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Abstract 

Superalloys are metallic materials that exhibit excellent mechanical strength and creep resistance 

at high temperatures. They have good surface stability and are corrosion resistant. Superalloys are 

mostly used in the aerospace industry, gas turbine engines and blades (hot zones of gas turbines), and 

where extreme heat is encountered. The focus of this research was on the GTD-111 Ni-base superalloy, 

which is a General Electric (GE) proprietary superalloy mostly used in gas turbine blades with the form 

of high pressure or first stage buckets. This alloys features better mechanical properties, creep 

resistance, and a higher stress rupture temperature than the commonly used Inconel 738LC Ni-base 

superalloy.  

The purpose of this research was to characterize the microstructural differences between two 

different sections (airfoil and shank) of a GTD-111 General Electric Frame 3/2 Model “J” Dry Low 

NOx Unit Stage 1 bucket. This research was divided into several stages: a) microstructure, b) elemental 

Composition determination using energy dispersive x-ray spectroscopy (EDS), c) microhardness testing, 

d) gamma-prime (γ΄) diameter using the scanning electron microscope (SEM), and e) transmission 

electron microscopy (TEM). The buckets had been in service for 48, 064 hours at an approximate 

service temperature of 1700 – 1800 ºF.  

 Microstructural changes were examined by the use of metallography, scanning electron 

microscopy, transmission electron microscopy, and microhardness testing in the airfoil and shank 

sections of the turbine buckets. These techniques provided the means to establish specific 

microstructural alteration which included:   

1.) γ΄ coarsening and particle coalescence;   

2.) the essence of solute re-distribution between the γ and γ΄ phases, and MC carbide 

decomposition;   

3.) the apparent thermal modification of γ’ eutectic structures;   

4.) and the strengthening of the trailing edge regions of the airfoils.  

 The overall γ΄ coarsening and coalescence occurs mainly by the Ostwald ripening effect and 

follows the Lifshitz, Sloyozov, and Wagner theory. All of the elemental changes in the microstructure 
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suggest that vacancy diffusion took place and could have contributed to the strengthening (higher 

hardness and tensile strength) of the trailing edge of the airfoil. It is important to mention that the 

material’s performance depends on the ability to retain its original microstructural features during 

service, since preserving this microstructural state represents an optimum design condition.  

 Metallographic inspection by replication can be used to analyze the microstructural changes the 

buckets have undergone. Such technique is non-destructive and can be used in preventive maintenance 

routines to assess the microstructural degradation and determine if component can continue in service. 

Future work includes a more in depth microstructural investigation for different service conditions to 

help determine a more approximate rate of degradation of the γ΄ phase. Also, any future work would 

have to entail creep rupture testing to confirm residual elevated temperature properties.  

 

 



 vii 

Table of Contents 

Acknowledgements.................................................................................................iv 

Abstract....................................................................................................................v 

Table of Contents.................................................................................................. vii 

List of Tables ..........................................................................................................ix 

List of Figures..........................................................................................................x 

Chapter 1: Introduction to Superalloys....................................................................1 

1.1 Introduction............................................................................................1 

1.2  Introduction to Nickel-Based Superalloys.............................................1 

Chapter 2: Introduction to the GTD-111 Superalloy...............................................3 

2.1 Microstructure........................................................................................5 

2.1.1 Gamma Phase (γ) ..........................................................................5 

2.1.2 Gamma Prime (γ΄) Phase ..............................................................6 

2.1.3 Gamma Double Prime (γ΄΄) ..........................................................6 

2.1.4 Carbides ........................................................................................7 
 
Chapter 3: Experimental Program…………………………………………………9 

3.1  Sample Preparation..............................................................................10 

3.2 Microstructural Analysis .....................................................................10 

3.3 Phase Elemental Composition Determination .....................................11 

3.4 Hardness ..............................................................................................11 

3.5    Gamma Prime (γ΄) Diameter ...............................................................11 

3.6 Transmission Electron Microscopy (TEM) .........................................11 

Chapter 4: Results..................................................................................................13 

4.1 Microstructural Analysis .....................................................................13 

4.2 Phase Elemental Composition (EDS) Results .....................................18 

4.3 Hardness Results..................................................................................23 

4.4 Gamma Prime (γ΄) Diameter ...............................................................26 

4.5 Transmission Electron Microscopy (TEM) .........................................29 



 viii 

Chapter 5: Discussion ............................................................................................35 

Chapter 6: Conclusions..........................................................................................41 

References..............................................................................................................44 

Curriculum Vita .....................................................................................................48 

 



 ix 

List of Tables 

Table 1.1 - The roles of alloying elements in Ni-base superalloys………………………………..………2 
 
Table 2.1 – Chemical composition of the GTD-111 superalloy, Inconel 738LC, and René 80 …………. 3 

 



 x 

List of Figures 

Figure 2.1: Stress rupture comparison between bucket materials (Inconel 738 and GTD-111) …………4 

Figure 2.2: Steady-state creep rate as a function of rupture time of GTD-111 and Inconel 738LC and 

time to tertiary creep versus minimum creep rate in GTD-111 and Inconel 738LC 

…………………………………………………..…………………………………………………………4 

Figure 2.3: Solidification sequence of GTD-111 superalloy……………………………………………...8 

Figure 3.1: Components of a Gas Turbine Bucket………………………………….……………………9 

Figure 3.2: Bucket used for this study…………………………………………………………………   10 

Figure 4.1: M23C6 carbides were found along the grain boundaries……………………………………..13 

Figure 4.2: M23C6 carbides were found along the grain boundaries. Dispersed γ' was found along the γ 

matrix………………………………………………………...……………………………………….….13 

Figure 4.3: Dispersed γ΄ was found along the γ matrix. γ΄ islands are present in some areas of the γ 

matrix along the grain boundary …….…………………………………………………………………..14 

Figure 4.4: γ' islands dispersed throughout γ matrix. γ' islands are also present on the grain boundary...14 

Figure 4.5: Eutectic Phase ………………………………….……………………………………………15 

Figure 4.6: Dispersed γ' throughout γ matrix…………………………………………………………….15 

Figure 4.7: Eutectic phase and MC carbide islands were found in γ matrix…………………………..15 

Figure 4.8: M23C6 carbides are present on the grain boundaries. γ’ islands are also present in the γ  
 
matrix and on the grain boundary as well……………………………………………………………… 16 
 
Figure 4.9: γ' island is located at grain boundary. Dispersed γ' is also present on the γ matrix. Eutectic 

phases and γ' islands are also present on the matrix. MC carbides are also precipitated in γ matrix 

……………………………………………………………………………………………………………16 

Figure 4.10: Dispersed γ' in the γ matrix. M23C6 carbides are also present along grain boundary……...17 



 xi 

Figure 4.11: Dispersed γ΄ is present on the γ matrix. M23C6 Carbides and γ΄ islands were also present in 

the grain boundaries …………………………...……………………………….………………………..17 

Figure 4.12: γ matrix qualitative chemical composition. Notice the higher presence of chromium (Cr), 

aluminum (Al), titanium (Ti) and tungsten (W) in the airfoil sample ……………………………….….18 

Figure 4.13: γ΄ qualitative chemical composition. Notice the higher presence of aluminum (Al), tungsten 

(W), and titanium (Ti) in the airfoil sample …………………………………………………………….19 

Figure 4.14: MC carbide qualitative chemical composition. Notice a higher presence of chromium (Cr) 

in the airfoil sample………………………………………. …………………………………………….20 

Figure 4.15: Eutectic phase qualitative chemical composition. Notice a lower presence of titanium (Ti), 

aluminum (Al), and tungsten (W) in the airfoil sample……. …………………………………..……….21 

Figure 4.16: Eutectic phase qualitative chemical composition. Notice a lower presence of aluminum (Al) 

and titanium (Ti) in the airfoil sample. Shank sample shows a higher presence of tungsten (W).  

……………………………………………………………………………………………………...…….22 

Figure 4.17: Shank hardness profile cross section …………………………………………………...….23 

Figure 4.18: Shank hardness profile results. The results above portray the alloy’s hardness as in new 

condition due to the lack of heat exposure during service ……………………………………...……….23 

Figure 4.19: Airfoil microhardness profile cross sectional for Area 1, Area 2, and Area 3…...…..…….24 

Figure 4.20: Airfoil hardness profile results for Area 1, Area 2 and Area 3. Areas 2 and 3 have similar 

hardness results while Area 1 was the area that showed a hardness difference between the analyzed 

areas……………………………………………………………………………………………………...24 

Figure 4.21: Hardness (HV) comparison between shank and the three areas that were measured in the 

airfoil. The Area 1 of the airfoil showed a higher hardness than the shank and the rest of the airfoil’s 

areas….......................................................................................................................................................25 

Figure 4.22: Rockwell hardness equivalent comparison between airfoil and shank …………………....25 



 xii 

Figure 4.23: Gamma prime (γ΄) diameter in shank. See Figure 4.45 for comparison 

……………………………………………………………………………………………………….…...26 

Figure 4.24: Gamma prime (γ΄) in airfoil. Notice in lower right image that the gamma prime (γ΄) 

coarsens and joins other gamma prime (γ΄) phases creating a film formation, which weakens the alloy. 

See Figure 4.45 for comparison ……………………………………………………………………...….27 

Figure 4.25: Gamma prime (γ΄) diameter comparison. Airfoil sample features a larger gamma prime (γ΄) 

diameter than the shank sample, which confirms that the gamma prime (γ΄) of the airfoil gets coarser 

(compared to the shanks) after exposure to high temperatures. This also confirms that the airfoil’s 

gamma prime (γ΄) gets coarser at a faster rate……… …………………………………………....……..28 

Figure 4.26: TEM micrograph of shank sample. Notice cuboidal γ΄ and dispersed γ΄΄ in γ matrix.  
 
Electron diffraction pattern for γ΄ (FCC). B = [001].……………………………………………………29 
 
Figure 4.27: TEM micrograph of shank sample. Notice cuboidal γ΄ and dispersed γ΄΄ in γ matrix along  
 
with an MC carbide island. Electron diffraction pattern for γ΄ (FCC). B = [001]………..……………...29 
 
Figure 4.28: TEM micrograph of shank sample. TEM micrograph of shank sample. Notice cuboidal γ΄ 

and dispersed γ΄΄ in γ matrix along with an M23C6 carbide. Electron diffraction pattern. B = [001]. 

……………………………..………………………………………………………………………..…....30 

Figure 4.29: TEM micrograph of shank sample. Notice cuboidal γ΄ and dispersed γ΄΄ in γ matrix along 

with an MC carbide island. Electron diffraction pattern for γ΄ (FCC). B = [110] special reflection 

….…………………………………………………………………………………………………..…….30 

Figure 4.30: TEM micrograph of shank sample. Notice cuboidal γ΄ and dispersed γ΄΄ in γ matrix along 

with an MC carbide island. Electron diffraction pattern for MC carbide (cubic) and γ΄΄ (bct). B = [001] 

…………………………………..…………………………………………………………………….….31 

Figure 4.31: TEM micrograph of airfoil sample. Notice spherical γ΄ in γ matrix. Electron diffraction  
 
pattern for γ΄ (FCC). B = [111]. ………………………………………………………………………....32 
 



 xiii 

Figure 4.32: TEM micrograph of airfoil sample. Notice spherical γ΄ and M23C6 in γ matrix. Electron 

diffraction pattern for γ΄ (FCC). B = [100] outer portion of pattern. ……………………………………32 

Figure 4.33: TEM micrograph of airfoil sample. Notice spherical γ΄ and M23C6 in γ matrix. Electron 

diffraction pattern for γ΄ (FCC). B = [013] outer portion of pattern. ……………………,,,…………….33 

Figure 4.34: TEM micrograph of airfoil sample. Notice spherical γ΄ in γ matrix. Electron diffraction 

pattern for γ΄ (FCC). B=[001]. ……………………………….……………….………………….……...33 

Figure 4.35: TEM micrograph of airfoil sample. Notice spherical γ΄, γ΄΄, and M23C6 in γ matrix. [27]. 

Electron diffraction pattern for γ΄΄ (bct). …….…………………………………………………….……34 

Figure 5.36: Tensile strength comparison between areas of airfoil and shank sections…………………37 

Figure 5.37: Correlation of average size of γ΄ precipitates with time during service conditions according 

to LSW theory…………………………………………………………………………………………....39 

Figure 5.38 Correlation of average size of γ΄ precipitates with time during service conditions in 

exponential behavior simulating actual service conditions of 150,000 hrs……………………………...40 

 

 

 



 1 

Chapter 1: Introduction to Superalloys 

1.1 INTRODUCTION 

Superalloys are metallic materials that exhibit excellent mechanical strength and creep resistance 

at high temperatures. They have good surface stability and are corrosion resistant. Superalloys are mostly 

used in the aerospace industry, gas turbine engines and blades (hot zones of gas turbines), and where 

extreme heat is encountered. The common superalloys are based on nickel (Ni), cobalt (Co), and iron (Fe) 

[1]. The focus of this research is on nickel-based superalloys since the GTD-111 superalloy is part of this 

group. 

 

1.2  INTRODUCTION TO NICKEL-BASED SUPERALLOYS 

Nickel-based superalloys were introduced in the 1940s due to the need of a material that had a 

high temperature tensile strength, high creep rupture strength, and was oxidation resistant. The most 

common applications for Nickel-based superalloys are in the aircraft engine industry and industrial 

turbines, where temperatures range from 1200 – 2000 ºF (650 – 1200 ºC) and a creep rupture strength of a 

range of 20,000 – 50,000 h life [2]. The Nickel based superalloys replaced the austenitic stainless steels 

due to better creep resistance. 

The microstructure of Nickel-based superalloys consists of an FCC solid solution matrix γ (mostly 

austenite), carbides, and the intermetallic phase γ΄. These alloys are strengthened by aluminum, titanium, 

niobium, columbium, and tantalum, which combined with nickel, forms the FCC γ΄ phase. Also, 

refractory elements such as molybdenum, tungsten, tantalum, chromium, and cobalt help prevent local 

hot corrosion. See Table 1 for the roles of the alloying elements in Nickel-base superalloys. Strength is 

enhanced by elements in solid solution. Usually, the most effective are molybdenum, tungsten, and 

chromium. They form carbides which contribute to grain boundary strengthening, although if an excess 

of carbides is present, then the grain boundaries weaken. Aluminum and chromium also provide 

oxidation resistance, while chromium and titanium are effective against hot-corrosion resistance [3]. 
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Table 1.1 The roles of alloying elements in Ni-base superalloys [4] 
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Chapter 2: Introduction to the GTD-111 Superalloy 

The GTD-111 superalloy is a General Electric (GE) proprietary Nickel-based superalloy mostly 

used in gas turbines with the form of high pressure or first stage buckets. This alloy was patented in the 

1970s and introduced in the market around the 1980s. GTD-111 is mostly used in directionally solidified 

(DS) buckets and equiaxed buckets. The differences between the DS and the equiaxed GTD-111 are that 

the creep life is increased in the DS and has a greater thermal fatigue than the equiaxed GTD-111 [5]. 

Table 2.1 shows the chemical composition of the GTD-111. Also, the GTD-111 superalloy is considered 

to be a modified version of GE’s commonly used René 80 Ni-based superalloy. 

Table 2.1 – Chemical composition of the GTD-111 superalloy, Inconel 738LC, and René 80 [6, 7] 

(Weight Percentages) 

 Cr Ni Co Fe W Mo Ti Al Cb V C B Ta Zr 

GTD111 14 Bal 9.5 - 3.8 1.5 4.9 3.0 - - 0.10 0.01 2.8 - 

René 80 14 Bal 9.5 - 4.0 4.0 5.0 3.0 - - 0.17 0.015 - 0.03 

IN738LC 16.0 Bal 8.3 - 2.6 1.70 3.38 3.4 - - 0.11 0.01 1.7 - 

Figure 2.1 shows that the GTD-111 alloy ruptures at approximately 20ºC more than the 

commonly used Inconel 738 (for both buckets and nozzles).  
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Figure 2.1 – Stress rupture comparison between bucket materials (Inconel 738 and GTD-111) [8]. 

 

Figure 2.2 shows the steady-state creep rate as a function of rupture time of GTD-111 and Inconel 

738LC and time to tertiary creep versus minimum creep rate in GTD-111 and Inconel 738LC. Both 

graphs confirm that the GTD-111 alloy creep rate is more stable than the Inconel 738LC, thus making it a 

better alternative than the previously used Inconel 738LC alloy. 

 

 

 

 

 

 

 

 

 

 
Figure 2.2 – Steady-state creep rate as a function of rupture time of GTD-111 and Inconel 738LC 
and time to tertiary creep versus minimum creep rate in GTD-111 and Inconel 738LC. [9] 
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The strength of this Ni-based superalloy is achieved through precipitation hardening, which 

consists of dispersing extremely small uniform particles of a second phase (γ΄ and γ΄΄) and carbides 

within the original matrix, which also provide dispersion strengthening. Phase transformations are 

induced through appropriate heat treatments [10]. Other phases, such as borides, are also introduced, 

although their contributions provide greater effects in creep rate, rupture life, and rupture strain. They do 

not provide additional strengthening due to the small volume fractions that they represent [11]. GTD-111 

is microstructurally more stable than Inconel 738LC and has better mechanical properties which make 

GTD-111 more reliable for use at high temperatures [12], although microstructural degradation such as 

MC carbide decomposition, agglomeration of the γ΄, and formation of minor phases [13] takes place in 

either alloy when exposed to high temperatures. 

 

2.1 MICROSTRUCTURE 

The GTD-111 superalloy mainly consists of a gamma (γ) matrix. The main secondary phase is the 

gamma-prime (γ΄), which is the principal strengthening phase of nickel and iron-nickel base superalloys.  

Other phases such as gamma double-prime (γ΄΄) and carbides (MC, M23C6, and M6C) are present on the 

GTD-111 superalloy to provide better properties (creep resistance) than the previously used Inconel 738 

superalloy.  

2.1.1 Gamma Phase (γ) 

The gamma matrix (γ) is preferred by most designers,  because of its high modulus of elasticity 

and low diffusivity, which promote the high creep rupture resistance due to the following main reasons: 

a) nickel shows very low phase instability (its third electron shell is almost filled); b) with chromium 

additions, nickel forms Cr2O3-rich scales which restricts the diffusion rates of the metallic elements 

outward, and oxygen, nitrogen, sulfur, and other atmospheric elements inward; and c) at high 

temperatures nickel forms Al2O3 rich scales, which provides great oxidation resistance [14]. 

The austenitic phase matrix is strengthened by solid-solution elements such as cobalt, iron, 

chromium, molybdenum, tungsten, titanium, aluminum, and by carbide precipitation. Aluminum not only 

provides oxidation resistance, but it also helps the formation of γ΄ phase along with titanium. 
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Molybdenum, besides acting as a solid-solution strengthener, and tungsten also helps the formation of 

carbides in the form of M23C6 and M6C, which help the nickel based superalloy in three main ways: a) 

provide grain boundary strength when properly formed; b) fine carbides when precipitated in the matrix 

provide strength; and c) carbides tie up elements that could cause phase instability, such as borides (in 

high quantities) impairing creep resistance. chromium, niobium, tantalum, and titanium also helps the 

formation of carbides such as MC, M7C3, M23C6, and M6C, which are described in section 2.1.3 in this 

chapter [15]. 

 

2.1.2 Gamma Prime (γ΄) Phase 

It’s a geometrical closed pack (GCP) which as an ordered FCC structure. It’s spherical in most 

cases in iron-nickel and nickel based alloys. Size varies with exposure to time and temperature. It’s also 

the principal strengthening phase in nickel and iron-nickel base superalloys. Volume fraction and 

distribution of γ΄ are important parameters for control of properties. Adding aluminum and titanium, the 

volume fraction increases. Optimal strength results when γ΄ particle size range is 0.01 to 0.05 microns. 

 

2.1.3 Gamma Double Prime (γ΄΄) 

The gamma double prime (γ΄΄) phase as an ordered body centered tetragonal (bct) crystal structure 

and forms in superalloys that are rich in niobium or tantalum. It precipitates as fine coherent platelets in 

the γ matrix and on γ΄ particles with a specific orientation {100} [16]. It acts as a strengthening phase due 

to the coherency strains between the γ/γ΄΄ lattice mismatch. The gamma double prime γ΄΄ phase is not a 

stable phase thus restricting applications to temperatures below 700º C (1290º F). Applications above this 

temperature produce a loss of strength due to the coarsening of γ΄΄, and the solutioning between γ΄΄ and γ΄ 

[17]. 
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2.1.4 Carbides 

Carbon is added to the GTD – 111 alloy at levels of approximately 0.08% to 0.12% and 

combining with refractory elements such as titanium, tantalum, and hafnium forms the MC carbides. 

During the alloy΄s heat treatment and high temperature service exposure, these MC carbides decompose 

into lower carbides like M23C6 and M6C, which will eventually segregate into the grain boundaries [18]. 

Some of the most important carbides in nickel-based superalloys are: MC, M6C, and M23C6. M is 

substituted by a metal atom such as chromium, molybdenum, titanium, tantalum, or hafnium. The high-

temperature creep properties of the superalloys are improved by carbides and borides.  

Carbides provide three functions: 

a) Grain boundary carbides strengthen the grain boundaries,  

b) prevent grain boundary sliding, and  

c) permit stress relaxation.  

If fine carbides are precipitated in the matrix, strengthening occurs. They also help tie up elements 

that could result in phase instability. Carbide precipitation in Nickel based alloys have a tendency to form 

in grain boundaries. Morphology of carbides can degrade properties such as reducing carbon content, 

which reduces creep life and ductility. Aging of Nickel-base superalloys causes M23C6 to form at grain 

boundaries, but if they precipitate continuously (i.e. film formation), properties will be degraded [19]. 

 2.1.4.1 MC Carbides 

MC carbides have a random cubic (or irregular), large globular particles, gray to lavender color. 

They are formed in superalloys shortly before freezing [20]. They are usually substituted by titanium 

(most common), tantalum, hafnium and niobium (less common). Titanium carbide can has some 

solubility for nitrogen, zirconium and molybdenum [21]. MC has a cubic crystal structure (FCC) and they 

are a major source of carbon for chemical interaction later on the superalloy forming process. They are 

very dense, close packed structures, and very strong.  

 2.1.4.2 M23C6 Carbides 

M23C6 is the most important carbide. It forms at grain boundaries on the γ – phase during aging 

and when properly formed, it increases strength of the grain boundaries to balance matrix strength. 
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Chromium is the primary “M” element but iron, molybdenum, or tungsten can substitute it. They have 

irregular discontinuous blocky particles but sometimes can form as regular geometric forms. They are 

mostly located in the grain boundaries, but sometimes form along twin boundaries, twin ends, and 

stacking faults, forming a film structure. They also feature an FCC crystal structure. M23C6 carbides form 

in alloys that have a moderate to high chromium content. They form from the degeneration of MC 

carbides and from soluble carbon residual in the γ – phase during the lower temperature heat treatment 

and service (~1400ºF – 760ºC) [22]. Their effect on the superalloys is positive since they increase rupture 

strength through grain boundary sliding. The downside is that most ruptures start by fracture of the M23C6 

carbide boundaries or by decohesion of the M23C6 carbide – γ - phase interface.  

 2.1.4.3 M6C Carbides 

The M6C carbide is rich in molybdenum or tungsten, but they can be replaced by chromium, 

nickel, or cobalt. They form when the molybdenum and/or tungsten content is around 6-8%. This carbide 

is presented in as-is cast condition distributed in the γ – matrix. It mostly precipitates in the grain 

boundaries (to control grain size). They usually form at high temperatures 1500-1800º F (815º C – 980º 

C), and has an FCC crystal structure [23]. The temperature at which this carbide forms is higher than the 

temperature formation of the M23C6 carbide.  Figure 2.3 shows the solidification sequence of the GTD-

111 alloy.  

 

 

 

 

 

 

 

 

 

Figure 2.3 – Solidification sequence of GTD-111 superalloy [24].
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Chapter 3: Experimental Program 

This research was divided into several stages: a) microstructure, b) elemental composition 

determination using energy dispersive x-ray spectroscopy (EDS), c) microhardness testing, d) gamma-

prime (γ΄) diameter determination using the scanning electron microscope (SEM), and e) transmission 

electron microscopy (TEM). All of these tests were conducted using a General Electric Frame 3/2 Model 

“J” Dry Low NOx Unit (1
st
 stage buckets). The buckets had been in service for 48, 064 hours but were 

removed because of a failure of the 2
nd

 stage variable nozzles due to damage caused by a foreign object. 

The buckets were exposed to an approximate service temperature of 1700 – 1800 ºF. Two sections of the 

buckets were chosen for this experiment: a) airfoil and b) shank. The airfoil section simulated the sample 

in service since it is the area that is thermally exposed the most; and the shank simulated the new material 

due to the much less thermal exposure in this section.  

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1 – Components of a gas turbine bucket. Red squares show areas used for experiment [25]  
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Figure 3.2 – Bucket used for this study. 

3.1  SAMPLE PREPARATION 

Two areas of the turbine bucket were considered for analysis: the airfoil and the shank. The airfoil 

area of the turbine bucket acted as the used sample (thermally exposed) and the tree attachment (shank) 

acted as the new sample since it is not completely thermally exposed such as the airfoil itself. Both 

samples were cut such that the sectioned parts could be used for micro-structural analysis, transmission 

electron microscopy, elemental composition, scanning electron microscopy, and microhardness analyses.  

 

3.2 MICROSTRUCTURAL ANALYSIS  

The shank sample and the airfoil sample were mounted in conductive epoxy resin. The samples 

were ground with grit paper sizes 60, 120, 180, 240, 320, 400, 600, 800, and 1200. The samples were 

then polished with the polishing cloth and alumina suspension sizes 5.0 µm, 1.0 µm, 0.3 µm, and 0.05 

µm.  

The microstructures of shank sample and the airfoil were obtained using Marble’s reagent, which 

consists of 10 g of copper sulfate (CuSO4) mixed with 50 ml of hydrochloric acid (HCl) and 50 ml of 

water (H2O). The samples were etched for approximately 20 seconds. 

The microstructures were obtained using the Nikon Epiphot 300 Metallographic Microscope and 

the images were acquired using the Clemex Vision PE Acquisition Software.  
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3.3 ELEMENTAL PHASE COMPOSITION DETERMINATION 

The elemental composition of the analyzed samples was taken using an INCA X-Act Detector by 

Oxford Instruments by energy dispersive x-ray spectroscopy (EDS) using a JEOL JSM 6490LV Scanning 

Electron Microscope (SEM). Since the samples were mounted in conductive epoxy resin, there was no 

need of sputtering the sample with gold or to cover the samples with carbon tape. EDS was performed on 

several areas of the samples such as grain boundaries, phases, eutectoid phases, and matrix. The EDS 

Parameters were 10 mm Working Distance (WD), 15 kilo-Electron Volts (KeV), and at High Vacuum 

(HV). Results obtained by EDS are qualitative results. 

 

3.4 HARDNESS 

The hardness testing was performed using a Future Tech Microhardness FM Tester and the 

Clemex CMT Acquisition Software. A microhardness test profile was performed on one area of the new 

sample and on three areas of the used sample.  

 

3.5     GAMMA PRIME (γ΄) DIAMETER 

The gamma prime (γ΄) diameter was measured using the JEOL JSM 6490LV Scanning Electron 

Microscope (SEM). 

 

3.6 TRANSMISSION ELECTRON MICROSCOPY (TEM) 

Two parts of the gas turbine bucket were sectioned: one from the airfoil and one from the shank 

area. Each piece was mounted in Multifast Epoxy Resin and grounded until a thickness of less than 0.2 

mm was achieved. Once the desired thickness was achieved, the samples were inserted into the TEM 

sample punch disc tool. Finally the samples were electropolished using the Struer TenuPol Jet Polisher 

with an etchant solution consisting of 90% methanol, and 10% Perchloric Acid (HClO4) at a temperature 

of -30º C and 20 V [26].  

 After etching, transmission electron microscopy (TEM) was performed using the Hitachi H-8000 

Analytical Transmission Electron Microscope and the pictures were developed using the following 
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procedure: the film negative was immersed using the Kodak Developer D-19 for 4 minutes, then washed 

with running water for 1.5 minutes. Afterwards, negatives were exposed with Kodak Professional Fixer 

for 7 minutes, then washed with running water for 30 minutes, and finally immersed with Kodak Photo-

Flo 200 Solution for 20 seconds. Finally the images were scanned using the Canon Canoscan 656U 

Scanner. 
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Chapter 4: Results  

4.1 MICROSTRUCTURAL ANALYSIS 

 4.1.1 Airfoil (trailing edge) 

 

 

 

 

 

 

 

Figure 4.1 – M23C6 carbides were found along the grain boundaries. 

 

 

 

 

 

 

 

 
Figure 4.2 – M23C6 carbides were found along the grain boundaries. Dispersed γ΄ was found along the γ 

matrix. 
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Figure 4.3 – Dispersed γ΄ was found along the γ matrix. γ΄ islands are present in some areas of the γ 
matrix along the grain boundary.  

 

 

 

 

 

 

 

 
Figure 4.4 - γ΄ islands dispersed was found along γ matrix. γ΄ islands are also present on the grain 

boundary.  
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4.1.2 Shank 

 

 

 

 

 

 

 

 

Figure 4.5 – Eutectic phase. 

 

 

 

 

 

 

 

 

Figure 4.6 – Dispersed γ΄ was found along the γ matrix.  

 

 

 

 

 

 

 

 

Figure 4.7 – Eutectic phase and MC carbide islands were found in γ matrix. 
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Figure 4.8 – M23C6 carbides were found the grain boundaries. γ΄ islands were present in the γ matrix and 
on the grain boundaries as well.  

 

 

 

 

 

 

 

 
 

Figure 4.9 - γ΄ island located at grain boundary. Dispersed γ΄ is also present on the γ matrix. Eutectic 
phases and γ΄ islands were also found in the matrix. MC carbides are also precipitated in γ matrix. 
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Figure 4.10 – Dispersed γ΄ in γ matrix. M23C6 carbides were also present along grain boundary.  

 

 

 

 

 

 

Figure 4.11 – Dispersed γ΄ is present on the γ matrix. M23C6 Carbides and γ΄ islands were also 
present in the grain boundaries.  
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4.2 PHASE ELEMENTAL COMPOSITION (EDS) RESULTS 

4.2.1 Gamma (γ) Matrix Comparison 

Shank 

 

 

 

 

. 

 

 

Airfoil 

 

 

 

  

 

 

 

 
Figure 4.12 – γ matrix qualitative chemical composition. Notice the higher presence of chromium 

(Cr), aluminum (Al), titanium (Ti) and tungsten (W) in the airfoil sample. 
.  
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4.2.2 Gamma Prime (γ΄) Comparison 

Shank 
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Figure 4.13 – γ΄ qualitative chemical composition. Notice the higher presence of aluminum (Al), 

tungsten (W), and titanium (Ti) in the airfoil sample. 
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4.2.3 MC Carbide Comparison 

Shank 
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Figure 4.14 – MC carbide qualitative chemical composition. Notice a higher presence of 

chromium (Cr) in the airfoil sample. 
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4.2.4 Eutectic Phase Comparison 

Shank 
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Figure 4.15 – Eutectic phase qualitative chemical composition. Notice a lower presence of 
titanium (Ti), aluminum (Al), and tungsten (W) in the airfoil sample. 
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Shank 

 

 

 

 

 

 

 

Airfoil  

 

 

 

 

 

 

 

 
Figure 4.16 – Eutectic phase qualitative chemical composition. Notice a lower presence of aluminum (Al) 

and titanium (Ti) in the airfoil sample. Shank sample shows a higher presence of tungsten (W).  
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4.3 HARDNESS RESULTS 

4.3.1 Hardness Results for Shank 

The hardness results are shown below in Figure 4.41.  

 

 

 

 

 

Figure 4.17 – Shank hardness profile cross section 

 

 

 

 

 

 

 

 

 

 
Figure 4.18 – Shank hardness profile results. The results above portray the alloy’s hardness as in 

new condition due to the lack of heat exposure during service.   
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4.3.2 Hardness Results for Airfoil 

The hardness results are shown below in Figure 4.19. The microhardness profile was taken at 

three different areas because of the differences in thermal exposure due to the bucket’s geometry (the 

trailing edge being thinner (Area 1) than further into the blade (Area 3)).  

 

 

 

 

 

Figure 4.19 - Airfoil microhardness profile cross sectional for Area 1, Area 2, and Area 3. 

 

 

 

 

 

 

 

 

 

 
Figure 4.20 – Airfoil hardness profile results for Area 1, Area 2 and Area 3. Areas 2 and 3 have 

similar hardness results while Area 1 was the area that showed a hardness difference between the 
analyzed areas. 
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Figure 4.21 – Hardness (HV) comparison between shank and the three areas that were measured 

in the airfoil. The Area 1 of the airfoil showed a higher hardness than the shank and the rest of the 
airfoil’s areas. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.22 – Rockwell hardness equivalent comparison between airfoil and shank 
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4.4 GAMMA PRIME (γ΄) DIAMETER 

4.4.1 Shank 

 

 

 

 

 

 

 

 

Figure 4.23 – Gamma prime (γ΄) diameter in shank. See Figure 4.45 for comparison.  
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4.4.2 Airfoil 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 4.24 – Gamma prime (γ΄) in airfoil. Notice in lower right image that the gamma prime (γ΄) 
coarsens and joins other gamma prime (γ΄) phases creating a film formation, which weakens the alloy. 

See Figure 4.45 for comparison.  
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4.4.3 Gamma prime (γ΄) Diameter Comparison  

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.25 -  Gamma prime (γ΄) diameter comparison. Airfoil sample features a larger gamma 
prime (γ΄) diameter than the shank sample, which confirms that the gamma prime (γ΄) of the airfoil gets 

coarser (compared to the shanks) after exposure to high temperatures. This also confirms that the airfoil’s 
gamma prime (γ΄) gets coarser at a faster rate. 

Avg. γ΄ size = 880 µm 

Avg. γ΄ size = 691 µm 
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4.5 TRANSMISSION ELECTRON MICROSCOPY (TEM) 

Shank (New) 

 

 

 

 

 

 

 

 

 
Figure 4.26 – TEM micrograph of shank sample. Notice cuboidal γ΄ and dispersed γ΄΄ in γ matrix.  

Electron diffraction pattern for γ΄ (FCC). B = [001].  

 

 

 

 

 

 

 

 

 
 

Figure 4.27 - TEM micrograph of shank sample. Notice cuboidal γ΄ and dispersed γ΄΄ in γ matrix along 
with an MC carbide island. Electron diffraction pattern for γ΄ (FCC). B = [001] 
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Figure 4.28 - TEM micrograph of shank sample. TEM micrograph of shank sample. Notice cuboidal γ΄ 

and dispersed γ΄΄ in γ matrix along with an M23C6 carbide. Electron diffraction pattern. B = [001] 

 

 

 

 

 

 

 

 

 

 
Figure 4.29 - TEM micrograph of shank sample. Notice cuboidal γ΄ and dispersed γ΄΄ in γ matrix along 

with an MC carbide island. Electron diffraction pattern for γ΄ (FCC). B = [110] special reflection. 
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Figure 4.30 - TEM micrograph of shank sample. Notice cuboidal γ΄ and dispersed γ΄΄ in γ matrix along 
with an MC carbide island. Electron diffraction pattern for MC carbide (cubic) and γ΄΄ (bct). B = [001] 

.  
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Airfoil (used) 

 

 

 

 

 

 

 

 

 
Figure 4.31 - TEM micrograph of airfoil sample. Notice spherical γ΄ in γ matrix. Electron diffraction 

pattern for γ΄ (FCC). B = [111] 

 

 

 

 

 

 

 

 

 

 
Figure 4.32 - TEM micrograph of airfoil sample. Notice spherical γ΄ and M23C6 in γ matrix. Electron 

diffraction pattern for γ΄ (FCC). B = [100] outer portion of pattern. 
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Figure 4.33 - TEM micrograph of airfoil sample. Notice spherical γ΄ and M23C6 in γ matrix. Electron 

diffraction pattern for γ΄ (FCC). B = [013] outer portion of pattern. 

 

 

 

 

 

 

 
Figure 4.34 - TEM micrograph of airfoil sample. Notice spherical γ΄ in γ matrix. Electron diffraction 

pattern for γ΄ (FCC). B=[001]. 
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Figure 4.35 - TEM micrograph of airfoil sample. Notice spherical γ΄, γ΄΄, and M23C6 in γ matrix. [27]. 
Electron diffraction pattern for γ΄΄ (bct).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

γ’’ 

M23C6 

γ’ 



 35 

Chapter 5: Discussion 

5.1 Microstructural Analysis 

The microstructures and phase compositions of the shank sample did not change significantly 

during service. Its primary microstructure is mainly formed by the γ matrix with a strengthening phase of 

γ΄ (cuboidal shape) and few MC carbide islands and eutectic phases throughout the sample. The 

microstructure of the airfoil sample changed significantly once exposed to the aforementioned service 

conditions. The γ΄ coarsened and its shape changed from cuboidal to almost spherical morphology. In 

some areas, the γ΄ particles coalesced forming a network, which is detrimental to the alloy’s properties. 

MC carbide islands mostly decomposed into M23C6 carbides that settled throughout the grain boundaries. 

The γ΄ growth and morphological alteration depends on diffusion under severe temperatures that it results 

in the agglomeration of γ΄ particles while the mismatch ratio γ΄/ γ increases, which results in an increase 

of the strain energy from the interface and the γ΄ becomes unstable [28].  

Such M23C6 precipitation on the grain boundaries caused by high temperature exposure can have 

negative effects depending on their morphology. If they precipitate as a continuous grain boundary film, 

properties will be degraded. They can reduce carbon content to low levels thus reducing creep life and 

ductility [29]. M6C carbides are formed when molybdenum or tungsten replace chromium. Since they are 

more stable than the M23C6 carbides, they are more beneficial as a grain boundary precipitate to control 

grain size. MC carbides decompose into M23C6 and M6C once exposed to high temperatures (760°C - 

980°C), but long time exposure  can make M6C decompose back to M23C6 [30], which if precipitated as 

continuous grain boundary film, can be detrimental to the material’s properties as previously discussed.  

 

 5.2 Elemental Composition (EDS)  

The decomposition of the MC carbides is described as: 

MC + γ � M23C6 + γ΄ [31]  

 In the service exposed airfoil sample, the MC decomposition slowly yields carbon into the γ 

matrix forming chromium-rich M23C6 carbides (Figure 4.14). The carbon concentration increased in the γ 

matrix and surrounding areas while the nickel and chromium concentration increased in the MC – γ 
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reaction zone of the airfoil sample. Diffusion is presumed to have taken place since above 0.6Tm, the γ 

matrix strengthening is diffusion dependent. Since the operating temperatures for this set of buckets was 

1700 – 1800ºF (926 – 982ºC) and the melting temperature of GTD-111 is approximately 2642º F 

(1450ºC) [32], the γ matrix could have gained strength by diffusion since 0.6Tm = 1585ºF (862ºC). EDS 

results are not as fully representative of what actually takes place due to factors such as homogeneity in 

the chemical composition of the bucket prior to service is not known and the absence of EDS standards. 

The chemical presence of chromium, aluminum, tungsten and titanium in the γ matrix of the airfoil 

sample increased after being exposed to high temperature service conditions (1700 – 1800ºF; 926 – 982º 

C) (Figure 4.12). The increase of such chemical concentrations suggests that chromium and titanium 

diffused from the γ matrix into the MC carbide (i.e. M23C6) [33]. It also involves the exchange of solute 

atoms between the precipitates and surrounding γ matrix. Aluminum is a good solid solution strengthener, 

but also molybdenum, chromium, and tungsten can also contribute to the strengthening of the alloy via 

solid solution (cobalt, chromium, molybdenum, tungsten, titanium, and aluminum being the solute 

elements) [34]. More slowly diffusing elements to include molybdenum and tungsten would be the 

strongest hardeners [35]. Chromium, molybdenum, tungsten, aluminum, and cobalt are present in solid 

solution in the γ matrix, which has a FCC crystal structure. The γ΄ phase has an ordered FCC structure of 

Ni3(Al, Ti) but chromium can substitute for some of the nickel. Vacancy diffusion can take place between 

the γ and γ΄ once the 0.6Tm threshold is reached. Strengtheners such as aluminum, titanium, tungsten, and 

chromium could have diffused into the γ matrix and/or γ΄ and strengthened the alloy as indicated in the 

hardness results (Figures 4.18, 4.20, 4.21, 4.22, and 5.36). The chemical presence of the solutes increased 

in the γ matrix, γ΄ phase, and MC carbides as seen in the EDS results thus causing the aforementioned 

hardness increase. It is important to mention that these EDS results are purely qualitative and do not 

consider chemical composition variations such as homogenization effects or other variables in the 

chemical composition. 

By means of optical microscopy, eutectic phase regrowth appeared to be larger in the shank 

sample than in the airfoil sample possibly due to the casting process (geometry variations, cooling rates). 

There is also a possible vacancy diffusion within the γ/γ΄ eutectic phase interface. It is important to 

mention that the original size and shape of the eutectic phases in the shank could not be determined due 
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to the shank’s “used condition”, so no reference point can be established. The possible diffusion could  

have also contributed to a decrease in size of the eutectic phases mainly due to the vacancy diffusion 

occurring between the eutectic phases and γ matrix of the airfoil due to the high temperature exposure 

(i.e. the γ matrix strengthening being diffusion dependant above 0.6Tm, = 1585°F. Operating service 

temperature was between 1700 - 1800°F). When superalloys are heat treated, the composition of the γ΄ 

phase must be changed, so that in the precipitate free zone at the periphery of coarse γ΄, diffusion in the 

surrounding matrix can occur [36]. Elements (aluminum and titanium) in the eutectic phase in the airfoil 

sample have a lower elemental presence than the shank sample, which can be attributed to its natural 

composition (excess γ΄, carbides, borides, and low melting phases) [37] (Figures 4.15, 4.16). It is 

important to mention that even though these components are premium castings, it is possible, that even 

with homogenization, that the chemical composition was not uniform. Also, while energy dispersive x-

ray spectroscopy (EDS) is precise, the results are purely qualitative since standards were unavailable for 

this research. 

 

5.3 Hardness Results 

 Hardness for the shank sample ranged between 392 HV and 447 HV. Microhardness from 

the airfoil sample (exposed to heat) saw a range of 447 HV – 485 HV in the airfoil (tip area) and a 392 

HV – 447 HV range in the area towards the leading edge. It can be seen that the area exposed to heat 

(airfoil – area 1) the microhardness increased approximately 6%, due to the increase in size of the γ΄ 

particles during service of the bucket. The γ΄ diameter in the airfoil sample increased compared to the 

shank sample. The airfoil sample showed a significant increase of the γ΄ diameter and the γ΄ coalesced 

thus decreasing its original properties (i.e. creep resistance). As seen in Figure 5.36, the hardness can be 

related to the ultimate tensile strength (UTS) which shows a difference between the shank and the Area 1 

(A1) of the airfoil, while the shank and Area 2 (A2) and Area 3 (A3) remain in the same range.   UTS 

values for GTD-111 at room temperature (21°C) range between 953 – 1011 MPa [38], while the rest of 

the areas (A2, A3, and shank) fall in that range, suggesting that those areas have a lower thermal 

exposure. 
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Figure 5.36 Tensile strength comparison between areas of airfoil and shank sections. 

 

An increase in the diameter of the γ΄ particles was observed by Scanning Electron Microscopy 

(SEM) in the airfoil area. The γ΄ precipitates coalesced and coarsened considerably as seen in the size 

increase of the γ΄ precipitates (Figure 4.25). The diameter was measured radially using scanning electron 

microscopy. Also, when a stress (in this case, a centrifugal stress is being applied do to the rotating nature 

of the bucket’s operation) is applied during high temperature exposure (1700 – 1800ºF; 926 – 982º C), 

rafting occurs and depends on the direction of the applied stress and on the lattice misfit between both 

matrix and precipitate phase (γ and γ΄). The rafts are parallel or perpendicular to the principal stress and 

its direction depends on whether the stress is tensile or compressive. Rafting leads to the shrinking of the 

γ΄ particles along the tensile axis as their transverse dimensions increase (Figure 4.24) [39].This causes 

the γ΄ to have different morphologies and agglomeration variations. Also, the size, shape, and volume 

fraction of the γ΄ will be influenced by the cooling rate following service [40]. 

 

5.4 Gamma Prime (γ΄) and Transmission Electron Microscopy 

Figures 4.30 through 4.35 show TEM micrographs of the shank and airfoil sections. The shank 

section features cuboidal γ΄ in a γ matrix. The cuboidal shape is mostly due to the γ/γ΄ lattice mismatch 

and high interfacial energy [41]. The γ΄ starts coalescing and growing in size due to the Ostwald ripening 

effect (larger particles are more energetically favored than smaller particles), which is controlled by 
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volume diffusion of the solute atoms [42]. Once the lattice mismatch starts to decrease, the cuboidal 

shape starts transforming into a sphere at high temperatures [43] and starts losing coherency between 

them [44]. The minimization of the interfacial energy is the main driving force for the coarsening of the 

γ΄ precipitates [45]. 

On the airfoil section, the γ΄ coarsened and lost its cuboidal shape transforming into a more 

spherical shape, which shows that the airfoil sample suffered degradation due to thermal exposure. The 

growth of the γ΄ particles can be predicted using the Lifshitz, Sloyozov and Wagner (LSW) theory, which 

states that the coarsening process is driven by the reduction in total interfacial energy and the growth 

kinetics would follow a linear equation [46]:  

KtDD =−
3

0

3 (1) 

where t is the aging time, K is the rate constant, D and 0D are the average size of the γ΄ 

precipitates before aging (t=0) and at time t. In this case, the rate constant was calculated using the 

average γ΄ diameters and the time in service conditions (~48,000 hrs). The rate constant was calculated to 

be 2.034 X 10
-27

 m
3
/sec. Figure 5.37 shows the results of the coarsening of the γ΄ using the LSW theory 

with a theoretical 200,000 hrs of service. Figure 5.38 shows a log plot of the graph in Figure 5.37  

correlating the γ΄ size with time simulating actual service conditions of 150,00 hrs. The γ΄ coarsening 

would behave exponentially since the coalescence of the particles would make them bigger in size 

without following a linear behavior. 

 

 

 

 

 

 

 

 

 
Figure 5.37 Correlation of average size of γ΄ precipitates with time during service conditions 

according to LSW theory 
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Figure 5.38 Correlation of average size of γ΄ precipitates with time during service conditions in 

exponential behavior simulating actual service conditions of 150,000 hrs. 
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Chapter 6: Conclusions 

GTD-111, a Ni-base superalloy, is preferably used for high temperature applications in gas 

turbine buckets instead of Inconel 738LC since it has better mechanical properties to include creep 

resistance and higher stress rupture. This study was aimed at the characterization of the microstructural 

differences that arise between the shank and leading and trailing edges of a GTD-111 gas turbine bucket. 

A set of 1
st
 stage GTD-111 General Electric Frame 3/2 Model “J” Dry Low NOx Unit buckets were 

studied. Two sections of the bucket were studied: airfoil and the shank, which were exposed to service 

condition temperatures of 1700-1800º F for 48, 064 hours. The shank portion of HP buckets are not 

exposed to exhaust gases directly and should come close to representing the “original” microstructural 

state of the entire bucket for reference purposes. In order to examine microstructural and microchemical 

alteration of the buckets, comparing the airfoil to the platform or shank region, microstructural analysis, 

microhardness testing, scanning electron microscopy/metallography, elemental composition with energy 

dispersive x-ray spectroscopy, and transmission electron microscopy analyses were used.  

Microstructural changes confirmed by metallography, scanning electron microscopy, transmission 

electron microscopy, and microhardness testing in the airfoil includes: 

- γ΄ coarsening and particle coalescence,  

- the essence of solute re-distribution between the γ and γ΄ phases, and MC carbide 

decomposition. 

- the apparent thermal modification in γ’ eutectic structures. 

- and the strengthening of the trailing edge regions of the airfoils. 

γ΄ coarsening and coalescence was confirmed by metallography, SEM, and TEM in the airfoil 

sample. The overall γ΄ coarsening occurs mainly by the Ostwald ripening effect and Lifshitz, Sloyozov, 

and Wagner (LSW) theory, which states that the coarsening is due to the minimization of the interfacial 

energy and follows a linear behavior (Eq. 1). Also, once the lattice mismatch between the γ and the γ΄ 

phases starts decreasing, coherency is lost and the cuboidal shape of the γ΄ starts transforming into a 

sphere at high temperatures.  
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Chemical variations such as a higher presence of elements such as chromium, aluminum, and 

tungsten were detected by EDS in the γ matrix of the airfoil compared to the γ matrix of the shank. Such 

variations were also detected in the γ΄ phase of the airfoil (higher presence in aluminum, tungsten, and 

titanium) compared to the γ΄ phase of the shank). MC carbides also showed variations in the airfoil 

sample compared to the shank region (higher chromium presence). The eutectic phase of the airfoil 

showed a lower presence of titanium, aluminum, and tungsten compared to the shank. Even though the 

chemical variations shown in the EDS results are not quantitative, it is important to mention that diffusion 

would have taken place (i.e. the γ matrix strengthening being diffusion dependent above 0.6Tm, = 1585°F 

and with an operating service temperature between 1700 - 1800°F). It is also important to mention that 

even though these components are premium castings, it is possible, that even with homogenization, that 

the chemical composition was not uniform prior to service exposure. Also, while energy dispersive x-ray 

spectroscopy (EDS) is precise, the results are purely qualitative since standards were not used in this 

study. These elemental variations were not considered in this research and need to be considered in future 

work.  

All of these elemental changes in the microstructure suggest that vacancy diffusion took place and 

could have contributed to the strengthening (higher hardness and tensile strength) of the trailing edge of 

the airfoil.  It is important to mention that the enhancement of such properties does not mean that the 

alloy’s performance is going to improve. The material’s performance mainly depends on the ability of the 

alloy to retain its original microstructural features during service, since preserving this microstructural 

state represents an optimum design condition. 

Metallographic inspection by replication in the trailing edge of the blade can be used to analyze 

the microstructural changes the buckets have undergone (γ΄ coarsening and coalescence). This technique 

is non-destructive and can be used in preventive maintenance routines to asses the microstructural 

degradation that the component has suffered and determine if the component can continue in service. 

In terms of future work, a more in depth microstructural investigation could be performed for 

different service condition exposures since finding a more approximate rate of degradation of the γ΄ phase 

can help determine the alloy’s remaining service life more precisely. Additional research could also be 

performed to explore the severity of the microstructural alteration demonstrated by service exposure. 
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Conceivably solutionizing and aging could restore the components back to their original form providing 

creep cavity formation was remedied by hot isostatic pressing (HIPing) [47]. Any future work would 

have to entail creep rupture testing to confirm residual elevated temperature properties.  
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