility gap in the Fe-Cr system [1], [3]. The ensuing spinodal decomposition is limited to the 

ferrite phase and can occur in ferritic and cast austenitic stainless steels as well [3]. Because ferrite 

is known as α-phase, the phase separation in the ferrite grains is known as α-αʹ separation, with 

the α regions being defined as Fe-rich and Cr-depleted and the αʹ regions being defined as Fe-

depleted and Cr-rich [3]. Figure 6 shows an approximate time temperature transformation (TTT) 

diagram for a DSS alloy. Note the presence of αʹ in the lower temperature range, and the “nose” 

of the TTT curve occurring at ~475°C. Figure 6 also shows a higher temperature range in which 

additional phase transformations occur, however, this higher temperature range is not within the 

scope of this thesis.  

 

Figure 6: Time temperature transformation diagram for DSS [5]. 
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Various studies have been conducted that confirm spinodal decomposition in Fe-Cr alloys. 

Specifically, atom probe tomography (APT) has proven to be an extremely useful tool for studying 

this phenomenon. The formation of Cr-rich clusters within the ferrite grains after thermal aging 

has been studied extensively and well documented [12]–[21]. What initiate as small clusters, that 

can develop in less than 1 h, progress into much larger clusters with continued aging [12], [13], 

[16], [18], [19], [21]. Further, an interconnected structure of the α and αʹ phases is commonly 

observed, confirming that spinodal decomposition is the primary decomposition method as 

opposed to nucleation and growth [14] [16]. Though α-αʹ separation in the Fe-Cr system can occur 

through nucleation and growth as well as spinodal decomposition, it is much less commonly 

observed [1], [3]. 

Novy [12] reported both the number density and concentration of the αʹ regions in a study, and 

showed that the number density reaches a maximum, in this study at about 50 h and proceeds to 

decrease with further aging. Meanwhile, the Cr concentration and size of the αʹ regions increased 

throughout the aging process. This suggests that the early formations of αʹ coalesce as they increase 

in size and concentration. This is consistent with results obtained in other studies as well [18], [19]. 

Another important aspect of spinodal decomposition in DSS is the temperature dependence on the 

rate of decomposition [1], [3]. It has also been shown that spinodal decomposition occurs at a 

much faster rate at temperatures closer to the nose (~475°C). Auger et al. [21] reported a much 

faster rate of phase transformation in an A10 alloy that was aged at 400°C compared to the same 

material aged at 350°C. This phenomenon was confirmed in a cast DSS by Bonnet et al. [22]. 

Further, according to Pettereson [17], there was no observable change in the nanostructure of the 

super duplex alloy 2507 despite 12,000 h of aging at 300°C. Additionally, the compositional 
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profile tends to be effected by aging temperature, with lower temperatures (300-350°C) producing 

a more classical sinusoidal spinodal behavior than that observed at higher temperatures [18]. 

Methods other than APT, such as Mössbauer spectroscopy (MS), small angle neutron scattering 

(SANS), and transmission electron microscopy (TEM), have also been utilized to observe α-α’ 

separation in the Fe-Cr system. MS was commonly utilized prior to APT because it gives 

compositional information. However, it cannot provide information regarding the spacing of the α  

and α’ regions [19]. In order to calculate this spacing (wavelength), SANS was commonly utilized, 

specifically to validate computational models [19]. TEM is another method, though it too has 

limitations. One significant issue is caused by the α and α’ regions possessing the same crystal 

structure, which makes differentiating between the two difficult. Furthermore, because the 

compositional difference is marginal at the earliest stages, the compositional differences are also 

difficult to detect [21]. 

2.2.1.1.1  Amplitude 
 

As was mentioned earlier, an important characteristic of spinodal decomposition is its amplitude. 

The amplitude of spinodal decomposition in DSS is commonly defined as the difference in Cr 

composition between the α and αʹ regions. As would be expected, the amplitude of the spinodal, 

ΔCr, has been shown in various studies to increase with aging [12]–[14], [19], [21]. There are two 

primary methods that are commonly used to determine ΔCr. The first uses the Cahn-Hilliard (CH) 

linear model, though this model is only accurate for the earliest stages of decomposition when the 

behavior is most closely sinusoidal [19]. Once decomposition has exceeded this stage, a different 

method, the Langer-Bar-on-Miller (LBM) method is commonly utilized. This method fits two 
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Gaussians to the frequency distribution of Cr concentrations with centers located at the Cr 

compositions of the α and α’ regions; the difference between the two compositions represents the 

amplitude [18] [19] [23] [24].  

Previous studies show that the peak of the frequency distribution moves to lower Cr concentrations 

with aging while the overall distribution is elongated on the Cr-enriched side. This implies that 

instead of there being more αʹ regions developing with long term aging, the αʹ regions are 

coarsening with aging time [12], [13], [19]. This phenomenon is also discussed by Guttman [18]. 

Here it has been suggested that it demonstrates the existence of a third distinct region in which the 

composition has reached the equilibrium α’ composition. The composition profile in these 

equilibrium regions no longer shows any semblance of a sinusoidal distribution, and is instead 

essentially a square profile [18]. An example of the evolution of the frequency distribution of a 

DSS with aging is shown in Figure 7. 
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Figure 7: Progression of frequency histogram and wavelength of a DSS alloy [19]. 
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2.2.1.1.2  Wavelength 
 

The wavelength, like the amplitude, is an important characteristic of spinodal decomposition and 

represents the average spacing between the αʹ regions. As with amplitude calculations, there is 

more than one method for calculating the wavelength of spinodal decomposition. The simplest and 

least accurate method is done by obtaining one dimensional Cr concentration profiles and then 

determining the average distance between Cr peaks. This method can be significantly influenced 

by random fluctuations in Cr concentration that are incorrectly interpreted as αʹ regions [19]. 

Figure 7 shows an example of one dimensional Cr concentration profiles for different aging times 

that could be used to determine the wavelength. Two more accurate alternatives utilize statistical 

methods: the autocorrelation and power spectra methods [19], [23], [24]. The usage of statistical 

methods reduces the error associated with the random compositional fluctuations in the material. 

The evolution of wavelength with aging has been calculated using these methods in several studies, 

and consistently demonstrates an increasing behavior in agreement with the current theory [16], 

[18], [19]. 

2.2.2 Secondary Precipitates 

 

In addition to α-α’ separation, other precipitates can form in the ferrite phase. These other 

precipitations that occur in the temperature range of ~300-550°C form through the process of 

nucleation and growth. Thus, these phases will not experience the same compositional evolution 

that is seen in spinodal decomposition with aging time [11]. The most common secondary 

precipitate is G-phase, which has a FCC crystal structure [19]. Its chemical composition can vary 

significantly in different alloys, but it is largely composed of Ni, Si, Mo, and Mn, with a depletion 
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of Fe and Cr in most alloys [25]. G-phase is observed at the α-αʹ interface due to elements such as 

Ni and Si being rejected from α and/or α’, and thus producing an enrichment at the interface [25]. 

Other precipitates have been observed in DSS in this temperature range, however, they are much 

less common than G-phase. The most prevalent of these precipitates is the Cu-rich ε-phase. The ε-

phase is only observed in alloys with a large Cu or W composition, but in alloys in which it does 

form, ε-phase has been observed as a nucleation point for G-phase [1]. Two other possible 

precipitations are R- and π–phase, however, both are very rare and not well documented in the 

specified temperature range [3].  

Multiple studies report the presence of G-phase [13], [14], [18], [19], [26] within the ferrite grains 

of stainless steels. These precipitates have been shown to increase in diameter and volume fraction 

with aging. However, number density increases to a maximum and then, as smaller precipitates 

are consumed by larger precipitates, the number density decreases [19]. These studies also confirm 

that G-phase is only found in alloys in which spinodal decomposition is present due to the high 

flux of G-phase-forming elements at the α-α’ interface [14], [19].  

2.3 Thermal Embrittlement 
 

Phase instability in the temperature range of ~300-550°C leads to embrittlement in DSS [1], [3]. 

Because the peak embrittlement rate, on average for DSS is at ~475°C, the thermal embrittlement 

caused in this temperature range is conveniently termed 475°C embrittlement. The primary source 

of embrittlement can be attributed to the un-mixing of Fe and Cr leading to α-αʹ separation [19]. 

Despite the identical crystal structures, the inherent lattice mismatch caused by large compositional 
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variations results in a sizable interfacial energy [11]. Because the αʹ regions are so abundant 

throughout the ferrite grains, dislocation movement is severely limited, leading to embrittlement.  

Secondary precipitates are likely also playing a role in the material embrittlement. However, 

because they are much scarcer, their effects are much less significant, and potentially negligible. 

Specifically, the contribution of G-phase to embrittlement and hardening lacks a clear consensus 

because it does not precipitate without α-α’ separation, and is thus difficult to isolate. Though at 

low concentrations G-phase does not appear to affect mechanical properties, it has been 

hypothesized that in a high enough concentration (>1%), G-phase could significantly contribute to 

embrittlement [18]. Studies have been conducted that anneal DSS above the spinodal to dissolve 

the α-αʹ separation. According to Li et al. [27] the dissolution of the α-αʹ separation resulted in a 

near complete recovery of mechanical properties, however, the volume fraction of G-phase was 

less than 1% in this study. The embrittlement of various DSS alloys have been studied extensively 

through a multitude of mechanical tests. These tests include Charpy impact toughness, 

microhardness, nanoindentation, and tensile testing.  

2.3.1 Charpy Impact Toughness 
 

The Charpy impact test or Charpy V-notch test is a method used to determine the toughness of a 

material by measuring how much energy is absorbed by the material during fracture. A tougher, 

more ductile material will absorb more energy than a brittle material. The Charpy impact test is 

also commonly used to determine the ductile to brittle transition temperature by performing the 

test at various temperatures. Figure 8 demonstrates how a Charpy impact toughness test functions. 
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Figure 8: Charpy impact toughness test diagram [28]. 

 

There have been many studies conducted on DSS testing the Charpy impact toughness. There is a 

clear trend of decreasing toughness with aging in the temperature range of ~300-550°C [14] [29] 

[30]. Additionally, it has been shown that at ~475°C the rate of embrittlement is at a maximum, 

and with increased distance from this temperature, the rate of embrittlement decreases [14]. Also, 

the ductile to brittle transition occurs at higher temperatures in materials that were aged at a 

temperature closer to 475°C [30].  
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2.3.2 Hardness 
 

Hardness testing is another method used to track embrittlement. Hardness testing can be performed 

on a macro, micro, or nano scale, however, all tests utilize the same general theory. Though it is 

difficult to compare hardness values from different tests and scales precisely, basic trends can be 

used to monitor changes with aging. The hardness of a material demonstrates a fairly strong 

positive correlation to embrittlement [2]. Figure 9 shows an example of a microhardness testing 

machine. 

 

Figure 9: Image of an example microhardness test machine [31]. 
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Hardness testing is a common method for monitoring the thermal embrittlement of DSS because 

it is an inexpensive, non-destructive test, and can be used to isolate the ferrite from the austenite 

at the micro or nano scale. It has been shown in various studies that aging DSS in the temperature 

range of ~300-550°C leads to an increase in hardness within the ferrite and in the material overall 

[14], [32]–[35]. When performing microhardness testing on the ferrite and austenite grains 

separately, the ferrite experiences a large increase in hardness with aging time while the austenite 

demonstrates only minor fluctuations [32]. The relationship between aging and hardness within 

the ferrite grains tends to be a logarithmic relationship [35]. On the macroscopic scale, the hardness 

also increases, though to a lesser degree, due to the hardening only occurring within the ferrite 

grains [33], [34].  

2.3.3 Tensile Testing  
 

Another common method used to monitor the change in mechanical properties following aging is 

tensile testing. Figure 10 shows the components of a tensile test. Material properties such as yield 

strength, tensile strength, ductility and toughness can be calculated through tensile testing. Tensile 

testing is not as commonly used to track embrittlement of DSS as Charpy impact toughness testing 

and hardness testing, however, there have been numerous studies utilizing tensile testing [36] [37] 

[38]. As with the hardness testing and impact toughness testing, tensile testing demonstrates a loss 

of ductility with aging [38]. Aging has also been shown to increase the yield strength and ultimate 

tensile strength [37].  
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Figure 10: Diagram showing components of a tensile test [39]. 

 

2.4 Role of Alloying on Thermal Instability 

 

Due to the miscibility gap in the Fe-Cr system, the Cr content in an alloy has been shown to 

contribute greatly to embrittlement through increased spinodal decomposition [22]. Additionally, 

studies have demonstrated that the composition of Cr + Mo + Si correlates well with the aging 

embrittlement through impact toughness testing of both Mo-free and Mo-bearing DSS alloys [22]. 

This has been suggested to be due to the presence of Mo and Si in G-phase and also possibly due 

to other influences, such as Si and especially Mo, on spinodal decomposition [18]. Ni has also 

been shown to significantly increase hardening following aging. This is possibly due to the high 

Ni concentration in G-phase, though enhancement of spinodal decomposition is also likely [18]. 
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Also, N additions have demonstrated a reduction in the hardening rate of ferrite in Mo-bearing 

wrought alloys. This can at least partly be explained by the reduction of Ni in these alloys [22]. 

Finally, Mo-free alloys have been shown to embrittle slower than Mo-bearing alloys at or below 

350°C, but less so at 400°C [18].  

The addition of alloying elements not only influences the potential for phase transformations 

within the ferrite, it also influences the ferrite-austenite phase fraction, as was mentioned earlier. 

The phase fraction greatly impacts the materials overall embrittlement as a higher ferrite content 

equates to a greater portion of the material that is experiencing embrittlement, though there isn’t a 

clear correlation between the phase fraction and impact toughness [18]. The presence of austenite 

has an obvious impact on the rate of phase transformations occurring within the ferrite. Austenitic 

alloys with even a very small amount of ferrite (1%) experience much more significant 

decomposition in the ferrite grains than ferritic alloys. The cause is not fully understood, though it 

is believed that the presence of austenite increases the segregation of Cr making spinodal 

decomposition easier [19]. Beyond this initial point, though, increasing the austenite content 

further does not have a significant impact on α-α’ separation [19]. 
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3 METHODS AND MATERIALS 
 

3.1 Materials 
 

Five DSS alloys are discussed in this thesis: three wrought alloys, 2101, 2205, and 2003, and two 

weld alloys, 2209-w and 2101-w. The wrought alloys are commercial hot rolled alloys while the 

weld alloys were made through a multi-pass tungsten gas arc welding (GTAW) process in which 

large weld pads (approximately 4” wide x 5” high x 10” long) were created using 2101 and 2209 

filler metal. Welding was conducted with a shielding gas of 98% argon / 2% nitrogen. The 2101-

w and 2209-w welds were made on the corresponding base metal, 2003 and 2205 respectively, and 

then the weld pads were cut from the base metal and machined into test samples. Test samples of 

each alloy were then annealed isothermally at a temperature of 427°C for up to 10,000 hours and 

air cooled. The thermal aging as well as the creation of the weld alloys was done by Knolls Atomic 

Power Laboratory (KAPL). 

Three of these alloys, 2003, 2101-w and 2101 are considered lean grade DSS alloys, while the 

other two, 2209-w and 2205, are considered standard grade alloys. The composition of each alloy 

is included in Table 1. The lean grade alloys have a lower Mo and Ni content compared to their 

standard grade counterparts. While the weld alloys have a higher Cr content than the wrought 

alloys. The composition of austenite stabilizing elements is also higher in the weld alloys in order 

to produce a material with a higher austenite phase fraction. The greater austenite phase fraction 

yields superior weldability than the standard phase fraction of approximately 50% ferrite and 

austenite [5].  
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Table 1: Chemical composition of the five alloys examined in this thesis. 

Alloy Fe Cr Ni Mo Mn Si N C Cu 

2101 Bal. 21.49 0.21 0.21 5.00 0.79 0.21 0.029 0.30 

2003 Bal. 21.42 3.70 1.75 1.22 0.37 0.180 0.010 0.13 

2205  Bal. 22.44 5.69 3.11 1.80 0.42 0.17 0.020 0.43 

2101-w Bal. 23.4 7.30 0.24 0.7 0.44 0.163 0.011 0.13 

2209-w Bal. 22.96 8.77 3.08 1.74 0.036 0.15 0.014 0.16 

 

The microstructural differences between 2101-w, which is a weld alloy (right), and 2101, which 

is a wrought alloy (left) are shown in Figure 11. Note that the image of the weld alloy has a 

magnification approximately 10 times greater than that of the image of the wrought alloy. In 

addition to a much higher austenite (darker regions) phase fraction, the weld alloys also have a 

finer, more complex grain distribution. Both alloys exhibit a ferrite matrix (light) with islands of 

austenite. 
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Figure 11: Difference in microstructure between the wrought alloy, 2101 (left), and weld alloy, 

2101-w (right). 

 

3.2 Sample Preparation 
 

Prior to SEM, APT, and nanoindentation, one face of the each test sample was grinded using sand 

paper of 240, 320, 400, 600 grit in order to remove large scratches, any oxide layer, and to create 

a flat viewing surface. Next, samples were fine polished using a mixture of alumina powder and 

distilled water. Three stages of polishing were conducted with progressively fine alumina particle 

sizes of 0.5, 0.3, and 0.05 µm. Following each stage of polishing, samples were placed in an 

ultrasonic cleaner using water as the cleaning solution. This sample preparation resulted in residue 

on the sample, likely from alumina powder mixture.  

For nanoindentation, which used an optical microscope, the residue was not observable, and thus 

testing was unaffected. Conversely, the presence of residue on the samples resulted in a “cloudy” 

image when observed with an SEM as seen in Figure 12. To eliminate the residue, other liquids 
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were tested in the ultrasonic cleaner: acetone and Windex. Unfortunately, neither of these liquids 

produced an easily observable microstructure, though, Windex produced the best viewing surface 

of the three liquids tested. Next, mechanical cleaning was attempted by returning the samples to 

the polishing wheel without the alumina powder; instead cleaning with only water. Mechanical 

polishing followed by ultrasonic cleaning in Windex for several minutes produced a relatively 

clean surface, however, SEM images remained slightly cloudy. Finally, swab etching was 

conducted using Kallings no. 2 reagent with an etching time of approximately 5 s. Etching proved 

to be much more effective on the aged samples than the unaged samples. The aged samples (Figure 

13), which are less corrosion resistant, were both cleaned by the etchant, and the two phases 

became much more clearly defined. The unaged samples, on the other hand, were partially cleaned 

by the etchant, but the phases were difficult to image. 

 

Figure 12: SEM image of 2101-w AW sample showing cloudy imaging. 
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Figure 13: SEM image of 2101-w 10,000 h sample following etching. 

 

3.3 Scanning Electron Microscopy 
 

SEM analysis was conducted for three reasons: 1) to observe microstructural differences between 

samples, 2) to ensure carbide and nitride formation at the ferrite-austenite interface was not present, 

3) to obtain images that could be used with an imaging software to determine the ferrite-austenite 

phase fraction. 

A sample of each alloy aged at 427°C for 10,000 h was viewed with a scanning electron 

microscope (SEM). Additionally, the samples of the unaged weld alloys were viewed with the 

SEM. The 10,000 h samples were viewed using the Quanta 600 SEM at the Linus Pauling Science 

Center (LPSC). Several representative images were taken of each sample for analysis. A similar 
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viewing size was maintained for each alloy type (wrought vs. weld), however, a higher 

magnification was required for viewing the weld samples than the wrought samples due to the 

finer ferrite grain size. The EDAX genesis software on the Quanta 600 was utilized on these 

samples to determine the chemical composition of the bulk material, as well as the two phases 

separately.  

The combination of leftover residue and poorly defined phases made the unaged samples difficult 

to image using the Quanta 600. Instead, to obtain clearer imaging on the unaged samples, a focused 

ion beam (FIB) was utilized (Figure 14). The benefits were two-fold, the FIB provided higher 

resolution imaging, and the ion beam could be used to clean the surface with long enough exposure 

time. Though the phases are not as clearly defined as with the 10,000 h samples, the elimination 

of the polishing residue allowed for the qualitative SEM imaging objectives to be completed. 

However, because sufficient contrast between the two phases could not be obtained, phase fraction 

analysis could not be conducted. 
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Figure 14: SEM image using FIB of 2101-w AW. 

 

3.4 Phase Fraction Characterization 
 

The ImageJ software was utilized in order to determine the phase fraction of austenite and ferrite 

from the SEM images. The one exception was alloy 2003, as SEM images could not be analyzed, 

instead optical micrographs were used. Image analysis was conducted on at least five images from 

all 10,000 h samples. The greater contrast obtained from etching the less corrosion resistant 

samples resulted in straight forward analysis, whereas FIB images for unaged samples did not 

produced images that could be analyzed.  

Once SEM images had been taken, they were opened in ImageJ, and then cropped to remove the 

scale bar and settings. An example SEM image with settings and scale bar removed prior to 
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analysis is shown in Figure 15. Next, the threshold settings was adjusted in order to differentiate 

the two phases within the program. Finally, particle analysis was utilized to determine the phase 

fraction. This analysis assigns a number to each of the austenite regions and compares the total 

area of these regions to the total area of the image to calculate a phase fraction. The segmented 

image following analysis is shown in Figure 16 and can be compared with Figure 15.  

 

Figure 15: SEM image of 2101-w 10,000 h sample prior to image analysis. 



33 

 

 

Figure 16: Segmented image of 2101-w aged for 10,000 h following ImageJ analysis. 

 

3.5 Atom Probe Tomography 
 

Atom probe tomography (APT) was conducted on four samples of each alloy that were thermally 

aged at 427°C for 1 h, 100 h, 1,000 h, and 10,000 h. An additional sample that was aged for 10 h 

was analyzed for alloys 2101, 2209-w, and 2101-w. APT was conducted at Oak Ridge National 

Laboratory's Center for Nanophase Materials Sciences (CNMS), which is a U.S. DOE Office of 

Science User Facility. 

Because thermal instability is limited to the ferrite, APT was performed only on the ferrite grains. 

Thus, site-specific focused ion beam (FIB) liftouts were taken from the ferrite grains; several 

sections of the liftout were mounted on microtip array posts that were each annularly milled (30 
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kV) and cleaned with a 5 kV ion beam to make needle shaped specimens suitable for field 

evaporation. The needle-shaped specimens were processed using a CAMECA Instruments 

LEAP® 4000X HR local electrode atom probe, which is equipped with an energy-compensating 

reflectron lens for improved mass resolution.  The field evaporation of the specimens was 

performed with the following conditions: 200 kHz pulse repetition rate, 50 K specimen 

temperature, 20% pulse fraction, and a 0.3-0.5% detection rate. This setup allows for the detection 

of both the time of flight of each ion (resulting in the mass-to-charge ratio), and their initial x-y 

position with respect to the needle tip shape. The z-position is then determined by the sequence of 

detection, which allows for an atom-by-atom 3D reconstruction of the decomposed ferrite with 

sub-nm resolution. The resulting data was reconstructed and analyzed using the CAMECA IVAS 

software.  Gallium enrichment from the FIB-based specimen preparation method was not an issue 

because of the well-cleaned needles.  

3.5.1 Amplitude 

 

 

Two methods were utilized to determine the amplitude, or ΔCr, of the spinodal decomposition: 1) 

the LBM method, and 2) the proxigram method. For the LBM method, the APT data was split into 

bins containing 100 atoms, and the local composition was calculated within each bin. Next, a 

frequency distribution histogram of the Cr concentration within each bin was plotted. Finally, the 

data was fit to a sum of two Gaussian distributions to determine the composition in each region. 

The difference between these two Gaussians represents the amplitude. 

 

Figure 17 shows the experimental frequency distribution overlaid with the LBM fit and the 

binomial distribution (the frequency distribution if Cr were randomly distributed throughout the 
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dataset) of Cr atoms after 1 h of aging in alloy 2101-w. In the early stages of aging, the LBM 

method fits the data extremely well, however, this is not the case after long term aging. Figure 18 

shows the same information as is seen in Figure 17, but following 10,000 h of aging. At this 

advanced stage of decomposition the LBM method no longer provides an appropriate fit; the 

amplitude is instead underestimated compared to the actual behavior. 

 

Figure 17: Example Cr distribution after 1 h of aging. The red circles represent the data points, 

whereas the red line represents the fit, and the blue line represents the binomial distribution. 
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Figure 18: Example Cr distribution after 10,000 h of aging. The red circles represent the data 

points, whereas the red line represents the fit. 

 

As the late stages of spinodal decomposition are not modeled well by the LBM method, another 

method was applied to the data to quantify the amplitude. For this method, 20 at. % Cr 

isoconcentration surfaces were defined within the APT dataset as the border of the α and α’ 

interfaces. Next, a proximity histogram (proxigram) was calculated for these surfaces, which 

calculates a concentration profile with respect to distance from the isoconcentration surface for all 

solute atoms. An example set of proxigrams, showing the concentrations of Cr and Fe is included 

in Figure 18. The amplitude is then calculated by finding the difference between Cr concentration 

in the two flat regions of the graph, which represent the α and α’ regions.  
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Figure 19: Proxigram showing Cr concentrations as a function of distance away from the 

isoconcentration surface. Data from 2101 samples [40]. 

 

The proxigram method provided a much better fit to the experimental frequency distribution data 

for the most advanced stages of decomposition (100 h, 1,000 h and 10,000 h samples). However, 

the proximity histogram does not calculate Cr accurately for early stage decomposition due to 

the challenge of distinguishing interfaces between Fe rich and Cr rich regions at the initial stage 

of phase decomposition. Also, interfaces can be drawn between “random” statistical variations, 

which would overestimate the Cr value. For this project a combination of the LBM and proxigram 

approach was used calculate the amplitude values. LBM was utilized for 1 h and 10 h aging times 

while proxigrams were used to determine the amplitude after 100h, 1,000 h, and 10,000 h of aging. 
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3.5.2 Wavelength 
 

The autocorrelation function (ACF) was utilized to quantify the spacing between the decomposed 

regions, which is called the wavelength. The 3D radial autocorrelation function is shown below. 

  𝑅𝑘 =
1

𝜎2
∑ (𝐶𝑟

𝑟𝑚𝑎𝑥−𝑘

𝑟=0

− 𝐶0)(𝐶𝑟+𝑘 − 𝐶0), (1) 

 

 𝐶𝑟 represents the concentration of a spherical shell at a radius 𝑟 from the chosen center point, 𝑟𝑚𝑎𝑥 

is the maximum radius over which the analysis is taken, 𝜎2 is the variance of the compositions 

given by ∑ (𝐶𝑟 − 𝐶0)2𝑟𝑚𝑎𝑥
0 , and 𝐶0 is the mean concentration of the Cr. The wavelength is found 

at the first peak in the data, which represents the distance at which the Cr composition is most 

correlated with the starting location [13]. In performing the calculations, a 0.1 nm shell thickness 

and a random sampling of 20% of the total ions were used. Example autocorrelation plots used to 

determine the wavelength are shown in Figure 20.  
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Figure 20: Autocorrelation plots for the alloy 2101 100h, 1,000 h, and 10,000 h samples. 

 

3.6 Nanoindentation 
 

Nanoindentation was conducted on the Micro Materials NanoTest Vantage Nanoindenter located 

in Dearborn 201. Testing was conducted on unaged samples of 2101-w and 2209-w, and samples 

aged at 427°C for 10 h, 100 h, 1,000 h, and 10,000 h. The weld alloys were tested using 

nanoindentation because the ferrite grains were too small for the microhardness. An unaged and 

10,000 h sample of each of the wrought alloys (2101, 2205, and 2003) was also tested using 

nanoindentation to compare the overall hardening in all five alloy. 

As with APT, the data from within the ferrite grains was the primary focus of testing, however, 

the austenite grains were also tested to verify that no hardening was occurring. Because of the 

large austenite phase fraction and the slender ferrite grains, obtaining accurate data from the ferrite 
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grains was challenging. Two different indentation methods were attempted: 1) a test grid with 

defined spacing, and 2) manually selecting test points. The grids consisted of 100 indents in a 10 

x 10 configuration as seen in Figure 21. Many of the indents ended up in austenite grains (lighter 

phase) or at ferrite-austenite grain boundaries. For this reason grids were only conducted on a few 

samples (unaged and 10,000 h samples of both alloys). 

 

Figure 21: Example 10 x 10 grid on 2101-w 10,000 h sample. 

 

The manual selection process allowed for ferrite grains to be targeted, and thus proved to be a 

more efficient testing method. Using the manual selection process, at least 10 indents were made 

in the ferrite grains and at least 3 in the austenite grains of each sample. An image with indents 
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produced from the manual selection process is shown in Figure 22. In this figure an “f” indicates 

ferrite indents while an “a” represents austenite indents.  

 

Figure 22: Example of manual indent method on 2101-w sample. 

 

Testing was conducted with a dwell time of 30 s, thermal drift time of 30, and loading rate of 0.2 

mN/s. A target indent depth of 130 nm was used on the weld alloys, while a target depth of 300 

nm was used for the wrought alloys. Depth control was utilized instead of load control because of 

the large variety in hardness between samples; keeping the indent size constant allowed for more 

consistent testing than maintaining a constant loading. The target depth varied between the 

wrought and weld alloys due to differences in the size of the ferrite grains. Indent sizes of 130 nm 

and 300 nm were chosen as the indentation depth because they resulted in indents that could avoid 

boundary effects while also minimizing error associated with decreasing indentation size.  
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Figure 23-Figure 25 show the dwell time, thermal drift, and loading data for a standard indent. In 

Figure 23 the dwell data is shown, ideally the dwell time would be such that there would be no 

change in depth with increased dwell time. However, testing with a dwell time of that length is 

impractical, instead, Figure 23 shows there is only minimal change in depth over the final 15 s (~4 

nm), which has a limited impact on results. The thermal drift, shown in Figure 24, ideally would 

also show no change in depth with increased time, however, as with the dwell data, the observed 

change in depth is likely inconsequential. 

 

Figure 23: Representative dwell data for a standard indent. 
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Figure 24: Representative thermal drift data for a standard indent. 

 

Figure 25 shows a load/unload curve for an ideal indent. Note, the relatively smooth slope, and the 

flat region at the maximum. The flat region shows the dwell data as seen in Figure 23, while the 

end of the plot shows the thermal drift data as seen in Figure 24. Due to the small indent size, there 

were many indents that did not exhibit this expected load/unload curve, and the data for these 

curves were disregarded when conducting analysis. Additionally, obvious outliers were also 

removed from analysis, specifically values well outside of the calculated standard deviation. 
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Figure 25: Representative load-unload curve for a standard indent. 
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4 RESULTS 
 

4.1 Scanning Electron Microscopy 
 

The primary objectives of qualitative SEM analysis were to compare the effects of aging on each 

alloy, compare the microstructure of the five alloys, and to ensure there were no unexpected 

carbides and nitrides. The presence of carbides or nitrides, and microstructural differences between 

the alloys influence the mechanical properties of the bulk material. Thus, it is important to identify 

any discrepancies before comparing APT results to the mechanical properties.  

The comparison of the aging effects was for the most part targeted at 2101-w and 2209-w due to 

the higher residual stress in the weld alloys. Thus, if microstructural changes were not observed in 

the weld alloys it is unlikely that they would be found in the wrought alloys. SEM imaging 

demonstrated no obvious aging effect on the microstructure of either of the weld alloys. Figure 26 

shows an image of a weld alloy (2209-w) before and after aging. Image comparison is influenced 

by the different testing conditions (SEM vs. FIB) and etch quality, however, this figure and others 

that were analyzed demonstrate that there were not any obvious microstructural changes with 

aging. Both samples have large austenite regions of varying shapes and a small ferrite content. 

Another issue in comparing the weld alloys before and after aging is the variety in microstructure 

throughout the sample. Unlike the wrought alloys that have a mostly consistent microstructure, the 

weld alloys have a microstructure that varies significantly throughout the material.  
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Figure 26: FIB image of unaged 2209 sample (left) and SEM image of 2209 aged for 10,000 h 

(right). 

 

In addition to observing the effects of aging on the weld alloys, SEM analysis was also conducted 

to compare the different alloys. An image of each of the three wrought alloys following 10,000 h 

of aging are included in Figure 27. The same basic austenite-ferrite microstructure is observed in 

all three samples.  All three alloys exhibit an approximately equal phase fraction of austenite 

islands within a ferrite matrix, and an elongation of grains in the rolling direction as is common in 

a wrought alloys. Additionally, the average size of the grains are similar in the three wrought 

alloys, this was confirmed through image analysis of the images in Figure 27. The average size of 

the austenite grains in alloys 2003, 2101, and 2205 was 534, 582, and 527 µm2, respectively. 
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Figure 27: Comparison of wrought alloys: 2003 (top left), 2101 (top right), 2205 (bottom). 

 

Figure 28 shows the two weld alloys after 10,000 h of aging. The microstructure of the weld alloys 

vary significantly from the wrought alloys. Specifically, the weld alloys have a finer grain 

structure, and a smaller ferrite phase fraction. There are, however, no obvious differences in the 

microstructure of the two weld alloys. Again it is more difficult to confirm this in the weld alloys 
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due to the inconsistencies in the microstructure from region to region. Though, through analysis 

of several images of both alloys, the austenite-ferrite microstructure appears to be consistent 

between the two alloys.  

 

Figure 28: 2101-w (left) and 2209-w (right) following 10,000 h of aging. 

 

The other qualitative objective of SEM imaging was to verify that there were no unexpected phases 

(nitrides or carbides) at the ferrite-austenite interface. As seen in the figures included above, neither 

nitrides or carbides were observed. Additionally, none of the images analyzed for all of the alloys 

demonstrated any signs of nitrides or carbides. There were a large number of small holes found in 

both the wrought and weld alloys that could have been the result of either porosity or corrosion 

from etching. 
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The SEM was also utilized to conduct chemical analysis of the bulk material as well as the ferrite 

and austenite phases separately. The EDAX Genesis software could not accurately detect many of 

the low composition elements (C, N, Cu, etc.), and thus only the Fe, Cr, Ni, Mo, and Mn peaks 

were identified. Because of this, and the overall lack of accuracy in energy-dispersive x-ray 

spectroscopy (EDS), these results are only used for basic trends and as a comparison tool. The 

results for each alloy, as seen in Table 2, are in reasonably close agreement with the bulk 

compositions reported previously in 

Table 1. The most significant exception is alloy 2003, which had a much higher Cr, Ni, and Mo 

content than would be expected and no Mn could not be detected. Table 3 shows the chemical 

composition within the ferrite and austenite phases separately. The ferrite phase had a higher Cr 

and Mo content and lower Ni composition compared to the austenite phase. Though, the degree of 

chemical partitioning between the ferrite and austenite phases was not consistent between alloys.  

Table 2: Bulk composition (wt. %) from EDS analysis. 

 Cr Ni Mo Mn Si 

2101 21.4 1.7 0.6 5.3 0.6 

2003 23.7 5.7 3.9 0 0.4 

2205 21.4 5.7 3.3 1.9 0.4 

2101-w 24.3 7.1 0.6 0.8 0.3 

2209-w 24.6 8.9 3.6 1.4 0.3 

 

Table 3: Ferrite (left)/austenite (right) composition (wt.%) from EDS analysis. 

 Cr Ni Mo Mn Si 

2101 22.5/21.1 1.5/1.9 0.7/0.6 4.6/5.5 0.6/0.6 

2003 26.2/21.8 4.2/7.1 4.5/3.0 0/0 0.4/0.4 

2205 24.7/21.4 4.3/6.9 4.2/2.7 1.7/2.0 0.4/0.3 

2101-w 25.4/23.8 5.7/7.3 1.0/1.0 0.6/0.9 0.4/0.4 

2209-w 28.1/22.2 7.8/10.0 5.7/3.1 1.6/1.6 0.6/0.4 
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4.2 Phase Fraction Analysis 
 

Phase fraction analysis was conducted using the SEM images and ImageJ image analysis software. 

Analysis demonstrated that alloys within the same classification (weld or wrought) had very 

similar phase fractions, as seen in Table 4. Conversely, there was a significant difference in the 

phase fraction of the weld and wrought alloys. As can be seen in the SEM images above, the weld 

alloys have a much smaller ferrite content than the wrought alloys.  

There was some error in the phase fraction calculations relating to the image quality, etch quality, 

and ImageJ software limitations. The analysis of the weld alloys had a tendency to incorrectly 

identify some ferrite regions as austenite while the opposite occurred when analyzing the wrought 

alloys. The result is likely a slight overestimation of the austenite phase fraction in the weld alloys, 

and a slight underestimation in the wrought alloys. With this in mind, the phase fraction of the 

weld alloys is likely between 70-80% austenite while the wrought alloys are likely between 50-

60% austenite.  

Table 4: Phase fraction from ImageJ analysis. 

 Phase Fraction (% austenite) 

2101 51.1 + 2.0 

2003 50.0 + 3.1 

2205 52.9 + 3.8 

2101-w 79.8 + 1.5 

2209-w 80.1 + 3.9 
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4.3 Atom Probe Tomography 
 

APT was utilized to observe both qualitative and quantitative differences between the phase 

transformations experienced within the ferrite grains of each alloy following aging. Specifically, 

APT was used to study the spinodal decomposition of each alloy by way of the amplitude, 

wavelength, and non Cr chemical partitioning tendencies. Additionally, APT was utilized to 

determine which alloys experienced secondary precipitation, and to what extent. 

 

4.3.1 Spinodal Decomposition 

 

4.3.1.1 Cr Maps 
 

Because α-αʹ separation is the primary phase transformation and source of embrittlement within 

the considered temperature range, understanding the behavior of Cr with aging is essential. One 

convenient method to observe Cr behavior with aging qualitatively is by taking small slices from 

the reconstructed APT samples and viewing only the Cr distribution. Figure 29 shows the Cr 

distribution (blue dots) in 40 x 15 x 5 nm3 slices, with 5 nm representing the depth into the page. 

Images of the 1 h, 100 h, 1,000 h, and 10,000 h samples aged at 427°C for all five alloys are 

included; the 10 h samples were excluded because 2003 and 2205 did not have a 10 h sample 

tested. Figure 29 demonstrates that all five samples show obvious signs of Cr clustering with aging. 

This clustering behavior is a clear indication of α-αʹ separation with the αʹ regions shown as the 

Cr-rich clusters and the Cr depletion indicating α regions. Also seen in Figure 29, the αʹ regions 

increase in size and spacing with increased aging in all alloys.  
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Figure 29: Cr distribution (blue dots) with aging (1h, 100 h, 1,000 h, and 10,000 h) at 427°C of 

all five alloys. Note that the viewing size is 40 x 15 x 5 nm3 with 5 nm representing the depth into 

the page. 

 

Another apparent trend is the interconnected α-αʹ structure demonstrated by all five alloys. 

Though, as the αʹ regions increase in size, specifically for 2101, 2101-w, and 2209-w, this structure 

becomes difficult to discern. When decomposition has reached such an advanced stage, it is more 

convenient to observe this behavior in the entire APT sample instead of smaller slices. Figure 30 

shows the Cr distribution of the entire APT sample for 2101-w following 10,000 h of aging. The 

larger viewing size confirms the same interconnected behavior still exists despite the increased 

size and spacing of the clusters.  
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Figure 30: Entire APT sample of 2101-w following 10,000 h of aging. The blue dots represent Cr 

atoms. Length units are in nm. 

 

Figure 29 can also be used to compare the aging behavior of the five alloys. Alloys 2101, 2101-w, 

and 2209-w exhibit much larger αʹ regions than 2003 and 2205 with the two weld alloys (2101-w 

and 2209-w), exhibiting the largest αʹ regions. This difference is most pronounced in the samples 

that were aged for 1,000 and 10,000 h. This same discrepancy is observed in regard to the spacing 

between the αʹ regions: alloys 2003 and 2205 exhibit significantly shorter spacing. Finally, though 

it is difficult to observe in Figure 29, it appears that alloys 2101, 2101-w, and 2209-w have a denser 

distribution of Cr in the αʹ regions than is seen in 2003 and 2205. 

4.3.1.2 Amplitude (ΔCr) 
 

As was mentioned earlier, one method to quantify spinodal decomposition is by calculating the 

amplitude. In this case the amplitude represents the difference in Cr composition in the α and αʹ 

regions, and thus is called ΔCr. Two different methods were utilized to calculate the value of ΔCr: 

the LBM and proxigram method. A combination of the two methods, as seen in Figure 31, proved 

to be the optimal way to accurately portray the amplitude for all aging times. 
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Figure 31 utilizes the results from the LBM method for the early stages of aging (1 and 10 h), and 

the proxigram results for the later stages (100 h, 1,000 h and 10,000 h). Due to the nature of the 

APT results there is no calculable error, however, results show the average behavior of the millions 

of atoms within the APT samples, which removes much of the influence from random fluctuations. 

Trends are in general agreement with those observed in Figure 29: decomposition is enhanced with 

aging, and the weld alloys along with 2101 demonstrated the greatest degree of decomposition. 

Other trends that are difficult to see in Figure 29 also become apparent in Figure 31. For example, 

in Figure 29 there is a seemingly negligible difference in aging behavior between 2003 and 2205, 

however, Figure 31 demonstrates that 2205 experiences significantly more decomposition. 

Additionally, the decomposition observed in 2101 is closer to that observed in 2209-w than would 

be expected from Figure 29. 
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Figure 31: Combination of amplitude results from LBM and proxigram methods. 10 h samples of 

2003 and 2205 were not analyzed, and thus are left blank. 

  

4.3.1.3 Wavelength 
 

As with the amplitude, the wavelength, or the average spacing between αʹ regions, of spinodal 

decomposition can also be calculated. The wavelength was calculated using the autocorrelation 

function, and the results are included in Table 5. Similar to the amplitude, the results shown in 

Table 5 demonstrate the average behavior of atoms within one sample or the combined data of two 

samples, thus no error is included. The wavelength consistently increased with aging in all alloys 

other than the 100 h 2205 sample. This sample likely did not have adequate decomposition, and 

the autocorrelation function could not accurately calculate the wavelength. The wavelength results 

overall are in excellent agreement with Figure 29; the spacing between Cr clusters in Figure 29 
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appeared to be significantly larger in 2209-w, 2101-w, and 2101 than was observed in 2205 and 

2003. No wavelength was calculated for the 100 h or 1,000 h 2003 samples due to the computation 

expense of the calculations. 

Table 5: Wavelength (nm) results from autocorrelation function for all alloys with an aging time 

of 100 h, 1,000 h and 10,000 h. 

Aging 

Time 
2205 2209-w 2101 2003 2101-w 

100 h 9.3 6.2 4.7 - 7.7 

1,000 h 6.3 14 7.8 - 7 

10,000 h 6.5 14.6 12 5.4 12.8 

 

4.3.1.4 Chemical Partitioning Between α and αʹ 
 

In addition to the separation of Fe and Cr, other alloying elements also can segregate into either 

the α or the αʹ phases. It is also possible for elements to maintain a homogeneous distribution 

throughout aging. The segregation tendencies of the various alloying elements differed in each 

alloy. This difference can be seen in Figure 32, which shows the aging behavior of Mn and Si 

compared to Cr in two different alloys, 2101 and 2205. In alloy 2205, as spinodal decomposition 

initiates, there is little response from Mn and Si. However, with continued aging (1,000 h and 

10,000 h) Mn- and Si-enriched regions begin to appear at the interface of the α-αʹ regions. There 

is no clear segregation of Mn or Si to either the α or αʹ regions outside of these clusters. In alloy 

2101, Mn and Si both demonstrate an entirely different aging behavior. Mn and Si both follow the 

behavior of Cr by segregating to the αʹ regions (Cr clusters). This segregation behavior is not to 

the same extent as it is with Cr, however, it is obvious that the Mn and Si concentration is higher 

in the αʹ regions than in the α regions. 
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Figure 32: Cr, Mn, and Si distribution with aging in alloys 2205 (above) and 2101 (below). 

Slices are 40 x 15 x 5 nm3 with 5 nm representing the depth into the page. 

 

Observing the segregation behaviors of all elements in all alloys in this fashion is both impractical 

and lacks precision. Instead, the behavior of each alloying element can be measured quantitatively 

through the usage of proxigrams. An example proxigram of the alloying elements other than Fe 

and Cr in 2209-w following 10,000 h of aging is shown in Figure 33. Because of the severity of 

phase separation following 10,000 h of aging, different isoconcentration surfaces were required 
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for each alloy. For example, a 50 at. % Cr isoconcentration surface was utilized for 2209-w as seen 

in Figure 33. With this in mind, 0 nm represents an approximate interface of the α-αʹ regions, and 

a negative distance moves into the α regions while a positive distance moves into the αʹ regions.  

 

Figure 33: Proxigram of 2209-w 10,000 h sample showing elemental compositions as a function 

of distance from the αʹ-α interface with an isoconcentration surface of 40 at. % Cr. 

 

In an effort to efficiently elucidate the behavior of the various alloying elements, Table 6 was 

created. The behavior of each alloying element was separated into three different groups based 

upon which region the elements segregate to: αʹ, α, or h (homogenous). Table 6 demonstrates that 

Ni, Cu and Co segregate to the α regions in all alloys. Conversely, Mn, Mo, and Si demonstrated 

a preference towards the αʹ region on average, though, this behavior was not shared by all alloys.  
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Table 6: Segregation behavior of alloying elements following 10,000 h of aging. 

 Mn Mo Si Ni C Cu Co 

2101 αʹ h αʹ α h α α 

2003 αʹ αʹ αʹ α h α α 

2205 h αʹ h α h α α 

2101-w αʹ αʹ h α h α α 

2209-w α αʹ h α h α α 

 

 

4.3.2 Secondary Precipitates 

 

In addition to spinodal decomposition, secondary precipitation is common in DSS after long term 

aging. G-phase is the most prevalent precipitate by a wide margin, though other precipitates, 

specifically, ε-phase can also be observed. The APT results show that four alloys (2101, 2101-w, 

2209-w, and 2205) exhibited signs of G-phase precipitation, whereas 2101 was the only alloy in 

which ε-phase was discovered. Alloy 2003 is the lone alloy that showed no secondary precipitates 

after aging. It should be noted that though the composition and location of the precipitates suggests 

they are G-phase and ε-phase, TEM analysis has not been conducted to verify this assumption. 

 

4.3.2.1 G-phase 
 

As with spinodal decomposition, inhomogeneities in atomic maps can be used to show the 

precipitation of secondary phases. Though, utilizing atomic maps to observe G-phase precipitation 

is more difficult than with spinodal decomposition due to the inconsistencies in G-phase 

composition in each alloy. There are, however, elements that are consistently observed in G-phase, 

these elements include: Ni, Si, Mo, and Mn. Ni-enrichment specifically was observed in all of the 

G-phase precipitates. Figure 34 shows the Ni distribution in the overall APT sample for alloy 2209-
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w following 1,000 h of aging at 427°C. There are numerous Ni-enriched precipitates distributed 

evenly throughout the sample. This same behavior was observed in 2205 and 2101 as well. 

Conversely, the precipitates observed in 2101-w, as seen in Figure 35, consisted of only two 

extremely large precipitates. It is important to note that the two images were created in two 

different ways, the image of 2209-w shows 25 at. % isoconcentration Ni surfaces while the image 

of 2101 does not include isoconcentration surfaces. 

 

Figure 34: Ni distribution showing G-phase in 1,000 h 2209 sample. Dimensions are in nm. 

 

Figure 35: Ni distribution in alloy 2101-w after 100 h of aging. Dimensions are in nm. 
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Another way to study G-phase behavior qualitatively is through the use of 40 x 15 x 5 nm3 slices. 

Figure 36 shows the behavior of three common G-phase forming elements, Si, Ni, and Mn, in 

addition to Cr in the 100 h sample of 2101-w. Si, Ni, and Mn all cluster into a G-phase precipitate 

while Cr demonstrates α-αʹ separation. The enrichment of Si, Ni, and Mn coincide with a depletion 

of Cr. The presence of the precipitate at the α-αʹ interface is consistent with the expected 

precipitation location of G-phase mentioned earlier. 

 

Figure 36: 40 x 15 x 5 nm3 viewing slices of G-phase precipitates showing Si, Ni, Mn, and Cr 

distributions for 2101 aged 100 h. 

 

The volume fraction, number density, and average radius of G-phase precipitates in alloys 2101, 

2101-w, 2209-w, and 2205 are included in Table 7. As can be seen in Table 7, precipitates were 

only observed in the 100 h sample of alloy 2101-w. This can likely be explained by the 

exceptionally large and scarce precipitates observed in the sample. With increased aging both the 
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size and scarcity would be expected to increase, thus making it unlikely that the small APT sample 

size would capture any precipitates after further aging. 

Table 7: Volume fraction, number density, and average radius of G-phase precipitates in the 

four alloys with precipitates. 

Sample ID 

Volume 

Fraction (%) 

Number Density 

(#/100 nm3) 

Average 

Radius (nm) 

2101 100 h 0.01 10.67 1.34 

2205 100 h 0.72 1251.1 1.3 

2101-w 100 h 0.75 7.89 7.52 

2209-w 100 h 2.08 445.58 2.05 

2101 1,000 h 0.34 101.44 1.9 

2205 1,000 h 0.94 350.8 1.68 

2209-w 1,000 h 2.32 327.88 2.21 

2101 10,000 h 0.56 57.36 2.61 

2205 10,000 h 1.74 532.5 2.05 

2209-w 10,000 h 3.13 80.45 2.46 

 

The volume fraction and average radius increase with aging for all alloys outside of 2101-w, which 

only had data for the 100 h sample. This trend can be seen in Figure 37 and Figure 38. The rate of 

increase in volume fraction is best approximated as a linear relationship with aging time, and thus 

a linear fit was used in the figure. The radius, though, demonstrates a logarithmic relationship to 

aging time, and a logarithmic fit was used in Figure 38.  
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Figure 37: Volume fraction of G-phase precipitates vs aging time. 

 

Figure 38: Average radius of G-phase precipitates as a function of aging time. 

 

The number density reaches a maximum prior to 10,000 h of aging and then decreases in all alloys 

other than 2205. This suggests the occurrence of Ostwald ripening, which is the expected growth 

behavior of these precipitates. Figure 39 demonstrates this behavior for alloys 2205, 2209-w, and 

2101-w. 
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Figure 39: Number density of precipitates as a function of aging time. 

 

Table 5 and Figure 37-Figure 39 can also be used to compare the behavior of the different alloys. 

Alloy 2209-w had the largest volume fraction of G-phase precipitates by a wide margin, while 

2205 exhibited the largest number density of the four alloys. Though precipitates were only 

observed in the 100 h sample of 2101-w, they were the largest precipitates observed in any of the 

alloys. Finally, alloy 2101 exhibited the least G-phase precipitation, though the precipitates, 

especially after 10,000 h of aging, were quite large.  

 

There was notable variety in the composition of G-phase precipitates in the different alloys. As 

expected, the precipitates were Ni-enriched, with Ni accounting for the largest composition of any 

non-Fe element. Additionally, all precipitates were enriched in Mn, Si, and Cu, though to varying 

0

200

400

600

800

1000

1200

1400

100 1000 10000

G
-p

h
as

e 
N

u
m

b
er

 D
en

si
ty

Aging Time (h)

2101 2205 2209-w



65 

 

degrees. Finally, all precipitates demonstrated a clear depletion of both Fe and Cr compared to the 

bulk material. 

Table 8: G-phase composition (at. %). 

 Fe Cr Ni Mn Si Cu 

2101 31.4 4.8 25 22.8 4.8 8.4 

2205 25.6 4.8 37.2 19.1 6.4 6.4 

2101-w 23.3 9.3 38.5 11.8 14.2 0.9 

2209-w 6.7 5.8 45.5 12.8 19.5 0.4 

 

 

4.3.2.2 ε-phase 
 

In addition to the G-phase precipitates observed in 2205, 2101, 2101-w, and 2209-w, a distinct 

phase was observed in 2101. This phase was observed in the center of the standard G-phase 

precipitates in alloy 2101, producing a core and shell structure as seen in Figure 40 and Figure 41. 

Figure 40 shows the Ni and Cu distribution in the 10,000 h sample of 2101 with an isoconcentration 

surface of 15 at. % Cu. This distinct phase is notable due to its Cu-enrichment, which suggests that 

it is ε-phase. Figure 41 shows the atomic distribution of Cu and G-phase forming elements in ε-

phase prior to G-phase formation, and in a separate location with G-phase forming around ε-phase. 

Because the Cu-rich regions are found within the G-phase precipitates, and ε-phase was observed 

prior to G-phase precipitation, it is likely that these precipitates acted as nucleation sites for G-

phase. The concept of ε-phase acting as a G-phase nucleation site is consistent with the literature 

discussed earlier. 
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Figure 40: Ni and Cu distribution in 2101 sample aged at 10,000 h showing Cu core. 

 

 

Figure 41: ε-phase atomic distribution in 2101 100 h sample without (above) and with (below) 

G-phase precipitation [40]. 
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The composition of the ε-phase exhibited a notably different composition, shown in Table 9, than 

G-phase in 2101. A 15 at. % Cu isoconcentration surface was utilized to differentiate ε-phase from 

G-phase for chemical analysis. The ε-phase had a Cu concentration of nearly 50%, which made its 

Cu concentration much greater than the G-phase precipitates. Both phase were enriched in Ni, Mn, 

and Si, though the G-phase precipitates had a greater composition of each of these elements. 

Finally, to an even greater extent than G-phase, ε-phase exhibited a depletion of Fe and Cr. 

Table 9: Difference in core and shell composition (at. %) in 2101 10,000 h sample. 

  Fe Cr Ni Mn Cu Si 

ε-phase 15.7 2 17.5 14.8 45.4 2 

G-phase 31.4 4.8 25 22.8 8.4 4.8 

 

4.4 Nanoindentation 
 

In addition to observing phase transformations within the five alloys, it is also essential that 

mechanical properties are considered in order to relate the phase instability to thermal 

embrittlement. Hardness testing serves as a convenient method to approximate the embrittlement 

behavior. It is also preferred to toughness testing due to the potential to isolate changes in 

mechanical properties within the ferrite grains from the bulk material. Unlike the wrought alloys, 

the fine ferrite microstructure observed in the weld alloys requires that nanoindentation be utilized 

to test the two phases separately.   

The nanoindentation results for alloys 2209-w and 2101-w are included in Figure 42 and Figure 

43. An aging time of 0.1 h was used to represent the unaged samples in both figures to allow for 

logarithmic plotting. Figure 42 shows the hardness within the ferrite phase with aging. Both 2101-
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w and 2209-w have a similar unaged hardness between 4 and 5 GPa, and then harden with a 

logarithmic behavior. Nanoindentation results demonstrate that alloy 2209-w is clearly hardening 

at a more rapid rate than 2101-w. Figure 43 shows the hardness within the austenite grains as a 

function of aging time. Unlike the results within the ferrite grains, there is no clear trend with aging 

for either alloy. Instead, there is a seemingly random fluctuation between 4 and 6 GPa. This 

suggests that the austenite is not hardening with aging time, which is consistent with the expected 

trends mentioned earlier. 

 

Figure 42: Hardness of ferrite grains in 2209-w and 2101-w as a function of aging time. 
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Figure 43: Hardness of austenite grains in alloys 2209-w and 2101-w as a function of aging 

time. 

 

The overall change in hardness from unaged to 10,000 h of aging for all five alloys is shown in 

Figure 44. Alloy 2209-w demonstrates the most significant hardening by a significant margin. 

Conversely, alloy 2101 experienced the least amount of hardening, though 2003, 2205, and 

2101-w demonstrate somewhat similar performances. 

 

Figure 44: Change in hardness within the ferrite grains from unaged to 10,000 h of aging for all 

alloys. 
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5 DISCUSSION  
 

5.1 Phase Transformations 
 

Spinodal decomposition and the formation of secondary precipitates varied significantly between 

the five alloys tested. These alloys also had important compositional differences. By combining 

these results, important insights can be obtained regarding alloying and phase stability.  

 

5.1.1 Spinodal Decomposition 
 

The amplitude of spinodal decomposition describes the severity of phase separation, or the 

difference between the Cr composition in the α and αʹ regions, and thus is a defining characteristic 

of spinodal decomposition. Table 10 shows the calculated amplitude of each alloy following 

10,000 h of aging at 427°C along with compositional factors that have been suggested by previous 

literature to impact spinodal decomposition. Color coordination is used to indicate the rank of an 

alloy in a category; the order in terms of decreasing severity are red, orange, yellow, light green, 

and dark green. The amplitude is shown to correlate the closest to the Cr composition; alloys with 

larger Cr compositions exhibited a larger amplitude. This finding is not unexpected, as the 

dependence of spinodal decomposition on the Cr composition of an alloy has been previously 

suggested and tested experimentally [18], [19]. Increasing the Cr concentration places the material 

farther in the spinodal region, which leads to an enhanced rate of decomposition, and thus a greater 

amplitude.  
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The one exception to this trend is alloy 2101, which had a greater amplitude than 2205 despite 

possessing a smaller Cr composition. The other compositional factors shown in Table 10 also 

demonstrate some connections to the amplitude, but do not predict the amplitude data as well as 

the Cr composition.  

Table 10: Bulk compositional factors influencing spinodal amplitude. 

  

Amplitude 

(ΔCr) 

Cr 

(wt. %) 

Cr + Si + Mo 

(wt. %) 

Ni 

(wt. %) 

Cr + Ni 

(wt. %) 

Wavelength 

(nm) 

2101-w 72 23.4 24.08 7.3 30.7 12.8 

2209-w 68 22.96 26.4 8.77 31.73 14.6 

2101 64 21.49 22.49 0.21 21.7 12 

2205 56 22.44 25.97 5.69 28.13 6.5 

2003 37 21.42 23.01 3.7 25.12 5.4 

 

Figure 45 shows a plot of the amplitude as a function of Cr composition. A linear relationship is 

observed outside of the data point from alloy 2101. The five data points have an R2 value of 0.5186 

when applying a linear fit, however, when the data for 2101 is removed, the R2 value for the linear 

fit becomes 0.9883. The discrepancy from 2101 is likely be due its relatively unique composition 

compared to the other alloys. Alloy 2101 has the lowest Mo composition, and, both the lowest Ni 

content and the greatest Mn content by a wide margin. The large difference in composition may 

lead to a different aging behavior than the alloys with a more similar chemical compositions. 
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Figure 45: Relationship between the amplitude and the Cr composition of the five alloys.  

 

The wavelength of spinodal decomposition is another important characteristic that describes the 

spacing between the decomposed regions. When comparing the wavelength to the same 

compositional factors as with the amplitude, there is not as clear of an indication of compositional 

influence (Table 10). There are moderate relationships to both the Cr composition and the Cr + 

Mo + Si composition, but chemical factors do not appear to influence the wavelength as 

significantly as with the amplitude.  

The relationship between wavelength and Cr composition and amplitude are shown in Figure 46. 

The wavelength appears to correlate better to the amplitude (R2 = 0.7811) than to compositional 

factors (R2 = 0.3137), though, the two characteristics are not in complete agreement. The 

wavelength observed in alloys 2209-w was larger than that seen in 2101-w despite a larger 

amplitude in 2101-w. The dependence of the wavelength on the amplitude is not unexpected, as 

both wavelength and amplitude were shown to increase in magnitude with increased aging time. 

2101-w
2209-w

2101

2205

2003 R² = 0.5186

0

10

20

30

40

50

60

70

80

21 21.5 22 22.5 23 23.5

A
m

p
li

tu
d

e

Cr Composition (wt. %)



73 

 

If the wavelength evolves with the amplitude as a function of time with aging, it is reasonable to 

expect the same relationship between the alloys.  

 

Figure 46: Wavelength (nm) as a function of both Cr composition (wt. %) and amplitude. 

 

The final aspect of spinodal decomposition that can be analyzed for compositional causes is the 

partitioning behavior of various alloying elements. Surprisingly, there are few significant trends 

between the chemical composition of an alloying element and its segregation behaviors. It stands 

to reason that a material with a larger composition of a given element would demonstrate more of 

a partitioning behavior, however, this trend was only observed with Mo. Further, there is no 

compositional factor that indicates in which region (α or αʹ) the segregation will occur. The one 

trend that can be found from the chemical partitioning results is that Mo segregated to the αʹ region 

in all the alloys other than 2101, which had a homogeneous behavior. This is significant because 

2101 also has the lowest Mo content of all the alloys. 
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5.1.2 Secondary Precipitates 

 

Secondary precipitates, specifically G-phase, had several measureable characteristics that varied 

between the alloys. Results demonstrated that these characteristics are influenced by both 

compositional factors and by spinodal decomposition. 

The average radius of the G-phase precipitates followed the behavior of the spinodal amplitude 

closely overall. The alloys with the largest amplitude also had the largest G-phase precipitates. 

This trend is demonstrated in Figure 47, which shows the average radius of precipitates following 

100 h aging compared to the amplitude. The G-phase data from 100 h was used in order to include 

2101-w. Plotting the results following 10,000 h of aging, without 2101-w, produces a more linear 

relationship, as seen in Figure 48.  

 

Figure 47: Relationship between G-phase average radius and amplitude after 100 h of aging. 

 

This connection between the amplitude and G-phase is likely due to the dependency of G-phase 
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enrichment, especially of G-phase forming elements, makes G-phase precipitation more rapid than 

is expected theoretically based on an originally homogenous distribution. Alloys with a higher 

amplitude are experiencing more severe spinodal decomposition, and thus create a greater 

enrichment of G-phase forming elements at the α-α’ interface. This allows for larger G-phase 

particles to develop.  

Another factor that would be expected to influence particle size is the wavelength of the spinodal 

decomposition. A larger spacing should, in theory, create more space for the precipitates to grow. 

Figure 48 shows the relationship of both amplitude and wavelength with G-phase radius. The 

wavelength values after 10,000 h of aging were utilized because there was less error in the more 

decomposed samples. Since alloy 2101-w did not have any precipitates observed in the 10,000 h 

sample, 2101-w was omitted from the wavelength plot. From Figure 48, the wavelength only 

demonstrates a weak correlation with the average radius of G-phase precipitates, whereas the 

amplitude fits the G-phase average radius very well.   
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Figure 48: Relationship between both amplitude (blue) and wavelength (red) and G-phase 

average radius following 10,000 h of aging. 

 

While the amplitude of spinodal decomposition corresponds to the average size of the precipitates, 

the volume fraction corresponds better to the combined chemical composition of Ni, Mn, and Si. 

This behavior is demonstrated in Figure 49, which shows the volume fraction after 100 h and 

10,000 h of aging as a function of the combined G-phase forming elemental composition. The data 

from the 100 h samples was used because there was no data for 2101-w beyond 100 h of aging. 

There is a clear linear increasing behavior in volume fraction with increasing composition. This 

behavior is not unexpected as increasing the concentration of G-phase forming elements should 

result in easier nucleation. 
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Figure 49: Relationship between G-phase volume fraction after 100 h (blue) and 10,000 h (red) 

and composition of G-phase forming elements. 

 

5.1.3 ε-phase 
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which would explain why it was not observed in 2205. In this case, alloys 2101 and 2003 were the 
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precipitation, however, it is obvious that some factor in addition to Cu composition is influencing 

ε-phase formation.  

 

5.2 Mechanical Properties 

 

The mechanical properties of DSS are greatly influenced by the phase transformations that occur 

within the ferrite grains during thermal aging. Specifically, thermal aging leads to hardening and 

embrittlement within the ferrite phase and the material as a whole. Nanoindentation testing was 

done as a part of this study, while microhardness, macrohardness, and Charpy impact toughness 

testing were conducted in a separate study on the same five alloys, and will be used for comparison. 

 

5.2.1 Hardness 
 

As part of a previous study, the microhardness of wrought alloys 2003, 2205, and 2101, were 

measured [41]. The results, which show the change in hardness within the ferrite grains as a 

function of aging time at 427°C, are included in Figure 50. Alloy 2205 experiences the most 

significant hardening while 2003 and 2101 demonstrate a similar behavior, though, 2003 hardens 

slightly more rapidly.  
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Figure 50: Microhardness testing on alloys 2003, 2101, and 2205 [41]. 

 

Additionally, as part of another study, macrohardness data was conducted on all alloys other than 

2101, and the results are included in Figure 51 [35]. Due to large differences in the ferrite-austenite 

phase fraction, the macrohardness results for the weld and wrought alloys must to be compared 

separately. As with microhardness, 2205 hardens more than 2003, additionally 2209-w 

experiences more hardening that 2101-w. 
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Figure 51: Macrohardness data for 2205, 2003, 2101-w and 2209-w [35]. 

 

Results seen in Figure 50 and Figure 51 confirm the trends that were observed in nanoindentation; 

alloy 2209-w experiences more hardening than 2101-w, and 2205 experiences more hardening 

than 2003, while 2101 performs the best. Furthermore, nanoindentation allows for comparison 

between the weld and wrought alloys. 

5.2.2 Influence of Phase Transformations on Hardness 
 

The primary source of thermal embrittlement and hardening in DSS is the hindrance of dislocation 

movement associated with α-αʹ phase separation. The lattice mismatch between α and αʹ, which 

causes this phenomenon, is enhanced by a greater amplitude, and thus would be expected to greatly 

influence hardness. However, the spinodal amplitude results for the five alloys do not correlate 

with the nanoindentation hardness results. This is seen in Figure 52, which compares the change 

in hardness from unaged to 10,000 h of aging to the spinodal amplitude after 10,000 h of aging. A 

linear relationship provided the best fit to the data, however this linear fit resulted in a R2 value of 
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0.1492 suggesting very little correlation. Thus, this result demonstrates that the spinodal amplitude 

cannot be used to accurately predict the hardening behavior of DSS. 

 

Figure 52: Relationship between spinodal amplitude and the change in hardness from unaged to 

10,000 h of aging. 

 

The wavelength is another spinodal characteristic that influences hardness. Figure 53 shows the 

relationship between the wavelength and hardening behavior. The wavelength, like the amplitude, 

demonstrates very little correlation to the hardness data. However, despite the lack of a clear 

correlation in the amplitude and wavelength with the hardness, both characteristics are likely 

influencing the hardening behavior. Therefore, the lack of a clear correlation in Figure 52 and 

Figure 53 demonstrates that there must be additional factors that are influencing hardening to an 

even greater degree than the spinodal decomposition characteristic values. 
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Figure 53: Relationship between wavelength and change in hardness between unaged and 

10,000 of aging. 

 

Other than α-αʹ separation the other phase transformation that could influence the hardness is G-

phase. As has been mentioned previously, there is no consensus on the role of G-phase on 

hardening, or if it even has any role. Though, because G-phase has a different crystal structure 

(FCC), and a largely different chemical composition than α and αʹ, it should have some impact on 

mechanical properties. It has been hypothesized to, at least marginally, contribute to limiting 

dislocation movement, and thus enhance hardening [18]. If G-phase does contribute to hardness, 

it would be expected that a material with a larger volume fraction of G-phase would demonstrate 

more significant hardening.  

The relationship between G-phase volume fraction and the change in hardness is shown in Figure 
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which suggests that G-phase does in fact influence hardness. With that said, it is unlikely that G-

phase, due to its small volume fraction compared to α-αʹ separation, is the primary source of 

thermal hardening. Instead, Figure 54 suggests that G-phase is contributing to hardening along 

with the wavelength and amplitude, but that there still must be other factors influencing hardness. 

 

Figure 54: Change in hardness as a function of G-phase volume fraction. 

 

Because the lattice mismatch associated with spinodal decomposition is the primary source of 

hardening, there must be another factor that is affecting the mismatch other than the amplitude. 

The likely culprit is the partitioning of alloying elements other than Fe and Cr. Large atoms 

segregating into the αʹ region and small atoms segregating to the α region would be expected to 

enhance the lattice mismatch, and thus increase hardness. The atoms of primary concern are Ni 

and Mo due to large compositions as well as their tendency to segregate into the α and αʹ regions, 

respectively. As will be shown in Figure 55 and Figure 56, alloys with larger Ni and Mo 

composition experienced more significant hardening with aging. 
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5.2.3 Compositional Influences on Hardness 
 

In addition to comparing the spinodal characteristics and G-phase volume fraction to hardening 

behaviors, compositional effects must also be considered. It has been reported that the combined 

composition of Cr + Mo + Si correlates very well to the mechanical degradation of DSS [18]. 

Figure 55 shows the relationship between the combined concentration of these alloying elements 

and the hardness. The change in hardness does in fact correspond well with the combined 

concentration of Cr, Mo, and Si. While there lacks a perfect fit to model the behavior (exponential 

R2 = 0.7078), there is a clear trend that is observed in all five alloys; a greater combined 

composition of Cr, Mo, and Si leads to more significant hardening.  

 

Figure 55: Relationship between composition of Cr + Mo + Si and the change in hardness. 

 

The connection between the combined Cr, Mo, and Si composition with hardening can be 
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was shown in Figure 45 that Cr has a significant influence on the amplitude of spinodal 

decomposition. Furthermore, a larger amplitude should lead to more significant hardening in a 

material with all other influences being equal. However, the amplitude did not correlate well to 

hardness (Figure 52), so there must be additional compositional influences. Next, both Mo and Si 

are G-phase forming elements, and thus increasing their composition would increase the G-phase 

volume fraction. Figure 54 demonstrates the effect of G-phase on hardness. Finally, as was 

mentioned earlier, Mo was found to segregate to αʹ in all alloys other than 2101, which has a very 

low Mo composition. Because Mo has a very large atomic radius, its enrichment in the αʹ region 

leads to an increase in the αʹ lattice. For this reason, a larger Mo content in the bulk material would 

be expected result in a more significant contribution from Mo to the lattice mismatch, which would 

increase hardness. 

The composition of Ni also been suggested to enhance embrittlement. Ni has a smaller atomic 

radius than Fe, and segregates to α in all alloys. Thus, the lattice mismatch would be expected to 

increase in alloys with a large Ni composition. Additionally, Ni is a strong G-phase former and 

would be expected to enhance hardness in that manner as well. Figure 56 demonstrates the 

relationship between the combined composition of Cr, Ni, and Mo with the change in hardness. Si 

was removed from the comparison because Si accounts for a small composition of the alloys tested 

(>1 wt. %), and did not influence observed trends. As with Figure 55, an exponential fit provides 

the best model for the hardening behavior. The addition of Ni and removal of Si from the 

comparison produces a slightly better fitting model (R2 of 0.7515 compared to 0.7078). Similar to 

Figure 55, despite the lack of a perfect fit to the data, an increase in the combined Cr, Ni, and Mo 

composition leads to increased hardness in all alloys. 
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Figure 56: Comparison of combined composition of Cr + Ni + Mo with the change in hardness. 

 

5.2.4 Charpy Impact Toughness 

 

Additionally, as part of the work that co-collaborators have done on this research, Charpy impact 

toughness testing was conducted on all five alloys. Figure 57 shows the results of Charpy testing 

after aging at 427°C. The image shows the testing temperature required for the material to 

demonstrate a toughness of 35 ft-lbs, thus values at lower temperatures signify a tougher material. 

Comparison with this impact toughness data is difficult for several reasons: 1) the phase fraction 

significantly influences data, 2) it is difficult to rank the alloys due to data overlap, and 3) there is 

a large amount of spread in data associated with Charpy impact toughness testing. Due to the 

influence of phase fraction on the toughness results, the weld and wrought alloys will be compared 
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Certain trends are apparent, for example, 2003 performs the best of the wrought alloys, while 2101-

w performs the best of the weld alloys. The comparison of 2205 and 2101, however, is not clear 

in Figure 57. Figure 58 shows the impact toughness of the wrought alloys as a function of testing 

temperature following 1,000 h of aging at 427°C [41]. In this figure the relationship between 2101 

and 2205 is much clearer; alloy 2101 slightly outperforms alloy 2205. 

 

Figure 57: Charpy impact toughness results as a function of aging time at 427°C. Graph shows 

testing temperature required for an impact energy of 35 ft lbs 

 

Figure 58: Charpy results for wrought alloys 2101, 2205, and 2003 following 1,000 h of aging at 

427°C [41]. 
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Overall, the embrittlement results are in agreement with the hardening results. The Charpy results 

for the weld alloys have the same trends as nanoindentation. Additionally, the results from the two 

tests are for the most part in agreement regarding the wrought alloys. The one clear discrepancy 

between the two testing methods is the performance of 2101 and 2003, with their behavior being 

flipped. Thus, the change in hardness does not provide a perfect approximation for the 

embrittlement response, however, the two tests do demonstrate an overall agreement.  
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6 CONCLUSION 
 

In this thesis five different DSS alloys, consisting of both lean and standard grades, were studied 

following thermal aging. APT and mechanical testing were done to observe the differences in 

phase transformation and mechanical degradation behavior in these alloys. Results demonstrated 

that all alloys experienced spinodal decomposition, while spinodal characteristics such as 

wavelength and amplitude varied significantly between the alloys. Additionally, all alloys other 

than 2003 experienced G-phase precipitation, while alloy 2101 was the only alloy in which ε-phase 

was observed. Combining the APT results with both the compositional information and 

mechanical testing yielded several significant trends.  

Phase Transformations: 

 Alloys with a higher Cr composition demonstrated a larger spinodal amplitude, indicating 

a larger degree of α-αʹ separation. 

 G-phase precipitation appears to be influenced by multiple factors. Specifically, alloys with 

a higher combined composition of Ni, Mn, and Si demonstrated a higher volume fraction 

of G-phase, while alloys with a larger spinodal amplitude demonstrated a larger average 

radius of G-phase precipitates. 

 ε-phase can act as a nucleation point for G-phase, likely lowering the energy barrier for G-

phase formation. 
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Mechanical Degradation: 

 The embrittlement behavior was shown to be approximated well, but not perfectly, by 

nanoindentation. 

 G-phase volume fraction correlates well with the change in hardness, suggesting that it 

does a have an important contribution to hardening. 

 There is not one phase transformation factor that can explain the hardening behavior. 

Instead, it appears that many factors including spinodal amplitude, wavelength, G-phase 

precipitation, and chemical partitioning behaviors form a complex relationship. 

 The combined Cr + Ni + Mo composition provided the best prediction of the hardening 

behaviors.  

Alloy Performance: 

 Lean grade alloy 2003 had the best overall performance when considering thermal 

instability and mechanical testing. 

 The lean grade alloys were shown outperform the standard grade alloys in mechanical 

testing (hardness and impact toughness) despite more significant spinodal decomposition. 

This is likely due to the lower Ni and Mo composition found in these alloys, which should 

reduce the lattice mismatch and G-phase formation. 
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